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Supplementary Figure S1 | Ag NW network on a quartz substrate. a. Schematic representation of the fabrication of Ag NW networks where Ag NWs in suspensions are deposited by drop-casting on a 10 × 10 mm2 quartz substrate. b. Photograph of the transparent Ag NW network deposited on the quartz substrate. c. Transmittance spectra of the Ag NW network on the quartz substrate compared to the transmittance spectra of the bare quartz substrate, showing the high transparency of the Ag NW network over a wide range of wavelengths.
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Supplementary Figure S2 | Experimental setup for multiterminal characterization. a. Photograph of the contact fixture for multiterminal electrical characterization. The sample, loaded on a milled plastic support, is placed in contact with spring-loaded electrode terminals by means of an actuator lever. b. Side-view image showing a detail of the 16 spring-loaded needle electrodes (diameter of 40 μm, applied force limited to 0.15 N) that are placed in contact with the sample at 500 μm from its edges. c. Schematization of the position of needle probes contacting the NW network deposited on the quartz substrate.








[image: ]Supplementary Figure S3 | Influence of spatial location of neuron terminals on heterosynaptic    effect. a. Schematic representation of the multiterminal configuration with highlighted terminals considered for the spatio-termpoal stimulation pattern reported in Figure 2d and e. b. Spatio-temporal stimulation pattern and c. corresponding evolution of the conductance of synaptic pathways (from Figure 2d and e), where two examples of heterosynaptic phenomena are highlighted in circled areas. The circled area 1 in panel c refers to the temporal sequence where the synaptic pathway connecting terminals 7 and 9 is directly stimulated. As can be observed, besides changes in the effective conductance of the directly stimulated pathway (7,9), significant changes in the effective conductance were observed also in pathways (7,14) and (2,9), while almost no changes were observed in pathway (2,14). This behavior is related to the spatial location of neuron terminals. Indeed, while pathways (7,14) and (2,9) share neuron terminals with the directly stimulated (7,9) pathway, the pathway (2,14) involves peripheral areas of the network with respect to the directly stimulated area. Similarly, in the circled area 2 where the pathway (2,14) is directly stimulated with paired pulses, negligible changes in the peripheral synaptic pathway (7,9) can be observed, while larger changes are observed in pathways (2,9) and (7,14). These examples show the dependence of heterosynaptic plasticity effects on the spatial location of neuron terminals due to the functional connectivity of the memristive network. 
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Supplementary Figure S4 | Experiemental transresistance pattern from adjacent pattern measurement scheme. Source current () pattern, corresponding sense voltage () pattern and transresistance pattern. Measurements were performed by applying a voltage of 10 mV to adjacent source terminals and measuring the corresponding , while measuring  across other pair of adjacent terminals. The source configuration is labelled at the top.
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Supplementary Figure S5 | Transresistance pattern of a homogeneous sample (simulated). Transresistance pattern obtained with the adjacent protocol scheme of a simulated homogeneous sample with a median conductivity of 15.7 mS. Selected source-sense configurations corresponding to numbered measurements of the transresistance pattern are reported. In case of a homogeneous sample, geometrically symmetric source-sense configurations resulted in the same value of transresistance (refer to configurations 1 and 2). Configurations 3 and 4 correspond to sourcing a pair of electrodes in the corner while sensing in adjacent and opposite pairs of electrodes, respectively.







[image: ]Supplementary Figure S6 | Reconstruction of the impedance matrix from the transresistance pattern. a. Experimental transresistance pattern of an Ag NW network and b. corresponding impedance matrix reconstructed from transresistance data. Matrix elements highlighted with triangle markers in panel b correspond to measurements marked in panel a. Orange triangles mark two symmetric configurations. The ERT-wired sample can be considered a common loop multi terminal network1, where the transresistance measurements obtained on the sample are the entries of the impedance matrix  associated with the electrical network.
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Supplementary Figure S7 | Extraction of grid-graph model parameters in the pristine state. The value of the pristine conductivity of each grid-graph edge  is estimated by interpolating the median conductance of the ERT map resulting from the grid-graph model and the median conductance of the experimental map reported in Figure 2d. In the pristine state, each edge of the grid-graph was assigned to the same  value under the assumption of a homogeneous NW network. As a first step, the grid-graph model was initialized by imposing a  value of conductance to each edge. Then, the transresistance pattern and the corresponding impedance matrix were acquired to obtain the conductivity map of the grid-graph model by means of ERT reconstruction. Subsequently, the median conductance of the pixels of the map was calculated. The same procedure was repeated for different values of , unveiling a linear relationship in between the median conductivity of the reconstructed map and the  edge conductance. By exploiting a linear interpolation of data, the  value of edges was extrapolated such that the median conductance of the simulated conductivity map matches well with the conductivity map reconstructed from experimental data as reported in Figure 2.


[image: ]Supplementary Figure S8 | Reciprocity of the NW network and symmetry of impedance matrices. a. Difference matrix resulting from the difference (in percentage) in between the impedance matrix  and its transpose  exploited to evaluate the symmetry of  (details in Supplementary Note 4) and b. corresponding histogram of the difference matrix elements. The  matrix and histogram have been reconstructed from the experimental impedance matrix of the NW network reported in Figure 2d. The reciprocity of the network is reflected in a symmetric matrix with values of the  matrix < 5%, where low deviations from a perfect symmetry can be attributed to measurement noise. 







[image: ]Supplementary Figure S9 | Mapping dynamic formation of synaptic pathways across the NW network connectome. a. Schematic representation of the multiterminal configuration with highlighted terminals of the directly stimulated synaptic pathway and b. experimental and simulated evolution of the effective conductance in between the selected pair of electrodes during potentiation (detail of Figure 3b). c. Evolution of the memristive network by grid-graph modeling (red intensity is proportional to the edge conductance, blue intensity is proportional to the node voltage), d. corresponding simulated differential impedance matrices and e. corresponding simulated differential conductivity maps by ERT reconstruction during stimulation (Supplementary Movie 2). The grid-graph model and the reconstructed maps enable direct investigation of the synaptic potentiation dynamics at the macroscale, showing the gradual formation of a potentiated conductive pathway growing over time starting from the stimulated electrodes along the electric potential gradient.
[image: ]Supplementary Figure S10 | Comparison of the homogeneous and the non-homogeneous network. a. Impedance matrix and b. conductivity map of the high density nearly homogeneous NW network, c. map of the percentage variation of conductivity across the network with respect to the median conductance value of the network (median conductance of 15,8 mS) and d. corresponding pixel histogram of conductance variations. e. Impedance matrix and f. conductivity map of the non-homogeneous NW network, g. map of the percentage variation of conductivity across the network with respect to the median conductance value of the entire network (median conductance of 5,9 mS) and h. corresponding pixel histogram of conductance variations. A comparison of the impedance matrices shows a less uniform impedance matrix in case of the non-homogeneous network compared to the homogeneous sample that reflects in a less homogeneous spatial distribution of conductivity across the network. The non-homogeneous network, that is characterized by a lower median conductance, is characterized by larger percentage variations of conductivity over the network.

[image: ]Supplementary Figure S11 | Electric potential and current distribution in the non-homogeneous connectome. (a) Experimental conductivity map of the non-homogenous NW network reported in Figure 4a and (b) corresponding distribution of the electric potential over the pristine conductive map when a potential difference is externally applied in between terminals 6 and 13. It can be noticed that the higher pristine state conductivity near terminal 6 (terminal on the left) results in a large nearly equipotential area surrounding this electrode that acts as a nearly equipotential virtual electrode and drives the topology-dependent formation of the conductive pathway. (c) Map of current vectors across the pristine state corresponding to the electrical potential distribution reported in panel b. In this case, the effect of the nearly equipotential area near terminal 6 can be observed by the wider spread of current lines around this area. In panel c, the arrow length is proportional to current density.
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Supplementary Figure S12 | Finite element mesh model for ERT map reconstruction. a. Finite element mesh model used in EIDORS for image reconstruction and b. a detailed view of the mesh model. The model implements 9554 triangular elements and the 16 contacts corresponding to the experimental fixture. The contacts are modeled as point-contacts at single mesh nodes. Lateral dimensions coordinates are expressed in mm.















	Parameters
	Value

	
	2,1 mS

	
	3,6 mS

	
	102 V-1

	
	30 V-1

	
	5 ∙ 10-6 µs-1

	
	1.8∙ 10-3   s-1



Supplementary Table 1. Parameters of the potentiation-depression balance-rate equation exploited for regulating the edge dynamics of the grid-graph model (refer to Supplementary Note 3), extracted from interpolation of the two-terminal experimental characteristics of potentiation/relaxation reported in Figure 3b.


















Supplementary Note 1 | Resistive switching mechanism in NW networks
The emergent memristive behavior of NW networks arises from resistive switching events occurring in network elements, as detailed in a previous work 2 where the resistive switching of single elements composing the network was analyzed by considering devices based on single NW cross-point junctions and single NWs. The network can experience weight plasticity related to the change of conductivity of NW junctions depending on the history of experienced electrical stimulation. In this case, the switching mechanism relies on the formation/rupture of a metallic bridge connecting the two NW metallic cores at the intersection point driven by the electric field. This switching mechanism is typically volatile, meaning that the conductance state of the junction can spontaneously relax to the ground state after stimulation due to the spontaneous dissolution of the metallic conductive bridge. The spontaneous dissolution of the metallic bridge is related to energy minimization effects (details on the physical mechanisms driving the spontaneous dissolution of the filament can be found in refs.3–5). The timescale of the conductive bridge relaxation depends on the history of applied voltage and current. In addition, the network can experience wiring plasticity that can lead to electrically-induced changes in the network topology. This effect relies on the rupture and rewiring of NWs under electrical stimulation driven by Joule heating and electromigration-driven breakdown events. When electrically stimulated, the current across the network is distributed according to Kirchhoff’s law and is regulated by the conductivity of each network element. Resistive switching events in network elements cause a redistribution of currents and voltages across the network, inducing conductance changes also in other memristive elements through an avalanche effect. These effects give rise to the emergent memristive behavior of the system.




Supplementary Note 2 | ERT measurement protocol for mapping nanowire networks
ERT has been demonstrated to be a reliable technique for electrical conductivity mapping of thin films - e.g., transparent conductive oxides6, and 2D materials like graphene7. More recently, it was demonstrated that it is possible to map the conductivity of metallic nanowire networks as transparent conductive materials8. Here, it was shown that the ERT technique can be exploited to map the conductivity of NW networks with a wide range of areal mass densities (60 - 180 mg/m2). Importantly, it was reported that the conventional ERT protocols are not suitable for mapping NW networks. Typically, ERT is performed using “current-controlled” measurement protocols, in which the source current  is kept constant. This means that for each of the contact configurations involved the applied voltage necessary to inject such a current is not under control (it depends on the resistance seen from the selected contacts). Larger voltages applied to pairs of contacts that exhibit larger resistances to inject  were observed to induce sample alterations when considering NW networks related to unwanted electromigration phenomena. To avoid this issue, a new measurement protocol was developed to perform non-invasive ERT mapping. 9 This implementation is based on a “voltage-controlled” measurement protocol. Differently from the conventional “current-controlled” protocol, the “voltage-controlled” protocol prescribes the source voltage () to be kept constant at a low value that do not induce switching events in the network while   can vary depending on the contact configuration. In this framework, this protocol makes it possible to perform non-invasive ERT measurements on one side preventing sample alterations and on the other side maximizing the signal to noise ratio in the transresistance measurements. A detailed description of the “voltage-controlled” measurement protocol can be found in our previous work.9 



Supplementary Note 3 | NW network as a continous medium at the macroscale
Theoretical and experimental investigation of NW networks by Forrò et al.12 and Sannicolo et al.13, respectively, revealed that the voltage distribution across a sufficiently dense NW network can be approximated to the voltage distribution observed in a continuous medium. By considering the NW network normalized density described by the equation , where  is the number of NWs per unit area while  is the NW length, the approximation holds for , where  is the percolation critical density.12 This approximation holds for NW networks exploited in this work characterized by a normalized density of , where  was estimated by considering an areal mass density (AMD) of ~ 99 mg m–2, an average diameter of 115 nm and a length of 35 μm (see Methods). Moreover, it is worth noticing that the approximation of the NW network as a continuous medium is in accordance with resistance grid network models, where the effective resistance measured in between 3 or 4 lattice spacing apart was reported to well match with that of a continuous uniform sheet.14 The latter observation also support the use of a regular grid-graph model for modeling the NW network as a 2D conductive medium.









Supplementary Note 4 | Spatial resolution and traceability of ERT mapping
Figures of merit for the quality of an ERT reconstruction have been proposed, mostly related to the use of ERT as an imaging technique, hence quantifying the image resolution, contrast, and geometrical accuracy.15 These are dependent on the number of electrodes, the measurement stimulation pattern, the measurement noise, the spatial position and shape of the object to be identified, and the specific reconstruction algorithm employed. In a previous work,6 the analogue of the point spread function (PSF) of optical systems was considered to quantify the spatial resolution of ERT. Simulations suggested that one of the main limiting factors is the number of electrodes when using a Gauss-Newton solver (the solver used in the present work). Hence, in first place, experimentally, for a comparable number of electrodes  (16 in this work), the spatial resolution can be considered of the order of interelectrode distance. 
Traceability to the SI for ERT is linked to the calibration of the instrumentation but also to the validation of the reconstruction algorithms. In this work, measurements were performed with calibrated current source and voltmeter, so the traceability to the SI of the ERT patterns is conserved. In terms of conductivity maps, there is still very little work available in literature. It has been shown that for simple conductivity distributions, the reconstruction error due to the measurement accuracy which is typical of laboratory grade instrumentation is small.16 The assessment of the final ERT image accuracy is an open problem.





Supplementary Note 5 | Reciprocity of the NW network and symmetry of impedance matrices. The same transresistance value is expected by sourcing a pair of selected electrodes and sensing another selected pair of electrodes or vice versa () since the NW network represents a reciprocal passive network where, according to the reciprocity theorem17, the impedance matrix is symmetric . The symmetry of the impedance matrix can be evaluated by considering the variations in between the impedance matrix  and its transpose , as for example reported in Supplementary Figure S8. 














Supplementary Note 6 | Tailoring stimulation for short-term synaptic plasticity effects
The competing effects of memory enhancement and spontaneous decay related to the formation and spontaneous dissolution of conductive filaments in memristive cells drives the transition from short-term synaptic plasticity to long-term synaptic effects. In conventional memristive cells, the transition from a short-term memory regime to long-term memory regime can be controlled through the applied electrical stimulation (voltage/current amplitude, pulse length, pulse rate, etc.) by regulating the filament lifetime over several order of magnitude.5,18 In case of NW networks, our previous works performed on nearly homogeneous networks showed that it is possible to identify appropriate stimulating conditions that drives mainly volatile switching events in network elements, making possible to operate the network in the short-term memory regime.2,11 In this context, stimulation in Figure 3b was selected to obtain short-term plasticity effects while minimizing long-lasting changes.











Supplementary Note 7 | Grid-graph modeling NW network in the short-term memory regime
Short-term memory of network elements was modelled by regulating memristive dynamics of graph edges with a potentiation-depression rate-balance equation10 that allows to simulate the network response and emergent network behavior when stimulated with arbitrary input voltage waveforms, as detailed in our previous works.11 In brief, the current  flowing in the edge connecting the ith and jth  nodes is given by the relation: 
                                                                                          (1) 
where  is the normalized conductance (values in between 0 and 1),  and  are the minimum and maximum edge conductances, respectively, while  is the voltage difference between ith and jth node. The evolution over time of the edge conductance is represented by the state equation:
		             	                                   (2)
where  and  are the potentiation and depression rate coefficients that, as expected for diffusion of ions, are assumed to be function of the applied voltage through exponential relations:
				                                                            (3)
				                                                            (4)
where  are transition rates while  are constants. By assuming a simulation timestep , the recursive solution of equation (2) can be expressed as: 
                                                       (5)
where  and  are normalized conductances at times  and  of the corresponding memristive edge . Eq. (5) is exploited to update the conductance of each graph edge at each timestep. 
The electrical solution of the graph for each simulation timestep is performed by means of Modified Voltage Node Analysis (MVNA) algorithm (a generalization of the Voltage Node Analysis algorithm) that allows to evaluate the voltage distribution across graph nodes and, subsequently, currents across edges. Parameters of the rate-balance equation to regulate edge dynamics, extracted by interpolating experimental data, are reported in Supplementary Table 1.
















Supplementary Note 8 | Influence of network density and topology on electrical properties.
Electrical properties of NW networks in the pristine state (i.e., before stimulation) are related to the NW density. As detailed by Forrò et al.,12 a non-linear increase of conductivity can be observed by progressively increasing the NW density. The dependence of the conductivity of network areas on the local density of NWs was experimentally proved in our previous work by correlating local electrical properties to the local morphology of the network through combined electrical mapping, optical microscopy and transmittance spectra characterization.8 Despite self-assembly of NW networks rely on random distribution of NWs, it is not possible to exclude that also preferential orientation of NWs in specific areas can influence the local NW network conductivity.19


















Supplementary Note 9 | Improvement of spatial and temporal resolution of ERT mapping by optimization of measurement protocols and reconstruction algorithms. 
Increasing the spatial resolution of ERT mapping relies on acquiring an increased amount of information via boundary measurements to be passed to the reconstruction algorithm. While in principle an increased amount of information can be achieved by increasing the number of electrical terminals contacting the NW network, a different approach can be explored by acquiring complementary information on the sample. To increase the number of independent measurements, one possibility is the implementation of rotational electrical impedance/resistance tomography (R-EIT).20 In this case, the number of independent measurements is increased by moving electrodes from a starting position to another distinct position on the sample boundary through the appropriate development of a rotational fixture driven by a motor, allowing to increase the overall mapping quality. However, the main drawback of this approach is the introduction of positioning uncertainty related to the mechanical movement. An example on how it is possible to increase the amount of information on the sample by acquiring complementary information was demonstrated by coupling boundary electrical measurements with magnetic measurements through magnetic resonance electrical impedance tomography (MREIT).21 Here, an MRI scanner was exploited to provide additional independent information on the sample conductivity by measuring the induced internal magnetic flux density produced by injected currents and electric fields inside the sample, allowing to obtain higher-resolution conductivity images. All these approaches can be clearly envisaged to increase the spatial resolution of NW network mapping.
Increasing the temporal resolution of ERT mapping relies on exploiting fastest strategies for acquiring the impedance matrix of the multiterminal system. Within the context of an adjacent scanning strategy (used in the present work) and 16-electrodes, data acquisition speed of well beyond 1k frames per seconds (fps) can be achieved as shown in other fields of application.22,23 More recent approaches based on AC-regime excitation and parallel sensing of all the electrodes have been proposed to reach about 800 frames per second image reconstruction rate with real time reconstruction.24 In this context, the measurement speed of the set of electrical measurements required for ERT reconstruction of NW networks can be increased by exploring measurement protocols in the AC regime.
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