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Input from the dentate gyrus to the hippocampus is implicated in
various physiological functions, such as memory and spatial rep-
resentation1–3, and in pathological states such as epilepsy4–6. Neo-
cortical information is conveyed to hippocampal CA3 pyramidal
neurons both directly via the perforant path from the entorhi-
nal cortex and indirectly by way of the mossy fibers of granule
cells. A large number of granule cells (1 million in the rat7) inner-
vate the 300,000 CA3 pyramidal cells via the mossy fibers with
very limited convergence (∼ 50 granule cells per pyramidal cell)
and divergence (∼ 14 pyramidal cells per granule cell8) via a spe-
cialized presynaptic giant mossy fiber bouton9. In addition, each
granule cell innervates 40 to 50 CA3 interneurons via filopodial
extensions that extend from the giant bouton and en passant bou-
tons along the main mossy fiber axon10,11. The anatomical dif-
ferentiation of mossy fiber synapses onto pyramidal cells and
interneurons is associated with a functional segregation with
respect to short-term and long-term plasticity12,13. Despite the
wealth of knowledge about the anatomy and synaptic physiology
of this system, nothing is known how granule cell activity influ-
ences the activity of CA3 targets in the intact network in vivo.
This knowledge is important because models of hippocampal
function assume that the mossy fiber synapse is a ‘detonator’ or
‘teacher’ synapse critical for directing the storage of information
in the auto-associative CA3 network3,14. A detonator or teacher
synapse strongly controls the activity of the postsynaptic target
without need of coordinated input from other synapses onto the
postsynaptic target14. The hypothesized deterministic firing of
CA3 pyramidal cells by granule cells is assumed to provide the
‘Hebbian’ postsynaptic depolarization15,16 required to strength-
en the commissural/associational and/or perforant path inputs
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Processing of neuronal information depends on interactions between the anatomical connectivity
and cellular properties of single cells. We examined how these computational building blocks work
together in the intact rat hippocampus. Single spikes in dentate granule cells, controlled
intracellularly, generally failed to discharge either interneurons or CA3 pyramidal cells. In contrast,
trains of spikes effectively discharged both CA3 cell types. Increasing the discharge rate of the gran-
ule cell increased the discharge probability of its target neuron and decreased the delay between
the onset of a granule cell train and evoked firing in postsynaptic targets. Thus, we conclude that
the granule cell to CA3 synapses are ‘conditional detonators,’ dependent on granule cell firing
pattern. In addition, we suggest that information in single granule cells is converted into a temporal
delay code in target CA3 pyramidal cells and interneurons. These data demonstrate how a neural cir-
cuit of the CNS may process information.

to the activated CA3 pyramidal neurons. Although previous 
in vitro investigations have illuminated some important proper-
ties of the mossy fiber synapses (for review, see ref. 17), the con-
ditions required to discharge CA3 neurons by granule cells in the
intact brain have remained unexplored.

Our data demonstrate that spike transmission (a precise tem-
poral relationship between single pre- and postsynaptic spikes)
occurs between granule cells and their pyramidal cell and
interneuron targets in area CA3. Spike transmission from a gran-
ule cell to CA3 was not observed for single spikes but instead
required trains of spikes with the maximum spike transmission
probability depending on the frequency of granule cell firing.
Finally, physiological patterns of granule cell firing contain peri-
ods of high-frequency firing that effectively drove CA3 pyramidal
cells and interneurons.

RESULTS
We directly addressed the influence of granule cells on the activ-
ity of CA3 targets by recording in vivo from a population of
potential targets in the CA3c region while controlling granule
cell activity via intracellular current injection using a sharp micro-
electrode (ref. 18; Methods). The current injections allowed the
arbitrary control of granule cell spiking, thus permitting us to
dissociate the influence of single granule cell activity from back-
ground network drive. Multiple single units in area CA3c were
recorded extracellularly and isolated using multichannel silicon
probes and clustering analysis techniques (Methods). Individual
units were identified as pyramidal cells or interneurons based on
published criteria18–20. A plot of unit spike asymmetry (duration
of the first half of the spike divided by the duration of the last
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naptic cell, occurred between granule cells and CA3 targets in 37
of 69 rats. A connection was considered for detailed analysis when
there was a significant peak in the cross-correlation in the 6 ms
following the granule cell action potential (defined as over 3 stan-
dard deviations above the mean of the overall cross-correlation).
Of the 37 rats with qualitatively observed spike transmission, 13
animals yielded 58 pairs with recordings of sufficient quality and
length to generate unit clusters and quantify spike transmission
probability (1–11 driven units per successful experiment). 
Twenty-two of the driven units were pyramidal cells (Fig. 2c and
d), and 26 were interneurons (Fig. 2e and f). The average dis-
tance between the closest en passant or giant mossy fiber bouton
and the probe (Fig. 2a, inset) was 51.4 ± 10.1 µm (± standard
error of the mean, s.e.m.) for the 7 experiments in which mossy
fibers were recovered anatomically.

On average, putative pyramidal cells had shorter and more
precise spike transmission latencies than putative interneurons
(Table 1). The spike transmission probability depended on the
combined effect of granule cell discharge frequency and the num-
ber of spikes within the train (Fig. 3). Single granule cell spikes

half) versus half-width resulted in a diagonal separation of units
(Fig. 1a) that allowed unit identification when combined with
the unit autocorrelograms (Fig. 1b). Putative pyramidal cells (n
= 22) had low mean firing rates outside the evoked activity (0.91
± 0.18 Hz) and had wider, asymmetrical wideband waveforms
(0.32 ± 0.01 ms half-width; 0.52 ± 0.05 symmetry ratio). Four
putative pyramidal cell units had enough spontaneous spikes for
us to construct spike autocorrelograms, typical of pyramidal neu-
rons19 (Figs. 1b and 2d). Putative interneurons (n = 26), on aver-
age, discharged faster (3.38 ± 0.75 Hz) and had narrower spikes
(0.18 ± 0.01 ms half-width; 1.46 ± 0.09 symmetry ratio), and the
autocorrelograms did not show a peak at less than 10 ms (Figs. 1b
and 2f). Ten neurons could not be classified into either category
using these criteria.

Intracellularly evoked granule cell action potentials resulted
in time-locked unit activity in a subset of target CA3c neurons
(Fig. 2b). The fixed short latency of the unit activity indicated a
monosynaptic connection between the granule cell and its CA3c
targets19,21. Spike transmission, the occurrence of a precise time-
locked spike by a postsynaptic cell following a spike in a presy-

Fig. 1. Classification of extracellular units. (a) Extracellular unit
waveform asymmetry (time from baseline to negative peak/time
from negative peak to baseline, see horizontal arrows in b1) versus
unit spike half-amplitude width. Closed circles and open triangles
are putative pyramidal cells and interneurons, respectively. 
(b) Example wideband (1 Hz–8 kHz) unit waveforms and autocor-
relograms that were used to confirm unit classification. The asym-
metry measurement is illustrated with vertical dotted lines and
horizontal arrows in b1. Pyramidal cells have wider and more asym-
metric waveforms and a peak at short interspike intervals in the
autocorrelogram. Interneurons have narrower and more symmetric
waveforms and lack a peak at short interspike intervals in the auto-
correlograms. The lettered arrows in (a) correspond to the subpan-
els in (b). Scale bars: horizontal, 1 ms; vertical, 100 µV, 50 µV, 50 µV,
25 µV for b1, 2, 3 and 4, respectively.

a b

Fig. 2. Spike transmission between a granule cell and its
interneuron and pyramidal cell targets in CA3c. (a) Camera
lucida reconstruction of a biocytin-labeled granule cell and
the extracellular electrode track where spike transmission
was observed. Scale bar, 50 µm. m, molecular layer; g, gran-
ule cell layer; h, hilus; IC, intracellular electrode track; EC,
extracellular electrode track. Inset, a higher-power view of
the mossy fiber axon near the probe track. Arrowheads,
mossy fiber boutons; scale bar, 20 µm. (b) Superimposed 
(n = 60) intracellularly evoked action potentials in a granule
cell (bottom traces) and simultaneously recorded extracellu-
lar units (filtered 0.8–8 kHz). Note the time-locked response
of a putative pyramidal cell to the granule cell action poten-
tials. The granule cell was driven by 350 ms depolarizing
steps. Scale bar, 1 ms, 25 mV, 75 µV. (c) Cross-correlogram
(shuffle corrected) expressed as probability (number of unit
spikes per bin/total number of granule cell spikes) between
the evoked granule cell action potentials and the activity 
of a putative CA3c pyramidal cell. The arrowhead indicates 
the peak time of the granule cell action potential. 
(d) Autocorrelogram of the pyramidal cell unit during non-
evoked periods. Left inset, the average wide-band waveform
of the pyramidal cell (high-pass filtered at 1 Hz). Scale bar, 
1 ms, 20 µV. Right inset, spontaneous complex burst of the
pyramidal cell. Scale bar, 5 ms, 20 µV. As in (c), but for an iso-
lated CA3 interneuron. (e, f) As in (c, d), but the extracellu-
lar unit is a putative CA3c interneuron.
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were generally ineffective, failing to show sig-
nificant peaks in the cross-correlations in 54
of the 58 pairs (including 10 unidentified tar-
gets). However, high-frequency granule cell
spike trains could result in spike transmission
with a probability greater than 0.8 (pyramidal
cells, 0.017 to 0.842; interneurons, 0.022 to
0.57). In the pair shown in Fig. 3a, the first
action potential in the train failed to evoke
extracellular spikes, whereas maximum spike
transmission probability occurred following
the fifth spike (putative pyramidal cell unit;
maximum probability, 0.52). For 45 of the 48
identified pairs, spike transmission (a significant peak at 2–6 ms in
the cross-correlation) required at least two presynaptic spikes.
Subsequently, the maximum spike transmission probability
occurred later in the train (Table 1; Fig. 3b), followed by a late
train reduction in spike transmission probability. In the three
remaining identified pairs (one pyramidal cell, two interneurons),
the first spike probability was greater than or equal to later spikes
(first spike probability, 0.26, 0.02, 0.30, respectively). The overall
mean spike transmission probability was higher for the putative
pyramidal cell targets than for putative interneurons, regardless
of the changes over the course of the train (0.157 ± 0.015 versus
0.050 ± 0.004; P < 0.00001; two-way ANOVA).

The discharge frequency of the granule cell affected both dis-
charge probability and the latency between the onset of the presy-
naptic train and postsynaptic firing. At 10 Hz, spike transmission
probability was low, whereas at 100 Hz, it was high. In the pair
shown in Fig. 4a, maximum probability occurred after the third
to sixth spike. The combined effect of spike frequency and spike
number in the granule cell resulted in a considerable time shift
between the onset of the granule cell train and the maximum
spike transmission probability (Fig. 4a, arrows). Figure 4b sum-

marizes the effect of granule cell firing frequency on the time of
maximum spike transmission probability (n = 5) from the begin-
ning of the train. For all pairs, the time between the onset of the
presynaptic train and the time when highest spike transmission
probability was reached decreased several-fold as a function of

Table 1. Granule cell–CA3 spike transmission dynamics.

Number of units Mean latency Mean precision Mean spike number to
(ms) (ms) maximum probability

Overall
(including 10 
unclassified units) 58 2.94 ± 0.066 1.01 ± 0.041 4.82 ± 0.51
Pyramidal cell 22 2.73 ± 0.069* 0.81 ± 0.046** 3.94 ± 0.44
Interneuron 26 3.14 ± 0.122* 1.24 ± 0.049** 4.62 ± 0.40

*P < 0.01, **P < 0.00001, two-tailed t-tests (pyramidal cells versus interneurons). Latency was calculated
between the peak of the granule cell action potential and the negative peak of the extracellular spike.
Mean precision was calculated as the mean standard deviation of the latency from each driven unit.

Fig. 3. Spike transmission dynamics. (a) Top, filtered (0.8–8 kHz)
extracellular trace of a putative pyramidal cell. Middle, granule cell
action potentials evoked by brief current injections at 100 Hz (arti-
facts digitally removed). Bottom, current injection pattern. Scale bar,
top, 100 µV; middle, 25 mV, 10 ms. (b) Spike transmission probability
(shuffle-corrected probability of spike in 6 ms following intracellular
spike) as a function of spike number in evoked 100 Hz train (± s.e.m).
Solid line, putative interneurons (n = 24); dotted line, putative pyra-
midal cells (n = 21).

a

b

a

b

c

Fig. 4. Frequency dependence of granule cell–CA3 spike transmission.
(a) Representative results of the effect of intratrain frequency on spike
transmission probability for a putative pyramidal cell. (b) Time of maxi-
mum probability following onset of the granule cell spike train as a func-
tion of frequency for two pyramidal cells (dotted lines) and three
interneurons (solid lines). As granule cell spiking frequency increases,
the latency from the granule cell train onset of the maximum discharge
probability of the postsynaptic unit decreases. (c) The maximum proba-
bility of spike transmission normalized across granule cell spike train fre-
quencies for two pyramidal cells (dotted lines) and three interneurons
(solid lines). The maximum probability of spike transmission was
observed for the highest frequency (100 Hz) in 4 of 5 cells. The different
symbols represent the different cells in (b) and (c).
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ule cells and CA3 pyramidal cells strong enough
to be a high-fidelity ‘detonator’ or ‘teacher’
synapse for the storage of information in the
CA3 auto-associative network3,14? According to
computational models, the sparse convergence
of granule cell–CA3 pyramidal cell connec-
tions11 and the low mean firing rates of gran-
ule cells2,22 provide an ideal mechanism for
increasing the storage capacity of the hip-
pocampus23,24. Our data indicate that the
mossy fiber synapses onto CA3 targets are ‘con-
ditional detonators’ dependent on fast repeti-
tive firing of the presynaptic granule cell.
Therefore, a single granule cell can be consid-

ered a ‘teacher’ during periods of medium to high activity by pre-
cisely timing the activity of CA3 pyramidal cells with high
reliability. The temporally precise activation of action potentials
in CA3 pyramidal cells would provide the necessary postsynaptic
depolarization for the induction of Hebbian forms of NMDA
receptor–dependent plasticity at associational/commissural and
very distal perforant path synapses on CA3 pyramidal cells25.
Thus granule cell activity would direct or teach the CA3 network
during the storage of information14,26,27.

Previous in vitro experiments revealed strong excitatory post-
synaptic potential facilitation by mossy fibers onto CA3 pyrami-
dal cells28 and both facilitation and depression onto
interneurons13,29,30. Although single granule cells discharge mossy
cells of the hilus in vitro31, activating single mossy fibers pro-
jecting to CA3 and mimicking the physiological pharmacology
of the system in vivo is difficult to control in the slice prepara-
tion. In our in vivo experiments, granule cells rarely drove their
targets with single spikes, whereas high-frequency trains of spikes
and patterns with short interspike intervals in trains mimicking
discharge patterns in the behaving animal robustly increased spike
transmission probability to both pyramidal cells and interneu-
rons. These findings amplify the functional importance of the
robust frequency facilitation observed for the mossy fiber synaps-
es onto CA3 targets13,28,32. Furthermore, the physiological stim-
ulation pattern data illustrates how the mossy fiber synapse, the
postsynaptic cellular properties and the local CA3 network con-

Fig. 5. Spike transmission from a granule cell to CA3c
during physiological granule cell firing patterns. 
(a) Rastergram of 36 trials of granule cell action
potentials evoked using template recorded during
exploration while the animal traversed the place field
of the granule cell (Methods). (b) Instantaneous fre-
quency (1/previous interspike interval) of the evoked
granule cell activity. (c) Rastergram of the activity of a
putative CA3c pyramidal neuron. (d) Mean percent of
maximum spike transmission probability (± s.e.m.)
onto interneurons as a function of each spike in the
granule cell spike train (n = 9). The probability of each
unit spiking was normalized to the maximum proba-
bility for that unit and then averaged across units. 
(e) As in (d), but for pyramidal cells (n = 6). (f) Mean
percent of maximum spike transmission probability 
(± s.e.m.) onto interneurons (n = 9) as a function of
instantaneous frequency (1/ previous interspike inter-
val) for each spike in the granule cell train shows that
higher probability of spike transmission is associated
with higher frequencies. The best linear fit regression
line is shown (R = 0.49; P < 0.0006). (g) As in (f), but
for pyramidal cells (n = 6; R = 0.45; P < 0.002).

the frequency of granule cell spiking. The maximum spike trans-
mission probability increased with the frequency of granule cell
discharge (Fig. 4a and c). In 4 of 5 pairs tested, 100 Hz trains (the
highest frequency tested) generated the highest spike transmis-
sion probability (Fig. 4c). The frequency sensitivity and in-train
dynamics of granule cell–CA3 spike transmission in Figs. 3 and 4
indicate that the observed monosynaptic effects do not result
merely from the coincidence of spontaneous background activi-
ty and current-induced spiking of the single granule cell.

Granule cells of the dentate gyrus have not been reported to
fire for extended periods of times at high fixed frequencies2. There-
fore, we next examined whether the natural physiological pattern
of activity of a single granule cell is capable of discharging CA3
targets. To mimic the situation in the behaving rat, the presynap-
tic granule cell firing pattern was assigned by injecting a spike
train based upon a template obtained from firing of a granule cell
in a behaving animal traversing the unit’s place field (Methods). As
expected, high-frequency periods of the spike train were more
effective in driving both pyramidal cells and interneurons than
isolated spikes or low-frequency periods (Fig. 5). Longer inter-
spike intervals were associated with lower spike transmission prob-
abilities, in accordance with the findings using regular spike trains.

DISCUSSION
These experiments directly address a long-standing question in
hippocampal physiology: is the connection between single gran-
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nections all work together to generate a specific pattern of out-
put in CA3 pyramidal cells that is dependent on, yet different
from, the granule cell input.

The requirement for trains of spikes to evoke spike transmis-
sion between granule cells and CA3 is distinctly different from spike
transmission between pyramidal cells and interneurons in CA1. In
contrast to the granule cell–CA3 connection, single CA1 pyrami-
dal cell spikes or low frequency trains (less than 20 Hz) are most
effective in driving nearby interneurons, and the mean probabili-
ty of spike transmission decreases during high-frequency trains33.

Our findings indicate that the spike number and frequency-
dependent recruitment of the postsynaptic discharge is an effective
mechanism to vary the time delay between the onset of granule
cell activity and target neuron activity. Variable spike transmis-
sion delay lines are suggested to be critical for encoding informa-
tion in computational models34,35. In the case of the mossy fiber
input to CA3, this property can be thought of as a programma-
ble delay line, in which the timing of spiking onset in CA3 varies
by an order of magnitude as a function of the short-term firing
rate of granule cells. For example, if entorhinal input evoked a
period of 50 Hz firing in a granule cell, then the targets of that
granule cell would have the highest probability of firing ∼ 200 ms
from the onset of the granule cell activity. However, if entorhinal
input evoked 100 Hz firing in a granule cell, then the highest prob-
ability of CA3 activation would occur ∼ 40 ms later. Such a mech-
anism could convert the spike frequency of granule cells to precise
timing of CA3 target neurons during the theta cycle22,24. In addi-
tion, granule cells with a similar magnitude of activation will dis-
charge CA3 targets together in time and thereby may increase their
mutual connectivity15,16,36. Similarly, the delayed activation of
CA3 pyramidal cells would be associated with dendritic back-
propagating action potentials that may then faciliate potentiation
of direct entorhinal inputs to CA3. This conversion of frequency
to spike timing could be used to encode sequences such as an ani-
mal’s trajectory through an environment22,37,38.

METHODS
Subjects and surgery. Sixty-nine Sprague–Dawley rats (Hilltop Labora-
tories, Scottdale, Pennsylvania, or Zivic Miller laboratories, Zellenople,
Pennsylvania), 300–500 g, were anesthetized with urethane (1.5 g/kg)
and placed in a stereotaxic frame. Urethane anesthesia was chosen for
both the stability of the plane of anesthesia and because all known hip-
pocampal network patterns are preserved under this anesthetic39,40. How-
ever, because urethane potentiates GABAA currents and depresses
glutamate currents41, the results presented here must eventually be con-
firmed in the drug-free animal. All animals were treated in accordance
with experimental protocols approved by the Rutgers University Animal
Care and Use Committee.

Electrophysiology. Extracellular units were recorded using three-shank
silicon tetrodes placed in the CA3c pyramidal layer. Extracellular signals
were high-pass filtered (1 Hz) and amplified (1000×) using a multi-
channel amplifier (Sensorium, Inc. Charlotte, Vermont). Intracellular
recordings and current injections were achieved using sharp glass
micropipettes (final resistance 60–140 MΩ), filled with 1 M potassium
acetate and 2% biocytin, and a DC amplifier (Axoclamp-2A, Axon Instru-
ments, Union City, California). Current injections were either square or
positively offset sine waves (–π/2 – 3π/2). Biocytin was injected intracel-
lularly using positive current steps after each experiment and subse-
quently developed using diaminobenzidine. All data were digitized at 20
kHz and stored on computer disk for later analysis. Unit clustering was
done using an in-house software package as described based upon prin-
cipal component measurements of the extracellular units19,42. Three cri-
teria were used to separate pyramidal cells and interneurons: spike
waveform asymmetry, half-width of the spike and, when available, the

first moment of the autocorrelogram (Fig. 1; ref. 19). The existence of a
monosynaptic connection was determined from the cross-correlation
between the granule cell action potential peaks and the spikes from each
unit. Spike transmission probability was defined as the probability of
finding a unit spike in the 6 ms following the granule cell action poten-
tial. The background probability (calculated via shuffling) was subtract-
ed from all reported probability values19. An obvious caveat of this
method is that it fails to detect weak monosynaptic connections due to the
absence of driven spikes. Thus, our findings may be biased for estimating
strong connections.

Physiological firing patterns. The physiological granule cell firing pattern
used in Fig. 5 was obtained from a mouse freely exploring a 40 × 40 cm
open field. The selected unit is considered a ‘place cell’43 because it was
activated selectively in a limited portion of the experimental apparatus.
The unit had a low overall mean rate of 1.7 Hz and a high (26 Hz) in-field
firing rate. A single representative 1.8-s period of activity when the animal
traversed the place field was selected as a template of physiological activi-
ty. This sequence of spike times was converted into an analog waveform
for controlling the injection of intracellular current into the granule cells.
Each unit spike was converted to a sine wave pulse ∼ 5 ms in duration and
2–3 nA in amplitude. The amplitude of the pulse was adjusted at the start
of the experiment so that single action potentials were reliably elicited in the
granule cell for every sine pulse (Fig. 5a). The entire 1.8-s spike train was
repeatedly injected every 5 s. We used sine wave pulses to reduce the large
stimulus artifacts associated with injecting large-amplitude square wave
steps. The absence of the stimulus artifacts simplified detecting and mea-
suring the intracellular action potentials evoked by the spike train.
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