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Dysregulation of Presynaptic Calcium and Synaptic Plasticity
in a Mouse Model of 22q11 Deletion Syndrome
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The 22q11 deletion syndrome (22q11DS) is characterized by cognitive decline and increased risk of psychiatric disorders, mainly schizo-
phrenia. The molecular mechanisms of neuronal dysfunction in cognitive symptoms of 22q11DS are poorly understood. Here, we report
that a mouse model of 22q11DS, the Df(16)1/+ mouse, exhibits substantially enhanced short- and long-term synaptic plasticity at
hippocampal CA3-CA1 synapses, which coincides with deficits in hippocampus-dependent spatial memory. These changes are evident in
mature but not young animals. Electrophysiological, two-photon imaging and glutamate uncaging, and electron microscopic assays in
acute brain slices showed that enhanced neurotransmitter release but not altered postsynaptic function or structure caused these
changes. Enhanced neurotransmitter release in Df(16)1/+ mice coincided with altered calcium kinetics in CA3 presynaptic ter-
minals and upregulated sarco(endo)plasmic reticulum calcium-ATPase type 2 (SERCA2). SERCA inhibitors rescued synaptic
phenotypes of Df(16)1/+ mice. Thus, presynaptic SERCA2 upregulation may be a pathogenic event contributing to the cognitive

symptoms of 22q11DS.

Introduction

The most common microdeletion syndrome in humans is 22q11
deletion syndrome (22q11DS), also known as velocardiofacial
syndrome or DiGeorge syndrome, which occurs in ~1 of every
4000 live births (Oskarsdottir et al., 2004). The syndrome is
caused by a hemizygous deletion of a 1.5-3 Mb region within
chromosome 22q11.2. Children with 22q11DS have a high inci-
dence of mild to moderate cognitive defects and learning disabil-
ities (Eliez et al., 2000; Swillen et al., 2000; Bearden et al., 2001).
During adolescence or early adulthood, cognitive functions de-
teriorate (Gothelf et al., 2007), and schizophrenia or schizoaffec-
tive disorder develops in ~30% of patients (Pulver et al., 1994;
Chow et al., 2006).

The orthologous region of the human 22q11.2 locus lies on
mouse chromosome 16. With one exception, all of the human
genes in this region are represented in the mouse, although they
are organized in a different order (Puech et al., 1997). In recent
years, the generation of several mouse models that carry chromo-
somal deficiencies that are syntenic to the human 22q11.2 mi-
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crodeletion have been reported (Lindsay et al., 1999; Merscher et
al., 2001; Mukai et al., 2008).

Df(16)1/+ mice carry a hemizygous deletion of 23 genes in the
22q11DS-related region of mouse chromosome 16 (Paylor et al.,
2001). These animals exhibit cognitive defects in the conditioned
contextual fear paradigm, an assay that partially depends on the
hippocampus (Kim and Fanselow, 1992; Phillips and LeDoux,
1992). Abnormal development of dendrites and dendritic spines
in hippocampal pyramidal neurons has been reported in another
mouse model of 22q11DS (Mukai et al., 2008). Several reports
have also indicated that the gross morphology of the hippocam-
pus is affected in patients with 22q11DS (Eliez et al., 2001; Chow
et al., 2002; Debbané et al., 2006; Deboer et al., 2007), and this
abnormality positively correlates with cognitive impairment
(Deboer et al., 2007). Thus, behavioral and morphological studies
point to the hippocampus as a brain region affected in 22q11DS.
Hippocampal synaptic plasticity, the activity-dependent change in
synaptic efficacy, is believed to be important for information storage,
fine-tuning of synaptic connections, and certain forms of learning
and memory (Milner et al., 1998; Martin et al., 2000). However,
whether the 22q11.2 deletion causes changes in synaptic plasticity
and whether these changes progress with age similar to symptoms in
patients with 22q11DS remains unknown.

Here, we present evidence that synaptic plasticity, in the form
of long-term potentiation (LTP) at excitatory synapses between
CA3 and CAl pyramidal neurons (CA3—CAl synapses), is sub-
stantially altered in mature but not young Df(16)1/+ mice. The
underlying cellular mechanisms involve dysregulation of presyn-
aptic calcium (Ca*") and enhanced neurotransmitter release
from presynaptic terminals, whereas postsynaptic function and
structure remain normal. Additional molecular experiments re-
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vealed that the level of sarco(endo)plasmic reticulum Ca*"-
ATPase type 2 (SERCA2) protein is increased in mature but not
young Df(16)1/+ mice. Pharmacological inhibition of SERCA
rescued the enhanced neurotransmitter release and LTP in ma-
ture mutant mice, indicating that dysregulation of presynaptic
Ca** causes the observed synaptic phenotypes in the Df(16)1/+
mouse model of 22q11DS.

Materials and Methods

Animals. Young (6 —8 weeks) and mature (16—-20 weeks) Df(16)1/+ male
and female mice and their respective gender-controlled wild-type (WT)
littermates were used. Mice were maintained on the C57BL/6 genetic
background for at least nine generations. The care and use of animals
were reviewed and approved by the Institutional Animal Care and Use
Committee of St. Jude Children’s Research Hospital.

Brain slice preparation. Acute transverse hippocampal slices (400 pm)
were prepared as previously described (Bayazitov et al., 2007). Briefly,
mouse brains were quickly removed and placed in cold (4°C) dissecting
artificial CSF (ACSF) containing 125 mm choline-Cl, 2.5 mm KCl, 0.4 mm
CaCl,, 6 mm MgCl,, 1.25 mm NaH,PO,, 26 mm NaHCOj;, and 20 mm
glucose (285-295 mOsm), under 95% O,/5% CO,. After dissection,
slices were incubated for 1 h in ACSF containing 125 mm NaCl, 2.5 mm
KCl, 2 mm CaCl,, 2 mm MgCl,, 1.25 mm NaH,PO,, 26 mm NaHCO,, and
10 mM glucose (285-295 mOsm), under 95% O,/5% CO, at room tem-
perature, and then transferred into the submerged recording chamber
and superfused (2-3 ml/min) with warm (30-32°C) ACSF.

Field potential recordings. The field recordings were performed using a
setup with eight submerged recording chambers (Campden Instru-
ments). Recordings in each chamber were performed independently. We
recorded field EPSPs (fEPSPs) from the CA1 stratum radiatum by using
an extracellular glass pipette (3—5 M()) filled with ACSF. Schaffer collat-
eral fibers in the stratum radiatum were stimulated with a bipolar tung-
sten electrode placed 200-300 um away from the recording pipette.
Stimulation intensities were chosen to produce an fEPSP with a 0.5 V/s
slope. Paired-pulse facilitation (PPF) experiments were performed using
a pair of stimuli of the same intensity delivered 20, 50, 100, 200, and 1000
ms apart.

LTP was induced by three periods of 200 Hz tetanization delivered
every 5 min. Every period of tetanization consisted of 10 trains of 200 Hz
stimulation delivered at the same intensity for 200 ms (40 stimulations)
every 5 s. A similar protocol has previously been used to induce com-
pound (presynaptic and postsynaptic) LTP at CA3—CA1 synapses in the
hippocampus (Cavus and Teyler, 1996; Zakharenko et al., 2001, 2003).

Whole-cell electrophysiology. Whole-cell recordings were obtained
from the cell bodies of CA1 and CA3 neurons. For current-clamp record-
ings, patch pipettes (open pipette resistance, 3-5 M{}) were filled with an
internal solution containing 140 mm KMeSO,, 8 mm NaCl, 1 mm MgCl,,
10 mm HEPES, 5 mm MgATP, 0.4 mm Na, GTP, 300 um Fluo 5F, and
10-25 M Alexa 594, pH 7.3. For voltage-clamp recordings, we replaced
the potassium-based solution with a cesium-based internal solution.
Whole-cell recordings were registered using a Multiclamp 700B (Molec-
ular Devices), digitized (10 kHz; DigiData 1322A; Molecular Devices),
and recorded using pPCLAMP 9.0 software (Molecular Devices). Sponta-
neous miniature EPSCs (mEPSCs) were recorded at —70 mV holding
potential in the presence of picrotoxin (100 wm) and tetrodotoxin (1 um)
in the extracellular solution for atleast 1 h. Amplitude, 10-90% rise time,
90—-10% decay time, and interevent intervals of mEPSCs were analyzed
off-line using the Mini-Analysis Program (Synaptosoft). All detected
events were verified visually, and events with amplitudes <5 pA were
rejected. Evoked EPSCs were recorded in the presence of QX-314 (lido-
caine N-ethyl bromide) (5 mm) in the intracellular solution to block the
generation of backpropagating action potentials (APs) and picrotoxin in
the extracellular solution to block inhibitory transmission. EPSCs were
evoked at 0.1 Hz with a bipolar electrode placed in the stratum radiatum
200-300 wm from the recording pipette and 100-150 wm from the
soma. The amplitude of stimulation was adjusted to evoke 100 pA EPSCs
at —70mV. To determine the average amplitude, rise and decay times, we
collected 10-20 EPSCs (interstimulus interval, >10s) from each neuron.
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In whole-cell short-term plasticity (STP) experiments, neurons were
held at =70 mV, and 10 stimulations at different frequencies were ap-
plied to Schaffer collaterals. Data were analyzed by normalizing all EPSCs
in the train to the amplitude of the first EPSC. The current ratio of AMPA
receptors to NMDA receptors (AMPAR/NMDAR) was calculated from
the EPSC traces recorded at +40 mV. The amplitude of stimulation was
adjusted to evoke 50 pA EPSCs at —70 mV. The AMPAR current was
determined at time points when EPSCs recorded at —70 mV reached
their peaks, and the NMDAR currents were determined 100 ms after the
peaks. EPSCs were analyzed off-line using Clampfit 10.1 software (Mo-
lecular Devices).

Two-photon imaging. Two-photon laser-scanning microscopy (TPLSM)
was performed using an Ultima imaging system (Prairie Technologies), a
Ti:sapphire Chameleon Ultra femtosecond-pulsed laser (Coherent), and
60X [numerical aperture (NA), 0.9] water-immersion infrared (IR) objec-
tives (Olympus). Alexa Fluor 594 and Fluo 5F were included in the internal
solution (see above) and were excited at 820 nm.

Alexa 594 fluorescence (R, red channel) was used to image and recon-
struct dendritic morphology of CA1 neurons and axonal morphology of
CA3 neurons. Image] was used to analyze dendritic branching and mor-
phology of dendritic spines. Changes in Fluo 5F fluorescence (G, green
channel) were used to visualize changes in Ca?* concentrations in den-
dritic spines and presynaptic terminals. Synaptically evoked changes in
the fluorescence of Fluo 5F were measured in current clamp using line-
scan mode (500 Hz) in dendritic spines. Fluorescence changes were
quantified as an increase in Fluo 5F fluorescence normalized to the aver-
age Alexa 594 fluorescence (AG/R) (Yasuda et al., 2004). To identify
synaptic inputs, we took multiple scans through the apical part of sec-
ondary or tertiary dendrites (50—150 wm from a soma) of CA1 neurons
in current-clamp mode in response to synaptic stimulation. Stimulation
intensity was adjusted to evoke 50—100 pA in voltage-clamp mode. Den-
dritic sites responding with maximal Fluo 5F transients to synaptic stim-
ulation were chosen for imaging, and line scans through corresponding
dendritic spines were taken. We measured calcium transients in a single
dendritic site on each recorded neuron. Ca** transients in CA3 presyn-
aptic terminals were recorded in a similar fashion. Axons were identified
based on Alexa 594 fluorescence as thin processes that emanated from
cell bodies and had no dendritic spines. Presynaptic terminals were iden-
tified as boutons situated along axons. Ca** transients in presynaptic
boutons were recorded in line-scan mode and were evoked by injection
of a depolarizing current (0.5 ms, 1.2-2.5 nA) that evoked an AP in the
recorded neuron. The number of evoked APs was controlled on-line in
current-clamp mode. We recorded from two to four boutons on each
neuron and measured the calcium transients in each bouton indepen-
dently. When 40 APs at 200 Hz were delivered to a presynaptic bouton,
the following precautions were taken: we monitored that 40 pulses
evoked 40 APs in a recorded neuron, and Fluo 5F fluorescence in presyn-
aptic terminals did not saturate. After delivery of 40 APs at 200 Hz, we
depolarized neurons to +20 mV and measured the Fluo 5F fluorescence
in the same bouton. The maximal increase in Fluo 5F fluorescence in
presynaptic boutons was 63 * 18% higher during +20 mV depolariza-
tion than that during 200 Hz tetanization (p = 0.03; n = 3), indicating
that the dye was not saturated during these experiments.

FM 1-43 assay in acute hippocampal slices. The FM 1-43 assay was
performed as a modification of the method described previously
(Zakharenko et al., 2002, 2003). FM 1-43 (10 um) was washed into acute
slices for 20—30 min. Loading of presynaptic boutons was performed by
using 10 Hz synaptic stimulation for 2 min in the presence of p-APV (50
uM; Tocris Bioscience) to avoid synaptic plasticity. ADVASEP-7 (200
M; Biotium) was then washed in for 20-30 min to remove the extracel-
lular FM 1-43 dye. Loaded presynaptic boutons were visualized using
TPLSM (900 nm). A series of four images at different focal planes was
acquired every 5 s. Each image was 512 X 512 pixels (33.6 X 33.6 um),
0.066 um/pixel in the x—y axes, and images were separated by 1 uwm steps
in the z direction.

Images in each z-section series were aligned and analyzed using
custom software written in Interactive Data Language (IDL; ITT Vi-
sual Information Solutions). The area of the slice in which fluorescent
puncta were analyzed was restricted to the area within 50-150 wm
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from the pyramidal layer and corresponded to the areas of the apical
dendrites where Ca”" experiments were conducted. Images showing
projections of maximal z-axis intensity were made for each subset of a
given stack. Puncta were initially identified by a semiautomated pro-
cedure written in IDL based on two criteria: (1) fluorescence intensity
>2X SDs above the mean background and (2) diameter between 0.3
and 1.8 wm.

Fluorescence measurements were made by spatially averaging signals
over a region centered over each of the identified puncta for each time
point during the unloading protocol. Images at successive time points
were checked for overlap to help track puncta, which underwent small
random movements. Puncta that underwent considerable lateral move-
ment or >20% loss of their fluorescent intensity without synaptic stim-
ulation because of photobleaching were excluded from the analysis. The
spatially averaged fluorescence intensity of each punctum obtained at
each time point during the unloading procedure was then normalized by
the initial fluorescence intensity of that punctum. The unloading proce-
dure consisted of 10 trains of tetanic synaptic stimulations (same as the
LTP induction protocol). Each train consisted of 40 stimulations deliv-
ered at 200 Hz. This unloading procedure followed by 10 Hz stimulation
was applied for 2 min to maximally release FM 1-43 from boutons. Decay
of intensity during the 200 Hz unloading procedure was fitted to a single
exponential function by using a custom-made routine written in IDL,
and FM 1-43 destaining half-time (t,,,) for every punctum was cal-
culated. The rate of destaining for each punctum was expressed as
1/t,,,. Puncta for which fluorescence intensities during unloading
could not be fitted to a single exponential function were not included
in the analysis.

Two-photon glutamate uncaging. 4-Methoxy-7-nitroindolinyl (MNI)-
glutamate (2.5 mm; Tocris Bioscience) was added to the recording ACSF.
MNI-glutamate was uncaged by using TriggerSync (Prairie Technolo-
gies) and by 0.2-0.5 ms pulses that were delivered from a second Ti:
sapphire Chameleon Ultra femtosecond-pulsed laser (Coherent) at 720
nm. The intensity and duration of the uncaging laser was adjusted to
mimic mEPSPs (0.4—0.5 mV) or mEPSCs (10-12 pA). In all experi-
ments, before each uncaging pulse, an image of the spine was acquired
and automatically aligned with a reference image of the spine. The un-
caging laser intensity was normalized to the same degree of Alexa 594
bleaching by using the previously described method to deliver the
same photostimulation power to individual dendritic spines, inde-
pendent of the depth of the spine in the slice or the refraction index of
local tissue (Bloodgood and Sabatini, 2005). Once the duration and
laser power were adjusted, we delivered six to nine test pulses around
the perimeter of a spine head to determine the optimal site of uncag-
ing (determined as the maximal response). Another test pulse to the
center of the spine head determined the level of Alexa 594 bleaching.
We then uncaged MNI-glutamate at the optimal site. The level of
Alexa 594 bleaching was used to adjust the laser power (but not
duration) for other dendritic spines of the same neuron. The point-
spread function of the focal volume of two-photon excitation was 300
nm laterally and 1100 nm axially (N'A, 0.9) based on images of 100 nm
fluorescent beads.

Spatial memory testing. We tested spatial memory in the Morris water
maze. We used a circular steel water maze (diameter, 4 feet; depth, 2 feet)
filled with water (room temperature) clouded with white, nontoxic,
water-based paint. Compass points labeled along the rim served as trial
starting positions. For the spatial tasks, water levels were raised 0.25 in
above the clear, Plexiglas escape platform. For the nonspatial task, the
water level was lowered so that the escape platform was visible 0.25 in
above the surface of the water. The water maze environment was full of
visual cues whose locations remained fixed throughout the learning pro-
tocol. Mouse movements in the maze were recorded using a video cam-
era tracking system (HVS Image) mounted above the pool, and path
length was measured. Animals learned to find a hidden platform in the
training (TRA) quadrant using the standard spatial version of the Morris
water maze task for 10 successive days. Each day, animals were given four
1 min trials from each starting position with an intertrial latency of at
least 60 s. The order of starting locations was counterbalanced each day
using a Latin square design.
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A spatial memory (probe) trial was administered on the day after the
completion of spatial learning. With the platform removed, animals re-
ceived a single 1 min trial in which the animal tried to find the escape
platform in the TRA quadrant. This trial started from the point that was
the farthest from the location of the platform on the previous training
day. The overall path length was measured for each mouse, and the
relative path length for each quadrant was calculated.

Mice started nonspatial learning tasks at least 8 d after completion of
the spatial protocol. In this task, the platform was visible above the sur-
face of the water. Animals were trained using the standard nonspatial
version of the Morris water maze task for 5 successive days. During
training day 1, they saw the escape platform located in the same position
used during spatial training. Each day thereafter, the escape platform was
rotated, in a clockwise manner, to the next quadrant. Each day, animals
were given four 1 min trials in the same manner that occurred during
spatial training.

Electron microscopy. Hippocampal slices were fixed in 2.5% glutaral-
dehyde in 0.1 M sodium cacodylate buffer, thrice rinsed in the same
buffer, and dehydrated in a graded series of alcohol and then propylene
oxide washes. The tissue was infiltrated and embedded in Epon Araldite
and polymerized overnight at 70°C. We cut 70 nm sections on a Leica
UC6 ultramicrotome fitted with a Diatome diamond knife and stained
with lead citrate and 8% uranyl acetate. Thick sections were trimmed to
a region between the CAl and dentate gyrus cell body layers, and the
somata were used as guideposts to find the CA1 area where synapses were
identified. The sections were imaged on a JEOL 1200EX11 transmission
electron microscope with an AMT XR111 11 megapixel digital camera.
Synapses were counted as regions of membrane enclosing synaptic vesi-
cles in close proximity to a postsynaptic density. Vesicle size and number
and postsynaptic density length were measured in Image] by tracing with
the line or elliptical selection tools followed by measurement.

Quantitative real-time PCR. RNA was isolated from the hippocampi of
4-month-old WT mice and heterozygous Df(16)1/+ littermates (three to
five mice per genotype) using the mirVana RNA isolation kit (Applied Bio-
systems). The SuperScript III reverse transcriptase kit (Invitrogen) was used to
synthesize cDNA from 1 ug of RNA. Primers were as follows: Gapdh, GTCG-
GTGTGAACGGATTTG and TAGACTCCACGACATACTCAGCA; Tbxl,
GTCACTGCCTACCAGAATCAC and TCCGAGAGCGAGCAAAGG; and
Serca2b, GCCGTTTGTGCTGCTCATTATG and AACCTCCTTCACCA-
GCCAATATG. Quantitative real-time PCR was conducted using an Ap-
plied Biosystems 7900HT Fast Real-Time PCR System and the standard
protocol (50°C for 2 min, 95°C for 10 min, then 40 cycles of 95°C for 15 s
and 60°C for 1 min). Standard curves were generated from a reference
sample and used to obtain expression levels of each gene. Expression
levels of Serca2b and the positive control gene Thx1, which is contained in
the deletion region, were normalized to the housekeeping gene Gapdh for
each sample. Samples for each mouse were run in duplicate.

Western blotting. Hippocampi were dissected at 4°C and prepared ei-
ther as whole-tissue lysates or as crude synaptosomal fractions (P2).
Synaptosomes were prepared as previously described (Gray and Whit-
taker, 1962). In brief, fresh tissue was homogenized in 10 mm HEPES, pH
7.4, and 0.32 M sucrose by using a motorized glass—Teflon homogenizer.
To separate the P2 synaptosomal fraction, the homogenate was spun for
5 min at 800 X g; the supernatant was then centrifuged for 20 min at
12,000 X g. Tissue or synaptosomal pellets were lysed by freezing and
thawing, subsequent syringe passage in ice-cold RIPA buffer [50 mm
Tris-HCL, pH 7.4, 1% NP-40, 0.25% sodium deoxycholate, 150 mm
NaCl, 1 mm EDTA, and protease inhibitor mixture tablets (Roche)], and
finally brief sonication. The concentrations of protein lysates were deter-
mined by BCA assay (Thermo Fisher Scientific). A 25 ug sample of each
protein extract was electrophoresed on a 10% SDS-PAGE gel, and pro-
tein was transferred to polyvinylidene difluoride membranes (Invitro-
gen). The primary antibodies used were goat anti-SERCA2 (1:250;
sc-8095; Santa Cruz Biotechnology), mouse anti-B-actin (1:10,000;
A5316; Sigma-Aldrich), rabbit anti-synaptophysin (1:1000; Invitrogen),
and rabbit anti-NR2A (1:1000; G9038; Sigma-Aldrich). Blots for synap-
tophysin and NR2A were probed with HRP-conjugated secondary anti-
bodies and imaged using enhanced chemiluminescence detection by
film. SERCA and fB-actin Western blots were probed with anti-mouse
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(1:5000) and anti-goat (1:5000) secondary an-
tibodies conjugated to IR dye 680 or 800 (LI-
COR Biosciences). These blots were imaged
and quantified using the Odyssey infrared im-
aging system (LI-COR Biosciences). Because
this system has a broad linear detection range
(10-100,000), the B-actin signal (range, 100—
300) did not saturate beyond detection limits,
allowing for accurate normalization of SERCA
levels to the loading control within the same
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Results

Hippocampal LTP is enhanced in
mature but not in young Df16(1)/+
mice

To examine whether the Df(16)1 deletion
affects LTP at excitatory CA3—CA1 syn-
apses, we recorded fEPSPs before and af-
ter the delivery of a 200 Hz tetanus to the Schaffer collaterals in
acute brain slices from WT and mutant mice. Because this induc-
tion protocol potentiates both neurotransmitter release and
postsynaptic responses at CA3—CA1 synapses (Zakharenko et al.,
2001; Bayazitov et al., 2007), we reasoned that it would reveal
changes in both presynaptic and postsynaptic components of
LTP. Because patients with 22q11DS manifest a decline in cogni-
tive function (Gothelf et al., 2007), we tested LTP in mice of two
different ages. We found that LTP was not substantially altered in
younger (6—8 weeks) Df(16)1/+ mice compared with WT litter-
mates (p = 0.174; 43—45 slices; eight mice per genotype) (Fig.
la). In contrast, more mature (16—20 weeks) Df(16)1/+ mice
exhibited dramatically enhanced posttetanic potentiation (PTP)
and LTP (Fig. 1b). The PTP of fEPSPs measured 5 min after
tetanization (fEPSP;) was ~120% higher in mature Df(16)1/+
mice than in WT mice, increasing to 347.9 = 35.3% over baseline,
compared with 156 = 14.6% in WT littermates (p < 0.001; 24-29
slices; six to eight mice). In mature WT mice, LTP of fEPSPs
measured 6 h posttetanus (fEPSP;4,) showed a 39.3 * 10.5%
increase over baseline, whereas in Df(16)1/+ littermates, the
fEPSP¢, was ~200% higher than in WT mice and showed a
118.4 * 19.7% increase over baseline (p < 0.001; 2429 slices; six
to eight mice). Changes in LTP were not attributable to an in-
crease in the number of stimulated afferents, because no changes
in fiber volley were detected in mature Df(16)1/+ or WT mice
(supplemental Fig. S1, available at www.jneurosci.org as supple-
mental material).

Along with developmental changes in LTP, Df(16)1/+
mice showed age-dependent deficits in the hippocampus-
dependent spatial behavioral task, the Morris water maze.
Young Df(16)1/+ mice did not show any difference in spatial
memory compared with their WT littermates (supplemental Fig.
S2a, available at www.jneurosci.org as supplemental material).

Figure1.

mEPSC amplitude (pA)

EPSC rise and decay time (ms)

0 5 10 1520 25 30

Interval (s) Rise time

Decay time

LTPis altered in mature but not young mice in a model of 22q11DS. a, b, Mean fEPSPs as a function of time in younger
(a) or older (b) Df(16)1/+ mice and their WT littermates before and after induction of LTP with 200 Hz tetanization (arrow). The
insets show traces of fEPSPs before, 5 min after, or 360 min after induction of LTP. **p << 0.001. ¢, Mean fEPSPs as a function of
stimulation intensity in slices from older Df(76)1/+ and WT mice. d, Average cumulative histograms of spontaneous mEPSC
amplitudes (left) and intervals (right) in CA1 neurons of older Df{76)1/+ and WT littermates. e, Evoked EPSCs (left) and their
kinetics are not altered in older Df(76)7/+ mice. Representative EPSC traces (left), mean EPSC rise time and decay time (right)
measured in CA1 neurons from Df(16)1/+ and WT mice.

However, mature Df(16)1/+ mice showed deficient spatial memory
(supplemental Fig. S2b, available at www.jneurosci.org as supple-
mental material), whereas spatial learning and nonspatial
memory remained intact (supplemental Fig. S2¢,d, available at
www.jneurosci.org as supplemental material). These results
demonstrate that Df(16)1/+ mice develop a deficit in hippo-
campus-dependent spatial memory that coincides with the
onset of LTP abnormalities.

To determine the cause of the substantial increase in LTP in
mature Df(16)1/+ mice, we first tested for differences in basal
synaptic transmission. However, input—output coupling at CA3—
CA1l synapses did not significantly differ between mature
Df(16)1/+ mice and WT littermates (p > 0.05; 24 —29 slices; six to
eight mice) (Fig. 1¢). Similarly, single-cell recording revealed no
differences in spontaneous or evoked EPSCs in mature
Df(16)1/+ mice. Amplitudes of spontaneous mEPSCs (18.01 =
1.28 pA for Df(16)1/+ and 17.73 = 1.03 pA for WT; p = 0.87; six
to seven neurons, 551-2445 events per neuron), as well as inter-
vals between mEPSCs (4.78 = 0.77 s for DfI(16)/+ and 3.81 =
0.74 s for WT; p = 0.135; six to seven neurons) were not signifi-
cantly different between the genotypes (Fig. 1d). Rise times
(2.39 £ 0.11 ms for Df1(16)/+ and 2.47 = 0.14 ms for WT mice;
p = 0.29) and decay times (6.38 = 0.22 ms for Df(16)1/+ and
6.50 = 0.34 ms for WT mice; p = 0.25; six to seven neurons) of
mEPSCs were also not different in mutant and WT mature
mice. Similarly, rise times and decay times of EPSCs evoked by
a single synaptic stimulation were not significantly different
between mature Df(16)1/+ and WT littermates (p = 0.29 and
0.49, respectively; 10 neurons per genotype) (Fig. le). These
data indicate that basal synaptic transmission is normal at
excitatory synapses of Df(16)1/+ mice, whereas LTP mecha-
nisms undergo substantial developmental changes in the
Df(16)1/+ model of 22q11DS.
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trees of CAl neurons from mature
Df(16)1/+ mice was indistinguishable
from that of WT littermates, and quanti-
fication of branching by Scholl analysis re-
vealed no difference between genotypes
(p = 0.863; seven to nine neurons) (Fig.
2a,b). Furthermore, the length (p = 0.21),
width (p = 0.84), and density (p = 0.36)
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of currents of different amplitudes (—

Df(16)1/+ mice.

Dendritic morphology and postsynaptic function are
preserved in mature Df16(1)/4+ mice

Previous studies have reported structural abnormalities in the
brains of 22q11DS mouse models (Mukai et al., 2008; Stark et al.,
2008; Meechan et al., 2009); thus, we asked whether developmen-
tal changes in synapse structure contribute to the enhanced LTP
in mature Df(16)1/+ mice. We visualized dendritic structures by
loading CA1 pyramidal neurons of mature mice with the fluores-
cent dye Alexa 594 through a whole-cell pipette and imaging
them using TPLSM. The overall morphology of apical dendritic
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Structure and function of postsynaptic neurons are not affected by the Df(76)7 microdeletion in mature mice. a,
Representative images of the apical dendrites of CAT neurons from slices of WT (left) and Df(76)1/+ (right) littermates. Scale bar,
50 um. b, Scholl analysis of apical dendritic tree branching of CA1 neurons in WT and Df(76)7/+ mice. ¢, Representative TPLSM
images of dendritic spinesin CATneurons of WT (left) and Df(76) 1/+ (right) mice. Scale bar, 2 ,um. d, Mean dendritic spine density
(27-28 dendrites), length, and width (87—123 randomly selected spines) on CAT neurons from WT and Df(76)1/+ mice. e, f,
Representative electron micrographs (e) and mean lengths of postsynaptic densities () at synapses in the CA1 areas of WT and
Df(16)1/+ mice. g, h, Representative traces of AMPAR-mediated (recorded at —70 mV, downward traces) and NMDAR-mediated
(recorded at +40 mV, upward traces) EPSCs (g) and t