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measure allowed the quantification of subthreshold DMP maps, which take negative values. The standard deviation S 
was expressed as a percentage change from baseline, resulting in a ΔS/S signal which is both shift- and scale-invariant, 
akin to the ΔF/F signal used in calcium imaging. Measured thus, maps with poor tuning will be uniform and have a low 
ΔS/S, while maps with high values concentrated in a few pixels will have a high ΔS/S. This allows comparison of units 
with disparate firing rates as well as allow comparison of maps representing firing rates (PYR, DAP) with those 
representing voltage (DMP). ΔS/S was calculated from smoothed rate maps with 0.15 cm bins. 

For each unit, the baseline was calculated using a resampling procedure. As above, the time of all spikes (or voltage 
measurements) were circularly shifted by an amount between ±20 seconds in either the negative or forward direction, 
with a resolution of 20 ms. The standard deviations of the resulting maps with lags between ±1.4–20 seconds formed a 
null distribution, and the median of this distribution was taken as the baseline standard deviation S0. The quantity ΔS/S 
was thus quantified as:  

 
∆𝑆

𝑆
=

𝑆 − 𝑆0

𝑆0
 

 
Units were identified as having significant tuning if the peak ΔS/S value within ±1.4 seconds was greater than the 

ΔS/S at any other time lag. All other measures described below were evaluated only at the time lag of maximal ΔS/S.  
Dispersion: Depth of modulation quantifies the variation in pixels in a response map, but contains no information 

about how concentrated, or clustered, pixels with similar values are. We thus computed the “smoothness” of response 
maps by calculating normalized dispersion. Dispersion was computed on smoothed response maps with 0.15 cm bins 
(see above). Dispersion was calculated as the mean distance (in centimeters) between the 10% of pixels with the highest 
values. The distance between such highly active pixels is influenced by the range of running speeds attained by the rat, 
which can vary across sessions. Hence we normalized the dispersion by the range of displacements in the forward and 
backward directions, i.e. the distance between the most negative and positive y values in the rate map (Figure 6b).  

Coherence: Egocentric map coherence was calculated by evaluating the correlation coefficient between each pixel 
of a map and the mean of all surrounding pixels45. Pixels with undefined values were excluded from this analysis. 
Coherence was computed on unsmoothed response maps with 0.15 cm bins and Fisher z-transformed.  

Short-term Stability: Short-term stability was evaluated as the Fisher z-transformed correlation of response maps 
constructed with data from every alternate minute (minutes 0-1, 2-3, etc. compared with minutes 1-2, 3-4, etc.).  

Long-term Stability: Long-term stability was evaluated as the Fisher z-transformed correlation coefficient of maps 
constructed with data from the first and second halves of a given recording session (For a 20 minute session, minutes 0-
10 compared with minutes 10-20). 

Number of Dendrites: Multiple recording sessions for a dendrite were kept separate for egocentric analyses. Thus 
the dendritic sample size for egocentric comparisons is the number of sessions across all dendrites recorded with 
position data. In total, DMP were recorded with position data in 15 recording sessions across 5 different tetrodes. In 
several of these sessions, multiple independent DAP sources were present with a single DMP source, for a total of 24 
DAP maps.  

 
Statistics 

Significance Tests: All analyses were done offline using custom-written codes in MATLAB. Due to the relatively 
small dendritic sample size and potential non-Gaussian distribution of measures, we employed non-parametric tests and 
resampling statistics to assess statistical significance. Significance between unpaired data was assessed using the 
Wilcoxon rank-sum test. Significance between paired data was assessed using the Wilcoxon signed-rank test. These tests 
make few assumptions about the distributions of data being tested and are robust to non-equal sample sizes or non-
Gaussian nature of data. Correlation coefficients and their related significance were calculated using the built-in 
corrcoef() function in MATLAB, which calculates a two-sided t statistic to assess significance.  

Confidence Intervals: Unless otherwise stated, all values are reported as median [95% confidence interval], in the 
form M [L, U], with M representing the median and L and U representing the lower and upper bounds, respectively, of 
the 95% confidence interval. Confidence intervals were estimated using resampling statistics to allow analysis of non-
Gaussian distributions. Briefly, a surrogate population was constructed by drawing with replacement from the original 
distribution and the median of the resulting distribution recorded. This was repeated 100,000 times to form a 
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distribution of the estimated median. The cutoff values of the 2.5th and 97.5th percentile of the estimated distribution 
were designated as the 95% confidence interval of the original population. 

Validation of Detection Algorithm and Generation of Surrogate High Rate Data: The fidelity of the detection 
algorithm was validated by constructing surrogate data sets with known spike times. A typical DAP waveform normalized 
to an amplitude of 1 mV was convolved with impulses spaced at varying distances, and Gaussian noise with standard 
deviation of 0.1 mV was added. The detection algorithm was run on the resulting trace. The minimal interval between 
spikes the algorithm could detect was 0.4 ms. The noise level plotted in figure S5e was computed as the 99.99th 
percentile of the distribution of peaks in the derivative of the surrogate signal, and serves as a visual guide. 

To verify that the high DAP firing rates were not a product of multiple, independent sources being pooled together, 
surrogate data was simulated and quantified in figure S5e-g. Inter-spike intervals (ISI) were generated from a gamma 
distribution with shape parameter 1.75 and an appropriate scale parameter to generate a mean ISI of 1/f, where f is the 
desired firing rate. The shape parameter of 1.75 was chosen to eliminate the majority of ISI less than 2 ms and to fit the 
observed ISI distributions of DAP. Few remaining ISI <3 ms (<1% of all data) were discarded. Spike times were then 
generated by taking the cumulative sum of the intervals. Impulses were scaled by a random amplitude drawn from the 
distribution of amplitudes from a sample DAP (mean 1.5 mV), and then convolved with a canonical DAP waveform with 
peak value 1. Finally, Gaussian noise with standard deviation of 0.05 mV was added. The detection method described 
above was then applied to the resulting traces to compute the histograms shown in figure S5f and g. 
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Fig. S1 

Distributions of somatic spikes, DAP and its derivatives. a, Left, example segment of an LFP trace filtered between 20 
and 9000 Hz showing negative-polarity spikes. Right, histogram of all extrema (maxima and minima) detected in the 
entire LFP trace, showing a prominent cluster of peaks around −240 µV (shaded) and no prominent cluster of positive 
extrema. The y-axis is limited to cut off the large number of peaks in the noise cloud. b, Left, example segment of an MP 
trace similarly filtered showing positive-polarity spikes. Right, histogram of all extrema detected in the entire MP trace, 
showing a prominent cluster of peaks around 3800 µV (shaded) and no prominent cluster of negative extrema. As in a, 
the y-axis is limited. c, Left, the first temporal derivative of the MP trace in b shows peaks clearly separated from the 
noise of the rest of the trace (right). d, Left, the second temporal derivative of the MP trace in b also shows clearly 
separated peaks (right). e, For all putative DAP, identified by peaks in the first temporal derivative, the 1st derivative 
peak and the immediately preceding the 2nd derivative peak are plotted against each other. Data points that extend 
beyond the noise cloud (black) are identified as DAP (red). 
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Fig. S2 

Variability of DAP Width and Rise Time. a, Average waveform (median and 25th, 75th quantile, n=8917 DAP) for one DAP 
recording source shows less variation on the rising phase compared to the falling phase. b, For a single dendrite source, 
the rise time (0.49, [0.430, 0.58] ms (median, [25% 75%]), n=67714 DAP, CV=0.31) was smaller (p=0, Wilcoxon signed-
rank test) and less variable than the half-width (4.70, [3.59, 6.17] ms (median, [25% 75%]), n=67714 DAP, CV = 0.91). c, 
Across the population of DAP, width CV (1.03, [0.91, 1.15], n=25 dendrites) was always greater (p=1.2x10−5, Wilcoxon 
signed-rank test) than the CV of rise time (0.21, [0.18, 0.26], n=25 dendrites). Width CV and rise time CV were not 
significantly correlated (r = 0.24, [-0.17, 0.58]; p=0.24, two-sided t test). d, Average waveforms for five different DAP 
show a large range of half-widths, marked by black dots. e, Across the population of DAP, rise time (0.58, [0.49, 0.65] 
ms, n=25 dendrites) was significantly shorter (p=2.1x10−9, Wilcoxon signed-rank test) than half width (4.33, [2.92, 5.90] 
ms, n=25 dendrites), and half-width (CV=1.27) was more variable than rise time (CV=0.24). f, Across the population of 
DAP, rise time was significantly correlated with half-width (r=0.57, [0.23, 0.79]; p=2.7x10-3, two-sided t test). Values in 
panel b are reported as median and quartile ranges; values elsewhere are reported as median and 95% confidence 
interval of the median. 
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Fig. S3 

Glial sheath mechanism of DAP recordings. a, Top, maximum intensity projection of cortical slice immunohistologically 
labeled for GFAP (green), Iba1 (cyan), and MAP-2 (red) (see Methods). The white dotted line outlines the putative region 
once occupied by the tetrode, ~650 µm from the pial surface of Posterior Parietal Cortex. Note the aggregation of GFAP-
positive reactive astrocytes encapsulating the tetrode site. Bottom, semi-transparent projection of tetrode tip region. An 
oblique dendrite segment crossing through the encapsulation area is highlighted in magenta. This dendrite was not 
recorded, but its proximity to the encapsulated region illustrates the feasibility of the proposed recording mechanism. 
See Movie S2 for 3-dimensional semi-transparent projection. b, Electrical circuit equivalent. The voltage difference 
between the electrode tip and ground is proportional to the voltage difference between the inside of the dendrite and 
ground; the magnitude depends on the relative values of the glial sheath impedance Zg and membrane impedance Z’m. 
In typical extracellular recordings, Zg is negligible compared to Z’m, so no intracellular signal is recorded. c, Top, 
impedance spectra for normal extracellular (EC, light blue) and DAP-recording (MEM, light red) electrodes shows 
increased impedance for the DAP-recording electrodes. Dark, bold lines represent the mean impedance spectra. Bottom, 
fitting the electric circuit model in (b) yields a close approximation (solid black lines) to the mean sample impedance for 
both extracellular (light blue line) and DAP-recording electrodes (light red line). d, The fitted model parameter Rg (glial 
sheath resistance) for MEM (top left, 35.7, [32.5, 40.0] MΩ) was significantly larger (p=1.8x10-3, Wilcoxon rank-sum test) 
than Rg for EC (5.61, [2.80, 10.2] MΩ), consistent with our proposed glial sheath recording mechanism. In contrast, the 
fitted model parameters for Kg (top right, EC, 0.58, [0.41, 0.67] GΩ*s- α; MEM, 0.47, [0.39, 0.62] GΩ*s- α) and Kel (bottom 
left, EC, 0.41, [0.37, 0.46] GΩ*s-α; MEM, 0.55, [0.50, 0.60] GΩ*s- α) were not significantly different from each other (Kg, 
p=0.58; Kel, p=7.1x10-2, Wilcoxon rank-sum test for both).The percentage variance unexplained values (bottom right) for 
both EC (0.62, [0.43, 0.87] %, n=24 electrodes) and MEM (0.74, [0.14, 1.57] %, n=4 electrodes) were very low, and not 
significantly different from each other (p=0.87, Wilcoxon rank-sum test).  
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Fig. S4 

Reduction of MUA on tetrode channels with DMP signal. a, Sample trace from a tetrode in which 3 channels recorded 
DMP (red, orange, brown) but one channel (magenta) did not. No signature of DAP, which are clearly visible on channels 
1-3, are visible on channel 4, and no signature of extracellular spikes, which are clearly visible on channel 4 (inset), are 
visible on channels 1-3. b, Extracellular spikes were detected and triggered on channel 4, and the corresponding 
amplitude recorded on all 4 channels, 2 (out of six possible) combinations of which are shown in scatterplots. Left, 
channel 4 typically records higher amplitude (more negative) extracellular spikes that are uncorrelated with the 
amplitude on channels 1-3 (only channels 1 and 4 are shown). Right, extracellular spike amplitude is weakly correlated 
between channels 1-3 (only channels 1 and 3 are shown). c, DAP were detected on channels 1-3, and their amplitude 
recorded on all 4 channels, 2 combinations of which are shown in scatterplots. Left, channel 4 typically records much 
smaller amplitude DAP compared to channels 1-3 (only channels 1 and 4 are shown). Right, DAP amplitude on channels 
1-3 are highly correlated (only channels 1 and 3 are shown). This shows that the tetrode channel that did not have DAP 
signal had greater amount of MUA activity, further supporting the glial sheath hypothesis of DAP measurement. 
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Fig. S5 

Validation of DAP detection algorithm and separated nature of measured DAP. a, Convolution of a typical DAP 
waveform (top row) with impulses spaced  2 (left), and 1 (right) ms apart. In each row, the y-axis has arbitrary units but 
identical for the left and right plots. First temporal derivatives of the above traces are plotted in dark purple. In both 
examples, two peaks above the noise level (see Methods) are clearly distinguishable. b, Inter-spike-interval (ISI) 
histograms of 3 separate experimentally recorded DAP. The black and magenta lines mark the 2 ms interval designating 
a typical neuronal refractory period and the shortest ISI (0.4 ms) our detection method can distinguish, respectively. c, 
Across the population of DAP, the minimum ISI (10.7, [8.82, 13.8] ms, n=25 dendrites) was significantly longer than the 2 
ms refractory period  (p=1.2x10−5, Wilcoxon signed-rank test), as well as the 0.4 ms resolution limit of our detection 
method. Data are reported and presented as median and 95% confidence interval of the median. d, Unimodal 
distributions of DAP amplitude are further evidence that each DAP is from a single source. e, Two surrogate 8 Hz DAP 
traces were generated from a gamma process (see Methods) (top two rows, magenta). These were summed together to 
generate a “Dual Source” 16 Hz DAP trace (third row, purple). The black asterisk indicates an inter-spike interval less 
than 2 ms. An additional “Single Source” 16 Hz DAP trace was generated from a single 16 Hz gamma distribution (bottom 
row, black). f, Zoomed-in region of the ISI histogram for the simulated dual source16 Hz trace (purple), the simulated 
single source 16 Hz trace (black), and data from the experimentally recorded DAP represented in the first panel of b 
(red). The dual source trace has several ISI <2 ms but these are absent in both the single source trace and the 
experimental DAP trace. g, Zoomed-in region of the amplitude histogram for the simulated dual source 16 Hz trace, the 
simulated single source trace, and the experimental DAP from the first panel of d. The dual source trace has several 
detected amplitudes greater than 5 standard deviations from the mean of the distribution, but these are absent in both 
the single source trace and the experimentally observed DAP. These large amplitude events come from the summation 
of two spikes from two independent simulated 8 Hz sources that occur within 0.4 ms and cannot be resolved; these are 
not found in experimental data. 
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Fig. S6 

Spiking properties and short term plasticity of pyramidal neurons, interneurons, and DAP in SWS. a, Pyramidal 
neurons and interneurons were identified based on their half-width and the time from the peak of the action potential 
to the trough after the peak (Peak-to-valley). 87% of extracellularly recorded neurons were classified as pyramidal 
neurons (657 units), and 13% were classified as interneurons (97 units). b, The mean firing rate of pyramidal neurons 
(1.41, [1.08, 1.65] Hz, n=657 units) was significantly smaller than both that of interneurons (4.59, [3.51, 7.96] Hz, n=97 
units; p=7.9x10−13, Wilcoxon rank-sum test), and that of DAP (7.07, [3.76, 12.6] Hz, n=25 dendrites; p=1.3x10−9, Wilcoxon 
rank-sum test). DAP mean firing rate was not significantly different from that of interneurons (p=0.31, Wilcoxon rank-
sum test). c, The peak firing rate of pyramidal neurons (defined as the inverse of lowest 5% of all ISI) (67.6, [63.5, 73.7] 
Hz, n=657 units) was significantly less than that of both interneurons (125, [111, 137] Hz, n=97 units; p=5.2x10−9, 
Wilcoxon rank-sum test) and DAP (93.5, [72.7, 113] Hz, n=25 dendrites; p=1.0x10−2, Wilcoxon rank-sum test). 
Interneurons also had significantly higher peak firing rates than DAP (p=4.5x10−2, Wilcoxon rank-sum test). d, Example 
scatterplots of ISI versus amplitude, rise time, width, and 1st derivative peak demonstrate activity-dependent adaptation. 
e, For the population of DAP, CSI was significantly greater than 0 for measures of amplitude (13.5, [-2.67, 28.8], n=25 
dendrites; p=2.6x10−2, Wilcoxon signed-rank test), rise time (33.5, [24.2, 58.2], n=25 dendrites; p=2.0x10-5, Wilcoxon 
signed-rank test), half-width (40.3, [26.4, 55.7], n=25 dendrites; p=3.2x10−5, Wilcoxon signed-rank test) and 1st derivative 
peak (50.8, [36.0, 65.0], n=25 dendrites; p=1.4x10−5, Wilcoxon signed-rank test)Data are reported and presented as 
median and 95% confidence interval of the median. * indicates significance at the p<0.05 level, and n.s. indicates lack of 
significance at the p<0.05 level. 
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Fig. S7 

Comparison between experimental measurements of DAP and a biophysical model of layer 5 pyramidal neuron. a, A 
biophysical, multicompartment model of layer 5 pyramidal neuron (see Methods) with small changes in model 
parameters to fit the in vivo data. The neuron was either stimulated at the soma, or at the distal-most tuft. The apical 
soma-dendrite axis was mapped on a blue-red color scale for depicting the subsequent figures. b, These panels show the 
results of measuring DAP, initiated at the distal most tufts and then propagating towards the soma. Left panel shows 
DAP waveform as it travels from the initiation site (large amplitude, red trace) to the soma (very small amplitude blue 
trace). The DAP amplitude in dendrites is comparable to the estimates from measured data but the somatic signal from 
DAP is much smaller. To allow the comparison of these waveform shapes across all places on the soma-dendrite axis, the 
amplitude of each waveform was set to unity (middle). The DAP width increases as it propagates to the soma. The 
experimentally measured signal’s (green trace) width has a better match with the DAP measured within the distal-most 
dendrites than with measurements in the soma. To compare the rise time of these results the normalized spike 
amplitude data is zoomed in (right). This shows that the rise time of experimental data has a better match with DAP in 
the distal dendrites than elsewhere. c, Similar format as in b but for the results of generating a bAP in the soma and 
measuring its propagation in the dendrites. The bAP amplitude at soma is comparable to the estimates of our 
experimental measurements (left panel). However, the bAP shape does not match the experimental shape in terms of 
both width (middle panel) and rise time (right panel) at any place along the soma-dendritic axis. d, Left panel: 
Comparison of bAP (crosses) and DAP (filled circles) rise times at all places along the soma-dendrite axis with the range 
of values measured experimentally (light green shaded area). The rise time of the example trace in panels b and c is 
shown by a thick green line and a green dot. bAP measured at a narrow range of proximal dendrites, but DAP measured 
at a wide range of distal dendrites match the experimental range. Middle, same as in the left panel but for the widths of 
bAP and DAP versus experimental data. bAP measured at intermediate dendrites, but DAP measured a wide range of 
distal dendrites overlap with the experimental data. Right, bAP and DAP width time plotted as a function of their rise 
times. The vast majority simulated DAP rise times and widths, both measured in the distal-most dendrites, match the 
majority of experimental data. Only a handful of bAP overlap with the experimental data range. 
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Fig. S8 

Depth independence of DAP waveform and rate. a, Background shows Nissl stained section of a representative parietal 

cortical tissue from which DAP were recorded. Tetrode tracks are seen are vertical white streaks. Different DAP 

waveforms, averaged across the respective session, recorded from all animals, are shown as a function of the recording 

depth and DAP rate. Scale bar shows the duration of the waveforms. Notice that only a handful of DAP waveforms are 

wide, indicative of calcium spike following the DAP. The majority of DAP are narrow, indicative of only sodium spiking. 

The DAP rate was not significantly correlated with recording depth (770, [460, 960] µm, n=25 DAP sources; r=0.24, 

[−0.17, 0.58]; p=0.24, two-sided t test). b, The average DAP rate was computed as a function of the recording depth 

across all data. This was compared with the average firing rates of ensembles of pyramidal neurons’ somatic spikes as a 

function of depth, measured under similar conditions as DAP. DAP rates were far greater than pyramidal neuron somatic 

spike rates at all depths (p=3.7x10-4 for group effect, two-way ANOVA with recording depth as a continuous predictor). c, 

DAP mean firing rate was not significantly correlated with amplitude (r=−0.31, [−0.63, 0.10]; p=0.13, two-sided t test), 

rise time (r=0.22, [−0.19, 0.56]; p=0.30, two-sided t test), half-width (r=−0.07, [−0.45, 0.34]; p=0.76, two-sided t test), or 

CSI (r=−0.31, [−0.63, 0.10]; p=0.14, two-sided t test).  
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Fig. S9 

Modulation of DAP by subthreshold membrane potentials. a, DAP amplitude was not significantly correlated (r=0.24, 
[−0.18, 0.58]; p=0.26, two-sided t test) with the range of LFP recorded simultaneously from a nearby tetrode, ruling out 
spurious noise artifacts. b, During SWS, simultaneously recorded LFP (blue) and DMP (red) show up-down states with 
reversed polarity with respect to each other. c, Sample Voltage-Rate (V-R) curves computed using all DAP within a 
session during SWS. d, Sample V-R curves for the same DAP in C, but for only those DAP and times separated from other 
DAP by at least 50 ms (Solitary). e, For solitary DAP in SWS, initiation range (2.99, [1.94, 3.73] mV, n=25 dendrites) was 
larger (p=3.6x10−4, Wilcoxon signed-rank test) than the corresponding DAP amplitude (0.83, [0.60, 1.90] mV, n=25 
dendrites), and positively correlated (r=0.61, [0.28, 0.81], p=1.2x10−3, two-sided t test). f, The dynamic voltage range for 
solitary DAP (2.66 [1.75, 3.71], n=25 dendrites) was smaller (p=1.7x10−2, Wilcoxon signed-rank test) than for all DAP 
(4.03, [2.74, 5.07], n=25 dendrites). g, The V-R firing rate range was significantly higher (p=5.9x10−3, Wilcoxon signed-
rank test) for solitary DAP (79.8, [45.5, 154] Hz, n=25 dendrites) compared to all DAP (33.1, [20.3, 53.1] Hz, n=25 
dendrites). h, The goodness of the logistic fit of the VR-curve when calculated for solitary DAP (0.97, [0.92, 0.97], n=25 
dendrites), was slightly larger (p=2.0x10-2, Wilcoxon signed-rank test) compared to all DAP (0.90, [0.84, 0.95], n=25 
dendrites). Data are reported and presented as median and 95% confidence interval of the median, and * indicates 
significance at the p<0.05 level. 
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Fig. S10 

Comparison of LFP and subthreshold DMP modulation during SWS and RUN. a, Sample segments of a spike-clipped LFP 
trace during SWS (left, blue) and RUN (right, light blue), showing smaller amplitude fluctuations during RUN. b, 
Histograms of the LFP voltage for the traces in a, showing a much wider range of variation in SWS (−265 to 215 µV, range 
of 480 µV) than during RUN (−89.7 to 87.9 µV, range of 178 µV). The ratio of SWS range to RUN range in this example is 
2.70, indicating a much larger range in SWS. c, Sample segments of a spike-clipped MP trace during SWS (left, red) and 
RUN (right, orange), showing large amplitude fluctuations in both SWS and RUN. d, Histograms of the MP voltage for the 
traces in c, showing a similar range of variation in SWS (−4690 to 3560 µV, range of 8250 µV) and RUN (−6080 to 7980 
µV, range of 14100 µV). The ratio of SWS range to RUN range in this example is 0.59, indicating a comparable range in 
SWS and RUN. e, Left, spike-clipped local field potential range during RUN (320, [275, 407] µV, n=25 recording segments 
here and throughout the figure) was smaller (p=4.6x10−5, Wilcoxon signed-rank test) than the local field potential range 
during SWS (571, [468, 761] µV); the two ranges were also significantly correlated (r=0.74, [0.49, 0.88], p=2.4x10−5, two-
sided t test). Right, spike-clipped DMP range during RUN (3820, [2760, 6170] µV) was not significantly different 
(p=9.3x10-2, Wilcoxon signed-rank test) than that during SWS (5720, [2920, 7690] µV), and the two measures were 
significantly correlated (r=0.89, [0.76, 0.95], p=3.7x10−9, two-sided t test). f, The ratio of SWS range to RUN range in the 
LFP (1.75, [1.41, 2.28], n=25 recording segments) was significantly greater than 1 (p=2.3x10−5, Wilcoxon signed-rank test) 
and significantly greater (p=5.9x10−5, Wilcoxon signed-rank test) than that of DAP (1.13, [1.00, 1.36]), which was not 
significantly different from 1 (p=6.1x10-2, Wilcoxon signed-rank test). 
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Fig. S11 

Properties of solitary DAP in SWS and RUN. a, DAP initiation range in RUN (4.07, [2.51, 8.14] mV, n=25 dendrites) was 
larger (p=2.5x10−5, Wilcoxon signed-rank test) than the corresponding DAP amplitude (0.82, [0.52, 1.78] mV, n=25 
dendrites), and positively correlated (r=0.65, [0.34, 0.83], n=25 dendrites; p=4.3x10−4, two-sided t test) b, Sample 
Voltage-Rate (V-R) curves for all DAP during RUN. c, For solitary DAP in RUN, initiation range (2.56, [2.14, 4.13] mV, n=25 
dendrites) was larger (p=9.4x10−5, Wilcoxon signed-rank test) than the corresponding DAP amplitude, and positively 
correlated (r=0.70, [0.42, 0.86]; p=9.4x10−5, two-sided t test). d, Sample V-R curves for the same DAP in (b), but for only 
those DAP and times separated from other DAP by at least 50 ms. e, For solitary DAP, initiation range in SWS (2.99, 
[1.94, 3.73] mV, n=25 dendrites) and RUN (2.56, [2.14, 4.13] mV, n=25 dendrites) were positively correlated (r=0.84, 
[0.66, 0.93];  p=1.7x10−7, two-sided t test) and not significantly different (p=0.74, Wilcoxon signed-rank test). f, As in 
Figure 5g, 24 of 25 dendrites had sufficient data to characterize V-R curves in RUN. The dynamic range for solitary DAP in 
RUN (1.75, [1.25, 2.69] mV, n=24 dendrites) was slightly reduced (p=1.8x10-3, Wilcoxon signed-rank test), compared to 
all DAP in RUN (3.90, [2.98, 4.67] mV, n=24 dendrites). g, The V-R firing rate range was significantly higher (p=2.3x10−4, 
Wilcoxon signed-rank test) for solitary DAP in RUN (117, [52.6, 183] Hz, n=24 dendrites) compared to all DAP in RUN 
(32.5, [24.6, 46.5] Hz, n=24 dendrites). h, The V-R curve in RUN was better approximated by the logistic fit (p=3.8x10−2, 
Wilcoxon signed-rank test) when calculated for solitary DAP (0.91, [0.88, 0.97], n=24 dendrites) compared to all DAP 
(0.88, [0.62, 0.90], n=24 dendrites). 
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Fig. S12 

Sample egocentric rate maps, shuffle procedure, additional measures, long-term stability. a, Top three rows, three 
sample pyramidal soma (PYR, left), DAP (middle), and DMP (right) egocentric maps. Bottom row, dispersion (D) and 
standard deviation (SD) are highly correlated as a function of lag for a sample unit (left) and for the entire population. 
The higher signal-to-noise ratio of SD motivates its use in further analyses. b, There were no significant differences in 
normalized standard deviation (see panels c, d, and Methods) for units recorded in the sleep box or during the random 
foraging task, for PYR, DAP, or DMP. c, Illustration of shuffling method used to determine significance and optimal lag 
(see Methods). The standard deviation (SD) of the time-shifted maps (top) is plotted as a function of lag (bottom-left). 
The peak SD (blue mark) is compared to the distribution of SDs at long time-lags (black, bottom-right). d, Normalized 
standard deviation (ΔS/S, see Methods), was comparable between PYR (0.38, [0.33, 0.44], n=245 maps), DAP (0.32, 
[0.25, 0.46], n=24 maps), and DMP (0.36, [0.27, 0.53], n=15 maps), with no significant differences (PYR vs DAP, p=0.31; 
PYR vs DMP, p=0.66; DAP vs DMP, p=0.74, Wilcoxon rank-sum test for all). e, Coherence for both PYR (0.13, [0.11, 0.15, 
n=245 maps) and DAP (0.17, [0.14, 0.19], n=24 maps) was significantly smaller than coherence of DMP (0.31, [0.27, 
0.39], n=15 maps; PYR vs. DMP, p=3.9x10-6; DAP vs DMP, p=3.6x10-5, Wilcoxon rank-sum test for both); DAP and PYR 
map coherence were not different from each other (p=0.33, Wilcoxon rank-sum test). f, Short-term (S-T) stability (see 
Methods) for PYR (0.37, [0.33, 0.43], n=245 maps) was slightly higher than DAP (0.26, [0.21, 0.34], n=24 maps) and DMP 
(0.24, [0.10, 0.48], n=15 maps), but these differences were not statistically significant (PYR vs DAP, p=0.13; PYR vs DMP, 
p=0.16, Wilcoxon rank-sum test for both), nor was the difference between DAP and DMP (p=0.61, Wilcoxon rank-sum 
test). g, Long-term (L-T) stability (see Methods) for pyramidal soma (0.33, [0.29, 0.36], n=245 maps) was comparable 
(p=0.25, Wilcoxon rank-sum test) to that of DAP (0.23, [0.15, 0.45], n=24 maps), and DMP (0.38, [0.07, 0.55], n=15 maps; 
p=0.76, Wilcoxon rank-sum test). DAP and DMP L-T stability were not significantly different (p=0.92, Wilcoxon rank-sum 
test). h, Two sample pyramidal neurons with an extremely large lag time of maximal standard deviation, at −2.4 s (top) 
and 6.7 s (bottom) respectively.  
  

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 28, 2016. ; https://doi.org/10.1101/096941doi: bioRxiv preprint 

https://doi.org/10.1101/096941
http://creativecommons.org/licenses/by-nc-nd/4.0/


38 
 

Table S1. 

Characterization of the amplitude, rise time, and width for putative DAP from the current study compared to the same 
measures for different types of intracellularly-recorded spikes. Note that our data have widths approximately an order 
of magnitude larger than somatic sodium spikes but an order of magnitude smaller than calcium spikes, making these 
unlikely explanations for our data, but match dendritic sodium spike properties. 
*: “Width” refers to width at the base for calcium spikes, and width at half maximum for all others. 

 

Type of Spike 

Amplitude Rise Time  Width*  

     (mV)      (ms)  (ms) 

Putative DAP in our data 0.15 to 20 0.35 to 0.9 1 to 9 

Local DAP in vitro and in vivo (sodium) (3, 5, 7, 8, 17, 

24) 10 to 80 0.25 to 1.8 0.6 to 12 

bAP in vitro and in vivo (sodium) (3, 5, 7, 8, 10, 17, 

23, 24)  10 to 80 0.72 to 1.8 1 to 12 

Quasi-intracellular somatic sodium spike (28–32) 2 to 40 0.25 to 1 0.5 to 2 

Somatic sodium spike (3, 7, 8, 10, 23) 60 to 110 0.3 to 0.7 0.55 to 1 

Calcium spike (3, 8, 10, 23) 10 to 65 3 to 9 10 to 56 

 

Movie S1 

Sample voltage traces of simultaneously-recorded local field potential and dendritic membrane potential. Voltage 
traces show dendritic membrane potential (DMP) recorded on a tetrode (bottom, red) simultaneously recorded with the 
cortical local field potential (LFP) on a nearby tetrode (top, blue). Both tetrodes are in the parietal cortex. The sound 
accompanying the video is a direct translation of the two waveforms, and is in stereo: the left channel is the sound of 
the LFP and the right channel is the sound of the DMP. Note the different voltage scales for the two traces, 
demonstrating the large amplitude and inverted polarity of dendritic action potentials (DAP) compared to extracellular 
spikes. 

Movie S2 

3-dimensional semi-transparent projection of immunohistologically stained cortical slice. Slice (same image stack as in 
Extended Data Figure 3a, bottom) is labeled for GFAP (green, putative reactive astrocytes), Iba1 (cyan, putative 
microglia), and MAP-2 (red, putative dendrites). An oblique dendrite segment trapped within the glial sheath is 
highlighted in magenta. The dense aggregation of GFAP and Iba1 around the tetrode represents the glial sheath formed 
by astrocytes and microglia in response to the implanted tetrode. 
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