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Supplementary Information

Supplementary Discussion

We conducted our CFC experiments in the light cycle for mice, which could have had an effect on the evolution of the
composition and selectivity of memory engrams. In particular, if our experiments had been performed in the dark cycle, we
would expect that engram cell turnover and the emergence of memory selectivity would have been delayed relative to the
light cycle case given that: I) neuronal reactivations in the hippocampus are mostly prevalent during NREM sleep,1 and II)
sleep-specific reactivation of training-activated sensory neurons is essential for the emergence of memory selectivity.2 Despite a
potential difference in timing between the light and dark cycles, we would expect that dynamic and selective engrams encode
contextual fear memories in either case once neuronal reactivations have taken place.

The effects of blocking the reactivation of training-activated neurons have been investigated in previous experiments.2,3 In
particular, it has been shown that I) blocking the reactivation of training-activated place cells in the CA1 region of the
hippocampus impaired spatial memory recall,3 II) post-training sleep deprivation impaired visually-cued fear memory recall,2

and III) blocking the reactivation of training-activated sensory neurons impaired visually-cued fear memory selectivity.2 In our
simulations, we specifically blocked the reactivation of training-activated sensory neurons and this disrupted memory selectivity
in a manner consistent with previous experimental findings.2 Notably, we did not explicitly model the effects of blocking
the reactivation of training-activated hippocampal neurons, nor did we explicitly model the effects of post-training sleep
deprivation and the consequent disruption of reactivation of training-activated neurons in multiple brain regions. However,
either blocking the reactivation of training-activated neurons exclusively in the hippocampus or in multiple brain regions
would disrupt long-term potentiation (LTP) of the efferent and afferent synapses of the blocked neurons given the known
role of pre- and post-synaptic activity in the induction of LTP.4 Importantly, we specifically blocked LTP during memory
consolidation in our simulations and this impaired memory recall, in line with previous experimental findings where LTP in
the hippocampus was optogenetically erased selectively during sleep.5

Evidence from various pharmacological manipulation studies suggests that memory encoding and consolidation are linked to
moderate GABAergic transmission.6 In particular, administering drugs that enhance GABA transmission either before or
after fear training disrupts memory formation. Our work complements these observations by showing that inhibitory neurons
become indispensable for memory selectivity via inhibitory synaptic plasticity during consolidation. Taken together, these
findings suggest that inhibitory activity levels need to be maintained within a defined range to simultaneously enable the
formation of memories and the emergence of selectivity. This is consistent with previous studies reporting that homeostatic
inhibitory synaptic plasticity mechanisms can both control firing activity and support functional neuronal networks.7–9

Notably, it has been shown that homeostatic synaptic scaling also contributes to the emergence of memory selectivity in
conditioned taste aversion (CTA).10 Specifically, blocking homeostatic synaptic scaling delayed the development of CTA
memory selectivity. This suggests that synaptic scaling supports a gradual increase in memory selectivity by promoting
competition among excitatory neurons as it scales down the strength of incoming synapses when neurons are highly active.
However, CTA memory selectivity still eventually emerged even when synaptic scaling was blocked. This points to synaptic
scaling promoting the emergence of memory selectivity by accelerating this process without being an essential homeostatic
mechanism for the development of memory selectivity.

Previous work found that DG CCK+ interneurons support memory selectivity by showing that inhibiting these interneurons
during memory recall 24 or 48 h after contextual fear training impairs discrimination between the training context and a
neutral context.11 This study also showed that learning-induced inhibitory synaptic plasticity was correlated with the strength
of fear learning. Our results expanded these findings in important ways. First, we showed that DG CCK+ interneurons
have a time-dependent role in mediating memory selectivity since inhibiting these interneurons impairs selectivity during
recall 12 or 24 h but not 5 h after fear training. This was consistent with our experiments that showed that contextual fear
memories are initially unselective but later become selective over the course of memory consolidation. Second, we found that
inhibitory synaptic plasticity has a causal role in the development of memory selectivity by demonstrating that blocking the
plasticity of DG CCK+ efferent synapses prevented the emergence of engram selectivity. Importantly, we identified CCK+

interneurons as mediators of memory selectivity but other interneuron types have also been implicated in the formation
and evolution of engrams. For instance, PV+ interneurons control the size of engrams in the lateral amygdala12 whereas
somatostatin-expressing (SST+) interneurons constrain the size of hippocampal DG engrams.13 Also, CA1 PV+ interneuron
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activity following encoding is required for memory consolidation14 while PFC SST+ interneuron activation and plasticity are
critical for memory acquisition and expression.15
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Supplementary Table 2. List of network simulation parameters. Value source indicated as below:
(a) for values taken from Friedemann Zenke, Everton J Agnes, and Wulfram Gerstner. Diverse synaptic plasticity mechanisms
orchestrated to form and retrieve memories in spiking neural networks. Nature Communications, 6(1):1–13, 2015.
(b) for values chosen somewhat arbitrarily without targeted optimization.
(c) for values optimized over several preliminary simulations.

Neural Populations

Parameter Value(source) Description

Nexc 4096(a) Size of population of excitatory neurons in the hippocampus

Ninh 1024(a) Size of population of inhibitory neurons in the hippocampus

Nstim 4096(a) Size of population of stimulus neurons
Network Connectivity

Parameter Value(source) Description

ϵrec 0.05(a) Probability of connection of recurrent synapses

Rhpc 8(a) Radius of receptive field of excitatory neurons

wEE 0.1(a) Initial weight of recurrent excitatory synapses onto excitatory neurons

wEI 0.6(a) Fixed weight of recurrent excitatory synapses onto inhibitory neurons

wII 0.2(a) Fixed weight of recurrent inhibitory synapses onto inhibitory neurons

wIE 0.2(a) Initial weight of recurrent inhibitory synapses onto excitatory neurons

wstim 0.5(a) Initial weight of feedforward excitatory synapses onto excitatory neurons
Neuron Model

Parameter Value(source) Description

τm 20 ms(a) Membrane time constant

Urest -70 mV(a) Membrane resting potential

Uexc 0 mV(a) Excitatory reversal potential

U inh -80 mV(a) Inhibitory reversal potential

τthr 5 ms(a) Threshold time constant

ϑrest -50 mV(a) Threshold resting value

ϑspike 100 mV(a) Threshold value immediately after spike
Synapse Model

Parameter Value(source) Description

τgaba 10 ms(a) GABA decay time constant

τa 100 ms(a) Adaptation time constant

∆a 0.1(a) Adaptation strength

αE 0.2(a) AMPA/NMDA ratio for excitatory neurons

αI 0.3(a) AMPA/NMDA ratio for inhibitory neurons

τampa 5 ms(a) AMPA decay time constant

τnmda 100 ms(a) NMDA decay time constant
Short-Term Plasticity Model

Parameter Value(source) Description

τdEE 150 ms(a) Depression time constant for excitatory synapses onto excitatory neurons

τdEI 200 ms(a) Depression time constant for excitatory synapses onto inhibitory neurons

τf 600 ms(a) Facilitation time constant for excitatory synapses

U 0.2(a) Initial release probability for excitatory synapses
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Long-Term Excitatory Synaptic Plasticity Model

Parameter Value(source) Description

ηexc 1 x 10−3(a) Learning rate of excitatory synapses

λβ 50(a) β/ηexc ratio

τcons 20 min(a) Synaptic consolidation time constant

λδ 0.02(a) δ/ηexc ratio

A 1(a) LTP rate

τ+ 20 ms(a) Time constant of presynaptic trace for excitatory synaptic plasticity

τ− 20 ms(a) Time constant of postsynaptic trace for excitatory synaptic plasticity

τslow 100 ms(a) Time constant of slow postsynaptic trace for excitatory synaptic plasticity

P 20(a) Potential strength

wP 0.5(a) Upper fixed point of reference weight potential

w̃ 0.0(a) Initial reference weight

τhom 10 min(a) Time constant of homeostatic regulation

τht 100 ms(a) Time constant of postsynaptic trace for homeostatic regulation

wmax
exc 5.0(a) Maximum excitatory synaptic weight

wmin
exc 0.0(a) Minimum excitatory synaptic weight

Inhibitory Synaptic Plasticity Model

Parameter Value(source) Description

λη 50(a) ηexc/ηinh ratio

γ 4 Hz(a) Target activity level for excitatory neurons in the hippocampus

τiSTDP 20 ms(a) Time constant of pre- and postsynaptic traces for inhibitory synaptic plasticity

τH 10 s(a) Time constant of global secreted factor

wmax
inh 5.0(a) Maximum inhibitory synaptic weight

wmin
inh 0.0(a) Minimum inhibitory synaptic weight

Stimulus Model

Parameter Value(source) Description

νbg 5 Hz(a) Background firing rate of stimulus population

νstim 15 Hz(c) Firing rate of neurons matching given stimulus when that stimulus is activated

T training
On 1 s(c) Mean stimulus-on period in the training phase

T training
Off 2 s(c) Mean stimulus-off period in the training phase

T probing
On 1 s(c) Mean stimulus-on period in the probing phase

T probing
Off 2 s(c) Mean stimulus-off period in the probing phase

T consolidation
On 1 s(c) Mean stimulus-on period in the consolidation phase

T consolidation
Off 3 s(c) Mean stimulus-off period in the consolidation phase

T recall
On 1 s(c) Mean stimulus-on period in the recall phase

T recall
Off 2 s(c) Mean stimulus-off period in the recall phase

Network Simulation

Parameter Value(source) Description

Tburn 120 s(b) Duration of burn-in period prior to training

Ttraining 5 min(c) Duration of training phase

Tconsolidation 24 h(b) Duration of consolidation phase

Tprobing 60 s(c) Duration of probing phase

Trecall 90 s(b) Duration of recall phase

∆ 0.1 ms(a) Time step for updating neuronal state variables except for reference weights w̃

∆long 1.2 s(a) Time step for updating reference weights w̃

Nranks 16(c) Number of MPI ranks in Auryn simulations
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