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Distinct neuronal populations in the human 
brain combine content and context

Marcel Bausch1 ✉, Johannes Niediek1,2, Thomas P. Reber1,3, Sina Mackay1, Jan Boström4, 
Christian E. Elger1 & Florian Mormann1 ✉

The medial temporal lobe, and particularly the hippocampus, has been proposed  
to encode items in context1,2. Although hippocampal memory representations are 
largely context-dependent in rodents3,4, concept cells in humans appear to be context-
invariant5. However, it remains unknown how item and context information are 
combined to form or retrieve integrated item-in-context memories at the single-
neuron level in humans. Here we show that coordinated activity of distinct neuronal 
populations supports item-in-context memory. In a context-dependent picture-
comparison task, we recorded 3,109 neurons from 16 neurosurgical patients, 
identifying 597 stimulus-modulated (pre-screened) and 200 context-modulated 
neurons (2.95% in the amygdala, 7.68% in the parahippocampal cortex, 5.68% in the 
entorhinal cortex and 9.42% in the hippocampus). Their co-firing combined different 
comparison questions (contexts) with two subsequent pictures (stimuli) through 
neuronal reinstatement of question contexts. Both populations were largely separate, 
generalized across the preferred dimension of each other, and covaried with 
behavioural performance. Following experimental pairing of stimuli and context, 
firing of entorhinal stimulus neurons predicted that of hippocampal context neurons 
after tens of milliseconds. Overall, synaptic modifications and co-firing of stimulus and 
context neurons could contribute to item-in-context memory, specify which stimulus 
memories need to be retrieved, and even generalize memories through mutual 
reinstatement of largely separate, orthogonal representations. By contrast, only 50 
stimulus–context neurons represented specific picture–question combinations, 
consistent with limited pattern separation in the human medial temporal lobe, 
favouring flexible generalization over rigid conjunctive coding.

The medial temporal lobe (MTL), and particularly the hippocampus, 
is essential for declarative memories of items in context1,2. In humans, 
the hippocampus has also been implicated in generalization6,7. With 
ease, we recall multiple memories involving a particular memory item, 
for example, different dinners with our friend. A uniquely human 
single-neuron correlate of memory items is represented by concept 
neurons in the MTL, which selectively and invariantly respond to 
stimuli containing a preferred semantic concept8 (for example, our 
friend). Concept neurons are apparently not modulated by the context 
of an item, and thus seem suited for generalization5 (but see ref. 9). 
As humans can also recall items based on context, concept neurons 
may be complemented by neurons representing context. However, 
remembering contexts such as time, task or location together with 
memory items requires the combination of item and context infor-
mation10. For example, we remember when we had dinner with our 
friend, whether it was work related or where it took place. Furthermore, 
we can recall a specific restaurant visit based on item and context 
information. Initial evidence has suggested that separate neurons 
in the MTL represent contexts11–13. However, it remains unclear how 

neural correlates of item and context memory are combined to form 
or retrieve integrated item-in-context memories at the single-neuron 
level in humans. Recording from 16 patients undergoing surgery to 
treat epilepsy, we investigated how human MTL neurons combine 
item and context representations. We devised a task in which pairs 
of pictures were presented sequentially following different contexts, 
namely, questions (for example, ‘Bigger?’) that specified how to com-
pare the two pictures. This required participants to remember items 
(that is, two pictures) in a specific context. Here ‘context’ refers to 
interactive or task context rather than independent or background 
context14. Only a small fraction of neurons encoded individual item–
context combinations as reported in rodents. Instead, separate 
populations of neurons represented either items or contexts in an 
orthogonal encoding scheme, reflecting the ability of humans to 
generalize memories along each dimension separately. Finally, we 
show how item and context information is combined via co-activa-
tion, synaptic modification or reinstatement, contributing to item-
in-context memory and the retrieval of contextually relevant item  
memories.
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Distinct neurons for content and context
During 49 experimental sessions, we recorded from 3,109 neurons in 
the amygdala, parahippocampal cortex, entorhinal cortex and hip-
pocampus of 16 neurosurgical patients implanted with depth elec-
trodes for invasive seizure monitoring. Pairs of pictures were presented 
on a laptop screen in different contexts, namely, five questions (‘Big-
ger?’, ‘Last seen in real life?’, ‘Older?’ or ‘More expensive?’, ‘Like better?’ 
and ‘Brighter?’) that specified how the pictures should be compared 
(Fig. 1a). For each session, four pictures eliciting selective neuronal 
responses in a previous screening were selected. Each trial began with 
a context-providing question (such as Bigger?), followed by a sequence 
of two of the four pictures (stimuli) that needed to be remembered in 
context and compared accordingly. Patients then chose the picture 
that best answered the question (for example, which depicted some-
thing bigger) and indicated whether it was shown first or second via 
the keyboard. Most answers were highly consistent and transitive, 
with performance greatly exceeding chance in all but one excluded 
session and not differing across questions (P = 0.083; Kruskal–Wallis 
test; Extended Data Fig. 1). Furthermore, answers strongly correlated 
with ground truths for Bigger? and More expensive? or Older? (mean 
ρ = 0.760, P = 6.47 × 10−10; Extended Data Fig. 2). To quantify the rep-
resentation of stimulus and context during picture presentations, 
repeated-measures two-way 4 × 5 analysis of variance (ANOVA) with 
factors picture, question and their interaction were computed for each 
neuron (α = 0.001; effect sizes in Fig. 2e).

Although we expected to find many neurons with a significant main 
effect of stimulus due to our pre-selection of response-eliciting pic-
tures, it was unclear how context would be encoded. Distinct neuronal 
populations were identified. Most neurons only exhibited a significant 
main effect of either stimulus (Fig. 1b) or context (Fig. 1c) and were 
termed (mere) stimulus and context neurons, respectively. Figure 1b 
shows an example of a (mere) stimulus neuron, selectively increasing 
firing to ‘biscuit’, irrespective of context (that is, comparison prompted 
by the question). Figure 1c shows a (mere) context neuron, whose firing 
distinguished only context during the late phase of picture presen-
tations. Whenever the trial started with Older?, but not in any other 
context, this neuron responded to all pictures regardless of stimulus 
identity. Furthermore, we identified neurons with a significant interac-
tion that encoded stimulus and context conjunctively (Fig. 1d). These 
neurons only responded when a specific picture (for example, train) 
was shown in a specific context (for example, Brighter image?), but not 
for any other picture–context combination. Finally, although mere 
stimulus (MS) neurons (only significant main effect of stimulus) were 
much more common (Fig. 1b), we also identified contextual stimulus 
neurons defined by significant main effects of both stimulus and con-
text (irrespective of interaction), for example, selectively responding to 
the picture of a hamburger, yet particularly strongly when the context 
was Last seen in real life? (Fig. 1e).

Distribution of content and context
Context was represented during picture presentations in substantially 
more neurons than expected by chance. Out of 3,109 recorded units, 
200 exhibited a main effect of question P < 0.001 in a repeated-meas-
ures two-way ANOVA with factors stimulus and question (including 
interaction; Fig. 2a), largely exceeding the expected number of roughly 
3 units (two-sided binomial test, P < 2.225 × 10−308). This amounted to 
2.95% of neurons in the amygdala (31 of 1,051), 7.68% in the parahip-
pocampal cortex (37 of 482), 5.68% in the entorhinal cortex (25 of 440) 
and 9.42% in the hippocampus (107 of 1,136), all far exceeding chance 
(Fig. 2b; two-sided binomial tests, all P < 2.225 × 10−308). Although most 
neurons that encoded stimulus did not encode context (524 of 597), 
the fraction that did or that exhibited an interaction was still highly 
significant in two-sided binomial tests: out of the 597 neurons with a 

main effect of stimulus, 73 also showed a main effect of question with 
P < 0.001 (12.23%; P < 2.225 × 10−308) and 31 an interaction with P < 0.001 
(5.19%; P < 2.225 × 10−308). Although the populations were largely dis-
tinct, a significant main effect of context was more prevalent among 
neurons with than without an additional main effect of stimulus, par-
ticularly in the amygdala (7.83% versus 1.67%), the entorhinal cortex 
(10.29% versus 4.84%) and the hippocampus (21.26% versus 7.28%; 
Fig. 2c). Mere context (MC) neurons (only significant main effect of 
context) were most frequent in the parahippocampal cortex (6.96%, 
25 of 359) and rarest in the amygdala (1.67%, 14 of 836). Moreover, 
significant interactions (P < 0.001) capturing conjunctive representa-
tions strongly exceeded chance in two-sided binomial tests (1.61%, 50 
of 3,109; P < 2.225 × 10−308), particularly in the amygdala (1.05%, 11 of 
1,051; P = 1.588 × 10−8), the parahippocampal cortex (2.28%, 11 of  
482; P = 4.733 × 10−12) and the hippocampus (2.29%, 26 of 1,136; 
P < 2.225 × 10−308; Fig. 2b), especially among hippocampal stimulus 
neurons (10.34%, 18 of 174; Fig. 2d). To account for potential statistical 
dependencies between factors or neurons, ANOVA effect sizes of all 
neurons were compared with stratified label-shuffling controls, irre-
spective of significance (Fig. 2e; see Methods). Confirming previous 
results, patient-averaged effect sizes of stimulus (ηp

2(real) = 0.114, ηp
2

(control) = 0.034, Ppatient = 1.313 × 10−3 and Psession = 3.330 × 10−9), context 
(ηp

2(real) = 0.059, ηp
2(control) = 0.034, Ppatient = 1.313 × 10−3 and Psession  

= 4.827 × 10−9) and their interaction (ηp
2(real) = 0.036, ηp

2(control)  
= 0.034, Ppatient = 1.840 × 10−2 and Psession = 3.140 × 10−3) all significantly 
differed from controls (two-sided Wilcoxon signed-rank tests, Bonfer-
roni corrected). Linear mixed-effects models with a fixed intercept 
(capturing grand population effect size differences) and random inter-
cepts for patients, fitted across all recorded neurons, confirmed that 
real effect sizes significantly exceeded permutation-based baselines 
for all three ANOVA factors: stimulus (β = 0.080, 95% CI 0.065–0.095, 
P  = 2.177 × 10−24), context (β  = 0.025, 95% CI 0.019–0.032, 
P = 4.186 × 10−14) and stimulus–context interaction (β = 0.002, 95% CI 
0.001–0.003, P = 2.269 × 10−6). Finally, we examined whether stimu-
lus–context neurons were more prevalent in areas with higher propor-
tions of stimulus or context neurons (Extended Data Fig. 3). Across all 
session–site combinations (n = 168), stimulus–context neuron propor-
tions correlated significantly with both stimulus (Spearman’s ρ = 0.177, 
P = 0.022) and context neuron proportions (ρ = 0.487, P < 0.001), par-
ticularly in the hippocampus and amygdala, where stimulus–context 
proportions correlated with both stimulus (ρ = 0.274, P = 0.032 for the 
hippocampus; and ρ = 0.329, P = 0.012 for the amygdala) and context 
neuron proportions (ρ = 0.471, P < 0.001 for the hippocampus; and 
ρ = 0.487, P = 0.003 for the amygdala). By contrast, the parahippocam-
pal and entorhinal cortices showed significant correlations exclusively 
with context (ρ = 0.569, P < 0.001 for the parahippocampal cortex; and 
ρ = 0.377, P = 0.023 for the entorhinal cortex) but not with stimulus 
neuron proportions.

Abstract representations reflect task
Our next analyses sought to address whether all contexts can be 
decoded, how well context representations generalized across different 
pictures or across time, and how they were related to stimulus repre-
sentations. For each session, we computed the support vector machine 
(linear SVM) decoding accuracy of context during picture presentations 
(100–1,000 ms). Decoders were trained with either all neurons or all 
context neurons of each session (Fig. 3a). Confirming previous ANOVA 
results, decoding accuracies significantly exceeded chance levels of 
0.2 (one out of five questions, two-sided Wilcoxon signed-rank test, 
uncorrected) for all contexts when all neurons were included (Psession  
= 1.981 ×  10−3 and Ppatient = 4.094 × 10−3 for Bigger?; Psession = 9.142 × 10−7 
and Ppatient = 6.430 × 10−4 for Last seen?; Psession = 5.187 × 10−3 and Ppatient  
= 3.861 × 10−2 for Older? or More expensive?; Psession = 1.456 × 10−3 
and Ppatient = 6.624 × 10−3 for Like better?; Psession = 8.016 × 10−8 and  
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Fig. 1 | Neurons in the MTL encode stimulus and context during picture 
presentations. Although most stimulus neurons only encode picture identity, 
context is either represented alone, in conjunction with stimulus identity or as 
modulation of stimulus-specific firing rates. a, Paradigm with exemplary trial 
of the stimulus-comparison task (here for the context question Bigger?). 
During 300 trials, participants had to compare pictures according to a context 
question. Each trial contained one of five questions (Bigger?, Last seen (in real 
life)?, More expensive? or Older?, Like better? and Brighter?), a sequence of two 
pictures (out of four) and an answer prompt displaying ‘1 or 2?’. Participants 
indicated the sequential position of the picture that best answered the question 
by pressing keys 1 or 2. Question and answer screens were self-triggered. Event 
durations are printed underneath. b–e, Example neurons with spike density 
plots in the upper left whose firing rate (Hz) during picture presentations  

(0–1,000 ms) is visualized by raster plots and histograms as a function of 
question and stimulus identity. b, A stimulus neuron that selectively increased 
firing whenever a biscuit was shown, irrespective of which question context 
was presented. The neuron did not respond to any other picture. c, This context 
neuron increased firing during picture presentations whenever the trial started 
with the question Older? (top left) as opposed to any other question (bottom 
left) regardless of stimulus identity (top row). d, Example of a stimulus–context 
interaction neuron whose firing increased when the question was Brighter 
image? and the stimulus depicted a train (top left) in contrast to other 
combinations of question and stimulus. e, This contextual stimulus neuron only 
responded to its preferred picture (hamburger, top left), but more strongly in 
the context of the question Last seen (in real life)?.
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Fig. 2 | Stimulus and context are mainly encoded separately and rarely 
conjunctively. a, Venn diagram of a significant number of neuron types defined 
by repeated-measures two-way ANOVA with factors stimulus (stimulus neurons 
in red, ochre, grey or pink), question (context neurons in green, ochre, grey or 
light blue) or their interaction (stimulus–context interaction neurons in grey, 
pink, blue or light blue) during picture presentations (α = 0.001) from 3,109 
neurons. Intersections denote multiple effects. Most stimulus neurons were  
not modulated by context but overlapped with context neurons (contextual 
stimulus neurons) or stimulus–context interaction neurons. b, Probabilities of 
context or stimulus–context interaction neurons across brain regions (absolute 
numbers above the bars). The significance asterisks denote binomial tests 
versus chance (dotted line). Neurons in all MTL regions were strongly modulated 
by context and stimulus–context. A, amygdala; EC, entorhinal cortex;  
H, hippocampus; PHC, parahippocampal cortex. c, Analogous to panel b with 
probabilities of context conditioned on stimulus modulation (stimulus | no 
stimulus). The significance asterisks denote Fisher’s exact test results from 
regional contingency tables. Stimulus neurons were more likely to be modulated 

by context (contextual stimulus neurons) than non-stimulus neurons in  
all MTL regions (significant in amygdala and hippocampus), especially the 
hippocampus. d, Analogous to panel c, with probabilities of significant 
interactions (stimulus–context). Stimulus–context interaction neurons with 
conjunctive representations were most frequent in the hippocampus. NS, not 
significant. e, Boxplots of patient-averaged effect sizes from all 3,109 neurons 

η( )partial
2  for factors stimulus, context and interaction (stimulus–context).  

Data (purple) are compared with stratified-shuffled controls (grey; Wilcoxon 
signed-rank test). Effect sizes markedly exceeded chance for stimulus  
(ηp

2(real) = 0.114, ηp
2(control) = 0.034, Ppatient = 1.313 × 10−3, Psession = 3.330 × 10−9); 

and context (ηp
2(real) = 0.059, ηp

2(control) = 0.034, Ppatient = 1.313 × 10−3 and 
Psession = 4.827 × 10−9). The difference for stimulus–context was smaller but 
significant (ηp

2(real) = 0.036, ηp
2(control) = 0.034, Ppatient = 1.840 × 10−2 and 

Psession = 3.140 × 10−3). The insets depict scatter plots of ηp
2 of context (left)  

or stimulus–context (right) versus stimulus. The dashed lines indicate the 
smallest significant effect size (α = 0.001). ****P < 0.0001, **P < 0.01 and  
*P < 0.05 (Bonferroni corrected).
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Fig. 3 | Generality and temporal dynamics of context representations imply 
relevance for stimulus processing. Abstract context representations invariant 
to picture identity or position combine with content representations across 
temporal gaps during picture presentations via context reactivation until 
context-dependent decisions. a, Population SVM-decoding accuracies of  
context (16 patients) during picture presentations comparing different questions 
(colours) using all versus only context neurons. b, Pooled context (green) or 
stimulus (red) decoding accuracies from context (left) and stimulus (right) 
neurons, for cross-validation or generalization across pictures (red), contexts 
(green) and serial picture positions (blue). c, A heat map of context decoding 
across time. The green diagonal line denotes identical training or testing times 
(see panel d). The dashed lines show event onsets (white) and offsets (yellow).  
The boxes indicate times analysed in panel e. d, Patient-wise context (top; green) 
or stimulus decoding (bottom; picture 1 or picture 2 in grey or lavender, 
respectively) and label-shuffled controls (red). Data are mean ± s.e.m. (solid lines 

and shaded areas, respectively), with dashed lines indicating chance. Significant 
differences (cluster permutation test, P < 0.01) from controls (top) or chance 
(below) are shown as solid lines below. Context decoding exceeded chance 
throughout, peaking after stimulus representations and remaining elevated.  
e, Patient-wise context-decoding accuracies trained with context neuron activity 
during questions (400 neurons per region) or baseline, and decoded during late 
first (red) or second (blue) picture presentations (boxes in panel c). The dashed 
line indicates chance. Question activity was reactivated during pictures, 
especially in the hippocampus. f, As in panel d, but before context-dependent 
decisions. Both context and content representations exceeded chance (dashed 
lines) until decisions (red line). CN, context neuron; SN, stimulus neuron. For the 
boxplots (a,b,e), quantile 1, median, quantile 3 and whiskers (points within 
±1.5× the interquartile range) are shown, with the asterisks denoting differences 
from zero (Wilcoxon signed-rank test, uncorrected) or each other (Mann–
Whitney U-test, uncorrected). ****P < 0.0001, ***P < 0.001, **P < 0.01 and *P < 0.05.
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Ppatient = 4.378 × 10−4 for Brighter?; and Psession = 4.378 × 10−4 and Ppatient  
= 4.378 × 10−4 for all contexts). Similar results were obtained when restrict-
ing these analyses to context neurons (Psession = 1.713 × 10−2 and Ppatient  
= 4.938 × 10−2 for Bigger?; Psession = 5.888 × 10−5 and Ppatient = 4.378 × 10−4 
for Last seen?; Psession = 3.875 × 10−2 and Ppatient = 4.08 × 10−1 for Older? or 
More expensive?; Psession = 8.126 × 10−3 and Ppatient = 4.373 × 10−2 for Like 
better?; Psession = 9.826 × 10−7 and Ppatient = 4.368 × 10−4 for Brighter?; and 
Psession = 4.368 × 10−4 and Ppatient = 4.368 × 10−4 for all contexts). Although 
session-wise decoding accuracies were highest for Last seen? (0.292) 
and Brighter image? (0.303), they significantly exceeded chance for 
all contexts (0.229 for Bigger?, 0.234 for Older? or More expensive? 
and 0.257 for Like better?).

Next, we assessed decoding performances from neurons pooled 
across sessions. To estimate their variance, random subsamples were 
drawn (see Methods). Pooled analyses yielded highly significant context 
(0.866, P = 1.708 × 10−6; green) and stimulus (0.995, P = 1.627 × 10−6; red) 
decoding accuracies (two-sided Wilcoxon signed-rank test against 0.2 
or 0.25, uncorrected; Fig. 3b). In addition, we quantified generalization 
across stimuli, contexts or serial picture positions. When training and 
decoding contexts across different stimuli (0.764, P = 1.727 × 10−6) or 
picture positions (0.791, P = 1.716 × 10−6), accuracies remained highly 
significant. The same was true when stimuli were decoded across dif-
ferent contexts (0.995, P = 1.538 × 10−6) or picture positions (0.994, 
P = 1.638 × 10−6).

Subsequently, we computed context-decoding accuracies from 
binned population activity across different training and decoding 
periods during the trial (Fig. 3c; see Methods). Starting approxi-
mately 400 ms after question onset, context-decoding accuracies 
markedly exceeded chance (more than 20%; light blue or warmer col-
ours) for most of the trial, peaking during question and late picture 
presentations. Consistent with previous analyses (Fig. 3b), training 
during first-picture presentations resulted in high decoding accura-
cies during second-picture presentations and vice versa, confirming 
generalized context representations. Figure 3d depicts patient-wise 
context-decoding accuracies of context neurons (top; green) for identi-
cal training and decoding times (green diagonal line in Fig. 3c) together 
with stimulus-decoding accuracies of pictures 1 and 2 by stimulus 
neurons (bottom; grey and lavender). Context-decoding accuracies 
(Fig. 3d, top) exceeded chance for the entire duration of the trial (solid 
green line; two-sided cluster permutation test, P < 0.01), even compared 
with label-shuffled controls (red line; two-sided cluster permutation 
test, P < 0.01). In parallel, stimulus neurons significantly encoded cur-
rently depicted pictures with high accuracies (Fig. 3d, bottom), as 
well as previous or even upcoming pictures (solid lines in grey and 
lavender). The latter was possible as second pictures could be inferred 
stochastically by design (probability of one-third instead of one-quarter 
due to no repetition). Of note, neural representations of first pictures 
were reactivated during second-picture presentations in all contexts 
(Extended Data Fig. 4), confirming that stimulus neurons encoded 
contents rather than question-related features. Furthermore, visual 
stimuli and contexts could be decoded simultaneously during picture 
presentations (first stimuli, then contexts) and with high accuracy even 
within single sessions (Extended Data Fig. 5). Context decoding across 
brain regions is shown in Extended Data Fig. 6. During question pres-
entations, context decoding significantly exceeded chance (two-sided 
cluster permutation test, P < 0.01) in the parahippocampal cortex (tur-
quoise), the entorhinal cortex (violet), the hippocampus (light blue) 
and even in the amygdala (mustard; P < 0.05). Context decoding was 
most accurate in the hippocampus (blue), particularly during picture 
presentations, exceeding chance in all four MTL regions.

Next, we determined whether activity patterns during question pres-
entations were recapitulated during picture presentations (Fig. 3e). 
Session-wise SVM decoders were trained with regional context neu-
ron activity either during question presentations (600–1,000 ms) or 
preceding baseline intervals (−500 to 100 ms), whereas contexts were 

decoded in the late phases of first (red; 600–1,000 ms) or second (blue; 
600–1,000 ms) picture presentations. Training and decoding intervals 
correspond to the coloured boxes in Fig. 3c. To account for regional dif-
ferences in the number of recorded neurons (1,051 in the amygdala, 482 
in the parahippocampal cortex, 440 in the entorhinal cortex and 1,136 
in the hippocampus), 400 neurons were randomly sampled per region. 
Decoders trained during questions, but not during preceding baselines 
(Fig. 3e, far left), significantly distinguished contexts during both sub-
sequent picture presentations (Fig. 3e, right side; Wilcoxon signed-rank 
test, uncorrected) in the amygdala (Apicture 1: P = 1.953 × 10−2 and Apicture 2:  
P = 4.883 × 10−2), the entorhinal cortex (ECpicture 1: P = 3.906 × 10−3 and 
ECpicture 2: P = 5.469 × 10−2) and the hippocampus (Hpicture 1: P = 1.953 × 10−3 
and Hpicture 2: P = 6.601 × 10−4), but not in the baseline control condition 
or in the parahippocampal cortex (BLpicture 1: P = 7.057 × 10−1 and BLpicture 2:  
P = 1; and PHCpicture 1: P = 4.316 × 10−1 and PHCpicture 2: P = 4.922 × 10−1).

Finally, we tested whether content and context representations 
of stimulus and context neurons persisted until the end of the trial 
when patients made context-dependent picture choices (Fig. 3f). Both 
context and picture contents could be decoded above chance until a 
decision was indicated (two-sided cluster permutation test, P < 0.01), 
with significantly enhanced decoding when choices matched ground 
truth (P = 0.0128 for context and P = 0.0351 for stimulus, one-sided 
Wilcoxon signed-rank test; Extended Data Fig. 7).

Sequential activation arises during task
To assess whether pairing stimuli and contexts induced neuronal inter-
actions or synaptic modifications reflecting stimulus–context associa-
tions, we computed shift-corrected, trial-by-trial cross-correlograms 
(see Methods) from pairs of mere (single main factor P < 0.001 in 
repeated-measures two-way ANOVA) stimulus and MC neurons dur-
ing picture presentations from different MTL regions (Extended Data 
Figs. 8 and 9).

Only for pairs of neurons from the entorhinal cortex and the hip-
pocampus of the same hemisphere (Fig. 4a and Extended Data Fig. 8) 
did firing of MS neurons (entorhinal MSs) predict firing of MC neurons 
(hippocampal MCs) after approximately 40 ms, as evidenced by asym-
metric shift-corrected cross-correlograms (blue, peak on the left), 
but not that of other neurons (hippocampal ON; black, no prominent 
peaks). Cross-correlograms differed significantly between groups 
(that is, MS–MC versus MS–ON) on short timescales (−131 to −17 ms; 
two-sided cluster permutation test, P < 0.01 for neural pairs and P < 0.05 
for sessions; Fig. 4a and Extended Data Fig. 8), but not for pairs from dif-
ferent regions (Extended Data Fig. 8) or across hemispheres (Extended 
Data Fig. 9). This is consistent with unidirectional synaptic changes 
reflecting stimulus–context associations. Of six sessions from four 
participants with simultaneous recordings of entorhinal stimulus and 
hippocampal context neurons, three (50%) from two participants (50%) 
exhibited significant cross-correlation peaks around −40 ms (cluster 
permutation test, P < 0.05).

Next, we analysed whether asymmetric cross-correlations between 
entorhinal MS and hippocampal MC neurons arise from pairings of 
stimuli with contexts and persist post-experiment. We computed 
cross-correlations during time windows before (Fig. 4b, grey) and 
after the experiment (Fig. 4b, red; see Methods). Strong asymmetric 
cross-correlation peaks were absent before the experiment, but present 
after its termination, differing significantly at −87 to −19 ms (P < 0.01, 
firing of MS predicts that of MC). Sequential firing therefore appeared 
to be associated with the experiment and to persist after its termina-
tion. We then quantified mean cross-correlation peaks from −100 to 
−10 ms throughout recordings (Fig. 4c, left). Mean cross-correlations 
did not differ significantly from zero (two-sided Wilcoxon signed-rank 
test) before (P = 2.889 × 10−1, pre in grey), but did both during the first 
(P = 2.036 × 10−5, exp. in violet) and second (P = 1.106 × 10−5, exp. in 
blue) half of the experiment and after its termination (P = 1.834 × 10−5, 
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post in red). Cross-correlations in all subsequent time periods sig-
nificantly exceeded pre-experiment levels (P(pre, exp1) = 3.258 × 10−2, 
P(pre, exp2) = 6.625 × 10−3 and P(pre, post) = 3.106 × 10−3, two-sided Wilcoxon 
signed-rank test). By contrast, mean firing rates (Fig. 4c, right) did 
not differ before and after the experiment (P(pre, post) = 4.103 × 10−1), 
but were significantly higher in its first and second half than before 
(P(pre, exp1) = 1.424 × 10−4 and P(pre, exp2) = 7.183 × 10−3) and after (P(post, exp1)  
= 3.244 × 10−3 and P(post, exp2) = 7.782 × 10−3).

Pre-activation predicts reactivation
We tested whether pre-activation of context neurons by preferred 
contexts (that is, questions) modulates their activity during subse-
quent picture presentations and their response likelihood following 
stimulus neuron activation.

First, we assessed whether normalized activity (baseline normali-
zation; see Methods) of MC neurons during question presentations 
predicts activity during subsequent picture presentations (Fig. 5b and 
baseline control in Fig. 5c). Participant means of question (r = 0.46, 
P = 2.07 × 10−5), but not baseline activity (r = 0.03, P = 7.79 × 10−1) signifi-
cantly (P < 0.01, Pearson correlation) predicted subsequent responses 

of MC neurons to picture presentations (Fig. 5b,c). The same results 
were obtained for all MC neurons (Extended Data Fig. 10a,b). Similarly, 
question activity of MC neurons predicted subsequent picture activity 
significantly more strongly than baseline activity trial by trial (Extended 
Data Fig. 10c). Specifically, participant means of Pearson correlation 
effect sizes were significantly higher for correlations between ques-
tion and picture activity (r̄ = 0.12, left in green) than between baseline 
and picture activity (r̄ = 0.03, right in grey; P = 6.13 × 10−3, two-sided 
Wilcoxon signed-rank test). Next, we determined whether cross-
correlations between stimulus and context neurons were affected 
by whether a preferred context (question with the strongest context 
neuron response) or a preferred stimulus (picture with the strongest 
stimulus neuron response) was presented (permutation test; see Meth-
ods). Cross-correlations between entorhinal MS and hippocampal MC 
neurons were significantly stronger on short (−66 to 28 ms) timescales 
when a preferred versus non-preferred context of context neurons 
was displayed (Fig. 5d; P < 0.01, two-sided cluster permutations test), 
but not when a preferred versus non-preferred stimulus of stimulus 
neurons (Extended Data Fig. 10d,f) was depicted. A schematic model 
relating these findings to stimulus–context association storage and 
retrieval is depicted in Fig. 5a.
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Fig. 4 | Emergence of sequential stimulus and context neuron activity 
suggests a storage mechanism. a, Mean cross-correlograms (six sessions) 
during picture presentations between entorhinal MS and either hippocampal MC 
neurons (each with only one significant main effect, blue) or a matched number of 
other hippocampal neurons (non-significant, black; left). Data are mean ± s.e.m. 
(solid lines and shaded areas, respectively). The peak lag time is shown in the top 
left. The red horizontal lines indicate significant differences (P < 0.05, cluster 
permutation test). Stimulus–neuron firing in the entorhinal cortex predicted 
hippocampal context–neuron, but not other neuron firing after approximately 
40 ms. The right panel is the same as the left panel, but with the region order 
reversed. The hippocampal stimulus neuron firing did not predict entorhinal 
context–neuron firing. b, Cross-correlations of all 40 entorhinal cortex 
stimulus and hippocampus context neuron pairs (MS–MC) before (pre, grey) 
and after (post, red) the experiment. Asymmetric correlations around −40 ms 

were absent before but emerged during the experiment and persisted afterwards 
(P < 0.01, cluster permutation test). c, Boxplots (quantile 1, median, quantile 3 
and whiskers (points within ±1.5× the interquartile range) are shown) of mean 
cross-correlations (−10 to 100 ms; see dashed lines in b) between the same 
neuron pairs as in panel b (left). Correlations did not differ from zero before the 
experiment (exp.; P = 0.29, pre in grey; Wilcoxon signed-rank test), but exceeded 
zero during its first (exp., violet) and second (exp., blue) halves and after its 
termination (post, red; all P < 0.001). Correlations of all later periods exceeded 
pre-experiment levels (P(pre, exp1) = 3.258 × 10−2; P(pre, exp2) = 6.625 × 10−3; and 
P(pre, post) = 3.106 × 10−3). Firing rates did not differ significantly before and 
after the experiment but were significantly lower (P < 0.01) than during each 
experimental half (right). ****P < 0.0001, ***P < 0.001, **P < 0.01 and *P < 0.05.  
All tests are two-sided and uncorrected.
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Fig. 5 | Sequential activation after pre-activation could guide stimulus-
driven pattern completion. a, Schematic model of stimulus–context storage. 
Activation of entorhinal cortical (EC) MS (red) and hippocampal (H) MC neurons 
(green) during trial events. Specific context neurons in the hippocampus 
respond to particular questions (coloured circles) and are reactivated during 
picture presentations (top left). Picture presentations elicit responses in 
selected stimulus neurons (numbers), whose activity predicts context neuron 
firing after approximately 40 ms (Fig. 4), strengthening connections encoding 
stimulus–context associations. Question response strengths predict context 
neuron activity and excitability (yellow triangles) during subsequent picture 
presentations (panels b,d; Extended Data Fig. 10a–c; lower left). Pre-activation 
by preferred contexts guides stimulus-driven pattern completion in hippocampal 
context neurons (right; dashed yellow line; panels d–f). b, Scatter plot of  
mean z-values for the five contextual questions during question versus picture 
presentations, computed per MC neuron and patient (5 questions × 16 patients, 
green stars in panel b and grey stars in panel c). Pearson correlations are visualized 
by regression lines. Question-evoked responses predict picture responses 

(r = 0.46, P = 2.07 × 10−5). c, As in panel b, but baseline versus picture presentations 
showing no correlation (r = 0.03, P = 0.78). d, Shift-corrected cross-correlations  
of EC-MS and H-MC during picture presentations after a preferred (maximum 
response, green) versus a non-preferred context (grey). The red horizontal lines 
indicate significant differences (P < 0.01, two-sided cluster permutation test). 
Data are mean ± s.e.m. (solid lines and shaded areas, respectively) with the dashed 
line indicating zero. MS firing predicts MC firing more strongly in preferred 
contexts. n = 40 neurons. e, Context SVM-decoding accuracy of H-MC trained 
with question and decoded with picture activity time locked (0–100 ms) to 
EC-MS firing (6 sessions: P = 0.031; 40 neuron pairs: P = 5.794 × 10−4; two-sided 
Wilcoxon signed-rank test). f, Context SVM decoding of H-MC distinguishing 
whether preferred (red) versus non-preferred (blue) pictures of the 
corresponding EC-MS were presented (6 sessions: P = 0.0156; 40 neuron pairs: 
P = 0.0338; one-sided Wilcoxon signed-rank test). For the boxplots (e,f), quantile 
1, median, quantile 3 and whiskers (points within ±1.5× the interquartile range) 
are shown; dashed lines indicate chance. *P < 0.05.
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For further validation, we performed SVM-decoding analyses regard-

ing the role of entorhinal stimulus and hippocampal context neuron 
interactions in stimulus-driven reinstatement of context. First, we com-
puted session-wise context SVM-decoding accuracies of hippocampal 
MC neurons trained with question activity and decoded with subse-
quent picture activity (100–1,500 ms) time locked to entorhinal stimu-
lus neurons firing (100-ms windows). Decoding accuracies slightly, but 
significantly, exceeded chance (0.21; Fig. 5e; 6 sessions: P = 0.03; 40 
neuron pairs: P = 5.79 × 10−4; two-sided Wilcoxon signed-rank test). Sec-
ond, we computed session-wise context SVM-decoding accuracies of 
hippocampal MC neurons for trials with preferred versus non-preferred 
pictures of the corresponding entorhinal stimulus neuron. Hippocam-
pal MC neurons represented context more strongly when preferred 
(0.241) versus non-preferred (0.226) pictures of entorhinal stimulus 
neurons were presented (Fig. 5f; 6 sessions: P = 0.016; 40 neuron pairs: 
P = 0.034; one-sided Wilcoxon signed-rank test).

Discussion
Contexts constrain which memories are relevant for future decisions15. 
Single neurons in the MTL represent both semantic content and con-
text, that is, aspects of an episode1, such as tasks11, episodes13 or rules12. 
It remains unclear, however, how content and context are combined to 
form or retrieve integrated item-in-context memories in humans. In a 
context-dependent stimulus-comparison task, pairs of pictures were 
presented following a question that specified how the pictures were to 
be compared (Fig. 1a). Sixteen of seventeen participants remembered 
picture contents in their respective question context, showing con-
sistent and transitive choices (Extended Data Fig. 1) closely matching 
objective ground truths (Extended Data Fig. 2). Analysing 3,109 neurons 
recorded from 16 neurosurgical patients, we found that co-activation 
of mostly separate populations of 597 stimulus-modulated neurons 
and 200 context-modulated neurons combined question and picture 
representations across temporal gaps. During picture presentations, 
when both representations became task-relevant, context neurons 
encoded question context, and stimulus neurons encoded picture 
contents (Fig. 3).

Context and content representations persisted until the trial ended, 
when participants selected one picture according to context (Fig. 3f), 
and were enhanced during behaviourally correct trials (Extended 
Data Fig. 7). During and after, but not before the experiment, firing of 
entorhinal stimulus neurons predicted hippocampal context neuron 
activity (Fig. 4a–c), consistent with storage of stimulus–context asso-
ciations via spike-timing-dependent plasticity. Increased excitability 
of context neurons after pre-activation by their preferred context sug-
gested a gating mechanism of stimulus-driven pattern completion in 
the hippocampus (Fig. 5a,d) that enhanced context representations 
(Fig. 5f). This implies that stimulus and context neurons contribute to 
context-dependent stimulus processing via reinstatement of context 
(Figs. 3e and 5e,f). Their co-activation could support memory of stimuli 
within their context and refine content processing according to context. 
The generality of the representations of both populations (Fig. 3b) 
appears well suited to support flexible decision-making by broaden-
ing or constraining memories through reinstatement or co-activation. 
Conjunctive representations of stimulus–context, conversely, reflected 
limited pattern separation in humans and may specify item-in-context 
or their attributes.

Operationalization of context
Contexts include independent elements (encoded alongside con-
tents without altering processing) and interactive elements that 
influence content processing14. For example, evaluating the price of 
a melon in a supermarket versus its taste at home illustrates interac-
tive context effects. Our task operationalizes interactive contexts, as 
questions define comparison rules that shape stimulus processing16. 

Behaviourally, we successfully captured these effects as pictures were 
ranked differently across questions (median Kendall’s W = 0.232) yet 
consistently and transitively within questions, tracking objective 
ground truths (mean ρ = 0.760; Extended Data Fig. 2), which is not 
expected for fixed stimulus-value judgements. Neural data reflected 
both interactive contexts and the contents that they acted on. First, 
stimulus neurons represented picture contents rather than isolated 
features, as evidenced by consistent encoding across contexts (Fig. 3b) 
and reactivation of first-picture representations during second-picture 
presentations for all questions (Extended Data Fig. 4), not only for 
feature-relevant questions. Second, context neurons encoded interac-
tive context rather than transient attention, distinguishing questions 
before stimulus onset (Figs. 3d and 5b and Extended Data Fig. 10a,c), 
reinstating representations during picture viewing (Figs. 3e and 5e), 
and maintaining them until the decision (Fig. 3f). Supporting their 
functional relevance, both context and stimulus decoding were higher 
on correct trials (Extended Data Fig. 7). Although the task captures how 
interactive context shapes memory processing, future studies should 
examine these mechanisms under independent context manipulations 
and in naturalistic settings.

Content and context across the MTL
The MTL is thought to contain parallel streams of content and context 
converging in the hippocampus, enabling mutual cuing of contents 
and context17,18. In this view, neocortical context representations are 
processed via the parahippocampal cortex or medial entorhinal cor-
tex, and content representations via the lateral entorhinal cortex or 
perirhinal cortex before convergence in the hippocampus17. Approxi-
mately 6% of MTL neurons strongly encoded context during picture 
presentations. Consistent with the literature, context representations 
were more frequent in the parahippocampal cortex, entorhinal cortex 
and hippocampus than in the amygdala, and were highest among hip-
pocampal stimulus neurons (21.26%). Although the large majority of 
stimulus neurons (88%) were invariant to context, and most context 
neurons (63.5%) were invariant to stimulus, a small but significant 
fraction of stimulus neurons represented either both or specific con-
junctions of context and stimulus, particularly in the hippocampus 
(Fig. 2b–d). Conjunctive representations were most abundant in the 
hippocampus (2.29%), particularly among stimulus neurons (10.34%). 
Consistent with this, stimulus–context neurons were more prevalent 
in sessions with higher proportions of both stimulus and context neu-
rons in the hippocampus and amygdala, but only with higher context 
neuron proportions in the parahippocampal and entorhinal cortices 
(Extended Data Fig. 3). These regional patterns support the conver-
gence of parallel content and context streams in the hippocampus, 
where they may create conjunctive representations. Nevertheless, 
distinct representations remained most prevalent. The context invari-
ance of most stimulus neurons (Fig. 2a,e) is notable given potential 
attentional fluctuations across questions. Although stimulus neu-
rons were overrepresented due to pre-selection of response-eliciting 
pictures, this did not bias (but rather supported) context invariance, 
as stimulus representations persisted from pre-screenings to main 
experiments (Extended Data Fig. 11).

In our paradigm, questions provided contextual constraints for 
relevant information (for example, value information from the amyg-
dala19 for Like better?) about stimuli that were to be related to each 
other and to serial picture positions. The MTL, and particularly the 
hippocampus, has been associated with such relational processing. 
Lesions cause relational memory deficits, in both long-term20 and 
working21,22 memory, impair the ability to imagine details in hypotheti-
cal contexts23–25 and disrupt episodic memory26. Through pattern com-
pletion, inputs from the entorhinal cortex (representing content) are 
thought to be complemented in the hippocampal formation (thereby 
retrieving associated context)27. Supporting this view, during and after, 
but not before experimental pairing of stimuli and context, firing of 
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entorhinal stimulus neurons predicted hippocampal context neuron 
activity after tens of milliseconds. Picture presentations served as 
cues for the recall of both content (from the current or the preced-
ing picture) and context (the relevant question). Correspondingly, 
representations of current visual stimuli were followed by reinstate-
ment of previous stimuli or contexts. Synaptic modifications of direct 
or indirect connections offer one potential explanation and could 
be tested by pairing only subsets of contents and contexts, which 
should produce cross-correlation changes only in corresponding 
neuron pairs. Furthermore, electrostimulation of hippocampal con-
text neurons during context reactivation peaks following stimulus 
representations (Fig. 3d) should disrupt cross-correlations, reinstate-
ment patterns and behaviour. In addition, increased excitability of 
context neurons suggests a gating mechanism of stimulus-driven 
pattern completion. After repeated pairings of contents and con-
texts strengthen connections between entorhinal stimulus neurons 
and multiple hippocampal context neurons, stimulus neuron firing 
could preferentially activate context neurons pre-activated by their 
preferred question. This could be tested by modulating context neu-
ron excitability during question presentations via electrostimulation 
or attention. However, as the exact placement of microwires within 
a target region cannot be determined reliably with the noninvasive 
imaging methods available in humans, it remains uncertain whether 
hippocampal microwires were recorded from the CA1/CA3 region, 
the dentate gyrus or the subiculum.

Overall, experiment-induced neural interactions between distinct 
neuronal populations may support memory of stimuli in context. 
Their resulting co-activations could guide contextual memory pro-
cessing of stimuli, for example, via indexing of brain areas that contain 
context-specific stimulus information.

Contextual memory search
Neural representations of content28–30 and context31–34 are reinstated dur-
ing memory search and potentially serve as memory indices. In humans, 
stimulus neurons in the MTL encode semantic content29,35,36 and are 
reactivated during recall of their preferred stimulus, that is, concept28–30. 
Other neurons encode contextual features such as rules12, or episodic 
boundaries13 or task instructions11. Moreover, ensemble activity during 
recognition memory reinstates contextual neural states13. However, 
it remains unclear whether distinct neuronal populations simultane-
ously reinstate content and context during context-dependent rela-
tional memory processing. Context neurons encoded question context 
throughout trials, with decoding peaking at question onset and during 
late picture phases when content needed to be processed according 
to context. Context neuron representations also generalized across 
stimulus identities and serial picture positions, with decoding accura-
cies exceeding chance even when SVM decoders were trained on activity 
during specific pictures or picture positions and tested on the remaining 
ones. In addition, response patterns to question context were reinstanti-
ated during the late phase of picture presentations, particularly in the 
entorhinal cortex and hippocampus. Overall, the simultaneous (re-)
instatement of both context and content at retrieval-related latencies37, 
together with the generalization of their representations, suggests that 
they contribute to memory search.

Pattern separation and human cognition
The balance between memory specificity and generalization is fun-
damental to adaptive cognition. Besides declarative memories, the 
MTL is essential for decision-making15,38 and abstract human cogni-
tion such as generalization7, deliberation38 or inference39. In rodents, 
hippocampal neural representations often indicate conjunctions of 
stimuli and are context dependent3,4. This ‘pattern separation’, that is, 
the creation of distinct neural codes for similar inputs, renders memory 
representations distinguishable. By contrast, in humans, selective con-
cept neurons reliably encode stimulus content across contexts11,40 and 

may constitute building blocks of memory41. Their context invariance 
and lack of pattern separation5 (but see ref. 9) may enable knowledge 
generalization across contexts (at the expense of ‘semantic deviations’ 
leading to false memories)36.

Abstract content representations36 appear well suited for a broad 
generalization across contexts. However, contexts also constrain which 
memories are relevant42,43. Recalling items from studied word lists 
enhances the recall of items in temporal or semantic proximity43, an 
effect that correlates with memory performance and general cogni-
tive ability44. Moreover, items are more readily recalled when sharing 
encoding contexts, such as task instructions or video clips13.

Our MTL neurons showed a low but detectable degree of pattern 
separation (stimulus–context interaction neurons in the hippocam-
pus), supporting both generalization and differentiation of content 
and context. Consistent with previous reports11,40, stimulus neuron 
activity reliably distinguished picture identity irrespective of context, 
and reflected picture-specific memories, as evidenced by consistent 
first-picture reactivations during second-picture presentations across 
all contexts (Extended Data Fig. 4). In addition, we identified neurons 
that represented context independent of picture identity or position. 
The invariance of both populations allows us to generalize memories, 
whereas their co-activation could differentiate otherwise overlapping 
memories. Although co-activation may narrow memory searches, rein-
statement of associated contexts via pattern completion could render 
additional memories associated with this context more accessible and 
thereby promote generalization1. A combinatorial indexing scheme of 
this kind would support flexible decision-making and potentially reduces 
the need for explicit pattern-separated, conjunctive representations.
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Methods

Patients and recording
All studies were approved by the Medical Institutional Review Board 
at the University of Bonn (accession number 095/10 for single-unit 
recordings in humans in general and 248/11 for the current study in 
particular). Each patient gave informed written consent both for the 
implantation of microwires and for participating in the experiment. 
We recorded from 17 patients with pharmacologically intractable epi-
lepsy (9 male patients; 22–65 years of age), implanted with intracranial 
electrodes to localize the seizure onset zone for surgical resection45. 
Each depth electrode contained a microwire bundle consisting of nine 
microwires, consisting of a reference electrode with low impedance 
and eight high-impedance recording electrodes (AdTech), which pro-
truded from the tip of the electrode by approximately 4 mm. All bundles 
were localized using a post-implantation CT scan co-registered with a 
pre-implantation MRI scan normalized to Montreal Neurological Insti-
tute space. The differential signal from the microwires was amplified 
using a Neuralynx ATLAS system, filtered between 0.1 Hz and 9,000 Hz, 
and sampled at 32 kHz. These recordings were stored digitally for fur-
ther analysis. Our original dataset consisted of 50 experimental sessions 
from 17 patients with recordings from the amygdala, parahippocampal 
cortex, entorhinal cortex and hippocampus. One session from one 
patient was excluded due to low behavioural performance, resulting 
in a final sample of 49 sessions from 16 patients. The excluded session 
stemmed from the only patient for which no context neurons could 
be detected (others exhibited an average of 12.5). For most patients, 
ten microwire bundles (median of 80 channels) were placed with an 
average of 69.34 recorded channels (range of 32–80) and a neuron 
yield of 0.92 per channel. Each experimental session was recorded 
after a screening for visually selective responses in the morning of 
the same day. The mean (±s.d.) time interval between screenings and 
subsequent experiments was 4.71 ± 2.02 h (range of 1.40–9.15 h). In 
13 of the 16 patients, more than one session was recorded. The mean 
(±s.d.) time interval between multiple sessions was 46.94 ± 24.19 h 
(range of 16.57–118.06 h). Neural dependence across 33 consecutive 
pairs of these sessions was assessed using intraclass correlation coef-
ficients (ICCs(2,1))46,47. ICCs were computed across channels (that is, 
microwires), separately for context and stimulus neurons. ICCs quantify 
cross-session stability, with lower values indicating weaker depend-
ence. Observed ICCs were compared with null distributions obtained by 
permuting channels. ICCs did not strongly exceed these null distribu-
tions (Hedges’ g: stimulus = 0.3415; context = 0.1568) and only reached 
significance (α = 0.01) in 7 of 33 consecutive stimulus neuron session 
pairs, 3 of 31 consecutive context neuron session pairs, and in no session 
pair for both, all with low overall effect sizes (Extended Data Fig. 12). We 
used the spike-sorting software Combinato48 with default parameters 
for the exclusion of noisy recording channels, artefact removal, spike 
detection and spike sorting. Afterwards, we manually removed remain-
ing artefacts, merged potentially over-clustered units from the same 
channel and distinguished single from multi-units using the graphical 
user interface in Combinato. Highly similar spike shapes, inter-spike 
interval distributions, neural responses to visual stimuli, asymmetric 
cross-correlations and the absence of neural activity during refractory 
periods guided this procedure, which predated all further analyses.

Experimental design
The paradigm was performed on a laptop computer with the psych-
toolbox3 (www.psychtoolbox.org) and octave (www.octave.org/) 
running on a Debian 8 operating system (www.debian.org) for stimulus 
delivery. Before the experiment, approximately 100 pictures of peo-
ple, animals, scenes and objects were presented on a laptop screen 
in pseudo-random order (presentation for 1 s; 6 or 10 trials). Then, 
after automatic spike extraction and sorting with Combinato, neu-
ral responses to these pictures were evaluated based on raster plots 

and histograms. The aim of this procedure was to identify a subset 
of four pictures for the following experiment while maximizing the 
number of neurons that were expected to respond selectively to only 
one of the pictures. These four pictures were then presented in the 
experiment. Each self-triggered trial contained one out of five ques-
tions, a sequence of two of four pictures with jittered onsets, and an 
answer prompt displaying 1 or 2?. Patients indicated the sequential 
position of the picture that best answered the question by pressing 
key 1 or 2. We resolved ambiguous meanings of each depicted picture 
before the experiment and elaborated on the meaning of each ques-
tion in a short test run of the paradigm. The questions were Bigger? 
(volume), Last seen in real life?, More expensive? or Older? (if the 
pictures set included a person), Like better? and Brighter?. Patients 
were instructed to try to stick to one answer for a given picture pair, 
but to keep mentally computing the answer to each question in the 
course of the experiment. In total, the experiment consisted of 300 
trials in which each of the 5 questions and all 12 possible ordered pic-
ture pairs out of 4 pictures were presented equally often and in an 
unpredictable pseudo-random order. This resulted in 60 trials per 
question, 25 trials per picture pair and 5 trials per specific combina-
tion of question and picture pair.

Definition of neural populations
For each unit, repeated two-way repeated-measures ANOVAs with fac-
tors stimulus (picture), context (question) and interactions were com-
puted from the activity during picture presentations (100–1,000 ms) 
at an α-level of 0.001. Units with (at least) a significant main effect of 
stimulus or context are referred to as stimulus or context neurons, 
respectively. If a unit only (at most) showed a significant main effect of 
either stimulus or context, it is termed a MS or a MC neuron, and if both 
main effects were significant, it is called a contextual stimulus neuron. 
Conversely, stimulus–context interaction neurons were defined by 
the presence of a significant interaction. We determined whether the 
observed number of neurons pertaining to each of these populations 
or all effect sizes exceeded chance in the following manner. First, the 
probability of obtaining observed numbers of significant neurons 
was assessed for each population separately by binomial tests with 
an expected false-positive probability of 0.001 corresponding to the 
α-level above. Second, to account for potential statistical dependencies 
between factors or neurons, repeated-measures ANOVA effect sizes 
of all neurons were compared with stratified label-shuffling controls, 
irrespective of statistical significance (Fig. 2e, see insets). Specifically, 
null distributions of partial η2 were obtained either by permuting pic-
ture labels for each question separately (factor stimulus) or question 
labels for each picture separately (factor context or stimulus–context 
interaction). Afterwards, effect sizes of data and controls were averaged 
for each patient (see Fig. 2e in lavender and grey) and their distribu-
tions compared (two-sided Wilcoxon signed-rank test, Bonferroni 
corrected). To additionally account for patient-level variability, we fit 
separate linear mixed-effects models for each ANOVA factor across all 
recorded neurons. Each model included a fixed intercept (capturing 
grand population effect size differences) and patient-specific random 
intercepts. Neural populations remained largely consistent, regardless 
of whether they were identified via label-shuffled ANOVA effect sizes 
or analytical ANOVA P values.

To assess the stability of stimulus representations across pre-
screenings and main experiments, SVM decoders were trained on main 
experiment activity and tested either on pre-screening (across) or main 
experiment activity (within, leave-out cross-validation with matched 
trial counts). For 45 recording sessions, all four pictures of the main 
experiment were part of the pre-screening before the experiment. 
Picture-decoding accuracies highly exceeded chance, particularly 
for microwire channels that did versus did not contain stimulus neu-
rons (Extended Data Fig. 11). There were no significant differences in 
decoding accuracy when testing on pre-screening data (across) or on 
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main experiment activity (within), both for stimulus neuron channels 
and for non-stimulus neuron channels (two-sided Wilcoxon signed-
rank test). Finally, Spearman correlations were computed between 
stimulus–context neuron proportions and stimulus or context neuron 
proportions across all session-site combinations (n = 168; Extended 
Data Fig. 3). Site-specific correlations were assessed using permutation 
tests (1,000 permutations of stimulus–context proportions, one-sided 
test for positive associations).

SVM population decoding
Linear SVM-decoding accuracies of context were computed from 
session-wise population activity of context neurons (Fig. 3a,c,d,f; see 
Fig. 3a for decoding from all neurons) and averaged for each patient, 
except in Fig. 3b in which a pooled decoding scheme was used (30 ran-
dom subsamples of 151 stimulus or context neurons, corresponding 
to 75% of context neurons, were drawn to estimate variance). Figure 3a 
depicts these accuracies for each context separately. In general, decod-
ers were implemented with functions from the LIBSVM library (v3.24) 
using standard parameters (unless stated otherwise) in custom scripts 
written in MATLAB R2021a or Python (scikit-learn 0.24.1), and a fivefold 
cross-validation scheme without overlap between training and testing 
data was used with five repetitions. Generalization of context decod-
ing across picture identities (Fig. 3b, left in red), of stimulus decoding 
across contexts (Fig. 3b, right in green) or of either decoding across 
serial picture positions (in blue) was assessed. This was achieved by 
training with activity in response to each picture, each picture–context 
or each picture–position and decoding during the respective remain-
ing ones. Training was performed either during picture presentations 
(Fig. 3a,b; 100–1,000 ms), question presentations (Fig. 3e) or during 
the course of the experiment (Fig. 3c,d,f; see below). Thus, obtained 
decoding accuracies were statistically compared with chance (one-fifth 
for context and one-quarter for visual stimuli; two-sided Wilcoxon 
signed-rank test in Fig. 3a,e; two-sided cluster permutation tests 
P < 0.01 in Fig. 3d,f) or to each other (Mann–Whitney U-test in Fig. 3a; 
and two-sided cluster permutation tests in Fig. 3d).

Session-wise context-decoding accuracies computed from binned 
population activity (400 ms, stride = 100 ms) at differing training and 
decoding times throughout the trial of all context neurons were visual-
ized as a heat map (Fig. 3c). Context-decoding accuracies from identical 
decoding and training times (diagonals) were then plotted with stand-
ard errors for all 16 patients with context neurons (Fig. 3d, top in green) 
and compared with a label-shuffling control condition (Fig. 3d, top 
red). The latter was obtained by randomly permuting question context 
labels for each session before training and decoding. Time periods of 
significant differences of decoding accuracies from real data and con-
trols were evaluated with a cluster permutation test (Fig. 3d, solid line 
below). Specifically, paired-samples Student’s t-tests (two-sided) were 
computed for each time bin (α = 0.01) to determine clusters of contigu-
ous decoding accuracy time bin differences. Sums of t-values within 
each cluster were assessed relative to the null distribution of t-value 
sums obtained from 1,000 permutations of data and control labels (or 
chance levels, see below). If t-value sums fell into the top percentile of 
the permutation distribution, differences during the time period of the 
respective cluster were considered significant. Decoding accuracies of 
either first (Fig. 3d, bottom in grey) or second pictures (Fig. 3d, bottom 
in lavender) obtained by patient-wise training and decoding with the 
activity of stimulus neurons in the course of the experiment were plot-
ted and compared with chance (one-quarter) in an analogous manner 
(Fig. 3d, bottom). In addition, we examined whether neural activity 
patterns of stimulus neurons reflected content rather than feature 
representations (Extended Data Fig. 4). Session-wise linear SVMs were 
trained on stimulus neuron activity (400–800 ms after first-picture 
onset) to decode first picture identities from neural activity throughout 
second picture presentations (400-ms bins, stride = 100 ms) for each 
of the five question contexts. Statistical significance across sessions 

was assessed using cluster-based, two-sided permutation tests against 
chance (α = 0.05, chance = one-quarter).

Afterwards, decoding performances of context were further ana-
lysed for each brain region separately (Extended Data Fig. 6). Fur-
thermore, we determined whether activity patterns associated with 
the presentation of question instructions were recapitulated during 
picture presentations (Fig. 3e). For this purpose, patient-wise SVM 
decoders were trained with regional context neuron activity either 
during question presentations (600–1,000 ms) or preceding baseline 
intervals (−500 to 100 ms), whereas contexts were decoded in the late 
phases of first (red; 600–1,000 ms) or second (blue; 600–1,000 ms) 
picture presentations. Specifically, a random subset of neurons 
(n = 400) was repeatedly drawn (n = 30) from each brain region. After-
wards, decoding accuracies were averaged for each patient if context 
neurons were part of the drawn subsets before averaging across rep-
etitions. The deviation of the resulting patient-wise distributions of 
decoding accuracies from chance (one-fifth) was assessed by means 
of two-sided Wilcoxon signed-rank tests (uncorrected).

Finally, we assessed decoding accuracies of stimulus and context 
neurons preceding the end of the trial when one picture was chosen 
over the other according to context. Again, patient-wise SVM-decoding 
accuracies of contents and context were computed from the activity of 
stimulus and context neurons, respectively, and compared with chance 
(Fig. 3f; two-sided cluster permutation tests P < 0.01).

Interaction analyses between populations
Session-wise cross-correlations were computed for pairs of MS–MC 
pairs (each with only one main effect P < 0.001 in repeated-measures 
two-way ANOVA) for different brain regions on a trial-by-trial basis 
during picture presentations (Fig. 4a and Extended Data Figs. 8 and 9 
with neuron pairs; 0–1,500 ms after picture onsets) or during different 
contiguous time windows (Fig. 4b,c with neuron pairs; before, after or 
in the first and second half of the experiment). Each cross-correlogram 
was normalized according to its window length and the mean firing 
rate of its neural pair, and then convolved with a Gaussian kernel 
(sigma = 10 ms). To capture stimulus-independent interactions, nor-
malized cross-correlations from non-simultaneous activity of the same 
pairs (shift predictors) were subtracted from the former. Shift predic-
tors were obtained either by randomly permuting activity patterns of 
one of the neurons across relevant trials (Figs. 4a and 5d,e and Extended 
Data Figs. 8 and 9) or by randomly shifting spike trains in time (up to 
10,000 ms). For the evaluation of effect sizes, analogous shift-corrected 
cross-correlations (noise correlations) were computed for a matched 
number of MS and other neurons (MS–ON pairs) defined by their lack 
of stimulus and/or context modulation (Pstimulus > 0.01, Pcontext > 0.01 and 
Pstimulus–context > 0.01 in repeated-measures two-way ANOVA). For three 
sessions, in which matching failed due to a sparsity of other neurons, 
randomly chosen other neurons from the same brain region were used 
instead. Cross-correlograms between MS and MC neurons or their 
session averages were then compared with these controls by means of 
two-sided cluster permutations tests (P < 0.01; Fig. 4a,b and Extended 
Data Figs. 8 and 9). For analyses in Fig. 4b,c, the largest possible sym-
metric time windows immediately before and after the experiment 
were used. The duration of these time windows (range of 16.57–106.05 s, 
mean of 48.79 s) either amounted to the time between the first recorded 
spike and the beginning of the experiment, or between the end of the 
experiment and the last recorded spike for each neuron pair (entorhinal 
MS–hippocampal MC pairs) depending on which was smallest. After-
wards, mean cross-correlations at small negative lags (MS followed 
by MC firing; averaged between −10 to −100 ms) as well as all mean 
firing rates of each neuron pair were compared against zero or against 
each other in different phases of the experiment (two-sided Wilcoxon 
signed-rank tests; Fig. 4c). In addition, cross-correlations during picture 
presentations (0–1,500 ms) were re-computed depending on whether 
preferred contexts of hippocampal MC neurons or preferred stimuli 



of entorhinal MS neurons were presented (P < 0.01, two-sided cluster 
permutations tests; Fig. 5d and Extended Data Fig. 10d–f). Preferred 
versus non-preferred contexts or stimuli were defined as the question 
or stimulus that elicited the strongest neural response in each context 
or stimulus neuron during picture presentations (0–1,000 ms) versus a 
randomly drawn different question or stimulus. As a further validation 
of this model, two additional SVM interaction-decoding analyses were 
performed. First, decoders were trained with hippocampal MC neuron 
activity per session during question presentations and decoded with 
their activity during subsequent picture presentations (100–1,500 ms) 
time locked to entorhinal MS neurons firing (in 100-ms windows after 
each entorhinal MS action potential). Second, decoders were trained 
with hippocampal MC neuron activity per session for trials during 
which the preferred versus non-preferred pictures of the correspond-
ing entorhinal stimulus neuron were presented.

Next, Pearson correlations between (patient means of) the mean 
question-wise activity of MC neurons during question presentations 
(500–1,300 ms; Fig. 5b and Extended Data Fig. 10a) or its baseline (−700 
to 100 ms; Fig. 5c and Extended Data Fig. 10b) versus subsequent pic-
ture presentations (500–1,300 ms) were computed (P < 0.01), normal-
ized to baseline and visualized as scatter plots with regression lines 
(Fig. 5b,c and Extended Data Fig. 10a,b). Finally, Pearson correlation 
effect sizes were computed for each MC neuron from activity between 
question and subsequent picture presentations or between baseline 
and subsequent picture presentations across all trial conditions  
(60 combinations of 5 questions and 12 picture pairs) and averaged per 
patient. Afterwards, effect sizes of both conditions were compared and 
visualized as boxplots (two-sided Wilcoxon signed-rank test; Extended 
Data Fig. 10c).

Behavioural performance
Memory of contents (that is, pictures) in context (that is, after a par-
ticular question) was evaluated by determining the consistency and 
transitivity of the answers that were provided at the end of each trial. 
Consistency (γ) captures the degree to which preference for one picture 
over another was maintained when the presentation order was reversed. 
A picture was considered to be preferred if it was chosen in at least three 
out of the five trials that it was paired with a specific other picture in a 
given temporal order and context. If this picture was preferred both 
when it was shown first or second (chosen at least 3 out of 5 times in 
each order), all 10 trials were assigned a consistency value of 1 instead 
of 0. The overall consistency of a session was computed by averaging 
the consistency values of zeros and ones across all 300 trials. For ran-
dom choices, a consistency of 0.5 is expected (Extended Data Fig. 1a).

Transitivity (τ) captures the logical consistency of preferences across 
three pictures (x, y, z) when considered in pairs. For each of the four unor-
dered picture triples, we computed preference probabilities P(x > y), 
P(y > z) and P(x > z) for all three unordered picture pairs based on how 
many times out of the 10 trials one picture was chosen over the other in a 
given context. A triple was considered transitive if preference probabili-
ties satisfied the condition of weak stochastic transitivity: P(x > y) ≥ 0.5 
and P(y > z) ≥ 0.5, then P(x > z) ≥ 0.5. This condition was tested for all 
permutations of x, y and z and a transitivity value of 1 instead of 0 was 
assigned to the triple if the condition was satisfied for any permutation. 
For random choices, a transitivity of 0.75 is expected (Extended Data 
Fig. 1a). Finally, context dependence of performance was assessed by 
deriving an overall behavioural performance measure from mean of 
consistency (γ) and transitivity (τ) values per question of each session 
and comparing them across contexts (Kruskal–Wallis test, α = 0.05; 
Extended Data Fig. 1b). Moreover, for questions with objective ground 
truths (Bigger?, and More expensive? or Older?), we validated behav-
ioural performance by computing Spearman correlations between 

behaviourally determined picture ranks and objectively determined 
picture ranks, averaged across available questions per session. Session-
wise correlations were tested against zero using a Wilcoxon signed-rank 
test, and the observed mean across sessions was compared with a null 
distribution generated from 1,000 permutations of picture ranks within 
each session–question pair (Extended Data Fig. 2). In addition, decoding 
accuracies were related to behavioural performance by comparing cor-
rect trials (in which behavioural choices matched ground-truth picture 
rankings) versus incorrect trials (in which choices deviated from ground 
truth). Session-wise linear SVMs (fivefold cross-validation, five repeats) 
were trained on context, stimulus or stimulus–context neuron activity 
during picture presentations (100–1,000 ms) to decode questions, 
pictures and picture–question combinations, respectively. Decoding 
accuracies for correct versus incorrect trials were compared using 
one-sided Wilcoxon signed-rank tests (correct > incorrect; α = 0.05). 
Chance levels were one-quarter for stimulus, one-fifth for context  
and one-twentieth for stimulus–context decoding (Extended Data 
Fig. 7).

Statistics and reproducibility
Forty-nine sessions from 16 participants were analysed (one session of 
one participant was excluded based on a low behavioural performance). 
A total of 200 context neurons were detected in 38 sessions from the 
16 participants. Twenty-five sessions contained at least 3 stimulus and 
context neurons each, 12 sessions more than 5.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available on GitHub 
(https://github.com/mabausch/ContentContextNeurons.git).

Code availability
All code related to the analyses of the article is available on GitHub 
(https://github.com/mabausch/ContentContextNeurons.git).
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Extended Data Fig. 1 | Consistency and transitivity of answers strongly 
exceeded chance and approached ceiling levels. Pairwise comparisons of 
contents were both consistent and transitive (a) across different contexts (b) 
despite unique and distinct orders among pictures, indicating memory of 
content-in-context. Consistency measures how well context-specific preferences 
for one picture over another are maintained across presentation orders, while 
transitivity checks if a preference for A over B and B over C also results in a 
preference for A over C. a. Swarmplots depict consistency scores γ (dark blue, 
left) and transitivity scores τ (light blue, right) for each participant’s answers in 
each recording session. Dotted lines represent chance performance. Only one 
recording session did not exceed chance levels and was excluded from further 
analyses. b. Boxplots (Q1, median, Q3; whiskers: points within ±1.5 IQR) of mean 
session-wise behavioral performances (averages of consistency and transitivity) 
across contexts. Performance did not differ significantly between contexts 
(p = 0.083; Kruskal-Wallis-Test).



Extended Data Fig. 2 | Session-wise rank agreement with objective ground 
truth validates successful task performance. Left: Boxplot (Q1, median,  
Q3; whiskers: points within ±1.5 IQR) of session-wise mean Spearman rank 
correlations between behaviorally determined picture ranks and objectively 
determined picture ranks for the questions “Bigger?” and “More expensive?”/ 
“Older?”. Grey dots represent individual sessions (N = 50). All session means 
were significantly greater than zero (p = 6.47 × 10−10, Wilcoxon signed-rank test). 

Shaded background areas indicate effect size categories. Right: Null 
distribution of mean correlations across sessions from 1,000 permutations 
(grey histogram), where picture ranks were randomly shuffled within each 
session-question pair before averaging. Observed mean shown in red (ρ = 0.760). 
The observed mean significantly exceeded the permutation null distribution 
(p < 0.001).
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Extended Data Fig. 3 | Stimulus-context neurons are more prevalent in 
brain regions with higher proportions of context neurons and, to a lesser 
extent, stimulus neurons. a-b. Scatter plots of stimulus-context neuron ratios 
vs. stimulus neuron ratios (a, red) or context neuron ratios (b, green) across  
all session-site combinations (N = 168). Spearman correlations revealed weak 
positive associations with stimulus neurons (ρ = 0.177, p = 0.022) and strong 
positive associations with context neurons (ρ = 0.487, p < 0.001). c. Spearman 
correlation coefficients between stimulus-context neuron proportions  

and stimulus (red) or context (green) neuron proportions for each brain  
region. Statistical significance was assessed using permutation tests (1000 
permutations, one-sided). Amygdala (A, N = 49): stimulus ρ = 0.329, p = 0.012; 
context ρ = 0.487, p = 0.003. Parahippocampal cortex (PHC, N = 41): stimulus 
ρ = 0.033, p = 0.387; context ρ = 0.569, p < 0.001. Entorhinal cortex (EC; N = 31): 
stimulus ρ = −0.075, p = 0.324; context ρ = 0.377, p = 0.023. Hippocampus  
(H, N = 47): stimulus ρ = 0.274, p = 0.028; context ρ = 0.471, p < 0.001. ***p < 0.001; 
**p < 0.01; *p < 0.05 (uncorrected).



Extended Data Fig. 4 | Stimulus neurons recapitulate first-picture activity 
during second-picture presentations in all question contexts, indicating 
content-based rather than feature-specific encoding. Session-wise 
decoding accuracies of first stimuli during second-picture presentations in  
all five question contexts using SVM decoders trained with stimulus neuron 
activity ~ 600 ms after first-picture onset (400–800 ms bin). Solid lines  
and shaded areas depict means and standard errors, respectively. Data are 
compared to chance (25%, dashed horizontal black line). Solid lines in red below 
indicate significant differences (cluster permutation test, two-sided, p < 0.05). 
During second-picture presentations, first-picture decoding accuracies 
exceeded chance beginning ~ 600–1000 ms after second-picture onsets in all 
question contexts, arguing against a mere recollection of stimulus features.
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Extended Data Fig. 5 | During picture presentations visual stimuli and 
contexts could be decoded simultaneously and with high accuracy in 
single recording sessions. Support vector machine decoding accuracies 
(linear SVM) of contexts (top, context neurons), first (middle, stimulus 
neurons) or second pictures (bottom, stimulus neurons) for different example 
sessions (s) distinguished by color from different patients (pat). Data comprise 
a subset of that presented in Fig. 3d. Vertical dashed lines in gray denote onsets 
of different trial events (q: question, p1 or p2: picture 1 or 2) and horizontal 
dashed lines indicate chance levels (1/5 for context, 1/4 for pictures). Despite 
highly sparse sampling of neurons by micro-wires, even within single recording 
sessions decoding accuracies were remarkably high (e.g. see sessions 11, 27 and 
32 in red, violet and green with accuracies up to 50 or 70 percent for contexts 
and pictures, respectively). Importantly, within single recording sessions both 
pictures and contexts could be decoded simultaneously above chance during 
picture presentations (e.g. see sessions 9, 21, 27 and 32 in blue, yellow, violet 
and green, contrasting with pre-question baseline periods).



Extended Data Fig. 6 | Representations of context across different MTL brain 
regions. Session-wise decoding accuracies of context with context neurons 
from different brain regions (PHC: parahippocampal cortex, A: amygdala, EC: 
entorhinal cortex, H: hippocampus) distinguished by color. Contexts were 
encoded most strongly in hippocampus during late stimulus presentations. 
Solid lines and shaded areas depict means and standard errors, respectively. 
Horizontal lines below indicate significant differences from chance (cluster 
permutation test, p < 0.01).
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Extended Data Fig. 7 | Decoding of stimulus and context is enhanced when 
behavioral answers correspond to ground truth. Boxplot (Q1, median, Q3; 
whiskers: points within ±1.5 IQR) of session-wise mean decoding accuracies 
during picture presentations for trials with incorrect (red) vs. correct (blue) 
answers relative to objective ground truth. Left: context decoding from 
context neurons (N = 38; chance = 1/5). Middle: stimulus (picture) decoding 
from stimulus neurons (N = 49; chance = 1/4). Right: stimulus-context (picture 

and question) decoding from stimulus-context neurons (N = 23; chance = 1/20). 
Dashed lines indicate chance levels. Decoding accuracies were significantly 
higher for correct vs. incorrect trials for context (p = 0.0128) and stimulus 
neurons (p = 0.0351), while stimulus-context neurons showed no reliable 
difference (p = 0.4098, n.s.). *p < 0.05 (uncorrected, Wilcoxon signed-rank test, 
one-sided, correct > incorrect).



Extended Data Fig. 8 | Cross-correlograms between mere stimulus and 
mere context neurons of the same hemisphere during picture processing. 
Trial-by-trial cross-correlograms during picture presentations (shift-corrected, 
see Methods) either between pairs of mere stimulus and mere context neurons 
(each with only one of two factors p < 0.001 in ANOVA, blue) or a matched 
number of mere stimulus and other neurons without significant main effects 
(all factors p > 0.1 in ANOVA, black) from different MTL regions of the same 
hemisphere. Data are presented as mean values ± SEM (solid lines and shaded 
areas). Red horizontal lines indicate significant differences (p < 0.01) between 
pair types (blue vs black) as quantified by a two-sided cluster permutation test. 

Neurons were drawn from brain region pairs written on top (PHC: 
parahippocampal cortex, A: amygdala, EC: entorhinal cortex, H: hippocampus) 
and maximum peak lag times as well as number of neuron pairs are depicted in 
the upper corners. Only between EC and H, firing of stimulus neurons predicted 
firing of context neurons, but not of other neurons, after approximately 40 (or 
600) milliseconds. Asymmetric peaks on the order of tens of milliseconds are 
indicative of interactions between stimulus and context neurons and suggest 
stimulus-context associations might be stored via spike-timing-dependent 
plasticity (STDP) for later reinstatement of context upon stimulus presentations 
or contextual encoding of stimuli.



Article

Extended Data Fig. 9 | Cross-correlograms between mere stimulus and mere context neurons of different hemispheres during picture processing. As in 
Extended Data Fig. 8, but for different hemispheres. No significant differences were detected.



Extended Data Fig. 10 | Sequential activation after pre-activation of context 
neurons by their preferred context could guide stimulus-driven pattern 
completion. a. Scatter plot of mean z-values for each of the 5 contextual 
questions (baseline normalization) during question vs. subsequent picture 
presentations computed for each of the 127 mere context neurons (N = 5 × 127). 
Pearson correlation strengths and p values (uncorrected) are shown at the top 
and visualized by regression lines. Question response strengths significantly 
predict responses to subsequent pictures (r = 0.36, p = 1.68 × 10−20). b. As in a, 
but comparing baseline to subsequent picture presentations. Baseline response 
strengths do not predict subsequent picture responses (r = 0.05, p = 0.20).  
c. Patient-means of Pearson correlation effect sizes computed from mere context 
neuron activity between question and subsequent picture presentations  
across trial conditions. Activity between question and subsequent picture 
presentations (r̄ = 0.12, left in green) was correlated significantly more strongly 

than between baseline and picture activity (r ̄= 0.03, right in gray; p = 6.13× 10−3; 
two-sided Wilcoxon signed-rank test). d. Shift-corrected cross correlations of 
entorhinal mere stimulus and hippocampal mere context neurons during picture 
presentations depending on whether a preferred stimulus (red, maximum 
response) vs. a non-preferred stimulus (gray, randomly drawn different stimuli) 
of mere stimulus neurons was presented. e. As in d, but depending on whether a 
preferred context (green, maximum response) vs. a non-preferred context (gray, 
randomly drawn different contexts) of mere context neurons was shown and 
averaged per session (only 6 sessions). Firing of stimulus neurons predicts that  
of context neurons more strongly (though not significantly) in preferred versus 
non-preferred contexts. f. As in d, but averaged per session rather than per 
neuron pair. Red horizontal lines indicate significant differences (p < 0.05, 
green vs gray, two-sided cluster permutation test).
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Extended Data Fig. 11 | Stimulus representations were maintained from 
pre-screenings to subsequent main experiments, particularly in micro-
wires with stimulus neurons. Boxplots (Q1, median, Q3; whiskers: points 
within ±1.5 IQR) of session-wise SVM picture decoding accuracies of the four 
pictures shown in the main experiment. SVM decoders were trained on main 
experiment activity and tested either on pre-screening (across in blue) or main 
experiment activity (within in green, leave-out cross-validation with matched 
trial counts). Dotted line in black denotes chance decoding of 0.25. For 45 
recording sessions, all four pictures of the main experiment were part of the 
pre-screening before the experiment (N = 45). Picture decoding accuracies 
highly exceeded chance, particularly for micro-wire channels that contained 
stimulus neurons (left side; stimulus-across: 0.4854 ± 0.2243 SD, p = 8.229 × 
10−7; stimulus-within: 0.5187 ± 0.1759 SD, p = 5.676 × 10−9) vs. those that  
did not (right side; non-stimulus-across: 0.3241 ± 0.1155 SD, p = 3.017 × 10−4; 
non-stimulus-within: 0.2991 ± 0.0734 SD, p = 1.460 × 10−4). Importantly,  
there were no significant differences in decoding accuracy when testing on 
pre-screening data (across) or on main experiment activity (within), both  
for stimulus neuron channels (pdiff = 0. 473) and for non-stimulus neuron  
channels (pdiff = 0.185; two-sided Wilcoxon signed-rank test). Overall, stimulus 
representations were maintained across the relatively short time intervals  
(4.71 h ± 2.02 SD, min: 1.40 h, max: 9.15 h) between pre-screenings and subsequent 
main experiments, specifically in channels that contained stimulus neurons. 
****p < 0.0001; ***p < 0.001; **p < 0.01 (uncorrected).



Extended Data Fig. 12 | Numbers of stimulus and context neurons across 
micro-wires are largely independent between subsequent main recording 
sessions within patients. Bar plots of the distribution of intraclass correlation 
coefficients (ICCs) for the numbers of either context (top left) or stimulus 
neurons (bottom left) across channels (i.e. micro-wires) between subsequent 
main recording sessions. Corresponding channel permutation controls are 

shown on the right. Vertical dashed lines in gray separate areas of differing 
effect sizes. Across the long time intervals between subsequent recording 
sessions (46.94 h ± 24.19 SD, range: 16.57 h to 118.06 h), numbers of both 
context and stimulus neurons exhibit a low degree of dependence comparable 
to permutation controls.
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