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Abstract

We studied the development of GABA-mediated synaptic inhibition in the CA1 region of the

hippocampus in Ts65Dn mice, a model system for Down syndrome (DS). While there was no

significant difference in the amplitude of stimulus-evoked monosynaptic inhibitory postsynaptic

potentials (IPSPs) between acute hippocampal slices from Ts65Dn mice and diploid (2N) wild-

type littermates at the end of the first and third postnatal week, the Ts65Dn animals showed

significantly larger inhibitory responses when compared to age-matched controls at the end of the

second postnatal week. This transient change in evoked inhibition was strikingly layer specific,

observed only when stimulating in the strata radiatum and pyramidale but not in the stratum

oriens. In addition, the frequency (but not amplitude) of spontaneous action-potential independent

miniature inhibitory postsynaptic currents (mIPSCs) was significantly increased in the Ts65Dn

mice during the second postnatal week. Additional measurements of paired pulse ratios showed no

significant difference between the genotypes. We conclude that the excess inhibition at the end of

the second postnatal week in Ts65Dn mice is not due to increases in release probability or post-

synaptic quantal size. Overall these experiments indicate that there is a specific disruption of the

normal developmental progression of inhibitory synaptic transmission in Ts65Dn mice at a critical

time point in the development of neuronal circuitry. This raises the possibility that a transient early

disruption of inhibitory function may have lasting impact on other network properties and could

contribute to later neural circuit dysfunction in DS.
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1. INTRODUCTION

Down syndrome (DS) is caused by triplication of human chromosome 21 and occurs in

approximately 1 out of every 715 live births in the United States (Canfield et al., 2006;

Parker et al., 2010). The complete DS phenotype is complex, affects multiple organ systems,

and is variable in severity. A common feature among people with DS is cognitive

dysfunction leading to intellectual disabilities both in children and adults (Pennington et al.,

2003). Early neuro-developmental changes are likely to contribute to intellectual disability

in DS. The volume of DS brain is reduced as early as 4–5 months in utero (Guihard-Costa et

al., 2006; Winter et al., 2000). A selective decrease of the hippocampus and temporal lobe

has been revealed through MRI studies in children and young individuals with DS (Jernigan

and Bellugi, 1990; Kates et al., 2002; Pinter et al., 2001a; Pinter et al., 2001b). The number

of neurons is reduced in the hippocampus, parahippocampal gyrus, and neocortex of DS

fetuses (Guidi et al., 2008; Larsen et al., 2008) and in the cortex of DS children

(Wisniewski, 1990). A combination of decreased neurogenesis and increased apoptosis

contribute towards the hypocellularity in the DS brain (Contestabile et al., 2007; Guidi et al.,

2008). At the cellular level, changes in length and branching of dendrites, and number and

shape of dendritic spines appear early in development (Becker et al., 1991; Becker et al.,

1986; Marin-Padilla, 1976; Takashima et al., 1981; Takashima et al., 1989). Biochemically,

alterations of several neurotransmitter systems have been reported in DS fetuses (Whittle et

al., 2007).

To address the mechanisms underlying cognitive dysfunction in DS, several mouse models

of human trisomy 21 have been created through genetic manipulation of mouse chromosome

16 (MMU16), which contains many of the evolutionarily conserved genes of human

chromosome 21 (HSA21) (Davisson et al., 1993). The Ts65Dn mouse carries an extra

chromosome fragment composed of the distal part of MMU16 attached to the centromeric

portion of MMU17. This fragment contains about half of the HSA21 genes (136 orthologs)

(Antonarakis et al., 2004; Reeves, 2006). The Ts65Dn mouse is the best-characterized of DS

models and exhibits several of the phenotypes seen in humans with DS, including memory

deficits involving the hippocampus. Behaviorally, Ts65Dn mice show cognitive impairment

and display difficulties performing tasks requiring long-term, but not short-term memory

(Fernandez and Garner, 2008; Fernandez et al., 2007) indicating that hippocampus-

dependent learning and memory is impaired. Possible anatomical correlates of impaired

hippocampal function may include changes in the number of principal neurons in CA3 and

the dentate gyrus in adult Ts65Dn mice (Insausti et al., 1998; Lorenzi and Reeves, 2006) as

well as changes in the number of excitatory synapses in CA1, CA3, and dentate gyrus in

aged Ts65Dn mice (Kurt et al., 2004).

Previous studies from our laboratory showed an increased inter-connectivity of CA3

pyramidal neurons but a reduction in overall spontaneous excitatory and inhibitory inputs to

these neurons in organotypic hippocampal slices from neonatal Ts65Dn (Hanson et al.,

2007). Defects of synaptic plasticity have also been reported in CA1 and dentate gyrus of

the Ts65Dn hippocampus. Reduced long-term potentiation (LTP) and increased long-term

depression (LTD) have been observed in CA1 of 2 month old Ts65Dn mice (Siarey et al.,

1999; Siarey et al., 1997). LTP induction is also impaired in the dentate gyrus of adult
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Ts65Dn mice (Kleschevnikov et al., 2004), but can be restored by blocking GABAA

receptors acutely or chronically (Fernandez et al., 2007; Kleschevnikov et al., 2004). In

addition, chronic administration of GABAA antagonists has been shown to improve

hippocampal-dependent learning and memory in Ts65Dn mice (Fernandez et al., 2007).

These studies strongly suggest that excess inhibition may preclude LTP induction and

reduce cognitive performance in adult Ts65Dn mice.

Currently, it is unclear when during development excess inhibition arises, and the synaptic

properties that may result in this inhibitory dysfunction are not well characterized. Here, we

study GABAA receptor mediated inhibition in the CA1 area of the Ts65Dn hippocampus,

looking at layer specific changes in synaptic inhibition at different developmental times, and

some of the synaptic properties that may influence these changes.

2. RESULTS

2.1 Layer specific alteration in inhibitory synaptic transmission in CA1 region of Ts65Dn
mice

We examined inhibitory synaptic transmission in Ts65Dn mice and 2N (diploid, wild-type)

littermate controls by recording stimulus-evoked monosynaptic inhibitory postsynaptic

potentials (IPSPs) in CA1 pyramidal cells from acute hippocampal slices obtained from two-

week postnatal (P14–16) mice. The resting membrane potential was similar in 2N (−72.9 ±

0.5 mV) and Ts65Dn (−74.5 ± 0.7 mV) CA1 neurons after correcting for electrode liquid

junction potential (apparent membrane potentials were −60.1 mV and −61.7 mV for 2N and

Ts65Dn, respectively). Since the amplitude of IPSPs strongly depends on membrane

potential, for the evoked IPSP experiments, we injected a bias current to move cells to an

apparent membrane potential of −60 mV, if necessary (which was −73 mV after liquid

junction potential correction), before delivering the stimulus. Thus, all IPSPs in 2N and

Ts65Dn slices were measured at the same membrane potential. By stimulating in three

different layers of CA1 region (strata oriens, pyramidale, and radiatum, Fig. 1a) while

recording from an excitatory CA1 pyramidal cell, we were able to excite subsets of

interneurons residing in the different hippocampal layers and compare the relative inhibitory

responses from interneurons. In the presence of AMPA and NMDA receptor antagonists (10

µM NBQX and 50 µM AP-5, respectively), we recorded monosynaptic IPSPs in whole-cell

recordings from CA1 pyramidal neurons evoked by brief (100 µs) electrical stimulation

delivered through a concentric bipolar metal (platinum-iridium) stimulating electrode placed

in the appropriate layer approximately 250 µm (unless otherwise noted) from the recording

electrode. The IPSPs were due to GABAA mediated current since they could be blocked by

100 µM picrotoxin, a noncompetitive GABAA channel blocker (data not shown). Fig. 1b

depicts exemplar IPSP traces in response to increasing stimulation intensities ranging from

10–300 µA. Evoked inhibitory transmission in Ts65Dn mice was indistinguishable from that

in 2N littermates when we stimulated interneurons in the s. oriens (Fig. 1c, f). However,

when we stimulated in the s. radiatum or pyramidale, we found slices from Ts65Dn mice to

have significantly greater inhibition than slices obtained from 2N animals. Stimulation in the

s. radiatum of Ts65Dn tissue yielded monosynaptic IPSPs that were on average nearly

double those in 2N tissue (2N: −5.42±0.39mV; Ts65Dn: −9.73±1.3mV) at 300 µA stimulus
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intensity (n=8, 2N; n=7, Ts65Dn, where ‘n’ refers to the total number of animals; P < 0.005,

ANOVA; Fig. 1 d,f). Stimulation in the s. pyramidale yielded less but still significant

difference between the two genotypes (2N: −6.55±0.58 mV, n=8; Ts65Dn: −8.75±0.45 mV,

n=7; P<0.05, ANOVA; Fig. 1e,f).

2.2 Developmental time course of basal inhibitory synaptic transmission in CA1 region of
Ts65Dn mice

We next set out to determine whether a similar layer specific difference occurs between

Ts65Dn and 2N mice observed at P14–16, also occurred at other developmental time-points.

We measured evoked monosynaptic IPSPs in slices from animals after the first (P8–10) and

third (P19–21) postnatal week. We found no significant difference between the two

genotypes in any hippocampal layer during the first postnatal week (2N, n=6; Ts65Dn, n=5

for all the layers). Surprisingly, we also did not find any difference between the two

genotypes for the different layers during the third postnatal week (2N, n=7; Ts65Dn, n=7 for

all the layers). Thus, significant difference in basal inhibition between the genotypes was

observed only at P14–16 and was unique to interneuron stimulation in s. radiatum and s.

pyramidale (Fig. 2).

2.3 Altered inhibitory transmission in Ts65Dn is not due to changes in release probability

The age- and layer-specific increase in the amplitude of monosynaptic-evoked IPSPs in

Ts65Dn mice could arise from a number of factors, including a relative increase in

neurotransmitter release probability, an increase number or conductance of postsynaptic

GABAA receptors, and/or an increase in the number of inhibitory synapses in Ts65Dn

during the second postnatal week. To test for changes in relative release probability, we

measured the paired-pulse ratio (PPR) of the evoked inhibitory postsynaptic current (IPSC)

in CA1 pyramidal cells voltage clamped at −74 mV (after correcting for liquid junction

potential) in response to a pair of stimuli. The PPR is the relative strength of a second IPSC

evoked shortly after a prior IPSC. Changes in PPR are often indicative of alterations in

presynaptic function caused by a number of factors including presynaptic calcium handling

and the number of synaptic vesicles available in a readily-releasable pool (Zucker and

Regehr, 2002). In particular, PPR is sensitive to changes in transmitter release probability,

with lower ratios being associated with elevated release probability and higher ratios with

lower levels of release probability (Zucker and Regehr, 2002). Pairs of stimuli with an inter-

stimulus interval ranging from 10 to 200 ms were administered in the s. radiatum layer,

while recording the IPSCs in CA1 pyramidal neurons from acute slices obtained from P14–

16 animals. We did not see any significant change in the PPR between the genotypes over

the entire range of inter-stimulus intervals (ISI) tested (2N, n=5; Ts65Dn, n=4; P > 0.6,

ANOVA; Fig. 3), suggesting that neurotransmitter release probability was similar in Ts65Dn

and 2N tissues at P14-P16.

2.4 Frequency of spontaneous AP-independent inhibitory input to CA1 pyramidal neurons
is increased in Ts65Dn animals

Given that we observed an excess of evoked inhibition in P14–16 Ts65Dn animals but no

change in PPR, we then proceeded to compare spontaneous inhibitory transmission in acute
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slices prepared from 2N and Ts65Dn animals in the P14–16 age group to give us insights

into other synaptic changes (e.g. an increase post-synaptic quantal size and/or an in the

number of functional synapses) that maybe causing this excess inhibition. We recorded

spontaneous miniature IPSCs (mIPSCs) from CA1 pyramidal neurons of 2N and Ts65Dn

slices using whole-cell voltage-clamp recordings from slices perfused with ACSF containing

NBQX (10 µM) and D-APV (50 µM), to block glutamate-dependent synaptic currents, and

TTX (1 µM) to block action potential dependent events. Under these conditions, all

remaining spontaneous synaptic currents were blocked by picrotoxin (100 µM; data not

shown), confirming that the recorded events were GABAA-mediated mIPSCs. The

frequency of mIPSCs was significantly higher in Ts65Dn slices compared with slices from

2N littermates (average frequency, 2N, 2.07 ± 0.21 Hz; n= 7; Ts65Dn, 3.24 ± 0.36 Hz; n =

5; P < 0.05, unpaired t-test; Fig. 4a). Given that we saw no change in PPR in the two

genotypes, the most likely explanation for the increase in mIPSC frequency is an increase in

the number of functional synapses in the Ts65Dn animals as compared to 2N at P14-P16.

The increase in mIPSC frequency was not accompanied by an alteration in the amplitude of

these events, as seen in cumulative probability histograms (Fig. 4b), suggesting that unitary

post-synaptic size remained unchanged in the two genotypes.

3. DISCUSSION

In this study we examined the postnatal development of GABAergic inhibition in the

hippocampus of Ts65Dn mice at three different developmental time points: P8–10, P14–16,

and P19–21. We found a relatively heightened inhibition at age P14–16 but not at ages P8–

10 or P19–21. Furthermore, we find that the pronounced excess of inhibition at P14–16 was

due to a subclass of interneurons and/or their axons localized to the s. radiatum and to a

lesser extent in the s. pyramidale (Fig. 1).

3.1 Significance of age specificity

Synaptogenesis occurs in the hippocampus and cortex starting at P8 with inhibitory

synaptogenesis preceding excitatory synapses formation (Ben-Ari, 2002; Tyzio et al., 1999).

This exuberant period of synaptogenesis is followed by pruning to attain the synapse

numbers found in adults. Pruning of both excitatory and inhibitory synapses have been

shown to occur in the cortex, though inhibitory synapses are less affected by the pruning

process (De Felipe et al., 1997). Our data suggest that perhaps in the Ts65Dn, the rate of

pruning of inhibitory synapses is delayed resulting in the transient excess of inhibition at

P14–16 that we observed.

Alternatively, development of pyramidal cells in CA1 could be accelerated leading to a

larger proportion of mature neurons with more developed apical dendrites. Since inhibitory

synapses are first formed on the apical dendrites of pyramidal cells followed by synapse

formation onto the soma, this scenario would lead to a transient increase in inhibition (Ben-

Ari, 2002). One example of such accelerated development of pyramidal neurons in DS stems

from studies in human infants and children with DS. While in 4–6 month old infants

increased branching and total length of apical and basal dendrites has been reported, DS

children older than 2 years of age show dendritic complexity below normal levels (Becker et
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al., 1986). Furthermore, in brains of neonate Ts65Dn mice the levels of the dendritic marker,

microtubule-associated protein 2 (MAP2), is increased compared to 2N littermate controls

(Pollonini et al., 2008). By 4 months of age, MAP2 levels in Ts65Dn hippocampus are

comparable to 2N, and by 9 months levels are relatively decreased in Ts65Dn (Granholm et

al., 2003). Together these results support our hypothesis of accelerated dendritic maturation

of Ts65Dn neurons early in development.

3.2 Significance of Layer specificity

Interneurons in s. radiatum tend to receive inputs from different feedback and feed-forward

sources and send their outputs to different hippocampal layers than do s. oriens or s.

pyramidale interneurons (Kullmann, 2011; Nurse and Lacaille, 1997; Parra et al., 1998). The

significance of our finding lies in the potential differential regulation of the processes that

are shaped by the dendritic inhibition in s. radiatum. Interestingly, the synaptic inhibition in

the s. pyramidale seems to be less affected in the Ts65Dn mice compared with s. radiatum.

This may reflect differences in the interneurons in these two layers. Alternatively, it can also

be argued that the small amount of excess inhibition that we see at P14–16 when we

stimulate in the s. pyramidale is due to our inability to strictly localize our stimulation to

only s. pyramidale, given that this layer is very narrow and directly adjacent to s. radiatum.

One experimental issue we faced was the physical size of the tissue at different

developmental stages. Because of the small size of the slices from animals at age P8–10, we

could not position the stimulating electrode any farther than about 150 µm away from the

post-synaptic cell. Attempting to position the electrode at a greater distance did not result in

a monosynaptic IPSP suggesting that the spread of inhibitory axonal arbors is more modest

at this younger age. For animals P14–16 and P19–21 groups, we positioned the stimulating

electrode ~ 250 µm away to get the maximal monosynaptic IPSP. Because of these

differences in electrode placement, we did not feel confident in comparing the absolute

amplitude of IPSPs between different age groups. However, since the electrode distance was

kept constant for both 2N and Ts65Dn within each developmental age group, a ratio of the

average IPSC from Ts65Dn and 2N (maximal inhibitory synaptic strength in Ts65Dn

normalized to the average maximal synaptic strength in 2N animals for each layer and

developmental time point) was a more accurate reflection of the changes in inhibitory tone

during development.

We measured monosynaptic inhibition by blocking excitatory glutamatergic transmission.

Thus the increased inhibition at P14–16 is not due to greater excitatory drive onto the

interneurons rather is a result of either an increase in the intrinsic excitability of interneurons

or an enhancement of inhibitory synaptic properties (e.g., Pr, postsynaptic quantal amplitude

and/or number of synapses) on CA1 pyramidal neurons. We found a significant increase in

mIPSC frequency in slices from Ts65Dn mice but no change in mIPSC amplitude

suggesting either a presynaptic abnormality or a change in the number of functional

inhibitory synapses. Studies aimed at presynaptic measurements such as paired pulse ratio

indicated no change in relative release probability. Thus the lack of change paired pulse ratio

as well as mIPSC amplitude most strongly points to a change in the number of functional

inhibitory synapses as opposed to a strictly pre- or post-synaptic effect.
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It is of interest to compare our results with those of Chakrabarti et al., 2010. In contrast to

our finding that the frequency of mIPSCs is increased at postnatal days 14–16, they find no

change in mIPSC frequency in tissue from 2–3 week old animals. However, they reported an

increase in the frequency of action potential-dependent spontaneous IPSCs (sIPSCs), which

actually includes both sIPSCs and mIPSCs. It must be noted that this postnatal period

between 2 and 3 weeks spans our two time points of P14–16, where we see an increase in

mIPSC frequency as well as an increase in evoked IPSP, and P19–21 where we see no

change in evoked IPSP. Thus, it is not possible to determine whether our two sets of results

disagree or not. Chakrabarti et al. suggest that this increase in sIPSCs is due to an increased

number of parvalbumin- and somatostatin-positive interneurons in the CA1 region of the

Ts65Dn hippocampus at P15. While our data does not rule in or out any change in the

number of interneurons, the clear increase in the frequency of mIPSCs that we observed

strongly suggests that there are either more inhibitory synapses terminating on a given

pyramidal neuron, or that the basal release probability of these inhibitory terminals is

elevated compared with 2N controls. Since we see no change in the paired pulse relationship

of evoked inhibition between 2N and Ts65Dn tissue, our results suggest that release

probability is not affected. Thus, there are more functional inhibitory synapses at P14–16,

resulting in the increased evoked inhibition as well as the increase mIPSC frequency that we

observe.

This increase in functional synapses could possibly arise from an increase in the number of

interneurons, such as that reported by Chakrabarti et al., although our data do not

differentiate between the possibility that an increase in the number of inhibitory synapses

arises from an increase in the number of interneurons, while keeping the number of synapses

per interneuron constant, or an increase in the number of synapses per interneuron with the

size of the interneuron population remaining fixed. In this light, it is interesting to note that

Chakrabarti et al. report that the increase in the number of interneurons persists to at least

P30, well beyond our time-point of P19–21 where we see no change in evoked IPSP.

However, it must be noted that they report a number on hippocampal interneurons only at

P15 (where we see an increased mIPSC frequency). Their measurements of cell number at

P8 and P30 were made only in the neocortex and not in hippocampus. Nonetheless, if we

suppose that their neocortical data suggest that a similar developmental persistence of an

increased number of interneurons also occurs in the hippocampus, then we would

hypothesize that despite any change in the overall number of interneurons in the

hippocampus, that the number of inhibitory synapses made onto an individual pyramidal

neuron is tightly controlled and returns to a basal value shortly after increasing at P14–16.

Overall our findings indicate that there is a specific disruption of the normal developmental

progression of inhibitory synaptic transmission in Ts65Dn mice at a critical time point in the

development of neuronal circuitry. This raises the possibility that a transient early disruption

of inhibitory function may have lasting impact on other network properties and could

contribute to later neural circuit dysfunction in DS.
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4. EXPERIMENTAL PROCEDURES

4.1 Mouse Breeding and Genotype

Segmental trisomy 16 (Ts65Dn) mice were obtained by mating female carriers of the 1716

chromosome (B6EiC3H-a/ATs65Dn) with (C57BL/6JEi×C3H/HeSnJ)F1 (JAX #JR1875)

hybrid males (Davisson et al., 1993). The Ts65Dn and diploid (2N) wild-type littermates

were distinguished using quantitative real-time PCR analysis of DNA isolated from tail

samples using published protocols (Hanson et al., 2007; Liu et al., 2003).

4.2 Preparation of Acute Hippocampal Slices

Hippocampal slices were prepared from mice P8–10, P14–16, and P19–21 age groups.

Hippocampi were dissected from the brain and cut into 300 µm coronal sections using a

vibrating sectioning system (Vibratome 3000). Slices were cut in ice-cold modified

oxygenated artificial cerebrospinal fluid (ACSF) containing (mM): 210mm sucrose, 2.5

KCl, 1.3 MgSO4, 2.5 CaCl2, 1Na2HPO4, 26.2 NaHCO3 and 11 glucose followed by 30

min. recovery period in ACSF (identical to cutting solution except sucrose is replaced by

119 mM NaCl) at 32°C, prior to storage at room temperature.

4.3 Electrophysiology

During recording, slices were superfused with ACSF at room temperature, containing (mM):

119 NaCl, 2.5 KCl, 1.3 MgSO4, 2.5 CaCl2, 1Na2HPO4, 26.2 NaHCO3, 11 glucose, and 10

µM NBQX and 50 µM D-AP5, perfused at a rate of ~2 ml/ min. Pyramidal cells in area CA1

were visualized by infrared differential interference contrast (DIC) microscopy. Recording

electrodes were made of borosilicate glass capillaries (1B150F; World Precision

Instruments, Sarasota, FL) and filled with internal electrode solution consisting of (mM):

120 potassium gluconate, 40Hepes, 5 MgCl2, 0.3 NaGTP, 2 NaATP, pH adjusted to 7.2

with KOH for measuring evoked IPSPs in current clamp configuration and 135 CsCl, 2

MgCl2, 2.5 EGTA, 10 HEPES, 2 MgATP, 0.2 Na2-GTP, and 2 lidocaine N-ethyl bromide,

osmolarity 290, pH 7.3, for measuring miniature and evoked IPSCs in voltage-clamp mode.

For evoked IPSCs and PPR measurements, external calcium was reduced from 2.5 to 0.8

mM. To obtain PPR, we measured the amplitude of the first evoked IPSC as the difference

between the peak response and the baseline for the recording. The strength of the afferent

stimuli was adjusted such that the peak response of the first IPSC was similar in all

experiments. The amplitude of the second evoked IPSC was calculated by measuring the

peak response after subtracting the average waveform of first IPSC. Five responses were

averaged for each paired stimuli. Spontaneous miniature IPSCs were recorded in normal

ACSF containing 10 µM NBQX, 50 µM D-AP5, and 1 µM TTX. All experiments were

performed at room temperature (22–24°C). The junction potential was 12.4 mV for the

current-clamp recordings and 4.1 mV for the voltage clamp recordings. All experiments

have been corrected for the junction potential. All electrophysiology data acquisition was

done with pClamp10 software suite.
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4.4 Data Analysis and statistics

The experimenter was blind to the genotypes of the animals during preparation of tissue,

data acquisition, and analysis. Current amplitudes were measured at peak deflection relative

to baseline using Clampfit10 (Molecular Devices). Spontaneous miniature IPSCs were

detected in the Clampfit program (Axon Instruments) using a template method with a

detection threshold of −5 pA and a template made from our own data. For all of the

experiments, data are presented as mean ± SEM (N is number of animals). For statistics,

physiological properties between Ts65Dn and 2N groups were compared using either

Student’s t-test for normalized data sets or ANOVA. Kolmogrov-Smirnov test was used for

data sets that were not normally distributed unless otherwise noted. , and P < 0.05 was

considered to be statistically significant.
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Abbreviations

DS Down syndrome

GABA y-amino butyric acid

IPSP/C inhibitory postsynaptic potential/current

mIPSC miniature inhibitory postsynaptic current

AMPA 2-amino-3-(5-methyl-3-oxo-1,2-oxazol-4-yl)propanoic acid

NMDA N-methyl-D-aspartate

NBQX 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione

AP-5 (2R)-amino-5-phosphonovalerate

2N diploid genotype

PPR paired-pulse ratio
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Figure 1. Layer Specific Alteration in Evoked Monosynaptic Inhibition
(A) Schematic of the hippocampal slice with the whole-cell recording configuration in the

CA1 region. Inhibitory interneuron circle in stratum radiatum (sr) of CA1 is stimulated by

extracellular stimulating electrode (S) while the inhibitory response is measured from a CA1

pyramidal neuron (triangle) in the stratum pyramidale (sp) by the recording electrode (R).

M.F.-mossy fibers, DG-dentate gyrus, R.C.-recurrent collaterals, S.C.-Schaffer collaterals.

(B) Example traces of evoked postsynaptic inhibitory potentials (IPSP) recorded from a

CA1 pyramidal neuron in response to various stimulation intensities ranging from 10–300

µA delivered in the stratum radiatum.

(C–E) Plots of evoked IPSP amplitude as a function of stimulus amplitude when the

stimulation electrode is placed in the stratum oriens (C), pyramidale (D), and radiatum (E),

respectively. There was a significant excess of evoked inhibition in Ts65Dn animals as

compared to 2N littermates when the stimulating electrode was placed in s. radiatum (E) and

s. pyramidale (D) but not in s. oriens (C). 2N, n=8; Ts65Dn, n=7, where ‘n’ refers to the

total number of animals; *P <0.05; **P <0.001, ANOVA). Error bars represent SEM.

(F) Inhibitory synaptic strength in Ts65Dn and 2N animals, in each layer, normalized to the

average maximal synaptic strength (at 300 µA stimulation intensity) in 2N animals. * P

<0.03; unpaired, two-tailed t-test. Error bars represent SEM.
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Figure 2. Developmental Time course of Synaptic Inhibition
(A1–C1) Schematic diagrams depicting the placement of stimulating and recording

electrode in the CA1 region. Inhibitory interneurons in s. oriens (so, A1), s. pyramidale (sp,

B1), and s. radiatum (sr, C1), respectively, are stimulated by an extracellular stimulating

electrode (S) while the inhibitory response is measured from a CA1 pyramidal neuron by the

recording electrode (R). (A2–C2) The mean IPSP amplitude in response to 300 µA

Stimulation Intensity in Ts65Dn animals normalized to the age-matched mean IPSP in 2N

littermates, shown at different developmental times: P8–10, P14–16, and P19–21 for s.

oriens (A2), s. pyramidale (B2), and s. radiatum (C2), respectively. The mean inhibitory

synaptic strength of Ts65Dn animals normalized to 2N littermates is significantly greater at

ages P14–16 and is observed only when stimulating inhibitory interneurons and/or their

axons located in the s. radiatum (P < 0.05, t - test). P8–10; n=6, 2N; n=5, Ts65Dn; P14–16;

n=8, 2N; n=7, Ts65Dn; P19-P21; n=7, 2N; n=7, Ts65Dn, where ‘n’ refers to the total

number of animals in each age group.
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Figure 3. No Change in Relative Release Probability
Paired-pulse facilitation of evoked IPSCs was similar in slices from Ts65Dn and 2N mice

under conditions of low extracellular calcium (0.8mM).

(A) Representative IPSCs evoked in CA1 pyramidal neurons in slices from Ts65Dn mice.

Inter-stimulus intervals varied from 10 to 200 ms. Scale bars for traces are 50 pA, 20 ms.

(B) The averaged ratios of amplitudes for the first and second responses (i.e., eIPSC2/

eIPSC1) in 2N and Ts65Dn slices. Open bar, 2N (n=5); filled bar, Ts65Dn (n=4), where ‘n’

refers to the total number of animals. The error bars in B represent SEM.
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Figure 4. Increased Frequency of Spontaneous Miniature IPSCs in Ts65Dn
(A) Frequency histograms of miniature IPSCs recorded in the presence of TTX (1µM),

NBQX (10 µM) and AP5 (50 µM). Each histogram represents average mIPSCs (1 pA bins,

means ± SEM) from n=7, 2N and n=5, Ts65Dn, where ‘n’ represents the number of animals

used and is an average of recordings from 1–3 slices per animal. The total frequency of

mEPSCs was significantly increased in recordings from Ts65Dn compared with 2N mice

(unpaired Student's t test, P < 0.05). Open circles are events collected from 2N slices, closed

circles from Ts65Dn slices. Scale bars for inset traces are 20 pA, 500 ms.

(B) Cumulative histogram of mIPSC amplitude. No difference in mIPSC amplitude was

noted between the 2N and Ts65Dn groups. Open circles, 2N; filled circles, Ts65Dn. The

error bars in A and B represent SEM.
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