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Abstract  35 

Pattern separation is a fundamental brain computation that converts small 36 

differences in input patterns into large differences in output patterns. Several 37 

synaptic mechanisms of pattern separation were proposed, including code 38 

expansion, inhibition, and plasticity. However, which of these mechanisms play a 39 

role in the entorhinal cortex (EC)–dentate gyrus (DG)–CA3 circuit, a classical 40 

pattern separation circuit, remains unclear. Here, we show that a biologically 41 

realistic, full-scale EC–DG–CA3 circuit model, including granule cells (GCs) and 42 

parvalbumin-positive inhibitory interneurons (PV+-INs) in the DG, is an efficient 43 

pattern separator. Both external gamma-modulated inhibition and internal lateral 44 

inhibition mediated by PV+-INs substantially contributed to pattern separation. 45 

Both local connectivity and fast signaling at GC–PV+-IN synapses were important 46 

for maximal effectiveness. Similarly, mossy fiber synapses with conditional 47 

detonator properties contributed to pattern separation. In contrast, perforant path 48 

synapses with Hebbian synaptic plasticity and direct EC–CA3 connection shifted 49 

the network towards pattern completion. Our results demonstrate that the 50 

specific properties of cells and synapses optimize higher-order computations in 51 

biological networks, and might be useful to improve the deep learning 52 

capabilities of technical networks.  53 

 54 
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Introduction 61 

A fundamental question in neuroscience is how higher-order computations are 62 

implemented at the level of synapses, neurons, and neuronal networks. A key 63 

computation in the brain is pattern separation, a process that converts slightly different 64 

synaptic input patterns into substantially different action potential (AP) output patterns1–65 
4. Although pattern separation is a universal network computation conserved across 66 

circuits and species4, it is thought to play a particularly important role in the dentate 67 

gyrus (DG), the input region of the hippocampus in mammals5,6. A prevalent model of 68 

hippocampal memory suggests that pattern separation in the DG is essential for reliable 69 

storage and recall of memories in the downstream CA3 region2,7,8. Thus, analyzing the 70 

mechanisms of pattern separation is crucial for the understanding of both short-term 71 

processing and long-term storage of information.  72 

Early models of pattern separation, inspired by the architecture of the 73 

cerebellum4,9,10, suggested that divergent feedforward excitation and code expansion 74 

play a role in pattern separation9. According to the Marr-Albus theory, projection from a 75 

small to a large population of neurons expands the dimensionality of coding space, 76 

increasing the separability of patterns by downstream biological decoders10. The Marr-77 

Albus model is consistent with structural and functional connectivity rules of the 78 

cerebellum, because a single mossy fiber axon divergently projects onto ~600 granule 79 

cells (GCs)4. Whether code expansion also explains pattern separation in the rodent 80 

hippocampus, where ~50,000 entorhinal cortex (EC) neurons diverge to ~500,000 GCs, 81 

which re-converge onto ~200,000 CA3 pyramidal neurons11–13, is an open question.  82 

More recent models of pattern separation implied an important role of lateral 83 

inhibition14. These models were supported by the synaptic organization of the olfactory 84 

system in insects15–17. In the mushroom body of the fly, a single inhibitory cell, the 85 

anterior paired lateral (APL) interneuron, plays a role in pattern separation. Activation of 86 

a single Kenyon cell activates the APL interneuron, which in turn provides powerful 87 

inhibition to all Kenyon cells16. Thus, global lateral inhibition mediated by the APL 88 

interneuron could implement a “winner-takes-all” mechanism, thereby establishing a 89 

powerful decorrelation algorithm18–20. Whether inhibition contributes to pattern 90 
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separation in the DG is less clear. Although lateral inhibition is uniquely abundant in the 91 

DG, multiple GCs need to fire APs to activate parvalbumin-positive inhibitory 92 

interneurons (PV+-INs) and to trigger lateral inhibition21,22. Furthermore, lateral inhibition 93 

is not global, but follows distance-dependent connectivity rules22. Thus, lateral inhibition 94 

cannot implement a winner-takes-all mechanism, although softer versions with multiple 95 

winners remain possible18,19,23. 96 

 The DG is connected to the downstream CA3 region via powerful mossy fiber 97 

synapses2,7. Whereas the DG seems to be specialized on pattern separation, the CA3 98 

region is traditionally associated with pattern completion8,24. How the pattern separation 99 

mechanism in the DG is integrated with the pattern completion function of the CA3 100 

region remains enigmatic. Furthermore, how the unique properties of hippocampal 101 

mossy fiber synapses, such as conditional and plasticity-dependent detonation25, 102 

contribute to pattern separation is unclear. Detonation properties of mossy fiber 103 

synapses may facilitate the transfer of information from the DG to CA3 region, which 104 

might contribute to pattern separation23. Furthermore, sparse mossy fiber connectivity 105 

will reduce correlations, which may enhance pattern separation26. Whether these rules 106 

hold in biologically realistic network models remains to be determined.  107 

The DG receives its main input from the EC via the perforant path (PP)27. 108 

Hebbian plasticity at PP synapses could implement a competitive learning 109 

mechanism2,28,29, which might contribute to pattern separation. Consistent with this idea, 110 

genetic deletion of N-methyl-D-aspartate (NMDA)-type glutamate receptors in GCs 111 

reduces behavioral pattern separation30. However, plasticity at PP EC–GC synapses 112 

has also been suggested to contribute to pattern completion31, similar to its well-113 

established function in the CA3 circuit8. As an additional complication, the PP not only 114 

projects to GCs in the DG, but also directly innervates the CA3 region32. In a simplified 115 

model, the relative strength of the mossy fiber and PP input onto CA3 pyramidal 116 

neurons determines the balance between decorrelated and original input23. However, 117 

whether this is also the case in a biologically realistic model remains unclear.  118 

To address the mechanisms of pattern separation in the EC–DG–CA3 network, 119 

we developed a model based on experimentally determined cellular and synaptic 120 
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properties. Implementation in real size allowed us to analyze sparse coding regimes33 121 

and to insert measured connectivity rules22.  122 

 123 

 124 

Results  125 

Pattern separation in a biologically realistic PN–IN network 126 

Pattern separation is a fundamental brain computation that converts small differences in 127 

input patterns into large differences in output patterns. The basic principle is illustrated 128 

in Extended Data Fig. 1. When two highly overlapping patterns (A and B) are applied at 129 

the input level of a neuronal population, two less overlapping patterns (A’ and B’) are 130 

generated at the output level (Extended Data Fig. 1a). Quantitatively, for any given pair 131 

of patterns, the correlation at the output (Rout = r(A’, B’)) is smaller than that at the input 132 

(Rin = r(A, B)) (Extended Data Fig. 1b). Thus, pattern separation may be graphically 133 

depicted in a plot of Rout against Rin for all pairs of patterns23. For an efficient pattern 134 

separation mechanism, the data points would be expected to be located below the 135 

identity line (Extended Data Fig. 1c). In contrast, for a pattern completion mechanism8, 136 

the data points will be above the identity line (Extended Data Fig. 1d).  137 

 To quantify the properties of the pattern separation circuit, we used three 138 

different measures (Methods). First, to describe the overall pattern separation 139 

performance, we defined an integral-based measure, ψ, computed as the area between 140 

the Rout–Rin data and the identity line, normalized by the maximal area (Extended Data 141 

Fig. 1e). Second, to selectively capture pattern separation performance within a region 142 

in which input patterns were highly similar, we defined a slope-based measure, γ, 143 

computed as the slope of the Rout–Rin curve for Rin
  1 (Extended Data Fig. 1e, inset). 144 

Finally, to characterize the ability of the network to preserve rank similarity34–36, we 145 

computed a rank-based correlation coefficient ρ (Extended Data Fig. 1f). These three 146 

parameters describe complementary aspects of pattern separation. For example, 147 
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randomization is well known to decorrelate patterns (increasing the values of ψ and γ), 148 

but fails to maintain similarity relations (decreasing the value of ρ).  149 

 To explore whether a biologically realistic network is capable of pattern 150 

separation, we developed a model of the EC–DG–CA3 network based on empirical 151 

experimental data (Fig. 1; Supplementary Fig. 1; Supplementary Table 1; 152 

Supplementary Software). The network was created in full scale12,13. Both PN–IN 153 

connectivity in the DG and GC–CA3 connectivity was constrained by experimental 154 

data21,22,37. Similarly, GC–CA3 connectivity via mossy fibers was experimentally 155 

constrained11,25,38–40. As gamma oscillations show maximal power in the DG41,42, a 156 

corresponding phasic inhibitory conductance was simulated in GCs at the onset of each 157 

simulation epoch19. The model allowed us to simulate the activity in GCs, PV+-INs, and 158 

CA3 pyramidal neurons in a biologically realistic network and to examine how 159 

biophysical properties of synapses and functional connectivity rules affect pattern 160 

separation (Fig. 1b).  161 

 We then analyzed pattern separation at multiple levels of the network. For the 162 

biologically realistic standard parameters (Supplementary Table 1), the integral-based 163 

pattern separation measure ψ was 0.56 for the EC–DG component (Fig. 1c), 0.38 for 164 

the DG–CA3 component (Fig. 1d), and 0.80 for the entire EC–CA3 network (Fig. 1e). 165 

Thus, pattern separation was primarily generated in the EC–DG layer, but further 166 

amplified in the DG–CA3 layer. Values of the slope-based pattern separation measure 167 

γ  closely paralleled values of ψ (EC–DG: γ = 11.1; DG–CA3: γ = 3.0; EC–CA3: γ = 23.7). 168 

Thus, the model was able to convert small differences at the input level into large 169 

differences at the output level. Finally, the rank-based pattern separation measure ρ 170 

was high in the individual layers, as well as across the entire network (EC–DG: ρ = 0.98; 171 

DG–CA3: ρ = 0.96, and EC–CA3: ρ = 0.94; Fig. 2f–h). Thus, the biologically realistic 172 

full-scale network model accurately maintained similarity relations. These conclusions 173 

were unaffected by the details of model implementation (Supplementary Figs. 2–8; 174 

Methods).  175 

 176 
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Pattern separation by gamma rhythm and lateral inhibition  177 

The finding that pattern separation accumulated in a multi-layer deep network-like 178 

architecture was surprising, given that the divergence–convergence properties of the 179 

circuit seemed inconsistent with a code expansion model9,10. To explore alternative 180 

mechanisms of pattern separation, we examined the contribution of inhibition (Fig. 2)4,9. 181 

It has been suggested that both external gamma-modulated inhibition and internal 182 

lateral inhibition contribute to pattern separation14,18,19,43,44. We therefore explored 183 

gamma-modulated inhibition and lateral inhibition, in isolation as well as in combination, 184 

for a suprathreshold excitatory drive to GCs (Iµ = 1.8 relative to threshold). Deletion of 185 

gamma-modulated external inhibition from the network model (Jgamma = 0) reduced ψ 186 

and γ over a wide range of excitatory synaptic drive (Fig. 2b, top right). In contrast, 187 

deletion of lateral inhibition reduced the range of excitatory drive in which both high ψ 188 

and ρ could be achieved (Fig. 2b, bottom left). Thus, gamma inhibition and lateral 189 

inhibition differentially affected pattern separation. Elimination of both forms of inhibition 190 

substantially impaired pattern separation (Fig. 2b, bottom right). Thus, the combination 191 

of gamma-modulated inhibition and lateral inhibition provides a major contribution to 192 

separation mechanism in the model.  193 

 To further analyze the complex interaction of tonic excitatory drive, gamma-194 

modulated inhibition, and lateral inhibition, we computed ψ–Iµ–Jgamma contour plots (Fig. 195 

2c, d). With intact lateral inhibition, efficient pattern separation (ψ > 0.5) was robustly 196 

observed in a wide region of the parameter space (Fig. 2c). In contrast, after deletion of 197 

lateral inhibition, efficient pattern separation was only detected within a narrow band in 198 

the Iµ–Jgamma parameter space, in which the amplitude of gamma-modulated inhibition 199 

precisely matched that of the excitatory drive (Fig. 2d). Thus, a simple thresholding 200 

mechanism combined with gamma-modulated inhibition was not sufficient to generate 201 

robust pattern separation.  202 

Finally, we explored how interfering with lateral inhibition at multiple levels affects 203 

pattern separation (Fig. 2e–g). Reducing the peak connectivity of either excitatory E–I or 204 

inhibitory I–E connections (cE–I and cI–E) markedly affected the efficacy of pattern 205 
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separation (Fig. 2e, light blue bars). Similarly, reducing the connectivity width of either 206 

excitatory E–I or inhibitory I–E connections (σE–I and σI–E) reduced the efficacy of 207 

pattern separation (Fig. 2f). Finally, reducing the strength of either excitatory E–I or 208 

inhibitory I–E connections (JE–I or JI–E) substantially decreased the efficacy of pattern 209 

separation (Fig. 2g). Thus, interfering with disynaptic inhibition at multiple levels 210 

uniformly inhibited pattern separation. Taken together, the combination of gamma 211 

oscillations and lateral inhibition plays a critical role in the pattern separation process in 212 

the DG.  213 

 214 

Moderate effects of divergent connectivity 215 

To systematically explore how divergence and convergence affect pattern separation, 216 

we first examined pattern separation in simple models, in which convergent or divergent 217 

connectivity was concatenated with a thresholding mechanism (Fig. 3a–d). In this 218 

simple model, the number of neurons and the degree of convergence and divergence 219 

could be freely varied. In our simulations, we changed the connectivity ratio from 1 : 10 220 

(divergence) to 10 : 1 (convergence). In contrast to our expectations, the degree of 221 

pattern separation, as quantified by ψ, was only slightly dependent on the connectivity 222 

ratio (Fig. 3c, d). Weak dependence on the connectivity ratio was observed over a wide 223 

range of activity values (Fig. 3d). Thus, divergent connectivity was not strictly required 224 

for pattern separation.  225 

Next, we determined how convergence and divergence affected pattern 226 

separation in the full-scale, biologically realistic network model (Fig. 3e–g). To address 227 

this aspect, we varied the number or activity level of entorhinal cells (nEC or αEC), and 228 

peak value or width of EC-GC connectivity (cEC–GC or σEC–GC)27,32,45. Increasing the 229 

number of ECs decreased ψ, whereas decreasing the number increased it (Fig. 3f, top). 230 

Similarly, increasing EC activity consistently decreased ψ (Fig. 3f, bottom). Changing 231 

EC–GC connection probability had more complex effects, with lowest values of ψ for 232 

intermediate connectivity, and highest values at both low- and high-connectivity limit 233 

(Fig. 3g, top). Finally, increasing EC–GC connection width consistently decreased ψ 234 
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(Fig. 3g, bottom). Thus, the excitatory EC–GC connectivity only moderately influenced 235 

pattern separation. These results indicate that divergent connectivity was not strictly 236 

required for pattern separation, neither in a simplified model, nor in a biologically 237 

realistic full-scale network.  238 

 239 

Requirement for local connectivity and fast PV+-IN signaling  240 

Classical models suggest that global PN–IN connectivity supported pattern separation 241 

more effectively than local connectivity9. However, our results indicate that a model 242 

based on local connectivity rules22 is a highly efficient pattern separator. To resolve this 243 

apparent contradiction, we explored the effects of local E–I and I–E connectivity in the 244 

network model (Fig. 4a–c). To address the effects of locality in isolation, we maintained 245 

the total connectivity (i.e. the area under the connection probability–distance curve) 246 

through compensatory changes in maximal connection probability. Increasing the width 247 

of connectivity for either excitatory E–I or inhibitory I–E synaptic connections reduced ψ; 248 

particularly large changes were observed when local connectivity was replaced by 249 

global random connectivity (Fig. 4b). Thus, local PN–IN connectivity supported pattern 250 

separation more effectively than global connectivity. 251 

 Next, we examined the effects of changes in the width of excitatory E–I and 252 

inhibitory I–E connectivity (Fig. 4c). As before, the total connectivity was maintained 253 

through compensatory changes in maximal connection probability. Contour plot analysis 254 

corroborated that local connectivity supported pattern separation more effectively than 255 

broad connectivity. However, the effects of changes in the width of excitatory E–I and 256 

inhibitory I–E connectivity were asymmetric. If focal E–I and I–E connectivity were 257 

equally important, ψ contour lines should have a slope of −1. However, contour lines 258 

were much steeper (Fig. 4c). Hence, local excitatory E–I connectivity (plotted on the 259 

abscissa) was more important for pattern separation than local inhibitory I–E 260 

connectivity (plotted on the ordinate). Thus, the biological connectivity scheme, in which 261 

excitatory E–I is narrower than inhibitory I–E connectivity22, is highly suitable for pattern 262 

separation.  263 
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 Why does local connectivity support pattern separation better than global 264 

connectivity? Effects of local connectivity might be a consequence of changes in 265 

average latency, which are shorter in a locally connected network than in an equivalent 266 

random network (Fig. 4d). To test this hypothesis, we first examined the effects of 267 

changes in axonal propagation velocity. As predicted, decreases in both vAP E–I and vAP 268 

I–E negatively affected pattern separation (Supplementary Fig. 9a). Next, we changed 269 

the connectivity width while maintaining the average kinetic properties of disynaptic 270 

inhibition through compensatory changes of vAP E–I and vAP I–E (Supplementary Fig. 9b). 271 

Changes in propagation velocity almost completely compensated the effects of changes 272 

in connectivity. Thus, local connectivity improved pattern separation through facilitation 273 

of rapid signaling.  274 

 If local connectivity enhanced pattern separation by increasing the average 275 

speed of lateral inhibition, other fast signaling processes in INs may also contribute21,46–276 
48. To test this hypothesis, we systematically varied the corresponding model 277 

parameters (Fig. 4e, f). Increasing the synaptic delay at both excitatory GC–PV+-IN 278 

synapses and inhibitory PV+-IN–GC synapses impaired pattern separation (Fig. 4e). 279 

Notably, the effect was stronger than that of AP propagation velocity (Supplementary 280 

Fig. 9a). Similarly, prolonging the time constants of the synaptic currents at excitatory 281 

GC–PV+-IN synapses reduced pattern separation efficacy (Fig. 4f, top). Finally, slowing 282 

the membrane time constant of the PV+-INs inhibited pattern separation (Fig. 4f, 283 

bottom). Thus, the fast signaling properties of PV+-INs contributed to the efficacy of 284 

pattern separation process.  285 

 286 

Contribution of mossy fiber synapses to pattern separation 287 

In our standard model, the mossy fiber synapse between GCs and CA3 pyramidal 288 

neurons provides a significant contribution to pattern separation (Fig. 1c–e). In the 289 

model, we realistically implemented both connectivity and synaptic strength of mossy 290 

fiber synapses. The number of mossy fiber synapses per GC was taken at 15, 291 

consistent with previous morphological data11,22,38. The strength of hippocampal mossy 292 
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fiber synapses was assumed as subthreshold (with a synaptic strength / threshold ratio 293 

= 0.34), in agreement with previous experimental data showing that mossy fiber 294 

synapses have subthreshold properties under control conditions25,39,40,49.  295 

 How does sparse connectivity of hippocampal mossy fiber synapses contribute 296 

to pattern separation? Whereas dense connectivity may introduce correlations, sparse 297 

connectivity may avoid such correlations26. To test this hypothesis, we varied the 298 

number of mossy fiber terminals per axon (Fig. 5a–d). To maintain the activity level of 299 

the network, the individual synaptic conductance values were appropriately scaled. 300 

Unexpectedly, increasing the number of mossy fiber boutons per axon increased the 301 

amount of pattern separation in the second layer of the network. The pattern separation 302 

index ψ, measured between DG and CA3, increased from 0.37 to 0.61 (Fig. 5c, d). 303 

Similarly, ψ measured across the entire network increased from 0.80 to 0.92. Thus, the 304 

sparse connectivity of the mossy fiber synapse decreases, rather than increases, the 305 

magnitude of pattern separation (Fig. 5d).  306 

 A hallmark property of mossy fiber synapses is the unique extent of presynaptic 307 

plasticity, including facilitation, PTP, and long-term potentiation (LTP)25,40,50. To examine 308 

how these specific plasticity properties influence pattern separation, we systematically 309 

shifted synaptic strength in the range from the subdetonation into the detonation range 310 

(Fig. 5e, f). When synaptic strength relative to threshold was increased from 0.34 to 311 

0.51 and 1.01, the pattern separation index ψ, measured between DG and CA3, 312 

became progressively reduced (ψ = 0.38, 0.23, and 0.07, respectively; Fig. 5e, top; Fig. 313 

5f). Similarly, ψ measured across the entire network became smaller (ψ = 0.80, 0.70, 314 

and 0.58, respectively; Fig. 5e, bottom; Fig. 5f). Thus, presynaptic plasticity at 315 

hippocampal mossy fiber synapses shifted the network from strong to weak pattern 316 

separation, that is, in the direction of pattern completion (Fig. 5f).  317 

 318 

Contribution of PP synapses to pattern completion  319 
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The role of Hebbian plasticity at PP EC–GC synapses in pattern separation has been 320 

unclear30,31. To test the effects of Hebbian synaptic plasticity at PP synapses on pattern 321 

computations in the network, we initially simulated the responses of the network to 100 322 

EC patterns with the default parameter set in a control run, potentiated the PP EC–GC 323 

synapses according to a simple Hebbian synaptic plasticity rule, and subsequently 324 

simulated the responses of the network to 100 EC patterns with the potentiated 325 

synapses in a test run (Fig. 6a–c). Whereas the network demonstrated robust pattern 326 

separation under control conditions, potentiation according to a Hebbian plasticity rule 327 

reduced both the integral-based pattern separation index ψ and the slope-based index 328 

γ, switching  the network from a pattern separation into a pattern completion mode (Fig. 329 

6a–c).  330 

 PP inputs not only innervate GCs27, but also CA3 pyramidal neurons via PP 331 

EC–CA3 synapses32. Do these synapses also regulate pattern separation in the EC–332 

DG–CA3 network? To address this question, a tonic excitatory drive computed from the 333 

EC activity and the EC–GC connectivity was applied in parallel to GCs and CA3 334 

pyramidal neurons after appropriate scaling to represent feedforward excitation. 335 

Increasing the strength of the PP EC–CA3 synapses markedly reduced the degree of 336 

pattern separation (Fig. 6d–f). Taken together, our results indicate that mossy fiber GC–337 

CA3 synapses and PP EC–CA3 synapses synergistically regulate pattern computations, 338 

shifting the EC–DG–CA3 network from pattern separation in the direction of pattern 339 

completion.  340 

 341 

Discussion 342 

A fundamental question in neuroscience is how higher-order computations are 343 

implemented at the level of synapses, neurons, and neuronal networks. Our full-size, 344 

realistic network model provides an answer to this question, at least for a specific 345 

network function (pattern separation) and a specific circuit (the EC–DG–CA3 circuit). 346 

This information may be useful to expand the deep learning capabilities of technical 347 

networks51.  348 
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 According to the Marr-Albus theory, divergence of excitatory connections plays a 349 

major role in pattern separation4,9,10,52. However, in the trisynaptic pathway, divergence 350 

at EC–GC synapses is followed by convergence at GC–CA3 pyramidal neuron 351 

synapses. How is pattern separation possible under these conditions? As the mossy 352 

fiber synapse is below the threshold of AP initiation in postsynaptic CA3 cells25, 353 

convergence followed by thresholding will establish a decorrelation mechanism15,53. 354 

Pattern separation in the mossy fiber system will accumulate with pattern separation 355 

generated in the DG, leading to increase of ψ across layers. Thus, pattern separation is 356 

not strictly localized to the DG, but represents a distributed network computation that 357 

involves multiple regions of the trisynaptic circuit.  358 

 Thresholding is a well-established decorrelation mechanism15,53,54. Consistent 359 

with the idea that thresholding contributes to pattern separation in the DG, GCs show a 360 

uniquely negative resting membrane potential and a high relative voltage threshold55. 361 

While our results confirm that thresholding in the complete absence of inhibition can 362 

result in pattern separation, efficient pattern separation is only possible in a narrow 363 

region of the parameter space. Addition of lateral inhibition markedly expands the 364 

regime of efficient pattern separation (Fig. 2c, d). This is consistent with behavioral 365 

experiments, which showed that both genetic deletion of GABAA receptors in GCs and 366 

pharmacogenetic inhibition of GABAergic INs in the DG affect pattern separation56,57.  367 

 Both experimental and theoretical evidence suggest that network oscillations, 368 

particularly in the gamma frequency range, may play a role in pattern separation19,58. 369 

We have incorporated gamma activity as a transient inhibitory conductance at the 370 

simulation onset, and found that this conductance enhanced pattern separation. It is 371 

possible that gamma oscillations and pattern separation are different reflections of the 372 

same phenomenon, e.g. disynaptic inhibition. Alternatively, gamma oscillations in the 373 

DG may be generated by mutual inhibition37,59. In this scenario, rhythmic gamma activity 374 

may assist pattern separation by structuring activity in time58. Thus, mutual inhibition 375 

and recurrent inhibition may cooperate to provide an optimal framework for pattern 376 

separation.  377 
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Several theories assume that global lateral inhibition plays a key role in pattern 378 

separation4,9. Intuitively, global inhibition could implement a “winner-takes-all” or a “k-379 

winners-take-all” mechanism14,18,19,43,44. In the DG, lateral inhibition is abundant, but 380 

follows local distance-dependent connectivity rules22. How can a local lateral inhibition 381 

mechanism contribute to pattern separation? Unexpectedly, our model reveals that local 382 

connectivity supports pattern separation, even more effectively than global connectivity. 383 

The beneficial effects of local connectivity are almost completely compensated by 384 

reducing the signaling speed. Thus, local connectivity enhances pattern separation 385 

through a gain in the speed of lateral inhibition.  386 

Fast signaling is a hallmark of function of GABAergic INs, particularly fast 387 

spiking, PV+ subtypes46. Fast signaling properties are expressed at multiple levels, 388 

including excitatory synaptic input21,22, input-output transformation47, axonal AP 389 

propagation60, and inhibitory synaptic output48. However, the impact of these specific 390 

signaling properties on higher-order computations in neuronal networks is unclear. 391 

Here, we show that several fast signaling properties of GABAergic INs facilitate pattern 392 

separation. Short synaptic delays are particularly critical for pattern separation, 393 

suggesting that tight coupling between presynaptic Ca2+ channels and release sensors 394 

might be important61. Furthermore, the decay time constant of the excitatory synaptic 395 

conductance at PN–IN synapses affects pattern separation, implying that the subunit 396 

composition of postsynaptic α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 397 

(AMPA)-type glutamate receptors in INs is relevant. Thus, both pre- and postsynaptic 398 

molecular and subcellular specializations of PN–IN synapses contribute to the pattern 399 

separation at the network level. 400 

 Our model provides clues how the mossy fiber synapse contributes to pattern 401 

separation23,62. Pattern separation is not only relayed to the CA3 region, but rather 402 

conditionally amplified by the mossy fiber–CA3 synaptic connections (Fig. 1d, e; Fig. 5). 403 

The degree of amplification is determined by the properties of the synapse. 404 

Subdetonation properties will increase pattern separation, while detonation will reduce 405 

it. Previous work showed that the efficacy of mossy fiber synapses can be regulated by 406 

presynaptic plasticity mechanisms, which increase synaptic strength by almost an order 407 
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of magnitude25,40. This suggests that mossy fiber plasticity might tune the balance 408 

between pattern separation and pattern completion. As a corollary, bursts or 409 

superbursts in GCs may shift the network from strong to weaker pattern separation, i.e. 410 

in the direction of pattern completion33,40.  411 

 Hebbian synaptic plasticity is a hallmark property of PP EC–CA3 synapses28,29. 412 

Our results suggest that PP plasticity switches the network from pattern separation to 413 

completion. This may seem counter-intuitive, since a Hebbian rule based on presynaptic 414 

(original) patterns and postsynaptic (decorrelated) patterns might represent a feedback 415 

signal amplifying decorrelation15. However, in our simulations we applied 100 patterns 416 

with various degree of overlap. As plasticity induction requires multiple pre-post 417 

pairings, this preferentially strengthens the overlapping synapses, leading to an 418 

increase of correlation. Thus, whereas lateral inhibition consistently mediates pattern 419 

separation, PP plasticity may, at least with the chosen induction rules, promote pattern 420 

completion31. As a corollary, inhibition-based pattern separation could dominate at early 421 

time points (i.e. with novel patterns), whereas plasticity-based pattern completion may 422 

prevail later (i.e. with familiar patterns).  423 

 PP inputs not only innervate GCs, but also CA3 pyramidal neurons via PP EC–424 

CA3 synapses32. In a simplified model, the mossy fiber pathway conveys decorrelated 425 

patterns, whereas the PP input relays the original patterns to postsynaptic CA3 cells23. 426 

The effects of the excitatory drive from the EC–CA3 synapses are consistent with this 427 

idea. However, our analysis further suggests that increasing the EC–CA3 drive reduces 428 

the contribution of the mossy fiber synapses to the total pattern separation process (Fig. 429 

6f). Intuitively, the EC–CA3 drive regulates the detonator properties of the mossy fiber–430 

CA3 synapses by changing the effective firing threshold. Thus, complex interactions 431 

between excitatory and inhibitory synapses regulate the balance between pattern 432 

separation and completion.  433 

 Our biologically inspired network model is an efficient pattern separator. 434 

However, the network also may be able to perform other related higher-order 435 

computations. The pattern separation reliability ρ is close to 1, implying that rank 436 
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similarity in the patterns is accurately preserved during information processing. 437 

Furthermore, the pattern separation gain γ is highest (> 10) for very similar patterns, 438 

demonstrating that small differences at the input level are amplified into large 439 

differences at the output level. These functional properties will be suitable to run 440 

similarity searches (termed locality-sensitive hashing in computer science)35 or to 441 

perform similarity-based clustering of contextual input information63. Thus, the EC–DG–442 

CA3 network may be computationally more powerful than previously thought.  443 

 Finally, our network model may help to develop new algorithms and 444 

computational architectures of technical deep learning networks51. Deep learning 445 

algorithms successfully incorporated the multi-layer structure of biological networks, the 446 

hippocampal network being the “prototype”. Although such technical networks are 447 

remarkably powerful, they lack the robustness, energy efficiency, and memory capability 448 

of biological networks. Incorporation of fast lateral inhibition and presynaptic short-term 449 

memory may increase the efficacy of such systems.  450 

 Full-size implementation is a strength of the present study. However, limitations 451 

were unavoidable. These include use of simplified cellular units (i.e. integrate-and-fire 452 

neurons for GCs, single-compartment neurons for INs), lack of less abundant cell types 453 

(such as somatostatin+ or vasointestinal peptide+ GABAergic interneurons, mossy cells, 454 

and newborn GCs)64,65, and simplified connectivity rules (e.g. for EC–GC perforant path 455 

connections where experimental connectivity data are currently unavailable). Increase 456 

in computational power of modeling hardware may allow us to address these limitations 457 

in the future.  458 

 459 

 460 

 461 

Methods 462 

Topology of a full-size DG network model  463 
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The pattern separation network model consists of three layers, the first layer 464 

representing the EC, with 50,000 ECs, the second layer representing the DG, with 465 

500,000 GCs and 2,500 PV+-INs, and the third layer representing the CA3 region, with 466 

250,000 pyramidal cells. First and second layer were connected by EC–GC synapses, 467 

representing the PP input to the DG. A winner-takes-all mechanism mediated by lateral 468 

inhibition was implemented by connecting GCs and INs by excitatory E–I synapses in 469 

one direction and by inhibitory I–E synapses in the other direction. Second and third 470 

layer were connected by GC–CA3 pyramidal neuron synapses, representing 471 

hippocampal mossy fiber synapses.  472 

 Unlike many network models, our model was implemented in full size 473 

(Supplementary Table 1). The number of GCs was chosen to represent the DG of one 474 

hemisphere of adult laboratory mice13. Full-scale implementation was necessary: (1) to 475 

increase the realism of the simulations, (2) to be able to implement measured 476 

macroscopic connectivity rules without scaling66, and (3) to simulate sparse coding 477 

regimes, which were unstable in smaller networks. The model was designed to 478 

incorporate the connectivity rules of PV+-INs and GCs in the DG (Supplementary Table 479 

1)22. Other types of INs were not implemented in the default model, because of their 480 

lower connectivity22 and their slower signaling speed46. In total, the conclusions of the 481 

present paper were based on 784 full-scale simulations.  482 

 483 

Implementation of inhibitory INs 484 

INs were implemented as single-compartment, conductance-based neurons endowed 485 

with modified Hodgkin-Huxley-type conductances67 to capture the electrical properties 486 

of PV+-INs. Membrane potential was simulated by solving the equation: 487 

ௗௗ௧ = ଵ	(ܫௗ௩ − ேܫ − ܫ −  ) ,  (Eq. 1) 488ܫ

where V is membrane potential, t is time, Cm is membrane capacitance, Idrive is driving 489 

current, and INa, IK, and IL represent sodium, potassium and leakage current, 490 

respectively. INa was modeled as  491 
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ேܫ = 	݃ே	݉ଷℎ	(ܸ −	 ேܸ) ,  (Eq. 2) 492 

where ݃ே	is the maximal sodium conductance, m is the activation parameter, h is the 493 

inactivation parameter, and VNa represents the sodium ion equilibrium potential.  494 

Similarly, IK was modeled according to the equation 495 ܫ = 	݃	݊ସ	(ܸ −	 ܸ) ,  (Eq. 3) 496 

where ݃	is the maximal potassium conductance, n is the activation parameter, and VK 497 

represents the potassium ion equilibrium potential.  498 

Finally, IL was given as 499 ܫ = 	݃	(ܸ −	 ܸ) ,  (Eq. 4) 500 

where gL is leakage conductance and VL is corresponding reversal potential.  501 

State parameters m, h, and n were computed according to the differential equation 502 

ௗௗ௧ = 		(1 − 	݉) + 	݉	  (Eq. 5) 503 

and equivalent equations for h and n.  504 

αm, αh, αn values and βm, βh, βn values were calculated according to the equations αm = 505 

0.1 ms-1 × −(V+35 mV) / {Exp[−(V+35 mV)/10 mV] – 1}, βm = 4 ms-1 × 506 

Exp[−(V+60 mV)/18 mV], αh = 0.35 ms-1 × Exp[−(V+58 mV)/20 mV], βh= 5 ms-1 / 507 

{Exp[−(V+28 mV)/10 mV] + 1}, αn = 0.05 ms-1 × −(V+34 mV) / 508 

{Exp[−(V+34 mV)/10 mV] − 1}, and βn = 0.625 ms-1 × Exp[−(V+44 mV)/80 mV]67. Single 509 

neurons were assumed to be cylinders with diameter and length of 70 µm, giving a 510 

surface area of 15,394 µm2 and an input resistance of 65 MΩ47. Neurons showed a 511 

rheobase of 39 pA and a fast-spiking, type I AP phenotype68, as characteristic for PV+-512 

INs46. Maximal conductance values were set as ݃ே	 = 35 mS cm−2,  ݃	= 9 mS cm−2, 513 

and gL = 0.1 mS cm−2; VNa VK, and VL were assumed as 55 mV, −90 mV, and −65 mV, 514 

respectively67.  515 

 516 
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Implementation of GCs 517 

GCs were implemented as spiking neurons with leaky integrate-and-fire (LIF) firing 518 

properties, accelerating all computations by approximately an order of magnitude. To 519 

enable the integration of excitatory and inhibitory synaptic events with different kinetics, 520 

the standard LIF model was extended as follows69:  521 

The time course of synaptic excitation was described by the differential equation 522 

ௗௗ௧ = 	−݇	݁	,  (Eq. 6) 523 

where ke is the synaptic excitation rate constant, i.e. the inverse of the time constant.  524 

Likewise, the time course of synaptic inhibition was described by the differential 525 

equation 526 

ௗௗ௧ = 	−݇	݅	,  (Eq. 7) 527 

where ki is the synaptic inhibition rate constant.  528 

Finally, the firing of the neuron was controlled by a membrane state variable v; 529 

when v reaches 1, the cell fires, which resets the membrane by returning v to 0. The 530 

time course of v was determined by the differential equation 531 

ௗ௩ௗ௧ = 	−݇	ݒ + ܽ	݁	 + 	ܽ	݅	 + 	 ݅ௗ௩	,  (Eq. 8) 532 

where km is inverse of the membrane time constant, ae and ai are amplitudes of synaptic 533 

events, and idrive represents the excitatory drive any given neuron receives69. Excitation 534 

time constant, inhibition time constant, and membrane time constant were set to 3, 10, 535 

and 15 ms, respectively (Supplementary Table 1)22,48,70. The refractory period was 536 

assumed as 5 ms.  537 

 538 

Implementation of synaptic interconnectivity 539 

Synapses between neurons were placed with distance-dependent probability. 540 

Normalized distance was cyclically measured as  541 
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 x = 0.5 – abs{abs[(i / imax – j / jmax)] – 0.5} ,  (Eq. 9) 542 

where i and j are indices of pre- and postsynaptic neurons, imax and jmax are 543 

corresponding maximum index values, and abs(r) is the absolute value of a real number 544 

r. Connection probability was then computed with a Gaussian function as  545 

 p(x) = c ݁ି ೣమమ	మ ,  (Eq. 10) 546 

where c is maximal connection probability (cE–I, cI–E, cI–I, and cgap, respectively) and σ is 547 

the standard deviation representing the width of the distribution (σE–I, σI–E, σI–I, and σgap; 548 

Supplementary Table 1).  549 

The connection probability between ECs and GCs was computed from a 550 

Gaussian function with peak connection probability of 0.2 and a standard deviation of 551 

500 µm, to represent the divergent connectivity from the EC to the DG27,32,45. Binary 552 

activity patterns in upstream ECs were converted into patterns of excitatory drive of 553 

GCs. Although this drive was primarily intended to represent input from EC neurons, it 554 

may include contributions from other types of excitatory neurons64.  555 

Excitatory GC–IN synapses, inhibitory IN–GC synapses, and inhibitory IN–IN 556 

synapses were incorporated by random placement of NetCon objects in NEURON69; 557 

gap junctions between PV+-INs were implemented by random placement of pairs of 558 

point processes. For excitatory GC–IN synapses and inhibitory IN–IN synapses, 559 

synaptic events were simulated using the Exp2Syn class of NEURON. For excitatory 560 

GC–IN synapses, we assumed τrise,E = 0.1 ms, τdecay,E = 1 ms, and a peak conductance 561 

of 8 nS (Supplementary Table 1)21,22. For inhibitory IN–IN synapses, we chose τrise,I = 562 

0.1 ms, τdecay,I = 2.5 ms, and a peak conductance of 16 nS (Supplementary Table 563 

1)22,37,59. For inhibitory IN–GC synapses, the synaptic weight was chosen as 0.025 564 

(unitless, because GCs were modelled as LIF neurons). For all chemical synapses, 565 

synaptic latency was between 0 and 25 ms, according to distance between pre- and 566 

postsynaptic neuron. Gap junction resistance was assumed as 300 MΩ, approximately 567 

five times the input resistance of a single cell (Supplementary Table 1)22,37,59. Synaptic 568 

reversal potentials were 0 mV for excitation and −65 mV for inhibition. The maximal 569 
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length of the hippocampal network was assumed as 5 mm, consistent with anatomical 570 

descriptions in mice71.  571 

 572 

Detailed implementation and simulations  573 

Simulations of network activity were performed using NEURON version 7.6.2, 7.7.2, or 574 

7.8.269 in combination with Mathematica version 11.3.0.0 or 12.2.0.0 (Wolfram 575 

Research). Simulations were tested on a Lenovo T470p PC running under Windows 10. 576 

Final full-size simulations were run on the IST computer cluster under Debian 577 

GNU/Linux version 9 or 10 (https://www.debian.org/), the scheduling system slurm 578 

16.05, and the environment module system Lmod 7.7.  579 

Simulations were performed in four steps (Supplementary Fig. 1). First, we 580 

computed random binary activity patterns in ECs. To generate input patterns with 581 

defined correlations over a wide range, 100 uncorrelated random vectors ai of size nEC 582 

were computed, where individual elements are pseudorandom real numbers in range of 583 

0 to 1 and nEC is the number of ECs. Uncorrelated vectors were transformed into 584 

correlated vectors as r x a1 + (1 − r) x ai, where a1 is the first random vector and r is a 585 

correlation factor. r was varied between 0.1 and 1. Finally, a threshold function f(x) = 586 

H(x − θ) was applied to the vectors, where H is the Heaviside function and θ is the 587 

threshold that determines the activity level in the pattern. Empirically, 100 input patterns 588 

were sufficient to continuously cover the chosen range of input correlations. Unless 589 

stated differently, the average activity in EC neurons (αEC), i.e. the proportion of spiking 590 

cells, was assumed to be 0.1.  591 

Second, the patterns in the upstream neurons were converted into patterns of 592 

excitatory drive in GCs, by multiplying the activity vectors with the previously computed 593 

connectivity matrix between EC neurons and GCs. Unless otherwise indicated, the 594 

mean tonic current value was set to 1.8 times the threshold value of the GCs (i.e. Iµ = 595 

1.8; unitless, since GCs were implemented as LIF units; Supplementary Table 1).  596 
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Third, we computed the activity of the network for all 100 patterns. Simulations 597 

were run with 5 µs fixed time step over a total duration of 50 or 60 ms. At the beginning 598 

of each simulation, random number generators were initialized with defined seeds to 599 

ensure reproducibility. At time 0, an inhibitory synaptic event of weight 1 (relative to 600 

threshold) was simulated in all GCs to mimic recovery from gamma-modulated 601 

inhibition19. Spikes were detected when membrane potential reached a value of 1 in the 602 

GCs and 0 mV in the INs. Subsequently, spike times were displayed in raster plot 603 

representations. Furthermore, 100 binary output vectors were computed, by setting the 604 

value to 1 if a cell generated ≥ 1 spikes in the simulation time interval, and to 0 605 

otherwise.  606 

Finally, Pearson’s correlation coefficients were calculated for all pairs of patterns 607 

(൫ଵଶ ൯ = 4,950 points), at both input and output level in parallel as  608 

 R = 
େ୭୴(୬భ,୬మ)ඥୟ୰(୬భ)(୬మ) ,  (Eq. 11)  609 

where Cov is covariance, Var is variance, and n1 and n2 are two given pattern 610 

vectors. Because of mean value subtraction and normalization, this correlation measure 611 

is per se independent of activity53. Next, output correlation coefficients (Rout) were 612 

plotted against input correlation coefficients (Rin). For models activated by Poisson 613 

trains of PP input (Supplementary Fig. 3) or implementing variation of synaptic 614 

amplitude (Supplementary Fig. 7), Rout–Rin curves were normalized to the average Rout 615 

values obtained for identical patterns (Rin = 1), which were < 1 because of the stochastic 616 

nature of the models. For models with heterogeneity of excitability (Supplementary Fig. 617 

8), Rout–Rin curves were normalized to the average Rout values obtained for uncorrelated 618 

patterns (Rin  0), which were > 0 because the cells with the highest excitability were 619 

consistently firing, whereas the cells with the lowest excitability were consistently silent. 620 

Pattern separation was quantitatively characterized by three parameters: (1) The 621 

efficacy of pattern separation (ψ) was quantified by an integral-based index, defined as 622 

the area between the identity line and the Rout versus Rin curve, normalized by the area 623 

under the identity line (
ଵଶ). Thus,  624 
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 ψ = 2	  (x - f(ݔ))	݀ݔ	ଵ	௫ୀ  ,  (Eq. 12) 625 

where f(x) represents the input-output correlation function. In practice, data points were 626 

sorted by Rin values, and points with same Rin were averaged. f(x) was determined as a 627 

5th or 10th-order polynomial function f(x) fit to the Rout versus Rin data points; f(x) was 628 

constrained to pass through points (0|0) and (1|1). Based on the definition of Eq. 12, a ψ 629 

value close to 1 would correspond to an ideal pattern separator. In contrast, ψ = 0 would 630 

represent pattern identity, whereas ψ < 0 would indicate pattern completion. (2) The 631 

gain of pattern separation (γ) was quantified from the maximal slope of the Rout versus 632 

Rin curve. In practice, this value was determined from the first derivative of the 633 

polynomial function f(x) fit to the Rout versus Rin data points as lim௫→	ଵ	 ቀௗ(௫)ௗ௫ ቁ. A γ value 634 

>> 1 would correspond to an ideal pattern separator. In contrast, γ  = 1 would represent 635 

pattern identity, whereas γ < 1 may indicate pattern completion. (3) The reliability of 636 

pattern separation (ρ) was quantified by the Pearson’s correlation coefficient of the 637 

ranks of all Rout versus the ranks of the corresponding Rin data points. An ideal pattern 638 

separator will maintain the order of pairwise correlations: if a pair of patterns is more 639 

similar than another pair at the input level, it will be also more similar at the output level. 640 

Thus, for an ideal pattern separator, ρ will be close to 1 (Refs. 34–36). 641 

 To analyze the effects of convergence and divergence on pattern separation 642 

(Fig. 3a–d), activity was simulated in ECs, converted into drive patterns in GCs by 643 

multiplication with the EC–GC connectivity matrix, and finally converted into binary 644 

activity values in GCs by applying a threshold corresponding to the desired activity level 645 

α. This simplified approach permitted systematic variation of model parameters (e.g. cell 646 

numbers and connection probabilities) over a wide range. In the simulations, both nEC 647 

and nGC was varied between 10,000 and 100,000, yielding ratios ranging from 1 : 10 to 648 

10 : 1. Unless specified differently, in these simplified simulations activity in the EC (αEC) 649 

was set to 0.1, and EC–GC connectivity was assumed to be random with an average 650 

connection probability (cEC-GC) of 0.05 651 
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To address the effects of plasticity at PP synapses on pattern computations (Fig. 652 

6a–c), we introduced an associative synaptic plasticity rule at EC–GC synapses. We 653 

first simulated the responses of the network to 100 EC patterns with the default 654 

parameter set in a control run. Coincident pre- and postsynaptic activity was 655 

cumulatively recorded for all synapses across all patterns. Next, we computed the 656 

extent of potentiation for each EC–GC synapse according to a sigmoidal function of the 657 

form  658 

f(x) = fpot / (1 + exp[−(x − xhalf) / k]),  (Eq. 13) 659 

where fpot is the potentiation, x is the number of coincident APs, xhalf is the number of 660 

APs leading to half-maximal potentiation, and k is a slope factor. As default values, xhalf 661 

= 5 and k = 5 were used. Finally, we simulated the responses of the network to 100 EC 662 

patterns with the potentiated synapses in a test run (Fig. 6a–c).  663 

 664 

Robustness of the pattern separation mechanism  665 

Unless specified differently, standard parameter values (Supplementary Table 1) were 666 

used for all simulations. However, several additional simulations were performed to test 667 

the robustness of pattern separation against parameter variation. (1) To test the effects 668 

of conductance-based synapses against current-based synapses (Supplementary Fig. 669 

2), GCs were simulated as single-compartment conductance-based neurons with 670 

passive properties. (2) To test the effects of temporal structure of the excitatory drive 671 

(Supplementary Fig. 3), the tonic current was replaced by Poisson trains of excitatory 672 

postsynaptic currents (EPSCs). In these simulations, events were simulated by NetStim 673 

processes. (3) To generate spatially correlated patterns (Supplementary Fig. 4), random 674 

numbers were drawn from a multinormal distribution with exponential spatial correlation 675 

(length constant 15,000 cells) and thresholded to give a spatially correlated binary 676 

pattern with appropriate activity level. (4) To implement feedforward inhibition 677 

(Supplementary Fig. 5), the tonic excitatory drive computed from EC activity and EC–678 

GC connectivity was applied in parallel to INs after appropriate scaling. (5) To replace 679 

PV+-INs with CCK+-like IN subtypes (e.g. hilar INs with axons associated with the 680 
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commissural / associational pathway; Supplementary Fig. 6a)72–75, model parameters 681 

were changed to account for reduced connectivity, altered synaptic strength, and slower 682 

signaling according to the replacement rules cE–I = 0.1  0.02, cI–E = 0.3  0.1, JE–I = 683 

0.008  0.004 nS, JI–E = 0.025  0.05, τI–E = 10  20 ms, and τm = 10  20 ms. In 684 

addition, to incorporate CCK+-like IN subtypes in the network (Supplementary Fig. 6b), 685 

an increasing number of neurons with the following connectivity parameters were added 686 

to the model: cCCK–CCK = 0.2, cPV–CCK = 0.6, cCCK–PV = 0.2, cE–CCK = 0.02, cCCK–E = 0.1, JE–687 

CCK = 4 nS, JCCK–E = 0.05, JCCK–CCK = 16 nS, JPV–CCK = 16 nS, and JCCK–PV = 16 nS. (6) 688 

To incorporate PP inputs to CA3 pyramidal neurons (Fig. 6d–f)32, the tonic excitatory 689 

drive computed from EC activity and EC–GC connectivity was applied in parallel to CA3 690 

pyramidal neurons. (7) To test the effects of synaptic heterogeneity (Supplementary Fig. 691 

7), synaptic amplitudes at all synapses were drawn from normal distributions with 692 

specified coefficient of variation, CV. Both trial-to-trial (“type 1”) and synapse-to-synapse 693 

(“type 2”) variability were examined. (8) Finally, to test the effects of heterogeneity in GC 694 

excitability (Supplementary Fig. 8), the constant firing threshold (by default 1 in LIF 695 

neurons) was replaced by random threshold values for individual cells drawn from a 696 

normal distribution with mean 1 and standard deviation σthres.  697 

 698 

Conventions 699 

Throughout the paper, model parameters given in Supplementary Table 1 are referred 700 

to as standard parameters. In summary bar graphs, black bars indicate these standard 701 

values, light blue bars reduced values, and light red bars increased values in 702 

comparison to the default parameter set. In functional analysis of ψ, γ, and ρ, standard 703 

parameters are indicated as vertical dashed. Throughout the paper, the term “pattern” is 704 

defined as a vector of real values (for excitatory drive) or a vector of binary values (for 705 

activity, 1 if the cell fires, 0 otherwise). In both cases, the vector length corresponds to 706 

the number of cells. 707 

 708 

Data availability  709 
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Source Data for Figures 1–6 and Extended Data Figure 1 are provided with this 710 

manuscript. Output data sets can be regenerated from the code76. As the full output 711 

dataset generated in this work is huge (> 10 Terabyte), deposit in a publicly available 712 

repository is not practical at the current time point. Specific data will be provided by the 713 

corresponding author upon request (Peter.Jonas@ist.ac.at).  714 

 715 

Code availability  716 

A minimal version of the Neuron simulation code is provided as Supplementary 717 

Software. A full version of the simulation and analysis code has been deposited in a 718 

publicly available DOI-minting repository under the GNU General Public License version 719 

3, as published by the Free Software Foundation (Ref. 76).  720 
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Figure legends 957 

Figure 1 | Pattern separation in a biologically realistic full-scale network model.  958 

a, Structure of the biologically inspired full-scale model based on experimental data on 959 

synaptic connectivity and biophysical properties of cells and synapses. EC neurons, 960 

entorhinal cortex neurons; GCs, DG granule cells, PV+-INs, parvalbumin-expressing 961 

interneurons; CA3, CA3 pyramidal neurons. GCs and CA3 neurons were implemented 962 

as LIF neurons. PV+-INs were represented as single-compartment conductance-based 963 

models endowed with modified Hodgkin-Huxley-type conductances67 to convey maximal 964 

realism to the pattern separation mechanism. GCs were activated by a tonic excitatory 965 

drive (Iµ), and an external inhibitory conductance was simulated to mimic gamma 966 

oscillations (Jgamma). Cell numbers (right) were chosen to represent the hippocampus of 967 

one hemisphere in rodents13. 968 

b, Activity in the pattern separation network model. Top, membrane potential in GCs 969 

(left, black), INs (center, red), and CA3 pyramidal neurons (right, gray). Traces from 970 

every 10th IN (250 traces total) and every 1,000th GC or CA3 pyramidal cell (500 and 971 

250 traces total, respectively) were superimposed. For GCs and CA3 pyramidal cells, 972 

membrane potential is unitless, since cells were simulated as LIF neurons. Bottom, 973 

rasterplots of AP generation in GCs (left, black), INs (center, red), and CA3 pyramidal 974 

neurons (right, gray). Each point indicates an AP. t = 0 corresponds to onset of 975 

inhibitory conductance representing a gamma oscillation cycle in the network19.  976 

c–e, Input–output correlation (Rout–Rin) graphs at different levels of the network 977 

(standard parameter settings). Data points represent pairwise correlation coefficients 978 

between input patterns (Rin) and corresponding output patterns (Rout). Input-output 979 

correlation at first layer, measured between EC neurons and GCs (c), at second layer, 980 

measured between GCs and CA3 neurons (d), and across the entire network, 981 

measured between EC and CA3 neurons (e). Red dashed line, identity line; gray 982 

shaded area, area between data points and identity line, used for computation of 983 

integral-based pattern separation index, ψ. Blue line and light blue shaded area, tangent 984 

line at Rin = 1 and corresponding slope triangle of a polynomial function fit to the data 985 
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points, used for computation of slope-based pattern separation index, γ. Insets, 986 

horizontally expanded view of tangent and slope triangle used to compute γ.  987 

f–h, Preservation of rank order similarity between patterns at input and output. The 988 

rank-based pattern separation index, ρ, was computed as the correlation coefficient of 989 

ranked Rout versus ranked Rin data. Rank analysis at first layer, measured between EC 990 

and DG (f), at second layer, measured between DG and CA3 (g), and across the entire 991 

network, measured between EC and CA3 (h).  992 

 993 

 994 

Figure 2 | Dependence of pattern separation on gamma rhythm and lateral inhibition.  995 

a, Analysis of effects of inhibition on pattern separation in a biologically inspired full-996 

scale model of the DG. Lateral inhibition was mediated by PV+-INs included in the 997 

models. Gamma-modulated inhibition was included as synchronized external inhibitory 998 

conductance.  999 

b, Plot of ψ (red), γ (blue), ρ (green), and average activity α (magenta) against 1000 

excitatory drive in GCs (Iµ), relative to threshold. Top left, default model, with both 1001 

gamma inhibition and lateral inhibition intact (Jgamma = 1 relative to threshold, JE–I = 8 nS, 1002 

JI–E = 0.025, relative to threshold). Top right, gamma inhibition deleted (Jgamma = 0). 1003 

Bottom left, lateral inhibition removed (JE–I = 0, JI–E = 0). Bottom right, both gamma 1004 

inhibition and lateral inhibition cancelled from the default model (Jgamma = 0, JE–I = 0, JI–E 1005 

= 0). LI, lateral inhibition.  1006 

c, Contour plot of ψ against the mean excitatory drive (Iµ, abscissa) and amplitude of 1007 

gamma inhibition (Jgamma, ordinate). Contour lines indicate ψ; warm colors represent 1008 

high values, cold colors indicate low values.  1009 

d, Similar contour plot as shown in (c), but after removal of lateral inhibition. Analysis of 1010 

pattern separation was restricted to the region of the Iµ–Jgamma parameter space in 1011 

which activity α was < 0.5 (otherwise white).  1012 
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e–g, Interfering with lateral inhibition in different ways similarly affects pattern 1013 

separation. Top, ψ for different values of peak connection probability of excitatory E–I 1014 

connectivity (cE–I, e), width of excitatory E–I connectivity (σE–I, f), and synaptic strength 1015 

of excitatory E–I synapses (JE–I, g). Bottom, similar analysis, but for inhibitory I–E 1016 

connectivity (cI–E, e; σI–E, f; JI–E, g). Increasing cI–E, σE–I or σI–E, and JI–E increased 1017 

pattern separation efficacy only minimally, whereas increasing cE–I and JE–I led to much 1018 

larger improvement. Thus, cI–E, σE–I or σI–E, and JI–E appear to be near the optimum that 1019 

provides maximal pattern separation, whereas cE–I and JE–I are below the optimum. 1020 

 1021 

 1022 

Figure 3 | Independence of pattern separation on divergent excitatory connectivity 1023 

between EC neurons and GCs.  1024 

a, Analysis of divergence and convergence in a simplified connectivity–thresholding 1025 

network. Binary activity vectors of the presynaptic layer were multiplied by a connectivity 1026 

matrix, resulting in drive vectors in the postsynaptic layer. Drive vectors were then 1027 

converted into binary vectors by thresholding. The threshold was set to obtain a defined 1028 

average activity level α.  1029 

b, Rout versus Rin plots for finite neuronal populations with different convergence–1030 

divergence ratios. Top, nEC : nGC = 10,000 : 100,000; bottom, nEC : nGC = 100,000 : 1031 

10,000.  1032 

c, Contour plot of ψ against the number of presynaptic neurons (nEC, abscissa) and the 1033 

number of postsynaptic neurons (nGC, ordinate). Contour lines indicate ψ; warm colors 1034 

represent high values, cold colors indicate low values. In all simulations, the activity 1035 

level was set to α = 0.01. 1036 

d, Plot of ψ against presynaptic–postsynaptic divergence ratio for different activity levels 1037 

(red, α = 0.1; green, α = 0.01; blue, α = 0.001).  1038 
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e, Analysis of divergence and convergence in a full-scale biologically inspired model of 1039 

the EC–DG circuit.  1040 

f, Effects of changes in number of ECs (nEC, top) and activity level in EC neurons (αEC, 1041 

bottom).  1042 

g, Effects of maximal connection probability (cEC–GC, top) and width of EC–GC 1043 

connectivity (σEC–GC, bottom).  1044 

 1045 

 1046 

Figure 4 | Requirement for local PN–IN interconnectivity and fast IN signaling.  1047 

a, Analysis of lateral inhibition mechanisms in a biologically inspired full-scale model of 1048 

the GC–PV+-IN circuit. To determine the effects of local connectivity, the width of 1049 

excitatory GC–PV+-IN connectivity (σE–I) and inhibitory PV+-IN–GC connectivity (σI–E) 1050 

was varied. 1051 

b, Effects of local connectivity on pattern separation. Summary bar graph of ψ for 1052 

different values of excitatory σE–I (top) or inhibitory σI–E (bottom) connectivity in the 1053 

network. Right bar in each bar graph (“Random”) represents uniform random 1054 

connectivity. Peak connectivity (and, if required, synaptic strength) was compensated to 1055 

maintain the total synaptic efficacy (different from Fig. 2f).  1056 

c, Contour plot of ψ against width of excitatory E–I connectivity (σE–I) and inhibitory I–E 1057 

connectivity (σI–E). Peak connectivity (and, if required, synaptic strength) was 1058 

compensated to maintain the total synaptic efficacy. Asymmetry in spatial connectivity 1059 

rules enhances pattern separation, consistent with experimental observation of 1060 

narrower excitatory E–I connectivity and broader inhibitory I–E connectivity22.  1061 

d, Distribution of axonal delay values in the network with standard parameters for 1062 

excitatory E–I (top) and inhibitory I–E synapses (bottom). 1063 
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e, Summary bar graph of pattern separation index ψ for impairment of fast IN signaling 1064 

by changes in synaptic delays at excitatory synapses (δsyn,E ; top), and inhibitory 1065 

synapses (δsyn,I; bottom). Note that the effects of synaptic delay are more powerful than 1066 

the effects of propagation velocity (Supplementary Fig. 9a), highlighting the importance 1067 

of synaptic properties, e.g. Ca2+ channel–release sensor coupling distance61.  1068 

f, Summary bar graph of pattern separation index ψ for impairment of fast IN signaling 1069 

by changes in the decay time constant of excitatory postsynaptic conductance τdecay,E 1070 

(top) and the membrane time constant of the interneuron τm (bottom). Interfering with 1071 

fast signaling at multiple levels of the lateral inhibition pathway consistently impairs 1072 

pattern separation.  1073 

 1074 

 1075 

Figure 5 | Contribution of hippocampal mossy fiber synapses to pattern separation.  1076 

a, Analysis of effects of multi-layer structure of the hippocampal network on pattern 1077 

separation in a biologically inspired full-scale model of the EC–DG–CA3 circuit. To 1078 

address the effects of mossy fiber output, the GC–PV+ interneuron network was 1079 

connected to a CA3 network via synapses with mossy fiber-like properties.  1080 

b, Rout–Rin graph for the EC–DG component of the network. Same graph as shown in 1081 

Fig. 1c.  1082 

c, Rout–Rin graphs for the DG–CA3 component of the network (top) and the entire 1083 

system (bottom) for different numbers of mossy fiber boutons per axon.  1084 

d, Pattern separation index ψ plotted against number of mossy fiber boutons per axon. 1085 

Blue, isolated EC–DG component; red, isolated DG–CA3 mossy fiber component; 1086 

green, total EC–DG–CA3 system. In both (c) and (d), synaptic strength was 1087 

compensated to maintain the total synaptic efficacy. 1088 

e, f, Similar plots as in (c, d), but for variation of synaptic strength of mossy fiber 1089 

synapses relative to threshold. Blue, isolated EC–DG component; red, isolated DG–1090 
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CA3 mossy fiber component; green, total EC–DG–CA3 system. Inset, schematic 1091 

illustration of how presynaptic plasticity at mossy fiber synapses affects pattern 1092 

separation. Left, situation before induction of synaptic plasticity (control); right, situation 1093 

after induction of presynaptic plasticity, for example facilitation or PTP25,40. Two patterns 1094 

are efficiently separated in the absence of PTP (left), but less so after PTP induction 1095 

(right).  1096 

 1097 

 1098 

Figure 6 | Contribution of PP input to pattern computations.  1099 

a–c, Hebbian plasticity at PP EC–GC synapses switches the network from pattern 1100 

separation to pattern completion.  1101 

a, Schematic illustration of the model that incorporates Hebbian plasticity at PP EC–GC 1102 

synapses. Synaptic plasticity was implemented according to a Hebbian rule and a 1103 

sigmoidal relation between potentiation and the number of coincident APs (Methods). b, 1104 

Rout–Rin curve with 120% (a) and 600% (b) plasticity factor at PP EC–GC synapses. c, 1105 

Summary bar graph of pattern separation indices ψ for various Hebbian synaptic 1106 

plasticity potentiation factors. ψ in control conditions (100%; black) was slightly lower 1107 

than in Fig. 1, because Rin was computed from binary EC patterns rather than analogue 1108 

drive patterns.  1109 

d–f, Direct PP input to CA3 pyramidal neurons (EC–CA3 input) regulates the balance 1110 

between pattern separation and pattern completion.  1111 

d, Schematic illustration of the model incorporating a direct PP connection from the EC 1112 

to the CA3 region.  1113 

e, Rout–Rin graphs for the DG–CA3 component of the network (left) and the entire EC–1114 

DG–CA3 network (right) for Iµ EC–CA3 = 0 (top) and Iµ EC–CA3 = 1 (bottom).  1115 

f, Pattern separation index ψ plotted against Iµ EC–CA3. Blue, isolated EC–DG 1116 

component; red, isolated DG–CA3 mossy fiber component; green, total EC–DG–CA3 1117 
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system. Plateaus in the relation correspond to different integer numbers of mossy fiber 1118 

terminals required for postsynaptic spiking.  1119 

 1120 
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