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Neurobiology of Disease

Hippocampal Long-Term Potentiation Suppressed by
Increased Inhibition in the Ts65Dn Mouse, a Genetic Model
of Down Syndrome

Alexander M. Kleschevnikov,' Pavel V. Belichenko,' Angela J. Villar,? Charles J. Epstein,’ Robert C. Malenka,? and
William C. Mobley!

Department of Neurology and Neurological Sciences, and the Institute for Neuroscience, and 2Nancy Pritzker Laboratory, Department of Psychiatry,
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Although many genetic disorders are characterized by cognitive failure during development, there is little insight into the neurobiological
basis for the abnormalities. Down syndrome (DS), a disorder caused by the presence of three copies of chromosome 21 (trisomy 21), is
characterized by impairments in learning and memory attributable to dysfunction of the hippocampus. We explored the cellular basis for
these abnormalities in Ts65Dn mice, a genetic model for DS. Although basal synaptic transmission in the dentate gyrus was normal, there
was severe impairment of long-term potentiation (LTP) as a result of reduced activation of NMDA receptors. After suppressing inhibition
with picrotoxin, a GABA , receptor antagonist, NMDA receptor-mediated currents were normalized and induction of LTP was restored.
Several lines of evidence suggest that inhibition in the Ts65Dn dentate gyrus was enhanced, at least in part, because of presynaptic
abnormalities. These findings raise the possibility that similar changes contribute to abnormalities in learning and memory in people

with DS and, perhaps, in other developmental disorders with cognitive failure.
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Introduction

The neurobiological basis for development disorders of cogni-
tion is little explored and poorly understood. Down syndrome
(DS), a frequent cause of mental and physical disability in chil-
dren and adults, is attributable to trisomy for chromosome 21
(Epstein, 2002; Roizen and Patterson, 2003). The presence of one
extra copy of the ~300 normal genes on chromosome 21 results
in a number of significant clinical phenotypes. Among the most
important are those affecting the nervous system. Impairment of
cognitive function is nearly universal in DS (Epstein, 2002), with
characteristic and specific deficits in learning and memory
(Chapman and Hesketh, 2000). Although there is limited insight
into the biological basis for the cognitive failure, abnormalities in
explicit memory point to involvement of the hippocampus (Car-
lesimo et al., 1997; Vicari et al., 2000; Pennington et al., 2003).
The impairment of this aspect of hippocampally mediated cog-
nition appears to be specific, because the deficit in individuals
with DS was more severe than in subjects mentally retarded be-
cause of other etiologies (Carlesimo et al., 1997). Additional evi-
dence for abnormalities involving the hippocampus are neuro-
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imaging studies showing that the volume of the hippocampus,
adjusted for brain size, is smaller in individuals with DS than in
controls (Aylward et al., 1999; Pinter et al., 2001; Krasuski et al.,
2002). Studies exploring the structure and function of the hip-
pocampus will be essential for elucidating the neurobiological
basis for cognitive failure in DS.

Mouse models of neurological disorders provide the oppor-
tunity to define abnormal cellular mechanisms. Models of DS can
be used both to elucidate molecular and cellular pathogenesis and
to link these abnormalities to an increased dose of a specific
gene(s) (Antonarakis et al., 2001; Dierssen et al., 2001; Reeves et
al.,, 2001; Epstein, 2002). The most useful model of DS, the
Ts65Dn mouse, is segmentally trisomic for mouse chromosome
16 and carries three copies of genes orthologous to those on
human chromosome 21 (Davisson et al., 1990; Gardiner et al.,
2003). The trisomic region extends from Gabpa to Mx1 (~140
genes) (Gardiner et al., 2003); it overlaps substantially with the
region of human chromosome 21 held to be responsible for many
DS phenotypes, including mental retardation (Korenberg et al.,
1994). Ts65Dn mice exhibit a number of features characteristic of
DS, including impairment of hippocampal function as evidenced
by impaired spatial memory (Reeves et al., 1995; Demas et al.,
1996, 1998; Holtzman et al., 1996; Escorihuela et al., 1998; Sago et
al., 2000) and context discrimination (Hyde et al., 2001).

To further explore the function of the hippocampus in
Ts65Dn mice, we examined synaptic plasticity in the dentate gy-
rus (DG) in hippocampal slices. Excessive inhibition of dentate
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granule cells was shown to restrict synaptic activation of NMDA
receptors and to inhibit long-term potentiation (LTP). Blocking
inhibition restored the NMDA receptor-mediated component of
EPSP and LTP. These data are evidence for a marked change in
hippocampal synaptic physiology that may contribute to failed
performance on cognitive tasks in DS.

Materials and Methods

Animal husbandry. Segmental trisomy 16 (Ts65Dn) mice were obtained
by mating female carriers of the 17'® chromosome (B6EiC3H-a/A-
Ts65Dn) with (C57BL/6JEi X C3H/He])F, (JAX #JR1875) males (Davis-
son et al., 1993). Ts65Dn mice are thus maintained on the B6/C3H back-
ground. Cultured tail fibroblasts were used for karyotype analysis of
metaphase spreads to determine the genotype of each animal according
to conventional methods. Ts65Dn and 2N control mice were housed
three to five per cage with a 12 hr light/dark cycle and ad libitum access to
food and water. Experimental male mice were 3—4 months of age.

Slice preparation. Mice were anesthetized with isoflurane before decap-
itation. The brain was quickly removed and immersed for 2-3 min in
ice-cold artificial CSF (ACSF) [containing (in mm): 119 NaCl, 2.5 KCI,
2.5 CaCl,, 1.3 MgSO,, 1 NaH,PO,, 26 NaHCOj, and 10 glucose], osmo-
larity 310, continuously bubbled with 95% O, and 5% CO,, pH 7.4. The
hippocampus was extracted and cut in ice-cold ACSF with a vibratome
(Leica 1000; Leica, Nussloch, Germany) into 350-um-thick transverse
slices, which were allowed to recover in oxygenated ACSF at 32°C for 30
min, and then at room temperature for an additional 1-10 hr before
experimental recordings. In experiments using whole-cell recordings,
the slicing of hippocampus was performed in solution containing (in
mMm): 250 sucrose, 2.5 KCl, 1.3 CaCl,, 2.5 MgSO,, 1 NaH,PO,, 26
NaHCO;, and 10 glucose (Moyer and Brown, 1998). All of the experi-
ments were conducted in accordance with the National Institutes of
Health guidelines for the care and use of animals and with an approved
animal protocol from the Stanford University Institutional Animal Care
and Use Committee.

Recording of evoked field potentials. A slice was transferred into the
recording chamber and superfused with ACSF at a constant rate of 2.5
ml/min at a temperature of 32°C. Recording and stimulating electrodes
were made of borosilicate glass capillaries (1B150F; World Precision In-
struments, Sarasota, FL) and filled with 2 M NaCl (resistance, 0.3—0.5
M(Q). Under visual control, the stimulating electrode was inserted into
the middle molecular layer (MML), and the recording electrode was
inserted into either the MML or the granule cell layer of the DG upper
blade. The stimulating and recording electrodes were separated by a
distance of 300-350 wm. If not specified otherwise, testing stimuli
evoked field EPSPs (fEPSPs) that were 70—90% of maximum. The mag-
nitude of the fEPSP was measured as the initial slope of the linear part of
the fEPSP, which occurred 0.1-1 msec after the presynaptic volley (see
Fig. 2A). The amplitude of the fEPSP was measured at the maximum,
averaging over a 0.4 msec window. The amplitude of the population
spike was measured as follows: (1) a line was drawn at the base of the
population spike connecting the first and second peaks of the field re-
sponse, (2) a second line was drawn at the peak of the population spike
(i.e., at the peak of the downward deflection), and (3) at the peak of the
spike, a line was drawn vertically between these two lines, thus giving
the amplitude of the population spike (see Fig. 5A). LTP was induced by
tetanization with three trains of stimuli (1 sec at 100 Hz; 5 min between
the trains). In the experiments using picrotoxin, a single tetanization (1
sec; 100 Hz) was used.

To measure the contribution of NMDA receptors to fEPSP, a modified
ACSF was used. This solution contained 2,3-dioxo-6-nitro-1,2,3,4-
tetrahydrobenzoquinoxaline-7-sulfonamide (NBQX) (0.2 uMm) to par-
tially (~50%) suppress AMPA receptors (data not shown), glycine (15
M), an agonist at the glycine-binding site of NMDA receptors, and a
reduced concentration of Mg>* (0.6 mm) (Bayazitov and Kleschevnikov,
2000). Three stimuli (100 Hz) were used to assess synaptic activation of
the NMDA receptors by high-frequency afferent stimulation. Only two
stimuli were delivered when the NMDA receptor-mediated component
of fEPSP was measured under picrotoxin, because enhanced excitability
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of granule cells provoked epileptic-like activity. After stabilization of the
responses, an antagonist of NMDA receptors, DL-2-amino-5-
phosphonovaleric acid (pL-APV) (40 um), was applied for 10 min. The
responses recorded under these conditions were taken as the AMPA
receptor-mediated component of the fEPSP. The NMDA receptor-
mediated component of the fEPSP was then computed as the difference
between the responses recorded before and during the application of
pL-APV. The magnitudes of the AMPA and NMDA receptor-mediated
responses were measured at the maximum, averaging over a 0.4 msec
window for the AMPA response and a 1.2 msec window for the NMDA
response.

Whole-cell recordings. Whole-cell recordings were performed from DG
granule cells using an Axoclamp-2A amplifier (Axon Instruments, Foster
City, CA). The recording electrodes were filled with a solution containing
(in mm): 135 CsCl, 2 MgCl,, 2.5 EGTA, 10 HEPES, 2 MgATP, 0.2 Na,-
GTP, and 2 lidocaine N-ethyl bromide, osmolarity 290, pH 7.3. EPSCs
were evoked by stimulating with a glass micropipette positioned in the
MML at a distance of 150-300 wm from the recording cell. IPSCs were
evoked with a micropipette positioned on the border between the inner
molecular layer and MML (40-50 um from the granule cell layer). The
recordings were filtered at 3 kHz, digitized at 5 kHz, and stored in a
computer. Paired stimuli were used to assess paired-pulse facilitation
(PPF) of evoked IPSCs (eIPSCs). In these experiments, the concentration
of calcium in ACSF was reduced to 0.8 mM, and the concentration of
magnesium was increased to 3.0 mm. The amplitude of the first eIPSC
was measured as the distance between the response maximum and the
baseline for the recording; the amplitude of the second eIPSC was mea-
sured as the distance between the response maximum and the trace that
corresponded to the first response when a single stimulus was applied
(see Fig. 7A). Miniature IPSCs (mIPSCs) were recorded in ACSF con-
taining 1 um NBQX, 25 um D-APV, and 1 um TTX. The frequency,
amplitude, and duration of mIPSCs were evaluated with use of the pro-
gram MiniAnalysis (Synaptosoft, Decatur, GA).

For all of the experiments, data are presented as mean = SEM (n is
number of slices). Mann—Whitney U test was used to examine the differ-
ences in the tetanization-induced responses in 2N and Ts65Dn dentate
gyrus. In all of the other comparisons, the t test was used, and p < 0.05
was considered to be statistically significant.

Results

Basal synaptic transmission is normal in the dentate gyrus in
Ts65Dn mice

To assess synaptic function in the DG, we examined evoked
fEPSPs in the MML of 2N (i.e., normal) and Ts65Dn mice. The
responses to individual stimuli (Fig. 1A) and the dependence of
the initial slope of fEPSPs on stimulating current (Fig. 1B) were
essentially normal in slices from Ts65Dn mice. In addition, there
was no difference in the dependence of the initial slope of fEPSPs
on the amplitude of the presynaptic volley (Fig. 1C). Paired-pulse
ratios of fEPSP amplitudes at interstimulus intervals ranging
from 10 msec to 10 sec were also normal in the Ts65Dn mice (Fig.
1D). These findings suggest that basal excitatory synaptic trans-
mission is normal in the DG of Ts65Dn mice.

Failed induction of LTP and inadequate synaptic activation of
NMDA receptors in Ts65Dn mice

LTP is a well studied synaptic model of learning and memory
(Malenka and Nicoll, 1999). In control 2N mice, LTP in the
MML of the DG was elicited using tetanic stimulation (100 Hz;
1 sec train given three times, 5 min apart) (123.7 = 4.5% of
baseline; n = 9; p < 0.01) (Fig. 2). In contrast, LTP was not
induced in slices from Ts65Dn mice (103.7 % 2.4%;n = 8;p >
0.15). The difference between 2N and Ts65Dn slices was ap-
parent soon after the tetanic stimulation and persisted
throughout the duration of the experiment. To determine
whether or not LTP could be induced with a stronger tetani-
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To address the mechanism responsible
for the failed LTP in Ts65Dn mice, we first
examined whether synaptic activation of
NMDA receptors was normal using fEPSP
recordings. The NMDA receptor-
dependent component of the fEPSP was
isolated by computing the difference in
the responses to a three stimuli train
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(given at 100 Hz) before and after applica-
tion of the NMDA receptor antagonist DL-
APV (40 um) (Fig. 3A). After the second
and the third stimuli in the train, the
NMDA receptor-mediated component of
the fEPSP, when normalized to the AMPA
receptor-mediated component, was sig-
nificantly smaller in the Ts65Dn slices
when compared with that in 2N slices (Fig.
3B) (p < 0.03). Decreased synaptic acti-
vation of NMDA receptors was a likely
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Figure2. LTPisabsentinthe Ts65Dn DG. A, Representative evoked fEPSPs recorded from slices of
2N (left) and Ts65Dn mice (right) before (CON) and 50 min after (LTP) tetanization (thin and thick lines,
respectively). Arrowheads denote stimulus artifacts that have been truncated. The vertical lines (la-
beled 1and 2) indicate the interval used for the measuring the initial slope. Note the increase in the
initial slope for the 2N but not the Ts65Dn DG. Each curve represents an average of five consecutive
responses. B, Time course of the averaged initial slope of the fEPSP. A series of three tetanizations
(arrows; Tet) applied at 5 min intervals evoked stable LTPin 2N, but failed to induce LTP in the Ts65Dn
DG (open and filled circles, respectively).

zation, in a separate series of experiments, five trains of stimuli
(1 sec; 100 Hz) were applied. Although LTP was induced in 2N
slices (135.8 = 5.1%; n = 3), it was not induced in Ts65Dn
slices (99.5 * 3.3%; n = 6).

100
Interstimulus interval, ms

Basal synaptic transmission appears normal in the Ts65Dn DG. A, Representative fEPSPs recorded in the DG MML in
response to different stimulation intensities. Arrowheads denote stimulus artifacts that have been truncated. B, Averaged depen-
dence of the initial slope of fEPSPs on stimulating current. Open circle, 2N; filled circle, Ts65Dn. C, Averaged dependence of the
initial slope of fEPSP on the amplitude of the presynaptic volley. Open bar, 2N; filled bar, Ts65Dn. D, Paired-pulse ratio of the second
to the first fEPSP as a function of the interstimulus interval. Symbols as for B. There was no significant difference in any measure

proximate cause for the failure to induce
LTP in Ts65Dn.

The reduction of the NMDA receptor-
mediated component of the fEPSP in
Ts65Dn slices could be attributable to in-
adequate depolarization of the postsynap-
tic neurons during the high-frequency
stimulation or to alterations in the num-
ber or properties of the synaptic NMDA
receptors. To distinguish these possibili-
ties, we examined fEPSPs in magnesium-
free ACSF, in which inadequate depolarization during the train
should no longer restrict current flow through the NMDA recep-
tors. Under these conditions, no difference between 2N and
Ts65Dn slices was apparent in the calculated NMDA receptor-
mediated components of the fEPSP (Fig. 3C,D). To further ex-
amine whether NMDA receptor-mediated synaptic currents are
normal in Ts65Dn dentate granule cells, we performed whole-cell
voltage-clamp recordings. First, the AMPA receptor-mediated
synaptic current was recorded at a holding potential of —80 mV.
Then, recording from the same cell, the AMPA receptor antago-
nist NBQX (10 uMm) was applied and the NMDA receptor-
mediated current was recorded at a holding potential of +40 mV
(Fig. 3E). The calculated ratio of NMDA receptor-mediated to
AMPA receptor-mediated synaptic currents, which controls for
slice-to-slice variability in the number of synapses activated (Saal
etal., 2003), was not different between 2N and Ts65Dn mice (Fig.
3F). Together, these results indicate that NMDA receptor-
mediated transmission is normal in Ts65Dn mice. Thus, the dif-
ference in the NMDA receptor-mediated component of the
fEPSP in normal ACSF likely arises from inadequate depolariza-
tion of the postsynaptic granule cells by trains of afferent stimuli.

1000 10000

Suppressing inhibition normalizes LTP in Ts65Dn mice
Because basal excitatory synaptic transmission appeared normal
in Ts65Dn mice, we reasoned that increased inhibition could
account for the abnormalities in the NMDA receptor-mediated
component of the fEPSP and LTP. To test this possibility, fEPSPs
evoked by two stimuli (given at 100 Hz) were recorded before and
after application of DL-APV in the presence of normal ACSF con-
taining the GABA , receptor antagonist picrotoxin (100 uMm) (Fig.
4 A). This suppression of inhibition eliminated the difference in
the NMDA receptor-mediated component of the fEPSP between
2N (n = 7) and Ts65Dn (n = 8) slices (Fig. 4 A,B) (p > 0.5).
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Figure3. Inadequate synapticactivation of NMDA receptors in the Ts65Dn DG is normalized
by removing extracellular magnesium or depolarization. A, Representative field responses
evoked by a three-stimulus (arrowheads; 51,52, and $3), 100 Hz train in the 2N and Ts65Dn DG
(thin and thick lines, respectively). 1, fEPSPs recorded in modified ACSF before application of
APV. Note after the second and the third stimuli the difference in the late phases of the re-
sponses. 2, The AMPA receptor-dependent component of fEPSP recorded in an APV-containing
solution. 3, The NMDA receptor-dependent component of the responses calculated as the dif-
ference in the responses recorded before and during application of APV (i.e., “1” minus “2"). 8,
Averaged ratios of the NMDA—AMPA responses evoked by each of the three stimuli. The ratio
was significantly smaller in the Ts65Dn DG for the second and the third stimuli. *p < 0.03. (,
fEPSPs evoked by three-stimuli trains in magnesium-free modified ACSF. Total fEPSPs recorded
before application of APV (1), and the AMPA receptor-mediated component of fEPSPs recorded
after suppression of the NMDA receptors with APV (2), were indistinguishable in the 2N and
Ts65Dn DG. Consequently, the NMDA receptor-mediated component of fEPSPs, taken as “1”
minus “2,” were also indistinguishable (3). D, Averaged ratios of the amplitudes of NMDA—
AMPA receptor-mediated components of fEPSP in magnesium-free ACSF. There was no differ-
ence between the 2N and Ts65Dn DG. £, Whole-cell currents recorded in the DG of slices from 2N
and Ts65Dn mice at holding potentials of —80and +40 mV. The responses at —80 mV reflect
activation of AMPA receptors. The responses at +40 mV reflect activation of NMDA receptors,
because at this holding potential, AMPA receptors were blocked by application of NBQX. f,
Ratios of the amplitudes of the whole-cell currents recorded at +40 and —80 mV. The NMDA
receptor-dependent responses were similar in the 2N and Ts65Dn DG. Open bar, 2N; filled bar,
Ts65Dn. The error bars in B, D, and F represent SEM.

We then proceeded to test whether suppression of inhibition
would allow induction of LTP in Ts65Dn slices. In the presence of
picrotoxin, tetanic stimulation induced normal LTP in Ts65Dn
slices (2N, 119.2 = 4.1%; n = 8; Ts65Dn, 123.9 = 9.2%; n = §;
p > 0.5) (Fig. 4C). Together, these findings suggest that excessive
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Figure 4. Suppressing inhibition in the Ts65Dn DG restores both the NMDA receptor-

mediated component of the fEPSP and LTP. A, Field responses in slices from 2N and Ts65Dn mice
(thin and thick lines, respectively) recorded in ACSF containing picrotoxin. 1, Responses re-
corded before application of APV. 2, The AMPA receptor-mediated components of fEPSP re-
corded after suppression of NMDA receptors with APV. 3, The NMDA receptor-mediated com-
ponent calculated as the difference between “1” and “2” (i.e., “1” minus “2”). B, Ratio of the
amplitudes of NMDA—AMPA receptor-mediated components of fEPSP. There was no difference
in activation of NMDA receptors in the 2N and Ts65Dn DG. Open bar, 2N; filled bar, Ts65Dn. Error
bars indicate SEM. (, LTP was normal in the Ts65Dn DG after suppressing inhibition with picro-
toxin. Top, Representative responses recorded from slices of 2N and Ts65Dn mice before (CON)
and 50 min after (LTP) tetanization (thin and thick lines, respectively) in ACSF containing 100
M picrotoxin. Vertical lines 1and 2 indicate the linear parts of the responses used to measure
the initial slopes. Note the increase in the initial slopes in both 2N and Ts65Dn mice. Each curve
represents an average of five consecutive responses. Arrowheads denote the stimulus artifacts,
shown truncated. Bottom, Time course of the averaged initial slopes. A single tetanization train
(arrow; Tet) evoked stable LTP in both the 2N and Ts65Dn DG (open and filled circles,
respectively).

inhibition, which restricts synaptic activation of NMDA recep-
tors, is the cause for the failure to induce LTP in Ts65Dn slices.

Decreased responses during tetanus in Ts65Dn slices

If increased inhibition is responsible for failed induction of LTP,
it should be possible to detect a difference in the response to
tetanic stimulation in Ts65Dn slices. To test this idea, we per-
formed experiments under the conditions used in Figure 2 for
eliciting LTP in which we either did or did not block the NMDA
receptor-mediated current. We recorded during the entire train
of stimuli (i.e., 100 stimuli over 1 sec) while recording in ACSF or
in ACSF containing 100 um DL-APV. The responses for 2N and
Ts65Dn (n = 4 slices each) were defined as the area under the
curve after stimuli. The first measure examined was the area un-
der the curve for the response to only the first stimulus. There was
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Figure 5.  Enhanced paired-pulse depression of the population spike in the Ts65Dn DG. 4,
Representative field responses recorded in the granule cell layer of slices from 2N and Ts65Dn
mice (top and bottom panels, respectively). Interstimulus intervals varying from 10 to 180 msec
(as denoted by the numbers under the curves) were used. The responses to the first and the
second stimulus of each pair [population spike 1 (PS1) and PS2] are shown in the thick and thin
lines, respectively. The population spike amplitude (PS ampl) was measured as indicated. The
reduction of the population spike amplitude at short interstimulus intervals reflects PPD. B,
Ratio of the amplitudes of PS2 to PS1 as a function of the interstimulus interval in 2N (open
circles) and Ts65Dn (filled circles). At short intervals (<<50 msec), the ratio was significantly
smaller in the Ts65Dn than in the 2N DG, signifying greater PPD of the population spike in
Ts65Dn. *p << 0.05; **p << 0.03. Error bars represent SEM.

no significant difference between 2N and Ts65Dn slices in re-
sponse to the first stimulus (2N, 7.5 = 1.4 msec * mV; Ts65Dn,
5.7 £ 2.2 msec-mV; p = 0.23; the Mann—Whitney U test), a
result consistent with the findings in Figure 1. The second mea-
sure was the total areas under the curves for the responses to the
first stimulus plus every fifth stimulus through the entire train
(i.e., through 100 stimuli). These data showed a significant de-
crease in Ts65Dn slices (2N, 41.1 * 5.2 msec*mV; Ts65Dn,
26.2 £ 6.6 msec - mV; p < 0.02). The results for the experiments
in ACSF containing bL-APV showed the same pattern. Thus, al-
though there was no difference between the responses to the first
stimulus (2N, 6.7 * 1.6 msec-mV; Ts65Dn, 53 * 2.1
msec - mV; p = 0.3), the summed stimuli showed a significantly
smaller response in Ts65Dn slices (2N, 36.2 £ 6.5 msec - mV;
Ts65Dn, 19.7 = 9.2 msec * mV; p < 0.04). To further define the
effect of inhibition, we attempted to record the responses during
the tetanic stimulation from slices in the presence of the GABA
receptor antagonist picrotoxin. However, we could not make ac-
curate measurements in this condition because the tetanic stim-
ulation produced epileptiform activity in both 2N and Ts65Dn
slices.

The decreased responses in Ts65Dn slices during the tetanus
are consistent with increased inhibition leading to decreased de-
polarization. They support the view that increased inhibition is a
cause for failed induction of LTP. Furthermore, in showing thata
difference between 2N and Ts65Dn slices persists even when the
NMDA receptor-mediated current is suppressed, they are evi-
dence that increased inhibition is not driven by NMDA receptors.

Enhanced inhibition in the dentate gyrus of Ts65Dn mice
To directly address the hypothesis that inhibitory synaptic trans-
mission is enhanced in the dentate gyrus of Ts65Dn mice, we first
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Figure 6.  The frequency of miniature IPSCs was increased in the Ts65Dn DG. A, Examples of
mIPSCs recorded from granule cells in slices from 2N and Ts65Dn mice. B, Frequency histograms
of mIPSCamplitudes in the DG of 2N (open circles) and Ts65Dn mice (filled circles). Inset, Ratio
of mIPSC frequencies in the Ts65Dn and 2N DG as a function of mIPSC amplitude. Note that the
increase of mIPSC frequency in Ts65Dn was primarily independent of mIPSC amplitude. C,
Cumulative histogram of mIPSC amplitude. No difference was noted between the 2N and
Ts65Dn DG. Open circles, 2N; filled circles, Ts65Dn. The error bars in B and C represent SEM.

examined paired-pulse depression (PPD) of the population
spike, which is attributable in large part to feedback inhibition
(Barnes, 1979; Adamec et al., 1981). Pairs of stimuli with an in-
terstimulus interval ranging from 10 to 180 msec were adminis-
tered to the MML, and evoked population responses were re-
corded in the granule cell layer (Fig. 5A). At interstimulus
intervals from 10 to 50 msec, there was a reduction in the ratio of
the amplitudes of the second to the first population spikes (PS2/
PS1) in Ts65Dn slices (1 = 9) compared with 2N (n = 10) slices
(p < 0.05) (Fig. 5B). This suggests that there is significantly
stronger feedback inhibition in Ts65Dn mice.

We next recorded mIPSCs from DG granule cells of 2N and
Ts65Dn slices using whole-cell voltage-clamp recordings from
slices perfused with ACSF containing NBQX (1 um), DL-APV (25
M), and TTX (1 wm). Under these conditions, all of the events
were blocked by picrotoxin (100 uM; data not shown), confirm-
ing that mIPSCs were being recorded. The frequency of mIPSCs
was significantly higher in Ts65Dn slices compared with 2N slices
(Fig. 6A,B) (average frequency, 2N, 2.53 = 0.36 Hz; n = 8;
Ts65Dn, 4.68 = 0.55Hz; n = 9; p < 0.01), an effect that was most
obvious for the more frequent, smaller amplitude mIPSCs (Fig.
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Figure7.  Paired-pulse facilitation of evoked IPSCs was decreased in the Ts65Dn DG. A, Rep-

resentative IPSCs evoked in granule cellsin slices from 2N and Ts65Dn mice. Paired stimuli were
separated by 20 msec. The amplitude of the first and second elPSCs (A1 and A2) was measured
as shown. Arrowheads (S1and S2) denote stimulus artifacts, shown truncated. 8, The averaged
ratios of amplitudes for the first and second responses (i.e., elPSC2/elPSC1) for the 2N and
Ts655Dn DG. Open bar, 2N; filled bar, Ts65Dn. *p << 0.01. The error bars in B represent SEM.

6 B). This increase in mIPSC frequency was not accompanied by
an alteration in the cumulative probability histograms for mIPSC
amplitudes (Fig. 6C). Together, these results are most consistent
with presynaptic enhancement of GABA release occurring in the
dentate gyrus of Ts65Dn mice, although a change in the number
of inhibitory synapses cannot be ruled out.

To evaluate the average release probability at inhibitory synapses
in DG, we examined paired-pulse facilitation of eIPSCs (Fig. 7).
Because there is normally an inverse relationship between release
probability and facilitation of the paired-pulse responses, an increase
in PPF normally occurs when release probability is decreased,
whereas a decrease in PPF points to an increased release probability
(Zucker, 1989). The PPF of eIPSCs measured using a 20 msec inter-
pulse interval was significantly greater in 2N than in Ts65Dn slices
(2N, 1.44 = 0.05; n = 12; Ts65Dn, 1.14 £ 0.03; n = 10; p < 0.01).
Together with the increase in mIPSC frequency, this result suggests
that the probability of GABA release from inhibitory presynaptic
boutons is enhanced in the Ts65Dn DG, and that this serves as an
important source for the increase in inhibitory synaptic transmis-
sion that limits LTP in the Ts65Dn DG.

Discussion

Significant cognitive dysfunction is nearly universal across the life
span in persons with DS (Chapman and Hesketh, 2000; Epstein,
2002; Roizen and Patterson, 2003). Although numerous studies
show that these cognitive problems implicate dysfunction of hip-
pocampal pathways (Sylvester, 1983; Aylward et al., 1999; Pinter
et al., 2001; Krasuski et al., 2002), there is little insight into the
neurobiological bases of these abnormalities, and therefore, there
has been little progress in defining effective treatments. To study
the hippocampus in DS, we turned to the Ts65Dn mouse, the best
animal model for the disorder. These mice display several rele-
vant DS phenotypes (Kurt et al., 2000; Cooper et al., 2001;
Galdzicki et al., 2001; Reeves et al., 2001), including deficits in
learning and memory (Reeves et al., 1995; Demas et al., 1996,

Kleschevnikov et al.  Excessive Inhibition Blocks LTP in Down Syndrome Mice

1998; Escorihuela et al., 1998; Sago et al., 2000; Hyde and Crnic,
2001; Hyde et al., 2001; Hunter et al., 2003).

We found that LTP, a model of synaptic plasticity that may
engage similar cellular alterations to those occurring during
learning and memory (Malenka and Nicoll, 1999; Morris et al.,
2003), could not be elicited in the DG of Ts65Dn mice. Similar
observations have been made in the CAl region of these mice
(Siarey et al., 1997, 1999), although the mechanisms underlying
this deficit were not elucidated. Because many potential abnor-
malities in circuit and synaptic function as well as in intracellular
signaling cascades can be evoked to explain a failure to induce
LTP (Malenka and Nicoll, 1999), we performed a series of exper-
iments to determine whether the core mechanisms responsible
for LTP were impaired in Ts65Dn mice. Our results suggest that
enhanced inhibitory synaptic transmission is the primary cause
of the failure to induce LTP in the Ts65Dn DG. Several lines of
evidence support this conclusion. First, suppression of GABA,
receptor-mediated inhibition with picrotoxin restored both the
NMDA receptor-mediated component of fEPSPs and induction
of LTP in Ts65Dn slices. Second, increased paired-pulse depres-
sion of the population spike was observed, suggesting enhanced
efficiency of feedback inhibition. Third, increased frequency of
mIPSCs and decreased PPF of evoked IPSCs occurred in the
Ts65Dn mice, findings consistent with an increase in the proba-
bility of GABA release from presynaptic terminals of inhibitory
fibers. Importantly, the restoration of apparently normal LTP by
blocking inhibition with picrotoxin suggests that the molecular
mechanisms responsible for this form of synaptic plasticity are
primarily preserved in the DG of Ts65Dn mice. Thus, although
the tetanization protocol we used failed to induce LTP in Ts65Dn
slices, it is possible that other patterns of tetanization could be
effective.

Enhanced inhibition in the Ts65Dn hippocampus would ap-
pear to be discordant with the known propensity of DS individ-
uals to develop epilepsy (Stafstrom, 1993). However, the mecha-
nisms responsible for producing the epileptic state in DS have
received little attention. Although increased inhibition might be
expected to suppress the intrinsic activity of excitatory circuits,
thus reducing the risk of epilepsy, alternatives can be envisioned
in which increased inhibition predisposes to seizures and to the
development of epilepsy. Indeed, enhanced inhibition has been
observed in both animal models of epilepsy and in human epi-
lepsy (Engel, 1996; Swanson et al., 1998). Additional studies will
be needed to address the properties of excitatory and inhibitory
circuits within the hippocampus and to examine the possibility
that increased inhibition is linked to epilepsy.

It will be important to explore the structure and function of
GABAergic circuits in the Ts65Dn hippocampus. Several types of
GABAergic interneurons are present in the DG. Whether or not
their number or activity is changed in Ts65Dn mice is unknown.
Of note, the enhancement of the feedback inhibition, which de-
pends on perisomic basket cells, suggests alterations in this pop-
ulation of interneurons. Consistent with this suggestion, Hill et
al. (2003) found that vasoactive intestinal peptide, a marker of
perisomic GABAergic basket interneurons (Freund and Buzsaki,
1996), is significantly overexpressed in Ts65Dn mice.

Additional work must also examine the molecular mecha-
nisms responsible for the changes in GABA release from presyn-
aptic terminals. The protein products of several genes present in
the triplicated segment of chromosome 16 could, in theory, con-
tribute to this abnormal synaptic function. For example, synap-
tojanin 1, a polyphosphoinositide phosphatase, is involved in
uncoating of clathrin-coated vesicles and in the downregulation
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of actin polymerization at endocytic zones (Slepnev and De Ca-
milli, 2000). Similarly, intersectin 1 is a scaffolding protein that
interacts with a number of proteins needed either for clathrin-
mediated endocytosis or for actin assembly (O’Bryan et al., 2001;
Schafer, 2002) and appears to link membrane-trafficking events
with downstream signaling. Grikl, the gene encoding the GluR5
(glutamate receptor 5) subunit of kainate receptors, is also
present in three copies in Ts65Dn. Indeed, the level of Grikl
mRNA is increased by ~50% in the hippocampus of Ts65Dn
mice (S. Selwood, unpublished observations). GluR5-containing
receptors are present in GABAergic neurons within the hip-
pocampus (Paternain et al., 2000), and selective activation of
these receptors increases inhibition in CA1 (Cossart et al., 1998;
Frerking et al., 1998). Thus, overexpression of GluR5 in the DG
could also contribute to the increased inhibition in Ts65Dn mice.
Finally, cholinergic synapses within the hippocampus of Ts65Dn
mice are abnormal (Cooper et al., 2001). Because cholinergic
afferents to the DG may suppress inhibitory neurons (Bilkey and
Goddard, 1985), dysfunction of cholinergic terminals could re-
duce constraints on activation of inhibitory inputs.

Allindividuals with DS develop the neuropathology of Alzhei-
mer’s disease (AD) (Wisniewski et al., 1985), and many such
patients develop increasing problems with learning and memory
in later life (Chapman and Hesketh, 2000). A key aspect of the
neuropathology of both DS and AD is the presence of neuritic
plaques containing the AB (B-amyloid) peptide, a product of the
amyloid precursor protein (APP). The gene for APP is present in
three copies in both human DS patients and in Ts65Dn mice.
Moreover, mutated forms of the APP gene are responsible for
autosomal dominant AD (for review, see Auld et al., 1998). Sim-
ilar to AD, there are abnormalities in the cholinergic system of DS
subjects and in Ts65Dn mice (Cooper et al., 2001). Finally, as in
Ts65Dn mice, in mouse models of AD, there are reports of re-
duced synaptic plasticity and impaired LTP (Cullen et al., 1997;
Chapman et al., 1999; Dewachter et al., 2000; Kamenetz et al.,
2003). However, we know of no evidence that increased inhibi-
tory neurotransmission plays a role in these models. Also, it is
important to note that, although AD models show increased lev-
els of AB, there is no increase in AB in the Ts65Dn brain (A.
Salehi, W. Xia, W. Mobley, unpublished observations). This in-
dicates that increased levels of this peptide do not mediate the
changes in synaptic plasticity or in cholinergic parameters seen in
Ts65Dn mice

The suppression of LTP induction that arises from increased in-
hibition in the DG could contribute significantly to the deficits in
learning and memory detected in both Ts65Dn mice and in individ-
uals with DS. Potential strategies for enhancing cognitive function in
DS individuals could therefore, in theory, focus on normalizing in-
hibition. Although it does not underestimate the complex biological
issues that attend overexpression of >300 genes found on chromo-
some 21, the current study provides hope that it will be possible to
discern mechanisms that play a role in the abnormal cognitive func-
tions regulated by the hippocampus in DS. The elucidation of both
the genetic and cellular bases for enhanced inhibition in the Ts65Dn
hippocampus is a critical next step.
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