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Abstract 31 

Early Alzheimer’s Disease (AD) affects the brain non-uniformly, causing hippocampal 32 

memory deficits long before wide-spread brain degeneration becomes evident. Here 33 

we addressed whether mossy fiber inputs from the dentate gyrus onto CA3 principal 34 

cells are affected in an AD mouse model prior to amyloid  plaque deposition. We 35 

recorded from CA3 pyramidal cells in a slice preparation from 6-months old male 36 

APP/PS1 mice, and studied synaptic properties and intrinsic excitability. In parallel we 37 

performed a morphometric analysis of mossy fiber synapses following viral based 38 

labeling and 3D-reconstruction. We found that the basal structural and functional 39 

properties as well as presynaptic short-term plasticity at mossy fiber synapses are 40 

unaltered at 6 months in APP/PS1 mice. However, transient potentiation of synaptic 41 

transmission mediated by activity-dependent release of lipids was abolished. 42 

Whereas the presynaptic form of mossy fiber long-term potentiation (LTP) was not 43 

affected, the postsynaptic LTP of NMDAR-EPSCs was reduced. In addition, we also 44 

report an impairment in feedforward inhibition in CA3 pyramidal cells. This study, 45 

together with our previous work describing deficits at CA3-CA3 synapses, provides 46 

evidence that early AD affects synapses in a projection dependent manner at the level 47 

of a single neuronal population. 48 

 49 

  50 
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Significance Statement 51 

Because loss of episodic memory is considered the cognitive hallmark of AD, it is 52 

important to study whether synaptic circuits involved in the encoding of episodic 53 

memory are compromised in AD mouse models. Here we probe alterations in the 54 

synaptic connections between the dentate gyrus and CA3, which are thought to be 55 

critical for enabling episodic memories to be formed and stored in CA3. We found that 56 

forms of synaptic plasticity specific to these synaptic connections are markedly 57 

impaired at an early stage in a mouse model of AD, prior to deposition of  amyloid 58 

plaques. Together with previous work describing deficits at CA3-CA3 synapses, we 59 

provide evidence that early AD affects synapses in an input-dependent manner within 60 

a single neuronal population. 61 
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Introduction 62 

At present no treatment is available to cure or stop the progression of Alzheimer's 63 

disease (AD). There is an urgent need for a better mechanistic understanding of the 64 

disease to develop improved therapeutic strategies, ideally at early disease stages. At 65 

the molecular level amyloid peptide (A ) deposition and tau aggregation are known 66 

to cause senile plaques and intracellular neurofibrillary tangles. However, cognitive 67 

impairment in early AD strongly correlates with synaptic loss and dysfunction, rather 68 

than the aforementioned features or neuronal death (Selkoe, 2002). Loss of episodic 69 

memory is considered the cognitive hallmark of AD and deficits in episodic memory 70 

are already present in patients with mild cognitive impairment (MCI). The hippocampal 71 

region is critical for the acquisition of episodic memory and several studies show 72 

reduced activity in this region during memory tasks recorded in AD patients (Sperling, 73 

2007). The CA3 circuits of the hippocampus are necessary for the early stages of 74 

memory acquisition, presumably by encoding instant representations of a context 75 

(Kesner and Rolls, 2015). Dentate gyrus (DG) and the CA3 region are essential for 76 

pattern separation and completion that are impaired in patients with MCI (Yassa et al., 77 

2010). Notably, in contrast to patients with advanced AD, patients affected by MCI 78 

display hyperactivity in the DG and CA3 regions of the hippocampus during memory 79 

encoding, indicating a dysfunctional encoding mechanism (Yassa et al., 2010). It is 80 

thus important to study the physiopathological status of DG-CA3 synaptic circuits in 81 

models of AD to enhance our understanding of the cellular underpinnings of memory 82 

dysfunction.  83 

CA3 principal cells (PCs) receive three main types of glutamatergic inputs: recurrent 84 

CA3 collaterals (associational/commissural, A/C fibers), entorhinal cortex projections 85 

(perforant path or PP) and mossy fiber (Mf) inputs from DG granule cells. These 86 

inputs are precisely positioned along the apical and basal dendrites, and greatly vary 87 

in their structural and functional properties (Rebola et al., 2017). Behaviorally, A/C 88 

synapses are thought to be essential for short-term memory while Mf synapses and 89 

PP synapses would be required for the acquisition and retrieval of contextual 90 

memories, respectively (Rolls, 2013). In a contextual fear conditioning paradigm, the 91 
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DG plays a role in both fear acquisition and extinction (Bernier et al., 2017), 92 

suggesting that the function and plasticity of the projection from DG granule cells to 93 

CA3 PCs via Mf synapses is required for both these processes. Despite the known 94 

role of DG in pattern separation and in memory formation (Leutgeb et al., 2007), 95 

deficits in Mf-CA3 PCs in models of AD are poorly understood (Witton et al., 2010; 96 

Marchetti and Marie, 2011). 97 

We recently demonstrated that long-term synaptic potentiation (LTP) within the 98 

associative network is abolished in CA3 PCs at an early stage in the APP/PS1 mouse 99 

model of AD (Viana da Silva et al., 2016). Importantly, these mice were shown to be 100 

impaired in contextual fear conditioning (Kilgore et al., 2009). In contrast to A/C 101 

synapses, Mf-CA3 synapses display a wide dynamic range of short-term plasticity, 102 

and express presynaptic forms of LTD and LTP that are independent of NMDA 103 

receptor (NMDAR) activation (Nicoll and Schmitz, 2005; Rebola et al., 2017). In 104 

addition, at Mf-CA3 synapses, NMDARs are themselves subject to LTP (Kwon and 105 

Castillo, 2008a; Rebola et al., 2008). Finally, Mfs make synaptic contacts with 106 

GABAergic interneurons within CA3, thereby relaying robust feedforward inhibition of 107 

CA3 PCs (Torborg et al., 2010). This connection is amenable to structural plasticity 108 

upon memory encoding (Ruediger et al., 2011).  109 

In this study, we investigated whether the structural and physiological properties of 110 

Mf-CA3 synapses were impaired in a mouse model of early AD. In addition, we tested 111 

whether feedforward inhibition via this pathway is altered in these mice, as it tightly 112 

controls the flow of information from DG to CA3 (Torborg et al., 2010; Zucca et al., 113 

2016). 114 

115 
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Methods 116 

Mice. The APP/PS1 mice used express the amyloid precursor protein (APP) 117 

gene with the Swedish mutations (KM670/671NL) and the presenilin 1 (PSEN1) 118 

gene with a deletion of exon 9 (Jankowsky et al., 2004; Garcia-Alloza et al., 119 

2006). Mice were obtained from Jackson Laboratory and used according to 120 

regulations of the University of Bordeaux/CNRS Animal Care and Use Committee. 121 

Throughout their life, all mice were group-housed, ranging from 4 to 10 animals per 122 

cage. Food and water were provided ad libitum. The transparent plexiglass cages 123 

(38.1 x 19.1 x 12.7 cm) were maintained on a 12 h dark/light cycle, kept in a 124 

temperature-regulated room, and protected from exterior pathogens by a filter. All 125 

experiments were performed in the light phase of the circadian cycle in 6 months 126 

(26-32 weeks) male APP/PS1 and age-matched male WT littermates. 127 

Stereotaxic injections and confocal microscopy. Viral stocks were stored at -80°C 128 

until use and were thawed on ice before their in vivo administration. Prior to surgery 129 

the mice were anaesthetized by inhalation of isoflurane in an induction chamber 130 

connected to tubing that delivered a mix of air and 4 % isoflurane. Once the animals 131 

were immobile they were placed on a heating pad (36 °C) while they continued to 132 

receive anesthesia via a mask (1.5-2 % isoflurane) during the surgery. For labeling 133 

CA3 pyramidal neurons we injected the glycoprotein deleted rabies virus variant 134 

coated with the native glycoprotein (RV∆G-eGFP RG, 300 nL, velocity 40 nL/min) into 135 

the CA1 stratum radiatum (coordinates: anteroposterior: -1.92 mm; medio-lateral: 136 

±1.50 mm; and ventral: -1.35 mm) to achieve a retrograde infection. For labeling 137 

mossy fiber terminals we injected an anterograde variant of the glycoprotein deleted 138 

rabies virus (RV∆G-tdTom VSVG, 500 nL, velocity 50 nL/min) (Haberl et al., 2015) into 139 

the hilus of DG (coordinates: antero-posterior: -1.92 mm; medio-lateral: ±1.15 mm; 140 

and ventral: -2.00mm). The mice were sacrificed 6 days after the injection. Injected 141 

mice were anesthetized with intraperitoneal injection of pentobarbital (30 mg/kg), then 142 

transcardially perfused with Ringer’s solution (135 mM NaCl, 5.4 mM KCl, 1.8 mM 143 

CaCl2, 1 mM MgCl2, 5 mM HEPES, pH 7.4 with heparin (1:1000) followed by 4 % 144 

paraformaldehyde (PFA). Brains were removed and post-fixed overnight in 4 % PFA. 145 
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After fixation, coronal sections (70μm) were cut on a vibratome (Leica, Germany), 146 

then mounted on a glass slide and covered with a thin glass coverslip. To analyze the 147 

morphology of Mf-CA3 synapses we used a confocal microscope (SP5, Leica 148 

Microsystems) equipped with an Argon 488 Laser, to acquire Z stacks at randomly 149 

chosen positions in the Stratum Lucidum of CA3b. Images were obtained with a 63x 150 

objective (numerical aperture, N.A. 1.4) and regular photomultipliers (PMTs). 151 

Morphology Analysis. The Z stacks were analyzed with IMARIS software (Bitplane) 152 

performing 3D volume reconstructions of the MfBs and ThEs to obtain, in a 153 

semiautomatic way, the values of volume and surface area for each structure, as well 154 

as the number of filopodia. Calculation of the complexity index was done as previously 155 

described (Bednarek and Caroni, 2011). Briefly, we calculated the maximum volume 156 

(VMax) the bouton could span given the measured surface (a sphere) and divide it by 157 

the real measured bouton volume (VBouton). Only cells with a complete ThE within the 158 

70 μm slices were reconstructed and analyzed. 159 

Slice preparation. Anesthesia drug (ketamine 75 mg/kg and xylazine 10 mg/kg) was 160 

diluted in saline and injected intraperitoneally to the mouse 5 min before decapitation 161 

or transcardial perfusion followed by decapitation. The head was immediately placed 162 

into a petri dish filled with ice-cold cutting solution (200mM of sucrose, 20mM glucose, 163 

0.4 mM CaCl2, 8 mM MgCl2, 2 mM KCl, 1.3 mM NaH2PO4, 26 mM NaHCO3, 1.3 mM 164 

ascorbate, 0.4 mM pyruvate and 3 mM kynurenic acid, pH 7.3) oxygenated with 165 

carbogen (95 % O2, 5 % CO2). The brain was rapidly removed from the scull and 166 

parasagittal slices (350 mm) were cut with a Leica vibratome (Leica VT 1200S) in the 167 

cutting solution. The slices were then kept at 33 °C in oxygenated resting solution 168 

(110 mM NaCl, 2.5 mM KCl, 0.8 mM CaCl2, 8 mM MgCl2, 1.25 mM NaH2PO4, 26 mM 169 

NaHCO3, 0.4 mM ascorbate, 3 mM pyruvate and 14 mM glucose, pH 7.3) for 20 min, 170 

before being transferred to aCSF. The slices were then left at room temperature for a 171 

maximum of 6h after cutting. 172 

Electrophysiological recordings. The recording chamber of the electrophysiology 173 

set-up was perfused with oxygenated aCSF (125mM NaCl, 2.5mM KCl, 2.3mM CaCl2, 174 

1.3mM MgCl2, 1.25mM NaH2PO4, 26mM NaHCO3 and 14mM glucose, pH 7.4). CA3 175 



9 

pyramidal neurons in the CA3b sub-region were identified by differential interference 176 

contrast microscopy using an Olympus fixed stage upright microscope (BX51WI) 177 

equipped with a 60x magnification immersion objective at room temperature, and 178 

whole-cell patch-clamp configuration was achieved with borosilicate glass capillaries 179 

with resistance value ranging from 3 to 5 M . The pipettes were filled with variant 180 

intracellular solutions depending on experiments: KMSO3-based solution (120 mM 181 

KMSO3, 2 mM MgCl2, 1 mM CaCl2, 20 mM KCl, 10 mM EGTA, 2 mM ATPNa2, 10 mM 182 

HEPES, pH 7.2) was used for current-clamp recordings, CsCl-based solution (120  183 

mM CsCl, 2mM MgCl2, 2  mM CaCl2, 5mM EGTA, 5 mM phosphocreatine, 2 mM 184 

ATPNa2, 0.33 mM GTP, 10 mM HEPES, 10 mM QX314, pH 7.2) was used for IPSC 185 

recordings, and CsMSO3-based solution (100 mM CsMSO3, 3 mM MgSO4, 3.5 mM 186 

CaCl2, 20 mM EGTA, 5 mM phosphocreatine, 3 mM ATPNa2, 0.33 mM GTP, 10 mM 187 

HEPES, pH 7.2) was used for all other experiments. Cells were allowed to stabilize for 188 

8-10 minutes after whole-cell configuration was established. To monitor the access 189 

resistance during the whole recording time, a hyperpolarizing voltage step (-5 mV, 10 190 

ms) was applied at the beginning of each trace. Series access resistance was < 20 M191 

, and when it changed by > 20 %, the recording was discarded. When held at -70 192 

mV, neurons with a holding current > 250 pA were also rejected. Mf synaptic currents 193 

were identified according to the following criteria: 1) obvious paired-pulse facilitation; 2) 194 

EPSCs had a steep rising phase ( 1 ms); 3) EPSCs decays free of secondary peaks 195 

that might indicate the presence of polysynaptic contamination. Liquid junction 196 

potential correction was not used for measurements of membrane potentials. Unless 197 

stated differently all baselines were established with a stimulation at 0.1 Hz and 198 

compared to the same stimulation frequency after a drug application or stimulation 199 

protocol. 200 

Recordings were made using an EPC10.0 amplifier (HEKA Elektronik), filtered at 0.5–201 

1kHz and analyzed using IGOR Pro and Neuromatic V2.6 software. All drugs for 202 

electrophysiological experiments were obtained from Tocris Biosciences or 203 

Sigma-Aldrich, unless otherwise stated. 204 

Experimental Design and Statistical analysis. Statistical analyses were performed 205 
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with Prism6 (GraphPad Software, USA). First the normality of data set was tested 206 

using the D’Agostino-Pearson omnibus normality test. If data was normally distributed, 207 

a Student’s t-test, one-way ANOVA or two-way ANOVA (analysis of variance) was 208 

performed; otherwise, nonparametric tests such as Mann–Whitney test (for unpaired 209 

data) were used. Data distributions were analyzed using the Kolmogorov–Smirnov 210 

(KS) test; for miniature events the distribution curve was calculated for each cell and 211 

all cells averaged per condition to create a single curve. For electrophysiological data, 212 

the n values can be found in the figure legends and correspond to the number of cells 213 

analyzed (the number of mice used is also reported). Only one recording per slice was 214 

performed. Results were presented as mean ± SEM (standard error of mean) unless 215 

stated otherwise. Statistical differences were considered significant at p < 0.05. 216 
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Results 217 

Morphometric analysis of Mf-CA3 synapses in APP/PS1 mice reveals subtle 218 

alterations in pre and post-synaptic compartments 219 

Mf synapses are subject to robust structural rearrangement following learning and 220 

experience-induced synaptic plasticity (Galimberti et al., 2006; Caroni et al., 2012). 221 

This prompted us to assess possible morphological changes in Mf synapses in our 222 

model of AD. To evaluate structural changes at Mf-CA3 synapses at an early phase of 223 

AD, we used APP/PS1 mice at 6 months of age, prior to observable plaque deposits 224 

in the hippocampus (Viana da Silva et al., 2016). In contrast to A/C and PP synapses 225 

which are of the single site/single spine type, Mf inputs make synaptic contacts on 226 

proximal dendrites of CA3 PCs in the stratum lucidum via “giant” Mf boutons (MfB) 227 

with multiple glutamate release sites facing large postsynaptic structures called thorny 228 

excrescences (ThE) (Amaral and Dent, 1981). We probed changes in morphological 229 

properties of Mf-CA3 synapses both at the pre- and postsynaptic site. To label both 230 

MfBs and ThEs, an anterograde and a retrograde version of recombinant rabies 231 

viruses (RV) (Haberl et al., 2017) were stereotaxically injected into the DG and CA1 232 

region, respectively. MfBs (expressing td-Tomato) were reconstructed from confocal 233 

z-stacks obtained from the CA3b subregion (Figure 1A). We focussed on the 234 

hippocampal CA3b subregion which may play an important role in associative 235 

memory recall and pattern completion (Kesner, 2013; Sun et al., 2017). The mean 236 

surface area of MfBs did not differ between wild-type (WT) (67.1 ± 1.8 μm2) and 237 

APP/PS1 mice (67.9 ± 1.6 μm2; Figure 1B). Similarly, the distribution and mean 238 

volume values of MfBs did not show any statistical difference (15.2 ± 0.4 μm3 in WT 239 

mice and 14.6 ± 0.4 μm3 in APP/PS1 mice) (Figure 1C). 240 

MfBs contact not only CA3-PCs, but also inhibitory interneurons in the hilus and 241 

stratum lucidum within CA3, via filopodial protrusions emerging from the MfBs 242 

(Acsády et al., 1998). To estimate the number of filopodia as a readout for the 243 

innervation density of interneuron activation, we compared the complexity index of the 244 

reconstructed MfBs (see Methods). This index takes into account the fact that these 245 
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structures encompass a tiny volume but a considerable membrane area. Although the 246 

average values of the complexity index did not differ between the genotypes, a 247 

significant difference was observed when analyzing the cumulative distribution of 248 

MfBs complexity indexes (KS test p < 0.0001). To further analyze the difference in 249 

complexity we divided MfBs into three categories based on their volume: small (< 10 250 

μm3), medium (10 - 20 μm3) and large (> 20 μm3). We observed a significant increase 251 

in complexity index for the large MfBs in APP/PS1mice (4.8 ± 0.1) when compared to 252 

WT littermates (4.4 ± 0.1, one-way ANOVA p < 0.0001) (Figure 1D). An increase in the 253 

complexity index may indicate an increase in the number and/or length of MfB 254 

filopodia. A direct count of filipodia revealed that APP/PS1 mice display an 255 

increase in their number per MfB when compared to WT mice (APP/PS1 1.0 ± 256 

0.03, WT 0.5 ± 0.04, Mann-Whitney test, p < 0.0001) (Figure 1E). 257 

To study the post-synaptic ThEs, a retrograde RV expressing GFP was used to infect 258 

CA3 PCs from their axon terminals in CA1 (Figure 1F). Reconstructions were 259 

performed only from ThEs located in the stratum lucidum; ThEs located on basal 260 

dendrites of CA3 PCs were not included in the study. The number of ThEs per cell 261 

was not different between the two genotypes (WT 58.2 ± 4.0 and APP/PS1 51.6 ± 5.8) 262 

(Figure 1G). We found a significant difference in the distribution of ThE surface values 263 

towards smaller surface areas in the APP/PS1 mice (KS test p < 0.0001), while there 264 

was no significant difference in the mean surface values (WT 16.6 ± 0.6 μm2, 265 

APP/PS1 14.2 μm2 ± 0.5 μm2) (Figure 1H). Similarly, we found no alteration of the 266 

mean volume of ThEs in APP/PS1 mice (WT 2.4 ± 0.1 μm3, APP/PS1 2.0 ± 0.1 μm3) 267 

but a significant shift towards smaller ThEs volumes in the distribution analysis (KS 268 

test p < 0.0001) (Figure 1I). The summary plot of the surface and volume of each 269 

reconstructed ThE (Figure 1J) shows that the relationship between these two 270 

parameters is not altered in 6 months old APP/PS1 mice (WT linear regression slope 271 

5.72 ± 0.04; APP/PS1 linear regression slope 5.60 ± 0.06). Overall, careful 272 

morphometric examination of several parameters of Mf synapses showed that in 273 

addition to subtle alterations of the pre- and post-synaptic compartments, the number 274 

of filopodia per MfB was doubled in APP/PS1 mice. 275 
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Basal synaptic properties and presynaptic plasticity are unaltered at Mf-CA3 276 

synapses in APP/PS1 mice. 277 

The density of dendritic spines is correlated with the number of glutamatergic 278 

synapses. In order to understand whether the number and properties of glutamatergic 279 

synapses are generally altered in pre-plaque APP/PS1 mice we recorded 280 

spontaneous miniature excitatory postsynaptic currents (mEPSCs) from CA3b PCs.  281 

Synaptic activity was recorded for 15 minutes in the presence of the GABAA receptor 282 

blocker, bicuculline 10 μM), to isolate glutamatergic inputs (Figure 2A). The 283 

inter-event interval (IEI) distribution of the mEPSCs was statistically different between 284 

genotypes (KS test p < 0.0001), whereas the IEI mean value was not (APP/PS1 mice: 285 

0.80 ± 0.1 s; WT: 0.84 ± 0.12 s) (Figure 2B). The mean amplitude of all events that 286 

occurred during a 15-minute recording period was significantly smaller in APP/PS1 287 

mice (22.6 ± 1.2 pA) when compared to WT (28.2 ± 1.7 pA, Mann-Whitney test, p = 288 

0.035), resulting in an altered distribution of mEPSC amplitudes between genotypes 289 

(KS test p < 0.0001) (Figure 2C). Previous studies have shown that elimination of DG 290 

cells by -irradiation results in the loss of mEPSCs with an amplitude greater than 45 291 

pA (Henze et al., 1997), suggesting that these events are most likely Mf-driven, 292 

whereas smaller events might represent any of the three main glutamatergic inputs 293 

into CA3 PCs (Henze et al., 1997). In our recordings mEPSCs larger than 45 pA were 294 

much less frequent in the APP/PS1 CA3 PCs (8.7 ± 1.4 % of total mEPSCs) when 295 

compared to WT (22.8 ± 4.2 %, Mann-Whitney test, p < 0.0001) (Figure 2 D-E), 296 

suggesting a decrease in the number of Mf-driven events. We analyzed the amplitude 297 

of Mf-events (i.e >45pA) and found no difference in the average amplitude between 298 

genotypes (WT 77.1 ± 1.7 pA and APP/PS1 78.7 ± 4.3 pA) (Figure 2F). When 299 

analyzing the remaining events (< 45 pA) we observed a decrease in their amplitude 300 

in the APP/PS1 mice (15.8 ± 0.3 pA) compared to the WT controls (17.0 ± 0.4 pA, 301 

Mann-Whitney test, p = 0.0322) (Figure 2G). This is in line with our previous study 302 

showing that A/C synapses are affected in these mice (Viana da Silva et al., 2016). 303 

We then recorded evoked Mf-CA3 EPSCs using minimal stimulation conditions  304 

(Marchal and Mulle, 2004). We first observed that the failure rates recorded at a 305 
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stimulation frequency of 0.1 Hz in APP/PS1 mice (12. 6 ± 3.3 %, average of 40 306 

sweeps per cell) were not significantly different from the values recorded in WT 307 

littermates (16.5 ± 3.1 %) (Figure 3A, B). Furthermore, the absolute amplitudes 308 

recorded in WT and APP/PS1 CA3 PCs were similar (WT 76.2 ±7.8 pA and APP/PS1 309 

80.0 ± 15.4 pA) (Figure 3C). Low frequency facilitation is a characteristic presynaptic 310 

feature of Mf-CA3 PC synapses (Rebola et al., 2017) which can be observed when 311 

switching stimulation frequency from 0.1 Hz to 1 Hz. The mean value of facilitation 312 

was comparable between genotypes as illustrated in the representative traces in 313 

Figure 3D (WT 6.1 ± 0.5 and APP/PS1 5.5 ± 0.3; t-test p = 0.4298, average amplitude 314 

of 60 sweeps at 1 Hz divided by average amplitude of 40 sweeps at 0.1Hz) (Figure 3D, 315 

E). We also observed that in 6 months old WT mice the paired pulse facilitation (PPF) 316 

ratio, in response to two temporally close afferent stimulations (40 ms), (WT 6 months: 317 

2.65 ± 0.19, average of 20 sweeps per cell separated by 30 s) (Figure 3F, G) was 318 

smaller than PPF ratio values obtained from 3-4 weeks-old WT mice (Pinheiro et al., 319 

2007; Lanore et al., 2012). No alteration of this presynaptic feature was observed in 6 320 

months old APP/PS1 mice (APP/PS1: 2.84 ± 0.36) (Figure 3F, G). Finally, we found 321 

no difference between the genotypes in the facilitation of Mf-EPSCs in response to a 322 

train of 10 stimuli at 20 Hz, (10th EPSC in the train vs 1st EPSC in the train, WT, 7.2 ± 323 

0.8; APP/PS1 7.0 ± 1.3) (Figure 3H, I). 324 

We further analyzed presynaptic forms of plasticity at Mf-CA3 synapses in response 325 

to high frequency trains which trigger a short lasting post-tetanic potentiation (PTP) 326 

followed by an NMDAR-independent form of LTP (Nicoll and Schmitz, 2005). We used 327 

a high frequency induction protocol consisting of 100 pulses at a frequency of 100 Hz 328 

repeated 3 times with a 10 s inter-train interval, in the presence of bicuculline (10 μM), 329 

CGP-55845 (3 μM) and D-AP5 (50 μM) to block GABAA, GABAB and NMDARs, 330 

respectively (Figure 3J). In the end of the LTP protocol, bath application of the group II 331 

mGluR agonist LCCG-I decreased the amplitude of EPSCs by more than 80%, 332 

confirming that these EPSPs were elicited by Mf stimulation (Kirschstein et al., 2004). 333 

We compared both the PTP (0-5 minutes after the train) and LTP levels (30-40 334 

minutes after the train) in WT and APP/PS1 mice (Figure 3K, M). Both genotypes 335 
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displayed similar levels of PTP (WT 702.5 ± 75.1 %, and APP/PS1 747.7 ± 112.5 %) 336 

(Figure 3K), and LTP (WT 182.9 ± 23.7 % and APP/PS1 199.8 ± 48.7 %) (Figure 3L). 337 

Overall, we can conclude that basal properties and conventional forms of presynaptic 338 

plasticity at Mf-CA3 PC synapses, are in great part unaltered in APP/PS1 mice at the 339 

age of 6 months. 340 

Short-term synaptic plasticity dependent on membrane lipids is strongly 341 

reduced at Mf synapses in APP/PS1 mice.  342 

Mf-CA3 synapses were recently shown to express a novel form of short-term synaptic 343 

plasticity, namely depolarization induced potentiation of excitation (DPE) relying on a 344 

retrograde signaling mechanism by which endogenously released membrane-derived 345 

lipids potentiate synaptic transmission through the inhibition of presynaptic Kv 346 

channels (Carta et al., 2014). Since defects in lipid transport and metabolism have 347 

been implicated in the pathogenesis of AD (Di Paolo and Kim, 2011), we predicted 348 

that DPE may be impaired in APP/PS1 mice. To test this hypothesis, we recorded 349 

Mf-CA3 EPSCs before and after a 9 s long depolarization step in membrane potential 350 

(from -70 mV to – 10 mV). In WT mice this protocol induced a robust potentiation of 351 

Mf-CA3 EPSC amplitude (155.8 ± 12.6%), which lasted several minutes (Figure 4A, B 352 

and C). In APP/PS1 mice the amplitude of DPE was strongly diminished (119.2 ± 353 

9.7%, two tailed unpaired t-test p = 0.0297 between values of DPE; one-sample 354 

paired t-test shows significant DPE in WT but not in APP/PS1 mice). Importantly, DPE 355 

can potentiate AMPA, kainate and NMDA receptor EPSCs, strongly affecting the 356 

overall excitatory drive of the network (Carta et al., 2014). Interestingly, DPE affects all 357 

Mf synapses onto a single CA3 PCs (Carta et al., 2014), in contrast to 358 

synapse-selective forms of synaptic plasticity which we further explored in the 359 

APP/PS1 model. 360 

LTP of NMDAR-EPSCs is impaired at Mf-CA3 synapses in APP/PS1 mice. 361 

Dysregulation of NMDARs has been proposed as a potential link between APP 362 

overexpression, A  accumulation and disruption of synaptic function and plasticity 363 

(Malinow, 2012). Mf-CA3 synapses were previously thought to only express a 364 
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presynaptic form of LTP, independent of NMDARs (Nicoll and Schmitz, 2005). 365 

Recently it was shown that postsynaptic NMDARs expressed at Mf-CA3 PC synapses 366 

themselves undergo LTP contributing to the control of synaptic integration and 367 

plasticity (Kwon and Castillo, 2008b; Rebola et al., 2008; 2011; Hunt et al., 2013). We 368 

thus tested whether LTP of NMDARs was impaired at Mf-CA3 synapses in APP/PS1 369 

mice. We first recorded AMPAR-EPSCs at -70 mV at various stimulation frequencies. 370 

We subsequently recorded pharmacologically isolated (20 μM NBQX) 371 

NMDAR-EPSCs at +40 mV in the same CA3 PCs. We measured the ratio between 372 

Mf-EPSC peak amplitude at +40 mV (in the presence of NBQX) and -70 mV - 373 

NMDAR/AMPAR ratio - in WT and APP/PS1 mice, at both 0.1 Hz (data not shown) 374 

and 1 Hz (Figure 5). We observed that the NMDAR/AMPAR ratio was similar in both 375 

genotypes at 0.1 and 1 Hz frequencies (1 Hz: WT 28.3 ± 3.3%, and APP/PS1 29.9 ± 376 

3.4 %) (Figure 5A-B). We further confirmed these results by calculating the ratio of the 377 

peak amplitude (AMPAR component) and the amplitude 40 ms after the peak 378 

(NMDAR component), from the recordings performed at +40 mV without NBQX 379 

(Figure 5C). Although frequency facilitation of Mf-NMDAR-EPSCs (~5 fold) appeared 380 

smaller as compared to frequency facilitation of AMPAR-EPSCs (~6 fold) in adult WT 381 

mice (Figure 3E), the frequency facilitation of Mf-NMDAR-EPSCs was not different 382 

between genotypes (WT 4.8 ± 0.4 and APP/PS1 4.0 ± 0.2) (Figure 5D, E). 383 

The subunit composition of NMDARs determines its functional properties (Paoletti et 384 

al., 2013). Particularly, the identity of the GluN2 subunit impacts on the affinity for 385 

glutamate, modulation by glycine, sensitivity to voltage-dependent block by Mg2+, 386 

fractional Ca2+ current and channel kinetics (Paoletti et al., 2013). Several studies 387 

have ascribed a role for the GluN2B subunit in mediating most of the toxic effects of 388 

Aβ oligomers observed in neuronal cultures and acute slices (Rönicke et al., 2011). 389 

We tested if the composition of NMDARs at Mf-CA3 PC synapses was changed in 390 

APP/PS1 mice. At 0.1 Hz similar decay times of Mf NMDAR-EPSCs were measured 391 

in WT (103.2 ± 12.5 ms) and 6 months-old APP/PS1 mice (115.6 ± 12.0 ms) (Figure 392 

5F). The decay time of NMDAR-EPSCs at 1 Hz stimulation were similar to the ones at 393 

0.1 Hz and show no difference between genotypes (WT: 97.5 ± 3.8 ms, APP/PS1: 394 



17 

99.0 ± 3.6 ms) (Figure 5G), suggesting no changes in the subunit composition of 395 

NMDARs. To further examine putative changes in subunit composition, we used a 396 

highly selective, activity dependent blocker of GluN2B-containing NMDARs (Ro 397 

25-6981) (Fischer et al., 1997). NMDAR-EPSCs evoked by Mf stimulation at 0.1Hz 398 

were recorded at +40mV for eight minutes before applying Ro 25-6981 (1μM) and 399 

during 40 min following the application. We observed a progressive reduction of both 400 

the amplitude and decay time constants of NMDAR-EPSCs after pharmacological 401 

application of the GluN2B antagonist in both genotypes (Figure 5H-J). However, there 402 

was no difference in the level of inhibition between the two genotypes, (WT 28.2 ± 403 

9.6 %; APP/PS1 33.1 % ± 9.2 %; unpaired t-test p = 0.7144), indicating a similar 404 

content in GluN2B. In line with this, we found no difference between WT and APP/PS1 405 

mice in the decay time of NMDAR-EPSCs before (WTbaseline 86.5 ± 4.0 ms and 406 

APP/PS1baseline 90.8 ± 6.0 ms,) and after the application of Ro 25-6981 (WTRo25-6981 407 

70.8 ± 1.8 ms and APP/PS1Ro25-6981 77.3ms ± 4.2 ms) (Figure 5I, J).  408 

At Mf-CA3 PC synapses, repeated short bursts of Mf stimulation induce robust LTP of 409 

NMDAR-EPSCs without affecting AMPAR-EPSCs (Rebola et al., 2008; Kwon and 410 

Castillo, 2008b). NMDAR-EPSCs evoked by Mf stimulation in CA3 PC were recorded 411 

at +30 mV in the presence of 10 μM bicuculline and 3 μM CGP-55845 to block 412 

GABAergic transmission, and 20 μM NBQX to block AMPA and kainate receptors. 413 

After establishment of a stable baseline (10 min) LTP was induced by 6 bursts of 6 414 

stimuli at a frequency of 50 Hz with a 150 s inter burst interval and recorded over a 415 

period of 40 min (Figure 5K). We found that Mf LTP of NMDAR-EPSCs was 416 

significantly reduced in APP/PS1 mice (WT 135.3 ± 9.2 % and APP/PS1 98.3 ± 9.3 %; 417 

unpaired t-test p = 0.0109) (Figure 5L, M). Hence, we report that the amount and 418 

subunit composition of NMDARs at Mf-CA3 PC synapses is not impacted in the 419 

APP/PS1 mouse model of AD. However, we observe a striking impairment in LTP of 420 

NMDARs EPSCs at Mf-CA3 PC synapses.  421 

GABAergic transmission and feedforward inhibition are reduced in CA3 PCs of 422 

APP/PS1 mice.  423 

Spike transfer between the DG and CA3 is not only controlled by the function and 424 
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plasticity of excitatory synapses, but also by GABAergic transmission onto CA3 PCs 425 

(Rebola et al., 2017). Indeed, monosynaptic innervation of GABAergic interneurons in 426 

CA3 via Mf leads to robust feedforward inhibition of CA3-PCs (McBain, 2008; Zucca 427 

et al., 2016), which is subject to structural plasticity upon memory encoding (Ruediger 428 

et al., 2011; Caroni et al., 2012). Thus, deficits in feedforward inhibition at Mf-CA3 429 

synapses could contribute to early signs of memory impairment in APP/PS1 mice 430 

(Kilgore et al., 2009; Viana da Silva et al., 2016). 431 

To test this, we recorded spontaneous and miniature inhibitory postsynaptic currents 432 

(sIPSCs and mIPSCs respectively) in CA3 PCs. Spontaneous IPSCs were recorded 433 

for 10 min at -60 mV in the presence of 20 μM NBQX and 10 mM QX-314 added 434 

intracellularly to prevent action potential firing in the recorded cell (Figure 6A-C). We 435 

observed that both the distribution of IEIs for sIPSCs (KS test p = 0.0184) as well as 436 

their mean values were statistically different between APP/PS1 (0.38 ± 0.10 s) and 437 

WT mice (0.19 ± 0.04 s; Mann-Whitney test, p = 0.0459). The distribution of sIPSC 438 

amplitudes also differed in APP/PS1 mice, showing a shift towards smaller events (KS 439 

test p < 0.0001). Despite this difference in distribution, the mean amplitude values of 440 

sIPSCs are not statistically different between the two genotypes (WT 32.4 ± 3.4 pA; 441 

APP/PS1 26.3 ± 2.0 pA). The decrease in sIPSC frequency may be caused either by 442 

a reduction of the activity of presynaptic interneurons to the recorded CA3 PCs in the 443 

slice, or to a change in the number or properties of GABAergic synapses onto CA3 444 

PCs. To address this question, we recorded mIPSCs in the presence of 1 μM TTX 445 

added to the extracellular medium (Fig. 6D-F). We observed no significant difference 446 

in the distribution and mean IEI of mIPSCs in WT (0.95 ± 0.22 s) and APP/PS1 (1.02 ± 447 

0.20 s). Similarly, we found no alteration in the amplitude of mIPSCs (WT 16.9 ± 0.6 448 

pA and APP/PS1 17.7 ± 0.8 pA) (Fig 6F). These results suggest that the decrease in 449 

the frequency of spontaneous IPSCs observed in APP/PS1 mice can be attributed to 450 

decreased spiking activity of presynaptic interneurons rather than to a change in the 451 

number of GABAergic synapses. However, this does not preclude changes in the 452 

properties of GABAergic synaptic transmission or in the intrinsic properties of 453 

GABAergic interneurons.  454 
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We thus explored whether these changes may translate into changes in feedforward 455 

inhibition at Mf-CA3 PC synapses. For this we measured the excitatory/inhibitory ratio 456 

of evoked events at Mf-CA3 synapses using different regimes of presynaptic Mf 457 

stimulation (Torborg et al., 2010). We first recorded evoked Mf-EPSCs at -70mV in the 458 

presence of D-AP5 (20 μM) to block NMDARs. We then switched the membrane 459 

potential to +10mV, the reversal potential for cationic ligand-gated channels, to record 460 

IPSCs. No significant differences in the ratio were found between APP/PS1 (0.21 ± 461 

0.05) and WT cells (0.20 ± 0.05) at 0.1 Hz (Figure 6G, H). We further recorded IPSCs 462 

evoked by trains of 5 stimuli at 20 Hz. Similarly, the ratio between evoked EPSCs and 463 

IPSCs was not statistically different during the train (Figure 6I, J), but when we 464 

normalized the amplitude of IPSCs in the train to the amplitude of the first IPSC we 465 

found that short-term plasticity of inhibition was significantly decreased in APP/PS1 466 

mice as compared to WT littermates (two-way ANOVA test p = 0.0478, WT 2.61 ± 0.51 467 

and APP/PS1 1.62 ± 0.19) (Figure 6K). In summary, we observed reduced 468 

spontaneous GABAergic inputs onto CA3 PCs, and reduced short term plasticity of 469 

feedforward inhibition during 20 Hz trains of stimulation at Mf-CA3 PC synapses. 470 

Intrinsic properties of CA3 PCs are not altered in 6 months APP/PS1 mice. 471 

The intrinsic excitability of neurons shapes not only the rules for synaptic plasticity, but 472 

also determines how excitatory and inhibitory inputs are integrated to give rise to an 473 

action potential output. We therefore tested if changes in the integrative properties of 474 

CA3 neurons could contribute to our findings of altered synaptic plasticity (e.g. DPE). 475 

We performed current-clamp recordings from CA3b PCs in acute hippocampal slices 476 

and analyzed various intrinsic properties of these neurons (Figure 7). We found no 477 

significant difference in resting membrane potential between WT (-69.5 ± 1.7 mV) and 478 

APP/PS1 CA3 PCs (-71.3 ± 1.9 mV) (Figure 7A). Similarly, the input resistance of CA3 479 

PCs was not significantly altered in APP/PS1 mice (WT 356.7 ± 41.7 MΩ, and 480 

APP/PS1 406.8 ± 43.2 MΩ) (Figure 7B, C). We then examined the firing threshold and 481 

firing frequency of CA3 PCs by injecting current from 0 to 200 pA with 20 pA steps. 482 

The firing threshold of CA3 PCs was not significantly altered in APP/PS1 mice 483 

(APP/PS1 -40.0 ± 1.4 mV) as compared to WT littermates (WT -43.0 ± 1.1 mV) 484 
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(Figure 7D). Although there is a tendency for lower firing frequencies in relation to 485 

increased current steps in APP/PS1 mice (Figure 7E), a two-way ANOVA test of the 486 

two I/O curves did not reveal any significant difference (at the 200 pA step: WT 4.6 ± 487 

0.8 Hz, APP/PS1 3.4 ± 0.7 Hz). No major differences were found between the two 488 

genotypes when the aforementioned recordings were made in the presence of 489 

blockers of synaptic transmission: NBQX (20 μM), bicuculline (10 μM), CGP55845 (3 490 

μM), D-AP5 (50 μM) (Figure 7F-J). These findings do not provide evidence that 491 

changes in intrinsic excitability could contribute to impaired integration properties of 492 

synaptic signals in CA3 PCs.  493 

  494 



21 

Discussion 495 

Growing evidence implicates synaptic dysfunction and/or loss — accompanied by 496 

neural network reorganization — as the major cause of cognitive impairments in AD, 497 

in particular at an early stage of the disease (Selkoe, 2002). However, the precise 498 

synaptic phenotypes underlying deficits in memory encoding and retrieval in 499 

early-stage AD pathology are poorly understood. Our previous (Viana da Silva et al., 500 

2016) and present work focus on the investigation of synaptic function and plasticity in 501 

CA3 circuits that are crucial for the initial stages of episodic memory encoding and 502 

recall (Rebola et al., 2017). 503 

In this study, we characterized the pre- and postsynaptic properties of Mf-CA3 504 

synapses in pre-plaque 6-months old APP/PS1 mice, at a time point when mice 505 

already show an impairment in the acquisition of a one-trial memory task (Kilgore et 506 

al., 2009; Viana da Silva et al., 2016). Our analysis revealed subtle differences in most 507 

morphological features of Mf terminals at both pre- and postsynaptic levels. Moreover, 508 

we found a robust increase in the number of filopodia, which likely explains the 509 

increase in the complexity index specifically of the large MfBs. This observation points 510 

to alterations in the feedforward inhibition of this pathway (see below). On the 511 

postsynaptic side, we found that the morphological features of ThEs on CA3 PCs 512 

dendrites in APP/PS1 mice were comparable to those of WT mice. This lack of major 513 

structural changes is consistent with the absence of phenotypes in the basal synaptic 514 

properties, such as Mf-EPSC basal amplitude or failure rate. In addition, the 515 

conventional forms of presynaptic release properties expressed by MfB, namely 516 

short-term facilitation or presynaptic LTP, appear normal in 6-months old APP/PS1 517 

mice. These results suggest that early behavioral impairment in this AD mouse model 518 

at 6 months (Kilgore et al., 2009; Viana da Silva et al., 2016) are not due to major 519 

presynaptic changes at DG-CA3 connections. This is in line with the evidence that 520 

presynaptic Mf LTP is not necessary to encode contextual memories (Ruediger et al., 521 

2011). At more advanced stages of amyloid pathology severe impairments of Mf 522 

presynaptic LTP develop and might be related to neuroinflammatory processes and 523 

more pronounced deficits in behavior (Witton et al., 2010; Maingret et al., 2017).  524 
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The principal and surprising finding from our results is that DPE was impaired in 6 525 

months old APP/PS1 mice. Although the role of DPE in the plasticity of neural circuits 526 

in relation to memory encoding and cognitive processes is still unknown, it has been 527 

linked to priming Mf-CA3 synapses for LTP (Carta et al., 2014). The impaired DPE 528 

may not be attributed to aberrant intrinsic firing properties of postsynaptic CA3 PCs, 529 

since we found no changes in their intrinsic excitability. Instead, it may relate to 530 

alterations in lipid metabolism and trafficking (Di Paolo and Kim, 2011). Indeed, recent 531 

work in humans identified deficits in lipid metabolism, resulting in reduced arachidonic 532 

acid levels in AD patients (Snowden et al., 2017). Importantly, lipid signaling in the 533 

brain may potentially modulate both excitatory and inhibitory synapses 534 

(García-Morales et al., 2015) and better knowledge about these mechanisms may 535 

unravel novel targets to halt or ameliorate AD. 536 

Dysregulation of NMDARs has been proposed to account for defective synaptic 537 

plasticity in models of AD (Malinow, 2012) (but see (Viana da Silva et al., 2016)). This 538 

prompted us to investigate possible alterations in the number, composition or 539 

conductance of NMDARs. In contrast to previously published findings describing a 540 

change in the NMDAR/AMPAR ratio in other cell types and synapses, or in different 541 

models of AD (Roberson et al., 2011), we found that this ratio was not altered at 542 

Mf-CA3 synapses. Furthermore, we measured no alteration in the subunit 543 

composition of NMDARs after application of Ro 25-6981, suggesting that the levels of 544 

synaptic GluN2B containing NMDARs are not affected, at least not at this early stage 545 

of AD. This observation departs from other in vitro studies implicating 546 

GluN2B-containing NMDARs as particular mediators of neuronal damage in AD (Hu 547 

et al., 2009; Rönicke et al., 2011; Ferreira et al., 2012; Cui et al., 2013). Although we 548 

found no evidence for changes in the amplitude or subunit composition of Mf synaptic 549 

NMDARs in 6-month old APP/PS1 mice, we examined whether the plasticity of 550 

NMDARs themselves was affected, a process which has not previously been 551 

investigated in the context of AD. Here, we observed that postsynaptic LTP of 552 

NMDARs, described at Mf-CA3 synapses (Rebola et al., 2008; Kwon and Castillo, 553 

2008b), is markedly impaired in the APP/PS1 transgenic mice. We cannot rule out that 554 
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the internal cascades activated by NMDAR activation may be altered, and that the 555 

lack of LTP of NMDARs may depend on alterations in postsynaptic signaling. 556 

Alteration in postsynaptic signaling may similarly explain deficits in DPE, which is 557 

induced postsynaptically (Carta et al., 2014). Previous work of our group has 558 

demonstrated that abolition of A/C fiber LTP in CA3 PCs in 6-months old APP/PS1 559 

mice was caused by activation of upregulated neuronal adenosine A2A receptors 560 

(A2AR) in CA3 cells, rather than by dysregulation of NMDAR signaling or altered 561 

dendritic spine morphology (Viana da Silva et al., 2016). The mechanisms underlying 562 

the loss of LTP of NMDARs at Mf-CA3 synapses may also be related to alterations in 563 

A2AR protein levels or signaling cascades since co-activation of A2AR and mGluR5 is 564 

required for this form of plasticity (Rebola et al., 2008).  565 

Following in vivo studies reporting alterations in GABAergic activity in models of 566 

amyloidosis (Verret et al., 2012), we investigated potential alterations in GABAergic 567 

synaptic transmissions onto CA3 PCs in these mice. We describe a decrease in the 568 

frequency of sIPSCs in APP/PS1 mice (but not mIPSCs), which suggests reduced 569 

spiking of presynaptic GABAergic interneurons in CA3 or changes in the properties of 570 

GABAergic synaptic transmission. This result is in agreement with in vivo studies 571 

showing increased activity in the CA3 region in MCI patients (Yassa et al., 2010). 572 

Feedforward inhibition controls the efficacy of information transfer between the DG 573 

and CA3 cells (McBain, 2008; Evstratova and Toth, 2014). We established that 574 

short-term plasticity of DG-evoked inhibitory synaptic transmission was impaired 575 

during a 20Hz train stimulation protocol pointing to a dysfunction in synaptic 576 

transmission between MfBs and local interneurons. This is in apparent contradiction 577 

with the increased number of filopodia that we have observed in our morphometric 578 

analysis. Filopodia are known to make synaptic contacts with CA3 interneurons, and 579 

are subject to robust structural plasticity, for instance following a one-trial learning 580 

paradigm (Ruediger et al., 2011). It is interesting to note that in APP/PS1 mice, the 581 

increased number of filopodia does not correlate with an increase in feedforward 582 

inhibition, suggesting that complex homeostatic mechanisms are involved in the 583 

regulation of information transfer at DG-CA3 connections in this mouse model of AD. 584 
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Further work will be needed to understand how GABAergic transmission in the CA3 585 

region is affected at this time point of disease progression. Additional recordings from 586 

identified GABAergic neurons would determine how the intrinsic properties and/or 587 

synaptic properties of specific subtypes of interneurons are altered. In line with our 588 

results, some studies have reported remodeling of GABAergic neurotransmission in 589 

the human AD brain (Limon et al., 2012; Fuhrer et al., 2017) and AD transgenic 590 

mouse models (Jo et al., 2014; Wu et al., 2014). Especially, APP/PS1 mice were 591 

shown to display spontaneous seizures, which are believed to be associated with an 592 

excitation/inhibition imbalance in the pathology of AD (Ramos et al., 2006; Hazra et al., 593 

2013). 594 

Overall, our work explored the pre- and postsynaptic features of hippocampal CA3 595 

synapses in a mouse model of AD, providing new insights into synaptic dysfunction at 596 

an early stage of AD. This work shows that long-term potentiation of NMDARs is 597 

severely impaired at synapses where this form of plasticity is expressed. Beyond this 598 

original demonstration, the main message of this work, together with our previous 599 

work on A/C synaptic dysfunction in the same animal model (Viana da Silva et al., 600 

2016), is that synapses are not equally affected by overexpression of mutated forms 601 

of APP and PS1 proteins. Our results highlight the importance of studying AD 602 

phenotypes for the various specific types of synapses forming the CA3 network. This 603 

needs to be taken into account when establishing links between synaptic dysfunction 604 

and behavioral impairments and is essential for the development of target strategies 605 

for disease amelioration.  606 
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Figure Legends 798 

Figure 1. Morphology of the MfBs and postsynaptic thorny excrescences of CA3 PCs in 799 

APP/PS1 mice. A. Example image showing a maximum intensity projection of an MfB 800 

acquired with confocal microscopy with the representative 3D volumetric reconstruction. B. 801 

Cumulative distribution of the area of MfB reconstructed from WT (n = 609, 5 mice) and 802 

APP/PS1 mice (n = 868, 6 mice) are not statistically different (KS test p = 0.1440). Mean 803 

values of area are also not significantly different (Mann-Whitney test p = 0.6624). C. 804 

Cumulative distribution of the volume from reconstructed MfBs from WT (n = 609, 5 mice) and 805 

APP/PS1 mice (n = 868, 5 mice; KS test p > 0.999). Mean values of MfB volume are not 806 

significantly different (Mann-Whitney test p = 0.3116). D. Distribution of the complexity index 807 

calculated from MfB from WT (n = 609 boutons, 5 mice) and APP/PS1 mice (n = 868 boutons, 808 

5 mice). The distribution of values are significantly different (KS test p < 0.0001). We analyzed 809 

separately the complexity index for three classes of MfBs sizes found in the CA3b region. 810 

Smaller MfB have a volume smaller than 10 μm3, medium MfBs have a volume ranging from 811 

10 to 20 μm3, and large MfBs have volumes values above 20 μm3. We found a group 812 

difference in the complexity index of APP/PS1 MfB (one-way ANOVA p < 0.0001). For small 813 

MfBs the complexity index is 2.67 ± 0.06 for WT mice (n = 202, 33.2 %) and 2.57 ± 0.05 for 814 

APP/PS1 mice (n = 337, 37.6%), displaying no significant difference between genotypes 815 

(Sidak's multiple comparisons test p = 0.6388). Similarly, medium size MfBs are not 816 

statistically different between WT (3.44 ± 0.06, n = 266, 43.8%) and APP/PS1 mice (3.65 ± 817 

0.06, n = 331, 36.9 %; Sidak's multiple comparisons test p = 0.0713). Whereas the mean 818 

complexity index of the large MfBs was increased in APP/PS1 mice (4.81 ± 0.09, n = 228, 819 

25 %) when compared to WT mice (4.39 ± 0.06, n = 140, 25.5 %; Sidak's multiple comparisons 820 

test p = 0.0014). E. Cumulative distribution of the number of filopodia per MfB (APP/PS1 n = 821 

868, 6 mice; WT n = 609, 5 mice; KS test p < 0.0001) shows an increase for APP/PS1 mice 822 

(Mann-Whitney test p < 0.0001). F. Example image showing a maximum intensity projection of 823 

the proximal dendrite of a CA3b pyramidal cell infected by RV∆G-eGFP with the native 824 

envelope acquired with confocal microscopy and subsequent reconstruction of ThE in stratum 825 

lucidum. G. Average total number of ThE per pyramidal cell; just ThE on apical dendrites were 826 

analyzed and only cells with complete apical dendritic arborization were used. The number of 827 
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ThE is not statistically different between APP/PS1 (n = 8 complete cells, 4 mice) and WT mice 828 

(WT n = 9 complete cells, 4 mice; unpaired t-test p = 0.3539). H. Cumulative distribution of the 829 

area from reconstructed ThE shows a difference between WT (n = 1259, 4 mice) and APP/PS1 830 

mice (n = 945, 4 mice; KS test p < 0.0001). But there is no significant difference regarding the 831 

mean surface area of reconstructed ThE in the two genotypes (WT n = 1259, 4 mice; APP/PS1, 832 

n = 945, 4 mice; Mann-Whitney test p = 0.1074). I. Cumulative distribution of reconstructed 833 

ThE volume shows that there is a small difference in the distribution of ThE between WT (n = 834 

1259, 4 mice) and APP/PS1 mice (n = 945, 4 mice; KS test p < 0.0001). Nevertheless, the 835 

mean volume values in the APP/PS1 mice is not statistically different from those in the WT 836 

littermates, (Mann-Whitney test p = 0.1221). J. Summary plot of the relation between surface 837 

area and volume of CA3 ThE. There is no difference in the ratio of surface area to volume 838 

between the WT (r2 = 0.937) and APP/PS1 mice (r2 = 0.910) as slopes values are very similar 839 

(WT slope is 5.72 ± 0.04 and APP/PS1 slope is 5.60 ± 0.057; linear regression p = 0.0941). All 840 

data represented as mean ± SEM. 841 

Figure 2. Miniature EPSCs arising from Mf synapses are not altered in APP/PS1 mice 842 

A. Representative recordings of mEPSCs obtained from CA3 PCs from WT and APP/PS1 843 

mice. CA3 PCs were held at -70 mV in the presence of bicuculline (10 μM) and TTX (1 mM). 844 

All the events occurred during the 15 minutes recordings were analyzed and averaged per cell 845 

(WT n = 15 cells, 8 mice; APP/PS1 n = 15 cells, 9 mice). B. Cumulative probability analysis of 846 

mEPSC inter-event intervals (IEI) shows a significant difference between WT and APP/PS1 847 

mice (KS test p < 0.0001) but the average frequency of mEPSCs is not statistically different 848 

between WT and APP/PS1 mice (Mann-Whitney test, p = 0.8146). C. Cumulative probability 849 

analysis of mEPSCs amplitudes showed a difference between WT and APP/PS1 distributions 850 

(KS test p < 0.0001); the average amplitude of mEPSCs is decreased in APP/PS1 mice 851 

(Mann-Whitney test, p = 0.035). Grey dashed line represents the border between Mf-driven 852 

events (see D-F) D. Example of putative Mf-mEPSC (red framed event): all peaks with 853 

amplitudes above 45 pA were considered as most likely Mf-driven. E. Number of events with 854 

amplitudes > 45 pA per minute. On average, APP/PS1 mice show a significant decrease in the 855 

number of mEPSCs events larger than 45 pA (Mann-Whitney test, p < 0.0001). F. Average 856 
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amplitude of mEPSCs larger than 45 pA is not statistically different between genotypes, 857 

Mann-Whitney test, p = 0.3627. G. Small mEPSCs events (< 45 pA) show a subtle but 858 

significant decrease in average amplitude in APP/PS1 mice, unpaired t-test, p = 0.0322. All 859 

data presented as mean ± SEM. 860 

 861 

Figure 3. Presynaptic short-term plasticity and presynaptic LTP are normal at Mf-CA3 862 

synapses of APP/PS1 mice. 863 

A. Representative recording from WT and APP/PS1 cell displaying the typical high variability of 864 

the Mf-EPSCs amplitudes obtained at 0.1Hz, with several failures. B. Failure rates show no 865 

significant difference between WT (n = 15, 10 mice) and APP/PS1 (n = 19, 13 mice) cells, 866 

unpaired t-test p = 0.4078. Values are obtained for each genotype by calculating the 867 

percentage of failures at 0.1 Hz (events smaller than 5 pA were considered as noise). C. 868 

Average amplitude of Mf-EPSCs recorded at minimal stimulation conditions is not statistically 869 

different between WT (n = 15, 13 mice) and APP/PS1 mice (n = 19, 10 mice, Mann-Whitney 870 

test p = 0.678). D. Representative average traces of the amplitude increase of Mf-EPSCs with 871 

FF. EPSCs obtained at 0.1Hz (30 sweeps) and 1Hz (30 sweeps) for WT and APP/PS1 mice. E. 872 

Similar mean values of FF were observed in WT (n = 18, 15 mice) and APP/PS1 (n = 23, 18 873 

mice; unpaired t-test p = 0.0601). F. Average of 20 sweeps illustrating PPF at an inter-stimulus 874 

interval of 40ms (inter sweep interval 20 s) for WT and APP/PS1 Mf synapses. G. Bar graph 875 

representing the ratio between the amplitude of the second over the first EPSCs obtained 876 

during paired pulse stimulating protocol. APP/PS1 PPF mean values (n = 17, 13 mice) are not 877 

statistically different from WT (n = 14, 10 mice; Mann-Whitney test p = 0.7319). H. Average of 5 878 

traces illustrating 10-stimuli 20 Hz train at the interval of 2 min apart, for WT and APP/PS1 879 

mice. I. Mf EPSCs amplitude increase during a 10-stimuli 20 Hz train. Values are normalized to 880 

the first peak of the train. No significant difference were observed between WT (n = 14, 8 mice) 881 

and APP/PS1 responses (n = 12, 6 mice; two-way ANOVA test p = 0.7745). J. Summary plot of 882 

the LTP time course for WT (n = 12, 9 mice) and APP/PS1 cells (n=11, 8 mice). The LTP 883 

protocol (100 pulses at a frequency of 100 Hz repeated 3 times with a 10s inter train interval) 884 
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was applied at the time indicated by the arrow. Mf-EPSCs were averaged every minute and 885 

normalized to the mean amplitude of the 10 min period preceding the LTP induction protocol. K. 886 

Average values of PTP recorded 5 min after the high frequency train was applied shows no 887 

significant difference between the two genotypes (unpaired t-test p = 0.7373). Values are 888 

expressed as percentage of the baseline amplitude of Mf EPSPs. L. Mean amplitude of 889 

Mf-EPSCs recorded between 30 and 40 minutes after LTP induction. There is no significant 890 

difference in LTP of APP/PS1 when compared to WT littermates (Mann-Whitney test p = 891 

0.7258). Values are expressed as percentage of the baseline Mf-EPSCs amplitude. M. Traces 892 

represent Mf-EPSCs obtained at a stimulus frequency of 0.1 Hz during baseline (10min), PTP 893 

(5min), LTP (from 30-40 min after the train) and LCCG-I (5 min after drug application). All data 894 

represented as mean ± SEM. 895 

Figure 4. Short-term synaptic plasticity dependent on membrane lipids is strongly 896 

reduced at Mf synapses of APP/PS1 mice. 897 

A. Summary time course of DPE experiments for WT (n = 10, 7 mice) and APP/PS1 (n = 12, 8 898 

mice). The DPE protocol consists of a depolarization step from -70 to -10 mV for 9 s. B. Graph 899 

summarizing the increase in Mf-EPSCs amplitude after DPE. Values are normalized to the 900 

amplitude during the baseline period and data represented as mean ± SEM. There is an 901 

increase in the amplitude of Mf-EPSCs which is significant in WT mice (single t-test compared 902 

to baseline, p = 0.0016), but not in the APP/PS1 mice (p = 0.0747). C. Sample traces for 903 

Mf-EPSCs recorded during baseline (average of 40 sweeps), 5-10min after DPE (30 sweeps) 904 

and 15-20 min after DPE (30 sweeps). All data represented as mean ± SEM. 905 

 906 

Figure 5. NMDAR-EPSCs and short-term plasticity of NMDAR are maintained in 907 

APP/PS1 mice, whereas Mf-NMDAR dependent LTP is abolished.  908 

A. Representative traces of Mf-EPSCs recorded at negative (-70mV) and positive potentials 909 

(+40mV), without (lighter trace) and with NBQX (20μM). Bicuculline was present throughout all 910 

experiments. B. Mean values of NMDAR/AMPAR ratios obtained with isolated currents at 911 

-70mV (AMPAR) and +40mV with NBQX (NMDAR). There is no significant difference between 912 

genotypes (WT n = 9, 7 mice and APP/PS1, n = 9, 6 mice; unpaired t-test p = 0.7133). C. Bar 913 
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graph representing mean values obtained for NMDAR/AMPAR ratio performed at +40mV. The 914 

ratio, calculated as the amplitude 40ms after the peak divided by the peak amplitude, was not 915 

statistically different between the WT (44.50 ± 3.43 %, n = 9, 7 mice) and APP/PS1 cells 916 

analyzed (49.49 ± 3.42 %, n = 9, 6 mice; unpaired t-test p = 0.3206). D. Representative traces 917 

of NMDAR-mediated EPSCs recorded at +40mV, illustrating that both genotypes perform 918 

equivalent FF at positive potentials. Traces illustrate average of 40 sweeps obtained at 0.1Hz 919 

and 60 sweeps at 1Hz. E. Mean FF values obtained from NMDAR-EPSCs recorded at positive 920 

potentials from WT (n = 29, 20 mice) and APP/PS1 cells (n = 31, 22 mice), unpaired t-test p = 921 

0.1034. F. Mean decay time of Mf-CA3 NMDAR-mediated EPSCs recorded at 0.1Hz. Decay 922 

times are not statistically different between WT (n = 29, 20 mice) and APP/PS1 (n = 31, 22 923 

mice) Mann-Whitney test, p = 0.2099. G. Same as F but recorded at 1Hz. Average decay times 924 

are also not different (unpaired t-test p = 0.7707) between genotypes. H. Time course of 925 

Mf-CA3 NMDARs-EPSCs inhibition after application of Ro-256981 (1μM). The antagonist was 926 

present from the ninth minute until the end of the recordings. Mf NMDAR-mediated EPSCs, 927 

obtained every 10sec (0.1Hz) were averaged every minute and inhibition level is expressed as 928 

percentage of 8-min baseline. There is no significant difference between APP/PS1 (n = 11, 9 929 

mice) and WT (n = 11, 8 mice, Mann-Whitney test, p = 0.7144). I. Example traces of Mf 930 

NMDAR-EPSCs obtained at stimulus frequency of 0.1Hz during Baseline (8min), and 30-40 931 

min of Ro 25-6981 application (lighter traces). J. Mean decay time of Mf-CA3 932 

NMDAR-mediated EPSCs recorded at 0.1Hz. Average decay times are not statistically 933 

different between WT (n = 11, 8 mice) and APP/PS1 mice (n = 11, 9 mice, two-way ANOVA, 934 

with repeated measures, p = 0.2196). The mean decay time before and after Ro 25-6981 is 935 

different for both genotypes (two-way ANOVA, with Sidak's multiple comparisons test; WT: p = 936 

0.001; APP/PS1: p = 0.0054), indicating the presence of GluN2B containing receptors at Mf 937 

synapses. K. Time course of Mf NMDAR-EPSCs in response to NMDAR-LTP protocol. The 938 

stimulus train was applied at the time indicated by the arrow and was composed by 6 bursts of 939 

6 stimuli given at a frequency of 50 Hz. The 6 burst were separated by a 150ms interval. Mf 940 

NMDAR-mediated EPSCs, evoked every 10sec (0.1Hz) were averaged per minute. L. Mean 941 

amplitude of Mf NMDARs EPSCs recorded between 30 to 40 minutes after LTP induction. The 942 

Mf-CA3 NMDAR LTP is abolished in the APP/PS1 mice (n = 11, 8 mice; WT n = 12, 9 mice; 943 
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unpaired t-test p = 0.0109). Values are expressed as percentage of baseline Mf 944 

NMDAR-EPSC amplitude. M. Representative traces of Mf NMDAR-EPSCs obtained at 945 

stimulus frequency of 0.1Hz during baseline (10min), LTP (between 30 min to 40 min after the 946 

train) and LCCG-I application (5 min after drug treatment). Data presented as mean ± SEM. 947 

 948 

Figure 6. Spontaneous GABAergic transmission and feedforward inhibition are reduced 949 

in CA3 PCs of APP/PS1 mice. 950 

A. Representative 20s long traces of spontaneous IPSCs (20 μM NBQX extracellularly, 10 mM 951 

QX-314 intracellularly), recorded at -60mV. B. Mean IEI between sIPSC events recorded 952 

during a 10 minutes period is longer in APP/PS1 cells (n = 18, 6 mice) in comparison to WT 953 

(n=16, 6 mice, Mann-Whitney test p = 0.0459). The distributions of IEI are also different 954 

between genotypes (KS test p = 0.0194). C. There is no significant difference in the mean 955 

amplitude values of sIPSCs recorded in WT (n = 16, 6 mice) and APP/PS1 cells (n = 18, 6 956 

mice, Mann-Whitney test p = 0.2494), but the distribution of the amplitude values shows a 957 

significant shift (KS test p > 0.0001). D. Representative 20s long traces of spontaneous IPSCs 958 

(20 μM NBQX and 1 mM TTX extracellularly and 10 mM QX-314 intracellularly) recorded at 959 

-60 mV. E. Mean mIPSCs IEI recorded during a 10 minute period is not statistically different 960 

between WT (n = 15, 6 mice) and APP/PS1 mice (n = 15, 6 mice; Mann-Whitney test p = 961 

0.6752) neither is the distribution of IEI values (KS test = 0.2220) F. Mean mIPSC amplitudes 962 

values are not different in the APP/PS1 cells (n=15, 6 mice) when compared to APP/PS1 ones 963 

(n=15, 6 mice; Mann-Whitney test p = 0.5193). The distribution of the amplitude values is also 964 

not statistically different between genotypes (KS test p = 0.1632). G. Representative traces of 965 

Mf-EPSCs recorded at negative (-70mV) and IPSCs recorded at positive potentials (+10mV) at 966 

0.1 Hz. D-AP5 (20μM) was present through the experiment. H. E/I ratio in CA3 PC of WT and 967 

APP/PS1 mice at 0.1 Hz. No significant difference was found between WT cells (n = 16, 10 968 

mice) and APP/PS1 cells (n = 16, 10 mice; Mann-Whitney test p = 0.9159). I. Average of 20 969 

traces illustrating evoked Mf EPSCs (recorded at -70mV) and IPSCs (recorded at +10mV) 970 

during 5-stimuli 20Hz train for WT and APP/PS1 cells. J. Line chart representing the E/I ratio of 971 

total charges during the train normalized by the first response. Two-way ANOVA test with 972 
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repeated measures shows no significant difference (p = 0.1712) between WT (n = 14, 9 mice) 973 

and APP/PS1 (n = 14, 9 mice). K. Line chart representing the inhibitory charges during the 974 

train in J. normalized against the first response. Two-way ANOVA test with repeated measures 975 

shows significant difference (p = 0.0478) between WT (n = 14, 9 mice) and APP/PS1 cells (n = 976 

14, 9 mice). Data presented as mean ± SEM. 977 

Figure 7. Intrinsic properties of CA3 PCs are not altered in APP/PS1 mice 978 

A. Membrane resting potential measured at the time whole cell configuration was established. 979 

There is no significant difference between WT (n = 13, 4 mice) and APP/PS1 (n = 12, 4 mice; 980 

unpaired t-test p = 0.5070). Data represented as mean ± SEM. B. Representative traces of 981 

current-clamp recording during 20 pA steps of increasing current injections for WT and 982 

APP/PS1 mice C. There is no significant difference in input resistance of CA3 PC between WT 983 

(n = 13, 4 mice) and APP/PS1 (n = 12, 4 mice; unpaired t-test p = 0.4132). Data represented 984 

as mean ± SEM. D. Box plot illustrating the similarity in mean firing threshold of CA3 pyramidal 985 

neurons between WT (n = 13, 4 mice) and APP/PS1 (n = 12, 4 mice; unpaired t-test p = 0.1005; 986 

whiskers are min and max values, box represents 25 and 75th percentiles and middle bar 987 

represents mean value). E. Firing frequency value during increasing current injections; 988 

two-way ANOVA test p = 0.5894 between WT (n =13, 4 mice) and APP/PS1 (n = 12, 4 mice) 989 

revealed no significant difference at any current step. Firing frequency is not statistically 990 

different when looking exclusively at the last current step (200pA; Mann-Whitney test p = 991 

0.4595). Data represented as mean ± SEM.  F. G. H. I. J. The same experiments as in A-E 992 

but with the presence of NBQX (20 μM), bicuculline (10 μM), CGP 55845 (3 μM) and D-AP5 993 

(50 μM). F.  Bar graph summarizing the lack of significant difference between WT (-72.60 ± 994 

1.57 mV, n = 10, 4 mice) and APP/PS1 (-69.64 ± 2.60 mV, n = 11, 4 mice) CA3 PC resting 995 

membrane potential (Mann-Whitney test p = 0.4311). Data represented as mean ± SEM. H. 996 

Absence of significant difference in the input resistance of CA3 PC between WT (414.70 ± 997 

47.19 MΩ, n = 10, 4 mice) and APP/PS1 (415.10 ± 35.97 MΩ, n = 12, 4 mice; unpaired t-test p 998 

= 0.9949). Data represented as mean ± SEM. I. Box plot illustrating the similarity in mean firing 999 

threshold of CA3 pyramidal neurons between WT (-42.26 ± 2.27 mV, n = 10, 4 mice) and 1000 

APP/PS1 (-41.42 ± 1.75 mV, n = 11, 4 mice; unpaired t-test p = 0.7722; whiskers are min and 1001 
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max values, box represents 25 and 75th percentiles and middle bar represents mean value). J. 1002 

Firing frequency during increasing current injections. Two-way ANOVA test (p = 0.0868) shows 1003 

no significant difference between WT and APP/PS1 cells at any of the steps; Firing 1004 

frequencies recorded at the 200 pA current step are not statistically different in WT (5.43 ± 0.95 1005 

Hz, n = 10, 4 mice) and APP/PS1 (3.97 ± 0.66, n = 11, 4 mice) when analyzed separately with 1006 

(unpaired t-test p = 0.2120). Data represented as mean ± SEM. 1007 
















