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INTRODUCTION AND ANATOMICAL OVERVIEW

It has been known for more than 100 years that neurons present in any cortical area are far
from being uniform regarding their morphology and intrinsic and extrinsic connections (Ramon
y Cajal, 1893;1911). This suggests that they are able to interact with each other in a complex
fashion. Even if only a fraction of these connections are active in the same time, a network
with virtually endless numbers of possible active patterns emerge (Freund and Buzsaki,
1996). Thus, even if we will be able to understand the complete molecular and biophysical
properties of a single hippocampal neuron, in order to understand the function of the
hippocampal formation, including the dentate gyrus, as a whole, it is indispensable to elucidate
both, the intrinsic and extrinsic connections of these cells.

The major cell types and the majority of intrinsic and extrinsic connections of the hippocampal
formation, which comprises the cornu ammonis, divided into three subfields, CA1 — CA3
(Lorente de No, 1934) and the dentate gyrus (fascia dentata and hilus) have been well known
since the studies of Ramon y Cajal (1893) and Lorente de No (1934) and have been reviewed
extensively (e.g., Amaral and Witter, 1989,1995,Lopes de Silva et al., 1990). It has should be
noted, however, that the term hippocampal formation sometimes is used to include the subicular
complex and entorhinal cortex (Amaral and Witter, 1995).

The three dimensional position of the hippocampal formation in the brain is rather complex.
In the majority of species the hippocampal formation is an elongated structure with its long
axis extending in a C-shaped fashion from the septal nuclei of the basal forebrain rostrodorsally,
over and behind the diencephalon, to the incipient temporal lobe caudoventrally (sees more
details in Amaral and Witter, 1995).

Although there is still a debate about the classification of hippocampal neurons, the simple
terms of principal and non-principal neurons is accepted (Freund and Buzsaki, 1996). The
hippocampal principal neurons are the pyramidal and granule cells located in the CA1 — CA3
subfield of the ammon's horn and dentate gyrus, respectively. In addition, the mossy cells of
the dentate gyrus can be referred to as principal cells, as discussed further below. The granule
cells and pyramidal neurons, with their intrahippocampal connections, are the major
components of the so- called trisynaptic circuit of the hippocampus, which is unidirectional
and glutamatergic. Layer 2 pyramidal cells of the entorhinal cortex project to granule cells (and
to some extent, to CA3 pyramidal cells) via the perforant pathway. Granule cells, via their
mossy fiber projection, organized in a laminar fashion, terminate on CA3 pyramidal neurons,
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which send their Schaffer collaterals to the CA1 pyramidal cells. CA1 pyramidal neurons, in
turn, project back to the entorhinal cortex, via the subiculum.

As mentioned above, the dentate gyrus is the first stage of the intrahippocampal, excitatory,
trisynaptic loop, being the primary target of the majority of entorhinal afferents that terminate
in a laminar fashion on granule cell dendrites (see Chapter 1) and carry sensory information of
multiple modalities about the external world. The principal cells of the dentate gyrus are the
granule cells, about 1 million in rats and five million in non-human primates (Claiborne et al.,
1986;Seress, 1988) and the mossy cells (Amaral, 1978). The small cell bodies of the granule
cells (8-12 um) form the granule cell layer. Granule cells have two main, radially oriented,
spiny dendrites emitting several fine branches, which reach the hippocampal fissure. The axons
of the granule cells, the mossy fiber axons, originate from the opposite pole of the soma relative
to the dendrites, and enter the dentate hilus, where they give rise to several collaterals
(Claiborne et al., 1986). Recurrent collaterals periodically enter the granule cell layer, climb
along the cell bodies and dendrites of presumed basket cells, and form synapses (Ribak and
Peterson, 1991). The main axonal projection of the granule cells leaves the hilar region and
courses through the stratum lucidum of the CA3 subfield, where it forms the giant mossy
terminals synapsing on the proximal dendrites of pyramidal cells.

The dentate hilus is located subjacent to the granule cell layer and extends to the border of the
dendritic layer of CA3 that is interposed between the upper (suprapyramidal) and lower
(infrapyramidal) blades of the dentate gyrus. The principal and most numerous cell type in the
hilus is the mossy cell. These neurons are characterized by their densely spiny dendrites and
several thorny excrescences on both the cell body and proximal dendritic shafts and their
dendrites are mostly confined to the hilus (Amaral, 1978). However, single mossy dendrites
were observed penetrating the stratum moleculare (Soltesz and Mody, 1994, Scharfman,
1991,1995hb). Axons of mossy cells innervate the inner third of the dentate molecular layer of
both the ipsi- and contralateral dentate gyrus and also have collaterals in the hilus (Amaral,
1978,Laurbergand Sorensen, 1981;Ribak et al., 1985;Buckmaster et al., 1996). These intrahilar
collaterals of mossy cells terminate on unidentified dendrites in the hilus and on dendrites of
hilar interneurons (Frotscher and Zimmer, 1983a,b;Frotscher et al., 1984;Ribak et al.,
1985;Buckmaster et al., 1996). Because both, the CA3 pyramidal cells and mossy axons form
asymmetric, glutamatergic, excitatory synapses, many authors consider the mossy cells as
modified CA3 pyramidal neurons (Soriano and Frotscher, 1994, Scharfman, 1995b, 1999).
Therefore, mossy cells are considered as excitatory principal cells that provide long-range
ipsilateral and commissural projections into the dentate gyrus (Amaral, 1978).

The electric activity of the aforementioned excitatory signal loop is controlled mainly by
different types of local, GABAergic interneurons (for review, see Freund and Buzsaki, 1996)
and subcortical and commissural afferents. In this chapter we will outline our recent knowledge
regarding the origin and postsynaptic targets in the dentate gyrus of chemically identified
subcortical inputs, including afferents originating from the medial septum/diagonal band of
Broca (MSDB) GABAergic and cholinergic neurons, dentate projection of neurochemically
different types of neurons located in the supramammillary area (SUM), serotonergic fibers
from the median raphe (MR), noradrenergic afferents from the pontine nucleus, locus ceruleus,
and dopamine axons originating in the ventral tegmental area and that of the commissural
system.

HIPPOCAMPAL CONNECTIONS

In the 1970s, it had been shown that anterogradely-transported radiolabeled amino acids,
injected into the MSDB, could be detected in hippocampal neurons (Rose and Schubert,
1977). Studies in the seventies and eighties, using the combination of retrograde tracer
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technique and immunostaining for choline acetyltransferase (ChAT) and glutamate
decarboxylase (GAD) showed that there were two major populations of MSDB neurons
projecting to the hippocampus (for review, see Leranth and Frotscher, 1989). Later,
experiments using anterograde labeling with the lectin PHAL revealed two types of
septohippocampal fibers. One has large boutons that occur in clusters, whereas the other has
small boutons and arborizes more diffusely (Nyakas et al., 1987). Type 1 axons are
immunoreactive for GABA and are processes of GABAergic, parvalbumin (PA)-containing
(Freund, 1989) neurons located in the midline of the MSDB (Kiss et al., 1990). The type 2
axons are GABA-negative (Freund and Antal, 1988), but are immunoreactive for ChAT, the
synthesizing enzyme of acetylcholine (Frotscher and Leranth, 1983, 1986;Leranth and
Frotscher, 1987). The parent neurons of these axons are also in the MSDB and are positioned
in a way so that they surround the septo-hippocampal GABAergic cells (Kiss et al., 1990).

1.a) MSDB cholinergic innervation of the dentate gyrus

Basic and clinical studies have long recognized the importance of cholinergic mechanisms in
cognitive function (Givensetal., 1997), and drugs which increase synaptic acetylcholine levels
are currently the most common for the treatment of cognitive deficits associated with disorders
such as Alzheimer's disease, albeit, with limited effectiveness (Benzi and Moretti, 1998). The
septohippocampal pathway (SH), which originates in the MSDB and shows progressive
degeneration in Alzheimer's disease (Whitehouse et al., 1982), has specifically been implicated
in cognitive function. Lesions of the fimbria-fornix, which carry SH cholinergic (Lewis and
Shute, 1967) fibers to the hippocampal formation, including the dentate gyrus, interfere both
with learning and memory tasks and with generation of the theta rhythm in rats (Brito and
Brito, 1990). These deficits can be attenuated by grafting acetylcholine-producing cells to the
hippocampus (Dunnett et al., 1982;Dickinson-Anson et al., 1998).

Electrophysiological experiments have demonstrated that excitatory, inhibitory, and
disinhibitory responses can be recorded as a result of the iontophoretic application of
acetylcholine in the dentate gyrus (Wheal and Miller, 1980;Fricke and Prince, 1984). It is not
clear, however, from these experiments whether acetylcholine exerts these effects at the level
of the primary dendrites, directly onto the perikaryon of principal cells or indirectly, via
interneurons (Hounsgard, 1978). Histochemical staining procedures to visualize putative
cholinergic neurons and fibers applying acetylcholinesterase (ACHE) reaction were first used
in the dentate gyrus in the early 1960's (Storm-Mathisen and Blackstad, 1964). These authors
described a laminar pattern of ACHE fiber staining in the dentate gyrus; the most dense band
occurring at the interface between the granule cell layer and the molecular layer. Shute and
Lewis (1977) modified this ACHE histochemical technique to permit examination of the
dentate gyrus, stained for ACHE, using the electron microscope. Their study revealed several
neurons histochemically-stained for ACHE, numerous axonal fibers and some synaptic
boutons in contact with predominantly dendritic shafts. Biochemical measurements of the
levels of ChAT in the dentate gyrus also indicate a supragranular band of intense cholinergic
expression (Fonnum, 1970).

The first detailed light and electron microscopic studies using immunostaining for ChAT on
the cholinergic innervation of the dentate gyrus were performed in the middle 1980's (Frotscher
and Leranth, 1983, 1986;Wainer et al., 1984;Clarke, 1985;Leranth and Frotscher, 1987). The
light microscopic analyses revealed a dense plexus of ChAT-immunoreactive fibers in the
dentate gyrus forming a supragranular band at the interface between the granule cell layer and
molecular layer. Very little staining was in the granule cell layer and only a few fibers were
located in the hilar region. In addition, ChAT-immunoreactive neurons could also be observed
in the dentate hilus (Clarke, 1985;Frotscher et al., 1986) These ChAT-positive cells are rare
and non-principal neurons. They are relatively small with round or ovoid perikarya, which give
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rise to thin spine-free dendrites and are very similar to ChAT-immunoreactive cells in the
neocortex of the same animals but were quite different from cholinergic neurons in the basal
forebrain, medial septal nucleus and neostriatum, which were larger and more intensely
immunostained. Electron-microscopic analysis of ChAT-containing cells in the hippocampus
and fascia dentata revealed that their afferent synaptic contacts are mainly the asymmetric type,
and are located on their cell bodies and smooth proximal dendrites. The nuclei of the
immunoreactive cells exhibited deep indentations, which are a characteristic of non-pyramidal
neurons (Frotscher et al., 1986).

Atthe electron microscopic level, the vast majority of ChAT-positive synaptic boutons contacts
dendritic shafts and forms predominantly symmetric synaptic contacts. In addition, some
asymmetric synapses, about 11% of the total number of ChAT synapses (Clarke, 1985), could
also be observed on dendritic spines. There is a possibility that axons forming symmetric and
asymmetric contacts originate from different population of cholinergic neurons; intrinsic and
extrinsic. However, it seems unlikely since, lesions of the septohippocampal pathway cause
an almost complete removal of cholinergic markers in the dentate gyrus (Mellgren and Srebro,
1973).

In the dentate gyrus, the majority of the postsynaptic targets of cholinergic boutons are the
granule cells and the ChAT-immunoreactive boutons form both axo-dendritic and axo-spine
synapses with these neurons. All of the axo-spine synapses observed are asymmetric (Fig. 1).
In addition, about 5-10% of all postsynaptic elements of cholinergic axons show ultrastructural
features of interneurons. A combined electron microscopic, Golgi impregnation and ChAT
immunostaining study has shown symmetric synaptic contacts between ChAT-containing axon
terminals and non-spiny, smooth dendritic shafts, characteristic for interneurons (Frotscher and
Leranth, 1986;Fig. 2). This 5-10% appears to correspond to the proportion of interneurons in
the neuropil, suggesting that the interneurons are contacted in a “quasi-random” fashion. Direct
evidence that interneurons are indeed innervated by cholinergic fibers is provided by an
electron microscopic double-immunostaining study that showed ChAT-positive axon
terminals forming symmetric synaptic contacts with hilar GAD (glutamic acid decarboxylase)-
and SOM (somatostatin)-containing neurons (Leranth and Frotscher, 1987).

In addition to the cholinergic innervation of dentate granule cells and interneurons, MSDB
cholinergic cells innervate mossy cells densely. A correlated light and electron microscopic
double-immunostaining study has demonstrated numerous axo-somatic synaptic contacts
between ChAT-containing axon terminals and calcitonin gene-related peptide (CGRP)-
immunoreactive neurons in the dentate hilar area (Deller et al., 1999). CGRP is an accepted
marker for mossy cells (Freund et al. 1997). Since mossy cells project for a long distance along
the longitudinal axis of the hippocampus (Ribak et al., 1985;), the cholinergic innervation of
these neurons could modulate granule cell excitability throughout large portions of the dentate

gyrus.

1.b) MSDB GABAergic innervation of the dentate gyrus

It has been shown that when the perforant path is stimulated with a brief test pulse, it evokes
excitatory postsynaptic potentials (EPSPs) in the granule cell dendrites, they could be recorded
collectively in the dentate hilus as a positive-going field potential. At greater stimulus
intensities, a negative-going component is superimposed on the positive-going field potential,
as the result of the synchronous activation of many granule cells. This component is referred
to as a population spike (PS). When a conditioning pulse is applied to the medial septum just
prior to a perforant path test pulse, the EPSP remains unchanged, but the PS is greater than that
expected from the sum of the potentials evoked by either stimulus alone (Alvarez-Leefmans
and Gardner-Medwin, 1975; Fantie and Goddard, 1982). Thus, the septohippocampal input
appears to facilitate the discharge of granule cells. An interesting and unexpected finding of

Prog Brain Res. Author manuscript; available in PMC 2007 September 21.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Leranth and Hajszan

Page 5

these studies was that stimulation of the medial septum alone, at a site which produced the
facilitation of the PS in the dentate gyrus, did not necessarily evoke a field potential in the
dentate gyrus. This finding, together with the failure of medial septal stimulation to affect the
perforant path-evoked field potential, upon which the PS is superimposed suggests that the
facilitation does not result from summation of excitatory input to the granule cells. Two
mechanisms that have been proposed by Buzsaki (1984) to account for these effects are: 1)
medial septal input acts directly on granule cells to facilitate activation (Robinzon and Racine,
1984), and 2) the medial septum acts indirectly, via the inhibitory interneurons responsible for
feed-forward and feed-back inhibition (Anderson and Eccles, 1962;Buzsaki and Eidelburg,
1982;Kandel et al., 1961;Mosko et al., 1973).

Anatomical studies of the septo-dentate termination patterns show that the innervation of the
supragranular and molecular layers are considerably less dense than the innervation of the
dentate hilus and subgranular layer (Chandler and Crutcher, 1983; Lynch et al., 1973).
Although MSDB fibers in the supragranular and molecular layers are likely to terminate on
granule cells, fibers in the subgranular and hilar region appear to terminate on cells having the
morphological characteristics of interneurons (Chandler and Crutcher, 1983; Rose and
Schubert, 1977). If SH fibers form excitatory connections onto inhibitory interneurons, their
activation might synchronize granule cell responses, resulting in a larger population spike from
a subsequent perforant path input (Buzsaki, 1984). Alternatively, if they form inhibitory
connections onto the interneurons, septal activation might reduce both tonic and feed-forward
inhibition of the granule cells, allowing a larger number of these neurons to be activated by
the perforant path input, again resulting in a larger population spike. To determine the validity
of these hypotheses, Bilkey and Goddard (1985) performed a very elegant study. They have
shown that a conditioning pulse to the medial septum, although eliciting no field potential of
its own, facilitated the granule cell population spike evoked by perforant path stimulation and
infusion into the dentate hilus of a GABAareceptor antagonist, picrotoxin, blocked the
facilitation. This observation suggests that the facilitatory effect of MSDB stimulation is
mediated through an inhibitory connection from the MSDB onto inhibitory interneurons in the
dentate gyrus, and that this connection may utilize the neurotransmitter GABA.

Indeed, it has been demonstrated in a series of concomitant morphological studies that SH
(including the septo-dentate) GABAergic terminals always terminate on GABAergic
interneurons, in the rat (Freund and Antal., 1988;Gulyas et al., 1990) and monkey hippocampus
(Gulyas et al., 1991). Experiments using double immunostaining for PHAL and markers for
different subsets of interneurons have revealed that all examined subpopulations of
hippocampal GABAergic interneurons, including those co-expressing parvalbumin, calbindin,
SOM, neuropeptide Y, cholecystokinin, and vasoactive intestinal polypeptide, receive input
from GABAergic septohippocampal afferents (Freund and Antal, 1988;Gulyas et al.,

1990; Miettinen and Freund, 1992a,b; Acsady et al., 1993). The typical innervation pattern is
multiple, “climbing fiber-like” contacts on the soma, and proximal and distal dendrites of the
postsynaptic interneurons (Fig. 3). All these contacts have proved to be symmetrical synapses.
The area where most of the interneurons appear to receive septal GABAergic input is the CA3
subfield, particularly strata oriens and pyramidale (Rose and Schubert, 1977;Nyakas et al.,
1987;Freund and Antal, 1988;Gaykema et al., 1990). The dentate hilus is also heavily
innervated, but in the CA1 region, a relatively smaller proportion of the interneurons receive
multiple synaptic inputs. No systematic differences have been observed in the termination
pattern of septal afferents between the dorsal and ventral hippocampus.
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1.c) Interactions between the septohippocampal cholinergic and GABAergic systems

In order to better understand the function of the septohippocampal projection system that
contains a cholinergic and a GABAergic component, the anatomical and functional interaction
between these two systems must be briefly discussed, at the level of the MSDB

It has to be noted that intrinsic cholinergic mechanisms operating within the MSDB are also
critical for learning and memory. Infusion of muscarinic agonists directly into the MSDB elicit
continuous hippocampal theta rhythm (Monmaur and Breton, 1991;Lawson and Bland,
1993) and facilitate learning and memory-related behaviors both in young (Givens and Olton,
1990) and aged rats (Markowska et al., 1995). Also, intraseptal infusions of muscarinic agonists
can also alleviate systemic scopolamine-induced amnesia, suggesting that the MSDB is a
critical locus for the mnemonic effects of muscarinic drugs (Givens and Olton, 1995). In
general, it is assumed that improvements in MSDB-related learning and memory tasks occur
as a result of an increase in hippocampal acetylcholine (ACh) release (Monmaur and Breton,
1991;Givens and Olton, 1994,1995; Apartis et al., 1998;Bland and Oddie, 1998;Dickinson-
Anson et al., 1998). As such, it has been presumed that the memory-enhancing effects of
intraseptal administration of muscarinic agonists occurs due to increased firing of MSDB
cholinergic neurons (Markowska et al., 1995;Givens and Sarter, 1997). These assumptions
have been based on earlier studies that reported a muscarinic receptor-mediated increase in
firing of MSDB neurons (Dutar et al., 1983;Lamour et al., 1984), which lead to the hypothesis
that Ach, via muscarinic receptors, has a positive feed-back effect on MSDB cholinergic
neurons (Dutar et al., 1983;Lamour et al., 1984; see rev in, Wu et al., 2004). However, a recent
combined electrophysiological and morphological study (Wu et al., 2004), using a novel
fluorescent labeling technique to selectively visualize live septohippocampal cholinergic
neurons has demonstrated that administration of muscarinic agonists to the MSDB do not excite
septohippocampal cholinergic neurons, instead they inhibit a subpopulation of them. In
contrast, septo-hippocampal GABAergic neurons (visualized by retrograde tracing and
parvalbumin immunostaining techniques) are profoundly excited by muscarine administration
into the MSDB. Thus the cognition enhancing effects of muscarinic drugs in the MSDB cannot
be attributed to an increase in hippocampal ACh release. Instead, disinhibitory mechanisms
(Freund and Antal, 1988), due to increased impulse flow in the septo-hippocampal GABAergic
pathway, may underlie the cognition-enhancing effects of muscarinic agonists. In support of
this view is the morphological observation that axon collaterals of the septohippocampal
cholinergic neurons heavily innervate MSDB septo-hippocampal GABAergic neurons
(Leranth and Frotscher, 1989; Fig. 4). These connections could be involved in the
aforementioned process.

2)SUPRAMAMILLO-DENTATE CONNECTIONS

It has been shown that prestimulation of supramammillary (SUM) neurons significantly
enhances perforant path-elicited population spikes in the fascia dentata (Mizumori et al.,
1989), an effect that could be mimicked by glutamate injections to the lateral supramammillary
area (Carre and Harley, 1991). Moreover, Dahl and Winson (1986) speculated about a neuronal
control mechanism, a “gate,” mediated by supramammillary afferents that would facilitate
information flow in the rat dentate gyrus, in a behavior-dependent manner.

Since the mid-1970's, it has been known that a projection exists between the SUM and
hippocampus in the rat (Segal and Landis, 1974). Later, Amaral and Cowan (1980) showed
that horseradish peroxidase (HRP) injected into monkey hippocampus also results in labeled
cells in the SUM. Furthermore, it was noted that more cells ipsilateral to the site of injection
were labeled than cells in the contralateral SUM and a large number of SUM efferents terminate
in the dentate gyrus since, local application of the retrograde tracer, Evans blue to the upper
blade of the dentate gyrus produced labeled cell bodies in the SUM (Harley et al. 1983).
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Labeling was observed throughout the rostrocaudal aspect of the SUM. Therefore, Amaral and
Cowan (1980) and Harley et al. (1983) postulated that afferents from the SUM to the
hippocampus involve at least as many cells in the SUM as the septal neurons, which give rise
to the septohippocampal projection. The specific pathway containing SUM efferents to the
hippocampus remains debatable. The medial forebrain bundle (Haglund et al., 1984) and fornix
(\Veazey et al. 1982) have been suggested as likely candidates. More specifically, Veazey et
al. (1982) have postulated that the medial forebrain bundle carries SUM efferents to septal
nuclei, whereas the fornix carries projection from the SUM to the hippocampus. At the level
of dorsal hippocampus, labeled fibers have been described in the fimbria (Haglund et al., 1982)
or the subcallosal fornix (Wiss et al., 1979).

Regarding the neurochemical nature of the SUM-hippocampal pathway, studies were able to
demonstrate that calretinin-immunoreactive axon terminals in the inner molecular layer of the
dentate gyrus (and in the pyramidal layer of CA2) originate in the SUM. Colocalization studies
provided evidence that these large projecting neurons contained both calretinin and substance
P (SP) but lacked GABA(Nitsch and Leranth, 1993). This observation indicates that the nature
of the hypothalamo-hippocampal projection to the dentate is likely to be excitatory. In fact,
SP-containing, long projection systems have been shown to exert excitatory actions (Nicoll et
al., 1980). Conversely, in the rat, the functional properties of the hypothalamo-hippocampal
afferent system have been reported to be at least partially inhibitory (Segal, 1979). The study
by Segal (1979) raises a question of how can the physiological action on hippocampal principal
neurons of a putatively excitatory pathway become inhibitory. A possible explanation for this
is that the supramammillo-hippocampal afferents, in addition to terminating on principal
neurons (Magloczky et al., 1994), innervate hippocampal GABAergic interneurons.

Indeed, in a study dealing with the innervation of the primate hippocampal formation, thick
and varicose SP-immunoreactive axons, forming basket-like structures were identified
adjacent to the granule cell layer and in the hilar area of the dentate gyrus and in the molecular
layer of the middle portion of CA3 has been observed (Nitsch and Leranth, 1994). The location
of these basket-like structures outside the principal cell layers indicates that they contact
hippocampal non-principal neurons. Furthermore, these SP-containing axons disappear after
fimbria-fornix transection, indicating that they are of extrinsic origin (Nitsch and Leranth,
1994). A subsequent study on non-human primates (Leranth and Nitsch, 1994), applying
correlated light and electron microscopic immunocytochemical, double-labeling technique for
SP and parvalbumin and SP and calbindin and subsequent postembedding GABA-
immunostaining revealed that this supramammillo-hippocampal afferent system establishes
multiple, exclusively asymmetric synapses with three specific subpopulations of nonpyramidal
cells: (1) a small portion of parvalbumin-containing basket cells located in or adjacent to the
granule cell layer of the dentate gyrus (Fig. 5), which, therefore, inhibit only a subpopulation
of granule cells; (2) some of the calbindin-immunoreactive neurons located in the hilar area
and in the granule cell layer (Fig. 6); and (3) calbindin-positive cells occurring exclusively in
the stratum moleculare of the middle portion of the CA3 subfield. Postembedding
immunostaining for GABA revealed that the aforementioned calbindin-containing cells in area
CA3 are GABAEergic inhibitory neurons. The results of this study indicate that
supramammillary afferents, a portion of which is glutamatergic (Kiss et al., 2000) can
effectively filter the information flow at different points along the trisynaptic circuit in the
monkey hippocampal formation. Dentate granule cells, which are only stimulated by SUM
afferents, will transfer excitatory signals differently than those that are controlled by a feed-
forward inhibitory mechanism initiated by these fibers (see Fig. 10, in Leranth and Nitsch,
1994).
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The serotonergic raphe-hippocampal pathway has a powerful effect on hippocampal electric
activity, depression-associated synaptic plasticity, and cognitive behavior.
Electrophysiological and pharmacological studies have shown that the typical effect of
serotonin on hippocampal neurons is a hyperpolarization evoked by an increase in K*
conductance, but depolarization and reduction of afterhyperpolarization were also reported (for
review, see Freund et al., 1990).

The serotonergic innervation of the hippocampus originates largely from the median raphe
(MR) and a less numerous projection arises from the dorsal raphe (for review, see Tork
1990) and includes two types of fibers (Kosofsky and Molliver, 1987). In the dentate gyrus,
the most numerous are the thin axons with small evenly distributed varicosities that are present
in the subgranular area. The other fiber type has larger boutons that form clusters along the
hilar border of the stratum granulosum and contact secondary dendritic branches of two cell
types: GABAergic, pyramidal-shaped neurons located subjacent to the granule cell layer, and
fusiform cells in the hilus. Both types of these GABAergic cells seem to contain calbindin, but
none of them are immunoreactive for parvalbumin (Freund et al., 1990;Halasy et al., 1992).

Based on these morphological data, it has been suggested that the two types of serotonergic
axons have different mechanisms of action in the hippocampus. Axons with small varicosities
(originating in the dorsal raphe; Kosofsky and Molliver, 1987) release serotonin at non-
synaptic sites, diffusely, and target cells having 5-HT1-2 receptors, to exert a slow, tonic, G-
proteinmediated action. The other type of serotonergic axons with large boutons (originating
in the medial raphe; Kosofsky and Molliver, 1987) always form synaptic contacts with
GABAEergic interneurons that have 5-HT3 receptors (Halasy et al., 1992). Thus, stimulation
of medial raphe serotonin neurons could result in fast excitation of these GABAergic cells and
an enhanced GABAp receptor-mediated inhibition of granule cells, a mechanism described in
the CAL1 area (Roppert and Guy, 1991).

An important question is whether there is convergence of the MSDB and MR hippocampal
inputs on the same hippocampal interneurons. A very elegant morphological study of Miettinen
and Freund (1992a) has demonstrated that parvalbumin-containing interneurons are innervated
by MSDB GABAEergic afferents, but are avoided by axons originating in the medial raphe. On
the other hand, calbindin- and, to a smaller extent, cholecystokinin-containing interneurons are
targets for both pathways. In some cases the same individual calbindin- or cholecystokinin-
containing neurons received multiple contacts from afferents of both MSDB and medial raphe
origin. Thus, these observations indicate that different subcortical nuclei modulate largely
different inhibitory circuits. However, considering the occasional convergence of the two
subcortical nuclei not only onto the same type, but even onto the same individual interneurons,
the authors proposed that a particular inhibitory function, most probably feed-forward
inhibition in the distal dendritic region, is under the control of both pathways.

For the sake of the readers it has to be noted that median raphe serotonin system could also
effect the hippocampus via an indirect route. The median raphe serotonergic neurons heavily
innervate the MSDB (Leranth and Vertes, 1999) and exert a robust stimulatory effect on
parvalbumin-containing septohippocampal GABAergic neurons (Alreja, 1996). These
GABAergic septal cells, in turn, selectively innervate hippocampal basket and chandelier cells
(Freund and Antal, 1988), which are known to have powerful inhibitory effects on the output
sector (soma and axon hillock) of principal neurons (Freund and Antal, 1988). Thus,
serotonergic stimulation of the septohippocampal GABA system results in a disinhibition of
principal cells. The situation is more complex, because a population of median raphe
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serotonergic neurons project to both the hippocampus and MSDB (e.g., McKenna and Vertes,
2001).

3.b) Noradrenergic and dopaminergic afferents to the dentate gyrus

Noradrenergic fibers in the hippocampus originate from the locus ceruleus. Noradrenaline in
the dentate gyrus promotes and permits long-term perforant path potentiation. Furthermore,
phasic locus ceruleus activation produces a delayed protein synthesis-dependent long-term
potentiation of synaptic plasticity, suggesting a selective role in long-term memory and
increases in the perforant path-evoked population spike (see Chapter X). Potentiation of the
perforant path population spike by noradrenaline could be the result of increased granule cell
excitability or reduced inhibition from interneurons of granule cells, or both. However, unit
recording in the dentate gyrus shows that exogenous noradrenaline inhibits granule cells and
excites presumed inhibitory interneurons (Brown et al., 2005). On the other hand, activation
of a2- or B-adrenoceptors excites both the interneurons and granule cells (Brown et al.,
2005). Increased inhibitory interneuron activity and inhibition of granule cells is inconsistent
with the enhanced granule cell responsiveness and enhanced plasticity in the dentate gyrus
reported with population recording. Thus, a critical question concerns the action of
noradrenaline on the dentate gyrus interneurons.

In the hippocampal formation, noradrenergic innervation is particularly dense in areas
receiving mossy fiber inputs, including the hilus of the dentate gyrus and stratum lucidum of
the CA3 (e.g., Moudy et al., 1993). In these two areas, the majority of noradrenergic varicosities
do not make conventional synaptic contacts. However, those that form synapses terminate on
dendritic shafts and somata of GABAergic interneurons forming symmetric membrane
specializations (Frotscher and Leranth, 1988;Milner and Bacon, 1989). It should be noted,
however, that asymmetric synaptic contacts between tyrosine hydroxylase-containing
(presumably noradrenergic) axon terminals and dendritic spines were also observed, in the
stratum lucidum of CA3 (Frotscher and Leranth, 1988). symmetric (presumably inhibitory)
synapses support earlier physiological studies suggesting that noradrenaline disinhibits
hippocampal pyramidal neurons by decreasing the excitability of GABAergic interneurons
(e.g., Madison and Nicoll, 1988).

In contrast to the very dense noradrenergic innervation of the dentate gyrus, this structure
receives only aminor and diffusely distributed dopaminergic projection that arises mainly from
the ventral tegmental area (Swanson, 1982). In spite of the well-established effects of dopamine
in hippocampus related mnemonic functions, little is known about the mechanisms of these
effects, which are likely to reside within the hippocampus. Most of our knowledge derives
from receptor studies, characterizing the role of D1 — D5 receptors. The results of these studies
indicate that in the dentate gyrus, via the aforementioned dopamine receptor subtypes,
dopamine is involved in depotentiation and serves to maintain synaptic facilitation in recently
potentiated pathways. The net effect helps consolidate information storage (e.g. in, Manahan-
Voughan and Kulla, 2003).

4) COMMISSURAL CONNECTIONS OF THE DENTATE GYRUS

The majority of commissural fibers occupy the inner molecular layer of the dentate gyrus (e.g.,
Blackstad 1956). However, some commissural fibers were described that do not follow the
“classical” pattern of fiber lamination and terminate in the outer molecular layer (Deller,
1998;Deller et al., 1995,1996). The main postsynaptic targets of the commissural projection
are the granule cell dendrites (e.g., Frotscher and Zimmer, 1983b;Seress and Ribak 1984), but
they also innervate interneurons (Frotscher and Zimmer, 1983a;Seress and Ribak, 1984), which
were shown to contain GAD (Frotscher et al., 1984). These interneurons do not represent a
homogeneous cell population since, they could be distinguished by their different neuropeptide
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content, e.g., vasoactive intestinal polypeptide (Leranth and Frotscher, 1983), neuropeptide Y
(Deller and Leranth 1990), and parvalbumin (Deller et al. 1994). This arrangement, that
commissural fibers terminate on both principal and inhibitory interneurons in the dentate gyrus,
represents the anatomical basis of the feed-forward inhibitory mechanism elicited by
stimulation of the commissural system (Buzsaki and Eidelberg, 1981;Buzsaki, 1984).

Retrograde tracing experiments revealed that the majority of the cells of origin of the
commissural system located in the hilus of the fascia dentata (e.g., Hjorth-Simonsen and
Laurberg 1977;Berger et al., 1980) and several groups of neurons have been identified that
contribute to this fiber system. The majority of commissural fibers are axon collaterals of the
glutamate-containing mossy cells that are also considered as associational/commissural
neurons (Ribak et al. 1985;Scharfman and Schwartzkroin 1988;Scharfman 1992;Soriano and
Frotscher 1994;Scharfman 1995). The second major population of cells projecting to the
contralateral hippocampus includs different types of GABAergic interneurons. The first hint
of a possible contribution of GABAergic interneurons to the commissural projection was
published by Seress and Ribak (1983). They showed that in the hilar area, more than 60% of
neurons were GAD positive, whereas about 80% of hilar neurons project commissurally,
suggesting that at least some of the hilar projection must be GABAergic. Later, this proposition
was verified by experiments using combination of retrograde tracing and GAD
immunochemistry, as well as anterograde labeling and degeneration (Ribak et al., 1986). The
GABAergic commissural projection is not homologous. Different populations of
commissurally projecting GABAergic cells co-express SOM (Zimmer et al. 1983;Leranth and
Frotscher 1987), neuropeptide Y (Deller and Leranth 1990), parvalbumin (Goodman and
Sloviter 1992), or other markers (Leranth and Frotscher 1987;Sloviter and Nilaver 1987).
However, not all neurons of a given cell type have a commissural collateral. While most, if not
all mossy cells appear to project bilaterally (e.g., Frotscher et al. 1991;Scharfman 1992), only
4-5% of the SOM-(Zimmer et al. 1983) and only 2% of the NPY-containing neurons (Deller
and Leranth 1990) project to the contralateral dentate gyrus. In addition to the aforementioned
neurons, commissurally projecting CA3c pyramidal neurons were also described (Gottlieb and
Cowan 1973;Laurberg 1979;Voneida et al. 1981). These CA3c pyramids appear to have
commissural collaterals, which arborize in the contralateral hilus, similar to their ipsilateral
collaterals (Ishizuka et al. 1990;L.i et al. 1994).

Based on the existence of a GABAergic commissural projection, Freund and Buzsaki (1996)
have suggested that there is a component of direct inhibition in the feed-forward inhibitory
response evoked in the dentate gyrus by commissural stimulation (Buzsaki and Eidelberg,
1981;Buzsaki, 1984).

5) GLUTAMATERGIC INNERVATION OF THE DENTATE GYRUS

During the last several decades, visualizing neurons that utilize glutamate as a neurotransmitter
has proven to be a difficulty due to the lack of specific glutamatergic markers. As a result, one
of the most influential and significant neuronal systems has remained grossly
underinvestigated. At the turn of the millennium, two independent research groups discovered
that a protein that has previously been suggested to mediate the Na*-dependent uptake of
inorganic phosphate across the plasma membrane, also transports glutamate into synaptic
vesicles (Bellocchio et al., 2000; Takamori et al., 2000). This protein, originally called brain-
specific Na*-dependent inorganic phosphate contransporter (BNPI) (Ni et al., 1994), became
the first of what are now called vesicular glutamate transporters (VGLUT1), and revolutionized
research about the central glutamatergic system. Shortly after this groundbreaking discovery,
a second (VGLUT2) and a third (VGLUT3) vesicular glutamate transporter has also been
identified and cloned (Aihara et al., 2000;Bai et al., 2001;Fremeau et al., 2002;Gras et al.,
2002;Schafer et al., 2002; Takamori et al., 2002). Since then, a vast amount of data has been
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collected that has led to a better understanding of the brain glutamatergic circuitry, including
that in the dentate gyrus.

5.a) BNPI/VGLUT1

Distribution of BNPI/VGLUT1 containing fibers and terminals in the rat dentate gyrus has
been investigated by several groups (Bellocchio et al., 1998;Fremeau et al., 2001;Kaneko and
Fujiyama, 2002;Kaneko et al., 2002). VGLUT1 fiber density is moderate to intense in most
regions of the dentate gyrus except the granule cell layer (Kaneko et al., 2002). A more detailed
description has come from Bellocchio and colleagues (Bellocchio et al., 1998). The outer two-
thirds of the molecular layer label more strongly for BNPI than does the inner one-third. Further
examination of the CA3 region under higher magnification revealed coarse granular labeling
at the periphery of the pyramidal cell layer, strongly suggestive of mossy fiber synapses.
Electron microscopic, immunoperoxidase labeling in stratum lucidum of CA3 showed
prominent reaction product in large axon terminals having the morphological characteristics
of mossy fiber boutons. In the hilar area of the dentate gyrus, where mossy fiber collaterals
also terminate, a few large terminals similar to those in the CA3 region contain BNPI
immunoreactivity. Many smaller terminals in the dentate gyrus that form asymmetric (Gray
type 1) synapses with dendritic spines are also labeled for BNPI. Symmetric synapses do not
contain detectable BNPI, supporting a specific role for the protein in excitatory transmission.
In addition, many terminals forming asymmetric synapses do not contain detectable BNPI,
indicating expression only in a subset of excitatory synapses (Bellocchio et al., 1998).

The distribution of BNPI containing boutons in the stratum moleculare suggests that they
represent mainly perforant path inputs from the entorhinal cortex. Indeed, hybridization with
the BNPI probe resulted in a strong hybridization signal in neuron-enriched regions of the
entorhinal cortex (Ni et al., 1995). On the other hand, the BNPI positivity of mossy fiber-like
terminals in the hilus and CA3 suggests that they originate from granule cells. Similar to cell
bodies elsewhere in the brain, the somata of dentate gyrus granule cells show no detectable
BNPI immunoreactivity (Bellocchio et al., 1998). By contrast, a strong BNPI hybridization
signal has been observed in the pyramidal neurons of the hippocampus and granule cells of the
dentate gyrus, suggesting that these cells synthesize the protein and then transport it to their
terminals (Ni et al., 1994;Ni et al., 1995;Fremeau et al., 2001;Herzog et al., 2001). In
conclusion, BNPI/VGLUT1 appears to be the primary glutamatergic marker of principal
neurons, including dentate granule cells (Varoqui et al., 2002).

5.b) DNPI/VGLUT2

Prior to its identification as VGLUT?2 (Aihara et al., 2000), this protein has been known as
differentiation-associated Na*-dependent inorganic phosphate cotransporter (DNPI), having
similar functions as BNPI (Hisano et al., 2000). In a rather comprehensive study, VGLUT2-
positive fibers and terminals in the rat hippocampus have been characterized, and their possible
sources of origin defined (Halasy et al., 2004). The highest density of VGLUT2-
immunoreactive boutons has been observed in the inner molecular layer, while only scattered
VGLUT?2 positive fibers have been detected in the other areas of the dentate gyrus, such as the
stratum moleculare and the hilus. In general, VGLUT2-immunoreactive boutons establish
exclusively asymmetric synapses. Analysis of VGLUT2-positive synaptic boutons revealed
that the majority of postsynaptic targets in the dentate gyrus are dendritic spines, followed by
dendritic shafts and granule cell somata (Halasy et al., 2004). These findings are consistent
with the results of previous studies in the rat (Fremeau et al., 2001;Kaneko and Fujiyama,
2002;Kaneko et al., 2002;VVaroqui et al., 2002).

Because only low levels of VGLUT2 mRNA expression have been observed within the
hippocampus of rats (Hisano et al., 2000;Fremeau et al., 2001;Herzog et al., 2001), and the
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granule cell layer of the dentate gyrus shows no signal for DNPI by in situ hybridization
(Fremeau et al., 2001), dentate VGLUT?2 positive boutons are likely to be of extrahippocampal
origin. It has to be noted, however, that VGLUT2 mRNA in mice is concentrated in pyramidal
neurons of the hippocampus (Bai et al., 2001), indicating the potential for considerable species
differences in the hippocampal expression of VGLUT2. In rats, Fremeau and colleagues
suggest a hypothalamic origin for the supragranular VGLUT2-positive fiber cluster because
cells in the hypothalamus that project to this layer strongly express DNPI mRNA (Fremeau et
al., 2001). In addition to the hypothalamus, VGLUT2 has been found in most septal neurons
(Hajszan et al., 2004), and several of these neurons are also positive for GABAergic or
cholinergic markers (Danik et al., 2005). However, deafferentation studies (fimbria-fornix
transection and entorhinal cortex ablation) led to no significant differences in either the density
or distribution pattern of VGLUT2-positive boutons in the dentate gyrus (Halasy et al.,
2004), suggesting that the majority of dental VGLUT2 boutons are of intrahippocampal origin.
Indeed, light microscopic observation of the hippocampus of colchicine-treated rats revealed
a large number of VGLUT2-immunoreactive cell bodies. In the dentate gyrus, the hilar mossy
cells represent the most heavily labeled population, while a small proportion of granule cells
in the subgranular zone are also VGLUT2-positive (Halasy et al., 2004). It is well known that
mossy cells in the dentate gyrus project to the inner molecular layer (Frotscher et al., 1991).
Thus, VGLUT2-containing hilar mossy cells may be the source of the VGLUT?2 fiber network
in the dentate gyrus.

VGLUTS3 is the only known vesicular glutamate transporter that began its ‘career’ without
previous history as inorganic phosphate cotransporter. It has been identified in a direct search
for additional VGLUT molecules, and cloned (Fremeau et al., 2002;Schafer et al.,
2002;Takamori et al., 2002). VGLUT3-immunoreactive terminals surround the granule cell
layer of the rat dentate gyrus. VGLUT3 labeling is intense in the molecular layer, corresponding
to the proximal part of the granule cell dendrites, and along the hilar border with the granule
cell layer, corresponding to the zone where granule cell axons emerge. A dense VGLUT3
network also surrounds the soma of granule cells (Fremeau et al., 2002;Gras et al., 2002;Herzog
etal., 2004). A similar distribution pattern has been observed in mice (Schafer et al., 2002). In
rats, immunoparticles for VGLUT3 accumulate over vesicle clusters in terminals making
classical asymmetrical synapses in the hippocampus (Gras et al., 2002). However, a large
number of VGLUT3-positive terminals also form symmetrical synapses (Fremeau et al.,
2002;Gras et al., 2002). Further, the labeled terminals make contact with the shaft of proximal
dendrites, a location characteristic of inhibitory synapses. However, only a subset of symmetric
synapses in the hippocampus appears to stain for VGLUT3 (Fremeau et al., 2002).

Regarding the source of dentate VGLUTS3 fibers, one possibility is an intrahippocampal origin.
Although moderate levels of VGLUT3 mRNA expression have been observed in the principal
cells of pyramidal and dentate granule cell layers in the rat (Fremeau et al., 2002), the
distribution of VGLUT3-immunoreactive fibers resembles that observed with markers of
GABA terminals. Indeed, the VGLUT3 gene is expressed in scattered interneurons in the hilus
of the dentate gyrus (Fremeau et al., 2002;Gras et al., 2002;Herzog et al., 2004). A similar
distribution pattern of VGLUT3 mRNA has been demonstrated in mice (Schafer et al., 2002).
Immunoreactivity for VGLUTS3 is undetectable in pyramidal and dentate granule cells
(Fremeau et al., 2002;Somogyi et al., 2004). More importantly, a partial colocalization of
VGLUT3 and the GABA marker glutamic acid decarboxylase (GAD) has been observed in
the hilar interneurons of the dentate gyrus by means of both in situ hybridization (Herzog et
al., 2004) and immunohistochemistry (Fremeau et al., 2002). In addition, colocalization of
VGLUT3 with vesicular inhibitory amino acid transporter, a marker of GABAergic neurons
and boutons revealed numerous double-labeled nerve endings in the perisomatic terminals that
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contact the soma of granule cells (Herzog et al., 2004). More specifically, Somogyi and
colleagues (Somogyi et al., 2004) have shown that all VGLUT3-positive somata are
immunoreactive for cholecystokinin, a marker of a subpopulation of basket cells, and none
express markers for other interneuron types in the hippocampus. Boutons expressing VGLUTS3,
cholecystokinin and GAD are most abundant in the cell layers of the hippocampus (Somogyi
et al., 2004).

Another source of dentate VGLUT3 fibers may be the subcortical neurons, such as the
septohippocampal neurons, the mesolimbic dopaminergic and raphe serotonergic cells.
However, the data obtained so far are controversial. In the rat, the substantia nigra pars
compacta and ventral tegmental area contain moderate levels of VGLUT3 mRNA, suggesting
expression by dopamine neurons (Fremeau et al., 2002). By contrast, no VGLUT3 mRNA
expression has been detected in the substantia nigra by Herzog and colleagues (Herzog et al.,
2004), and lack of VGLUTS3 expressing neurons has also observed in the septum and the
vertical limb of the diagonal band in the same study. Furthermore, a very high density of
VGLUT3 mRNA has been found in the dorsal and median raphe nuclei (Fremeau et al.,
2002;Herzog et al., 2004). All of the serotonin transporter-positive neurons also express
VGLUT3 in the dorsal and median raphe. Interestingly, numerous neurons from the dorsal
raphe express VGLUT3 but no serotonin transporter (Gras et al., 2002). However, double-
staining for VGLUT3 and the catecholamine marker tyrosine hydroxylase or the plasma
membrane serotonin transporter revealed no colocalization in the axons of the dentate gyrus
(Fremeau et al., 2002). On the other hand, Somogyi and colleagues (Somogyi et al., 2004) have
found a population of VGLUTS3 boutons in the hippocampus that are negative for GAD but
are labeled for vesicular monoamine transporter type 2 (VMAT2), plasmalemmal serotonin
transporter or serotonin, but no colocalization has been found in terminals containing VGLUT3
and vesicular acetylcholine transporter. In mice, the highest VGLUT3 mRNA expression levels
and highest density of VGLUT3 mRNA-expressing cells have been observed in the raphe
nuclei. In contrast to its MRNA, VGLUT3 immunoreactivity is undetectable in the cell bodies
of raphe nuclei in vivo (Schafer et al., 2002). In the hippocampus, VGLUT3 immunoreactivity
is absent from cholinergic synapses. Confocal double-immunofluorescence revealed the
presence of VGLUT3 in a subpopulation of both thick and thin VMAT2-positive varicose
fibers in the hippocampus, as well as the absence of VGLUT3 from tyrosine hydroxylase
positive terminals. Thus, the hippocampal VGLUT3/VMAT2 system most likely stems from
the dorsal and median raphe nuclei and represents a novel neuronal projection subsystem
encoding both glutamatergic and serotonergic neurotransmission in the mouse (Schafer et al.,
2002).

6) CONCLUSION

One common feature of the extrinsic dentate afferent systems is that they originate from a
relatively small number of neurons. However, the majority of these afferents are able to exert
a powerful control over the electric activity of the hippocampus. In some of the afferent
systems, this efficacy is due to the fact that the majority of the extrinsic afferents terminate on
a relatively small, but specific populations of neurons. These target cells include different type
of GABAergic interneurons, which, in turn have the ability to control a large number of
principal cells (Buzsaki, 1984;Freund and Buzsaki, 1996). For example, The MSDB
GABAergic neurons seem to innervate only the GABAergic chandelier and basket cells that
have a great influence (disinhibition) on the output sector, soma and axon hillock, of granule
cells (Freund and Antal, 1988). Serotonergic fibers originating in the MR, also selectively
innervate a specific population of calbindin-containing GABA cells that terminate on the
dendritic shafts of principal cells. Thus, in contrast to the disinhibitory function of the MSDB-
hippocampal GABA system, activation of the MR-hippocampal serotonergic pathway could
result in inhibition of the input of principal neurons (Freund et al., 1990). The termination
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pattern of SUM afferents seems also be very specific. The overwhelming majority of fibers
originating in the SUM form robust asymmetric synaptic contacts with the primary dendrites
of granule cells (Magloczky et al., 1994;Leranth and Nitsch, 1994; Nitsch and Leranth, 1996)
and, in addition, terminate on specifically positioned GABA interneurons, in a way that they
could effectively filter/contrast the signal flow in the trisynaptic circuit (Leranth and Nitsch,
1994).

The functional importance of these three major extrahippocampal afferent systems is
highlighted by recent observations related to the mnemonic functions of the hippocampus that
are associated with synaptoplastic effects of gonadal hormones. Local estrogen administration
into the MSDB (Lam and Leranth, 2003), MR (Prange-Kiel et al., 2004), and SUM (Leranth
and Shanabrough, 2001) of ovariectomized rats all resulted in a robust increase in the density
of spine synapses in the hippocampus. In contrast, transection of the fimbria fornix, which
contains the hippocampal projection of these subcortical structures, prevents (Leranth et al.,
2000) the known effects (Gould et al., 1990).
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Fig 1.

Low (Panel a) and high power (Panel b) electron micrographs (received from Dr. Michael
Frotscher) show the result of a combined Golgi impregnation and ChAT immunostaining
experiment. On Panel a, Golgi-impregnated (gold-toned) spiny granule cell dendrites are seen.
Arrow on the same panel points at a ChAT immunoreactive bouton contacting the spine head
of the dendrite (D). Panel b shows the asymmetric synaptic contact (arrow) between the two
profiles.

Bar scales= 1 um.
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Fig 2.

Electron micrograph taken from the molecular layer of the dentate gyrus immunostained for
ChAT. A ChAT-immunoreactive axon terminal forms asymmetric synaptic contact with a non-
spiny dendritic shaft (D). The lack of dendritic spines indicate that this dendrite is the process
of an interneuron. Asterisks label axon terminals forming asymmetric synapses with the same
dendrite.

Bar scale= 1 um.
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Fig 3.

Light micrograph (kindly provided by Dr. Attila Gulyas) shows the result of a combined
anterograde tracing and calretinin immunostaining study, in the dentate gyrus. The anterograde
tracer, biotinylated dextran amine (BDA) was injected into the medial septum diagonal band.
Large boutons of BDA-containing axons form multiple, basket-like, putative synaptic contacts
with the soma of calretinin-immunoreactive (labeled with a brown diaminobenzidine reaction
product) neurons. One of these cells (arrows) located in the supragranular layer (SgL) the other
is at the border between the granule cell layer (GcL) and dentate hilar area (H).

Bar scale= 50 um.
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Fig 4.

Electron micrograph shows the result of a double immunostaining experiment for choline
acetyltransferase (ChAT) and glutamic acid decarboxylase (GAD), in the rat medial septum
diagonal band of Broca. Immunoreactivity for ChAT and GAD was visualized with two
contrasting immunomarker, diaminobenzidine reaction and ferritin labeling, respectively. A
ChAT-immunoreactive bouton form asymmetric synaptic contact (arrowheads) with a GAD
immunoreactive dendrite.

Bar scale= 1 um.
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Fig 5.

Light micrograph taken from a double immunostained vibratome section of the monkey dentate
gyrus. Immunoreactivity for substance P was labeled with a dark-blue Ni-diaminobenzidine
reaction, while immunostaining for parvalbumin was visualized by a brown diaminobenzidine
reaction. The soma and dendrites of the parvalbumin-containing cell embedded into the granule
cell layer (GcL) is contacted by several substance P-immunoreactive axon terminals (arrows).

Bar scale= 10 pum.
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Fig 6.

Light (Panel a) and electron micrographs (Panels b, c, d) depicted from the monkey dentate
gyrus demonstrate the result of a correlated light and electron microscopic double
immunostaining for substance P (labeled by a dark-blue blue Ni-diaminobenzidine reaction)
and calbindin (brown diaminobenzidine chromogen). Panel a shows a calbindin-
immunoreactive neuron embedded into the granule cell layer forming putative synaptic
contacts (A — D) with substance P-containing axon terminals. Electron microscopic analysis
of ultrathin sections cut from the same area shows that boutons A and D form robust asymmetric
synaptic contacts (arrowheads on panels ¢ and d) with the soma of this calbindin-containing
cell (CB on panel b). Ge- granule cell.
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Bar scales= panel a, 10 um; panels b — ¢, 1 um.
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