












 869 
 870 
Figure 5. Theta phase precession during encoding predicts time discrimination accuracy. A-D, Trials during the 871 
time discrimination task (Figure 1A, bottom) are split into three conditions. As an example, we consider an OSC that 872 
fires more strongly during order 1 (preferred order). Time discrimination trials include frames with preferred order 873 
leading (B), preferred order following (C), or trials involving other orders (D). E, Theta phase precession during 874 
encoding of an order selective cell in the amygdala plotted separately based on the participant’s time discrimination 875 
accuracy (top: correct versus bottom: incorrect) for preferred order leading conditions during time discrimination 876 
(format as in Figure 4E). F, For OSCs that demonstrate theta phase precession during encoding (Figure 4F), this figure 877 
shows the distribution of theta phase precession strength following event boundaries at their preferred order, calculated 878 
based on participants’ time discrimination accuracy (correct versus incorrect), and plotted separately for preferred 879 
order leading, preferred order following and other order conditions.   880 
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 883 
Figure 6. Spiking phases during memory retrieval reflect order memory outcomes. A, Example OSC in the 884 
hippocampus shows theta phase precession following image onset during time discrimination. B, Number and ratio 885 
of OSCs in the hippocampus, amygdala and orbitofrontal cortex showing significant theta phase precession following 886 
image onset during time discrimination encoding. *p < 0.05, ***p <0.01, permutation test, see Methods. C, For all 887 
the OSCs showing theta phase precession during time discrimination in (B), theta phase precession strength is 888 
computed and plotted separately for preferred order leading, preferred order following, and other order conditions. D, 889 
For OSCs that demonstrate theta phase precession during encoding in (B), distribution of theta phase precession 890 
strength following image onset during time discrimination, calculated based on participants’ order memory outcomes 891 
(correct versus incorrect), and plotted separately for preferred order leading, preferred order following and other order 892 
conditions. E, Spiking phase (from image onset to button press) relative to theta rhythm of an example OSC in the 893 
hippocampus plotted separately when participants correctly recall the temporal order for preferred order leading 894 
(yellow) and preferred order following (gray) conditions. F, For all OSCs, bifurcation index computed using the 895 
spiking phase (from image onset to button press) relative to theta rhythm between preferred order leading and preferred 896 
order following conditions, or preferred order leading and other order conditions, or preferred order following and 897 
other order conditions.   898 
 899 
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 901 
Figure S1| Distribution of event boundary times across video clips  902 
Temporal distribution of the three event boundaries (A: Order 1, B: Order 2, and C: Order 3) pooled across all clips 903 
(n = 50 clips total, 25 V1 clips and 25 V2 clips, see Task section under Methods). Bin size = 2 seconds. 904 
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 908 
Figure S2 | Visual feature similarity was larger within versus across videos  909 
Quantification of visual feature similarity within and across video clips at event boundaries. Feature vectors were 910 
extracted from the fc6 layer of AlexNet18 for frames at each event boundary. Cosine similarity scores were calculated 911 
between frames from the same video (within videos, green) and between frames at corresponding boundaries across 912 
different videos (across videos, blue shades). Each dot represents an individual comparison, and asterisks indicate 913 
statistical significance when comparing the cosine similarity score between frames within videos than across videos 914 
at event boundaries from different ordinal positions (*** p < 0.001).  915 
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 916 
 917 
Figure S3 | Spike sorting quality metrics. For all identified putative single cells with firing rates higher than 0.5 Hz. 918 
A, Proportion of inter-spike intervals (ISI) that were shorter than 3ms. B, Average firing rate within the entire 919 
recording session for all identified putative single cells. C, Waveform peak signal-to-noise ratio (SNR), which is the 920 
ratio between the peak amplitude of the mean waveform and the s.t.d. of the noise of each identified putative single 921 
cell. D, Pairwise isolation distance between putative single cells identified from the same wire. E, Isolation distance 922 
across all identified putative single cells that was calculated in a ten-dimensional feature space of the energy-923 
normalized waveforms. F, Coefficient-of-variation (CV2) in the ISI for each identified putative single cell.  924 
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 928 
Figure S4| Videos without visual event boundaries do not elicit order selective tuning. A, Activity of a boundary 929 
cell during trials with no visual cuts. Top: raster plots, bottom: firing rates averaged across a 0.2 s window. Insets 930 
show the activity of the same boundary cell during trials with visual cuts. C, D, E, Spikes (top row) and mean firing 931 
rates (bottom row) of the order selective neuron presented in Figure 2B, now analyzed during control trials in which 932 
there are no visual event boundaries. For these trials, the neural activity is aligned to the same moment in time during 933 
which an event boundary was introduced in Figure 2B, i.e. at the onset of the event. However, in these control trials, 934 
there was no visual boundary introduced at the event boundaries. In the insets, the activity of the same neurons during 935 
trials with visual cuts is included. B and F, Summary plots of the average post-boundary activity of Boundary cells 936 
(B) and Order Selective Cells (F) during trials with no visual event boundaries. Each row is a neuron, and each column 937 
is the average activity over 500 ms post-boundary, where the boundary is the onset (column 1), the first, second or 938 
third visual boundary (columns 2, 3, 4).  939 
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 940 
Figure S5 | PCA analysis for the amygdala and orbitofrontal pseudopopulations. A, Trial-averaged PCA 941 
trajectories in time ([-0.5, 0.5] seconds relative to event boundaries) when pooling amygdala neurons classified as 942 
OSCs. At the time of the visual cut (black dot), neural states exhibit a large dynamical shift. B, Multidimensional 943 
Eucledian distance (MDD) between each point of the trajectories in PC space and 0, i.e. when the cut occurred. The 944 
shaded area represents ± s.e.m. across trials. C, quantification of the angles between the direction of trial trajectories. 945 
The bar plot quantifies the average, and the scatter represent the trial-based individual set of angles. D and E, analogous 946 
to A, B, when pooling amygdala neurons that are classified as boundary cells but not order selective. F, Decoding 947 
performances across time trained on amygdala features. Each dot represents the decoding performance of SVMs 948 
trained on 0.5-second windows, with a stride of 0.1 second. The accuracy of each time window is plotted in the middle 949 
time point of the time window. In gray is the shuffle variability, while in black are the accuracies. Error bars represent 950 
standard errors of the mean cross-validation accuracies. G: Trial-averaged PCA trajectories in time ([-0.5, 0.5] seconds 951 
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relative to event boundaries) when pooling orbitofrontal cortex neurons classified as OSCs. At the time of the visual 952 
cut (black dot), neural states exhibit a large dynamical shift. H: Multidimensional Eucledian distance (MDD) between 953 
each point of the trajectories in PC space and 0, i.e. when the cut occurred. The shaded area represents ± s.e.m. across 954 
trials. I: quantification of the angles between the direction of trial trajectories. The bar plot quantifies the average, and 955 
the scatter represent the trial-based individual set of angles. J, K: analogous to G, H when pooling orbitofrontal cortex 956 
neurons that are classified as boundary cells but not order selective. L: Decoding performances across time trained on 957 
orbitofrontal features. Each dot represents the decoding performance of SVMs trained on 0.5-second windows, with 958 
a stride of 0.1 seconds. The accuracy of each time window is plotted in the middle time point of the time window. In 959 
gray is the shuffle variability, while in black are the accuracies. Error bars represent standard errors of the mean cross-960 
validation accuracies. 961 
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 963 
Figure S6 | Theta power and phase precession when participants watch no boundary clips. A, C, Time frequency 964 
plots of the same neuron in Figure 4A and 4C, aligned to the onsets of event boundaries (annotated by the independent 965 
group) in the no boundary clips. Power within each frequency band is z-scored and normalized to the baseline period 966 
(i.e., fixation cross in Figure 1A). Warmer color denotes power increase relative to the baseline, while colder color 967 
indicates power decrease relative to the baseline. B, D, Among microelectrodes that demonstrate significant theta 968 
power increase (n = 33 electrodes) or decrease (n = 18 electrodes), the distribution of their normalized theta power 969 
computed within the 1-second time window following different event boundaries in the no boundary clips. n.s. = not 970 
significant, ANOVA test, see Methods. E, Example order selective neuron in Figure 4E shows no theta phase 971 
precession following the onset of different event boundaries in no boundary clips. The strength of theta phase 972 
precession is quantified as the correlation coefficient (r) between time in unwrapped theta phase and spiking phases 973 
relative to the underlying theta oscillations. Note that more negative correlation coefficients denote stronger theta 974 
phase precession. F, Number of neurons showing significant phase precession during encoding when participants 975 
watch no boundary clips. n.s. = not significant, permutation test, see Methods. 976 
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 978 
Figure S7 | Schematic conceptual model illustrating the proposed mechanistic origin of OSCs. The top row 979 
represents boundary cells that respond to all event boundaries regardless of order. The middle row depicts time-980 
dependent signals within each trial segment, reported in other work12. The bottom row shows how order-selective 981 
responses emerge from the product between boundary detection and temporal signals, where the different orders may 982 
arise depending on the nature of the time-varying ramp. This framework could explain with first principles how 983 
neurons develop selective responses to boundaries at specific orders within event sequences while maintaining 984 
invariance to visual content. 985 
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