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1. Introduction
By virtue of its precise internal organization and its postulated involvement in learning
and memory, the hippocampal formation has been the most extensively investigated brain
structure. Global theories of hippocampal functioning generally assume that the
neocortico-archicortical information exchange is biased of or gated somehow by subcortical "motivational" inputs (Douglas, 1967; Grasty~n et al., 1959; Isaacson, 1982; Kimble,
1968; O'Keefe and Nadel, 1978). Grasty~n et al. (1959), for example, specifically suggested
that during exploration, in which the hippocampal formation plays a crucial role, the
reticular formation temporally inactivates the hippocampus through inhibition. Douglas
(1967), thinking on a similar line, postulated that "the inhibitory control of sensory
perception by the hippocampus is mediated by fibers which make excitatory synapses with
the Renshaw-like interneurons, which then inhibit activity in the associated sensory
channels". However, direct demonstration of the physiological and anatomical bases of
this subcortical "inhibitory control" has been slow in coming.
The most consistent finding of all investigations using intracellular recording in
hippocampal pyramidal cells is hyperpolarization associated with inhibition of cell
discharge from all afferent sources studied so far. For many years this prominent inhibition
has been explained with the widely accepted model of recurrent or feed-back inhibition
(Anderson et al., 1963, 1964; Eccles, 1969; Kandel and Spencer, 1961). According to the
model inhibitory neurons (basket cells) receive excitatory afferents from the neighboring
principal cells and send inhibitory processes back to the principal cell somata, thus
completing the recurrent inhibitory circuit. While this model amply accounts for the tonic
and postactivation suppression of principal cells it leaves the problem of the external
control of the hippocampal formation unexplained. It is difficult to understand how the
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subcortical (or indeed any) input controls the neocortico-archicortical or intrahippocampal circuitries when nearly all afferent fibers have been thought to be excitatory
(cf. Andersen, 1975; Lopes da Silva and Arnolds, 1978).
The goal of the present paper is to review recent anatomical and physiological
experiments demonstrating the richness and complexity of the afferent control of the
hippocampal formation and to conclude that most input pathways directly excite both
principal cells as well as interneurons. It will be argued that the hypothesis of this "double
innervation" has the power of resolving several existing anatomical and physiological
controversies and provide a better way of explaining the normal and abnormal behavior
of the archicortex.
2. Feed-Back and Feed-Forward Inhibition

Assuming a homogenous population of principal cells and a relatively homogenous set
of inhibitory interneurons both feed-back and feed-forward types of regulatory mechanisms predict characteristic and definite relationships among the individual neurons of
a cell assembly (Fig. 1).
In the feed-back mechanism an excitatory input arrives directly to the principal cells,
whose excitatory output is fed-back to the inhibitory cell(s) through recurrent axon
collaterals. This second order inhibitory cell then may discharge and inhibit a group of
principal cells including those which initially activated the interneuron (recurrent and
lateral inhibition). Note that in this mechanism firing of the interneuron is conditional
upon the firing of principal cells. Depending on the effectiveness of the principal
cell-inhibitory interneuron synapse the degree of convergence of principal cell axons on
interneurons may vary considerably. According to Andersen (1975) in the hippocampal
CA1 region the afferent volley fails to activate the second order inhibitory interneuron
until the strength of the afferent pulse passes the threshold of the population spike
generation, corresponding to the synchronous discharge of at least several dozens of
pyramidal cells (Andersen and L~mo, 1966; Andersen et al., 1969; Lomo, 1971). To
summarize, in a recurrent circuity excitation of the principal cells (first event) is a
prerequisite for interneuronal firing (second event) and consequent principal cell inhibition
(third event).
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FIG, l. Schematicrepresentationof feed-back and feed-forwardinhibition.In the recurrent model
dischargingof the principal cellsis a prerequisitefor subsequentinterneuronalfiring,whichin turn
will inhibit the principal cells(post-activationinhibition).In the feed-forwardmodel the discharge
rate of principal cells will be reduced for the duration of input activation. P: principal cell, I:
inhibitory interneuron.
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In a feed-forward regulatory system the order of events is different. The afferent volley
directly excites the inhibitory cell (first event) which in turn induces IPSPs and suppresses
spontaneous firing of the principal cells (second event). While in the recurrent circuitry
afferent excitation leads to an increase of the firing frequency of both principal cells and
yoked interneurons (direct correlation), in the feed-forward mechanism afferent activation
of the interneurons results in decreased activity of the principal cells (inverse correlation).
Note that the feed-forward inhibitory system is less stable because in the absence of
external input(s) the principal cells are not inhibited. Combination of the two types of
regulatory mechanisms, however, may provide both stability and effective external control.
In addition, in such a hybrid system the specificity of the afferent information may be
preserved by the input path-principal cell synapse.

3. Cell Types in the Hippocampal Formation
The two basic principal cell types, the pyramidal cells of the Ammon's horn and the
granule cells of the dentate gyrus, make up 96-98~ of the neuropil of the hilzpocampal
formation (Cassell and Brown, 1977; Seress and Pokorfiy, 1981; West and Andersen, 1980).
They are arranged in a highly ordered fashion constituting the narrow bands of the
pyramidal layer (fields CA1-CA3) and the granule cell layer. The hilar region of the
dentate gyrus contains an impressive variety of cell types (Amaral, 1978). Interneurons or
local circuit neurons (non-principal cells) are found both in the principal cell layers and
other strata of the structure.
In recent years we have been witnessing a considerable progress in the understanding
of light microscopic, ultrastructural and histochemical features of hippocampal interneurons. This will be shortly reviewed in Sections 3.1.-3.3.
3.1. MORPHOLOGICAL FEATURES OF INTERNEURONS

Prevalent among the interneurons are the basket cells (Lorente de N6, 1934; Ram6n y
Cajal, 1911). Ribak and Seress (1983) described five types of basket cells in the dentate
gyrus. The large somata of the basket cells (pyramidal, horizontal, fusiform, inverted
fusiform or multipolar) were found either in the granule cell layer or within 10-50 k~m of
this layer and occasionally in the molecular layer. In Golgi material the dendrites of the
basket cells are aspinous or sparsely spinous with varicosities or spindle-shaped swellings
(Amaral, 1978; Gayoso et al., 1979; Seress and Pokorfiy, 1981; Seress and Ribak, 1983;
Ribak and Seress, 1983; T6mb61 et al., 1979). Their axons form an extensive plexus in the
granule cells and inner molecular layers. Basket cell axons extend for up to 1 mm in the
longitudinal axis of the rat hippocampal formation and may synapse with as many as 500
granule cells (Struble et al., 1978). The synaptic sites of axon terminals are on the somata
and proximal dendrites of granule cells.
Various types of interneurons are found in the hilus of the dentate gyrus. Some of them
have been identified as fusiform, stellate, multipolar, spheroid or unipolar cells (Amaral,
1978) based on their somal size and dendritic branching pattern. Similarly to the basket
cells of the granule cell layer hilar interneurons also have aspinous dendrites and locally
arborizing axons (Amaral and Woodward, 1977; Ribak and Anderson, 1980).
Non-pyramidal cells of the hippocampus proper are manifold. Various large basket cells
(12-20 #m in the rat), bipolar, fusiform, triangular, polygonal, horizontal and Golgi type
II cells and small fusiform and ovoid cells (8 #m in the rat) have been described in the
rat (Minkwitz, 1976; Ribak et al., 1978), mouse (Valvarde, 1963), guinea pig (Frotscher
and Zimmer, 1983), cat (T6mb61 et al., 1979) and monkey (Somogyi et al., 1983).
Electron microscopic studies of the hippocampal formation have only recently concentrated on the description of interneurons. Despite their heterogeneous morphological
appearance at the light microscopic level ultrastructural characteristics of the interneurons
are strikingly similar. The somata of this class of cells display an extensive perikaryal
cytoplasm with large Nissl bodies, infolded nuclei, intranuclear rods and sheets,

134

G. BuzsAKl

euchromatin and large nucleoli (Gayoso et al., 1979; Ribak and Anderson, 1980; Seroogy
et al., 1983). These characteristics are not found in pyramidal or granule cells but are
shared by GABAergic, inhibitory neurons in the cerebral cortex (Parnavelas et al., 1977;
Peters et al., 1982; Ribak, 1978; Szent/tgothai, 1975). The aspinous dendrites as well as the
somata of hippocampal interneurons have a mixture of symmetric and asymmetric
synapses on their surfaces (Frotscher and Zimmer, 1983; Ribak and Anderson, 1980). The
axons of interneuron form synapses with the somata and proximal dendrites (Blackstad
and Flood, 1963; Ribak and Seress, 1983) as well as with the axon initial segment of the
target cells (Kosaka, 1980). A subclass of interneurons appear to form synapses exclusively
on the axon initial segment of pyramidal neurons in the monkey (Somogyi et al., 1983).
By analogy with the basket celt synapses on the axon initial segments of Purkinje cells
(Eccles et al., 1967; Korn and Axelrad, 1980) and Mauthner cells (Faber and Korn, 1978),
such "axo-axonic" interneurons appear ideal to exert direct inhibitory control over the
firing of a large number of principal cells.

3.2. HISTOCHEMICAL FEATURES OF INTERNEURONS

Interneurons of the hippocampal formation seem to contain a variety of putative
neurotransmitters and neuromodulators.
The most important physiological function assigned thus far to hippocampal interneurons is GABA mediated inhibition. Glutamic acid decarboxylase (GAD), the enzyme
catalyzing the formation of GABA, appears to be restricted to alleged GABAergic
interneurons, and is therefore a suitable marker for such neurons. Peak concentrations of
the enzyme occur between the perikarya of the pyramidal and granule cells, and in the
outer parts of the molecular layers (Storm-Mathisen, 1977). Binding of GABA receptor
agonist muscimol display a similar distribution (Chan-Palay, 1978; Duday and Segal,
1978). In their elegant study Ribak et al. (1978) were able to localize GABAergic cells and
terminals by using specific antisera to GAD. A dense network of GAD-positive puncta
was present around the pyramidal and granule cell somata corresponding to the
distribution of basket cell axon terminals. Sparse GAD-immunostaining was observed in
the hilus and dendritic layers of the principal cells with a clearly denser staining around
the distal apical dendrites (Barber and Saito, 1976; Goldowitz et al., 1982). GAD-positive
reaction product was essentially absent in the pyramidal and granule cells but was present
in the soma and dendrites of many non-principal cells. GAD-immunoreactive cells were
observed in all layers of the hippocampal formation and the morphological appearance
of the cell types corresponded to the various interneurons described previously in Golgi
preparations (Seress and Ribak, 1983). These latter authors concluded that nearly all types
of non-principal cells in the dentate area are GABAergic. The intrinsic nature of
GAD-positivity in the hippocampal formation is supported by the observation that GABA
content and GAD-staining are not reduced after various deafferentations of the structure
(Goldowitz et al., 1982; Storm-Mathisen, 1978).
Methionine and leucine-enkephaline are among a group of endogeneous central nervous
system peptides that bind to opiate receptor sites. A massive enkephalin-like immunoreactive system was recently described in the hippocampal formation which corresponds
in source, position and character to the mossy fiber system (Atweh and Kuhar, 1977;
Fitzpatrick and Johnson, 1981; Gall et aL, 1981; Stengaard-Petersen et aL, 1981).
Accordingly, some granule cells displayed faint immunoreactivity all along the septotemporal axis. More intensively labeled cells were sparsely scattered through all layers
of the hippocampal formation (Gall et al., 1981; Sar et al., 1978; Stengaard-Pedersen et
al., 1983). The immunoreactive cells seem to be interneurons and did not share a common
morphology, although many of them were ovoid, bipolar or pyramidal-shaped. In vitro
physiological experiments suggest that these interneurons may be the main targets of brain
opiates and would attenuate GABAergic inhibition (Lee et al., 1980; Martinez et al., 1979;
Nicoll et al., 1980; Zieglg/insberger et al., 1979).
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Cholecystokinin (CKK), a brain peptide, display similar topographical localization to
the distribution enkephalin. Although in the rat the mossy fiber zone contains little
CCK-immunoreactivity, it shows strong labeling in the guinea pig and the European
hedgehog (Stengaard-Pedersen et al., 1983). CCK-positive somata were found in all layers
of the hippocampal formation, but pyramidal cells and granule cells were devoid of
CCK-immunoreactivity (Beinfeld and Palkovits, 1981; Handelmann et al., 1981; Innis et
al., 1979; Larsson and Rehfeld, 1977; Loren et al., 1979; Stengaard-Pedersen et al., 1983).
Besides the mossy fiber system the terminal zones of both the medial perforant path and
the commissural and associational fibers of the dentate gyrus contain CCKimmunoreactive molecules. An interesting observation was that in the rat lesion of the
entorhinal cortex did not change the CCK-content of the hippocampal formation
(Handelmann et al., 1981). Thus, the possibility exists that labeling of these zones derive
in part from the axon terminals of CCK-containing interneurons.
Vasoactive intestinal polypeptide (VIP), another putative brain peptide, is present in
hippocampal interneurons (Loren et al., 1979; Sims et al., 1980). Electron microscopic
examination of VIP-reactive cells indicate that they possess ultrastructural characteristics
identical with those of GAD-positive interneurons (Lrr~.nth and Frotscher, 1983). Granule
cells and pyramidal cells are free of VIP-immunostaining.
Kageyama and Wong-Riley (1982) investigated the location of cytochrome oxydase in
the hippocampal formation. Interneurons, scattered throughout the structure, showed
intense staining. In addition, CA3 pyramidal cells were also labeled, while other pyramidal
neurons and granule cells displayed negligible cytochrome oxydase-positivity. Both
somatostatin (Kunkel et al. 1983) and substance P (McLean et al., 1983) appear to be
present in hippocampal formation interneurons.
A long series of studies have dealt with the presence of acetyl-choline (ACh) in the
hippocampal formation. The cholinergic projections and the problem of their postsynaptic
targets will be discussed in detail under Section 4.4. So far the only reliable marker for
a cholinergic neuron is choline acetyl-transferase (CHAT) the ACh synthetizing enzyme (cf.
Fibiger, 1982; K/tsa 1975). Early peroxidase-anti-peroxidase as well as lately developed
specific immunohistochemical methods allowed to identify putative cholinergic cells in the
hippocampal formation. The results of these studies reveal intense ChAT-labeling in a
variety of interneurons and its absence in pyramidal and granule cells (Kimura et al., 1980,
1981; Vijayan, 1979).
The above short survey indicates that hippocampal formation interneurons contain a
variety of putative transmitters and neuromodulators. At present it is not possible to
predict whether each of these substances are produced by separate subgroups of
morphologically similar cells or the different peptide and neurotransmitters coexist in the
same hippocampal formation neurons. ChAT and VIP are present in the same peripheral
neurons innervating exocrine glands (Lundberg et al., 1982) and VIP and enkephalin was
found to coexist in the adrenal chromaffin granules of the frog (Leoboulenger et al., 1983).
Whatever will prove to be the case in the hippocampal formation, it is not unreasonable
to suppose that interneurons of the hippocampal formation are targets of pharmacologically distinct afferents. In Sections 4.1.-4.8. it is attempted to show that this is,
indeed, the case.
3.3. PHYSIOLOGICALFEATURESOF INTERNELrRONS
Ranck (1973) was among the first investigators attempting to classify hippocampal
formation cells on the basis of physiological criteria. He found that in the freely moving
rat majority of hippocampal neurons displayed occasionally a burst of 2-10 action
potentials of decreasing amplitude and increasing duration (a complex-spike). Nearly all
complex-spike cells were localized in the pyramidal layers of the hippocampus, therefore
Fox and Ranck (1975, 1981) suggested that complex-spike ceils were pyramidal neurons.
In response to afferent activation complex-spike ceils respond with a single action
potential, presumably due to the operation of the recurrent inhibitory circuitry (Andersen
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et al., 1964; Bland et al., 1980; Buzsfiki and Eidelberg, 1982a, b; Fox and Ranck, 1981;

Schwartzkroin, 1975). Intracellularly complex-spike cells have relatively long duration
action potentials (1.3-2.0 msec) and depolarizing after-potentials (Schwartzkroin, 1975;
Knowles and Schwartzkroin, 1981). Neurons with these physiological features have been
stained intracellularly and proved to be pyramidal cells (Finch and Babb, 1981; Knowles
and Schwarzkroin, 1981b; Turner and Schwartzkroin, 1980; Wong and Prince, 1981).
Physiological criteria for identification of granule cells have been suggested only recently.
Granule cells display short duration action potentials (0.22-0.40 msec extracellularly) and
never fire in a complex manner (Buzsfiki et al., 1983; Rose et al., 1983). They respond only
with a single action potential to either commissural or perforant path stimulation with
latencies earlier than peak of the evoked field response (Bland et al., 1980. Buzsfiki et al.,
1983).
Physiological features of the morphologically heterogenous hippocampal formation
interneurons are strikingly similar. The spike duration of interneurons is short (less than
1.2 msec intracellularly; Knowles and Schwartzkroin, 1981; Turner and Schwartzkroin,
1980), their discharge rate is high (usually 5-80 Hz) and varies with behavior in a
predictable manner (Buzs~tki et al., 1983; Fox and Ranck, 1981). During spontaneous
hippocampal sharp waves they may fire with frequencies up to 700 Hz (Buzs~ki et al.,
1983). The most stringent physiological criterion of an interneuron is its repetitive and high
frequency firing in response to afferent activation (Andersen, 1975; Andersen et al., 1964;
Artemenko, 1972; Buzsfiki and Eidelberg, 1981, 1982a; Finch and Babb, 1977; Fox and
Ranck, 1981; Schwartzkroin and Mathers, 1978). Interneurons with these physiological
characteristics have been identified with intracellular dye injections (Finch et al., 1983;
Schwartzkroin and Mathers, 1978; Turner and Schwartzkroin, 1980).
It may well be that the morphologically distinct subclasses of interneurons (see above)
might serve different physiological functions. To date, however, electrophysiological
criteria, capable of distinguishing among these subclasses, are not available.

4. Afferent Systems
4.1. COMMISSURAL INPUT

4.1.1. D e n t a t e gyrus

Commissural fibers terminate in a discrete zone in the inner third of the molecular layer,
just above the granule cell layer (Blackstad, 1956; Gottlieb and Cowan, 1973). According
to Hjorth-Simonsen and Laurberg (1977) there is also a projection which terminates just
below the granule cells, in Cajal's "limiting sub-zone". The exclusive source of these axons
appear to be the hilar cells of the contralateral dentate gyrus (Berger et al., 1981; Laurberg,
1979; Swanson et al., 1978; Voneida et al., 1981; West et al., 1979). In the molecular layer
commissural axons terminate on dendritic spines of granule cells (Laatsch and Cowan,
1967).
In accordance with the anatomical picture stimulation of the commissural input evoked
excitatory responses at least in some presumed granule cells (Assaf and Miller, 1978;
Buzshki and Cz6h, 1981; Deadwyler et al., 1975). The most frequently observed response,
however, was long lasting inhibition (Buzs~iki and Cz6h, 1981). In addition, conditioning
commissural volleys suppressed population spikes and single unit discharges evoked by
perforant path stimulation (Buzs~ki and Cz6h, 1981; Buzs~ki and Eidelberg, 1981;
McNaughton et al., 1978). Similar results were obtained by stimulating the contralateral
perforant path in rats in which all commissural connections but the ventral hippocampal
commissure was sectioned (Buzsfiki and Eidelberg, unpublished data). In such preparations the commissural projection was activated multisynaptically, thus we could exclude
the possibility that inhibition was due to collateral activation of inhibitory interneurons
by stimulating hilar cells antidromically. Douglas et aL (1983) found that commissural
inhibition was GABA-mediated. In rats under pentobarbital anesthesia bicuculline did not

FEED-FORWARD INHmmON IN THE HIPPOCAMPUS

137

diminish the field potential evoked by the commissural stimulus but it did prevent the
stimulus from suppressing the perforant path population spike.
The above findings questioned the possibility that inhibition was mediated via a
recurrent circuitry, secondary to granule cell activation. The hypothesis, that commissural
fibers directly excite inhibitory interneurons in a feed-forward manner seemed more
reasonable. This suggestion was subsequently verified by recording from dentate interneurons. Buzs~iki and Eidelberg (1981, 1982a) reported that physiologically identified
interneurons in both the molecular and granule cell layers as well as in the hilus responded
to very low intensity commissural volleys. More importantly some of the interneurons fired
slightly before or coincided with the onset of the extracellularly recorded synaptic potential
and they followed considerably higher frequencies than did the granule cells (Buzshki et
al., 1983). Some of the interneurons could also be activated in a recurrent manner (i.e.,
after the population spike) by stimulating the perforant path, suggesting that the same
interneuron can participate in both feed-forward and feed-back inhibition.
A combined Golgi-electron microscopic-degeneration study has recently provided
morphological evidence for the existence of the commissural path-interneuron synapse.
Following destruction of the contralateral fimbria, Seress and Ribak (1984) found
degenerating axon terminals on both the soma and proximal dendrites of dentate basket
cells. These same authors (Seress and Ribak, 1983) claimed that some of the inhibitory
cells in the hilus might give rise to commissural and associational projections. This
speculation is based partly on their own findings that nearly 60~ of the hilar neurons are
GAD-positive and partly on previous reports that 80~o of hilar cells have commissural
projections (Berger et al., 1981; Laurberg, 1979; Swanson et al., 1978; West et al., 1979).
Indeed, it was reported that some hilar cells, classified physiologically as interneurons,
could be driven antidromically from the contralateral dentate gyrus (Buzshki and Czrh,
1981; Fox and Ranck, 1981).
The existence of such a direct inhibitory path awaits further verification, including
double labeling of GAD-immunoreactive cells. Might such projections be proved, the
terms "interneuron" or "local circuit neuron" may require revision.
4.1.2. A m m o n ' s horn
The strata oriens and radiatum of the hippocampus (CA1 and CA3) receive a
commissural projection from the CA3 pyramidal cells (Blackstad, 1956; Gottlieb and
Cowan, 1973; Hjorth-Simonsen, 1973; Hjorth-Simonsen and Laurberg, 1977; Laurberg,
1979; Laurberg and Sorensen, 1981; Swanson et al., 1978). The pathway is excitatory and
most likely utilizes glutamate as a transmitter (cf. Storm-Mathisen, 1978; Nitsch, 1981).
At least some pyramidal neurons which send axons to the commissural path also have an
associational collateral (Laurberg and Sorensen, 1981; Swanson et al., 1981). Since
interneurons are located in or project dendrites to strata orients and radiatum, it is logical
to assume that they are also contacted by the commissural input. Recent evidence that
pyramidal neurons do not send axon-collaterals into the stratum radiatum (Finch and
Babb, 1981; Finch et al., 1983; Knowles and Schwartzkroin, 1981) suggests that interneurons in this layer receive afferents other than the recurrent axon-collaterals of
pyramidal cells.
Alger and Nicoll (1982) observed that in the in vitro hippocampal slice preparation
orthodromic (i.e., str. radiatum) stimulation always evoked higher amplitude IPSPs in CA1
pyramidal cells than antidromic (i.e., alveus) stimulation. Application of bicuculline to the
apical dendritic region reduced the orthodromically induced IPSP and resulted in multiple
spike discharges (complex pattern), leaving the antidromically evoked IPSP unaffected. In
addition, blocking spike propagation by tetrodotoxin in the dendritic region suppressed
the orthodromically evoked IPSP, indicating its dependence on neuronal activity in this
region. These authors concluded that inhibitory interneurons in stratum radiatum would
mediate inhibition in a feed-forward manner, while basket cells of stratum pyramidale are
involved in recurrent inhibition only. This latter suggestion is unlikely since it would imply
that the long dendrites of pyramidal basket cells would be devoid of terminals. In vivo
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experiments show that interneurons in strata orients, pyramidale and radiatum of CA I
respond to significantly lower intensity commissural pulses than pyramidal cells (Buzs~iki
and Eidelberg, 1982a; Fox and Ranck, 1981). The majority of them fire also before the
population spike, and some of them precede the extracellular synaptic response (Buzs~iki
and Eidelberg, 1982a; Buzsfiki et al., 1983). These experiments lent strong support to the
hypothesis that commissural fibers directly excite hippocampal interneurons. Accordingly,
commissural volleys would induce both EPSPs and IPSPs nearly synchronously. Indeed,
picrotoxin, a GABA inhibitor, augmented the commissurally evoked extracellular synaptic
response in stratum radiatum of the rat, presumably via the blockade feed-forward
inhibition (Buzsfiki, unpublished data).
The presence of a direct commissural path-interneuron synapses in the Ammon's horn
is supported by anatomical data as well. Loy (1978) injected [H3]adenosine into the CA3
region and observed several types of labeled interneurons in the contralateral Ammon's
horn. These presumably have been labeled due to release from commissural terminals and
transneuronal reuptake of the radioisotope into postsynaptic cells. Frotscher and Zimmer
(1983) applied a combined Golgi-electron microscopic method to the guinea pig hippocampus following surgical transection of the contralateral fimbria. Degenerating, electrondense terminals were found in synaptic contact with both perikarya and dendrites of a
basket cell in the pyramidal layer and a bipolar neuron in the stratum oriens. Especially
the varicose swellings seemed to be a preferential site for the commissural terminals. In
an elegant immuno-histochemical-electron microscopic study (Lbr~inth and Frotscher,
1983) degenerated axon terminals of commissural origin were observed in synaptic contact
with VIP-positive interneurons in both stratum oriens and stratum radiatum of the rat
hippocampus. The degenerated terminals formed asymmetric synaptic contacts with the
perikarya and the dendrites of VIP-immunoreactive cells. In conclusion, the available
physiological and anatomical data provide strong evidence that commissural fibers do
directly excite hippocampal interneurons.
4.2. ENTORHINALINPUT
The perforant pathway which originates in the entorhinal cortex and terminates on the
dendrites of the granule cells and pyramidal cells constitutes the principal afferent path
of the hippocampal formation (Hjorth-Simonsen and Jeune, 1972; Nafstad, 1967).
Entorhinal fibers are distributed in a proximodistal gradient along the dendrites of granule
cells, with afferents from the ipsilateral entorhinal area terminating in the middle portion
and the lateral entorhinal area terminating in the outer third of the molecular layer. A
similar pattern of termination is present in the very slight projection from the contralateral
entorhinal cortex (Zimmer and Hjorth-Simonsen, 1975; Steward, 1976; Steward and
Scoville, 1976). There is an equally strong input to the Ammon's horn terminating in the
stratum granulosum-moleculare. This latter projection is bilateral (Steward, 1976).
Since several types of interneurons project their aspinous dendrites into the termination
zone of the perforant path (Amaral, 1978; Ribak and Seress, 1983; Seress and Pokorfiy,
1981) it is reasonable to assume that they are also contacted by the entorhinal fibers. Such
a feed-forward circuitry was first conceived by Wilson et al. (1981) in order to explain the
population spike/extracellular synaptic wave dissociation following long-term potentiation. Indeed, interneurons in both the molecular layer and the granule cell layer respond
earlier and have threshold lower than the population spike evoked by perforant path
volleys (Buzsfiki and Eidelberg, 1982a; Buzsfiki et al., 1983).
No anatomical support is available at present in favor of the physiologically hypothetized perforant path-interneuron contact. Also, there is no data with regard to the role of
the direct perforant path input to the Ammon's horn in feed-forward inhibition.
4.3. ASSOCIATIONALCONNECTIONS
Besides the direct perforant input to the distal apical dendrites of CA1 pyramidal cells,
the neocortical information can reach these same cells via a trisynaptic circuitry. Axons
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of granule cells (mossy fibers) excite CA3 pyramidal cells, which, in turn, send axon
collaterals (Schaffer, 1892) to the CA1 region (cf. Andersen, 1975).
4.3.1. D e n t a t e gyrus
The projection to the Ammon's horn from the dentate gyrus derives exclusively from
granule cells of the granular layer and from ectopic granule cells in the hilus (Gaarskjaer,
1981; Gaarskjaer and Laurberg, 1983). In the rat mossy fibers terminate exclusively in CA3
and the hilus, but in the European hedgehog (Gaarskjaer et al., 1980) and in some cats
(Laurberg and Zimmer, 1980) they reach the CA1 region. The terminal field of these fibers
in CA3 is confined mainly to a narrow zone immediately above the pyramidal cell layer
(Blackstad et al., 1970). The mossy fibers terminate upon large, thorn-like spines of the
pyramidal cells (Laatsch and Cowan, 1966; Otsuka et al., 1975) and on varicose dendrites
which presumably belong to interneuronal perikarya (T6mb61 et al., 1979). There is no
information with regard to the physiological action of the mossy fiber system on CA3
interneurons. However, it has been reported that stimulation of granule cells evokes both
EPSPs and IPSPs in CA3 pyramidal cells (Misgeld et al., 1979; Yamamoto and Chujo,
1978).
Cells in the hilus, besides the commissural projection, give rise to associational fibers
which terminate on the inner one third of the molecular layer (Amaral, 1978; Gottlieb and
Cowan, 1973; Hjorth-Simonsen and Laurberg, 1977; Zimmer, 1971). These fibers most
probably make synapses with the granule cells but it is not known whether or not they
contact dentate interneurons. Double-labeling experiments indicate that the majority of
hilar cells give rise to both commissural and associational projections (Laurberg and
Sorensen, 1981; Swanson et al., 1981). Since the collaterals of these cells can be assumed
to carry an identical neurotransmitter, they are probably targeted to similar cell types in
both hippocampi. Consequently, it is logical to hypothesize that, similarly to the
commissural axons, associational fiber collaterals also synapse with interneurons.
4.3.2. A m m o n ' s horn
The most significant associational path in the hippocampus is the Schaffer-collateral
system which derives from CA3 pyramidal neurons and terminates in the CA1 region
(Schaffer, 1892). Double-labeling experiments show that at least some Schaffer-collaterals
arise from the same neurons which project to the commissural system (Laurberg and
Sorensen, 1981; Swanson et al., 1981). The two pathways have similar terminal fields
(Laurberg, 1979; Swanson et al., 1978). Commissural actb, ation is more efficient in stratum
oriens than associational path stimulation, while the opposite is observed in stratum
radiatum (Buzsfiki and Eidelberg, 1982b; Stanley et al., 1979). Similarly to the commissural
system, associational volleys excite CA1 interneurons directly (Buzs~ki and Eidelberg,
1982a).
A third, albeit less known, associational path of the hippocampal formation is the
powerful interlamellar system extending along the main axis of the hippocampus (Bartesaghi et al., in press; Hjorth-Simonsen, 1973; Laurberg, 1979; Lorente de N6, 1934;
Swanson et al., 1978). Cellular level analysis of this system is not yet available. Local
excitatory interactions among the pyramidal cells have been long suspected. In the
deafferented fornix preparation Lebovitz et al. (1971) observed both antidromic as well as
synaptic types of excitation. The onset of excitation, however, was too short to postulate
the presence of recurrently activated excitatory interneurons. To date, excitatory interneurons have not yet been demonstrated in the hippocampus. Excitatory interactions
among principal cells can occur via either direct recurrent collaterals (Traub and Wong,
1982) or by means of the recently discovered electronic junctions (MacVicar and Dudek,
1981; MacVicar et al., 1982; Schmalbruch and Jahnsen, 1981).
4.4. SEPTAL INPUT

Of the several subcortical inputs to the hippocampal formation the septohippocampal
J.P.N. 22/2--D
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system has been studied most extensively, mainly because of its crucial role in exerting
influence on hippocampal EEG.
Since the discovery of this path (Morrin, 1950; Daitz and Powell, 1954) several studies
have attempted to define the cells of origin, the course, and the mode of termination of
the septohippocampal path (Cragg and Hamlyn, 1957; Meichbach and Siegel, 1977;
Mosko et al., 1973; Raisman, 1966; Swanson and Cowan, 1979). On the basis of
electrophysiological (Petsche et al., 1962; Stumpf, 1965) and histochemical (Lewis and
Shute, 1967) experiments it was proposed that the septo-hippocampal pathway was
cholinergic. While there has been substantial controversy over the years concerning the
cells of origin and the precise terminal distribution, the consensus that has emerged from
these studies is that the septal projection arises from the medial septal nucleus and in the
nucleus of the diagonal band, and reaches the hippocampal formation by way of the
fimbria-fornix complex, and that most of the fibers terminate in the infrangranular zone
of the hilus, the stratum oriens and to a smaller extent in the stratum radiatum of the
Ammon's horn. In addition, terminals are also found, albeit few, in the supragranular layer
(stratum moleculare) of the rostral dentate gyrus (Crutcher et al., 1981; Rose et al., 1976;
Swanson and Cowan, 1979). In general, the distribution of acetyl-cholinesterase (ACHE)
in the hippocampal formation shows a remarkable similarity to the above pattern,
although exceptions are also noted (cf. Fibiger, 1982; Lynch et al., 1978). Destruction of
the septal nuclei produced significant decreases in cholinergic activity of the hippocampal
formation (Fonnum, 1970; Kuhar et al., 1973; Kuhar and Yamamoto, 1975; Lewis et al.,
1967; Mellgren and Srebro, 1973; Oderfeld-Nowak et al., 1974). Conversely, stimulation
of the medial septal region increased the release of ACh from hippocampus (Dudar, 1975;
Smith, 1974).
The excitatory nature of ACh on hippocampal pyramidal neurons was suggested several
years ago (Biscoe and Straughan, 1966). Its onset however, is notoriously slow and it has
been proposed that at least part of the effect of ACh is mediated by interneurons (Ben-Ari
et al., 1981; Krnjevic et al., 1981). Conditioning stimulation of the medial septal region
remarkably enhance the amplitude of the population spike evoked by other afferents in
both the dentate gyrus (Alvarez-Leefmans and Gardner-Medvin, 1975; Robinson and
Racine, 1982; Wheal and Miller, 1980) and the hippocampus (Jeantet and Jaffard, 1983;
Krnjevic and Ropert, 1982; Krnjevic et al., 1981). Based mainly on these data it has been
generally held that hippocampal rhythmical activity (theta) is the result of periodic
excitation of a great number of pyramidal and granule cells by the axons of cholinergic
"pacemaker" cells of the septum (Bland et al., 1980; Fujita and Sato, 1964; Petsche et al.,
1962; T6mb61 and Petsche, 1969). The assumed excitatory action of cholinergic septal
neurons on the principal cells of the hippocampal formation has recently been criticized
and it was suggested that septal cells inhibit rather than excite principal cells via direct
excitation of inhibitory interneurons (Buzs~ki and Eidelberg, 1983; Buzs~tki et al., 1983).
The inhibitory function of the septohippocampal path is supported by several lines of
evidence. Although some of the supporting data have been available in earlier experiments
they are not very apparent from the text of those papers because of the prevailing concept
that the septohippocampal input is excitatory.
The laminar distribution of septal projections and AChE activity coincides well with the
distribution of the interneurons in the hippocampal formation (cf. Section 3.). Pyramidal
neurons and granule cells are completely devoid of both AChE and ChAT (Kimura et al.,
1980, 1981; Mathisen and Blackstad, 1964; Vijayan, 1979). One may wonder how the
cholinergic terminal affects granule cells and pyramidal cells if the postsynaptic membrane
does not contain the necessary enzyme to process the transmitter. Interneurons of the
hippocampal formation, on the other hand, are both cholinergic and cholinoceptive
(Fibiger, 1982; Kimura et al., 1981; Mathisen and Blackstad, 1964; Vijayan, 1979). In their
electron microscopic study of the cholinergic projection, Shute and Lewis (1966) observed
AChE-containing terminals on the dendrites of presumed pyramidal cells. The origin of
the cholinergic axons could be the medial septum or local, AChE-producing interneurons.
More important in the present context is the observation that AChE-positive synapses
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were also found in contact with Golgi type II cells in the stratum oriens. In line with this
finding Rose and Schubert (1977) reported labeled interneurons in the hilus following
medial septal injection of [H3]adenosine, a nucleotide which readily crosses synaptic
junctions. Granule cells were also labeled but not as heavily as were the interneurons.
In a combined horseradish-peroxidase (HRP)-EM study Chandler and Crutcher (1983)
found that following localized injections of HRP into the medial septum labeled terminals
made asymmetric synapses with the somata and dendrites of putative basket cells in the
dentate gyrus.
Facilitation of the population spike by conditioning septal stimulation can be explained
in either of three ways. First, activation of septal cells or other subcortical afferents
coursing through the medial septum (Wyss et al., 1979b) might have orthodromically
facilitated discharges of principal cells through "cooperative interaction" (Robinson and
Racine, 1982; Wheal and Miller, 1980). A second explanation is proposed by Krnjevic and
his colleagues (Krnjevic and Roppert, 1982; Krnjevic et al., 1981; Ben-Ari et al., 1981).
They claim that the septal input reduces the potency of GABA-ergic interneurons
(disinhibition). A third alternative is offered by an interesting finding of Assaf and Miller
(1978). These authors examined the effect of median raphe stimulation on the amplitude
of the perforant path evoked population spike and showed a direct correlation with
inhibition of isolated granule cells. They suggested that inhibition of a large proportion
of granule cells may reset their random activity thereby allowing a more synchronous
discharge to a prepotent perforant path volley. In addition, precurrent hyperpolarization
will result in greater than normal action potentials in the target cells. The effect of septal
prestimulation may be explained in a similar manner by assuming that septal cells excite
inhibitory interneurons which in turn inhibit firing of the principal cells.
Direct application of ACh or carbachol, as examined in either in vivo or in vitro
experiments, always results in a bipolar action: initial hyperpolarization followed by slow
depolarization in pyramidal cells (Benardo and Prince, 198 l; Bird and Aghajanian, 1976;
Biscoe and Straughan, 1966; Hounsgaard, 1978). The initial hyperpolarization is abolished
in preparations poisoned with tetrodotoxin, indicating a disynaptic action (Haas, 1982).
It may well be that the initial hyperpolarizing action of ACh is an indirect effect via
excitation of nearby inhibitory interneurons. In this context it is relevant to note that
Renshaw cells, the inhibitor neurons of the spinal cord, are also cholinoceptive (Curtis and
Eccles, 1958).
Septal "pacemaker" cells increase, usually double their discharge rates whenever EEG
theta activity occurs in the hippocampus (Ranck, 1976). Consequently, monitoring
hippocampal theta is an excellent means to study the effect of increased cholinergic
bombardment in the hippocampal formation (Dudar et al., 1979). There is a general
consensus that both in acute and chronic animals hippocampal theta is accompanied by
a decreased level of pyramidal cell activity, independent whether theta occurs spontaneously or is evoked by sensory stimulation, hypothalamic and brain stem activation or by
drugs (Artemenko, 1972; Buzs~tki and Eidelberg, 1983; Buzs~iki et al., 1983; von Euler and
Green, 1960; Finch et al., 1978; Green et al., 1960; Ranck, 1973). Pyramidal cells display
their lowest rates during the paradoxical phase of sleep and highest during slow wave sleep
(Ranck, 1973). Interneurons, on the other hand, increase, usually double their firing
frequencies during the appearance of hippocampal theta (Artemenko, 1972; Buzs~iki et al.,
1983; Ranck, 1973).
When interneurons are discharged by afferent volleys at threshold intensity the latency
of the first spike as well as the number of evoked discharges to a single pulse varies as
a function of behavior. Stimuli delivered during walking, accompanied by theta, evoked
significantly more spikes and shorter latency responses than stimuli delivered during
"non-theta" behaviors such as drinking and immobility (Fig. 2). Pyramidal cells, on the
other hand, discharged with a higher probability during "non-theta" behaviors. This
inverse correlation makes it unlikely that interneurons are driven exclusively by the
principal cells of the hippocampal formation in a recurrent manner. It is thought that the
combined weight of the above arguments constitutes sufficient grounds for the hypothesis
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FIG. 2. Responsivity of hippocampal (a and b) and dentate gyrus (c and d) neurons as a function
of behavior in the rat. The cells were discharged by stimulating an afferent path at intensities close
to threshold, a and b: Poststimulus histograms of CA1 interneuron (int) and pyramidal cell (compl).
assoc. Schaffer collateral stimulation, c and d: Same interneuron in response to commissural (c)
and perforant path (pp) stimulation. Note latency decrease and discharge rate increase of
interneurons during walking associated with theta EEG. Each histogram is a sum of 16 trials
(Buzs~tki and Vanderwolf, unpublished findings).

that septal afferents, beside their action on principal cells, exert an excitatory influence on
hippocampal formation interneurons.
4 . 5 . HYPOTHALAMIC I N P U T

It is now well established that a substantial number of the large neurons in the
supramammillary region of the hypothalamus send their axons to the hippocampal
formation in rats (Dent et al., 1983; Segal and Landis, 1974; Pasquier and Reinoso-Suarez,
1976; Wyss et al., 1979a, b), mice (Stanfield et al., 1980) and monkeys (Amaral and Cowan,
1980). These fibers terminate within a narrow laminar zone in the outer part of the granule
cell layer and the immediately adjoining part of the molecular layer of the dentate gyrus
(Dent et al., 1983; Stanfield et al., 1980; Wyss et al., 1979a).
In a physiological experiment Segal (1979) observed that electrical stimulation of the
supramammillary region resulted in a short latency inhibition of presumed granule cells.
Based on this finding he suggested that the hypothalamic projection to the dentate gyrus
may constitute a long-axon, monosynaptic inhibitory pathway to the granule cells.
Recent electron microscopic findings, however, cast doubt on this suggestion. In an
autoradiographic study Dent et al. (1983) failed to observe symmetric synapses of
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hypothalamic origin in the termination zone of the supramammillary input. The fibers
terminated principally upon large dentritic shafts and to a lesser extent on dentritic spines
and perikarya of granule cells. Regardless of the postsynaptic target, the presynaptic
terminals always formed asymmetric (Type I) synapses with spheroidal vesicles. These
morphological features are usually associated with excitatory synapses (cf. Peters et al.,
1976). The apparent paradox between the physiological data and morphological findings
may be resolved by assuming that the excitatory supramammillary fibers also terminate
on inhibitory interneurons. What I suggest is that hypothalamic inhibition may be a
feed-forward type.
4.6. RAPHE NUCLEI AFFERENTS
Serotonin containing cells of the raphe nuclei project to the hippocampal formation
(Azmitia and Segal 1978; Conrad et al., 1974; Segal, 1975; Moore and Halaris, 1975; Segal
and Landis, 1974). Recent immunohistochemical studies have shown that the serotonergic
terminals consist of two morphologically distinct components which innervate the
molecular layer of the dentate gyrus and the subgranular zone of the hilus (Krhler and
Steinbusch, 1982; Steinbusch, 1981). It was proposed that raphe cell axons may directly
contact the granule cells (Azmitia and Marovitz, 1980; Segal, 1980). Serotonin containing
fibers and terminals have also been described in the stratum lacunosum-moleculare of the
hippocampus (Fuxe and Jonsson, 1974).
In an electrophysiological study, Winson and Abzug (1978) observed that perforant path
pulses of the same intensity resulted in a low amplitude population spike in the dentate
gyrus during awake state but in a considerably larger response when the rat was in slow
wave sleep. In animals depleted of serotonin there was no difference in the population spike
between these behavioral states (Srebro et al., 1982). Conditioning median raphe stimulation markedly increased the amplitude the population spike during slow wave sleep.
Based on these findings, Winson (1980) proposed that the augmentation of the perforant
path evoked population spike may be explained by assuming that the serotonergic fibers
directly inhibit inhibitory interneurons in the hilus. A compound action of serotonin on
granule cells, both direct and via interneurons, was also considered. Augmentation of the
perforant path evoked population spike in response to conditioning raphe stimulation has
also been reported in anesthetized rats (Assaf and Miller, 1978). These authors investigated
effect of raphe volleys on isolated granule cells, as well. Raphe stimulation suppressed the
firing of granule cells and the time course of inhibition correlated well with the facilitation
of the population spike. Assaf and Miller suggested that inhibition of granule cell activity
is a result of serotonergic facilitation of inhibitory interneurons of the hilus and
hypothesized that inhibition resets the random activity of granule cells thereby allowing
a stronger synchronization in response to the perforant path volley. In summary, the
available anatomical and physiological data are consistent with the idea that serotonergic
modulation of the granule cells involves a feed-forward mechanism.
4.7. Locus COERULEUS AFFERENTS
Most brain norepinephrine-containing neurons are located in the pontine nucleus locus
coeruleus (Amaral and Sinnamon, 1977; Jones and Moore, 1977; Swanson and Hartman,
1975; Ungerstedt, 1971). Catecholamine-fluorescent fibers enter the hippocampal formation mainly through the fimbria-fornix and are distributed relatively diffusely in the
hippocampal formation, showing highest densities in the hilus and the stratum
granulosum-moleculare of the Ammon's horn (Blackstad et al., 1967; Lindvall and
Bjrrklund, 1974; Loy et al., 1980; Storm-Mathisen, 1978).
Numerous experiments have examined the effects of norepinephrine in the hippocampal
formation, and it is generally held that norepinephrine functions as an inhibitory
transmitter in the hippocampus (De Montigny et al., 1980; Langmoen et al., 1981; Segal,
1981; Segal and Bloom, 1974a, b). Indeed, the firing rates of locus coeruleus cells vary
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systematically with behavior and reach highest level during preparative actions (AstonJones and Bloom, 1981) correlated with maximum inhibition of hippocampal pyramidal
cells. Unfortunately, in the above experiments the hippocampal cells under study were not
identified, although examination of the original recordings suggest that the inhibited cells,
in agreement with the authors interpretation, were slow firing, complex-spike cells
(pyramidal neurons).
In a recent paper Otmakhov and Bragin (1982) reported that not all cells of the
hippocampus are inhibited by epinephrine. In agreement with earlier reports, they found
that cells with "complex discharges" were suppressed. On the other hand high frequency
units with single spike activity showed a 3-6 times increase in firing frequency in response
to local application of the drug. An attractive interpretation of these findings would be
that the excited cells were inhibitory interneurons and suppression of the principal cells
by norepinephrine would be exerted, at least in part, through their inhibitory action.
Viewed from this perspective, one looks forward to experiments in which the effect of locus
coeruleus activation on activity of identified hippocampal formation cells is investigated.
4.8. OTHER SUBCORTICAL AFFERENTS

Besides the inputs discussed above several other minor pathways project to the
hippocampal formation. Herkenham (1978) have found that cells in the nucleus reuniens
were retrogradely labeled following intrahippocampal injection of horseradish peroxidase.
In a similar study Wyss et al. (1979b) reported that over thirty different cell groups of the
diencephalon, mid-brain and brainstem directly project to the hippocampus. These
projections altogether account for less than one percent of the hippocampal formation
afferents. The exact mode of termination and the postsynaptic targets of these inputs are
unknown. An important question is how these scattered inputs influence the flow
information in the hippocampal formation and how they interact with the other more
substantial afferent systems. Electrophysiological examination of these sparse inputs are
not available. Stimulation of several subcortical sites have a conspicuous affect on
hippocampal EEG activity (Robinson and Vanderwolf, 198 l; Vertes, 1981), however it is
not known whether the effects are due to monosynaptic or polysynaptic action. In an early
report Ito and Olds (1972) observed suppression of multiple unit activity in the hippocampus in response to hypothalamic self-stimulation trains. In a careful experiment
Grantyn and Grantyn (1972) investigated the responses of hippocampal neurons of the cat
to stimulation of the midbrain reticular formation and the central gray matter. In the
majority of pyramidal cells stimulation induced a short-latency hyperpolarization, sometimes followed by rebound depolarization and action potentials. Since hippocampal
efferents do not project to these stimulation sites recurrent nature of the hyperpolarizing
potentials by antidromic invasion could be rejected. Among the possible sources of the
IPSPs feed-forward inhibition was considered, although not favored, by the authors.

5. Physiological Significance of Feed-Forward Inhibition
An important conclusion which can be deducted from the above survey of the
hippocampal formation inputs is that most of the various afferents synapse with both
principal cells and interneurons. The first question to be considered then is the advantage
of this "double" innervation.
Feed-forward inhibition is most effective if it not only reduces but prevents discharging
of principal cells altogether. The necessary requirement to postulate a feed-forward
mechanism is that inhibitory interneurons fire earlier than do the projection cells in
response to afferent stimulation. As discussed in Sections 4.14.3. that is often the case.
Several possibilities for this short latency response of interneurons can be considered. First,
faster conducting fibers of a given path are preferentially targeted for interneurons.
Second, a given fiber gives off more boutons to interneurons than to principal cells, this
way increasing the effectiveness of transmission. In this regard it would be good to know
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whether afferent fibers to interneurons and principal cells are collaterals of the same cell
or different cells project to them. Third, afferents to interneurons may terminate on
postsynaptic regions more favorable for spike generation. Fourth, interneurons may have
intrinsically lower thresholds than principal cells. Fifth, because of the presence of tonic
recurrent inhibition the threshold of principal cells may be elevated.
Experimental findings available at present support the latter two possibilities. Interneurons can be activated by significantly lower stimulus currents than principal cells
(Buzsfiki and Eidelberg, 1981; Buzs~tki et al., 1983; Fox and Ranck, 1981; Knowles and
Schwartzkroin, 1981). Some interneurons may respond to pulses subthreshold to evoke an
extracellular synaptic response, and at higher intensities the latency between interneuronal
firing and the onset of the population spike may be as long as 3 msec (Buzsfiki and
Eidelberg, 1982a). Thus, afferent stimulation may activate at least some interneurons
which, through their local axon collaterals, may in time build up hyperpolarization and
prevent discharges of a set of principal cells. The fifth alternative may be specifically
examined in preparations in which tonic inhibition is blocked by GABA antagonists.
The "double" effect (i.e., direct excitation and feed-forward inhibition) of afferent
activation serves both to evoke cellular discharges in some selected principal neurons and
at the same time to reduce the background firing of neighboring groups of principal cells.
This mechanism is optimal to enhance the "signal-to-noise" ratio in information theory
terms and provides better means for signal detection than recurrent inhibition. Feed-back
inhibition is too slow for such a purpose since it becomes effective only after relatively
synchronous firing of at least some principal cells. In this context, it is relevant to note,
that under certain conditions some pyramidal cells may selectively increase their firing rates
up to 8 cps during theta-correlated behaviors when most pyramidal cells are normally
suppressed. Such condition may occur when the animal walks or rears in the "spatial field"
of the cell (O'Keefe and Nadel, 1978).
The hypothesis of "double" afferentation predicts that the final outcome, i.e., discharging of the principal cells, will depend on the relative strength of direct excitation and
feed-forward inhibition. Depending on this "ratio" the excitatory and/or inhibitory
properties of the various pathways will vary accordingly. The available anatomical and
physiological data indicate that subcortical inputs to the hippocampal formation are
predominantly inhibitory since they terminate preferentially in layers which are occupied
mainly by interneurons (hilus, stratum oriens). Commissural input to the dentate gyrus
also has a strong inhibitory component while the perforant path to the dentate gyrus and
commissural and associational inputs to CAI appear mainly excitatory with relatively
weak inhibitory components.
Feed-forward inhibition is probably more widespread than recurrent inhibition. Feedback inhibition may be conveyed through interneurons only which are located in layers
where axon collaterals of the principal cells arborize. These same interneurons may also
participate in the feed-forward mechanism (Buzs~tki and Eidelberg, 1982a) since their
dendrites protrude to the dendritic zones of principal cells (stratum radiatum, stratum
granulosum-moleculare and molecular layer) where no recurrent collaterals are found. In
addition, these layers contain a number of interneurons which can be contacted by
extra-hippocampal afferents only, and consequently cannot participate in the recurrent
circuitry. In line with this reasoning orthodromic stimulation in the stratum radiatum of
CA1 evoked more effective IPSPs in pyramidal cells than antidromic stimulation in the
alveus (Alger and Nicoll, 1982; Leung, 1982).
Feed-forward inhibition probably plays a key role in the control of archicortical EEG
activity, epilepsy and long-term alteration of cellular excitability. A recent model of
hippocampal theta activity assumes that rhythmical somatic feed-forward inhibition from
the septum and distal dentritic excitation from the entorhinal cortex arrives synchronously
and the high amplitude field theta waves are a result of cooperative active sources and sinks
(Buzsfiki et al., 1983). The relative strengths of the excitatory and inhibitory components
will decide whether the rate of cellular firing will decrease (pyramidal cells) or increase
(granule cells) during theta activity.
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In a theoretical model of the archicortex, Marr (1971) proposed that the synapses made
by the neocortical input to the granule cells should be modifiable in a lasting manner, and
that the threshold for modification should be set by local inhibitory interneurons. In
agreement with the model, it has been reported recently that concurrent activation of the
mainly inhibitory commissural input can prevent long-term potentiation of the perforant
path evoked response (Douglas et al., 1982). High frequency stimulation increased the
probability of cell discharges to subsequent single pulses in both principal cells and
interneurons for up to 2 hr (Buzsfiki and Eidelberg, 1982a). The low stimulus intensities
used in that study made it unlikely that long-term potentiation of interneurons was
conveyed disynaptically via a recurrent circuit. During blockade of GABA-mediated
inhibition by bicuculline or picrotoxin, induction of long-lasting synaptic potentiation is
facilitated, together with a large increase in the maximal potentiation that could be
produced (Hendricks and Teyler, 1983; Wigstr6m and Gustavsson, 1983). Reduction of
dendritic inhibition was suggested to mediate the facilitation.
In the CA1 region of the normal rat hippocampal sharp waves (50-100 msec in duration)
occur during immobility and consummatory behaviors. The origin of the sharp-waves is
the apical dendritic depolarization of the pyramidal cells by the associational and
commissural afferents (Buzsfiki et al., 1983). During the sharp waves pyramidal cells and
interneurons of all layers of CA1 fire in synchrony and remain virtually silent between the
sharp waves. Reduction of GABA-mediated inhibition by subconvulsive doses of bicuculline greatly increased both the amplitude of the sharp-waves and the number of
synchronously firing pyramidal cells (Suzuki and Smith, 1983). Since these exaggerated
forms of the normally present sharp-waves resemble the interictal spikes it is possible that
at least certain kinds of epileptiform activity can be traced back to the blockade of
feed-forward inhibition (Traub and Wong, 1982).
As discussed in Section 3.2. interneurons in the hippocampal formation contain a variety
of neurotransmitters and neuromodulators. It is not clear at present whether these
substances coexist in the same cell, and if so how they differentially act on their
postsynaptic targets, or subsets of neurons exist for each of these substances. It is also not
clear whether the several, pharmacologically distinct, afferents to the hippocampal
formation terminate on separate groups of interneurons or there exists a considerable
overlap. If several inputs converge on the same interneurons, afferent specificity is reduced.
However, by way of the "double innervation" principal cells can still attain information
about the source of the afferent activity. Whatever the case, the feed-forward mechanism
has the power of explaining how the sparse subcortical afferents are able to exert a strong
control over a great number of principal cells.

6. Summary
An overview of the current literature reveals a richness and complexity of anatomical,
pharmacological and physiological features of the input systems to the archicortex.
Evidence is cited to demonstrate that several afferent paths terminate on and directly excite
hippocampal formation interneurons ("non-principal" cells) besides their contacts with
pyramidal and granule cells (principal cells). Since all interneurons are thought to be
inhibitory, afferent excitation results in a dual effect: direct excitation of principal cells is
coupled with concurrent disynaptic feed-forward inhibition. Interneuron activation generally precedes principal cell activation when both are driven by a given afferent path. At
least some interneurons take a part in both feed-back and feed-forward inhibition. It is
suggested that most of the major inputs to the hippocampal formation dually innervate
both interneurons and principal cells and that the excitability of the principal cells depends
upon the relative strengths of the inputs to these two cell types. The hypothesis of dual
innervation appears powerful in resolving existing anatomical and physiological controversies.
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