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Propagating Neural Source Revealed by Doppler Shift of
Population Spiking Frequency
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Electrical activity in the brain during normal and abnormal function is associated with propagating waves of various speeds and direc-
tions. It is unclear how both fast and slow traveling waves with sometime opposite directions can coexist in the same neural tissue. By
recording population spikes simultaneously throughout the unfolded rodent hippocampus with a penetrating microelectrode array,
we have shown that fast and slow waves are causally related, so a slowly moving neural source generates fast-propagating waves at
�0.12 m/s. The source of the fast population spikes is limited in space and moving at �0.016 m/s based on both direct and Doppler
measurements among 36 different spiking trains among eight different hippocampi. The fact that the source is itself moving can account
for the surprising direction reversal of the wave. Therefore, these results indicate that a small neural focus can move and that this
phenomenon could explain the apparent wave reflection at tissue edges or multiple foci observed at different locations in neural tissue.
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Introduction
Propagation of neural activity is important for normal brain
functions such as memory formation and normal sleep cycles,
whereas abnormal neural propagation can result in pathological
cases such as sleep disorders and epilepsy (Jarrard, 1993;
Schwartzkroin, 1994; Lubenov and Siapas, 2009). One essential
feature of neural propagation is that the complicated pattern of
activity consists generally of different traveling waves. It has been
shown that fast and slowly traveling waves coexist in both human
and rodent animal brain tissue and that they propagate at differ-

ent speeds (Haas and Jefferys, 1984; Schevon et al., 2012; Weiss et
al., 2013). These studies indicate that the slowly propagating
waves can modulate the shape of faster-propagating population
spikes (Haas and Jefferys, 1984; Weiss et al., 2013). Another es-
sential feature of neural propagation is that the firing activity
often originates from a discrete area called the “source” or “fo-
cus” of propagation. Several studies have indicated the presence
of multiple neural foci in both human subjects and animal mod-
els in both brain cortex and the hippocampus (Bertram, 1997;
Sugiyama et al., 2009). These studies suggest that multiple neural
foci arise simultaneously from several separate areas in the brain
(Bertram, 1997; Schevon et al., 2008). In many of these cases,
propagation of electrical activity seem to initiate in different lo-
cations and to propagate in multiple directions (Derchansky et
al., 2006; Osawa et al., 2013; Patel et al., 2013). Researchers have
shown that this multidirectional propagation takes place mainly
along two dominant directions 180° apart in both brain cortex
and the hippocampus (Derchansky et al., 2006; Rubino et al.,
2006; Takahashi et al., 2011; Osawa et al., 2013). Mapping the
neural propagation and localizing the neural foci are usually dif-
ficult, but the identification of these neural sources and the study
of the propagation have mechanistic, diagnostic, and therapeutic
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Significance Statement

The use of novel techniques with an unfolded hippocampus and penetrating microelectrode array to record and analyze neural
activity has revealed the existence of a source of neural signals that propagates throughout the hippocampus. The source itself is
electrically silent, but its location can be inferred by building isochrone maps of population spikes that the source generates. The
movement of the source can also be tracked by observing the Doppler frequency shift of these spikes. These results have general
implications for how neural signals are generated and propagated in the hippocampus; moreover, they have important implica-
tions for the understanding of seizure generation and foci localization.
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implications. For example, in the epilepsy clinic, patients with
epileptiform propagation and multisite neural foci in temporal
lobe are a frequent challenge and the mechanism is unknown
(Pittau et al., 2014).

To understand how neural activity originates from multiple
sites and propagates across the hippocampus, we have developed
a preparation with the unfolded hippocampus and penetrating
microelectrode array (PMEA) that enable us to detect neural
propagation in the intact laminar architecture of the hippocam-
pus (Zhang and Durand, 2011; Kibler et al., 2012; Zhang et al.,
2014). This system makes it possible to monitor spatiotemporal
activity in the flat hippocampal neural network in two dimen-
sions and analyze the origin, direction, and speed of propagation
with 64 individual channels in a PMEA (see Figs. 1, 2). Using this
new technique, the data presented here describe a novel mecha-
nism of propagation consisting of two different phenomena that
governs the neural propagation: (1) a small, moving source trav-
eling at a low speed and (2) a source that generates population
spikes along its path that in turn propagate at a higher speed
previously characterized as nonsynaptic propagation (Zhang et
al., 2014).

Materials and Methods
Experimental procedures and tissue preparation
The protocol details were reviewed and approved by the Institutional
Animal Care and Use Committee at Case Western Reserve University.
CD1 mice of either sex from Charles River at postnatal day 10 (P10)–P20
were used. The unfolded hippocampus was prepared by following the
surgical procedure described previously (Zhang et al., 2014; Zhang et al.,
2015). A single hippocampus was dissected from the temporal lobe of the
brain and unfolded by custom-made fire-polished glass pipette tools and
a metal wire loop (Fig. 1). The artificial CSF (aCSF) buffer consisted of
the following (in mM): NaCl 124, KCl 3.75, KH2PO4 1.25, MgSO4 2,
NaHCO3 26, dextrose 10, and CaCl2 2. 4-Aminopyridine (4-AP) was

added to the normal aCSF to reach a final concentration of 100 �M. The
PMEA was custom designed and fabricated with 64 penetrating micro-
electrodes arranged in an 8 � 8 matrix format on a transparent glass
substrate. A single microelectrode has a height of 200 �m and a diameter
of 20 �m (Kibler et al., 2012). During the experiment, an unfolded hip-
pocampus was placed on top of the array with microelectrodes penetrat-
ing and reaching at a level right below the pyramidal cell layer (Fig. 1e).
Then, the unfolded hippocampus was incubated with 4-AP aCSF in the
recording chamber for �5– 6 min to induce spontaneous activity. Each
microelectrode was connected to a custom-made amplifier with a gain of
100 and band-pass filter from 1 to 4 kHz. Signals from the array were
digitized by a DAP 5400a A/D system (Kibler et al., 2012).

Propagation mapping and neural source localization
The microelectrodes would often detect positive deflection because most
of electrode tips are located right below the pyramidal cell layer (Fig.
2b3). Time series recordings for all of the channels were rearranged into
an Eight by Eight by N data matrix, where the Eight by Eight matrix
corresponds to the spatial arrangement of the microelectrodes and N
refers to the length of each recording channel in time points. N was set at
values corresponding to a time window varying from 50 to 80 ms to
truncate only one individual neural firing spike in each channel. Bad
recording from a certain failure channel was interpolated based on the
recording from its surrounding channels. For each individual recording
channel, the original data were filtered with a low-pass filter at 100 Hz
and the time point at which the maximum amplitude happens was ex-
tracted and stored in a 2D matrix called peak-time matrix (Fig. 2). The
peak-time matrix with 64 pixels was then linearly interpolated by gener-
ating new pixels using the values surrounding the generated pixel, turn-
ing the peak-time matrix into a 256-pixel matrix. Then, isochrones were
generated based on this 256-pixel 2D matrix to show the propagation
wave front of a single neural firing event at different time points. The
origin of a neural propagation was defined as a neural source and it was
estimated based on the geometrical center of the earliest channels where
neural firing maximum amplitude happens first in the peak-time matrix
(Fig. 2).

Figure 1. Surgery protocol for preparing the unfolded hippocampus preparation. a, The left hippocampus was dissected from the septal-temporal lobe. b, c, A sharp glass needle was used to cut
off the perforant path along the hippocampal fissure (b) and the hippocampus was unfolded by pulling over the Dentate Gyrus (DG) to further flatten the folded curved structure (c). The DG was cut
off, leaving both CA3 and CA1 in the final preparation. d, After unfolding, the hippocampus was positioned with the alveus at the bottom and placed onto the PMEA. OCT image shows that the
unfolded hippocampus covered the PMEA. e, Transverse scanning of the tissue in different positions along the longitudinal directions shown in d. The white spots in the figure indicated by the arrows
are the locations of the microelectrode tips. The dark lines in the tissue show the pyramidal cell layers. These figures are adapted from our previous publications; please refer to them for more
information (Zhang et al., 2014; Zhang et al., 2015).
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Doppler effect estimation for a moving source
Any moving source that generates propagating waves will produce a
Doppler effect. To confirm whether the source for neural propagation
was moving, Doppler equations were applied to the frequency of popu-
lation spikes in front of and behind the source. For a source generating a
propagating wave in a medium faster than the source itself, the observed

frequency is given by f � �c � vr

c � vs
�f0 from Doppler effect, f0 is the emit-

ted frequency of the source, vr is the receiver speed, vs is the speed of
the source moving, and c is the velocity of the moving waves in the
medium. Here, the velocity of the moving waves is the speed of the
population spikes propagation, and its average speed is c � 0.12 m/s
(Zhang et al., 2014). The receiver is the array, so that vr � 0. Then, we

have f1 � � c

c � vs
�f0, f2 � � c

c � vs
�f0, and f1, f2 are the observed instant

frequency behind and in front of the moving source, respectively (see

Fig. 8). Defining R �
ffront

fback
�

f2

f1
�

c � vs

c � vs
and speed of a moving source

could be estimated based on the equation vs � �R � 1

R � 1� � c, where R

is the ratio of observed instantaneous frequency in front and behind the
moving source. It is also possible to measure the distance moved by a
single neural source and estimate the speed of a moving source based on
the equation v � d/t (see Fig. 8), where d is the distance moved in a certain
period of time t. Because the source is observed traveling across the array
only during the first interspike interval in most cases (see Fig. 5), the
Doppler estimation is applied only for these two population spikes. After
the determination of the locations of source for the first and second
propagation in a train, d is estimated based the distance between these
two locations (see Fig. 8). The time t required for moving from the first to
the second location was estimated by the time delay between the first
spike peak in the train from the first channel and the peak of the second
spike from the second channel (see Fig. 8b).

Results
To induce spontaneous activity in the unfolded hippocampus, an
epileptogenic compound, 4-AP, was perfused in the recording
chamber with aCSF at low doses of 100 �M (Avoli and Perreault,
1987; Zhang et al., 2014). Spontaneous spike trains of activity
induced by 4-AP were usually detected with variable numbers of
individual population spikes in each train (number of spikes
varying from one to five; Fig. 3).

Neural propagation shows a repeatable pattern: the direction
of the first population spike is opposite to the propagation of
the subsequent spikes in the same train
By analyzing the recording obtained from the 64 channels in the
PMEA, the speed and propagation direction of each spike in the
train could be measured (Zhang et al., 2014) (Fig. 2). The neural
activity corresponding to each spike in the train propagates at an
average speed of 0.12 � 0.03 m/s (Fig. 2e) across the entire area of
the unfolded hippocampus. Previous experiments have shown
that direction of the propagation is preferentially longitudinal
(septal to temporal or temporal to septal) (Zhang et al., 2014).

From the measurement of the time of arrival of population
spikes at each recording site, isochrones maps are built and reveal
the origin and direction of propagation in these spikes (red dots
in Fig. 2d). Analysis of these maps indicates that the first spike in
a train always originates in the temporal hippocampus. As a re-
sult, the propagation wave front moves longitudinally from the
temporal to the septal region (74 of 82 trains, 17 different hip-
pocampi). Surprisingly, the second spike in the train always orig-
inates in the septal region and propagates in opposite direction
toward the temporal hippocampus (Fig. 3). The subsequent

Figure 2. Recording obtained from a PMEA. a, Image of the PMEA taken from under the array. The dashed line is in the region of CA3/CA1 border. The insertion on the right shows a single electrode
with a diameter of 20 �m and a height of 200 �m. b, Neural spike propagation as recorded from four consecutive microelectrodes arranged linearly and marked in a (displayed in normalized
amplitude and LPF at 100 Hz). The delay between the first spike and the consecutive spikes are marked in milliseconds. c, Example of delays (in milliseconds) between the earliest peak and that from
each of the 64 channels assigned to its corresponding pixel. The data are arranged in an 8 � 8 matrix and are defined as a peak-time matrix. d, Isochrone map of the data presented in c showing a
pattern of wave fronts corresponding to a single propagation event at different time points. The red dot indicates the earliest time when a firing peak occurs, which is defined as the source for a single
neural propagation. The dashed line with arrowheads on the top indicates longitudinal direction. e, Average propagation speed along the longitudinal axis was 0.12 � 0.03 m/s. The data shown
here are from 194 speed calculations in seven different unfolded hippocampal preparations.
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spikes follow the same pattern as the second spike (Fig. 3a2,b2).
Remarkably, this pattern of propagation is identical for all spike
trains in the recording (82 of 82; see Fig. 5). For neural event with
a single spike observed in some occasions (23 of 105 events), the
location of the source is most likely located in the temporal lobe
(9 of 11; see Fig. 5c,d). The direction of these single propagating
spikes was the same as that described for the first spike in a train;
that is, moving from the temporal to the septal hippocampus.
These observations were confirmed when spikes were recorded
from the same tissue (n � 14; Fig. 4) or from different hip-
pocampi (n � 81 from 17 hippocampi; Fig. 5) both ipsilaterally
and contralaterally.

One possible explanation for this reversal of propagation is
that the septal area is at the boundary of the hippocampus, which
in turn generates another event propagating in the opposite di-
rection (blue dot in Fig. 5). This explanation makes two predic-
tions: (1) the secondary source should be located only at the

boundary and (2) for sources (red dots) located in the middle of
the tissue (Fig. 5), there should be no reversal of the propagation
direction. To test these predictions, the size and the location of
source of these population spikes must be first determined.

Boundary effect cannot explain the propagation reversal
The size and location of the source of the population spikes could
be determined from the isochrones maps (Fig. 2d). Analysis of
the data based on the information of the neural firing peaks in-
dicate that the source of the propagating spike trains is confined
to 1.52 � 0.98 pixel size (an area of �0.18 mm 2; Fig. 6). Given the
small size of this source, it was possible to track its path in the
tissue. The source of these spike trains first appeared preferen-
tially in the temporal CA3 (n � 36, of 161 source locations, from
17 hippocampus; Fig. 5). For some spike trains, the origin of the
neural propagation was found in the middle of the tissue (n � 8 of
81 trains), but the sources for all other spikes within the same

Figure 3. Source mapping for a single train propagating in the right and left hippocampi. The source of first spike in a train is located in the temporal pole, but the source of consecutive spikes in
the same train is located in septal area. This result from the left hippocampus is consistent with that from the right hippocampus. a1, b1, Raw data from one microelectrode and the expanded view
(red square) of a single spike train containing five spikes. a2, b2, Neural propagation patterns created by the peak-time matrix (also refer to the Materials and Methods). Each propagation event
corresponds to a single spike from a microelectrode as shown in a1 and b1. Propagation of the first spike originates in the temporal area (source location indicated by a red dot), whereas the source
of the consecutive spikes in the train is located in the septal area (blue dots).

Figure 4. Source locations for multiple trains are consistent. The change of the source locations from the temporal to the septal pole is consistent across spike trains in the same and different
hippocampi. a, b, Results from two different hippocampi. a1, b1, Raw data obtained from a single recording channel in the pMEA. a2, b2, Expanded view of the train showing the spike train from
a time window marked as a red rectangle. a3, b3, Source locations for the first spike in all trains are located in the temporal area, whereas the source locations of the propagation for the consecutive
spikes in each train are located in the septal area of the hippocampus.
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Figure 5. Spatial extent, locations, and moving directions of the sources. The pattern of propagation is consistent in every spike train recorded: the source of the first propagating spike
is located in the temporal side and then shifts to the septal area for the consecutive spikes (Figs. 3, 4). Only the locations of the first and second spikes in each group are shown here.
Information related to the source of the first propagation is marked in red and that of the second propagation in blue. The analysis was broken down into two groups: the right
hippocampus and the left hippocampus. The spatial extent, location, and direction of the moving sources are anatomically consistent in hippocampi on both sides of the brain. The
insertion below the rodent brain diagram shows a sample recording with a group of four neural spikes inside. Because in 98.7% of the neural spike trains (81 of 82) the location of the
source for the second and subsequent spikes in a group remains in the septal area, only the locations of the source for the first two propagating spikes in a group are plotted in this figure.
The first column (a1–a3) shows the data obtained from the right hippocampus and the second column (b1–b3) shows that from the left hippocampus. For the right hippocampus, the
data shown here are from 35 different groups of neural firing train in seven different unfolded hippocampal preparations. For left hippocampus, the data are from 47 different trains of
neural firing spikes in 10 different unfolded hippocampi. a1, b1, Locations of the neural propagation sources for all the first and second neural propagating spikes in different spikes
trains. a2, b2, Direction in which the location of the sources has moved from each first propagating spike to its second location from the same firing train. a3, b3, Distance from all the
locations of the neural sources to the edge of the recording array. The histogram confirms that the neural sources for all the first propagation reside mainly in the temporal hippocampus,
whereas those for the second spikes occur mainly in the septal area of the hippocampus. There are several cases (the red histogram bar in the middle, n � 8, of 82 trains) showing that
the first neural spike in a train could originate in the middle of the tissue instead of temporal side. c, d, Location of the source for a single neural train, which means there is only a single
neural spike in each train. The neural propagation could start anywhere in the tissue, but with a preference to originate in the temporal hippocampus. Nine of 11 neural propagating spikes
(from five different tissues) shown in c originate from temporal area of the hippocampus, which is from the right side of the brain. All 14 spikes (from eight different tissues) start in the
temporal hippocampus, which is from the left side of the brain hemisphere shown in d.
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train were always located in the septal side of the hippocampus
(Fig. 5a1,b1). The source was then located in the septal area in the
longitudinal direction and stayed in the septal area until the end
of the train (n � 81 of 81). In some experiments, the source was
observed in three different locations along its path (Fig. 7), indi-
cating that the source was moving unidirectionally from the tem-
poral to the septal hippocampus. These data clearly show that
neither prediction made by the boundary effect is true and that
the septal boundary itself is not required to produce the direction
reversal. We then tested the hypothesis that the source itself is
moving across the tissue, thereby generating spikes moving in the
reverse direction.

Reversal of propagation direction can be explained by a
moving source
By measuring the time delay and distance between the appear-
ances of the source in the temporal and the septal regions, the
source was observed to move and the propagation speed of the
source was measured to be 0.016 � 0.007 m/s (Fig. 8d). The speed
of the source is significantly lower than that of the individual
population spikes (p � 0.001). The source could be either ju-
mping from one location to another or moving continuously
across the tissue. If the source is continuously moving while gen-
erating the train of pulses, a Doppler effect should be observed in
which the instantaneous frequency in front of the source f2

Figure 6. Method for size estimation of a source. a, The insert on the right side shows definition of one pixel area. The microelectrodes along the x-axis are 400 �m apart from each
other, whereas the distance between two of them along the y-axis is 300 �m. One pixel size is defined as a rectangular area of 300 � 400 �m based on the array’s spacing information
(the gray area), which is 0.12 mm 2. The histogram shows that most of the sources have a size in a range of 1 or 2 pixels. The size of a source could be variable from 1 to 7 pixels in all
experiments. The average size of the sources is 1.52 � 0.98 pixels (0.18 � 0.12 mm 2). b, Four different examples of the neural sources marked in different locations with different sizes.
Isochrones in the background are the wave fronts of the propagation at different time points. In each propagation, the channel with the earliest peak time is marked in red here to mark
the location of the source. In each example, the geometric center of the earliest channel or multiple channels is defined as the location of a neural propagation source.
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Figure 7. Moving source across the hippocampus. a, High signal-to-noise ratio recording obtained from a single recording site showing a train with five spikes. The neural source locations from
each spike (1–5) are marked with corresponding colored dots. b, Neural foci location as expected from the isochrone maps. Various locations are mapped in the bottom picture. The first focus
detected at location A in the temporal side, then at location B in the middle of the tissue, and finally settles around location C in septal area of the hippocampus. The source speed in this example
(0.0092 m/s) is somewhat lower than the average, allowing observation from location A to location B. The origin of neural propagation is observed to move along its path across the entire T–S axis.
c, Neural recordings from these three different locations show that the neural activity is propagating. Here, all of the recordings are displayed in their normalized (Figure legend continues.)
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should be significantly higher than the frequency of the spikes
behind the source f1. The instantaneous frequencies in front of
and behind were measured and compared. The results are shown
in Fig. 8 and indicate that f2 (in front of the source) is significantly
higher than f1 (behind the source; p � 0.001). Using the Doppler
equation, the speed of the source could be estimated and was
found to be 0.015 � 0.006 m/s. This value is not significantly
different from the speed estimated by direct measurement (Fig.
8d,e). These results show that the source is moving through the
tissue at a lower speed as it is generating spike trains propagating
at a faster speed in both directions.

Discussion
Data here show that 4-AP-induced population spikes are gener-
ated by a localized source within the hippocampus. The source
itself is moving at a speed of �0.016 m/s and generates spikes at a
frequency of �10 Hz traveling at a higher speed of �0.12 m/s.
This phenomenon of a continuously moving source generating
spikes along its path is consistent with the Doppler effect, in
which the frequency in front of the source is higher than the
frequency behind the source. 4-AP induces spontaneous spiking
by blocking the Kv1 type of voltage-activated K� channels (Per-
reault and Avoli, 1992; Luhmann et al., 2000; Derchansky et al.,
2006). Our analysis indicates the 4-AP-induced activity origi-
nates preferably in CA3 within a limited space. The average size of
the source was estimated based on the dimension of PMEA and
timing of the spikes plotted in isochrone maps. Population data
show that the moving neural foci has an average limited size of
0.18 � 0.12 mm 2 (Fig. 6). This result is consistent with those
small neural foci reported in both human and animal brains

4

(Figure legend continued.) amplitudes. Red channel is from location A, green channel is from
location B, and gray channel is from location C. Neural spike 1 is moving from location A to C.
Neural spike 2 is originating from location B while moving from the middle to both sides of the
hippocampus. Neural spike 3 shows that neural activity is moving from septal to temporal
hippocampus with its source shown in location C. Please refer to Movie 1 for more details.

Figure 8. Actual measurement and Doppler-derived estimation of the speed of the source. a, Schematic drawing showing how a moving source can generate propagation wave fronts at different
time points with a distance traveled (d), generating different observed instantaneous frequencies in front of ( f2) and behind ( f1) the moving source. b, The two recordings shown here are from two
channels situated near the first and second location of the source. These signals are displayed with normalized amplitude. The observed instant frequencies in front and behind the moving source
is estimated from the measured time differences t2 and t1, respectively, from the spikes measured at location 1 and location 2. c, Measurements of the instantaneous frequencies are based on 36
groups of neural activity (multiple neural firing spikes in each train) from eight different tissues. The results show that the frequency in front of the moving direction of the source (9.71 � 4.46 Hz)
is significantly higher (paired t test, p � 0.001) than that behind the moving direction of the source (7.37 � 2.84 Hz). d, Speed of the moving source is calculated using the Doppler equations and
the actual measurement (distance/time). Please refer to Materials and Methods for details on the Doppler calculations. e, Unpaired t test shows that the speed estimated by the Doppler equations
(0.015 � 0.006 m/s) and the actual measurement (0.016 � 0.007 m/s) are not significantly different.
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(Bragin et al., 1999; Bragin et al., 2000; Bragin et al., 2005;
Schevon et al., 2008).

The 4-AP-induced activity propagates longitudinally and
transversely (Fig. 3). However, bilateral propagation in the lon-
gitudinal directions (temporal to septal or septal to temporal) is
dominant, which is consistent with previous studies (Khalilov et
al., 1997; Luhmann et al., 2000; Derchansky et al., 2006; Patel et
al., 2013; Zhang et al., 2014). Bilateral propagation has been ob-
served in human and nonhuman primate cortex, where neural
activity propagates in two dominant directions 180° apart (Ru-
bino et al., 2006; Takahashi et al., 2011). Here, the temporal hip-
pocampus acts as the pacemaker to initiate trains of population
spikes (Fig. 3). This is also consistent with previous literature
showing that the temporal hippocampus is more epileptogenic
under electrical or chemical stimulation (Gilbert et al., 1985;
Bragdon et al., 1986; Derchansky et al., 2006). Surprisingly, anal-
ysis of the data shows a highly consistent propagation reversal
(Fig. 4). The highly structured propagation pattern indicates that
the first spike in a train always propagated in the temporal to
septal direction, whereas the subsequent spikes propagated op-
positely. This is very different from the seemingly random direc-
tion in the multidirectional propagation (Traub et al., 1993;
Luhmann et al., 2000; Derchansky et al., 2006; Rubino et al., 2006;
Takahashi et al., 2011).

Because the source is generally found near the septal or the
temporal border, a possible explanation for the propagation re-
versal is the boundary effect. This was suggested in the monkeys’
cortex, where waves were observed to reverse direction and the
sulci generated a boundary (Rubino et al., 2006). However, this
explanation is not consistent with these data because sources have
also been found in the middle of the tissue (Fig. 5). In addition, in
some experiments in which the speed was slightly slower and
propagation could be observed for a longer distance (n � 9 of 81
trains), the detection of multiple locations clearly showed that a
source is moving from the temporal to the septal area (Fig. 7,
Movie 1). Therefore, a single source travels from the temporal
area along the longitudinal axis, generating propagating activity
at different ends of the hippocampus along its trajectory within
and beyond the region covered by PMEA. The fact that the source
is only moving from the temporal to the septal hippocampus
could be explained by the existence of functional and anatomical
gradient along the septotemporal axis (Strange et al., 2014). The
temporal hippocampus is bigger (Martens et al., 1998; Marx et al.,
2013) and the pyramidal cell layer spreads out in the temporal
area (Marx et al., 2013), leaving the temporal hippocampus with
a bigger extracellular space. With the increasing gradient of
NMDA receptor expression from the septal to the temporal hip-
pocampus (Martens et al., 1998), the temporal area with higher
excitability is more likely to become the initiation of the source.
All of these septotemporal differences could explain why propa-
gation preferentially initiates in the temporal hippocampus.

The source is not observed continuously because it can only be
seen when it generates two traveling population spikes. Given the
average speed of the source (0.016 m/s), it takes �100 –150 ms to
travel through the length of the tissue. Because the spikes’ average
time interval is �121 ms, in most cases, the source has already
reached the septal area. This observation provides further evi-
dence for the propagation reversal mechanism because, at the end
of the first time interval, the source has reached the other side of
the tissue and generates a pulse traveling in the reversed direction
(Fig. 3).

Because the moving source is not observed continuously, it
could be fixed but appear to jump from one location to the next,

similar to saltatory conduction in nerves. However, the moving
sources can be described by the Doppler equation, suggesting a
different explanation. A moving focus generating a sequence of
firing pulses will generate a higher observed frequency in front of
the source (Becker, 2011). Periodic oscillations and nonlinear
finite waves generated by a continuously moving source can be
described by the Doppler equations in the excitable conducting
medium (Wellner et al., 1996; Brusch et al., 2003; Qian et al.,
2010; Tranquillo et al., 2010). Here, the propagation of the source
is described by this effect and the Doppler equation supports the
hypothesis of a continuously moving source. The neural source
generates a pulse approximately every 120 ms and the instanta-
neous frequency observed in front of the moving source is signif-
icantly higher than that observed behind the source. Because the
speed calculated from the Doppler equations is similar to the
direct measurement, the Doppler effect can be used to describe
this phenomenon of a moving source. Therefore, the data can be
accounted for by a Doppler effect, which rules out a fixed but
jumping source because it assumes a continuously moving source
(Sarkar et al., 2007). By measuring the distance that a source has
moved and the time spent traveling, the average speed of the
moving source was calculated (0.016 � 0.007 m/s) and was al-
most 10 times slower than that of the neural activity propagation
(0.12 � 0.03 m/s; Fig. 8).

The slow movement of the source is consistent with potassium
diffusion known to be nonsynaptic (Ghai et al., 2000). The speed
of the moving source is �0.001– 0.03 m/s (Fig. 8d), which is
consistent with the higher tail of the speed range from potassium
diffusion (Lian et al., 2001; Durand et al., 2010). Potassium dif-
fusion is ubiquitous in brain tissue and this mechanism could

Movie 1. Neural propagation in a train of spikes from the hippocam-
pus in right brain hemisphere, with the second source captured in the
middle of the array. This movie presents the first three propagating
spikes in a group of five and it is generated by applying individual nor-
malization to each neural propagating spike (Zhang et al., 2014). In a
single channel, the neural activity recording is characterized with five
positive spikes in a group (Fig. 7). This video presents a different example with a similar pattern
as shown in Figure 3. However, in this particular case, the second source located at the middle of
the tissue clearly reveals the pathway of this moving source. Please refer to Figure 7 for more
information.
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explain why there is a slowly moving source causing the change in
direction of fast-propagating spikes in different parts of the brain
(Bai et al., 2006; Rubino et al., 2006). Although consistent with
diffusion, the source speed is somewhat higher than the average
velocity of diffusion. This phenomenon could be caused by the
hyperexcitability induced by the addition of 4-AP into the me-
dium. Previous studies have shown that potassium-mediated
slow propagation could reach a speed of 0.02 m/s (Haas and
Jefferys, 1984; Ghai et al., 2000). This propagation has been
shown to take place through diffusive coupling in the interstitial
space (Konnerth et al., 1986; Lian et al., 2001; Durand et al.,
2010).

The coexistence of fast and slow waves during neural propa-
gation has been described in both animal and human brains
(Haas and Jefferys, 1984; Schevon et al., 2012). Data presented
here provide an explanation for these different speeds of propa-
gation (Haas and Jefferys, 1984; Schevon et al., 2012), showing
that the slowly moving source is generating fast-propagating
spikes along its path. Our results are consistent with data ob-
tained in other preparations in which fast-propagating waves
travel at a speed from 0.1 to 0.2 m/s, whereas the slow waves
modulate the shape of fast spikes and propagate �10 times more
slowly (Haas and Jefferys, 1984; Rubino et al., 2006; Takahashi et
al., 2011). However, the dynamics that govern the changes in the
directions of fast propagation were unknown. By tracking the
location of the source, we were able to show that the source is
moving continuously. These data explain both the presence of
fast and slow movement of activity and the propagation reversal
in the brain (Rubino et al., 2006; Xu et al., 2007; Takahashi et al.,
2011).

The observation of a slowly moving source could provide ad-
ditional insights in the behavior of neural sources such as multi-
ple epileptic foci often observed in the brain. These foci seem to
be independent and uncorrelated and can be observed at differ-
ent locations (Derchansky et al., 2006; Schevon et al., 2010).
However, our analysis reveals a recurrent pattern of propagation
along the septotemporal axis that could underlie the apparent
randomness of neural foci locations. Data presented above sug-
gest a different mechanism to explain some instances of multiple
foci whereby a single unilateral focus could be generated by the
same source, creating the appearance of multiple foci.

Conclusion
Spontaneous neural activity in the unfolded hippocampus can
propagate with both slow and fast speeds simultaneously and
with seemingly random direction of propagation. Here, we show
that the propagation in the unfolded hippocampus follows a reg-
ular and consistent pattern. The first spike of the train propagates
from the temporal to the septal pole at a speed of 0.1 m/s, whereas
the other population spikes in the train were observed propagat-
ing in the opposite direction, from the septal to the temporal
hippocampus. The analysis of spatial temporal patterns reveals
that such a reversal in the propagation direction is a direct con-
sequence of a single moving source (average speed of 0.016 �
0.007 m/s) detected by both direct and Doppler measurements.
The observed speed of the moving source is consistent with the
velocity previously reported for extracellular potassium waves.
Therefore, a combination of slow and continuously moving
sources generating fast-traveling spikes can explain the different
speeds and change in the directions of neural propagation in the
hippocampus.
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