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Reduced Excitability in the Dentate Gyrus Network of bIV-Spectrin Mutant Mice In Vivo Raphael Winkels, Peter Jedlicka,* Felix K. Weise, Christian Schultz, Thomas Deller, and Stephan W. Schwarzacher ABSTRACT: The submembrane cytoskeletal meshwork of the axon contains the scaffolding protein bIV-spectrin. It provides mechanical support for the axon and anchors membrane proteins. Quivering (qv3j) mice lack functional bIV-spectrin and have reduced voltage-gated sodium channel (VGSC) immunoreactivity at the axon initial segment and nodes of Ranvier. Because VGSCs are critically involved in action potential generation and conduction, we hypothesized that qv3j mice should also show functional deﬁcits at the network level. To test this hypothesis, we investigated granule cell function in the dentate gyrus of anesthetized qv3j mice after electrical stimulation of the perforant path in vivo. This revealed an impaired input-output relationship between stimulus intensity and granule cell population spikes and an enhanced paired-pulse inhibition of population spikes, indicating a reduced ability of granule cells to generate action potentials and decreased network excitability. In contrast, the input-output curve for evoked ﬁeld excitatory postsynaptic potentials (fEPSPs) and paired-pulse facilitation of fEPSPs were unchanged, suggesting normal excitatory synaptic transmission at perforant path-granule cell synapses in qv3j mutants. To corroborate our ﬁndings, we analyzed the inﬂuence of VGSC density reduction on dentate network activity using an established computational model of the dentate gyrus network. This in silico approach conﬁrmed that the loss of VGSCs is sufﬁcient to explain the electrophysiological changes observed in qv3j mice. Taken together, our ﬁndings demonstrate that bIV-spectrin is required for normal granule cell ﬁring and for physiological levels of network excitability in the mouse dentate gyrus in vivo. C V



2009 Wiley-Liss, Inc.



KEY WORDS: granule cell; axon initial segment; voltage gated sodium channels; quivering mice; computational neuroscience



INTRODUCTION The axon initial segment (AIS) is a highly specialized neuronal compartment. Electrophysiological recordings have provided direct evidence that the AIS represents the site of action potential initiation in hippocampal and neocortical neurons (Stuart and Sakmann, 1994; Colbert and Johnston, 1996; Stuart et al., 1997; Palmer and Stuart, 2006; Meeks and Menneruck, 2007; Shu et al., 2007; Kress et al., 2008; SchmidtInstitute of Clinical Neuroanatomy, Goethe-University, Theodor-SternKai 7, Frankfurt am Main, Germany R.W. and P.J. are joint ﬁrst authors and T.D. and S.W.S. are joint senior authors. Grant sponsor: Deutsche Forschungsgemeinschaft; Grant numbers: JE 528/1-1, DE 551/8-1, SCHU 1412/2-1. *Correspondence to: Peter Jedlicka, M.D., Institute of Clinical Neuroanatomy, Goethe-University of Frankfurt, Theodor-Stern-Kai 7, 60590 Frankfurt. Germany. E-mail: [email protected] Accepted for publication 20 November 2008 DOI 10.1002/hipo.20549 Published online 20 January 2009 in Wiley InterScience (www.interscience. wiley.com). C 2009 V
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Hieber et al., 2008). Action potential generation at the AIS requires a high-density of voltage-gated Na1 channels (VGSCs; Kole et al., 2008), which depends on a speciﬁc membrane cytoskeleton mainly established by the adaptor protein ankyrin-G and scaffolding proteins, in particular the b-spectrins (Bennett et al., 2001). bIV-spectrin, one of ﬁve b-spectrin family members, is a component of the spectrin skeleton at the AIS and nodes of Ranvier (NR; Berghs et al., 2000). It has been shown that bIV-spectrin contributes to the maintenance of high VGSC concentrations at AISs/ NR (Komada and Soriano, 2002; Yang et al., 2004; Hossain et al., 2005). bIV-spectrin binds to ankyrinG which functions as a coordinator of the protein assembly containing VGSC clusters (Davis and Bennett, 1990; Kennedy et al., 1991; Kordeli et al., 1995; Zhou et al., 1998; Komada and Soriano, 2002). Recent data indicate that ankyrin-G recruits bIV-spectrin to AISs and NR (Lacas-Gervais et al., 2004; Yang et al., 2007). Therefore, bIV-spectrin seems to stabilize protein clusters at AISs/NR after their establishment by ankyrin-G (Jenkins and Bennett, 2001). Quivering mice (qv3j; see methods) lack functional bIV-spectrin due to an autosomal recessive mutation in a C-terminal region (Parkinson et al., 2001). The quivering mutation compromises the ability of bIVspectrin to anchor membrane peptides (Parkinson et al., 2001; Komada and Soriano, 2002). The neurological phenotype of mutants includes tremors, progressive ataxia with hind limb paralysis, and deafness (Yoon and Les, 1957). Accordingly, qv3j mice are considered a model for bIV-spectrin related inherited diseases in humans (Bennett and Healy, 2008). Immunohistological analysis has shown that mice lacking normal bIV-spectrin have reduced VGSC densities at neuronal AISs/NR (Komada and Soriano, 2002; Yang et al., 2004). Functional studies have revealed abnormal auditory brainstem responses in bIV-spectrin mutants (Parkinson et al., 2001; Lacas-Gervais et al., 2004). Although these data suggest that the abnormal VGSC distribution in qv3j mice affects neural network activity in the central nervous system in vivo, this has not yet been demonstrated. The dentate gyrus is an anatomically and electrophysiologically well-characterized brain region (Patton and McNaughton, 1995; Amaral et al., 2007; Ribak
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and Shapiro, 2007) for which a detailed network model has recently become available (Santhakumar et al., 2005; Morgan et al., 2007). Therefore, we focused on this brain region to investigate the consequences of the qv3j mutation on neuronal network function using electrophysiological recordings complemented by biologically realistic modeling. Our data demonstrate that the destabilization of VGSC clustering in qv3j mice leads to a reduced spike-generating ability of granule cells (GCs) and considerably decreased network excitability in the dentate circuit. This provides the ﬁrst in vivo evidence that bIV-spectrin-dependent VGSC clustering is essential for physiological levels of network excitability in the mouse brain.



METHODS bIV-Spectrin Mutant (quivering) Mice We obtained C57BL/6J-Spnb4qv3J/1 mice from Dr. Michele Solimena (Medical School, Technical University Dresden, Germany). These quivering (qv3j) mice have a single lossof-function point mutation affecting the C-terminal region of bIV-spectrin (Parkinson et al., 2001).



Operation and Placement of Electrodes Experiments were performed in accordance with German laws governing the use of laboratory animals. Young adult qv3J mice and their wild-type littermates (8–12 weeks old) were anesthetized with an intraperitoneal injection of urethane (Sigma, 1.2 g/kg body weight; supplemental doses of 0.2–0.5 g/kg s.c. as needed). All recordings were made blind to the genotype. The body temperature of mice was monitored constantly through a rectal probe and kept at 378C using a heating pad. Animals were positioned in a stereotaxic apparatus for the insertion of electrodes. The stereotaxic coordinates of electrodes were chosen using a mouse brain atlas (Franklin and Paxinos, 1997), and on the basis of previous studies of perforant path (PP) stimulation in the mouse in vivo (Namgung et al., 1995; Jones et al., 2001b; Freudenthal et al., 2004; Kienzler et al., 2006). For local anesthesia, procainhydrochloride (1%, Aventis, Germany) was injected s.c. in the area surrounding the incision before operation. Holes were drilled in the skull and after removal of the dura mater a bipolar stimulation electrode (NE-200, 0.5 mm tip separation, Rhodes Medical Instruments, USA) was positioned in the angular bundle of the PP (2.1 mm lateral and 3.8 mm posterior to Bregma, 1.8 mm from the brain surface). Tungsten recording electrodes (TM33A10KT, World Precision Instruments, USA) were placed in the granule cell layer (GCL) of the dentate gyrus (0.9 mm lateral and 1.8 mm posterior to the bregma, 1.8 mm from the brain surface).



Electrophysiological Recordings Current pulses (30–800 lA, 0.1 ms duration) were generated by a stimulus generator STG1004 (Multichannel Systems, Hippocampus



Reutlingen, Germany). Potentials were ampliﬁed by a Grass preampliﬁer (Quincy, MA) digitized at 10 kHz using a Digidata 1320A, and analyzed with pClamp 10.2 (both Molecular Devices, Union City, CA). Stimulus-response relationships were analyzed using a range of stimulation intensities from 100 to 800 lA. Five to ten responses were collected at each stimulus intensity and averaged. To measure paired-pulse facilitation (PPF) of the fEPSP amplitude, a double-pulse stimulation at intensities subthreshold to a population spike (30–100 lA) was applied, interpulse intervals reached from 15 to 100 ms. To study paired-pulse inhibition (PPI) and disinhibition (PPDI) of the population spike, maximal double-pulse stimulation (800 lA) and minimum stimulation (evoking 1 mV population spikes) were used in all mice (interpulse intervals 15–1000 ms, data shown only for maximum stimulation intensity). Five to ten paired-pulse responses were collected at each interpulse interval and averaged. PPI/PPDI curves were ﬁtted using a Boltzmann equation (Bampton et al., 1999) to obtain the mean interpulse interval at which equal amplitudes of the ﬁrst and second population spike could be observed.



Computational Modeling We used a published large-scale computational model of the dentate gyrus network, containing four major cell types (Santhakumar et al., 2005): 500 granule cells (GCs, cells 0–499), 15 mossy cells (MCs, cells 506–520), 6 basket cells (BCs, cells 500–505), and 6 hilar cells (HCs, cells 521–526). The model represents a 2000:1 scaled-down version of the dentate gyrus (Santhakumar et al., 2005; see also Dyhrfjeld-Johnsen et al., 2007; Morgan and Soltesz, 2008). Simulation ﬁles were downloaded from the ModelDB website (Davison et al., 2004; Hines et al., 2004). Available at: http://senselab.med.yale.edu/ modeldb/. All simulations were carried out with the NEURON v6.1 simulation program (Hines and Carnevale, 1997). The electrophysiological and morphological properties of the cell types were implemented using biophysically realistic multicompartmental models based on experimental data. Likewise, synaptic conductances (AMPA and fast GABAergic synapses) and dentate network connections were modeled to be consistent with the data from experimental studies. For details regarding precise structural, passive and active properties of model cells, and synaptic and network parameters see Figures 1, 2, and Tables 1–5 in Santhakumar et al., 2005. Detailed connectivity was randomized (Santhakumar et al., 2005). Parameters used in our simulations were identical to parameters in the published network model, including voltage-gated Na1 channel (VGSC) conductances (GCs: 0.12 S/cm2, MCs: 0.12 S/cm2, BCs: 0.12 S/cm2, HCs: 0.2 S/cm2). To explore the effects of the reduction of voltage-gated Na1 VGSC densities on dentate network activity, Hodgkin-Huxley Na1 channel conductance (responsible for action potential generation, Table 2 in Santhakumar et al., 2005) was gradually diminished in axosomatic compartments of all cell types (Figs. 3 and 4). Because the AIS is not explicitly involved in the compartmental model of the dentate cell structure (Fig. 1 in Santhakumar et al., 2005), we



bIV-SPECTRIN AND DENTATE GYRUS EXCITABILITY IN VIVO did not reduce the VGSC conductance speciﬁcally only in this membrane domain. However, recent data indicate Na1 channel density in the AIS to be on average 50-fold higher than the density at the soma (Kole et al., 2008). Thus, decreasing VGSC conductances in the axosomatic part of morphologically simpliﬁed model cells is functionally equivalent to a modiﬁcation of Na1 channels predominantly in the AIS. To study the input-output relationship between stimulation intensity and granule cell ﬁring, the number of stimulated PP ﬁbers was varied systematically (Fig. 3). To avoid saturation effects of maximal GC stimulation, the strength of PP inputs was reduced 3-fold. In these simulations, network activity was initiated by a single synchronous activation of PP synaptic inputs to postsynaptic cells. To analyze PPI of granule cells ﬁring, simulated network activity was initiated by a double synchronous activation of PP synaptic inputs to all postsynaptic cells with various interpulse intervals (Fig. 4). As in Santhakumar’s model, PP synapses were modeled using maximal synaptic conductance (GPPtoGC 5 40 nS, GPPtoBC 5 20 nS, GPPtoMC 5 5 nS) to ensure that all granule cells will ﬁre after a single stimulus. As the network model contains only GABAA receptors and PPDI is dependent on GABAB autoreceptors, we simulated only the PPI part of the PPI/PPDI curve. In bicuculline simulations, all inhibitory conductances (BC-GC, HC-GC, BC-BC, HC-BC) were switched off to 0 nS. Because our electrophysiological data did not indicate a signiﬁcant impairment of action potential conduction at NR and we were speciﬁcally interested in the role of VGSCs at AISs, we did not modify axonal delays in our simulations. The source code of the model is available on request and runnable simulation ﬁles will be accessible through the ModelDB database. For data analysis, the activity of the dentate gyrus network was visualized using spike time raster plots. The activity of GCs was presented as the percentage of maximal GC activation.



Statistical Analysis Differences between groups were statistically analyzed by an unpaired 2-tailed Student’s t-test. In cases where variance was inhomogeneous between groups (tested by Leven’s test, P < 0.05), the nonparametric Mann-Whitney U test was used. All statistical analyses were performed using SPSS for Windows. Group-values are reported as means 6 S.E.M.



RESULTS Basal Synaptic Transmission at Perforant Path-Granule Cell (PP-GC) Synapses of qv3j Mice Previous studies have shown that bIV-spectrin plays an important role in the stabilization of VGSC clustering at the AIS (Komada and Soriano, 2002; Yang et al., 2004). To test whether deﬁciency of functional bIV-spectrin and changes of VGSC densities affect the neuronal activity in the hippocampus in vivo, we studied electrophysiological properties of the den-
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tate gyrus network in urethane-anesthetized qv3j mice after perforant-path (PP) stimulation. First, we analyzed the basal synaptic transmission at PP-GC synapses in the dentate gyrus of bIV-spectrin mutants by recording evoked ﬁeld excitatory postsynaptic potentials (fEPSP). The slope of the fEPSP is an indicator of the synaptic strength (Bronzino et al., 1994). We did not observe signiﬁcant changes in the inputoutput relationship between the stimulus intensity and fEPSP slopes in wild-types (n 5 8) relative to mutants (n 5 7; Fig. 1A), suggesting that excitatory synapses are not affected in qv3j mice. To examine short-term presynaptic plasticity, we performed tests of paired-pulse facilitation (PPF) of fEPSPs (Jones et al., 2001; Kleschevnikov and Routtenberg, 2001) at intensities subthreshold for a population spike. PPF is dependent on presynaptic mechanisms (Manabe et al., 1993). No signiﬁcant difference in PPF could be detected comparing wild-type (n 5 10) to mutant mice (n 5 6, P > 0.5; Fig. 1B). Taken together, these results indicate that basal synaptic transmission (i.e., synaptic strength and presynaptic function) is not altered at PPGC synapses of qv3j mutants.



GC Discharges and Network Excitability in the Dentate Gyrus of qv3j Mice Next, to analyze GC excitability in qv3j mice, we measured stimulus-response relationships of population spikes after PP stimulation. The population spike amplitude is a measure of the percentage of the GC population discharging at a given stimulus strength (Chauvet and Berger, 2002). We compared population spike amplitudes across a range of stimulation intensities in qv3j mice and wild-type littermates (Fig. 2A). The analysis of the stimulus-response curve revealed signiﬁcantly lower spike amplitudes in qv3j mice as compared with wildtypes. These data indicate an impaired ability of GCs to ﬁre action potentials in qv3j mice. In contrast, latencies between stimulus artifacts and fEPSPs/population spikes in mutants (n 5 8, fEPSP latency: 1.64 6 0.06 ms, spike latency: 3.65 6 0.32 ms) and wild-types (n 5 9, fEPSP latency: 1.52 6 0.09 ms, spike latency: 3.64 6 0.2 ms) were not signiﬁcantly altered (fEPSP latency: P 5 0.3, spike latency: P 5 0.6) suggesting that the conduction velocity is not dramatically reduced in PP ﬁbers of qv3j mice. To further characterize the electrophysiological properties of the dentate network in bIV-spectrin mutant mice, we studied the network inhibition and excitability. For this purpose, we carried out paired-pulse inhibition (PPI) and disinhibition (PPDI) tests using double-pulse stimulation of PP inputs at different interpulse intervals. PPI is a postsynaptic phenomenon that is mainly attributable to axosomatic GABA-mediated inhibition of GCs through interneurons in the dentate circuit (Sloviter, 1991; DiScenna and Teyler, 1994). PPDI of the population spike (observed at long interstimulus intervals) is mainly attributable to a decrease of the summation of inhibitory currents and to GABAB autoreceptor-mediated reduction of GABA release from inhibitory terminals (Lambert and Wilson, 1994; Brucato et al., 1995). PPI was enhanced in qv3j mice Hippocampus
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FIGURE 1. Basal synaptic transmission is unaltered at perforant path-granule cell (PP-GC) synapses in anesthetized qv3j mice. A: Input-output curve relating stimulus strength to the fEPSP slope is unaltered in qv3j mice (n 5 7) with respect to wild-type littermates (wt, n 5 8). The fEPSP slope is a measure of synaptic strength. Sample responses at maximum stimulation intensity are displayed as Inset. Inset diagram shows that maximum fEPSP slopes were not altered in mutants relative to wt mice. B: The time course and amplitude of paired pulse facilitation (PPF) are similar in qv3j mutants (n 5 6) and wt littermates (n 5 10). PPF is a measure of presynaptic short-term plasticity. The percentages represent the ratio of the second fEPSP amplitude to the ﬁrst fEPSP amplitude. Sample responses show facilitation at 15 ms interpulse interval. Calibrations: A, 1 ms, 1 mV; B, 0.5 ms, 0.5 mV.



(n 5 7) resulting in a rightward shift in the PPI/PPDI curve relative to the wild-type curve (n 5 11, Fig. 2B). For quantiﬁcation, the data from each mouse were ﬁtted using a Boltzmann equation and the interpulse interval was analyzed at which the amplitude of the second population spike was equal to the ﬁrst population spike amplitude. This interval was signiﬁcantly prolonged in quivering mice (50.69 6 2.83 ms) in comparison to wild-type littermates (42.69 6 1.16 ms, P 5 0.008). To exclude the possibility that this effect was dependent on stimulus strength, we performed the test also at stimulation Hippocampus



FIGURE 2. Excitability of GCs and network inhibition are changed in the dentate gyrus of anesthetized qv3j mice. A: Inputoutput curve relating stimulus intensity to the amplitude of population spikes for qv3j (n 5 7) and wild-type mice (wt, n 5 8). The population spike amplitude is an indicator of the number of granule cells ﬁring at a given stimulus intensity. Sample responses at maximum stimulation strength (800 lA) are displayed as Inset. Note a signiﬁcant decrease in spike amplitudes in qv3j mice. B: The time course of paired pulse inhibition and subsequent disinhibition of the population spike (PPI/PPDI) in the dentate gyrus of qv3j (n 5 7) and wild-type mice (n 5 11). PPI is a measure of GABAergic inhibition efﬁciency. Data were ﬁtted using a Boltzmann equation. Sample traces show paired-pulse responses at 45ms interstimulus interval. Note a signiﬁcant rightward shift in the PPI/PPDI curve of qv3j mice (quantiﬁed in Inset diagram by comparing mean interpulse intervals at which an equal amplitude of the ﬁrst and second population spike could be observed). *P < 0.05. Calibrations: A, 2 ms, 1 mV; B, 10 ms, 2 mV.



bIV-SPECTRIN AND DENTATE GYRUS EXCITABILITY IN VIVO



FIGURE 3. Reduction of voltage-gated Na1 channel (VGSC) density leads to an impaired excitability of GCs in a dentate gyrus network model. A: Simulated voltage traces of granule cells (GCs), basket cells (BCs), mossy cells (MCs), and hilar cells (HCs) in control (WT gNa) and modiﬁed (80% gNa) network model (left and right in all panels, respectively). Every 10th GC is depicted. VGSC conductances were reduced in all modeled dentate cells (see text). Note that several GCs did not discharge in the network with reduced Na1 channel densities. Arrow: PP stimulation. B: Spike raster plots showing the network activity after stimulation of PP inputs with time on the horizontal axis, and index of the neuron
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in the network on the vertical axis. Each point represents an action potential. Note a lower number of activated GCs in the network with reduced Na1 channel densities (80% gNa). Arrow: PP stimulation. C: Quantiﬁcation of the simulation experiment from A and B. D: The density of VGSCs (gNa) in axosomatic compartments of dentate cells was systematically reduced from 90 to 60% of the control value and the number of stimulated PP inputs (stimulation intensity) was varied. Plots represent averages of six runs obtained with randomized connectivity. Input-output relationship between stimulation and GC ﬁring is impaired in simulations with a reduced Na1 channel conductance.



Hippocampus
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FIGURE 4. Paired-pulse inhibition (PPI) of GC discharges is enhanced in the network model containing reduced Na1 channel densities. A: Simulated voltage traces of granule cells (GCs), basket cells (BCs), mossy cells (MCs), and hilar cells (HCs) after pairedpulse stimulation of PP inputs in control and modiﬁed network model (left and right in all panels, respectively). Note that some GCs did not ﬁre action potentials after the second stimulus (PPI). Arrows: PP stimulation. B: Spike raster plot of network activity after paired-pulse stimulation of PP inputs (12 ms interpulse interval) in the dentate gyrus network model. Time (in ms) is on the horizontal axis and index of neurons in the network on the verti-
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cal axis. Each point represents an action potential. Note the reduced number and synchronicity of granule cell discharges after the second pulse (PPI). PPI is stronger in the network with the reduced (70%) Na1 channel density. Arrows: PP stimulation. C: Quantiﬁcation of the simulation experiment from A and B. D: The density of Na1 channels in axosomatic compartments of dentate cells was systematically reduced from 90 to 10% of the control value and the interpulse intervals were varied. Plots represent averages of three runs obtained with randomized connectivity. Inset diagram shows the dependence of PPI on Na1 channel density (13 ms interpulse interval). *P < 0.05.



bIV-SPECTRIN AND DENTATE GYRUS EXCITABILITY IN VIVO intensities evoking a population spike of 1 mV (minimum stimulation, see methods). Again, we could observe a signiﬁcant rightward shift of the PPI/PPDI curve in bIV-spectrin mice (P 5 0.005, data not shown, see methods). These data suggest that the lack of functional bIV-spectrin leads to reduced excitability of the dentate circuit in vivo presumably due to improved efﬁciency of GABAergic inhibition controlling the GC activity (see below).



VGSCs and Network Excitability in a Computational Model of the Dentate Gyrus Our in vivo recordings revealed impaired GC excitability and enhanced efﬁciency of network inhibition in the dentate gyrus of qv3j mice. To better understand the inﬂuence of bIVspectrin and VGSC density changes on the dentate gyrus network activity, we employed a computational modeling approach. More speciﬁcally, we were interested in answering the question whether the reduction of VGSC density at AISs is sufﬁcient to explain our electrophysiological ﬁndings. To this end, we analyzed the complex interaction between excitatory/ inhibitory synaptic activity and intrinsic dentate cell properties dependent on Na1 channels in an established network model of the dentate gyrus (Santhakumar et al., 2005; Morgan and Soltesz, 2008). The network model is based on realistic morphological and electrophysiological data and consists of PP inputs and connections of granule (GC), mossy (MC), basket (BC) and hilar cells (HC, see methods). The role of Na1 channels in network excitability was analyzed by systematically varying their densities in axosomatic compartments. As there is no indication of exclusive VGSC deﬁcits in GCs, we modiﬁed Na1 channel properties in all dentate cells included in the model (see Methods; however, similar results could be obtained by a VGSC manipulation conﬁned to GCs, data not shown). First, we compared simulated input-output curves of a ‘‘wildtype’’ dentate network to a ‘‘bIV-spectrin mutant’’ network with altered VGSC properties. As illustrated by the simulation results (Fig. 3), the number of GC discharges induced by PP stimulation diminished proportionally with the VGSC conductance reduction, indicating an impaired ability of GCs to initiate action potentials. A bicuculline-like block of all inhibitory synapses (BC-GC, HC-GC, BC-BC, HC-BC) re-established normal input-output curves in network simulations with lower VGSC conductances (Figs. 3A–C, panels on the right). This demonstrates that in consequence of VGSC reductiondependent decrease of spike-generating capacity of GCs, GABAergic interneurons (which are also activated by PP inputs) exhibit a stronger inhibitory control over GC ﬁring. To explore the interplay between GC excitability and network inhibition and to better understand our PPI data from anesthetized qv3j mice, we studied the effect of VGSC density changes on the model network activity after paired-pulse stimulation of PP ﬁbers (see Methods). In the ‘‘wild-type’’ network, GC ﬁring decreased after the second stimulus resembling the experimentally observed PPI. This double-pulse related inhibition was dependent on GABAergic mechanisms as indicated by
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turning off all inhibitory synapses in a bicuculline-like manner (Figs. 4A–C, ﬁrst and third panel column). Importantly, the reduction of VGSC conductances in axosomatic compartments of dentate cells reproduced the rightward shift of the PPI curve in bIV-spectrin mutants (Fig. 4D). After switching off GABAergic conductances (bicuculline simulation), the PPI differences were abolished (Figs. 4A–C, second and fourth panel column). These results indicate that in the dentate gyrus circuit with altered VGSCs, network excitability decreases owing to impaired spike-generator properties of GCs and subsequent relative increase of GABAergic inhibition efﬁciency regarding the control of GC ﬁring.



DISCUSSION bIV-spectrin is a master-stabilizing protein of excitable membranes at AISs/NR (Lacas-Gervais et al., 2004). Through binding to ankyrin-G, bIV-spectrin contributes to the maintenance of high VGSC enrichment at these sites (Komada and Soriano, 2002; Yang et al., 2004; Uemoto et al., 2007; Yang et al., 2007). Qv3j mutant mice lack functional bIV-spectrin and exhibit abnormal VGSC localization at the AIS/NR (Yang et al., 2004). Here, we show for the ﬁrst time that bIV-spectrin is required for normal GC ﬁring and for physiological levels of network excitability in the dentate gyrus under in vivo conditions.



Basal Synaptic Transmission and Presynaptic Short-Term Plasticity is Normal at Excitatory PP-GC Synapses of qv3j Mutants We studied excitatory transmission in the dentate gyrus of qv3j mice using PP stimulation and ﬁeld recordings in the GC layer. No signiﬁcant changes in input-output curve for fEPSP slopes were observed in qv3j mice (Fig. 1A). The initial slope of the fEPSP is a measure of the strength of excitatory synapses between PP ﬁbers and GC dendrites. Hence, the lack of bIVspectrin does not seem to inﬂuence the clustering of synaptic receptors in the dentate gyrus leaving synaptic efﬁcacies intact. Double-pulse stimulation at intensities subthreshold for a population spike results in paired-pulse facilitation (PPF) of the fEPSP. PPF is mediated by presynaptic mechanisms and represents a test for short-term synaptic plasticity (Jones et al., 2001). PPF was not signiﬁcantly different between mutant and wild-type mice (Fig. 1B) suggesting similar presynaptic properties. Thus, these data show together that mutation of bIV-spectrin does not affect basal synaptic transmission and presynaptic function at excitatory PP-GC synapses of qv3j mutants.



In Vivo Electrophysiological Recordings Demonstrate Reduced GC and Network Excitability in the Dentate Gyrus of qv3j Mice In comparison to wildtype mice, qv3j mutants exhibited a decrease in the amplitude of the population spike, which is Hippocampus
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considered an indicator of GC ﬁring (Fig. 2A). Thus, consistent with the immunohistochemical evidence showing altered Na1 channel localization at the AIS of qv3j mice (Yang et al., 2004), our recordings revealed an impaired ability of GCs to generate synchronous action potentials in response to PP stimulation. The amplitude of the population spike, as recorded in hippocampal ﬁeld potentials, provides a read-out of synchronized cell ﬁring. It is possible, therefore, that in the mutant animals synchrony has been impaired. Because an abnormal distribution of VGSCs at NR might also lead to a decreased ability of regenerative axonal conduction, we also measured stimulus-response latencies. However, this experiment did not reveal any evidence for reduced conduction velocities of PP axons. These results are in line with optic nerve recordings which did not reveal signiﬁcant changes of action potential propagation in qv3j mice despite dramatic alterations of morphology and Na1 channel immunoreactivity at NR (Yang et al., 2004). Taken together, these data indicate that the mutation of bIV-spectrin affects predominantly AIS-related spike generation rather than regenerative axonal conduction at NR. Molecular differences between these compartments or yet unidentiﬁed local compensatory mechanisms could explain these intriguing observations. Using a paired-pulse stimulation paradigm, we could show decreased network excitability in qv3j mice (Fig. 2B). PPI of the population spike is a measure of axosomatic GABAA receptor mediated inhibition of granule cells through local GABAergic interneurons in the dentate network (Sloviter, 1991). The rightward shift of the PPI/PPDI curve suggests an enhanced efﬁciency of GABAergic inhibition in bIV-spectrin mutants (see below).



reduction of VGSC densities (cf. Figs. 2B and 4). Thus, our in silico experiments fully support the in vivo ﬁnding of impaired GC ability to produce action potentials and of decreased network excitability. Besides GC discharges, activation of PP ﬁbers also recruits GABAergic interneuron ﬁring (see Figs. 3A and 5). Consequently, the ﬁring deﬁcit of GCs (Fig. 2A) might be enhanced in the network activity by a relative increase of feedforward GABAergic inhibition efﬁciency. Indeed, consistent with this prediction, blockade of all inhibitory synapses was able to restore steep input-output curves for GC spikes in network simulations involving lower VGSC conductances (Fig. 3). Given these VGSC-dependent and inhibition-potentiated deﬁcits in action potential ﬁring of GCs, we hypothesized that the enhanced PPI (Fig. 2B) may be a consequence of GABAergic interneurons exerting a stronger inhibitory control over GC excitability in qv3j mice. In agreement with this interpretation, turning off inhibitory conductances (bicuculline simulation) in the network model with modiﬁed Na1 channels abolished the difference in PPI time course in comparison to the control situation. This demonstrates that as a result of VGSC reduction, spike-generating capacity of GCs decreases, leading to a relative increase of inhibitory control over GC excitability (Fig. 5). Thus, the network model illustrates that in spite of reduction in their own VGSC conductances, GABAergic interneurons are able to mediate a stronger network inhibition as compared with ‘‘wild-type’’ circuitry.



Loss of VGSCs is Sufﬁcient to Explain the Electrophysiological Data in a Computational Model of the Dentate Gyrus Lack of bIV-spectrin destabilizes AIS/NR membrane domains (Lacas-Gervais, 2004). Therefore, in addition to the loss of VGSCs, the abnormal localization of other AIS/NR proteins (Jenkins and Bennett, 2001; Parkinson et al., 2001) may contribute to the impaired GC and network excitability in qv3j mice. Hence, we were interested whether the disturbance of VGSC distribution at the AIS of dentate cells is sufﬁcient to explain the electrophysiological changes in bIV-spectrin mutants. Because computational models can help to identify which mechanisms are sufﬁcient for a certain phenomenon to explain it (Noble, 2002), we addressed this question using a recently developed and highly precise computational model of the dentate gyrus (Santhakumar et al., 2005; Morgan and Soltesz, 2008). Reduction of VGSC conductances in the axosomatic compartment of all modeled dentate cells led to a signiﬁcant decrease of GC ﬁring in response to simulated PP activation (Fig. 3). This effect matched the observed stimulus-response relations of GC population spikes (Fig. 2A). Intriguingly, also computational modeling of paired-pulse stimulation of PP inputs could reproduce the observed electrophysiological data by revealing a rightward shift in the simulated PPI curve after Hippocampus



FIGURE 5. DG network schematic. Basic dentate gyrus circuitry: PP: perforant path, GC: granule cells, IN: GABAergic interneurons. PP-stimulation initiates feedforward excitation of GCs (PP ? GC) along with feedforward (PP ? IN ? GC) and feedback inhibition (PP ? GC ? IN ? GC) responsible for the PPI of GC spikes. Our data indicate that the abnormal VGSC distribution at AISs leads to impaired ability of GCs to generate action potentials (Fig. 2A). Simulation results suggest that the altered PPI (Fig. 2B) might be explained as a network consequence of VGSC changes, leading to a decrease of GC excitability and a relative increase of GABAergic inhibition efﬁciency. Despite reduction in their own VGSC conductances, GABAergic interneurons exhibit a stronger inhibitory control over GC ﬁring (Figs. 3 and 4).



bIV-SPECTRIN AND DENTATE GYRUS EXCITABILITY IN VIVO As already mentioned, the absence of normal VGSC activity is not necessarily the only mechanism leading to decreased network excitability in the bIV-spectrin-deﬁcient dentate gyrus. Another possibility could be an increased basal inhibitory tone in the mutant hippocampus. Indeed, in our dentate gyrus computer model, the strengthening of inhibitory synaptic conductances leads to a rightward shift the PPI curve (data not shown). Further tests, including intracellular recordings in acute hippocampal slices will help to clarify this issue. Regardless of this possibility, however, our modeling approach shows that absence of normal VGSC activity at AISs is sufﬁcient to explain the electrophysiological changes observed in our study. In conclusion, our study shows an altered GC and network excitability in the dentate gyrus of qv3j mice under in vivo conditions. These changes can be sufﬁciently explained with an abnormal VGSC clustering at AISs, as demonstrated in silico. Because defects in bIV-spectrin may also underlie inherited human diseases (Bennett and Healy, 2008), our data may help to understand the pathophysiological consequences of these rare mutations in humans.



Acknowledgments We thank Dr. Michele Solimena for providing us with quivering mice and also Sebastian R. Schwarzacher for helping us with simulation data analysis and Dr. Christian M. Mu¨ller and Dr. Solimena for helpful discussions.



REFERENCES Amaral DG, Scharfman HE, Lavenex P. 2007. The dentate gyrus: Fundamental neuroanatomical organization. Prog Brain Res 163:3– 22. Bampton ETW, Gray RA, Large CH. 1999. Electrophysiological characterisation of the dentate gyrus in ﬁve inbred strains of mouse. Brain Res 841:123–134. Bennett V, Baines AJ. 2001. Spectrin and ankyrin-based pathways: Metazoan inventions for integrating cells into tissues. Physiol Rev 81:1353–1392. Bennett V, Healy J. 2008. Organizing the ﬂuid membrane bilayer: Diseases linked to spectrin and ankyrin. Trends Mol Med 14:28– 36. Berghs S, Aggujaro D, Dirkx R Jr, Maksimova E, Stabach P, Hermel JM, Zhang JP, Philbrick W, Slepnev V, Ort T, Solimena M. 2000. BetaIV spectrin, a new spectrin localized at axon initial segments and nodes of ranvier in the central and peripheral nervous system. J Cell Biol 151:985–1002. Bronzino JD, Abu-Hasaballah K, Austin-LaFrance RJ, Morgane PJ. 1994. Maturation of long-term potentiation in the hippocampal dentate gyrus of the freely moving rat. Hippocampus 4:439–446. Brucato FH, Mott DD, Lewis DV, Swartzwelder HS. 1995. GABAB receptors modulate synaptically-evoked responses in the rat dentate gyrus, in vivo. Brain Res 677:326–332. Chauvet GA, Berger TW. 2002. Hierarchical model of the population dynamics of hippocampal dentate granule cells. Hippocampus 12:698–712. Colbert CM, Johnston D. 1996. Axonal action-potential initiation and Na1 channel densities in the soma and axon initial segment of subicular pyramidal neurons. J Neurosci 16:6676–6686.



685



Davis LH, Bennett V. 1990. Mapping the binding sites of human erythrocyte ankyrin for the anion exchanger and spectrin. J Biol Chem 265:10589–10596. Davison AP, Morse TM, Migliore M, Shepherd GM, Hines ML. 2004. Semi-automated population of an online database of neuronal models (ModelDB) with citation information, using PubMed for validation. Neuroinformatics 2:327–332. DiScenna PG, Teyler TJ. 1994. Development of inhibitory and excitatory synaptic transmission in the rat dentate gyrus. Hippocampus 4:569–576. Dyhrfjeld-Johnsen J, Santhakumar V, Morgan RJ, Huerta R, Tsimring L, Soltesz I. 2007. Topological determinants of epileptogenesis in large-scale structural and functional models of the dentate gyrus derived from experimental data. J Neurophysiol 97:1566–1587. Franklin KBJ, Paxinos G. 1997. The Mouse Brain in Stereotaxic Coordinates. San Diego: Academic Press. Freudenthal R, Romano A, Routtenberg A. 2004. Transcription factor NF-kappa B activation after in vivo perforant path LTP in mouse hippocampus. Hippocampus 14:677–683. Hines ML, Carnevale NT. 1997. The NEURON simulation environment. Neural Comput 9:1179–1209. Hines ML, Morse T, Migliore M, Carnevale NT, Shepherd GM. 2004. ModelDB: A database to support computational neuroscience. J Comput Neurosci 17:7–11. Hossain WA, Antic SD, Yang Y, Rasband MN, Morest DK. 2005. Where is the spike generator of the cochlear nerve? Voltage-gated sodium channels in the mouse cochlea. J Neurosci 25:6857– 6868. Jenkins SM, Bennett V. 2001. Ankyrin-G coordinates assembly of the spectrin-based membrane skeleton, voltage-gated sodium channels, and L1 CAMs at Purkinje neuron initial segments. J Cell Biol 155:739–746. Jones MW, Errington ML, French PJ, Fine A, Bliss TVP, Garel S, Charnay P, Bozon B, Laroche S, Davis S. 2001. A requirement for the immediate early gene Zif268 in the expression of late LTP and long-term memories. Nat Neurosci 4:289–296. Jones MW, Peckham HM, Errington ML, Bliss TV, Routtenberg A. 2001b. Synaptic plasticity in the hippocampus of awake C57BL/6 and DBA/2 mice: Interstrain differences and parallels with behavior. Hippocampus 11:391–396. Kennedy SP, Warren SL, Forget BG, Morrow JS. 1991. Ankyrin binds to the 15th repetitive unit of erythroid and nonerythroid beta-spectrin. J Cell Biol 115:267–277. Kienzler F, Jedlicka P, Vuksic M, Deller T, Schwarzacher SW. 2006. Excitotoxic hippocampal neuron loss following sustained electrical stimulation of the perforant pathway in the mouse. Brain Res 1085:195–198. Kleschevnikov AM, Routtenberg A. 2001. PKC activation rescues LTP from NMDA receptor blockade. Hippocampus 11:168–175. Kole MH, Ilschner SU, Kampa BM, Williams SR, Ruben PC, Stuart GJ. 2008. Action potential generation requires a high sodium channel density in the axon initial segment. Nat Neurosci 11:178– 186. Komada M, Soriano P. 2002. [Beta]IV-spectrin regulates sodium channel clustering through ankyrin-G at axon initial segments and nodes of Ranvier. J Cell Biol 156:337–348. Kordeli E, Lambert S, Bennett V. 1995. AnkyrinG. A new ankyrin gene with neural-speciﬁc isoforms localized at the axonal initial segment and node of Ranvier. J Biol Chem 270:2352–2359. Kress GJ, Dowling MJ, Meeks JP, Mennerick S. 2008. High threshold, proximal initiation, and slow conduction velocity of action potentials in dentate granule neuron mossy ﬁbers. J Neurophysiol 100:281–291. doi:10.1152/jn. 90295.2008. Lacas-Gervais S, Guo J, Strenzke N, Scarfone E, Kolpe M, Jahkel M, De CP, Moser T, Rasband MN, Solimena M. 2004. BetaIVSigma1 spectrin stabilizes the nodes of Ranvier and axon initial segments. J Cell Biol 166:983–990. Hippocampus



686



WINKELS ET AL.



Lambert NA, Wilson WA. 1994. Temporally distinct mechanisms of use-dependent depression at inhibitory synapses in the rat hippocampus in vitro. J Neurophysiol 72:121–130. Manabe T, Wyllie DJA, Perkel DJ, Nicoll RA. 1993. Modulation of synaptic transmission and long-term potentiation—Effects on paired-pulse facilitation and epsc variance in the CA1 region of the hippocampus. J Neurophysiol 70:1451–1459. Meeks JP, Mennerick S. 2007. Action potential initiation and propagation in CA3 pyramidal axons. J Neurophysiol 97:3460–3472. Morgan RJ, Santhakumar V, Soltesz I. 2007. Modeling the dentate gyrus. Prog Brain Res 163:639–658. Morgan RJ, Soltesz I. 2008. Nonrandom connectivity of the epileptic dentate gyrus predicts a major role for neuronal hubs in seizures. Proc Natl Acad Sci USA 105:6179–6184. Namgung U, Valcourt E, Routtenberg A. 1995. Long-term potentiation in-vivo in the intact mouse hippocampus. Brain Res 689:85– 92. Noble D. 2002. The rise of computational biology. Nat Rev Mol Cell Biol 3:459–463. Palmer LM, Stuart GJ. 2006. Site of action potential initiation in layer 5 pyramidal neurons. J Neurosci 26:1854–1863. Parkinson NJ, Olsson CL, Hallows JL, Kee-Johnson J, Keogh BP, Noben-Trauth K, Kujawa SG, Tempel BL. 2001. Mutant betaspectrin 4 causes auditory and motor neuropathies in quivering mice. Nat Genet 29:61–65. Patton PE, McNaughton B. 1995. Connection matrix of the hippocampal formation: I. The dentate gyrus. Hippocampus 5:245–286. Ribak CE, Shapiro LA. 2007. Ultrastructure and synaptic connectivity of cell types in the adult rat dentate gyrus. Prog Brain Res 163:155–166. Santhakumar V, Aradi I, Soltesz I. 2005. Role of mossy ﬁber sprouting and mossy cell loss in hyperexcitability: A network model of the dentate gyrus incorporating cell types and axonal topography. J Neurophysiol 93:437–453.



Hippocampus



Schmidt-Hieber C, Jonas P, Bischofberger J. 2008. Action potential initiation and propagation in hippocampal mossy ﬁbre axons. J Physiol 586:1849–1857. Shu Y, Duque A, Yu Y, Haider B, McCormick DA. 2007. Properties of action-potential initiation in neocortical pyramidal cells: Evidence from whole cell axon recordings. J Neurophysiol 97:746– 760. Sloviter RS. 1991. Feedforward and feedback inhibition of hippocampal principal cell activity evoked by perforant path stimulation: GABA-mediated mechanisms that regulate excitability in vivo. Hippocampus 1:31–40. Stuart G, Schiller J, Sakmann B. 1997. Action potential initiation and propagation in rat neocortical pyramidal neurons. J Physiol 505 (Part 3):617–632. Stuart GJ, Sakmann B. 1994. Active propagation of somatic action potentials into neocortical pyramidal cell dendrites. Nature 367: 69–72. Uemoto Y, Suzuki S, Terada N, Ohno N, Ohno S, Yamanaka S, Komada M. 2007. Speciﬁc role of the truncated betaIV-spectrin Sigma6 in sodium channel clustering at axon initial segments and nodes of ranvier. J Biol Chem 282:6548–6555. Yang Y, Lacas-Gervais S, Morest DK, Solimena M, Rasband MN. 2004. BetaIV spectrins are essential for membrane stability and the molecular organization of nodes of Ranvier. J Neurosci 24:7230– 7240. Yang Y, Ogawa Y, Hedstrom KL, Rasband MN. 2007. BetaIV spectrin is recruited to axon initial segments and nodes of Ranvier by ankyrinG. J Cell Biol 176:509–519. Yoon CH, Les EP. 1957. Quivering, a new ﬁrst chromosome mutation in mice. J Hered 8:176–180. Zhou D, Lambert S, Malen PL, Carpenter S, Boland LM, Bennett V. 1998. AnkyrinG is required for clustering of voltage-gated Na channels at axon initial segments and for normal action potential ﬁring. J Cell Biol 143:1295–1304.



























[image: Reduced Excitability in the Dentate Gyrus Network of ...]
Reduced Excitability in the Dentate Gyrus Network of ...












[image: Reduced excitability in the dentate gyrus network of]
Reduced excitability in the dentate gyrus network of












[image: Increased Dentate Gyrus Excitability in Neuroligin-2 ...]
Increased Dentate Gyrus Excitability in Neuroligin-2 ...












[image: Increased Dentate Gyrus Excitability in Neuroligin-2 ...]
Increased Dentate Gyrus Excitability in Neuroligin-2 ...












[image: Increased network excitability and impaired induction of long-term ...]
Increased network excitability and impaired induction of long-term ...












[image: Data-capable network prioritization with reduced delays in data service]
Data-capable network prioritization with reduced delays in data service












[image: Selectivity for the Human Body in the Fusiform Gyrus]
Selectivity for the Human Body in the Fusiform Gyrus












[image: Circadian control of neural excitability in an animal ... - Semantic Scholar]
Circadian control of neural excitability in an animal ... - Semantic Scholar












[image: The function of the left angular gyrus in mental arithmetic-evidence ...]
The function of the left angular gyrus in mental arithmetic-evidence ...












[image: The function of the left angular gyrus in mental arithmetic-evidence ...]
The function of the left angular gyrus in mental arithmetic-evidence ...












[image: tell us about the Inferior Frontal Gyrus in Theory of Mind]
tell us about the Inferior Frontal Gyrus in Theory of Mind












[image: Dissociable roles of human inferior frontal gyrus during ...]
Dissociable roles of human inferior frontal gyrus during ...












[image: Meet-in-the-Middle Attack on Reduced Versions of the ...]
Meet-in-the-Middle Attack on Reduced Versions of the ...












[image: Attacking Reduced-Round Versions of the SMS4 Block ...]
Attacking Reduced-Round Versions of the SMS4 Block ...












[image: Reduced K-theory of Azumaya algebras - ScienceDirect]
Reduced K-theory of Azumaya algebras - ScienceDirect












[image: State of the River Report 2016 reduced .pdf]
State of the River Report 2016 reduced .pdf












[image: To retrieve or to calculate-left angular gyrus mediates the retrieval of ...]
To retrieve or to calculate-left angular gyrus mediates the retrieval of ...












[image: Understanding and producing the reduced relative construction ...]
Understanding and producing the reduced relative construction ...












[image: Exploration and Exploitation in the Presence of Network ...]
Exploration and Exploitation in the Presence of Network ...















Reduced excitability in the dentate gyrus network of [beta]IV-spectrin ...






Jan 20, 2009 - Reduced Excitability in the Dentate Gyrus Network of bIV-Spectrin. Mutant Mice In Vivo. Raphael Winkels, Peter Jedlicka,* Felix K. Weise, ... 






 Download PDF 



















 698KB Sizes
 5 Downloads
 188 Views








 Report























Recommend Documents







[image: alt]





Reduced Excitability in the Dentate Gyrus Network of ... 

Dec 18, 2008 - Raphael Winkels, Peter Jedlicka,* Felix K. Weise, Christian Schultz, Thomas Deller, .... Published online in Wiley InterScience (www.interscience.wiley.com). ... Michele Solimena (Medical School, Technical University Dres-.














[image: alt]





Reduced excitability in the dentate gyrus network of 

Jan 20, 2009 - Quivering (qv3j) mice lack functional bIV-spectrin and have reduced voltage-gated so- ... Recent data indicate that ankyrin-G recruits bIV-spec-.














[image: alt]





Increased Dentate Gyrus Excitability in Neuroligin-2 ... 

Jun 7, 2010 - transferred to a temperature controlled submersion-type recording .... Images were further processed with the AnalySIS software (Olympus).














[image: alt]





Increased Dentate Gyrus Excitability in Neuroligin-2 ... 

Jun 7, 2010 - Computer simulations of the dentate network showed that ... supported by findings that NL deficits are associated with ...... 396:351--365.














[image: alt]





Increased network excitability and impaired induction of long-term ... 

a Institute of Clinical Neuroanatomy, Goethe University Frankfurt, Theodor-Stern-Kai 7, ...... McDougle, C.J., Erickson, C.A., Stigler, K.A., Posey, D.J., 2005.














[image: alt]





Data-capable network prioritization with reduced delays in data service 

Sep 2, 2009 - t I t M. dT kb 11 ,,PCM . A 1990 4. RE32'633 E. 3/1988 Hovey et a1' â€œâ€œâ€œâ€œâ€œâ€œâ€œâ€œ â€œ 340/710 erna e npu, Ice ..... The present application relates generally to mobile stations and network ... calls and/or sending and receivi














[image: alt]





Selectivity for the Human Body in the Fusiform Gyrus 

Aug 4, 2004 - while viewing segments of a James Bond movie, showed that bodies activate the fusiform gyrus near the FFA (Bartels and. Zeki 2004). The stimuli in this study were not controlled, so it is not clear whether bodies, faces, or both were re














[image: alt]





Circadian control of neural excitability in an animal ... - Semantic Scholar 

The gaps in the firing rate data (around day 5 in both control and latent period) reflect the .... the Wilder Center of Excellence for Epilepsy Research, and the Chil-.














[image: alt]





The function of the left angular gyrus in mental arithmetic-evidence ... 

The function of the left angular gyrus in mental arithmetic-evidence from the associative confusion effect.pdf. The function of the left angular gyrus in mental arithmetic-evidence from the associative confusion effect.pdf. Open. Extract. Open with. 














[image: alt]





The function of the left angular gyrus in mental arithmetic-evidence ... 

Nov 29, 2011 - The function of the left angular gyrus in mental arithmetic-evidence from the associative confusion effect.pdf. The function of the left angular ...














[image: alt]





tell us about the Inferior Frontal Gyrus in Theory of Mind 

Jul 6, 2015 - This is a PDF file of an unedited manuscript that has been accepted for publication. .... (2015). Finally, the ventral attention system discussed by .... However, the apparently negative findings can be explained by the control.














[image: alt]





Dissociable roles of human inferior frontal gyrus during ... 

observation and execution of an action does not necessarily reflect mirror neuron activity. (Dinstein .... time-series as the first step (Ashburner and Friston, 2005).














[image: alt]





Meet-in-the-Middle Attack on Reduced Versions of the ... 

1 Institute for Infocomm Research, Agency for Science, Technology and Research, ... of Wireless Wideband Communication and Signal Processing (No. 11101). ...... Our results show that as far as Camellia is concerned, the semi-advanced.














[image: alt]





Attacking Reduced-Round Versions of the SMS4 Block ... 

of Lecture Notes in Computer Science, pp. 306â€“318 .... computer programs. ...... Office of State Commercial Cryptography Administration, P.R. China, The SMS4.














[image: alt]





Reduced K-theory of Azumaya algebras - ScienceDirect 

Feb 28, 2006 - fiber arising from the long exact sequence of above map, or the reduced Whitehead ...... [16] J.S. Milne, Ã‰tale Cohomology, Princeton Math. Ser.














[image: alt]





State of the River Report 2016 reduced .pdf 

There was a problem previewing this document. Retrying... Download. Connect more apps... Try one of the apps below to open or edit this item. State of the ...














[image: alt]





To retrieve or to calculate-left angular gyrus mediates the retrieval of ... 

To retrieve or to calculate-left angular gyrus mediates the retrieval of airthmetic facts during problem solving.pdf. To retrieve or to calculate-left angular gyrus ...














[image: alt]





Understanding and producing the reduced relative construction ... 

Oct 4, 2006 - centerpiece of a new theory of sentence comprehension ... foundation for MTS, and so we review the most rele- ...... bridge University Press.














[image: alt]





Exploration and Exploitation in the Presence of Network ... 

Center for Emerging-Technology Assessment, Science and Technology Policy Institute,. 395-70 ... Intel has developed new microprocessors by maintaining compatibility with the established ... On the one hand, if the RISC trend represented a.


























×
Report Reduced excitability in the dentate gyrus network of [beta]IV-spectrin ...





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Sign In






Email




Password







 Remember Password 
Forgot Password?




Sign In



















Information

	About Us
	Privacy Policy
	Terms and Service
	Copyright
	Contact Us





Follow us

	

 Facebook


	

 Twitter


	

 Google Plus







Newsletter























Copyright © 2024 P.PDFKUL.COM. All rights reserved.
















