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Figure S1: Recording sites and distribution of EAP features throughout the brain.  Related to Figure 1. 

(a) MRI-based reconstruction of recording locations.  Top: Sagittal slice at MNI x=22.1, HIPP=hippocampus, 
AMY=amygdala.  Bottom: Sagittal slice at MNI x=-6.6, pre-SMA=pre-supplementary motor area; ACC=anterior 
cingulated cortex; OFC=orbitofrontal cortex. 

(b) Violin plots depict the distribution of standard features and MIs in different brain areas for all recorded neurons 
(black lines: mean; red lines: median).  Note that MI values are log transformed for plotting purposes, e.g., an MI 
AMP value of 10 (indicating that the AMP varied +10% during the cardiac cycle) is plotted as log10(10)=1. 

 
  



 

 
 
 
Figure S2: PCA space and forced-clustering of standard feature space into three clusters. Related to Figure 2. 
 
(a) The principal component weights in the standard feature space.  K-means clustering was applied to the features in 

principal component space as in Figure 2a.  Colored matrix indicate feature weights for each component.  The EXP 
VAR at the top of the colored matrix indicates the explained variance for each principal component.  Each of the 
different temporal measurements (HW, TPW, REP) contribute relatively equal weights to the first principal 
component (indicated by similar green color for PC#1 of each feature) (S= standard features, i.e., features that 
measure parameters of the mean EAP waveform and not related to cardiac motion) 

(b) Here we expand the principal component space beyond the standard features in (a) and include motion features 
(applicable to Figure 2c).  Note that the first component is weighted primarily by standard features and motion 
indices; the second principal component is weighted entirely by motion correlation features.  The first five 
components account for 95% of the variance in the feature space (S=standard features, MI=motion index features, 
MC=motion correlation features). 

(c) When the EAPs of the standard feature space are forced into three clusters (as opposed to the two clusters 
indicated by the density function in Figure 2a), the BS cell class splits into two clusters that are not dependent on 
motion.  The forced split divides BS cells by HW duration (the only feature significantly different between BS1 and 
BS2 cells using this clustering scheme).  No motion features differ between the BS1 and BS2 groups.  As such, the 
BS1-BS2 cluster separation observed in the motion feature space (Figure 2cd) cannot be obtained using standard 
features alone; when units are forced into 3 groups using only standard features, the two emergent groups are 
different than the ones identified in the motion-feature space. 

 

 

 

 
 

 



 

Figure S3: Cardiac motion features reveal additional cell clusters in amygdala. Related to Figure 2. 

(a) K-means clustering of the standard features (i.e., the HW, TPW, and REP of the mean EAP waveform).  (Left) The 
density function f(k) of the k-means clustering algorithm identifies 3 clusters in the standard EAP feature space. 
(Right) The features of NS (yellow) and BS1 (light blue) and BS2 cells (dark blue) are plotted in two-dimensional t-
sne space for visualization purposes (axes in t-sne space are arbitrary and not shown, compare relative distances 
between clusters).  Inset depicts mean waveforms of each cluster.  Note that the labeling BS1 and BS2 are 
unrelated to the BS1 and BS2 labels in hippocampus.  Indeed, these two classes of BS cells have very different 
features than the BS1 and BS2 classes in the hippocampus (compare panel (b) features to Figure 2B).  Here BS1 and 
BS2 differ in their half-width and do not differ in their motion features. 

(b) Distribution of EAP features for the three clusters in (a).  Each row depicts a different EAP measurement (HW, TPW, 
REP, AMP).  Each column depicts that EAP measurement using standard methods (S, illustrated as the feature of 
the mean EAP), motion indices (MI, illustrated as the magnitude of the cosine function that is fit to the cardiac 
cycle), and motion correlations (MC, illustrated as a scatterplot correlating each EAP feature with EAP AMP during 
the cardiac cycle).  Note that although only standard features were used to cluster these cells (left column), we also 
plot motion features (middle and right columns).  Yellow NS cells have significantly shorter half-widths (HW), 
trough-to-peak widths (TPW), and repolarization (REP) times than BS cells (black lines: mean, red lines: s.e.m.) 

(c) Adding cardiac-related motion features (MI and MC) to the standard feature space reveals a fourth cluster of BS 
cells. 

(d) The distribution of EAP features for the four clusters identified in (c).  NS cells maintain the same feature properties 
and are characterized by shorter EAP width metrics.  Note that BS1 cells and BS3 cells are significantly different in 
their motion features, but not in terms of standard features, indicating that these cell types can only be 
differentiated when motion is present. 



 

Figure S4: Motion features do not reveal new classes in subthalamic nucleus. Related to Figure 2. 

As in Figure 2 and Supplementary Figure 4 and, but for neurons in subthalamic nucleus. 
(a) K-means clustering of the standard features (i.e., the HW, TPW, and REP of the mean EAP waveform).  (Left) The 

density function f(k) of the k-means clustering algorithm identifies 2 clusters in the standard EAP feature space. 
(Right) The features of NS (yellow) and BS cells (blue) are plotted in two-dimensional t-sne space for visualization 
purposes (axes in t-sne space are arbitrary and not shown, compare relative distances between clusters).  Inset 
depicts mean waveforms of each cluster.   

(b) Distribution of EAP features for the three clusters in (a).  Each row depicts a different EAP measurement (HW, TPW, 
REP, AMP).  Each column depicts that EAP measurement using standard methods (S, illustrated as the feature of 
the mean EAP), motion indices (MI, illustrated as the magnitude of the cosine function that is fit to the cardiac 
cycle), and motion correlations (MC, illustrated as a scatterplot correlating each EAP feature with EAP AMP during 
the cardiac cycle).  Note that although only standard features were used to cluster these cells (left column), we also 
plot motion features (middle and right columns).  Yellow NS cells have significantly shorter half-widths (HW), 
trough-to-peak widths (TPW), and repolarization (REP) times than BS cells (black lines: mean, red lines: s.e.m.) 

(c) Adding cardiac-related motion features (MI and MC) to the standard feature space does not reveal new clusters in 
STN. 

(d) The distribution of EAP features for the two clusters identified in (c).   

 



 

Figure S5:  SP1-SP2 model-based classifier. Related to Figure 6 
 
The k-means clustering on the single-cell model EAPs indicates that the majority of BS2- and BS1-like waveforms 
originate from two types of spiny cells (Figure 5c).  We labeled each single-cell model SP1 or SP2 based on whether it 
primarily elicited BS1 or BS2-like waveforms and used these label-assignments to construct SVM classifiers.  The barplots 
and confusion matrices indicate the performance accuracy on left-out model EAPs for combinations of different feature 
spaces: S=standard, MI=motion index, MC=motion correlation.  Beta coefficients depict how the different features 
contribute to the SVM plane.  Light blue bars indicate that BS1 cells have higher values for this feature.  Dark blue bars 
indicate that BS2 cells have higher values. 
 

 

 

 

 

 

 

 

 

 

 



 
 
Figure S6.  Spike-LFP coherence for subset of simultaneously recorded neurons. Related to Figure 7. Spike-LFP 
coherence for recordings in which NS, BS1, and BS2 cells were all simultaneously recorded on the same electrode 
bundle. (a) and (b) are identical to Figure 7 (d) and (e) but only for the smaller subset of cells. 
 
(a) Average spike-field coherence (SFC) and s.e.m. across neuron-LFP pairs. NS (yellow), BS1 (light blue), and BS2 (dark 

blue) cells (n=18 NS, 37 BS1, 60 BS2 neurons each paired with LFP recorded on the six adjacent microwires, LFP from 
same microwire as unit recording is excluded from analysis). SFC values are z-scored to bootstrapped shuffled values 
(see Methods) 

(b)  Line (mean) with error bars (s.e.m) indicates the kappa value of the distribution of phases in each frequency band.  
Larger kappa indicates stronger phase-concentration of spikes.  Color of the center and encompassing circle 
indicates statistically significant comparison testing between groups, e.g., a yellow center surrounded by a dark blue 
circle indicates that NS (yellow) and BS2 (dark blue) cells have different spike-LFP concentrations for a particular LFP 
frequency band.  (Bottom) Percent of single unit-LFP pairs for each cell class with significant spike-field phase 
concentrations in each frequency band (bar: percent of significant pairs; error bar: 95% confidence interval for 
binomial random variable).  For example, the dark blue bar at the theta label indicates that 38% of BS2 unit-LFP pairs 
are synchronous at the theta rhythm (or if one subtracts this value from 100, 62% of pairs do not exhibit significant 
theta coherence, not shown).  

(c) The spike triggered LFP power of all hippocampal neurons of each cell type (mean+s.d).  The power of the LFP is 
similar for all cell types.  This indicates that  differences in spike-LFP coherence between the different cell types 
cannot be attributed to differences in the LFP power. 

 
 
 
 
 
 
 

 



 
 
Figure S7: Quality of spike sorting. Related to STAR Methods. 
(a)  Histogram and boxplot (median + upper/lower quartiles) depicting the signal-to-noise ratio of each cell type 

(yellow=NS, light blue = BS1, dark blue=BS2).  The average signal-to-noise ratio is 8.0 + 5.3 s.d., indicating that the 
amplitude of the EAPs are on average 8x larger than the noise.  Signal-to-noise ratio does not significantly differ 
among different cell types (ANOVA, p=0.305). 

(b) The isolation distance measures how far a cluster of spikes is from all other clusters and noise.  Isolation distance 
was calculated in a multidimensional feature space (energy, peak amplitude, total area under the waveform, and 
first 5 components of the energy normalized waveforms)  as in Schmitzer-Torbert et al., 2005. The cell clusters were 
all well-isolated, with a mean isolation distance of 29.7+67.2 s.d.  Isolation distance did not significantly differ 
between cell types (ANOVA, p=0.084) 

(c) We calculated the % of inter-spike intervals for each cell that were shorter than 3 ms.  The majority of clusters had 
less than 0.5% of short inter-spike intervals (mean = 0.39+0.44 %).  All three cell types had a similar proportion of 
such short ISIs (ANOVA, p=0.235) 

(d)  We correlated both standard and motion features with the isolation distance (standard features left, motion MI 
middle, MC features right; y-axis values are z-scores). Insets show R2 of correlation and p-values.  HW, TPW, and HW 
MC have weak but significant correlations with isolation distance. We also correlate the features with signal-to-noise 
ratio, only EAP AMP was significant and is plotted in blue inset.  * p<0.05, **p<0.01, ***p<0.001 



    

Figure S8: Changes in EAP features influence spike sorting and threshold detection, causing spurious changes in firing 
rates during the cardiac cycle. Related to STAR Methods. 

 
(a)  The raster plot and peristimulus-time histogram of a unit that appears to change its firing rate during the cardiac 

cycle (spikes aligned to R-wave of electrocardiogram).  The scatter plot (top) shows the distribution of EAPs in 
principal component space (x-axis is first principal component, y-axis is second principal component).  Each point 
shows an EAP.  Black dots are EAPs that belong to the sorted unit.  Gray dots are EAPs that belong to other units or 
noise.  The colored line indicates the mean EAP during the cardiac cycle (blue is beginning of cycle, red is end of 
cycle).  Note that toward the end of the cardiac cycle (red), the EAPs in the sorted unit are closer to the border of 
the cluster.  The neuron appears to decrease its firing rate at the end of the cardiac cycle because some EAPs that 
belong to this unit are sorted as noise or other units because the EAP is substantially different at this time point.  
Indeed, for each EAP we calculated whether the 10 closest EAPs in principal component space were inside or outside 
the sorted cluster.  The colored trace at bottom shows that, toward the end of the cardiac cycle at ~500 ms, the 
number of near EAPs that are outside the cluster increase, suggesting that these EAPs may belong to the sorted 
neuron but have been misclassified.  Firing rate is thus, anticorrelated with this metric 

(b)  A second example cell, as in (a) 
(c)  Bar plot showing the total % of neurons in each brain region that exhibited significant EAP AMP modulation.  Red 

shading indicates the percent of these cells that also exhibited significant changes in firing rate, whereas the 
proportion indicated in black revealed significant EAP AMP modulation the absence of significant firing rate changes. 



(d)  Some neurons with EAP AMP modulation also appear to have changes in firing rate.  The histogram the magnitude 
of firing rate changes in these neurons.  100% indicates that the firing rate increases by 100% of its baseline rate 
(i.e., doubles).  Most cells show less than a 50% change in firing rate, i.e., if a neuron fires at 1 Hz, its perceived 
change in firing rate will be 1+0.5 Hz during the cardiac cycle (0.5-1.5 Hz). 

(e)  During the cardiac cycle, the EAP waveform changes as a result of pulsatile pressure.  The change in EAP waveform is 
substantial, and we suspect that conventional methods used to sort EAP waveforms into single units fail to consider 
cardiac or other psychophysiological motion.  This results in some EAPs being left undetected or not attributed to a 
individual cell. The more spikes we misattribute, the more likely we are to see a change in firing rate. Firing rate is 
positively correlates with the degree to which a cell’s EAP are close to a cluster edge, i.e., higher values on the x-axis 
suggest that some EAPs in the sorted unit may be mis-sorted into other clusters or noise.  Red circles indicate 
neurons with significant changes in firing rate. Black circles are all other cells. 
  



 

Figure S9: Z-score correction of spike-LFP synchrony.  Related to STAR Methods. 
 
(a) Example single unit peristimulus-time histogram aligned to the heartbeat (top) and average LFP simultaneously 

recorded on an adjacent channel (bottom).  This neuron-LFP pair appears to show synchrony during the heartbeat as 
a result of motion.  In this example, the firing rate is lowest when the beat-aligned LFP is at its maximum.  The beat-
evoked LFP changes are similar to pulsatile motion artifacts observed in EEG recordings during the heartbeat. 

(b) The rate-LFP “synchrony” due to cardiac motion shown in (a) might lead to spurious spike-field coherence at low-
frequencies, i.e. apparent changes in SFC that can be explained by electrode motion and not by endogenous 
oscillations like theta.  To account for these effects, we calculated SFC for 1,000 bootstrapped data samples where 
the beat-aligned spike train and LFPs on single trials were mismatched. 

(c) The black trace shows the SFC for the original data and the red shaded region shows the SFC for the shuffled data 
(mean + standard deviation of 1,000 bootstraps).  Note that at low-frequencies, even after mismatching the spike 
trains and LFPs the SFC remains elevated (high values for red shuffled data at frequencies <5 Hz).  This suggests that 
some low-frequency can be explained by motion-related changes during the cardiac cycle, where the single unit 
spike rate and LFP appear to change.  The SFC at other frequencies, e.g. 5 Hz, is abolished following shuffling 
suggesting that the 5 Hz SFC is due to spike-LFP synchrony independent of the cardiac cycle. 

(d) Here the original SFC trace (black) shown in (c) is represented as a z-scored value relative to the bootstrapped data.  
The red shaded area shows the upper 99% confidence interval for the z-score. Note that low-frequency SFCs are not 
significantly different from shuffled data but peaks at 5 Hz and 10 Hz are notable.  These peaks in the SFC represent 
spike-field synchrony that cannot be explained by cardiac motion.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table S1: Number of cells recorded from each patient diagnosed with epilepsy. Related to STAR Methods. Values 
indicate how many cells were recorded in each brain area of each patient.  For those patients with hippocampal 
neurons, we also report how many hippocampal neurons were identified as NS, BS1, and BS2 (as identified by the 
classifier in Figure 4A).  The AMP MI test reports, for each patient, a t-test comparing the AMP modulation index (z-
scored to shuffled data) for all hippocampal units.  PID=patient ID, F=female, M=male, Age=age at recording (years), SID= 
experimental session ID, ACC=anterior cingulated cortex, AMY=amygdala, OFC=orbitofrontal cortex, preSMA= pre-
supplementary motor area, HIP=hippocampus. 
 

PID Sex Age SID TOTAL ACC AMY OFC pre-
SMA 

HIPP NS BS1 BS2 AMP MI 
test 

EPI 042 F 25 1 38 10 6 --- 21 1 1 0 0 t(4)=0.008, 
p=0.994 2 32 10 11 --- 8 3 3 0 0 

3 22 8 11 --- 2 1 1 0 0 
EPI 043 F 42 1 31 --- 3 11 --- 17 4 4 9 t(31)=5.17, 

p=0.000013*** 2 32 --- 3 14 --- 15 4 3 8 

EPI 044 F 53 1 36 5 2 --- 17 12 5 4 4 t(16)=2.47, 
p=0.025* 2 30 9 2 --- 14 5 0 1 3 

EPI 047 M 32 1 75 1 42 15 17 --- --- --- --- t(3)=1.33, 
p=0.246 2 51 --- 31 13 3 4 2 1 1 

EPI 048 F 32 1 50 20 6 3 8 13 2 2 9 t(39)=2.05, 
p=0.047* 2 74 20 9 2 16 27 2 8 17 

EPI 049 F 24 1 20 1 3 --- 7 9 7 0 2 t(13)=3.48, 
p=0.004** 2 18 --- 8 1 4 5 4 1 0 

EPI 053 M 60 1 73 5 17 14 28 9 7 0 2 t(12)=1.634, 
p=0.128 2 30 11 --- 2 17 --- --- --- --- 

3 52 16 2 4 26 4 1 3 0 
EPI 054 F 59 1 65 --- 21 15 8 21 3 11 7 t(50)=5.672 

p=7x10-7*** 2 75 6 28 10 14 17 1 6 10 

3 64 --- 21 9 21 13 1 4 8 

EPI 058 F 32 1 46 7 8 16 15 --- --- --- --- --- 

2 30 4 2 9 15 --- --- --- --- 
EPI 060 M 67 1 38 11 13 5 8 1 1 --- --- NA 

EPI 061 F 52 1 27 4 7 2 8 6 0 5 1 t(5)=1.2, =0.27 

Total:    1009 148 256 145 278 183 49 53 81 t(182)=7.44, 
p=3.8x10-12*** 

 
 
  



Table S2: Number of cells recorded from each patient undergoing intraoperative monitoring for the placement of 
Deep Brain Stimulating electrodes. Related to STAR Methods. During each recording session, only one brain area is 
recorded with up to two micro-electrodes per recording session.  PID=patient ID, Age=age at recording, F=female, 
M=male, Age=age at recording (years), SID=experimental session ID; SN=substantia nigra, STN=subthalamic nucleus, 
PUT=putamen. 
 

PID Sex Age SID LOCATION # Single Units 

DBS 041 M 47 1 SN 1  

DBS 042 M 53 1 SN 3 

DBS 043 M 70 1 SN 4  

DBS 045 M 54 1 SN 1 

DBS 051 M 71 1 STN 3  

DBS 052 F 78 1 STN 3 

DBS 053 F 68 1 STN 2 

DBS 054 M 57 1 STN 2 

DBS 055 M 68 1 STN 3 

2 STN 3 

DBS 056 M 70 1 STN 1 

DBS 058 M 46 1 STN 2 

DBS 059 M 69 1 SN 5 

DBS 061 M 61 1 SN 4 

2 SN 10 

DBS 062 M 80 1 SN 3 

DBS 064 M 20 1 SN 1 

2 PUT 4 

DBS 065 M 76 1 STN 4 

DBS 066 F 66 1 PUT 3 

DBS 067 M 72 1 STN 4  

DBS 068 F 59 1 STN 3  

2 STN 5 

DBS 069 F 26 1 PUT 6 

Total: SN 32  

STN 35 

PUT 14  

 
 
 
  



Table S3: Metadata about origin of experimental in vitro data used to generate single-cell models. Related to 
STAR Methods. Human brain tissue was excised from 14 epilepsy and tumor patients for therapeutic purposes and 
donated for slice experimentation. In vitro electrophysiology data and the reconstructed morphology are generated 
for each whole-cell patched human cortical neuron. Data for each experiment available online 
(https://celltypes.brain-map.org/).   
 

Cell ID Donor Hemisphere Area Layer Sex Age Dendrite type Clinical Observation 

508378649 H16.06.004 Right Middle temporal gyrus 3 Male 37 Spiny Epilepsy 

508417989 H16.06.004 Right Middle temporal gyrus 3 Male 37 Spiny Epilepsy 

528038990 H16.06.008 Left Middle temporal gyrus 3 Female 24 Spiny Epilepsy 

529878215 H16.06.101 Left Middle temporal gyrus 3 Male 67 Spiny Epilepsy 

531526539 H16.06.007 Left Frontal lobe 3 Male 26 Spiny Tumor 

541563728 H16.03.007 Left Middle temporal gyrus 2 Female 28 Spiny Epilepsy 

548457754 H16.06.012 Right Middle frontal gyrus 3 Male 83 Spiny Tumor 

569844159 H17.03.002 Right Middle temporal gyrus 3 Male 61 Spiny Epilepsy 

571500474 H17.06.005 Left Middle temporal gyrus 2 Male 38 Spiny Epilepsy 

571654895 H17.06.006 Left Middle temporal gyrus 2 Male 35 Spiny Epilepsy 

531520637 H16.06.007 Left Frontal lobe 3 Male 26 Aspiny Tumor 

601927090 H17.03.010 Left Middle temporal gyrus 3 Female 38 Aspiny Epilepsy 

614651270 H17.06.003 Left Middle temporal gyrus 3 Female 23 Aspiny Epilepsy 

526734407 H16.03.005 Right Temporal lobe 3 Male 27 Aspiny Epilepsy 
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