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Neurobiology of Disease

Early Appearance and Spread of Fast Ripples in the
Hippocampus in a Model of Cortical Traumatic Brain Injury
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Fast ripples (FRs; activity of >250 Hz) have been considered as a biomarker of epileptic activity in the hippocampus and entorhinal
cortex; itis thought that they signal the focus of seizure generation. Similar high-frequency network activity has been produced in vitro by
changing extracellular medium composition, by using pro-epileptic substances, or by electrical stimulation. Here we study the propaga-
tion of these events between different subregions of the male rat hippocampus in a recently introduced experimental model of FRs in
entorhinal cortex- hippocampal slices in vitro. By using a matrix of 4096 microelectrodes, the sites of initiation, propagation pathways,
and spatiotemporal characteristics of activity patterns could be studied with unprecedented high resolution. To this end, we developed an
analytic tool based on bidimensional current source density estimation, which delimits sinks and sources with a high precision and
evaluates their trajectories using the concept of center of mass. With this methodology, we found that FRs can arise almost simultane-
ously at noncontiguous sites in the CA3-to-CA1 direction, underlying the spatial heterogeneity of epileptogenic foci, while continuous
somatodendritic waves of activity develop. An unexpected, yet important propagation route is the propagation of activity from CA3 into
the hilus and dentate gyrus. This pathway may cause reverberating activation of both regions, supporting sustained pathological network
events and altered information processing in hippocampal networks.
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Fast ripples (FRs) have been considered as a biomarker of epileptic activity and may signal the focus of seizure generation. In a
model of traumatic brain injury in the rat, FRs appear in the hippocampus within a couple of hours after an extrahippocampal,
cortical lesion. We analyzed the origin and dynamics of the FRs in the hippocampus using massive electrophysiological record-
ings, allowing an unprecedented high spatiotemporal resolution. We show that FRs originate in distinct and noncontiguous
locations within the CA3 region and uncover, with high precision, the extent and dynamics of their current density. This activity
propagates toward CA1 but also backpropagates to the hilus and the dentate gyrus, suggesting activation of defined microcircuits
that can sustain recurrent excitation. j
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(Bragin et al., 1999). Experimentally, these activity patterns have
been produced by high-frequency stimulation of the perforant
path or the CA3 area, by rising K * concentration of the extracel-
lular fluid, or by application of pro-epileptic compounds (for
review, see Jefferys et al., 2012). We recently described an exper-

Introduction
It has been proposed that very high-frequency oscillations or fast
ripples (FRs; > 250 Hz) signal the focus of seizure generation
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imental model of FRs in rat entorhinal cortex—hippocampal
slices in vitro that does not require additional manipulation in the
recording conditions. This model requires a lesion in the ento-
rhinal cortex in situ, before removal of the brain, which disrupts
corticocortical and cortico-hippocampal connections producing
an activity-dependent functional disinhibition of the hippocam-
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pus. This results in typical FRs in subsequently recorded brain
slices (Ortiz and Gutiérrez, 2015).

It is already known that high-frequency activity arises in CA3
from where it propagates to downstream regions of the hip-
pocampal formation (de la Prida et al., 2006; Both et al., 2008).
Despite the wealth of anatomical descriptions of the hippocam-
pal circuitry, propagation of activity between different subre-
gions still challenges the current understanding of the network,
leaving a plethora of potential pathways and mechanisms by
which the hippocampus performs its functions. In particular,
possible activation of anatomically restricted neuronal ensembles
along the circuitry needs to be better understood. One possibly
important propagation path is from CA3 to the dentate gyrus
(DG). This would enable backpropagation of activity (Penttonen
et al., 1997) and, therefore, recurrent activation of ensembles in
both regions. Indeed, there are connections between CA3, the
hilus, and DG (Myers and Scharfman, 2011), including electrical
synapses (Vivar et al., 2012). Functional proof of propagating
network activity at high spatiotemporal resolution along these
pathways is, however, lacking.

To explore this possibility, we used a recently developed high-
density microelectrode array (MEA) with 4096 microelectrodes
in a 64 X 64 matrix. This device allows recording of electrical
activity at the network and single-unit level with unprecedented
temporal and spatial resolution (Ferrea et al., 2012).

We demonstrate that it is possible to record FRs from ento-
rhinal cortex—hippocampal slices under submerged conditions,
originated by extra-hippocampal, entorhinal cortex lesions. We
show that this activity appears predominantly in localized areas
of the hippocampal CA3 region and often simultaneously in dif-
ferentlocations. With newly developed analytical tools, we deter-
mine the dynamics of current density disjoint components
during this activity, which propagate toward CA1 but also back-
propagate to the DG. Interestingly, FRs can arise almost simulta-
neously at noncontiguous sites while somatodendritic activity
current waves evolve. Thus, we uncover how current spreads in
neuronal subsets with unprecedented high spatiotemporal reso-
lution. Together, our data reveal that FRs arise in the hippocam-
pus as early as 1 h after cortical trauma, suggesting that an
epileptogenic focus may be building up long before seizure activ-
ity appears. Indeed, nonconventional pathways for the propaga-
tion of pathological network oscillations that underline the
spatial heterogeneity of epileptogenic foci arise, which might set
the limits to spatially confined therapeutic approaches.

Materials and Methods

Lesioning procedure and slice preparation. Experiments were performed
on 25- to 30-d-old male Wistar rats. The Ethics Committee for Animal
Research of our institution approved all experimental procedures, which
were performed in adherence to the NIH Guide for the Care and Use of
Laboratory Animals (eighth edition, 2011). We used a recently described
model of traumatic brain injury that consists of making a horizontal cut
in the entorhinal cortex in situ, before removing the brain for slice prep-
aration. This protocol induces hippocampal disinhibition with the ap-
pearance of FRs in subsequently prepared transversal brain slices in vitro
(Ortiz and Gutiérrez, 2015). We chose to prepare the slices with this
orientation because it is well established that it preserves a high connec-
tivity of the hippocampal subregions, especially DG to CA3 and CA3 to
CA1 (Bischofberger et al., 2006; Boccara et al., 2015; Xiong et al., 2017),
and because the lesion is also in the horizontal plane (Ortiz and Gutiér-
rez, 2015).

Briefly, rats were anesthetized with pentobarbital (50 mg/kg, i.p.).
After rapid removal of the skull, cuts to the entorhinal cortex on each
hemisphere, while the brain was still embedded in the skull, were per-
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formed with microsurgery scissors at the following coordinates (Paxinos
and Watson, 1997): AP, from —5.3 to —6.8 (from bregma); lateral, from
the middle of the brain 6-7; depth, between 4 and 6. The brain was
removed after 5 min of continuous application of chilled ACSF in situ
and submerged in oxygenated ACSF containing (in mm) 124 NaCl, 3
KCl, 1.25 NaH,PO,, 2 MgSO,, 2 CaCl,, 26 NaHCO;, and 10 glucose, pH
7.35, at 4°C. We next prepared combined entorhinal cortex—hippocam-
pal transversal slices (350 wm; Vibroslicer, Leica VT1200).

Slices were incubated in oxygenated ACSF at room temperature at
least 1 h before recordings commenced. We previously showed that this
manipulation results in FRs, whereas slices incubated in a low-Ca?™,
high-Mg>" solution do not generate FRs (Ortiz and Gutiérrez, 2015).
For recording, the slices were placed over a high-density MEA of 4096
electrodes (electrode size, 21 X 21 wm; pitch, 42 wm; 64 X 64 matrix;
3Brain). We placed a custom-made, square-shaped, platinum net anchor
on top of the slices to avoid displacement by the ACSF flux and to ensure
an even contact of the slices with the underlying chip containing the
MEA. Slices were constantly perfused at 12 ml - min ~ ' with oxygenated,
standard ACSF at 34 *+ 0.5°C, and extracellular activity was digitized at 7
kHz. For some recordings, we used a low-Ca?* ACSF solution contain-
ing the following (in mm): 125 NaCl, 5 KCl, 1.25 NaH,PO,, 0.2 CaCl,, 1
MgCl,, 26 NaHCOj3, and 10 glucose.

Data analysis. Recordings were acquired on a PC with the program
Brain Wave in 5 min time windows (3Brain) and stored for off-line
analysis. They were next analyzed with custom programs written either in
Matlab (The Mathworks) or in Julia (Bezanson et al., 2017). For CA3 fast
ripple detection, we isolated events with high amplitude using a criterion
of 2 SD above the mean SD of baseline in consecutive 50 ms sweeps. A
histogram with the distribution of SDs was constructed for each time
window, and we could, therefore, sort out electrodes without activity or
with saturating signals. A threshold was set for each of the active elec-
trodes, excluding saturated ones. After automatic detection, we manually
selected the electrodes that corresponded to the different regions of the
hippocampus, hilus, and DG and checked for anatomical correspon-
dence with photographs of the slices on the matrix, taken through a
stereoscopic microscope.

Signals from active electrodes were bandpass filtered between 250 and
600 Hz using a fifth-order Butterworth filter and then rectified. A 5 SD
threshold was used to detect high-amplitude peaks with at least three
cycles of oscillations (i.e., six peaks). Linear trends were removed from
their cumulative sum to identify abrupt changes in the slope of the signal
indicating the initiation and termination of the event. Because FRs have
amean incidence of 0.4 Hz and a duration of ~50 ms (Dzhala and Staley,
2003; Foffani etal., 2007), we stored raw and filtered samples starting 100
ms before the first peak until 200 ms after the last peak of each detected
event for further analysis. We next calculated power spectra for each raw
event to confirm its classification as a FR, in which case it should present
a peak frequency between 250 and 600 Hz.

Experimental design and statistical analyses. We used a within experi-
mental design in which all brains were subjected to the entorhinal cortex
bilateral lesion in situ. We used a total of nine slices from seven different
animals and a maximum of two slices per animal. We switched the nor-
mal ACSF to a solution with low calcium in three of the slices that showed
FRs and waited 40 min for the calcium to wash out before recording any
activity.

Four parameters were used to describe FRs: incidence, amplitude,
duration, and frequency oscillation. Each parameter measured was taken
from each electrode that recorded a FR event. Because this parameter
followed a log-normal distribution, we report the geometric mean and
multiplicative and divisive errors.

For the Granger causality test, a significance level for each pair of
signals of all the signals recorded per FR event was determined, whereby
we report a significance level of p = 0.05 (see below, Granger causality
test). The programs for analyses were written in Matlab, except for the
current source density analysis (CSDA) that was written in Julia (avail-
able upon request).

Granger causality test. The use of the Granger causality test has been
deemed suitable to study neuronal connections (Gaillard et al., 2009).
Given two time series, X, and X, this test determines whether one series
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influences the other. In brief, X, Granger causes X if the inclusion of past
values of X, reduces the prediction error of X, in a linear regression
model of X, and X, compared with a model that includes only past values
of X, (Granger, 1969). For our recordings with the high-density matrix,
once we selected the electrodes that recorded a relevant event, we took a
sample of 300 ms containing the event. Granger causality interactions
were computed between all possible pairs of electrodes with a conditional
multiple regression model. The script was written in Matlab and is part of
an open library (Barnett and Seth, 2014). We determined the interactions
between electrodes in the DG and CA3 and between electrodes in the
CA3 and CAl.

Current source density analysis. We conducted bidimensional CSDA as
follows. In the first step, we discarded unusable (e.g., saturated) channels.
We detected saturated channels when the recorded signal had less vari-
ance than the noise levels. In such a case, the saturated signal was replaced
with the average of its eight neighboring electrodes. After this, a Gaussian
smoothing filter with a half-width of 42 wm was applied to reduce the
effect of hard edges on the data. We then conducted the CSDA using
convolution with the following operator:

0 1 0 05 0 0.5
vVi=2/3(1 —4 1)+1/31 0 —2 0 |,

0 1 0 0.5 0 0.5

This operator is part of a family of convex finite difference operators that
reduce the cross effects of the rectangular grid. It is as close as possible to
a rotational invariant operator that performs better on this kind of
rectangular-ordered data (Lindberg, 1990).

The CSD representation can be split into disjoint sets, namely the sink,
the source, and the neutral set. They are disjoint in the sense that, at any
given time, a channel can belong to only one of the sets. Next, we applied
a single-pass algorithm to detect their disjoint connected components
(Vincent and Soille, 1991). These can be singled out, and we can thus
track their dynamics as growing, diminishing, or moving. The vector
average of each one of these components produces a “center of mass” that
can be used to trace the putative displacement of activity along the tissue,
and this in turn can be used to obtain the instantaneous velocity of
displacement (Manjarrez et al., 2007; Zapfe et al., 2015). The code was
written in the open language Julia (Bezanson et al., 2017).

Data sets and programs as well as guidance for their use will be avail-
able upon request.

Results
As described previously (Ortizand Gutiérrez, 2015), acute lesions
in the entorhinal cortex in situ resulted in recurrent FRs between
250 and 600 Hz lasting ~40 ms along the whole hippocampal CA
region in vitro (Fig. 1; n = 9 slices from 7 animals). Interestingly,
the DG presented low-amplitude FRs at the time when oscilla-
tions occurred in the CA3 region (Fig. 1A, C). Figure 1A shows
spontaneous activity recorded from a slice (Fig. 1B) in four se-
lected electrodes within the DG and hilus and five electrodes
along the CA regions. Field potentials were characterized by a
dominant high frequency of 330-340 Hz along the hippocampal
CA regions, which was also present in the DG, albeit with a lower
power (Fig. 1D). In the hilus and CA1 area, an additional peak
was observed at 160—-170 Hz (Fig. 1D). An original recording of
an event over the whole electrode array is presented in Figure 2.
We found systematic characteristics of the FRs in each of the
different subnetworks as assessed by their duration, oscillation
frequency, amplitude, and incidence of appearance (Table 1).
Figure 3 depicts how these parameters are distributed along the
CA region of the hippocampus and in the DG. It is noteworthy
that FRs were recorded in the DG in only four of nine slices. The
frequency, incidence, and duration of the FRs were similar along
the CA region; however, the CA3 area displayed FRs with the
highest amplitudes (Figs. 2, 3).
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Figure 4A shows the analysis of a characteristic event initiating
in CA3b and evolving into a high-amplitude event spreading in
both directions, toward CA1 as well as toward CA3c and up to the
DG. For a given experiment, the initiation site had a restricted
distribution in CA3 that spread locally before propagating to
distal, noncontiguous areas (Fig. 4A). Medial and distal parts of
CA3, in both stratum pyramidale and radiatum, had the highest
probability of occurrence of FRs (Fig. 4 B,C; n = 9). After origi-
nating in CA3 (n = 9), high-frequency activity propagated to
contiguous regions of CA3, both along the pyramidal cell layer
and stratum radiatum toward CA1, as well as to specific points in
the hilar region and the DG (Fig. 4A, ms: 14, 18, and 22; Fig. 4D).
The events appeared in CAl, hilus, and DG with a time shift that
not always corresponded to the linear distance from the site of
origin (Fig. 4D). Importantly, the propagation of events was not
strictly topographically ordered. Indeed, events could appear in
different nonadjacent areas without detectable continuous prop-
agation between the activated sites. As a consequence, some areas
proximal to the initiation site were activated later than more
distal areas (Fig. 4D). It is noteworthy that in many instances, the
activation of CA3 was followed by activation of the DG and hilus
before the invasion of CA1. Likewise, some regions of distal CA3
or CA1 were activated before other CA3 regions contiguous to
the site of origin (Fig. 4D; Movie 1).

CSDA allowed us to follow the sinks and sources of the oscil-
lations with high spatiotemporal resolution. Importantly, we
used the correction proposed by Lindberg (1990) for discrete
second-derivative operators. This reduces a primarily unseen
source of error in the computation of the CSDA, i.e., the possible
error introduced by somatodendritic, nonorthogonal disposition
of the cells on the microchip producing cross effects of contigu-
ous electrodes of the squared grid. In particular, the currents
associated with a given voltage transition could be well deter-
mined and related to a site of incoming information or where a
given activity is originated. A representative event is depicted in
Figure 5, where a voltage map is depicted, along with representa-
tive raw traces of the FR event in selected parts of the hippocam-
pus (Fig. 5AI). The CSD maps of the FRs were composed by an
initial sink in stratum radiatum of CA3 and a source in stratum
lucidum (Fig. 5B). Moreover, this region is also the target for the
long-range inhibitory cortical projections that may be disrupted
by the cortical lesion. The initial slow component, which corre-
sponds to the evolving slow potential during which fast frequency
activity arises (Fig. 5A2), rapidly extended along CA3 and in-
cluded an alternating arrangement of sinks and sources along the
dendrosomatic axis from stratum lacunosum to stratum luci-
dum. The slow component of the event terminates with a sink/
source/sink arrangement around stratum pyramidale, suggesting
strong and extended somatic inhibition. The spread of FRs after
the initial slow phase is characterized by wave-like activation
from the somatic region to the distal dendritic region, which can
represent active propagation of action potentials from the so-
matic region, showing a source/sink/source arrangement. This
rapid alternation likely reflects fast spiking activity of pyramidal
cells (also seen under low-Ca®" conditions) that gives rise to
somatodendritic waves. During FRs, fast excitation from specific
areas of CA3 spreads both to adjacent CA3 and CA1 regions and
to the hilar region and the DG, probably by recurrent excitation.
Thisyielded a pattern of propagating sinks/sources along the CA3
continuum. We computed the instantaneous velocities of the
center-of-mass displacements, most of which were in the soma-
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Figure 1.  Fast ripple activity in the hippocampus. A, Recurrent fast ripple events in different regions of the DG and hippocampus proper. B, Numbers to the left of the traces correspond to the

positions depicted on the photograph of the hippocampus. €, Expanded raw and filtered traces of the event in the rectangle in A. Numbers indicate the recording position, as shown in B. Filtered
traces (250 — 600 Hz) uncover the presence of fast ripples along the DG, hilus, and CA regions. These events with very high frequencies presented high amplitude in the CA subregions (n = 9) but
could also be recorded in the DG (n = 4), albeit with low amplitude. The vertical calibration bar in microvolts applies traces 1t0 9, both raw and filtered; the calibration in mV applies to traces 10 to
21. D, Power spectral analysis of the fast ripples recorded in the DG, hilus, stratum pyramidale (sp.) and stratum lucidum (sl.) of CA3, and strata radiatum (sr.) and pyramidale of CA1. Notice a
distinctive peak at around 340 Hz in all the structures.
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Table 1. Characteristics of the fast ripples
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DG Hilus (A3 (A1
Number of slices with FRs 4/9 4/9 9/9 8/9
Total number of recorded events 308 316 977 876

Mean number of electrodes that recorded the event
Area covered by the event (mm 2

Incidence (Hz)

Amplitude (V)

Duration (ms)

Oscillation frequency (Hz)

42 =11 (25-75)

0.075 = 0.02

0.12%/2.7 (0.004-1.14)
74.1%/1.4 (32.32-294.36)
39.3%/1.6 (7.69-154.43)
338.7%/1.2 (267.4-558.9)

97 £ 61(21-171)

0.096 = 0.06

0.15%/2.4 (0.004 - 0.56)
89.3%/1.3 (27.7-320.5)
35.1%/1.5 (6.1-150.1)
340.5%/1.2 (253.7-569.2)

469 = 45 (332-708)

0.83 = 0.08

0.35%/1.85 (0.004-7.39)
259.7%/2.29 (35.55-1988)
41.6%/1.46 (8.4-156.65)
334.3%/1.17 (250.3-582.9)

365 =+ 81(96—-651)

0.64 = 0.14

0.34%/1.99 (0.005-7.28)
218.6%/2.28 (29.7-2126.8)
42.2%/1.47 (9.83-156.51)
330.4%/1.16 (256.9-576)

The geometric mean */ SEM was used to describe each parameter measured. The range of the parameters is shown in parentheses.

todendritic direction (Movie 3). After analyzing >400 trajecto-
ries, we obtained the range of propagation velocities of the center
of mass, which ranged from 0.05 to 0.25 m/s (Fig. 6). Using
selected long trajectories that repeat over time, we obtained a
value of the instantaneous velocity of somatodendritic wave-like
activity of 0.16 m/s, whereas the instantaneous velocity in the
DG-hilus-DG interactions was of 0.27 m/s. In contrast, the ve-
locity of short, often discontinuous trajectories in the CA3—CA1
direction yielded a velocity of 0.21 m/s.

Interestingly, we also observed propagation of activity toward
the hilus and DG. The granule cell layer and hilus presented
sinks/sources, subsequent to the initiation of fast events in CA3
(Fig. 5B) but which did not always coincide in time or site of
origin within CA3. Sources and sinks alternate in the stratum
pyramidale region throughout the event and along CA3 and CAl.
Accompanying these, stratum lucidum and stratum oriens also
alternate sink and sources in a fast manner, switching sources and
sinks within 2 ms in defined patches of stratum pyramidale. Fast
dynamics of sink/source switches in a patchy manner suggests
either alternate unitary spiking activity or activation of defined
microcircuits (several neurons), probably relaying information
along the CA3 region and to the DG. Alternatively, these patches

represent “out-of-sync” sources of activity that appear when in-
hibition, which controls the synchrony of the network, is dis-
rupted (Movies 2, 3).

To determine whether FRs in the DG and CA1 were caused by
oscillations in CA3, we applied the Granger causality test with
which we determined all significant interactions (p < 0.05) be-
tween signals recorded from CA3 to DG and to the hilus and from
CA3 to CALl (Fig. 7A, B). Since the test uses a multivariate regres-
sion model, with the variables being all the signals from the elec-
trodes that recorded the event, the signal of each electrode was
tested against the signal of every other electrode to determine
which signal best predicted the signal recorded by the other elec-
trode. Both signals can contain information that predicts the
other signal to a certain degree. The interaction can, therefore, be
bidirectional or unidirectional. Figure 7, A and B, shows signifi-
cant interactions in a topographic map that indicates the coordi-
nates of the electrodes that recorded the event (gray squares) and
the interactions between them (colored lines connecting the
squares). As expected, most interactions occur within CA3, both
at the pyramidal and radiatum layers and between CA3 and CA1.
Fewer significant interactions are present between CA3 and the
DG, between CA3 and the hilus, between the hilus and the DG, or
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Figure 3.

to DG and hilus. Moreover, these data do not follow a normal but a log-normal distribution.

within the DG. Group results from the slices that presented FRs in
the DG and hilus (n = 4) revealed significant Granger causality
between different areas (Fig. 7B). Indeed, there were strong bidi-
rectional interactions between the hilus and CA3 and significant
interactions between CA3 and the DG. These results suggest that
activity starts in CA3 from where it propagates to CA1 and to the
DGhilar region.

Finally, we analyzed the effect of perfusing a low-calcium (0.2
mM)-containing ACSF on the FRs. Under this condition, the gener-
ation of population activity is prevented, indicating that chemical

Statistical parameters of the fast ripples. A, Topographic maps of the different parameters measured in CA (n = 9)
and DG/hilus (n = 4). Values in the color scale are superimposed to a photograph of the hippocampus to signal incidence (47),
amplitude (42), duration (A3), and frequency (A4) of the fast ripples. Note that the middle portion of the DG is not invaded by the
events. The green square on the photograph denotes the MEA recording area. B, Whereas frequency (B4) and duration (B3) of the
events are similar in all structures, the incidence (B7) and amplitude (B2) of the events are significantly higher in CA with respect
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synaptic transmission is needed to recruit
ensembles that fire out of phase and thus
generate high frequencies. On the other
hand, low-calcium ACSF did not prevent a
number of neurons along the CA area from
firing spontaneously (Fig. 7C,D; Movie 4).

Discussion

We have shown that the disruption of cor-
ticocortical connections along the dorso-
ventral axis of the entorhinal cortex in situ
disinhibits the functional architecture of
the hippocampus, which is reflected in the
generation of FRs in CA3 (Ortiz and
Gutiérrez, 2015). Here we studied their
site of origin as well as their patterned
spread using dense microelectrode array
recordings. In particular, we explored
whether FRs recorded in CA3 were fol-
lowed by FRs in the hilus and DG, which
may indicate backpropagation of activity
from CA3, eventually producing a feed-
back loop.

Our recordings were conducted with a
MEA under submerged conditions. Al-
though evoked activity can be recorded
with this technology and epileptic activity
can be induced with bicuculline or 4-AP
(Ferrea et al., 2012), network oscillations
are usually absent because of limited oxy-
gen availability (Morris et al., 2016) and
have not been reported using this technol-
ogy. Using a high velocity of perfusion
with oxygenated ACSF (Hdjos et al,
2009), we were able to study recurrent
high-frequency oscillations in the rat hip-
pocampus in a model of traumatic brain
injury. Indeed, because the DG regulates
the flow of normal and pathological infor-
mation between the entorhinal cortex
and the hippocampus (Buzsdki et al,
1983; Heinemann et al., 1992; Krook-
Magnuson etal., 2015), post-traumatic al-
terations can be reflected in the DG-CA3
synapse (Heinemann et al., 1992; Santha-
kumar et al., 2003). As described previ-
ously (Buzsdki et al., 1991), ictal events in
the hilus or the DG had a smaller ampli-
tude than those in the CA regions and
seemed to depend on their presence in the
CA3 area, which can in turn backpropa-
gate them to the hilus and the DG. We
extend these observations by showing that
oscillatory activity and not just ictal spikes
can propagate to the hilus and the DG.

Our bidimensional CSDA allowed us to analyze the whole
hippocampus during the entire event at a very high spatiotempo-
ral resolution. The distribution of sinks and sources was consis-
tent with the laminar disposition of cell bodies and dendrites in
the hippocampal regions. Interestingly, sink/source/sink ar-
rangements that appeared in stratum pyramidale propagated to
CA1 and to the hilus and DG, where sinks/sources could be ob-
served during FRs after the slow sink in stratum radiatum had
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Figure4. Propagation of the fast ripples. A, Propagation sequence of a representative event. Fast ripples normally initiated in area CA3 and spread to CA1 and to the hilus/DG. B, An analysis of

the incidence of the initiation site showed that fast ripples initiated mainly in medial and distal CA3, with no statistically significant differences between these areas. (, The incidence distribution
through the different hippocampal areas. D, Depiction of the progression of the event, whereby the color indicates the time at which the electrodes detected the event (time— color coding on the
right scale). Note that the invasion of electrodes by fast ripples presented a time gradient from CA3 to CA1 and DG, although isolated regions could present them in an apparent spatiotemporally

disorganized manner.

dissipated. Although we observed sources/sinks and sinks/
sources in the inner molecular layer/hilus of the DG, we cannot
relate them to slow synaptic activation of hilar mossy cells (Buz-
saki, 2015), which are not likely to generate a field potential be-
cause of the lack of a parallel arrangement of the cells (Scharfman,
2016). Rather, it was not until CA3 displayed FRs that specific
regions of the DG/hilus displayed similar activation sequences.
The mode of transfer of information to the DG may thus involve
recurrent activity from CA3 to the hilus (Gafurov and Baush,
2013) and also possibly antidromic invasion of the DG after ac-
tivation of distinct sites within CA3. As reflected by a cross-
correlation analysis, the conduction velocity of the FRs in the
DG-to-CA3 direction, as measured in the orthogonal matrix, was
0.28 m/s. These values are in the range of those previously re-
ported for mossy fiber transmission (~0.3 m/s; Henze et al.,
1997; Schmidt-Hieber et al., 2008; Vivar et al., 2012). Transmis-
sion of FRs from CA3 to DG may involve synaptic (via mossy
cells) and nonsynaptic modes of propagation (Buzsaki et al,
1991); the latter may be mediated either by gap junctions or by
ephaptic interactions (Kasyanov et al., 2000; Simon et al., 2014).
In our experimental model, FRs disappear under low-calcium
conditions, indicating a crucial role of chemical synaptic trans-

mission in recruiting a minimal number of cells to function as a
trigger ensemble.

Interestingly, the high spatiotemporal resolution of our re-
cordings uncovered that large areas were activated almost simul-
taneously both in the somatic and dendrite-projecting regions.
Indeed, rather “big patches” of CA3 were activated whenever a FR
appeared, covering an average area of 0.8 mm~? in the CA1-CA3
regions and 0.07 mm? in the DG. Feedback inhibition from CA3
to DG could account for this topographic constraint of reacti-
vation of the DG. Population bursts of CA3 pyramidal cells
during hippocampal sharp waves can produce both excitation
and inhibition of granule cells (Buzsaki, 1986; Scharfman,
1993, 1994; Kneisler and Dingledine, 1995; Ylinen et al., 1995;
Penttonen et al., 1997). Additionally, restricted sinks/sources
observed in the hilar region and inner band of the granule cell
layer could represent their activation by volume-conducted
potentials from the mossy fibers (Kasyanov et al., 2000). The
latter may be transmitted in accordance with their resonance
properties (Franco et al., 2016), and this can arise from CA3
cell activity electrically invading the mossy fiber axons by vol-
ume interactions or through gap junctions (Vivar et al., 2012;
Simon et al., 2014).



Ortiz et al. o Fast Ripples after Cortical Traumatic Brain Injury

Movie 1.  LFP.mp4. Fast ripple propagation. Shown is a representa-
tive event that lasts ~40 ms and which is displayed 150 times slowerin
thevideo. The local field recordings show the initiation and propagation
of aFRalong CA, hilus, and DG. Warm colors indicate higher amplitude
of the local field potential (measured from peak to peak) ata given time =&
during the event. Notice that the event begins in the pyramidal layer of =
distal CA3 and propagates toward the dendritic layer, as well as to the pyramidal layer of CA1,
medial and proximal CA3, the hilus, and the DG. Fast ripples can reach the DG during their early
propagation, albeit with lower amplitude, in the hilus and DG.
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Movie 2.
source density of a FR event. The movie displays 1461 frames at a fre-
quency of 16.6 fps. The interval between frames is 0.14 ms. Both red
(sources) and blue (sinks) scales are in arbitrary units.

Under physiological conditions, an organized and synchro-
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Movie 3. (SDAcomponents.mp4. The determination of disjoint
components of sinks and sources and the estimation of their trajectory
are shown. After computing each component or “patch” (see Materials
and Methods), vector averaging over each one of these components .=
produces a putative center of mass, which can be used to trace the ’=.,~
displacement of the component. We obtained length and instanta- Cllicrmd
neous velocity of such a vector. In this movie, only some samples were included to avoid graph-
ical saturation, but all components can be followed. Note the somatodendritic direction of some
trajectories, as well as the appearance of new components in the CA1-CA3 direction. Impor-
tantly, DG— hilus/CA3 trajectories appear during the FRs.

Movie 4.
Ca** conditions. Fast ripples are prevented under these conditions, but
action potentials can still be recorded along the hippocampus.

Low Ca2*.mp4. Shown are voltage recordings under low- [=]¥

nized layout of sinks and sources has been previously presented
along the transversal axis when sharp waves occur (Both et al.,
2008; Buzsaki et al., 2012). In the case of FRs, a disorganized
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Figure 5.  Current source density analysis. A7, A fast ripple event at an expanded time scale, whereby high frequencies appear on a slow-developing component. A2, A color map (in

voltage) of the traces in A7. The locations where the selected traces in A7 were acquired are signaled with the letters on the color map. B, Time sequence of the CSD dynamics throughout
a fast ripple at a high spatiotemporal resolution. Events initiated in CA3, often in different sites with a sink in the distal dendritic zone and alternate sink/source regions up to stratum
oriens (frames at t = 12.1and att = 16.23). This slow component was followed by high-frequency activity that showed discontinuities along the CA3 that spread to CA1, after which
patches of sink/source signals appeared in CA3 with concurrent signals in the DG (t = 26.77-29.76 ms). The patchy nature of the signals suggests activation of discrete zones of CA. The
later phase of the slow component was characterized by a source along CA stratum pyramidale and sinks in strata radiatum and oriens. The size of the figure corresponds to the whole

active zone of the recording matrix (see Materials and Methods).

layout of sinks and sources is observed along the transversal axis
suggesting a disruption of the mechanisms involved in the
coordination and orderly propagation of physiological high-
frequency oscillations, particularly synaptic inhibition.
Importantly, despite the spread of the local field potentials
(LEPs) along the CA regions, we show a discontinuity of “active
spots” along CA3, hilus, and the DG, which only CSDA can re-
veal, as source density is spatially confined (Buzsaki et al., 2012).
One-dimensional estimation of CSD (typically along the soma-
todendritic axis) is possible only in a situation in which the LFP
varies little in the lateral direction. This assumption is often
not satisfied when the layers curve (Herreras, 2016). In our
case, we used two-dimensional estimation of the CSD, using
equally spaced high-density electrodes in both vertical and
horizontal directions. We implemented a method to measure
the displacement velocity of the current densities by using the
highest vectorial current within a disjoint component as the

center of mass. The quantitation of instantaneous velocities of
the center of mass reflects short-distance field effects so that
even displacement of sets of current densities within the cells’
somatodendritic axis can be observed. The origin of such
events is probably related to synaptic activation of distinct sets
of cells (see appearance incidence in Fig. 4). Once the events
are originated, they can travel in a wave-like manner, mainly
in the somatodendritic axis, restricting them to short trajec-
tories. Interestingly, lateral displacement of current density
along the CA region is not continuous. Analyzing propagation
of ictal activity, albeit in a neocortical circuit, Wenzel et al.
(2017) proposed that the progression of the activity follows
preexistent pathways but can vary in time, depending on local
inhibition. Indeed, CSD conduction velocities differ between
events. Importantly, measurements were conducted on spon-
taneous events, which lack simultaneous activation of a big
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Figure 6.  Fine topographic evolution of current source density in time. A, Snapshots of the sinks and sources obtained every millisecond, during the first 25 ms of a fast ripple event.
Patches in red are sources, and patches in blue are sinks. The boundaries of the components were obtained by setting a threshold of the current density above the noise level, yielding
disjoint components that can appear, disappear, or move. Contrary to local field potentials, which obscure the micrometer resolution of activity, current densities can be measured with
a resolution <20 wm and followed in time. Trajectories of the disjoint components were traced by obtaining the center of mass at high frequency. Thus, instant velocities could be
obtained from this analysis. Interestingly, displacements of sinks and sources can be observed within the DG— hilar region, close to the proximal part of CA3. The dynamics of the wave-like
activity can be better observed in supplemental Movie 3. B, Histogram depicting the distribution of instantaneous velocity measurements. Ordinates are the number of displacement
segments for each instantaneous velocity range (bin, 0.025 m/s). The resolution of the center-of-mass computation was of ~10 wm because it is very sensitive to the differences of value
of the CSD in the neighboring electrodes.
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Granger causal interactions and calcium dependence. A, Bidirectional interaction of CA3 and DG and interactions from CA3 to CA1in a representative experiment. Fast ripples

were recorded in 833 electrodes, of which 581 werein CA3, 230 were in CA1, and 22 were from the dentate gyrus and hilus. Related electrodes/sites were joined by lines. B, Mean Granger
causal interactions (p << 0.05) were computed per fast ripple event. Note that most Granger causality interactions happen between CA3 electrodes; however, CA3 causes fast ripples in
the DG, and the DG causes fast ripples in CA3. C, Voltage map showing the remaining multiunitary activity in the pyramidal and granular cell layers in a low-calcium (0.2 mm) recording
solution. FR activity ceased, indicating its dependence on chemical synaptic transmission. D, Representative multiunitary activity recordings from the DG granule cell layer and CA3 and

CA1 pyramidal layers.

number of recruiting fibers in a given tract (Schaffer collater-
als or mossy fibers) by stimulation. The range of velocity val-
ues of all trajectories (displacement of center of mass)
observed in our experiments yielded magnitudes similar to
those of current source density components previously re-
ported using 2D profiles (0.3—0.4 m/s; Novak and Wheeler,
1989), which is slightly slower than mossy fibers’ and Schaffer
collaterals’ conduction velocity (0.4—0.5 m/s; Novak and
Wheeler, 1989).

This type of discontinuous spread of sinks and sources may
correspond to the disruption of the precise temporal relationship
between firing of a cell or groups of pyramidal cells and popula-
tion ripples in the hippocampus of epileptic rats (Foffani et al.,

2007). Also, it can be possible that some neuronal aggregates
function as pacemakers (Wittner and Miles, 2007) or that there is
activation of parallel channels of processing along the CA hip-
pocampal region (Soltesz and Losonczy, 2018).

In contrast to the interictal spikes obtained in subcortically
denervated hippocampus, wherein sprouting can result in a shift
of balance of excitation versus inhibition (Buzsaki et al., 1991),
our preparation uncovers a functional disinhibition caused by
acute cortical but not hippocampal damage. Although full char-
acterization of such disinhibition has still to be conducted, it has
been suggested that inhibitory projections from the entorhinal
cortex act as a temporally precise disinhibitory gate of informa-
tion and may participate in plasticity (Basu et al., 2016). This
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plasticity, which develops after the corticocortical lesion, seems
to constitute an irritating focus that may underlie epiletogenesis
after traumatic brain injury (Ortiz and Gutiérrez, 2015). The
spatiotemporal resolution of CSDA data is much higher and spe-
cific than that obtained by analyzing field potentials. Indeed,
CSDA yields absolute current density values with a clear distinc-
tion of disjoint sources and sinks that allows us to follow each of
these coordinated groups. Moreover, the measurement of the
center of mass can be attained with high spatial precision, in the
order of ~10 um. Our method paves the way for understanding
how information is locally integrated and how ensembles of neu-
rons within the hippocampal circuit may convey it.
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