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Abstract
It is has been shown that the major afferent input to the dentate gyrus, the perforant path, excites
dentate hilar neurons. However, little is known about the other inputs to hilar cells. Therefore, we
examined the responses of hilar neurons to stimulation of the fimbria. We positioned our
stimulating electrodes so that granule cells were not excited antidromically by fimbria stimulation,
although action potentials were easily triggered in area CA3b and CA3c pyramidal cells by such
stimulation. In these experiments, fimbria stimulation evoked responses from every hilar cell
tested, including examples of both of the major cell types, the spiny hilar ‘mossy’ cells (n=15) and
the relatively aspiny. ‘fast-spiking’ cells (putative interneurons, n=5). Hilar cell responses
consisted primarily of EPSPs that could trigger action potentials, but small IPSPs were also
evoked in some cases, particularly in the fast-spiking cells. Excitation was blocked by an
antagonist of the AMPA/kainate receptor subtype of excitatory amino acid receptors, 6-cyano-7-
nitroquinoxaline-2,3-dione(CNQX, 5μM, n=5), whereas the cholinergic antagonist atropine
(10μM) had no effect (n=4). When sequential intracellular recordings were made from hilar cells
and area CA3 pyramidal cells in the same slice, hilar cell EPSPs began after action potentials of
CA3b pyramidal cells, and stimulus strengths required to evoke hilar cell EPSPs were above
threshold for area CA3b pyramidal cells. Taken together with the evidence that area CA3
pyramidal cells use an excitatory amino acid as a neurotransmitter [7, 21], and the demonstrations
of area CA3 axon collaterals in the hilus [11, 16], the results raise the possibility that some area
CA3 pyramidal cells excite dentate hilar neurons.
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Although the trisynaptic circuit is without a doubt a fundamental aspect of hippocampal
circuitry [3], there are also indications that the trisynaptic circuit is not the only sequence of
activation of hippocampal neurons [2]. One potential example, which is suggested by recent
anatomical and physiological data, is the possible projection of area CA3 pyramidal cells to
the dentate gyrus. The anatomical data come from studies of intracellularly labelled CA3
pyramidal cells, which show that the axons of area CA3 pyramidal cells can project deep
into the hilar region, in addition to their well-documented projections elsewhere in the
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hippocampus [11, 16]. The physiological data are from a study using hippocampal slices,
where stimulation of the area CA3 pyramidal cell layer evoked EPSPs in hilar ‘mossy’ cells
[27]. However, it was not necessarily clear from the slice study [27] that pyramidal cells
mediated the excitation of hilar neurons, because stimulation of the pyramidal cell layer and
its vicinity could have activated granule cells antidromically. Since granule cells innervate
hilar neurons [6], hilar neurons could have been activated irrespective of pyramidal cell
activity. Therefore, one aim of the present study was to determine if area CA3 pyramidal
cells could excite hilar neurons in the absence of granule cell activation.

It was also of interest to determine whether excitation was restricted to the spiny hilar cells,
since the previous slice work had only sampled spiny hilar cells [27], Although the hilus is a
region of morphologically diverse neurons [1], based on combined electrophysiology and
morphology, two broad categories of cells can be appreciated [25]. One group is composed
of spiny hilar cells, which are similar to area CA3 pyramidal cells electro-physiologically,
and are densely covered by spines and/or thorny excrescences. The prototype of this group is
the ‘mossy’ cell [1], which is thought to be glutamatergic [33] and projects to the inner
molecular layer [9, 22, 34, 36]. The other group is composed of relatively aspiny hilar cells,
which are similar to ‘fast-spiking’ inhibitory interneurons electrophysiologically and
morphologically [25]. However, some of the aspiny hilar cells have commissural projections
[4] and may not use GABA as a neurotransmitter [14, 15, 32], so there is some heterogeneity
within this group.

Other evidence for excitatory connectivity between area CA3 and the dentate gyrus comes
from another slice study where area CA3 pyramidal cells were examined under epileptiform
conditions that produced synchronous bursts of area CA3 pyramidal cells [28, 29]. In such
slices, many hilar cells burst simultaneous to the area CA3 pyramidal cell population burst
[28], suggesting connectivity between area CA3 and the hilus. However, it was not
determined whether hilar neurons excited CA3 pyramidal cells or vice versa. Thus, another
reason for the present study was to examine excitation of hilar cells and area CA3 pyramidal
cells in the absence of epileptiform conditions.

Slice preparation was similar to methods described elsewhere [24]. Adult male Sprague–
Dawley rats (100–200 g) were anesthetized with ether and decapitated. Animals were treated
in accordance with guidelines for the humane treatment of animals set by the National
Institutes of Health and the New York State Department of Health. The brain was quickly
removed and placed in 4°C buffer (in mM: NaCl 126.0, KCl 5.0. NaH2PO4 1.25, CaCl2 2.0,
MgSO4 2.0, NaHCO3 26.0, and D-glucose 10.0). One hemisphere was trimmed to a
rectangular block containing one hippocampus, and transverse hippocampal slices (400 μm
thick) were cut with a Vibroslice (Campden Instruments). Slices were immediately
transferred to a modified interface chamber (Fine Science Tools) where they lay at an
interface of warmed (34–35°C), humidified oxygen (95% O2 5% CO2).

Recording electrodes were pulled horizontally (Model P-87 PC, Sutter Instruments) from
borosilicate glass containing a capillary fiber (A and M Systems). Extracellular electrodes
were filled with 1 M NaCl (2–15 MΩ) and intracellular electrodes were filled with 1 M
potassium acetate (80–175 MΩ). A high input impedance amplifier with a bridge circuit was
used for recording (Axoclamp 2A, Axon Instruments) and the bridge was balanced
whenever current was passed. Data were collected on a digitizing oscilloscope (Model 410.
Nicolet Instruments) and stored on tape (Model IR-284, Neurodata Instruments) for analysis
offline. Stimulating electrodes were made from two Teflon-coated stainless steel wires (50
μm diameter) twisted tightly together so that the dimensions of the electrode surface
contacting the slice were approximately 50 μm × 100 μm. For ‘fimbria stimulation’,
electrode tips were oriented parallel to the area CA3 pyramidal cell layer and positioned at
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the border of the fimbria and stratum oriens/alveus of area CA3b. For molecular layer
stimulation, electrode tips were oriented parallel to and adjacent to the hippocampal fissure
in the upper blade. Stimuli consisted of 50–500 μA, 20–200 μs unipolar current pulses
triggered at 0.1 Hz. For a given site of stimulation, current amplitude was fixed (i.e. 100 μA)
and stimulus duration was varied to produce different intensities of stimulation (i.e. 20, 30,
40 μs). When responses to stimulation of cells from the same slice were compared,
impalements were made sequentially rather than simultaneously.

The selective antagonist of the AMPA/kainate receptor subtype of excitatory amino acid
receptors, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), or the muscarinic cholinergic
antagonist atropine, was applied by adding an appropriate volume of stock solution (1 mM
CNQX in 0.1 N NaOH, Tocris Neuramin; 1 mM atropine sulfate in 0.9% NaCl, Sigma) to
the buffer that bathed the slices so that the final concentration was 5 μM CNQX or 10 μM
atropine. Aliquots were kept frozen at −20°C until the day of the experiment. Reversal of
the effect of drug was tested by replacing buffer that contained drug with drug-free buffer.
There were no effects of drug application on resting membrane potential or input resistance.

As would be expected from stimulating area CA3 pyramidal cell axons as well as other
fibers in the fimbria, stimulation of the fimbria strongly excited area CA3 pyramidal cells.
When assessed by intracellular and extracellular recording, area CA3 cells were activated
antidromically and/or orthodromically. In these slices, no antidromic population spikes were
ever recorded from the granule cell layer following fimbria stimulation, and no antidromic
responses were recorded from granule cells that were examined intracellularly (Fig. 1C). In
each slice (n=20), 3–6 sites in the granule cell layer were sampled extracellularly (at least 2
in the upper blade and 1 in the lower blade), and 2–4 granule cells were sampled
intracellularly.

Both of the major cell types of the hilus responded to fimbria stimulation in every case
where it was tested (n=20). Hilar cells were identified on the basis of their physiological
properties either as spiny hilar ‘mossy’ cells (n=15, [27]), or relatively aspiny ‘fast-spiking’
cells (n=5; Fig. 1; [13, 24]), and were sampled in many different parts of the hilus (i.e. close
to the upper blade, close to the lower blade, etc.). Spiny hilar cells responded
homogeneously to fimbria stimulation. These responses were composed of EPSPs that were
able to trigger one or more action potentials (Fig. 1A). All EPSPs increased in amplitude
with hyperpolarization (Fig. 1A). In three cells, small hyperpolarizations were also evoked
(Fig. 1A). The hyperpolarizations occurred prior to the EPSP in one cell (Fig. 1A), and in
the other 2 cells hyperpolarizations occurred after the onset of the EPSPs. In contrast to
spiny hilar cells, responses of fast-spiking cells to fimbria stimulation were relatively
heterogeneous. The most common response was an EPSP followed by an IPSP (n=3). EPSPs
were able to trigger 1–2 action potentials (Fig. 1B). In addition, EPSPs were observed in the
absence of IPSPs (n=1), and an IPSP without an EPSP was also evoked (n= 1, Fig. 1B). In
contrast, fast-spiking cells that were located in the granule cell layer did not respond to
fimbria stimulation at all (n=4).

When the responses of hilar cells and CA3 pyramidal cells to fimbria stimulation were
compared, area CA3b pyramidal cell action potentials occurred prior to hilar cell responses.
In these experiments, area CA3b pyramidal cells were impaled approximately 500 μm from
the stimulating electrode. The mean time to onset of area CA3b action potentials was 4.8 ±
0.4 ms (mean ± S.E.M., n=25), which is significantly different from the mean time to onset
of hilar cell EPSPs (6.7 ± 0.3 ms, n= 18; Student’s t-test, P < 0.05). These data are
consistent with the possibility that area CA3b pyramidal cells excite hilar cells. In contrast,
the action potentials of area CA3c pyramidal cells did not necessarily precede hilar cell
responses; the mean time to peak of area CA3c pyramidal cell action potentials (7.1 ± 0.5
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ms, n=19) was not significantly different from the mean time to onset of hilar cell EPSPs
(Student’s t-test, P > 0.05).

The stimulus strengths required to produce EPSPs in hilar cells were consistently greater
than the stimulus strengths required to activate CA3 pyramidal cells. In no case did the
stimulus strength required to evoke a hilar cell EPSP fall below the stimulus strength
required to cause discharge of an area CA3b pyramidal cell in the same slice. Comparisons
of stimulus strength were difficult to make across all slices because different stimulating
electrodes as well as different levels of stimulus current and stimulus durations were used.
However, in 8 experiments where both area CA3b pyramidal cells (n=25) and hilar cells
(n=8) were impaled within the same slice (so that the same stimulating electrode, electrode
position, and same level of current were identical), the stimulus duration required to produce
an EPSP in the hilar cell always was above threshold for the CA3b pyramidal cells sampled
in that slice.

To determine the mechanism(s) of excitation evoked by fimbria stimulation, a
pharmacological approach was taken. When the glutamate receptor antagonist CNQX
(selective for the AMPA/kainate receptor, 5 μM) was bath-applied to 5 cells, all hilar cell
excitation was blocked reversibly (Fig. 2). The 5 cells included 4 spiny hilar cells and one
fast-spiking cell. In contrast, the muscarinic cholinergic antagonist atropine (10 μM) had no
effect on 4 cells (3 spiny hilar cells and one fast-spiking cell; Fig. 2), arguing against a role
of the large septohippocampal projection (which appears to exert its effects mainly by
muscarinic receptors; [20, 23, 30, 35]) in generating hilar cell responses.

In summary, dentate hilar cells, CA3 pyramidal cells, and granule cells were sampled
consecutively in the same slice and assessed for their response to fimbria stimulation.
Dentate hilar cells and pyramidal cells were excited but granule cells were not. Excitation
was blocked by CNQX but not atropine. The latencies of hilar cell responses were greater
than the latency of action potentials of area CA3b pyramidal cells, and hilar cell responses
required stimuli stronger than those necessary to discharge the same area CA3b pyramidal
cells. These data support the hypothesis that some area CA3 pyramidal cells may excite hilar
neurons.

However, other pathways besides area CA3 pyramidal cells could have mediated the
excitatory responses of hilar cells. For example, fimbria stimulation could have activated
extrahippocampal glutamatergic fibers that travel in the fimbria and innervate hilar cells.
However, such a pathway has not been documented. Another potential source of excitatory
afferents are commissurally projecting area CA3 pyramidal cells, or commissurally
projecting glutamatergic hilar cells. The cut axons of these cells could have been stimulated
by fimbria stimulation. However, a specific projection of area CA3 pyramidal cells or hilar
cells to contralateral hilar neurons has not been demonstrated. Blackstad showed that the
commissural input to the hilus, regardless of the cells that contributed to that pathway, was
very weak [5]. A different possibility is that a glutamatergic interneuron that is activated by
stimulation of the fimbria innervates hilar neurons. One candidate for such a cell is the
recently described calretinin-immunoreactive cell located in stratum lucidum of area CA3
[10, 18]. However, it is not known whether these cells receive input from the fimbria or area
CA3 pyramidal cells, the transmitter of these cells could be GABA and not glutamate, and it
is not clear that they project to the hilus [10, 18]. Therefore, although other possibilities may
unfold in the future, given the present anatomical and physiological understanding of the
hippocampus it reasonable to suggest that area CA3 pyramidal cells innervate hilar neurons.

If area CA3 pyramidal cells innervate hilar neurons, even if they do so indirectly, the
consequences will still be important. First, such a pathway could lead to effects on large
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populations of granule cells, since spiny hilar ‘mossy’ cells project heavily to the inner
molecular layer of both the ipsilateral and contralateral dentate gyrus [9, 22, 34, 36], and
fast-spiking hilar cells can innervate granule cells [19, 26]. Second, such a pathway could
help explain why repetitive excitatory events are triggered in hilar cells following
stimulation of a single granule cell [26]; secondary excitation may have been due to area
CA3 pyramidal cells that were excited by the granule cell. Such repetitive excitation is
important to understand because it may be one of the reasons hilar cells are relatively
vulnerable to prolonged perforant path excitation [28, 29, 31], as well as other insults [8, 12,
17].
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Fig. 1.
Representative responses of hilar cells and granule cells to fimbria stimulation. A: responses
of spiny hilar ‘mossy’ cells. 1,2: responses to fimbria stimulation (at the dots) are
superimposed on hyperpolarizing and depolarizing intracellular current steps (arrows point
to the start and end of the current injection). Current amplitudes were +0.3 nA, −0.3 nA in
part 1 and +0.4 nA, −0.3 nA for part 2. Membrane potentials, −65 mV (1), −67 mV (2). 3:
responses to depolarizing and hyperpolarizing current injection (± 0.3 nA) are shown in the
absence of stimulation to illustrate the electrophysiological characteristics of the spiny hilar
cell type (for review, see ref. 25). Note the irregular firing behavior and large spontaneous
potentials (arrowheads). Membrane potential, −62 mV. B: responses of ‘fast-spiking’ hilar
cells (possible interneurons). 1: excitatory responses of two different cells to fimbria
stimulation. Membrane potentials, −60 mV (left) and −58 mV (right). Calibration for 1 and
2, 15 ms; for all other parts of this figure, calibration, 50 ms. 2: inhibitory response of a
different cell to fimbria stimulation, superimposed on responses to ± 0.3 n A current steps.
Membrane potential, −68 mV. 3: responses to current injection (± 0.3 nA) are shown in the
absence of stimulation. Same cell as in B2. Note the lack of spike frequency adaptation and
the large afterhyperpolarization after each action potential. Membrane potential, −64 mV. C:
responses of a granule cell. 1,2: the responses of the same granule cell are shown following
fimbria stimulation (1) and molecular layer stimulation (2). In part 2, the response is shown
in the absence of current injection as well as in the presence of +0.2 nA and −0.5 nA current
steps. Membrane potential for both 1 and 2, −70 mV. 3: the responses of the same granule
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cell as in parts 1 and 2 are shown to current injection (±0.3 nA) without synaptic
stimulation.
Membrane potential, −77 mV.
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Fig. 2.
Blockade of hilar cell responses to fimbria stimulation by the AMPA/kainate receptor
antagonist CNQX but not by the muscarinic antagonist atropine. A: the response of a spiny
hilar cell to fimbria stimulation is shown before (left) and 15 min following (center)
perfusion of the slice with 5 μM CNQX. The trace at right shows a response to the same
stimulus 75 min after perfusion with drug-free buffer was resumed. Dots indicate the
stimulus artifact. Membrane potential, −65 mV. B: two responses to the same fimbria
stimulus are shown for a different spiny hilar cell. At left is a response elicited before 10 μM
atropine was added to the bathing medium, and at right is a response elicited 30 min after
addition of atropine.
Membrane potential, −64 mV.
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