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Supplementary Figure 1. Synaptic pattern developed by cell 36 at the end of Simulation 1. This
simulation is described in the text and in Figures 2, 3, and 6. (A) Each plot corresponds to one of the
100 grid inputs. The grey line denotes the rat's foraging trajectory over the whole 15-min session
(identical across all plots). The green dots denote the locations of the input spikes. The red dots
denote the locations of the spikes generated by the output cell (identical across all plots). Grid cells
are ordered (from high to low) based on the final strength of the synaptic weight onto the place cell.
Inputs that finished the simulation with high weights were those in which one vertex overlapped the
place field of the output cell. The remaining inputs, for which the place field typically occurred
between vertices, were depressed. (B) The histogram represents the final distribution of synaptic
weights ranging from 0 to the saturation limit (0.1 pS).
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Supplementary Figure 2. Synaptic pattern developed by cell 92 at the end of Simulation 1. (See

Supplementary Fig. 1 for legend). These are the same cell and simulation as in Fig. 2.
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Supplementary Figure 3. Synaptic pattern developed by cell 99 at the end of Simulation 1. (See

Supplementary Fig. 1 for legend).
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Supplementary Figure 4. Firing rate maps of all the ‘place cells’ simulated in Simulation 1. The cells are
ordered based on the original numbering of the output cells in the simulation. Spatial information scores
(Skaggs et al., 1996) were calculated from the rate maps and were compared with the scores of place field
maps produced by random shuffling of the spike train with the position data for each cell (a standard
statistical analysis for place-field data). In all cases, the information score for the original rate map was
greater than the scores produced by 100 random shuffles. It is possible that this result could be obtained if
a cell fired a single burst of spikes at one location. However, the place-field definition criterion of > 0.033
Hz firing rate meant that the cell had to fire a minimum of 30 spikes in the 15-min session to meet criterion
as a place field. In fact, in Simulation 1, 497/500 cells produced at least 50 spikes, and 484/500 cells
produced at least 100 spikes. Visual inspection of the session data showed that all cells fired at multiple
time points in the session. Thus, the significant p values for spatial information for all 500 cells show that
all output cells in this simulation provided a reliable spatial signal that was not an artifact of one or two
random bursts of activity.
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caL?

Cal_14

ch1 21

Ch1_35

Chi_d2

cal_l

CAL G

CAL_1S

CAl_22

CAl_29

CAl_36

n

Chl_43

CALZ

Calg

CA1_16

CA1_30

Chl_37

Chi_44

cals

cal_1o

cal_17

cal_24

cal 31

CAl_38

CAl_45

Chl_4

111

4118

Ch1_25

Ch1_32

Ch1_39

Cihl_46

cAlLS

CAL_12

CAL_18

CAL_Z6

CAal_33

CAL_40

CAal_47

CALG

Cal_13

Ca1_20

ca1 27

Chl_34

Chl_41

Chl_48



CAL 49

Ci1_5E

!

Al 63

’

CA1_70

Ch1_77

CAL_B4

’ .

CA1_91

CAal_50

Chl_57

CAl_&4

CAal_71

Chl_78

cal_gs

Cal 92

il 51

CAl_5S

Chl_65

CAl_7E

bl

'

CAL_79

CAL_ES

Chl_93

CAl 52

CAl_50

CAl_&6

CAL_F3

cal_g0

cal_g?

CAl_9¢

Chl 53

’ .

Ch1_60

CAl_67

CAl_T4

cal_sl

CAL_f8

Ch1_55

CAl_54

cal_81

Cal_68

ﬂ ..

CAL_7S

chl_g?

CAL 89

CAL_96

]
!

CAL 55

Chl_62

Al 89

Chl_7a

chl 83

'

cal_s0

cAle?



IE .

o'

CA1_105

s

CAL 112

'
%

'
'

CAL_119

CAL_12¢

‘
.

CAI_13

'

CAL_140

CA1_106

CAl_113

CAL_120

‘
’

CAl_127

CAI_13

CAL 141

CAL_100

Cal_107

CAL_114

cal_121

CAL_128

CAL_1ES

CAL_142

CAl_LO1

Cal_108

CAl_115

cal_lzz

CAl_129

CAl_135

CAL_143

W

CAl_102

cal_10g

CAL 116

cAal_173

CAL 130

!
’

CAal_157

n -'
A, .

CAL_144

CAl_103

n
ﬂ

CAl_110

CAL_117

CAl_124

CAL_131

CAL_135

CAL_145

CA1_104

ca1_111

CAL_118

CAL_125

CAl_132

cAl_139

CAL_146



CAL_147

Cal_154

CAl_161

CAL_168

cal_175

' |

CAL_182

CAl_189

CAL_148

-g

CAal_155

i

CAal_162

CAl_169

cal_176

Cal_183

CAl_190

CAL_149

E

cal_156

CAl_163

' |

CAL_L70

cal_177

CAl_134

CAL_191

CAl_150

Cal_157

'

CAl_164

CAL_I71

cal_178

CAL_185

CAL_192

CAL_151

Cal_158

CAL_165

CAL_I72

cal_179

' |

CAl_136

CAL_193

CAL_152

Cal_159

CAl_166

CAL_173

CAal_180

CAl_187

CAL_194

CAL_153

Cal_160

.

CAl_167

CAL_174

Cal_181

CAl_1588

CA1_195



CAl_245

Cal_z5z

CAl_Z59

CAl_266

CAL_Z73

CAl_280

CAl_Z37

CAL_Z46

CAl 753

CA1_Z60

-
ﬁ

Cal 267

CAL_Z74

1281

CAl_Z88

CAL_247

Cal 754

CA1_Z61

cal_zed

CAL_Z7S
CAl_ZE2

ChAl_Z39

!
"
'

CAL_Z48

Cal 755

CAL_Z62

'

Cal_zed

CAL_Z76

Al 283

CAL_Z90

CAL_249

CAl 756

CAL_Z63

Cal_z70

CAL_Z77

Al 2a4

CAL_291

CAl_Z50

cal_?57

'

CAl_Z64

cal_271

CAL_Z78

Al 2ES

CAL_292

CAL_Z51

CAl_758

CAL_Z65

Cal_272

CAL_Z79

CAL 286

CAL_293



Cal_794

Cal_301

CAl1_308

'
H
.

CAL 315

CAl 322

i

CAl_329

CAl_336

.!

Cal_zo5

Cal_302

CAl_309

CAl 316

CAl 323

CAl_330

CAl_337

Cal_zo6

CAal_303

CAl_310

Chl 317

Chl_ 324

CAl_331

CAl_338

’

Cal_zo7

X
b

Cal_304

Cal_311

Chl_ 318

Chl_ 325

CAl_332

CAl_339

Cal_zod

Cal_305

CAal 312

CAHl_ 319

Chl_326

CAl_333

CAl_340

Cal_zog

Cal_306

i

Al _313

CAl_320

CAl_327

.

CAl_334

CAl_341

Cal_300

Cal_307

Al 314

cal_321

CAl_328

o3

CA1_335

CAl 342



CAl_392

i |

CAl_399

CAl_406

Cal_413

CAl_420

‘

CAl_427

Cal_434

CAL_393

CAL_400

Cal_407

’ i

Col_414

CAL_421

cal_428

Cal_435

CAl_394

CAl_401

Cal_408

CAal_415

‘ |

CAl_422

=

CAl_429

CAl_438

CAL_395

.
“

CAL_402

!

Cal_409

Col_416

CAL_423

CAal_430

CAl_437

CAL_396

CAL_403

CAal_410

CAal_417

CAl_424

Al 431

.

cAal_438

™
L] F

CA1_397

CA1_404

Cal_411

cal 418

CA1_425

1]

CAl_432

cal 439

CAL_398

CAl_405

CAal_412

Cal_419

CAl_426

CAl 433

CAl_440



CAL 441

CAl_ 443

CAl_455

’ :

CAal_462

CAl_469

CAl_476

CAl_453

E

CAL_442

CAl_449

Cal_456

Cal_463

CAl_470

CAL_477

CAl_484

!

CAl_443

'

CA1_450

CAal_457

.

Cal_d64

CAL_471

CAl_478

CAl_485

CAl_444

CAl_451

!

Cal_458

Cal_465

CAL_472

CAL_479

CAl_486

CAL_445

CAl_452

CAl_459

’ .

CAal_466

CAL_473

CAL_480

CAL 457

CAl_446

Al 453

CAl_460

!

CAl_467

CAl_474

Al 481

CAl_488

CAL_447

CAl_454

Cal_461

CAl_468

o

CAL_475

CAL_432

CAl_ 489



CAal_490 Cal 491 Cal_492 CAl_493 Cal_494 CAl_405 CAl_49
CAl_497 Cal 408 CAl_499

Supplementary Figure 5. Firing rate maps of all the “place cells” simulated as in Simulation 1 (see
Suppl. Fig. 4) but with a different range of input grid spacing (70-93 cm instead of Simulation 1’s 30-
53 cm). The resulting fields are larger, with fewer subfields, and with more irregular shape than those
in Suppl. Fig. 4. We also ran a simulation with an intermediate range of grid spacing (50-73 cm). As
expected, the resulting place fields were intermediate in size and shape (data not shown).



Supplementary Figure 6
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Supplementary Figure 6. Physiological alternatives to heterosynaptic depression. (A) Example
of input grid cell with (right) and without (left) intervertex background activity. (B) Comparison



of rate maps of cells across different simulations. Rate maps in the first column were obtained
from the simulation without synaptic plasticity. Rate maps in the second column were generated
by the simulation with synaptic plasticity with heterosynaptic depression. Rate maps in the third
to sixth columns were obtained from simulations with synaptic plasticity in which heterosynaptic
depression was excluded, with increasing time constants (t) used for the calculation of the
presynaptic firing rate in the synaptic rule. The top and bottom rows of each pair show results for
simulations in the absence or presence, respectively, of intervertex background activity in the
grid inputs. Slower integration of presynaptic spikes compensates greatly for the lack of
heterosynaptic depression, whereas the presence of intervertex grid background activity has a
weaker contribution.

Results for Supplementary Figure 6. Recent experimental results at perforant path synapses
suggest that presynaptic activity that is not directly controlled in in vivo experiments could
disguise homosynaptic depression as heterosynaptic (Abraham et al., 2007). That is, the low-
rate, spontaneous activity that typically occurs in vivo might provide a background level of
activity of presynaptic cells that allows depression of these low-rate synapses using
homosynaptic mechanisms (Abraham et al., 2007). A nonzero level of baseline activity in grid
cells would cause the cells to fire at a low rate when the animal occupied a location in between
the vertices of the grid. A longer time constant in the calculation of the momentary presynaptic
firing rate would also provide a trace of presynaptic activity as the animal exits a vertex and
enters an intervertex region. To test the interaction of these two possible mechanisms, we ran
simulations in which the rule lacking heterosynaptic depression was used, with different time
scales for the presynaptic firing rate decay, with or without spontaneous activity of grid cells in
the intervertex spaces. For these simulations, we increased the value of 6, compared to the other
simulation of heterosynaptic depression in the main text (Fig. 2D and 2E). The threshold 6, used
in those simulations (0.05 Hz) was very low because it was important to demonstrate that even a
minimal relaxation of the heterosynaptic property caused the failure of robust place-field
formation in the model. Here we are in a logically opposite position, since we would like to test
if the putative mechanisms can compensate for the lack of heterosynaptic depression, and so a
higher threshold (6; = 0.3 Hz) was chosen. This value approaches the rate of stimulation at
which it becomes possible to induce homosynaptic depression in in vitro protocols (Steele and
Mauk, 1999; Dudek and Bear, 1992; Mulkey and Malenka, 1992). The value of 8, was the same
as in Simulation 3 described in the main text (6, = 5 Hz, see Fig. 2 and Table 1), in which the
lack of heterosynaptic depression had its most dramatic effect. We tried time constants for the
ongoing calculation of the presynaptic firing rate in the range 100—-1000 ms. When included,
intervertex activity was implemented by keeping the firing-rate of the grid cell above 0.5 Hz at
every location in the environment (Supplementary Fig. 6A). Column 1 of Supplementary Figure
6B shows the rate map for each example cell produced with no plasticity; column 2 shows the
rate map produced by Eq. (2) (i.e., including heterosynaptic plasticity); and columns 3-6 show
the rate maps produced without heterosynaptic plasticity (6; = 0.3 Hz) at 4 different time
constants. For each cell, the first row of these 4 columns shows the rate maps produced with no
spontaneous activity in between vertices and the second row shows the rate maps produced with
an intervertex spontaneous activity of 0.5 Hz. Increasing the time constant of the presynaptic
firing-rate decay improved the quality of place cells, moving from no spatial specificity due to
the widespread runaway potentiation discussed in the previous section (t = 100 ms) to a behavior
that is comparable to the use of the intact rule of Eq. (2) (t = 500-1000 ms). The addition of
intervertex spontaneous activity was less effective. However, intervertex activity did provide a



positive contribution in combination with longer time constants, as relatively shorter time
constants with intervertex activity performed comparably to longer ones without intervertex
activity.
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