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Abstract To better understand information transfer along
the hippocampal pathways and its plasticity, here we
studied the antidromic responses of the dentate gyrus (DG)
and CA3 to activation of the mossy fibers and Schaffer
collaterals, respectively, in hippocampal slices from naive
and epileptic rats. We applied trains of 600 electrical
stimuli at functionally meaningful frequencies (0, f/y and
7). The responses of the DG to 0 frequency trains under-
went rapid potentiation that lasted about 400 stimuli, after
which they progressively returned to control value. At f/y
and y frequencies, however, the initial potentiation was
followed by a strong frequency-dependent depression
within the first 50 stimuli. In kindled animals, the initial
potentiation was stronger than in control preparations and
the resonant phase at 6 frequency lasted longer. In contrast,
CA3 responses were exponentially depressed at all fre-
quencies, but depression was significantly less intense at
frequency in epileptic preparations. Failure of fibers to fire
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action potentials could account for some of the aforemen-
tioned characteristics, but waveforms of the intracellular
action potentials also changed as the field responses did,
i.e., half-duration and time-to-peak increased in both
structures along the stimulation trains. Noteworthy, block
of glutamate and GABA ionotropic receptors prevented
resonance and reduced the depression of antidromic re-
sponses to f/y and y stimulation recorded in the DG, but
not in CA3. We show that the different behavior in the
information transfer along these pathways depends on the
frequency at which action potentials are generated, ex-
citability history and anatomical features, including
myelination and tortuosity. In addition, the mossy fibers are
endowed with ionotropic receptors and terminal active
properties conferring them their sui generis non-passive
antidromic responses.

Keywords Hippocampus - Information transfer capacity -
Mossy fibers - Schaffer collaterals - Signal-to-noise ratio -
Antidromic potentials - Antidromic resonance

Introduction

The output of information from the dentate gyrus (DG) via
its mossy fibers (MFs), its integration by the pyramidal
cells of CA3 and, in turn, their output of information via
the Schaffer collaterals (SCs) to CAl must be tuned to
allow an efficient passage of information along the hip-
pocampal circuit (Jaffe and Gutiérrez 2007). How this is
achieved is poorly understood. In hippocampal slices
recorded in an air-to-liquid interface chamber under normal
artificial cerebrospinal fluid (ACSF), CA3 displays en-
dogenous 0 and fi/y rhythmic activity, whereby the latter is
primarily sustained by a GABAergic circuit (Trevifio et al.
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2007; Pietersen et al. 2009). When MFs are activated at ff/y
frequency, EPSP—spike coupling in pyramidal cells of CA3
seems to be better than at lower or higher frequencies
(Trevifio et al. 2007, 2011), suggesting a resonance phe-
nomenon. The underlying cause of this apparent resonance
can be explained by either a better transfer capacity of the
MF at this frequency range or by a proneness of CA3 cells
to better follow such frequency. To address this, we studied
the capacity of CA3 and DG to respond to antidromic ac-
tivation of the SCs and MFs, respectively, at different
frequencies: 5, 10, 24 and 40 Hz, which, constitute func-
tionally relevant rhythms (5, 6, f/y and 7y) in the hip-
pocampus. To analyze antidromic responses recorded in
CA3 and the DG, we directly stimulated the SCs and MFs,
respectively, in the presence and absence of antagonists of
glutamate and GABA ionotropic receptors. In a set of ex-
periments, we also compared recordings from the fiber
tracts themselves and from the pyramidal and granular cell
layers of CA3 and DG. Neuronal assemblies must have
specific characteristics as defined from their distinctive
architecture, and their transmission capacities may be af-
fected by their differences in myelination as well (Meier
et al. 2004; Alle et al. 2009). Therefore, in this work we
ask: Which information transfer properties underlie the
functional coupling of the DG—or the mossy fibers—with
CA3, and from there—Schaffer collaterals—to CA1? Do
their known different myelination, channel and receptor
distribution, as well as their morphological characteristics
affect action potential conduction to the soma? Can kin-
dling epilepsy modify any of the aforementioned
characteristics?

Our results show that the morphological and electrical
properties of the major conduction pathways in the hip-
pocampus differ in the kinetics in which they conduct
repetitive antidromic potentials. This suggests that a
counterbalanced activity-dependent mechanism can po-
tentiate the transfer of information at a preferred or optimal
frequency, namely at the 0 frequency range.

Materials and methods
Electrophysiological recordings

The Ethics Committee for Animal Research at our insti-
tution approved all experimental procedures. For our
recordings, we used acutely prepared combined entorhinal
cortex—hippocampus slices (400 pm). They were obtained
from young adult (5 weeks of age) naive and electrically
kindled (8 weeks of age) Wistar rats, the day on which the
5th stage V seizure was induced, as previously described
(Gutiérrez 2000). Slices were kept in oxygenated artificial
cerebrospinal fluid (ACSF) at room temperature at least for
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1 h before they were transferred to the recording chamber.
For recording, the slices were transferred to an air-liquid
interface chamber and were constantly perfused
(1 ml min~') with oxygenated ACSF at 34 4 0.5 °C
containing (in mM): NaCl, 124; KCl, 3 and 5 (see “Re-
sults”); NaH,PO,, 1.25; MgSQ,, 2; CaCl,, 2 and 1.2;
NaHCO3, 26, and glucose, 10; pH 7.35. The drugs used
were diluted in the ACSF, namely the NMDA receptor
antagonist (D, L)-2-amino-5-phosphonovaleric acid (APV;
30 uM; Tocris-Cookson, Ellisville, Missouri); the non-
NMDA receptor antagonist 6-nitro-7-sulfamoylbenzo-
(f)quinolaxine-2,3-dione (NBQX; 10 uM; Tocris-Cook-
son); the GABA 4 receptor antagonists picrotoxin (100 pM;
Sigma-Aldrich) and gabazine (10 pM; Sigma-Aldrich).
Antidromic, extracellular field potentials were recorded
with glass microelectrodes (5-10 MQ) filled with NaCl
(155 mM) placed over the pyramidal cell layer of CA3 area
and over the granular cell layer of the DG (Fig. 1a;, ay). A
second series of extracellular recordings (see “Results™)
were conducted on the stratum lucidum, to record the an-
tidromic population action potential (;AP) traveling along
the MFs, and on the stratum oriens of CA3, to record the
antidromic (AP evoked in the SCs. Intracellular recordings
were conducted with borosilicate microelectrodes
(65-75 MQ) filled with 2 M potassium acetate (Sigma-
Aldrich). Electrophysiologically identified pyramidal cells
were recorded from regions CA3a and b, and granule cells
were recorded from the upper blade of the DG. Both intra-
and extracellular signals were acquired using an AxoClamp
2B amplifier (Molecular Devices, Foster City, CA). Signals
were digitized (at 10 kHz; Digidata, Molecular Devices)
and acquired with the pClamp 9 Software (Molecular De-
vices). Stimulation to the SCs and to the MFs (Fig. 1a;, by)
was provided with a Grass S11 stimulator through a pho-
toelectric stimulus isolating unit (PSIU 6; Grass Instr. Co.)
connected to a bipolar (tip separation 50 pm), glass-insu-
lated platinum wire (25 pm) electrode. We delivered 4
trains of 600 pulses of 0.1 ms, each at 5, 10, 24 and 40 Hz
with an intertrain interval of 2 min, under control ACSF
perfusion, after which the blockers were perfused to record
the same type of responses during the block of glutamate
and GABA4 receptors (see Fig. 1). The current intensity, at
which the trains were delivered, was determined for each
experiment with an input—output curve, whereby the
minimal stimulation needed to evoke antidromic ;APs was
used to assess ;AP failures and kinetics changes.

Data analysis

We measured the peak latency, the amplitude and the du-
ration of the field antidromic responses, as well as of the
intracellular responses evoked under each experimental
condition (Fig. la; see “Results”) using the built-in
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Fig. 1 Schematic
representation of the
experimental setup and results
obtained in control slices.
Antidromic field action
potentials were evoked in the
DG by stimulation of the MFs
(a;) and in CA3, by stimulation
of the SCs (by) at 5, 10, 24 and
40 Hz. a, Long time scale and
short time scale sample traces of
the antidromic field potentials
evoked in the DG and in CA3
(by; n = 6 for each region). All
stimulus artifacts were
suppressed. We measured the
amplitude, peak latency and
half-duration of each antidromic
field action potential in the
trains. Calibration bars in (by)
also apply to (a,). ¢, d Plots of
the normalized responses along
the train for each frequency and
pharmacological condition.

¢ Stimulation at slow and fast 0
frequencies of the MFs
provoked an initial potentiation
followed by a long plateau of
potentiated responses
(resonance; vertical black
dotted line). The vertical red
dotted lines signal the stimulus
in the 10 Hz train at which the
amplitude returned to the value
of the first response.

d Stimulation of the SC
provoked a frequency-
dependent exponential
depression in CA3. The vertical
black dotted lines indicate the
plateau values
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functions of pClamp 10. The onset latency of the responses
was measured from the beginning of the stimulation arti-
fact to the first inflection point of the first derivative of the
signal. For our analysis of resonance (Figs. 1, 2, 3), the
amplitude of all the extracellular antidromic responses in
DG and CA3 was normalized using the responses of the

DG to 5 Hz stimulation, in the presence of glutamate and
GABA receptors antagonists, as reference for normaliza-
tion. A similar normalization procedure has been employed
in other studies about resonance (Manjarrez et al. 2003).
We considered that “antidromic resonance” occurred when
the amplitude of the antidromic field responses
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Fig. 2 Results obtained in
slices from epileptic rats.
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significantly increased with respect to the first evoked po-
tential in these conditions. Also, to better represent changes
in amplitude and half-width of the intracellularly recorded
action potentials along the stimulation trains, they were
normalized as well (Figs. 7, 8). Units of measurement for
each plot are clarified in the corresponding legends. To
determine the statistically significant difference between
groups (control vs kindled) and conditions (frequencies and
pharmacologic) we performed a Student’s ¢ test for pooled
independent samples. Also, we performed a one-way
ANOVA to compare the amplitude of the ;(APs obtained at
different pharmacological conditions for a given an-
tidromic stimulation frequency.

Histological procedure

To label the SCs as well as the MFs, we introduced a small
crystal of fluorescein—dextranamine (Molecular Probes,
Eugene, OR) in the granular cell layer of the DG or in the
pyramidal layer of CA3 with the aid of a micropipette tip
(Boulton et al. 1992). The dye is taken up into the neurons
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and anterogradely and retrogradely transported along the
axons. Because we focused in the anterogradely labeling of
the axons that constitute the MFs and Schaffer collaterals,
we kept the slices in an air-liquid interface chamber,
constantly perfused with oxygenated storage solution at
room temperature for 3—4 h after introducing the crystal.
Photomicrographs were obtained with a confocal micro-
scope Leica TCS SP2. Digitized images were processed
with the Leica Application Suite Advanced Fluorescence
Lite (LAS AF Lite, Ver. 2.6.0).

Results

We first determined the effect of different frequencies of
stimulation on the amplitude, half-duration, and peak la-
tency of the antidromic field responses of the DG (n = 6)
and of CA3 (n = 6) evoked by stimulation of MFs
(Fig. 1a;, ay) and SCs (Fig. 1by, b,), respectively. These
parameters were measured for each antidromic response
along the stimulation trains of different frequencies and in
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Fig. 3 Summary of the normalized antidromic responses of Figs. 1
and 2, obtained when the responses reached a plateau value in the
three pharmacological conditions ACSF, NBQX + APV, and
NBQX+APV+BIC. The amplitude of all the antidromic responses
in DG and CA3 was normalized using the antidromic responses of the
DG to 5 Hz stimulation in the presence of glutamate and GABA
receptors antagonists, as reference for normalization (black bar at
5 Hz in the last graph of DG). The left panel shows that the amplitude
of the antidromic responses exhibited a resonance at 5 and 10 Hz in
control ACSF in control rats (see how the black bars in ACSF
conditions exhibit a significant increase relative to 1). Such DG
antidromic resonance occurred for 5 and 10 Hz (slow and fast 0) but
not for the f/y and y frequencies in both control, and kindled rats;
therefore, antidromic resonance is frequency dependent. CA3 did not
exhibit antidromic resonance for control rats (black bars) but kindled
rats (gray bars) exhibited an antidromic resonance for 5 (p < 0.05)
and 10 Hz (p < 0.01) even in the presence of NBQX + APV, and
NBQX + APV + BIC

the different pharmacological conditions (Fig. lc, d): in
control ACSF, during blockage of ionotropic glutamate
receptors with NBQX (10 uM) and APV (30 uM), and
during additional blockade of phasic and tonic GABA,
receptors with picrotoxin (100 pM) or gabazine (10 pM).
Figure la,, b, depicts sample traces of the antidromic po-
tentials evoked in the DG and CA3, respectively, by the
different stimulation frequencies (5, 10, 24 and 40 Hz).
The normalized amplitudes of the antidromic responses
evoked by high-frequency stimulation are depicted in
group plots in Fig. lc, d. In brief, high-frequency
stimulation of the MFs at 5 and 10 Hz in normal ACSF
initially provoked a potentiation of the responses (121 and
127 %, respectively), peaking by the 30th response, after
which they remained potentiated (see Fig. 3) for the next
360 stimuli and returned to control values after 400 stimuli.
This frequency specificity of the long-duration resonance
was only observed at 5 and 10 Hz (see Fig. 3). In contrast,
when the stimuli were delivered at 24 and 40 Hz, the re-
sponses were initially potentiated to 145 % by the 21-24th
stimulus, after which a fast depression (24 Hz, 56 %;
40 Hz, 34 % of the control value) was observed for the
remaining of the trains (Fig. Ic). In clear contrast, CA3
responses presented a different trend, whereby responses
were exponentially depressed along the train in a fre-
quency-dependent manner, reaching 20 % of the control
responses at 40 Hz (Fig. 1d). Perfusion of glutamate
blockers depressed the initial potentiation of the responses
of the DG to 5 and 10 Hz stimulation but not to 24 and
40 Hz stimulation. However, in the latter, the depression
provoked after the initial potentiation was less pronounced.
Interestingly, the addition of the GABA 4 receptor blocker,
picrotoxin (100 uM), provoked a steeper and stronger de-
pression (>75 %) after the initial potentiation (Fig. 1c). By
contrast, the response to high-frequency stimulation of the
SCs was not affected by perfusion of the antagonists
(Fig. 1d). We additionally conducted control experiments
in which we used gabazine (10 uM; n = 6) instead of pi-
crotoxin as GABA-R blocker, and found no difference in
the results from both sets of experiments (not shown).
We next conducted the same series of experiments in
slices obtained from kindled epileptic rats. Figure 2a shows
a response trend, similar to that observed in the control
experiments. Interestingly, the initial potentiation provoked
by stimulation at 5 and 10 Hz was more pronounced as
well as the number of responses that remained above the
values obtained in control slices (Fig. 2a). These higher
values remained potentiated during a longer period of the
stimulation train with respect to control slices (see Fig. 1).
Responses of the DG during perfusion of glutamate and

@ Springer
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GABA receptors’ blockers did not differ significantly from
control experiments. In summary, responses to 10 Hz un-
derwent potentiation along the stimulus trains with the
following characteristics: (1) the shift from potentiation to
depression was significantly faster in control than in kin-
dled preparations; (2) block of ionotropic glutamate re-
ceptors shortened the number of stimuli needed to shift
potentiation to depression; (3) additional block of GABA
phasic and tonic receptors produced a fast shift of the po-
tentiated responses to depression. These changes were not
observed in kindled rats, in which responses to 10 Hz re-
mained potentiated for a longer time. Contrary to responses
of CA3 from control rats, responses of slices from kindled
rats underwent an initial potentiation for the first 30 re-
sponses, after which the exponential depression was ob-
served. As described, the potentiation of the antidromic
responses of the DG observed in the initial part of the
stimulation train was followed by a plateau that had a
distinctive duration in each experimental condition (control
vs kindled; control vs glutamate and GABA-R block; and
finally 0 vs f§ frequency stimulation). Therefore, we took 6
stimulation as a point of comparison to better analyze the
effects of the different antagonists as well as of the kindled
condition on the transmission fidelity of the pathways
during the plateau. Figure 3 depicts the values of the an-
tidromic responses at the peak of the plateau (vertical
dashed lines in Figs. 1, 2), using the responses of the DG to
5 Hz stimulation in the presence of glutamate and GABA
receptors antagonists as reference for normalization. In-
terestingly, antidromic stimulation at 10 and 24 Hz evoked
responses in the DG of kindled preparations of higher
amplitude with respect to those of control rats (p < 0.05).
Under perfusion of glutamate and GABA antagonists, the
responses were still higher at 5 and 10 Hz, although there
was no significant statistical difference between both
groups. By contrast, antidromic responses of CA3, which
were exponentially depressed in all conditions, were less
depressed in kindled epileptic preparations under control
ACSF perfusion for all stimulation frequencies. However,
when the stimulation was provided in the presence of
glutamatergic antagonists, only the 6 band (5 and 10 Hz)
was significantly higher in the kindled group with respect
to control preparations. This difference did not change by
addition of the GABAergic antagonists.

Repetitive antidromic stimulation produced a progres-
sive widening of the antidromic (AP along the train. Fig-
ure 4a; depicts representative responses of the DG to MF
stimulation, which were superimposed using the peak value
as reference to observe the change of amplitude and du-
ration during a 24-Hz stimulation train. Figure 4a, shows
representative responses of the DG time-locked in the sti-
mulus artifact to observe how the peak latency shifts along
the 24-Hz stimulation train. Figure 4c;, c, illustrates

@ Springer

representative responses of CA3 to SC stimulation during a
24-Hz stimulation train. Figure 4b, shows the trend of the
(AP width changes in the DG, which reached ap-
proximately 120 % of the half-duration of the first response
at 5 and 10 Hz, and 170 % at 24 and 40 Hz. These pa-
rameters were not modified when ionotropic glutamate and
GABA 4 receptors were blocked. The latency to the peak of
the responses was also shifted along the train from 1.1 ms
at SHz to 1.6 ms at 40 Hz, in a frequency-dependent
manner (Fig. 4b,). Also, these parameters were not mod-
ified by the blockage of ionotropic glutamate and GABA
receptors. The antidromic {APs of CA3 underwent a
widening as the stimulus train progressed to 198 % at
40 Hz (Fig. 4d;). The latency to the peak also shifted from
1.2 to around 2.2 ms as the stimulation train progressed
(Fig. 4d,). Interestingly, although blocking glutamate and
GABA 4 receptor antagonists did not change the magnitude
of the effects, it reduced the variability of the responses to
high-frequency stimulation. The half-width duration and
peak latency of the antidromic responses were also mea-
sured in hippocampal slices of kindled epileptic rats. As
shown in Fig. 5, no clear difference was observed when
compared with control animals. However, it is noteworthy
that the values of these parameters measured in CA3 had a
higher variability in kindled vs control preparations.

Because the depression of the (APs along the stimulation
trains may be explained by the failure of the fibers to
conduct action potentials, we conducted intracellular
recordings in CA3 and in the DG while stimulating the SCs
and MFs, respectively. Furthermore, because of the simi-
larity of the responses of control and kindled rats, and as
proof of principle, we only conducted these experiments on
slices of control rats. As expected, the stimulation trains
delivered to the SCs and MFs failed to trigger action po-
tentials in a frequency-dependent manner both, in pyra-
midal (n = 5) and granular cells (n = 5), respectively.
Figure 6 depicts an example of intracellularly recorded
responses of a pyramidal cell to MF stimulation.

We next analyzed the kinetics of the intracellularly
recorded antidromic action potentials. To this end, we raised
the stimulus intensity to evoke action potentials for every
stimulus of the train, and measured the amplitude, half-
width, and time-to-peak of the intracellular responses, as
well as the antidromic extracellular compound action po-
tentials recorded over the MF and SC tracts (Figs. 7a;_ 8a,).
Note that, unlike the previous extracellular recordings made
on the granular and pyramidal cell layers, the latter recorded
the axonal volleys over the pathways themselves, i.e.,
without the participation of the somatic region (Figs. 7e—h,
8e—h). Again, to avoid contamination by conductances ac-
tivated in the fibers by ambient glutamate and GABA, we
conducted these experiments in the presence of ionotropic
glutamate and GABA, receptor blockers. The change in
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Fig. 4 Characteristics of the antidromic potentials evoked in control
preparations. Stimulus-dependent change in half-duration and peak
latency of the antidromic field responses evoked in the DG by MF
stimulation at 5, 10, 24 and 40 Hz. a; Sample traces recorded in the
DG showing the increase in half-duration of the antidromic field
potential as the stimulus number increases within a train of 24 Hz.
Traces are time-locked at the peak of the field potentials. a, Sample
traces showing the increase in peak latency of the antidromic field
potential as the stimulus number increases within a train of 24 Hz.

amplitude of the intracellularly recorded APs, antidromi-
cally evoked by MF and SC stimulation at different fre-
quencies, is depicted in Figs. 7b; and 8b;. While the
amplitude of the action potentials evoked in the granule cells
was mildly depressed (~3 % mV) in a frequency-dependent
manner (Fig. 8b,), those evoked in the pyramidal cells un-
derwent a stronger depression and presented a higher vari-
ability along the trains (~5-10 %; Fig. 8b;). These changes
were accompanied by a mild hyperpolarization (3 mV) of

0 100 200 300 400 500 600
stim. number

0 100 200 300 400 500 600
stim. number

0 100 200 300 400 500 600
stim. number

Traces are time-locked at the stimulus artifact. by Plot of the half-
duration of the antidromic field potential along the whole stimulus
trains at the different stimulation frequencies. The half-duration
increases progressively and in a frequency-dependent manner. b, Plot
of the peak latency of the antidromic field potential along the whole
stimulus trains at the different stimulation frequencies. The peak
latency increases progressively and in a frequency-dependent manner.
Stimulus artifacts were suppressed. Panels (¢;_) and (d;_,), corre-
sponding experiments conducted in CA3

the membrane potential of the granule cells (Fig. 7b,) and a
stronger hyperpolarization of the pyramidal cells (6 mV;
Fig. 8b,). Interestingly, the extracellular responses of the
MFs (n = 5; Fig. 7f}), but not of the SCs (n = 5; Fig. 8f}),
underwent a transient potentiation of around 20 % at 24 and
40 Hz. These changes in MFs were accompanied by a
change in the extracellular baseline potential (1 mV at
24 Hz; Fig. 7f,), whereas this parameter did not change in
the SCs recordings (Fig. 8f;). Because high-frequency

@ Springer



1800

Brain Struct Funct (2016) 221:1793-1807

Fig. 5 Characteristics of the
antidromic potentials evoked in
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stimulation can provoke an extracellular accumulation of
K™, we conducted a series of experiments (n = 6) in which
we used an ACSF containing 5 mM K and 1.2 mM Ca®"
from the beginning of the recordings and in the presence of
glutamate and GABA receptor blockers. Under this condi-
tion, single antidromic stimulation evoked APs that were
variably potentiated by 30-50 % with respect to those ob-
tained under normal ACSF perfusion, after which repetitive
spontaneous spiking could be observed in CA3, but not in
the DG. When high-frequency stimulation was applied, the
trend of the amplitude of the responses along the trains of the
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different frequencies was similar in the DG under control
ACSF and under the presence of glutamatergic and
GABAergic blockers. By contrast, comparing the responses
along the stimulation trains obtained in CA3, but not in the
DG, under control ACSF and those obtained in the high-K*,
low-Ca*t ACSF, we did find a statistically significant in-
hibition of the responses at 10 Hz (31 % inhibition;
p < 0.005), 24 (41 % inhibition; p < 0.05) and 40 Hz
(32 % inhibition; p < 0.001).

We then analyzed the waveform of the intracellular
action potentials along the trains. Figures 7c;, ¢, and 8cy,
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Fig. 6 Intracellularly recorded

antidromic action potentials in a

pyramidal cell of CA3. Schaffer

collaterals were stimulated with

trains of different frequencies,

at an intensity that provoked

60 % of the maximal field DG

response in CA3. Note failures SC MF
of action potentials at and above
10 Hz

CA3

¢, depict the change in half-width of the action potentials.
In both cell types, the action potentials widened by 3-5 %
at 5 and 10 Hz, and reached 12 % at 24 and 40 Hz. Again,
the changes of the half-width of the action potentials of
pyramidal cells presented a higher variability than that of
the granule cells. Interestingly, as the train progressed, the
intracellularly recorded antidromic APs of the granule cells
presented a shoulder in the rising phase (Fig. 7¢;), which
did not occur in the action potentials of the pyramidal cells
(Fig. 8cy). These effects paralleled the widening of the
extracellular potentials. Finally, a similar shift to higher
values was observed in the time-to-peak of the action po-
tentials, both intra- and extracellularly recorded in both
types of cells (Figs. 7 dy, hy, 8 dy, hy).

One of the possible explanations for the different re-
sponses observed in antidromic potentials evoked by MF
and SC stimulation is, among others, the architecture and
myelination of these pathways (see “Discussion”). To il-
lustrate the morphology of the different pathways, we la-
beled them by introducing a crystal of dextranamine in the
cellular region. Figure 9 depicts the difference of tortuosity
and the presence of giant boutons and beads (boutons en
passant) along the MFs, which are absent in the SCs. The
MFs follow a narrow band along the stratum lucidum in
CA3 while the SCs, although following a straight path to
CAl, is broader and invades different regions of the apical
dendrites of CA1 pyramids along the stratum radiatum.

Discussion

We previously showed that hippocampal slices, recorded in
a liquid-to-air interface chamber, display a spontaneous 6

5 Hz -
62.6 mv MM T T T T T T T
| EERRRERRRERE \H“ \ LR R bRl
10 Hz ANSYNYSYYNYNYYNY YT YY NNNNNYSYNNYYY \ NN \\\'\'j\\\ﬁ\\\\\
24 Hz 1 mmwmw“rﬁmm A ONNRRRRRNNRRRRRANRE
Tll rlrrmmrmmmlHll TN
50 mV

5 Hz - 1,250 ms
10 Hz - 625 ms
24 Hz - 166.7 ms
40 Hz - 100 ms

and f/y oscillatory activity in CA3, and that the latter was
reflected in interneuronal but not in pyramidal cell sub-
threshold membrane oscillations (Trevifio et al. 2007). f/y
activity has also been observed in cholinergically induced
oscillations in the hippocampus (Shimono et al. 2000) and
in the somatosensory cortex in vitro (Roopun et al. 2006),
while in vivo, an enhancement in the amplitude of f/y
oscillations was observed in CA3 during exploration of a
novel environment (Berke et al. 2008).

Synaptic stimulation of CA3 pyramidal cells at the f/y
frequency range appeared to produce an enhanced EPSP-
spike coupling as compared to lower and higher frequen-
cies, and this suggested the existence of a synaptic reso-
nance phenomenon (Trevifio et al. 2007, 2011). The
underlying cause of this apparent resonant activity can be
either a better information transfer capacity of the MFs at
this frequency, or by a proneness of CA3 cells to better
integrate and follow such frequency. This work explores
these possibilities. Interestingly, the granule cells normally
fire at very low frequencies but can fire at high frequencies,
in the f/y range, in vivo (Jung and McNaughton 1993;
Henze et al. 2002; Bower and Buckmaster 2008). In such
cases, and during short periods, granule cells can consis-
tently drive CA3 cells (Henze et al. 2002). Although it has
been shown that the DG can entrain CA3 over a broad
range of frequencies, the spontaneous oscillatory field ac-
tivity of the DG peaks at 8 Hz (0 frequency), while in CA3
it peaks at 24 Hz (f/y frequency; Trevifio et al. 2007,
Akam et al. 2012).

Our experiments using antidromic stimulation at func-
tionally meaningful frequencies (0, f/y and y) revealed
some conduction/integration characteristics of the studied
pathways that may bear physiological meaning in terms of
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the coupling of activity of two substructures of the hip-
pocampus: (1) MF stimulation produced an initial, rapid
potentiation of antidromic responses in the DG followed by
a plateau of lower magnitude, but still potentiated (max-
imal at 10 Hz under control ACSF). Thereafter, the re-
sponses were depressed in a frequency-dependent manner.
Interestingly, block of glutamate and GABA receptors re-
stricted the shift of the potentiated responses to depression.
By contrast, SC stimulation produced a frequency-depen-
dent exponential depression of CA3 antidromic responses
in all the pharmacological conditions. Whereas MF
stimulation in slices from epileptic rats also produced an
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initial potentiation of the responses, they did not shift to
depressed responses until after a large number of stimuli
were delivered. In slices of kindled rats, SC stimulation at 5
and 10 Hz did not depress responses in the CA3 area; (2) In
both structures, the ;APs broadened and their latency to the
peak shifted to longer times as well. (3) We provided
evidence that a possible failure of action potential gen-
eration as well as broadening of the field and intracellular
APs seem to underlie this effect. In the DG, the increase in
amplitude in the initial {APs corresponded to an increase in
the amplitude of intracellularly recorded action potentials
in the granule cells, while there was a decrease in those of
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«Fig. 7 Behavior of antidromic potentials evoked by distal MF
stimulation and recorded intracellularly in granule cells and extra-
cellularly in MFs. a; Schematic representation of the experimental
setup. Intracellular recordings were obtained from the granule cells
and stimulation was provided at different frequencies over the MFs.
Long time scale and fast time scale sample traces of intracellular
recordings of a granule cell showing antidromic action potentials (AP,
n = 100) on MF stimulation at 5, 10, 24 and 40 Hz. by Plot of the
amplitude of the antidromic APs along the train at the different
stimulation frequencies. b, Plot of the RMP measured before each
stimulus artifact along the stimulation train. ¢; Sample traces of the
intracellular antidromic APs, time-locked at the peak; notice a
broadening of the rising phase of the APs as stimuli progressed during
a 24-Hz train. ¢, Plot of the APs half-width along the stimulation
train, at the different stimulation frequencies. dy Sample traces of
APs, time-locked at the stimulation artifact; notice an increasing
delay of the AP onset as stimuli progressed during a 24-Hz train.
Calibration bars apply to (¢;) and (d;). d, Plot of the time-to-peak of
the APs along the stimulation train at the different stimulation
frequencies. e; Schematic representation of the experimental setup.
Extracellular recordings were obtained from the MFs (stratum
lucidum) and stimulation was provided at different frequencies over
the terminal zone of the MFs. Long time scale and fast time scale
sample traces of the extracellular recordings of stratum lucidum
showing antidromic field action potentials (AP, n = 100) on MF
stimulation at 5, 10, 24 and 40 Hz. f; Plot of the amplitude of the
antidromic field action potentials along the train at the different
stimulation frequencies. f, Plot of the extracellular DC drift measured
before each stimulus artifact along the stimulation train. g; Sample
traces of the antidromic field action potentials, time-locked at the
peak during a 24-Hz train. g, Plot of the half-width of the antidromic
field action potentials along the stimulation train at the different
stimulation frequencies. hy Sample traces of antidromic field action
potentials, time-locked at the stimulation artifact; notice an increasing
delay of the antidromic field action potentials onset as stimuli
progressed during a 24-Hz train. Calibration bars apply to (g;) and
(hy). h, Plot of the time-to-peak of the antidromic field action
potentials along the stimulation train at the different stimulation
frequencies. All experiments (n = 5) were conducted in the presence
of glutamatergic antagonists

CA3 pyramidal cells. This was more notorious when the
¢APs were recorded in the somatic region than when the
recordings were conducted over the SC and MF path-
ways themselves, in which the likelihood of having aborted
or inhibited action potentials is low.

There are a number of differences between the SCs and
the MFs that can explain their conduction behavior. The
MFs, unlike the SCs, have a tortuous trajectory with giant
boutons from which filopodia originate (Claiborne et al.
1986; Ishizuka et al. 1990; Shepherd et al. 2002; Meier
et al. 2004), as well as specific characteristics for an-
tidromic conduction, as we here show, probably as a result
of distribution of Na* channels, ionotropic receptors, ge-
ometry differences, and their degree of myelination (Meier
et al. 2004; Alle et al. 2009; Sasaki et al. 2011; Ruiz and
Kullmann 2013). Importantly, it is known that MFs are
endowed with high density of Na® channels (Schmidt-
Hieber et al. 2008). Moreover, the particular disposition of
channels in their boutons (Geiger and Jonas, 2000) and the

communication between their axons by gap junctions may
also influence the transit of action potentials along the
fibers (Traub et al. 2012). One of the physiological char-
acteristics of MF transmission is that they present robust
frequency-dependent potentiation. It is tempting to spec-
ulate that the initial potentiation that we uncover by
analyzing antidromic potentials can be a reflection of an
intrinsic property of conduction that can also be involved in
the enhanced release capability of the MF on repetitive
stimulation, namely, through activation of Na' and K*
conductances in MF boutons. Moreover, MF boutons can
act as sites of amplification of the AP amplitude rather than
failure of its propagation. This demonstrates that MFs have
highly active properties (Geiger and Jonas 2000; Engel and
Jonas 2005).

On the other hand, the decrease of {APs in both path-
ways along the train may be due to intermittency of firing
in certain cells, which we corroborated with intracellular
recordings. However, by using a stimulation intensity that
evoked action potentials for every stimulus, we observed
that the amplitude of both the intracellular and the {APs
recorded directly over the axonal tracts was also reduced
along the train. We also show, in accordance with other
reports, that the half-width (Kim et al. 2012) and latency
(Meeks and Mennerick 2007) of the action potentials in-
creased while raising the stimulation frequency; this phe-
nomenon depends on K* channel inactivation (Geiger and
Jonas 2000), probably mediated by inactivation of Kvl
family (Bean 2007). It is possible that this phenomenon
underlies our observation that the action potentials
recorded in the granule cells present a hump during high-
frequency stimulation, whereas those of pyramidal cells do
not.

It is known that high-frequency stimulation promotes
extracellular K™ accumulation. It was interesting that the
trend of the response amplitude along the stimulation trains
obtained in slices perfused with ACSF containing high-K™
and low-Ca”" concentrations was similar to the trend ob-
tained under normal ACSF perfusion, although the first
responses in each stimulus trains were significantly aug-
mented. This kind of response may also indicate that in our
high-frequency stimulation experiments O, availability is
not compromised (Liotta et al. 2012).

The properties of the antidromically evoked action po-
tentials that we describe can have functional implications
in the light of evidence showing that (a) the action poten-
tials of the granule (Schmidt-Hieber et al. 2008) and
pyramidal cells (Meeks and Mennerick 2007) are generated
in the axons, and (b) axo-axonal electrical coupling occurs
in both pathways (Schmitz et al. 2001; Hamzei-Sichani
et al. 2007), thus, allowing ectopic action potentials to
travel to the soma (Bdhner et al. 2011; Dugladze et al.
2012; Traub et al. 2012). Therefore, at high frequencies,
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more cells could be antidromically recruited, probably by
facilitation of axo-axonal electrical communication (Traub
et al. 2012) resulting in cooperativity that might help to the
recruitment of the network (Stacey et al. 2011). Indeed, the
changes in conduction velocity in CA3 pyramidal cells
(Meeks and Mennerick 2007, present results) may be
compensated by axo-axonal electrical cooperativity in both
sets of fibers, enabling cell clusters to participate in net-
work activity (Bédhner et al. 2011). In any case, repetitive
activity shifts the latency of the action potentials arriving to
the target cells, which, in turn, need to be able to
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“accommodate” this varying entrances into their oscilla-
tory activity (Bean 2007; Bucher and Goaillard 2011;
Bukalo et al. 2013). Although in some of our experiments
we generate antidromic action potentials that invariably
reach the soma, this is not the case under physiological
conditions, where ectopically generated action potentials
may not (Béhner et al. 2011; Dugladze et al. 2012). Our
data reveal that antidromic action potentials electrically
evoked in the MFs of slices from control rats make the DG
to resonate at a preferred frequency (0) both in the absence
and, to a lesser extent, in the presence of glutamate and
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«Fig. 8 Behavior of antidromic potentials evoked by distal SC
stimulation and recorded intracellularly in pyramidal cells of CA3
and extracellularly in stratum oriens of CA3. a; Schematic represen-
tation of the experimental setup. Intracellular recordings were
obtained from the pyramidal cells of CA3 and stimulation was
provided at different frequencies over the SC. Long time scale and
fast time scale sample traces of intracellular recordings of a pyramidal
cell showing antidromic action potentials (AP, n = 100) on MF
stimulation at 5, 10, 24 and 40 Hz. b, Plot of the amplitude of the APs
along the train at the different stimulation frequencies. b, Plot of the
RMP measured before each stimulus artifact along the stimulation
train. ¢; Sample traces of APs, time-locked at the peak, as stimuli
progressed during a 24-Hz train. ¢, Plot of the half-width of the APs
along the stimulation train at the different stimulation frequencies. d,
Sample traces of APs, time-locked at the stimulation artifact; notice
an increasing delay of the AP onset as stimuli progressed during a
24-Hz train. d, Plot of the time-to-peak of the APs along the
stimulation train, at the different stimulation frequencies. Calibration
bars apply to panels (¢;) and (dy). e; Schematic representation of the
experimental setup. Extracellular recordings were obtained from the
stratum oriens and stimulation was provided at different frequencies
over the stratum radiatum of CA1. Long time scale and fast time scale
sample traces of the extracellular recordings of stratum oriens
showing antidromic field action potentials (AP, n = 100) on SC
stimulation at 5, 10, 24 and 40 Hz. f; Plot of the amplitude of the
antidromic field action potentials along the train at the different
stimulation frequencies. f, Plot of the extracellular DC drift measured
before each stimulus artifact along the stimulation train. g; Sample
traces of the antidromic field action potentials, time-locked at the
peak during a 24-Hz train. g, Plot of the half-width of the antidromic
field action potentials along the stimulation train at the different
stimulation frequencies. hy Sample traces of antidromic field action
potentials, time-locked at the stimulation artifact, as stimuli pro-
gressed during a 24-Hz train. Calibration bars apply to panels (g;)
and (hy). h, Plot of the time-to-peak of the antidromic field action
potentials along the stimulation train, at the different stimulation
frequencies. All experiments were conducted in the presence of
glutamatergic antagonists

GABA antagonists, while the opposite occurs in kindled
preparations. These results clearly suggest that this phe-
nomenon does not depend on, but can be modulated by
tonic activation of ionotropic receptors distributed along
the MFs; they could be nonexistent or less active in the SCs
(Ruiz and Kullmann 2013). Our data showing that block of
glutamate and GABA ionotropic receptors enhances the
sustained responses to antidromic stimulation could be
interpreted as a reflex of the relaxation of tonic activation,
which can underlie axonal noise that can directly modulate
synaptic transmission in the MF system (Ruiz and Kull-
mann 2013; Neishabouri and Faisal 2014). The distal
portions of the axons of CA3 pyramidal cells can generate
ectopic action potentials at a frequency of 16 Hz during
spontaneous gamma frequency activity, whereas the action
potentials recorded in the soma reach roughly 4 Hz and the
probability of their generation is higher during block of
GABA, receptors. Therefore, GABA-R-mediated shunt-
ing inhibition controls axosomatic coupling, preventing
backpropagation of action potentials to the soma (Dugladze
et al. 2012).

Fig. 9 Confocal images of the mossy fibers and the Schaffer
collaterals. The MFs run through a narrow layer (stratum lucidum),
where they contact the proximal third of the apical dendrite of the
pyramidal cells. Notice the giant boutons and boutons en passant from
which filopodial extensions originate. In contrast, the SCs run through
the stratum radiatum of CAIl innervating a broader area of the
dendritic tree of pyramidal cells. Anatomical and myelination
differences, as well as high density of Na™ channels in the MFs
could account for the frequency potentiation of the antidromic
responses of this pathway

Interestingly, the (APs recorded in the strata pyramidale
and granulare decrease and increase, respectively,
throughout the high-frequency stimulation train, whereas
the action potential volleys recorded over the pathways, do
so only marginally, suggesting that conductances in the
soma can be colliding/counteracting the transmission of the
axons. It has been reported that repetitive stimulation
(0.2 Hz) of the entorhinal cortex produces neuronal activity
in the DG but not in CA3, while stimulation at 6 frequency
(5 Hz) generates waves of neuronal activity that propagate
through the entire hippocampal trisynaptic circuit (Stepan
et al. 2012). Moreover, stimulation of the entorhinal cortex
at 20 Hz induced a decline of activity in the DG. We
disclosed axonal resonance in the DG as a phenomenon
which likely contributes to the maintenance and even to the
generation of network activity in the hippocampus proper.
Both DG and CA3 neurons exhibit intrinsic oscillations at
0 frequency, but axonal resonance is subthreshold in CA3,
while axonal resonance is suprathreshold in the DG, which
helps to drive CA3, as described to happen after short
bursts (Henze et al. 2002). Of note is that the presence of
resonance in a narrow frequency range could phys-
iologically represent the time window in which the fa-
cilitation of the oscillatory activity physiologically occurs.
The fact that only one pathway presents resonance speaks
in favor of a physiological mechanism that implies
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counterbalance. Indeed, there is evidence for minimal in-
terference between signals (Akam and Kullmann 2010)
that allows the optimization of information transfer at de-
fined frequencies between CA3 and the DG. It appears that
MFs possess a regenerative mechanism that allows them to
conduct action potentials at high frequencies and with in-
creased fidelity, whereas the SCs can dampen this forced
mechanism imposed upon them in a frequency-dependent
manner, even at the low 0 frequency band.

The repetitive stimulation that we provided at different
frequencies produced an exponential depression of an-
tidromic responses in CA3. We showed that this depression
might be due to an increased rate of failures of the fibers to
fire action potentials. On the other hand, stimulation ap-
plied to the MFs always produced a potentiation in the DG
antidromic responses. Altogether, our results show that the
increase or decrease of conduction efficacy strongly de-
pends on the pathways that are stimulated as well as on the
“receptor” cells somata (see Rosenbaum et al. 2014).
These observations can bear clinical implications because
deep brain stimulation and transcranial magnetic stimula-
tion have to be provided in a manner in which frequency
and number of stimuli provoke a maximal effect to sup-
press pathological oscillatory activity in the human brain.
The hypothesis that a counterbalanced activity in DG and
CA3 neurons, in which the amplitude of f and 0 oscilla-
tions could be modulated via a resonance mechanism, is
consistent with recent studies in humans in which the
coexistence of both oscillations has been detected. Indeed,
Lega et al. (2012) implanted intracranial deep electrodes in
hippocampal regions of patients undergoing surgical
treatment for intractable epilepsy and obtained electrical
recordings while participants studied and recalled a list of
words in a delayed free-recall task. The power spectra of
these recordings exhibited two dominant peaks, one in the
0 and other in the f/y frequency band, suggesting that both
rhythms coexist in the human hippocampus. Because the
amplitude of these dominant peaks was different among
different subjects and trials, in some cases, the 0 was bigger
than f, or vice versa, it is tempting to speculate that a
counterbalanced activity of DG and CA3 neurons via
resonance mechanisms is involved in such diversity of f§
and 0 peak amplitudes. Finally, this suggests that resonance
effects may be involved in the balance of excitation and
inhibition of stimulated structures, especially if stimulation
is provided to fiber tracts to activate their origin an-
tidromically, which, by itself, can induce a type of post-
synaptic cell-dependent plasticity (Bukalo et al. 2013).
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