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REVIEWER COMMENTS 

Reviewer #1 (Remarks to the Author): 

Systems consolidation is both a widespread hypothesis in the neuroscience (stated as a 'theory' 

formulated with words or with abstract AI-like concepts) and a collection of diverse experimental 

observations. Network models of spiking neurons have not yet been able to shed light on the 

question of systems consolidation (as opposed to, say, synaptic consolidation where several 

models exist), and this paper presents an important step in this direction. This simulation study 

from the Clopath group links several, previously unexplained, experimental facts using a spiking 

neural network with three groups of neurons, representing Hippocampus, Thalamus, and Cortex, 

respectively. Most importantly, the slow transfer of memory from Hippocampus to Cortex is 

described by the model. Intriguingly, 

the model suggests that transfer is most likely indirect, i.e., from Hippocampus to Thalamus and 

from there to Cortex, rather than direct. 

An attractive feature of the study is that the authors do not propose yet another novel plasticity 

mechanism taylored to the task of systems consolidation, but apply the modeling framework of 

Zenke et al. to their novel network architecture. A minor change in the time constants of the 

plasticity mechanism across the three groups of neurons is sufficient to account for systems 

consolidation. In addition to this exciting generic finding, the authors perform several 

lesion/blocking experiments in their simulations to check that all components of their model are 

necessary, and also study the role of inhibitory engram cells that emerge in their model. 

I have three major and a short list of minor issues. 

MAJOR. 

1. I find the accumulation of simulation results repetitive. Not surprisingly, once one has a big 

simulation running, one can easily shut down 25 different components and change each of 50 

parameters, but such a broad exploration is just a distraction when reading the main text. I would 

suggest to refocus on the core story line, shift Figures 2 and 4 to the supplementary material, and 

shorten the main text around the observations in Fig 2 and 4 to just two lines each. 

2. I have a problem with the time scale of 'oscillation'. 

(i) The population activity in Figs 1C and 3C shows a switch in the color on the time scale of, 

roughly, ten minutes. In the main text you repeatly speak of 'precise coupling of oscillations' (e.g., 

twice on page 5). To the reader, this implies that the experimentally observed oscillations are also 

on the time scale of 10 minutes, but is that correct? 

(ii) How would you have to change model parameters to get switching/oscillation on a desired time 

scale? What does the swtiching time scale in your simulations depend on? 

(iii) In methods you mention that you have adaptive IF neurons, but then you use a single super-

fact adaptation time scale of 5ms (which I would rather interpret as refractoriness). Adaptation is 

known to stretch across many time scales, hence why not use three time scales, say 5ms, 50ms, 

and 500ms? Would that makes switching as discussed in point (i) faster? I would expect a 

switching every second or so, due to the fatigue of the neurons in a given assembly. Plus, may be, 

sharper correlations on the millisecond time scale during the swtich-on phase of the next 

assembly. 

3. I also have a question regarding the time scale of maturation/de-maturation: 

the model study suggests that the maturation/de-maturation transition happens essentially during 

the first 1 or 2 hours. Is this also the time scale observed in experiments? Should we think of this 

time as corresponding to a specific phase of sleep (e.g., REM sleep), so that 1 h corresponds to a 

full night of sleep? 

I am aware that you quickly mention issues 2 and 3 in the discussion, but I believe that point 2 



needs simulations and point 3 needs further discussion. 

MINOR/Detailed comments 

False positive and False negative rates: I am confused how you calculate this. If there is one 

neuron that responds to two stimuli above threshold, is it then labeled as belonging to both 

stimuli? Or do you assign it to the 'best' stimulus and the response to the other stimulus is 

counted as false positive? If so, why would that be the right thing to do? May be the stimulus is 

encoded in cortex in a distributed code? In methods, you try to clarify this by the statement: 

number of stimuli minus one, but this did not help me. Is it always the same subset of neurons 

(i.e. those that respond to several stimuli) that go into false positive or false negative model; or is 

it rather that sometimes for stimulus A the whole cell assembly encoding stimulus B responds? For 

me the latter would be a 'real' false positive. 

Fig 1A. I assume white means active neuron. Should be mentioned in the caption. Moreover, I 

suggest to reorder all the white neurons for stimulus one at the bottom and those for stimulus 4 at 

the top of the 2d layout, so that the reader sees the similarity and difference to the stimuli of Fig 

3. 

Fig 1C. I have difficulties understanding the cumulative distributions. Top graph, why is there a 

vertical line at 110, and 150, respectively for the two distributions? The vertical lines should not be 

there. Also, what is the horizontal axis? I did not see it clearly defined in the caption (I also 

searched in methods, but could not find it there, probably my mistake). It should be explained in 

the caption. 

Fig 2. Shift to supplementary. 

Fig 4. Shift to supplementary 

Fig 5A. Are these inhibitory engram neurons in cortex? Please specify in the caption. 

Fig 6B. Population activity: what is the white space close to/above the x-axis? 

Why do you use an update step of 0.1ms? Can you re-run with an update step of 1ms and 

compare the results? My prediction is that the result is basically the same but with a simulation 

that runs 9 times faster 

I appreciate that you give all the parameters of the model (many, indeed). Can you add in the 

column of the 'value' an indication (say, a label 1, or 2, or 3) that indicates if: (1) the value is 

taken from literature (e.g., the time constant of the IF neuron), ideally with a citation. (2) the 

value was chosen somewhat arbitarily and set for convenience to this value (e.g., size of network). 

(3) The value has been optimized over several preliminary runs to achieve the results shown in the 

paper. Otherwise the reader may get the impression that you optimized about 100 parameters ... 

In the Results, you state at multiple occasions. 'This is driven by the t.p.r.'. I cannot understand 

the logic of the sentence. The network simulation gets no information on what is a true and what 

is a false response, therefore the error cannot drive anything. Probably you simply mean: 'This is 

also reflected by the t.p.r.' (?) 

In the Results, you state several times 'coupled reactivations' etc. It seems that the reader has to 

infer this from visual inspection of the activation pattern. The scientific way of doing this would be 

to measure covariance <A1(t),A2(t+tau)> of activity across two areas, as a function of delay tay, 

which would then also indicate a time scale of correlation. May be there IS in fact also a correlation 

on the millisecond time scale? See also major comment above. 



Reviewer #2 (Remarks to the Author): 

Summary: Systems consolidation of memory (SCM) refers to the dynamic of memory storage and 

memory retrieval through time. There is now a large body of evidence (referenced in this 

manuscript) demonstrating that the set of brain regions responsible for the storage and recall of 

episodic memories changes as time passes. In particular, the hippocampus, which was shown to 

support the retrieval of recent memory, seems to progressively disengage as the neocortex takes 

over (remote memory recall). Recently, Kitamura et. al (see ref. 33) have linked this phenomenon 

to the progressive maturation of an originally silent memory engram in the prefrontal cortex, and 

the de-maturation of an originally active engram in the hippocampus (HPC). Additionally, they 

showed that HPC engram cells support the maturation of PFC engram cells. In this manuscript, 

Douglas Feitosa Tomé and colleagues propose a computational model aimed at explaining the 

mechanisms and circuit underlying SCM, with a particular focus on recapitulating Kitamura et. al 

2017’s engram dynamics results as well as demonstrating the need for a “third party” region 

(thalamus) to coordinate the process. 

Using spiking recurrent neural networks to model various brain regions, as well as biologically 

plausible plasticity rules that describe how these networks change through experience, the authors 

assemble various anatomically-inspired networks featuring HPC and cortex, and test their ability to 

recall (pattern completion), after a phase of consolidation, specific stimuli that they encountered 

during training. Using this paradigm, they demonstrate the following points: 

The maturation and de-maturation of cortical and hippocampal engrams can be recapitulated in a 

two regions network by setting different synaptic plasticity timescales for HPC and cortical 

networks (figure 1). 

Even though plastic connections are added between HPC and cortical networks, simple two regions 

models cannot explain Kitamura et. al’s results showing that the HPC engram is required for the 

maturation of the cortical engram (figure 2). 

All three biological findings (maturation of cortical engram, de-maturation of HPC engram, and 

HPC engram necessity for cortical engram maturation) are recapitulated when a third region, 

which the authors identify as playing the role of the thalamus, is added to the network (figure 3 & 

4). 

Inhibitory neurons in the HPC and thalamus also play a critical role in the maturation of the cortical 

engram and the successful recall of stimuli at remote time points (post-consolidation) (figure 5 & 

6). 

Different cases of retrograde amnesia reported in studies where HPC was lesioned, can be 

recapitulated by manipulations of the three region model (figure 7). 

Novelty and interest to the Nature Communication readership: Overall this manuscript is 

pleasantly well written. The findings are clear and do indeed provide a useful computational 

framework to think about SCM in terms of engram dynamics, which so far was missing from the 

literature. In addition, their HPC-THL-CTX model makes a series of novel predictions that can be 

experimentally tested, increasing the appeal of the study. For these reasons, I believe that this 

manuscript would be of interest to the Nature Communication readership. However, I did raise a 

few concerns (see list below), which will need to be addressed before the manuscript can be 

accepted. 

Major points: 

On line 569, the authors write “engram cell ensemble encoding a given stimulus is taken as 

activated upon presentation of a partial cue if its population firing rate is above the threshold”. 

What do the authors mean by population firing rate? Is that an average computed across all 



engram cells constituting the ensemble? If so, this might be problematic as a small subpopulation 

firing at rates sufficiently high might lead to the false conclusion that the entire ensemble is being 

reactivated, essentially giving a false illusion of pattern completion. In particular, the 

subpopulation aforementioned could be the engram cells directly reactivated by the partial stimuli 

through feedforward connections. The author should provide in a supplementary figure data 

showing how much of the labeled engram ensemble is being reactivated, both right after training 

and post-consolidation. 

In figure 3C, I could not explain to myself why THL recall accuracies were not affected by the 

consolidation. Figure 4a,b show that, similar to HPC (figure 1C), the weight of recurrent 

connections in THL “deteriorate” through the consolidation process. However, the recall accuracy 

of HPC at test time is significantly worse than THL’s, suggesting that the difference resides in the 

fact that the authors use static feedforward STIM -> THL projections. Please justify this choice, as 

well as explain its impact on THL recall accuracy at test time. 

Could the authors explain why they did not silence specifically the inhibitory engram cells rather 

than blocking all inhibitory inputs when proving their critical role for CTX engram maturation 

(figure 6)? The authors should address this point and, in the case where the same results can be 

obtained with specific engram silencing, should replace Figure 6 with the new data. If the results 

are different, it should be mentioned in the text and the data should appear in a supplementary 

figure. 

‘Engram cells are a population of neurons that are activated by learning, have enduring cellular 

changes as a consequence of learning, and whose reactivation by a part of the original stimuli 

delivered during learning results in memory recall” (Tonegawa et al. 2015). In neuroscientific 

studies, the reactivation of the engram cells through the presentation of partial cues, which is the 

core of the paper under review, is never considered definitive proof for memory recall but only a 

correlation. Instead, the sole artificial reactivation of the engram cells in the absence of relevant 

cues must elicit the same behavior as natural recall would upon pattern completion. While I 

understand that extending the study past simple stimuli imprinting to include behavioral outputs 

might be too much, this shortcoming should be discussed and the authors should detail how one 

could go about addressing this issue. 

Minor points: 

The author should include references providing anatomical evidence motivating the use of 

recurrent neural networks to model HPC, CTX, and THL. Additionally, the authors should explain 

why, in their three regions model, STIM -> HPC is plastic while STIM -> THL is static. 

Could the authors explain why (i) they changed stimuli (full and partial) between the two regions 

analysis and three regions analysis (e.g. figure 1a and figure 3a), and (ii) modified the patterns of 

feedforward connections (i.e. introduction of circular receptive fields) between these two 

experiments? Additionally, the authors should make it clear in the manuscript how these changes 

might affect the outcome of their experiments. 

While the difference in engram dynamics observed between HPC and CTX can simply be explained 

by their diverging synaptic plasticity timescales (figure 1), the authors show that a third region 

(THL in their model) is required to recapitulate findings showing that the HPC engram is necessary 

for CTX engram maturation (figure 3). I think the manuscript would benefit from a discussion 

addressing why would the brain require such a third party if the end goal, namely maturation of a 

cortical engram, can be achieved without it. 

In line with the previous question, I was wondering if there might be a qualitative difference 

between mature cortical engrams formed in the two regions system (figure 1), and the similar 

engram maturing with the support of THL and HPC (figure 3)? Maybe these two ensembles can be 

compared past their recall accuracy. 

The authors could discuss how their model help understand other competing theories (e.g. 

multiple trace theory). 



References: 

Tonegawa, S. et al., 2015. Memory Engram Cells Have Come of Age. Neuron, 87(5), pp.918–931. 

Reviewer #3 (Remarks to the Author): 

In “Coordinated hippocampal-thalamic-cortical communication crucial for engram dynamics 

underneath systems consolidation” by Tome et al., the authors describe a model of memory 

consolidation. They speculate that coupling between the hippocampus, thalamus and cortex lead 

to long-term memories being consolidated in the cortex. They further speculate that inhibition and 

synaptic plasticity with varying timescales play roles in consolidation. A strength of this paper is 

that it makes testable predictions for experimental neuroscience. 

MAJOR ISSUES 

I find the claims made in the paper hard to justify for the following reasons: 

1. The stimuli used for encoding episodic memory are overly simple and non-overlapping. 

2. The feedforward anatomy of these 2 or 3 recurrent neural networks (RNN) does not reflect the 

complex anatomical interactions between the hippocampus and cortex. For example, the 1994 

Alvarez and Squire model of memory consolidation had multiple cortical areas with bidirectional 

connections between the cortex and the MTL. Bidirectional coupling, reentrant connectivity, and 

associating different regions of cortex with a memory are key to episodic memory. 

3. The dynamics of the model is not analyzed to show that there is oscillatory coupling between 

regions. It is claimed, but there should be analyses and quantitative metrics showing coupling and 

synchrony between areas. The current thinking is there is synchrony between sharp wave ripples 

in the hippocampus and spindles in the cortex. Does the present model show evidence for that? 

4.The results are not directly compared with existing experimental evidence. 

GENERAL COMMENTS 

1. In general, I found the results section difficult to read. The figures are extremely busy with 

multiple panels that are difficult to navigate. The captions are hard to digest with A/G, E/K and J/L 

referred to as being related. The wording of the results points to these panels and also make it 

hard to follow the theme or idea being made. 

2. I am not sure what makes these areas the cortex, hippocampus, and thalamus. The connectivity 

of these 3 RNNs are not necessarily close to the anatomy from these regions. THL in this case is 

just an intermediary between the HPC RNN and the CTX RNN. The projection to the THL is static. 

3. A strength of this model is the biologically plausible synaptic plasticity. How do the “Hebbian 

(i.e., triplet STDP) and non-Hebbian (i.e., heterosynaptic and transmitted-induced) forms of 

plasticity” all contribute to the present results. Are all of these necessary? Are some more 

important than others? 

4. The figures show that different neurons or synapses are contributing to encoding the stimuli 

(engrams). There are a number of ablation simulations to show the various contributions. But 

there should be some explanatory dynamics. Especially for the excitatory and inhibitory 

contributions. Could you vary the E/I ratios? Or could you lesion the different types of synaptic 

plasticity rules to see which ones are contributing to the learning? 

5. The authors use “Coupling”, “oscillations” and “coordinated communication” in their language. 

Line 418 states, “our model captures the fact that oscillations in HPC, THL, and CTX need to be 



coupled for effective systems consolidation by displaying coupled engram cell reactivations.” But 

this should be backed up with an analysis of the synchrony and oscillatory dynamics. I did not see 

such an analysis. The simulated ablations are not enough. 

6. The results are mostly qualitative. Quantitative statistics should be provided for all the results. 

For example, the weight matrices and memory recall panels that are in most figures need statistics 

to back up the claims being made. 

SPECIFIC COMMENTS 

Line 64. “One of four non-overlapping random stimuli is presented to the network at a time either 

for training or testing.” What would happen if there were overlapping stimuli? This seems to be a 

more rigorous and realistic test of memory consolidation. 

Figure 1C and 2C. There is no overlap for the weights. Give more details on how they were chosen 

for the figure. Is it just the recurrent weights into the Engram cells? What about the input weights 

from the Stimuli? 

Section: “Subcortical engram cells are essential for CTX engram cell maturation.” The assumption 

is that only vHPC has direct connections to the CTX and this amounts to only 5% of the 

connections. But are you assuming that 95% are then coming from the THL? Is that a correct 

assumption? What about connections from CTX to HPC? 

Figure 3. If I am understanding this correctly, the THL has perfect knowledge of the stimuli. The 

accuracy is 100%, the t.p.r is 100%, and the f.p.r is 0. Is this reasonable? Why would the HPC and 

CTX be necessary if there is perfect memory in the THL? 

Line 216. “This results in decoupled oscillations in HPC, THL and CTX (Fig. 3D).” There needs to be 

an analysis of coupled oscillations to make this claim. 

Section: “Thalamocortical coupling underlies retrograde amnesia profiles.” I don’t see the 

retrograde amnesia in the reported results. It seems that to show this, the HPC would need to be 

lesioned at different stages of consolidation to see a graded amnesia depending on consolidation. 

In fact, Figure 3C (control) is near identical to Figure 7B (graded amnesia). Am I missing 

something? 

Methods section. There are numerous open parameters. How were those values chosen? What is 

their justification? 

Equation 12. The synaptic consolidation time constant is important for the present results. Give 

more background on how it works? How is it justified by neurobiology? What assumptions were 

made? 

Lines 503-506. Why are their different distributions for the different versions of the model (i.e., 

uniform for the 2 RNN model and circular RFs for the 3 RNN model)? Couldn’t these variations 

make a difference in the outcome? 

Lines 544-546. Why are different stimuli used for the different models? The 2 RNN model is trained 

with random non-overlapping stimuli. The 3 RNN model is trained with four horizontal bars (as 

opposed to random stimuli) and is tested with partial cues consisting of the central 50% of the full 

bars (full bars and cues depicted in Fig. 3A). Couldn’t these variations make a difference in the 

outcome? 
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REVIEWER COMMENTS 

Reviewer #1 (Remarks to the Author): 

The authors addressed my comments. 

Reviewer #2 (Remarks to the Author): 

I appreciate you taking the time to address all of my comments. I was particularly pleased with 

the fact that you went the extra mile and conducted new simulations to substantiate your 

answers; it is a commendable effort. I have communicated this evaluation to the editors and 

recommended your current manuscript for publication. I will be looking forward to seeing it online. 

Reviewer #3 (Remarks to the Author): 

I have worked through the revision of “Coordinated hippocampal-thalamic-cortical communication 

crucial for engram dynamics underneath systems consolidation”. I still have major concerns. One 

concern is regarding readability. The complex figures remain in the body of the manuscript and 

now there are 25 supplemental figures! Many terms in these figures are not explained. Another 

concern is the lack of analysis at the network level. I asked for analysis of neural dynamics, 

synaptic plasticity and the oscillations referred to in the text. But this was not done adequately. 

Therefore, whatever the contribution to understanding memory consolidation are lost. Lastly, I do 

not think the authors took my comments seriously as I will outline below. 

In general, I recommend the authors think about what message they want this paper to convey, 

and then completely reorganize the paper to show this clearly and succinctly, while backing it up 

with mechanistic analyses and comparisons to empirical data. 

Reviewer Point P 3.1 — The stimuli used for encoding episodic memory are overly simple and non-

overlapping. 

This was responded to on line 100: “Notably, our network model exhibits analogous engram 

dynamics when trained with random overlapping stimuli (Fig. S3).” I still think this is an important 

issue for a memory model that should be analyzed more than with one line. The supplemental 

figure is referred to without any explanation of the methods or discussion of results. 

Reviewer Point P3.3 — The dynamics of the model is not analyzed to show that there is oscillatory 

coupling between regions. 

This was responded by “First, we have measured the degree of coupling between pairs of regions 

in the model by plotting the cross-correlogram of their engram activity and extracting the lag 

between them (see Fig. S1, Fig. S13, Fig. S14, Fig. S15, Fig. S16, Fig. S17, Fig. S20, Fig. S22, 

and Fig. S24 in the revised manuscript). We have included a detailed description of these cross-

correlograms and the computation of the associated lags (see page 17, line 701 in the revised 

manuscript).” Line 701 is the methods paragraph on “Statistical Analysis”. This gets back to my 

point about the contribution. A model should propose a mechanism of how some phenomena such 

as memory consolidation. By burying the analysis and only discussing “our work does not explicitly 

model sharp-wave ripples, spindles, and slow oscillations but instead captures the fact that the 

coupling of these oscillations has been linked to coupled engram reactivations” with no further 

explanation leads one scratching their head. SPW, spindles and slow oscillations are thought to 

lead to reactivation and consolidation of memories. There should be a thorough analysis of how 

the dynamics of their model relates to HPC and CTX. 

Reviewer Point P3.4 — The results are not directly compared with existing experimental evidence. 

The response was, “We agree with the reviewer that our modeling results are not directly 

compared to available experimental data and we have included a discussion of this limitation”. 



Without a proposed mechanism and no comparison to empirical data, the contribution of this 

model is unclear. 

Reviewer Point P 3.5 — In general, I found the results section difficult to read. The figures are 

extremely busy with multiple panels that are difficult to navigate. 

I still find this to be true. Take Figure 1 for example. There are 6 panels. Each one is complex. The 

terms are never explained in the text or the caption. A and B. What are the black and white dots 

for the stimulus? What do the colors mean? C. How were those weights calculated and compared. 

What do the asterisks mean on each panel? The panel on the right of C shows a bunch of colors 

with barely an explanation. The caption read “population activity of engram cells in the 

consolidation phase”. How was this calculated? Tested? Why isn’t it discussed in the text? D-F. The 

false positive and true positive rates are undefined. There is a brief description in the methods. But 

since this is a key metric, it needs to be described in detail in the results section. 

It should be noted that nearly all the figures (5 in the main text, and 25 supplemental) follow this 

general layout. Therefore, it is critically important to spend some time initially guiding the reader 

through these complex figures. 

Reviewer Point P 3.7 — A strength of this model is the biologically plausible synaptic plasticity. 

How do the “Hebbian (i.e., triplet STDP) and non-Hebbian (i.e., heterosynaptic and transmitter- 

induced) forms of plasticity” all contribute to the present results. 

The response on line 104, “Critically, each form of Hebbian and Non-Hebbian plasticity in our is 

essential for … engram dynamics… (Fig S4)”. Figure S4 is another complex figure that follows the 

layout of Figure 1. No other explanation is provided of how this key mechanism might be 

important for understanding memory consolidation. 

Reviewer Point P 3.9 — The authors use “coupling”, “oscillations” and “coordinated 

communication” in their language. See my comment to Point P3.3 above. 
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REVIEWERS' COMMENTS 

Reviewer #3 (Remarks to the Author): 

Thank you for addressing many of my concerns. I think these explanations will help readers 

understand the paper's results. I have no further comments or suggestions. 
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