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Local Axon Collaterals of Area CA1 Support Spread of Epileptiform
Discharges Within CA1, but Propagation is Unidirectional

R. Orman,! H. Von Gizycki,2 W.W. Ly’cton,l’3 and M. Stewart'>*

ABSTRACT: CA3 and subiculum are hippocampal formation regions
that can initiate seizure activity because each has a substantial intrinsic
excitatory connectivity. We studied the intrinsic connectivity of area
CA1 by exploring the spread of synchronous population discharges in
ventral hippocampal slices from rats using a recording chamber that
permitted multiple simultaneous extracellular recordings along all lami-
nae of CA1. Brief single stimulus pulses were applied to stratum oriens
(SO) or stratum radiatum (SR) on the CA3 side or the subicular side of
CAT1. In disinhibited slices, events triggered with SO or SR stimulation
on the CA3-side propagated over the proximo-distal extent of CA1 with
a maximal conduction velocity of 0.4 m/s, comparable with antidromic
conduction velocities within CA1. By contrast, SO or SR stimuli applied
on the subicular side of CA1 triggered events that did not spread
“backward” toward CA3. These events are rapidly decremented in am-
plitude and duration. Whereas antidromic responses were largest when
stimuli were applied on the subicular side of CA1, such responses were
not sufficient to trigger epileptiform discharges when excitatory trans-
mission was intact. We conclude that the unidirectional spread of epi-
leptiform activity in area CAT1 is the result of an intrinsic axon collateral
system where each pyramidal cell has a proportionally larger projection
toward subiculum. Although this collateral system is sparse compared
with other hippocampal formation regions, its unidirectionality protects
against re-entrant activation of CA3 and may be physiologically signifi-
cant as a relay from proximal CA1 to distal CA1. o 2008 Wiley-Liss, Inc.
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INTRODUCTION

The hippocampal formation, comprising hippocampus, entorhinal

hippocampus; trisynaptic pathway; intrinsic circuitry;

cortex (EC) and subicular areas, is a collection of cortical brain regions
with a variety of cell types and circuits [reviewed in (Amaral and Lave-
nex, 2007; Witter and Amaral, 2004)]. Two allocortical regions, dentate
gyrus (DG) and Ammon’s horn (CA1-CA3), are characterized by a sin-
gle layer of principal neurons. The neighboring parahippocampal areas
(EC, parasubiculum, presubiculum and subiculum) form the anatomical
transition between hippocampus and the isocortex. The EC, parasubicu-
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lum, and presubiculum more closely resemble isocortex,
having multiple distinct cell layers with stellate and py-
ramidal cells.

Studies of the various hippocampal formation
regions have led to the widely held view that the com-
bination of a critical density of recurrent excitatory
connectivity and spontaneous activity in the some of
the cells (pacemaker cells) is required for a brain
region to generate seizure activity [e.g., (Heinemann,
1987; Traub et al., 1999)]. Many regions that initiate
seizure activity contain an abundance of burst firing
neurons and the bursting cells have even been shown
to be pacemaker cells [e.g., (Miles and Wong, 1983;
Jensen and Yaari, 1997; Harris and Stewart, 2001a)].
The local intrinsic connectivity in each region typi-
cally shows a concentration of local collaterals nearest
the cell of origin [with some variation in axonal den-
sity (Li et al., 1994); or variations dependent on cell
types (Harris et al., 2001); reviewed in (Witter and
Amaral, 2004; Amaral and Lavenex, 2007)].

A combination of biological experimentation and
computer simulations has been used to define the roles
of the relatively dense intrinsic excitatory connectivity
and cellular properties of CA3 in generating epilepti-
form activity [reviewed in (Traub et al., 1999)]. Briefly,
population (epileptiform) bursts result from synaptic
depolarization that drives dendritic calcium spiking.
The event is terminated as the afterhyperpolarizing con-
ductance (a slowly activating and inactivating calcium-
dependent potassium conductance) grows to offset the
intrinsic calcium current and the sustained excitatory
synaptic excitation. Available GABA mediated conduc-
tances can also shape the duration of the event.

The DG and CA1l are normally resistant to seizure
generation. A lack of a critical density of recurrent
excitatory connectivity is the preferred explanation for
why CAI1 does not produce spontaneous epileptiform
activity in disinhibited tissue (Traub et al., 1999).
The firing properties of CAl burst-firing pyramidal
cells are different from cells in CA3 and subiculum
[reviewed in (Traub et al, 1999; Spruston and
McBain, 2007)], but intrinsic connectivity more than
burst firing appears to be critical for the generation of
synchronous population discharges since parahippo-
campal regions that do not contain burst firing cells
can generate epileptiform discharges (Funahashi and
Stewart, 1997; Funahashi et al., 1999). Differences
between “heavily” interconnected and “sparsely” inter-
connected regions are, however, quite small. Estimates
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of pyramidal cell to cell connectivity in the heavily intercon-
nected CA3 are 2% [e.g., (Li et al., 1994)] whereas connectiv-
ity estimates are 1% [e.g., (Deuchars and Thomson, 1996)] for
cells in the sparsely interconnected area CAl [reviewed in
(Traub et al., 1999; Witter and Amaral, 2004)].

The study of epileptiform activity in disinhibited brain slice
preparations is a powerful tool for exploring the properties of
excitatory connectivity. We sought to explore the properties of
the intrinsic connectivity of area CAl by studying the spread
of synchronous population discharges along the proximo-distal
axis. The goal of this study was to explore the properties of the
sparse intrinsic connectivity of CAl using a recording technol-
ogy that offered numerous simultaneous recording sites along
multiple lamina of CAl. The large number of electrodes avail-
able and the fact that we can directly visualize their location on
the slice results in very precisely directed electrodes, and the
use of field recordings has the advantage of offering a much
better picture of population behavior. We set out to define ba-
sic features of the intrinsic collateral system for the spread of
population events in a cytoarchitechtonically simple structure
with sparse connectivity, as we did in the adjacent subiculum
(Harris and Stewart, 2001a; Harris et al., 2001). We discovered
asymmetrical propagation, the basis for which is instructive in
refining current circuit diagrams of the hippocampus.

METHODS

All procedures were approved by the University’s Animal
Care and Use Committee and conform to NIH guidelines.

Slice Preparation and Maintenance

Male Sprague-Dawley albino rats (150-200 g, 3-5 weeks
old) were anesthetized with halothane and decapitated. Each
brain was removed from the skull, bisected, and placed briefly
in ice cold artificial CSE. Thick slices of tissue (about 1-2 mm
thick) were cut horizontally from the intact hemispheres with
its dorsal face at about the level of the hippocampal genu.
Thin slices (350-400 pm) were cut using a Leica VIT1000S
sectioning system (Leica, Nussloch, Germany) and transferred
to a holding chamber. Final slices were simple horizontal sec-
tions (Fig. 1) trimmed with a cut perpendicular to the midline
on the rostral side of area CA3 and the level of the slices corre-
sponded to a range of about 2.6-4.6 mm above the interaural
line (Paxinos and Watson, 1998). In some slices, large cuts
were made to completely remove area CA3 and/or small radi-
ally-oriented cuts were made to disconnect area CAl from sur-
rounding regions.

From the holding chamber, single slices were placed in the
MEDG4 chamber (Panasonic MEDG64, Osaka, Japan). The
MEDG64 chamber is a 22 mm diameter well formed from a
plastic ring cemented to a glass base that contains the electro-
des. Conductive strips embedded in the glass base terminate in
platinum-platinum black electrodes that are nearly flush with
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the well floor (see below). Flow is regulated such that slices are
just below an interface configuration.

The perfusion solution (1 ml/min) was composed of (in
mM): NaCl 125, KCI 2.5 w 5, CaCl, 1.7, MgCl, 1.2,
NaHCOj 26, and glucose 10; pH = 7.4 when exposed to
95% O, and 5% CO,. The temperature of the MEDG64 cham-
ber was maintained at 30°C by warming the perfusate with an
inline heater. The ventral horizontal slice preparation contains
area CAl and many of the surrounding areas, including: CA3,
subiculum, presubiculum, and EC (Stewart, 1999; Harris and
Stewart, 2001b; Kunitake et al., 2004).

Recording and Stimulating Techniques

The MEDG64 simultaneous extracellular
recordings from 64 electrodes (50 pm squares). Each electrode
is a platinum black-plated square embedded in the floor of the
recording chamber. Interelectrode distances (center to center)
were 100, 150, or 300 pm. Most recordings were made with
100 or 150 pm contact spacing to concentrate electrodes
within area CAl. Recording electrode impedances are 22 kQ
(at 1 kHz) and each is referred to a single set of four reference
electrodes in the periphery of the chamber that are electrically
tied together. The recording electrodes are arranged in an 8 X
8 array embedded on the bottom of the chamber (Fig. 1).

Brief stimulating pulses were delivered using platinum-irid-

chamber allows

ium parallel bipolar stimulating electrodes (150 pm tip separa-
tion; FHC, Bowdoinham, ME) with <100 kQ electrode impe-
dances. Stimuli were biphasic pulses (50-100 ps in total dura-
tion) applied through constant current stimulus isolation units.
The bipolar stimulating electrode was placed from the top side
of the slice. The stimulating electrodes were placed in one of
four locations (Fig. 1): (a) in stratum oriens on the CA3 side
of CA1; (b) in stratum radiatum on the CA3 side of CAl; (c)
stratum oriens on the subicular side of CAl; or (d) stratum
radiatum on the subicular side of CAl. Typically two or more
loci were tested in each slice. The stimulus intensity at each
location was varied to compare stimulus currents across loca-
tions, to elicit comparably-sized responses at the closest elec-
trode, and/or to explore the onset of synaptic or antidromic
responses. We tested a number of orientations (e.g., parallel
with anatomical laminae or perpendicular to anatomical lami-
nae, cathode or anode “leading”) for the stimulating electrodes.
For analyses, we used orientations where the pair of electrodes
was within a lamina, or as close to that as possible, and where
the cathode was the “leading” electrode.

Data were digitized at 20 kHz per channel and stored on
disk using MEDG64 Conductor software. Events were studied
offline using MEDG64 Conductor software, custom LabVIEW

(National Instruments, Austin, TX) programs, Microsoft
EXCEL macros, and custom NEURON-based software
programs.

Pharmacology

All drugs were applied to the bath by adding them to the

perfusate reservoir. The concentrations given are concentrations
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. — stratum radiatum
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FIGURE 1.

Diagram of the hippocampal slice, the recording
grid electrode, and stimulating locations. A: Diagram of the ventral
hippocampal slice, with major regions labeled. Note that CAl is
covered by the 8 X 8 grid elecrode and is not labeled. The location
of the grid electrode (the illustration approximates the 150 pm con-
tact spacing). Note that electrodes lie along the cell layer and cover

that exist in the reservoir and were achieved in the recording
chamber over a period of minutes. Recordings in the presence
of all drugs were taken after sufficient time for equilibration in
the recording chamber. Equilibration was apparent in record-
ings as a change in evoked response.

Bicuculline (bicuculline methiodide, 50 pM), AP-5 (DL-(—)-2-
amino-5-phosphonopentanoic acid, 40 pM), CPP (3-((RS)-2-car-
boxypiperazin-4-yl)-propyl-1-phosphonic acid, 20 pM), and
CNQX  (6-cyano-7-nitroquinoxaline-2,3-dione or 6-cyano-7-
nitroquinoxaline-2,3-dione disodium, 20 puM) were obtained
from Sigma (Sigma-Aldrich, St. Louis, MO). 2-hydroxysaclofen
(200 uM) and some batches of CNQX and CPP were obtained
from Tocris Bioscience (Ellisville, MO). Bicuculline was used to
antagonize GABA-A receptors. Saclofen was used to antagonize
GABA-B receptors. AP5 and CPP were used as NMDA receptor
antagonists, and CNQX was used as an AMPA receptor antagonist.

the dendritic axis as well. Four stimulating electrode pairs are illus-
trated in stratum oriens and stratum radiatum on either side of the
recording grid. The scale bar is 1 mm in total length. B, C: photo-
micrographs of a full slice (B) and a slice that has CA3 cut off (C)
with 100 p contact spacing. The image is taken by viewing through
the electrode-embedded floor of the slice chamber up to the slice.

All slices were disinhibited with bicuculline. The combination of
glutamate receptor antagonists was used to block excitatory trans-
mission, thereby exposing antidromic responses of pyramidal cells.

Data Analysis

We chose to focus on the set of electrodes that laid directly
along and/or adjacent to the cell layer so that we were well posi-
tioned to observe firing. We extracted a set of features from each
sweep of each channel that included the following. (A) Event
Onset. We took the first deflection from baseline that was due to
evoked activity in either the positive or negative direction as the
earliest event onset. In some recordings that were close to the
stimulating electrode, the stimulus artifact made detection diffi-
cult or impossible. In a number of these cases, we used stimulus
polarity reversals and comparisons of evoked responses to

Hippocampus
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responses evoked in the presence of glutamate receptor blockade
to be able to identify the onset of synaptically mediated or anti-
dromic activity. In a small number of slices, we captured sponta-
neous events spreading through area CAl. Onset measures in
these cases are discussed in the results. (B) Area. We full-wave rec-
tified responses and integrated the resulting waveform to deter-
mine the area of the response between the onset and end of each
evoked response. (C) Amplitude. We scanned the evoked response
for the maximum negativity and maximum positivity (in any
order). The difference between these values was taken as the max-
imal peak-to-peak amplicude. The absolute value of the ampli-
tude is reported. (D) Total event duration. The baseline before
stimulation was always very flat. The end of the evoked response
was taken as the point at which the evoked response completely
returned to baseline. The difference between the endpoint and
the event onset was taken as the total event duration. (E) Early
event duration. Each event consisted of a period of firing that was
followed by a slow wave. The difference between the end of firing
(transition to the slow wave) and the event onset was taken as the
duration of the early part. Features were extracted from each trace
and features were averaged for each channel.

Statistics

Averages for particular values (e.g., magnitudes at the closest
electrode position) were compared with analysis of variance
(ANOVA). Values in the text are presented as means plus/
minus standard errors of the mean.

Repeated measures regression was performed using general lin-
ear mixed models to predict onset, area, amplitude or duration
of the response using distance as a predictor and its interaction
with location (four levels: SO, SR on CA3 side and subicular
side) to test if the slope of each plot of parameter with distance
was dependent on stimulus location. The assessment of distance
as a predictor was performed for each location by testing slopes
of parameter by distance against 0. Significanty positive slopes
were interpreted as an increase, significantly negative slopes were
interpreted as a decrease and slopes that were not significanty
different from zero were interpreted as representing an unchang-
ing parameter as a function of distance (e.g., a response whose
duration was the same at each distance). Additionally, these
slopes were contrasted to assess the slope differences between the
locations. The best fitting covariate structure from the general
linear mixed models was used. The slope analyses were similar
to, but comparisons were more robust than, the determination
of Pearson product moment correlation coefficients (7).

RESULTS

We studied activity from horizontal slices taken from the
ventral hippocampal formation of rats. Full slices contained
DG, areas CA3 and CAl, subiculum, pre- and parasubiculum,
and the EC. In a number of slices we also made knife cuts to
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separate area CAl from area CA3 and/or subiculum. Record-
ings were made with an 8 X 8 electrode grid where at least
eight electrodes laid along the cell layer of CAl. For the statis-
tical comparisons, stimulus currents producing comparable ini-
tial responses were used. The stimulating locations used to trig-
ger population events were in the stratum radiatum or stratum
oriens on either the CA3 side of CAl or the subicular side of
CA1l. The independently moveable stimulating electrode had a
variable distance to the nearest grid electrode. Plots of activity
as a function of distance are made using the actual distances of
grid electrodes from the stimulating electrode. For analyses, we
used data from slices that were stimulated from at least one
proximal and one distal stimulating site.

Responses Evoked From the Proximal
or Distal Side of CA1

In the presence of bicuculline to block GABA-A receptor-
mediated transmission, stimuli evoked population responses
that propagated from the CA3 (proximal) side of CAl to the
subicular (distal) side of CAl. Propagation in the direction to-
ward subiculum was characterized by declines in amplitude
measures (area and peak-to-peak amplitude), but stable or
increasing event durations as a function of distance away from
the stimulating electrode (response “broadening” — see Figs. 2
and 3). Some of these measures are plotted and compared in
Figure 3 and Table 1.

Evoked population events were characterized by an initial pe-
riod of population spiking followed by a late slow component
that was free from spiking (Fig. 4). The slow component was
not mediated by GABA-A receptor activation, nor was it medi-
ated by GABA-B or NMDA receptor activation because all sli-
ces were studied in bicuculline and addition of saclofen, CPD,
or AP5 to the bath were all without effect in reducing this late
event [data not shown, see also (Funahashi and Stewart,
1998)]. Additionally, antidromic population spikes were not
accompanied by similar late events suggesting minimal contri-
butions from intrinsic ionic conductances. The late slow event
is discussed further, below.

When each of the outcome measures (onset, area, amplitude,
durations) was assessed using distance and location as factors in
a regression model, the analysis of interest was the interaction
between distance and location. In plots (Fig. 3), and for statisti-
cal comparisons of slopes (Table 1), we normalized responses
by dividing each of the eight values for a given slice by the first
(closest to stimulator) value from that slice. Interactions were
significant for the two duration measures, early duration
(F3,143 = 21.4, P = 0.000) and total duration (F3, 216 =
57, P = 0.000), indicating a difference in the parameter-dis-
tance slopes across stimulus locations, but interactions were not
significant for onset (F3, 202 = 0.9, NS), amplitude (F3, 217 =
0.9, NS), or area (F3, 220 = 1.9, NS) measures. We explored
the parameter-distance relations further by estimating regression
parameters and assessing the differences of the slopes. Slopes
differed for the duration measures but not the amplitude meas-
ures, depending on the stimulus location. Regression lines are



CA3-side (proximal) stimulation

subiculum-side (distal) stimulation

FIGURE 2. Unidirectional spread of triggered population activ-
ity along the proximo-distal axis in CAl. Top row: series of record-
ings from eight recording sites showing propagation (from right to
left) of population events triggered by a single stimulus pulse on
the CA3 (proximal) side of CAl. Black arrowheads in the right
three panels point to the negative population spikes, often an initial
large spike followed by later smaller spikes on a slow negativity that
is a synaptic event. Numbers in the boxes associated with each trace
are the channel number along the cell layer to highlight firing. Con-
secutive numbers are separated by 100 pm. Electrode 33 is sepa-
rated from electrode 42 by 141.4 pm because it is located on a di-
agonal of the grid. Boxes are calibrations, illustrated again at the
lower right of the figure. Black traces are recordings during disinhi-

illustrated in Figure 3, and the regression parameters are sum-
marized in Table 1.

One of the advantages of the grid electrode is its ability to
offer coarse “depth” profiles of voltage responses. These con-
firmed population spikes to be from the cell layer [e.g., (Kloos-
terman et al., 2001; Vreugdenhil et al., 2005)]. Firing in intra-
cellular recordings coincident with epileptiform population
spiking in field potentials has also been demonstrated in
numerous studies [for area CAl, examples include (Jensen and
Yaari, 1997; Traynelis and Dingledine, 1988; Karnup and
Stelzer, 2001)]. The late phase was a negative wave on the basal
dendritic side of the cell layer, and an extracellular positivity on
the apical dendritic side of the cell layer. The phase reversal
was at or slightly apical to the apical edge of the cell layer.
Taken together with the pharmacological resistance to NMDA
and GABA-B receptor blockade, these data indicate that the
late slow phase of the population event is mainly basal dendri-
tic excitation mediated by non-NMDA receptor activation that
outlasts the period of firing in CAl pyramidal cells. We
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bition with bicuculline (50 pM). Superimposed gray traces include
CNQX and CPP to identify antidromic activity. The duration of fir-
ing is clearly seen to increase as more distant recording sites are
examined. Bottom row: recordings from the same set of electrodes
in the same slice in response to triggering stimuli applied on the
subicular (distal) side of CAl. The stimulus currents were matched
to highlight the fact that the antidromic spike is large even when
the synapticallly-mediated event is relatively small. Propagation is
from left to right. Black arrowheads in the left two panels point to
negative population spikes (as above). Gray arrowheads in the right
two panels point to negative antidromic population spikes. Note the
rapid decay of the evoked response revealing only the single anti-
dromic spike at the most distant recording sites.

selected for measurements electrodes that were close to the cell
layer because our emphasis was on cell firing, but most com-
monly we picked electrode sets for duration measurements that
lay along the basal side of the cell to include the late phase in
our measurements of total duration. Selecting electrodes in this
manner (i.e., along the basal or apical side of the phase reversal
for the late component) preserved our examination of popula-
tion spiking without forcing us to underestimate the duration
of the late phase by sampling electrodes that laid “on” the
phase-reversal.

In contrast to the propagation and broadening of events that
spread from the proximal side of CAl toward the distal side,
propagation of population events in the direction “backward”
toward CA3 was characterized by a rapid decline in both the
event amplitude and duration measures (see Figs. 2 and 3).
Measured parameters had the same basic features, including the
laminar appearance of the late synaptic component (Fig. 4).
The distance over which we saw events spreading did not cor-
relate with stimulus intensity.

Hippocampus
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FIGURE 3. Comparison of spread and broadening in events
evoked by proximal or distal stimuli applied to stratum oriens or
stratum radiatum. Top row (A, B) are plots of actual event onset
measures. Open circles represent data from CA3-side or proximal
stimuli (stratum oriens in left column, stratum radiatum in right
column), and filled triangles represent data from subicular-side or
distal stimuli (stratum oriens in left column, stratum radiatum in
right column). Plots contrasting normalized area (C, D), normal-
ized early event duration (E, F), and normalized total event dura-
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tion (G, H) are similarly organized. The differences in duration
measures between proximal and distal stimuli are readily apparent.
Event broadening is indicated by positive slopes in the duration
plots and is seen only for proximal stratum oriens stimulation
(open circles in plots E and G). Nondecrementing responses are
seen in events triggered by stratum radiatum stimuli (open circles
in plots F and H). All measures decrement rapidly for events trig-
gered by distal stimuli. See Table 1 and text for additional details
and statistical analyses.
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CA3-side (proximal) stimulation

s [ F {218

subiculum-side (distal) stimulation

FIGURE 4. Profiles of the late slow phase following firing for
forward and backward events. Each distance from the stimulating
electrode is represented by a set of three recordings which were
along the primary dendritic axis of the CAl pyramidal cells. Propa-
gation is right to left for the top panel and left to right for the bot-
tom panel. The center row in each set is at the cell layer, the top

Spread

Event onsets plotted as a function of distance from the stim-
ulating electrode were used to estimate the propagation velocity
of epileptiform discharges. Propagation velocity was <0.5 m/s
(500 pm/ps) irrespective of the stimulation location (Fig. 3,
Table 1). Propagation was not changed by knife cuts to discon-
nect area CA3 or the parahippocampal areas, or by increasing
potassium concentration beyond 5 mM.

We looked at the conduction velocity for antidromic popula-
tion spikes evoked by proximal-side or distal-side stimulation,
recorded in the presence of CNQX and either CPP or AP5
added to the perfusate that already contained bicuculline. The
conduction velocity for antidromic events to the most distant
electrode was 0.2-0.3 m/s when proximal stimuli were used
and 0.3-0.4 m/s when distal stimuli were used. In fact, for
events triggered by subicular-side stimulation, only antidromic
responses were being recorded at the most distant electrodes
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row is 100 pm apical to this site and the bottom row is 100 pm ba-
sal to this site. The late slow phase is a positivity in apical locations
and a negativity in basal locations (arrow in the rightmost set). This
is the same voltage profile for events triggered by distal stimuli
(bottom panel, left most set). Consecutive numbers along the row,
and electrodes in each column are separated by 100 pm.

(Figs. 2 and 4). All velocities are consistent with conduction
over lightly or unmyelinated axons (Andersen et al., 2000), and
do not suggest significant delays from serial cell to cell
transmission.

It is important to note that antidromic responses were always
single spikes and never bursts [as reported for subiculum
(Stewart, 1997)] and that although some pyramidal cells were
antidromically activated by subiculum-side stimulation, anti-
dromic spikes in the presence of intact excitatory transmission
did not trigger epileptiform bursts.

In three slices, we captured the spread through CA1 of spon-
taneous events whose origin was either uncertain or confirmed
to be in CA3. In these datasets, we looked at several indicators
as measures of conduction velocity. Earliest evidence of activity
(leftmost line in Fig. 5) and peak of the afterdischarge (right-
most line in figure) gave conduction velocity estimates that
were 0.1-0.05 m/s, whereas the maximum slope measure gave
velocity measures that were consistently slower. All measures



spread toward subiculum

FIGURE 5. Spread of spontaneous population activity along
the proximo-distal axis in CAl. Spontaneous epileptiform dis-
charge with one clear afterdischarge spreading from near CA3
(bottom trace and lowest electrode in the image) to near subicu-
lum (top trace and uppermost electrode in the image). Three refer-
ence lines are shown in gray. The leftmost line marks the first clear
deviation from baseline evident in the most proximal recording
(bottom trace). The second line from the left marks the steepest
slope in the main part of the period of firing. The rightmost line
marks the peak of the afterdischarge. Using each of these measures
produces different estimates of conduction. Earliest activity and
the peak of the afterdischarge both give values of <10 ps (about 7
s) to propagate a distance of 700 pm for a conduction velocity of
about 0.1 m/s. Using the slope marker, the conduction velocity is
estimated at about half of the other estimates (0.05 m/s). At the
bottom is an image of the slice with the electrode grid. The elec-
trophysiological data are from the highlighted set of electrodes.
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gave conduction velocities that were slower than the measures
determined from triggered events, but evidence of firing pre-
ceding population discharges was found in some cases with
intervals resembling the intervals found in triggered events.

Broadening

A feature of some networks whose members sequentally
activate each other is a progressive increase in the amount of
time that loci are active, as one moves further away from the
site of initiation. In other words, evoked responses can
“broaden.”

Amplitude measures were not sensitive enough to define
broadening. Increasing temporal dispersion of cell firing was
expected to rapidly affect peak-to-peak amplitudes, but our
area measures also declined indicating a real decrease in the
number of active cells as a function of distance. As described
earlier, antidromic responses were confirmed pharmacologically
in some slices. The rate of decay in the amplitude measures,
therefore, underestimates if synaptically-mediated
responses are actually absent before the last electrode is reached.
We consider the underestimation error to be small because the

can be

antidromic events themselves were a small fraction of the total
event.

Duration measures were better for detecting and defining
polysynaptic activity. Broadening was determined by measuring
two durations: (a) an “early event duration” which was defined
as activity between the event onset and the point of transition
from firing to the late slow component, and (b) the total event
duration. These measures showed striking differences depend-
ing on whether responses were triggered with proximal or distal
stimuli.

Slope determinations revealed three conditions: a significant
positive slope indicated that the event duration increased with
distance, a nonsignificant slope (not different from 0) indicated
that the event maintained its duration with distance, and a sig-
nificant negative slope indicated that the event decreased in du-
ration with distance. All events evoked by either stratum oriens
or stratum radiatum stimulation on the subicular side of CAl
showed significant decreases in event duration (both early and
total duration) with distance (Fig. 3), again, consistent with a
rapidly shrinking population of active cells. By contrast, events
evoked by proximal stimuli showed increases or stable response
durations. The durations of antidromic spikes were brief
enough not to introduce significant error to the early and total
event duration measures for events triggered by distal stimuli.

The most sensitive measures for the polysynaptic activity in
area CAl were the duration measures which defined times dur-
ing which there was firing and evidence of excitatory synaptic
activity, The amplitude measures were the least sensitive
because triggered events steadily decreased in amplitude even
when there was propagation. The choice of onset measure
depends on the experimental setup, but the point of earliest ac-
tivity was the most consistent in our opinion, and, when events
are triggered, onset can be confirmed by contrasting evoked

Hippocampus
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responses in the absence or presence of pharmacological block-
ade of excitatory transmission.

DISCUSSION

The intrinsic connectivity of CAl is sufficient to support the
generation of epileptiform events and their propagation over its
proximo-distal axis. Population events triggered on the proxi-
mal side of CAl spread across the proximo-distal extent of the
subregion, but events did not spread in the reverse direction

when triggered with distal (subicular-side) stimulation. Anti-
dromic responses at the most distant recording sites were more
commonly elicited by subicular-side stimuli, but such responses
were not sufficient to trigger epileptiform discharges when exci-
tatory transmission was intact. Further, based on the extent of
spread in the disto-proximal direction, we estimate the local
extent of CAl intrinsic axons (excepting axonal extensions aris-
ing from projection axons) to be on the order of 300 um, con-
sistent with anatomical data (Lorente de No, 1934). The con-
duction velocity for spreading events approximated the conduc-
tion velocity for antidromic action potentials in CAl. We
conclude that the unidirectional spread of population activity
results from the combination of: (1) the proportionally larger
axonal projection toward subiculum by CALl cells, and (2) the
fact that some local collaterals arise from these projection
branches, resulting in a uniquely asymmetrical intrinsic collat-
eral system (Fig. 6). This collateral system can be utilized for
seizure spread, but its unidirectionality protects against re-
entrant activation of CA3, and may serve a function role in
relaying activity from proximal portions of CAl to distal por-
tions of CAl.

Bases for the Asymmetry in CA1

While anatomical or physiological data from individual cells
may or may not be representative of the majority, field poten-
tials, especially when pharmacologically simplified from a struc-
ture such as CAl, offer considerable information about popula-
tion activity. The asymmetry of the collateral system is evidenced
by the unidirectional spread of epileptiform events and by the
fact that antidromic responses were more commonly evoked and
larger when distal stimuli were used. Interestingly, tetanic stimu-
lation elicited similar asymmetries in the generation of gamma
frequency activity in vitro (Colling et al., 1998; Stanford et al.,
1998). The finding that the speed of conduction for triggered
events closely resembled the speed of antidromic responses is evi-
dence for the functional utility of the long axon collaterals. The
sparseness of the CAl connectivity is attested to by the signifi-
cant decrement in event amplitude that is not simply the result
of temporal dispersion of firing, and the finding that antidromic
spikes evoked by distal stimuli did not recruit other cells to
form a population discharge. Polysynaptic events have been
reported in response to antidromic activation of what may be

larger groups of cells (Crepel et al., 1997).
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FIGURE 6. Schematic representation of CAl pyramidal cell

axonal connectivity used for the proximo-distal spread of
synchronized events. Top: schematic of intrahippocampal connec-
tivity illustrating established views of dentate to CA3. CA3 to
CAl, and CAl to subiculum connections. This figure is styled to
resemble Figures 3-56 from Amaral and Lavenex (Amaral and Lav-
enex, 2007). Pyramidal cell bodies are represented as triangles for
areas CA3 and CAl. Below: Area CALl is highlighted to permit the
added detail of ascending collaterals that contact other pyramidal
cells. Possible connections with interneurons are not shown. The
result is an extensive fiber system directed toward the subiculum
with opportunities for rapid long-range excitation of distal CAl
cells by proximal CAl cells, and for sequential spread of excitation
over limited local collaterals.

We would argue that the asymmetric spread of activity
results from asymmetrical axonal arbors. The anatomical evi-
dence for a dense projection from CAl to subiculum is well
established (Witter and Amaral, 2004). There are examples of
individual CAl neurons with pronounced asymmetries of their
axonal arbors (Finch and Babb, 1981; Knowles and Schwartz-
kroin, 1981; Tamamaki et al., 1987), although some cells have
symmetrical axonal arbors (Finch et al., 1983). Importantly, for
the development of the argument that projection collaterals
contribute to the asymmetry of the intrinsic collateral system,
there are several examples of CAl pyramidal cells showing axo-
nal extensions that reach up into stratum oriens arising from
the major collaterals (Knowles and Schwartzkroin, 1981; Lor-
ente de No, 1934). Lorente de N6 described both the local
axonal arbors around individual CAIl cells (Lorente de No,
1934) (we have similar data from Golgi studies in rats, unpub-
lished), and collaterals arising from CAl alvear fibers that
entered the “lower parts” of CAl. None of these data, however,
prove that axonal processes form excitatory connections



between pyramidal cells, but Witter (Witter and Amaral, 2004)
suggested that “these collaterals might be the substrate for pro-
jections from CAIl pyramidal cells to the basal dendrites of
other CA1 cells.” Our data support the conclusion that some
of the targets are in fact pyramidal cells.

Triggered events are generated by polysynaptic and repeated
excitation of pyramidal cells [see also (Crepel et al., 1997)],
but the velocity of spread suggests that the earliest synaptic ac-
tivity at each recorded site arises from a small number of syn-
apses in series (possibly monosynaptic). One question that
arises then is whether the unidirectionality of the Schaffer col-
lateral system contributes to the asymmetry we observe. Stimuli
applied to either stratum radiatum or stratum oriens were simi-
larly effective for triggering spreading population events. Events
triggered by stratum oriens stimuli, even when the stimulating
electrodes were placed well inside CAl, showed broadening
with distance, and suggest that the most sustained and highest
levels of excitation are elicited by stratum oriens stimulation.
Stimuli applied to the subicular-side of CA1 might be expected
to have an equivalent excitatory priming effect because these
stimuli activate projection axons, although such activation was
found to be primarily antidromic. The absence of such an exci-
tatory priming effect in the reverse direction can be explained
by the asymmetry of the axonal arbors (Fig. 6). A decreasing
number of axons as one move toward proximal CAl would
lead to a progressive decline of any excitatory priming effect as
a function of distance along the disto-proximal axis. A similar
decline in excitatory priming will occur when Schaffer collater-
als are activated, and therefore would be expected to promote
activity in a steadily shrinking population of pyramidal cells.
Neither the antidromic activation of CAl cells, nor Schaffer
collateral activation can account for the sustained polysynaptic
activity we observed.

Spread and Broadening

In biological studies, we have seen spread in both directions
along a proximo-distal axis in subiculum (Harris and Stewart,
2001a) and EC (Stewart, 1999), although there are some dif-
ferences in activity depending on the direction of spread (Funa-
hashi and Stewart, 1998). Spread is also reported to be bidirec-
tional in neocortex (Chervin and Connors, 1986; Gutnick and
Wadman, 1986). The rates of spread in different cortical
regions vary somewhat. Nondecrementing (and sometimes
broadening) population events spread through area CA3 at
0.15 m/s CA3 (Miles et al., 1988). This was similar to the
rates reported for neocortex, 0.13-0.19 m/s neocortex (Golomb
and Amitai, 1997), and disinhibited hippocampal neurons cul-
tured on a line, 0.1 m/s (Feinerman et al., 2005). Lower rates
were reported in other studies of neocortex, 0.074 m/s (Pinto
et al.,, 2005), and in subiculum, 0.04 m/s subiculum (Harris
and Stewart, 2001a). These rates are all lower than the reported
conduction velocity for unmyelinated CA3 axons [longitudinal
association fibers: 0.39 m/s, 0.25 m/s
(Andersen et al., 2000)].

Schaffer collaterals:
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Uniformly connected cells in a distributed network model
show features of the forward spreading in CAl or activity seen
in other hippocampal formation areas whose intrinsic connec-
tivity appears symmetrical. Among the most significant parame-
ters associated with the rate for propagation of a population
event are the connectivity properties within local clusters or
modules of neurons and between modules, but these parame-
ters govern spread generally. The intramodule connectivity
establishes a threshold to activate groups of cells (Beggs and
Plenz, 2003; Lytton et al., 2005), and as one module excites an
adjacent module, the duration of activity increases, a process
we refer to as broadening,

Broadening is seen as a negative consequence of population
events propagating in a neuronal network (Traub et al., 1999;
Vogels et al., 2005). The excitatory and inhibitory parameter
sets are difficult to configure such that sets of active neurons
(synfire packets) do not recruit larger numbers of cells, or that
individual cells do not sustain activity, as events propagate
[e.g., (Lytton et al., 2005; Vogels and Abbott, 2005)]. Model
networks (CA3 and CA1) change from normal low rates of ac-
tivity to seizing to bursting as the number of long-distance con-
nections is increased (Netoff et al., 2004). The extreme exam-
ple of this inappropriate recruitment [epileptic chain reaction,
neuronal avalanche, synfire chain explosion; reviewed in (Traub
et al., 1999; Vogels et al., 2005)] is the finding that activation
of a single CA3 pyramidal cell can synchronize the entire pop-
ulation (Miles and Wong, 1983). Such expansion in time of
neuronal activity, or a dissipation of activity (synfire chain fail-
ure) means that the packets themselves cannot function as
faithful relay mechanisms (Vogels et al., 2005).

In biological preparations, inhibitory circuits are clearly criti-
cal for preventing the inappropriate recruitment of neurons in
modules as population discharges spread successively through a
series of such modules that comprise a brain area. Although the
various types of inhibitory cells, their principal modes of activa-
tion, firing, and targets are all quite well defined [e.g., (Buhl
and Whittington, 2007)], there are no data to suggest that
there are quantitative differences in the numbers of inhibitory
cells, the types of inhibitory cells, or the strength of inhibition
on pyramidal cells as a function of location along the proximo-
distal axis. In area CAl, the suppression of inhibition was
shown to be critical for the spread of epileptiform events out
of the area and into subiculum (Benini and Avoli, 2005). By
contrast, Pinto et al. (2005) showed that propagation in the
neocortex did not depend on inhibition; inhibition determined
event duration. Broadening in disinhibited preparations is con-
trasted with the more stable sharp wave (Buzsaki, 1986) spread-
ing through hippocampal formation areas. These normally-
occurring synchronous population events do not show broaden-
ing as they spread. Rather, an interesting by-product of the
functioning inhibitory network is the period of gamma fre-
quency activity that trails the propagating sharp wave [e.g.,
(Ylinen et al., 1995; Funahashi and Stewart, 1998)] and can
contribute to long-range synchrony [reviewed in (Traub et al.,
1999); see also (Csicsvari et al., 2003; Funahashi and Stewart,
1998)].

Hippocampus
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Functional Implications

What purpose might the asymmetrical collateral system serve?
This organization is certainly an additional safeguard against re-
entrant activation of area CA3, perhaps the most seizure-prone
region in the brain. Seizure “prevention” is not, however, likely
to be the natural function of a brain region’s collateral system.
An interesting and functional possibility comes from the role of
area CAl in spatial information processing.

The “place” signal found in CAl pyramidal cells [reviewed
in (O’Keefe, 2007)] is derived from a spatial signal in “grid
cells” of the medial EC (Hafting et al., 2005; Sargolini et al.,
2000). Spatial information comes to CAl from medial and not
lateral EC (Knierim et al., 2006). The medial EC projects to
proximal CAl whereas the lateral EC projects to distal CAl
(Steward, 1976), and these inputs are segregated. One would
predict, therefore, that spatial firing in CA1 (place cell activity)
would be found in the proximal, but not distal CAl. The
available physiological data suggest that this prediction is wrong
and that place cells exist over the entire proximo-distal extent
of CAl. We suggest that the unidirectional intrinsic collateral
system in CAl functions as a relay of spatial or other signals
from proximal CAl neurons to distal CAl neurons.
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