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The excitatory amino acid, aspartate/glutamate content of sep-
tal complex calretinin (CR)-, choline acetyltransferase plus sub-
stance P-, and Leu-enkephalin (Leu-enk)-containing extrinsic
afferents was examined. Experiments were carried out using
the transmitter-specific [®H]-p-aspartate retrograde tracer tech-
nigue in combination with immunostaining for CR, choline
acetyltransferase, and Leu-enk. The extrinsic and intrinsic CR
innervation of the same brain areas were elucidated on control
rats and on animals in which the septum was surgically sepa-
rated from its ventral afferents. Correlated light and electron
microscopic double-immunostaining experiments were used to
determine the synaptic connections between CR axon termi-
nals and lateral septal area calbindin (CB)- and medial septal
area choline acetyltransferase-immunoreactive neurons. Fur-
thermore, to determine the synaptic power of supramammil-
loseptal aspartate/glutamatergic neurons on the septal com-
plex, semiquantitative analyses were performed in the

supramammillary area on retrogradely (1) [?H]-p-aspartate-
radiolabeled and (2) HRP-labeled material.

The results demonstrated that a population of the extrinsic
CR axons originating in the supramammillary area are aspar-
tate/glutamatergic. These fibers forming asymmetric synaptic
contacts terminate on both CB and cholinergic neurons. Intra-
septal CR neurons, which establish symmetric synapses, inner-
vate only lateral septal area neurons, including the CB-
containing cells. These observations, together with other
published data, raise the possibility of a hippocampus—lateral
septal (GABAergic CB-containing neurons)-supramammillary
area (aspartate/glutamatergic cells)-medial septal (cholinergic
neurons)-hippocampus signal loop, which might be involved in
the generation and regulation of hippocampal theta rhythm
activity.
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It has been demonstrated that in the lateral septum (LS), in
addition to the hippocamposeptal axon terminals, a large num-
ber of other boutons establish asymmetric synaptic contacts.
They include extrinsic acetylcholine-, substance P (SP)-, and
Leu-enkephalin (Leu-enk)-containing axon terminals (Szeide-
mann et al., 1995a,b). Furthermore, we have shown that the
postsynaptic targets of these SP and Leu-enk fibers contain
AMPA receptors (F. Varoqueaux and C. Leranth, 1996). These
data, together with observations that ascribed a stimulatory
role to SP and enkephalin in the LS (Nayar et al., 1987), i.e.,
parent neurons of these SP and enkephalin boutons do not
contain GABA (Szeidemann et al., 1995a,b) and asymmetric
synapses are assumed to represent stimulatory connections
(Eccles, 1964), led us to the hypothesis that these fibers contain
the excitatory transmitter aspartate/glutamate.

We also suggest that some of the supramammillary area cal-
retinin (CR)-containing neurons projecting to the septal complex
likewise contain aspartate/glutamate. This view is based on the
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following. (1) Retrograde (Luiten et al., 1982; Saper, 1985;
Vertes, 1988) and anterograde (Vertes, 1992) tracing experiments
have demonstrated that neurons of the supramammillary area
project to the septal complex; (2) our study (Kiss and Szeiffert,
1995) has shown that a large number of these projection cells
contain the calcium-binding protein CR; (3) morphological data
indicate that in the hippocampus, axon terminals of supramam-
millary CR cells form exclusively asymmetric synaptic contacts
(Gulyas et al., 1992; Leranth and Nitsch; 1994; Magloczky et al.,
1994; Nitsch and Leranth, 1996); (4) these cells are not GABAer-
gic (Nitsch and Leranth, 1993, 1994); (5) rhythmically firing pos-
terior hypothalamic neurons seem to be the primary driver of
medial septal pacemaker neurons (Petsche et al., 1962; Kocsis and
Vertes, 1994; Oddie et al., 1994), which are responsible for hip-
pocampal theta activity (Jung and Kornmuller, 1938; Green and
Arduini, 1954); and (6) it has been demonstrated that a popula-
tion of supramammillary neurons are aspartate/glutamatergic
(Carnes et al., 1990).

Numerous studies have demonstrated that [*H]-p-aspartate is a
transmitter-specific retrograde tracer, which is picked up selec-
tively by aspartate/glutamatergic axons (Streit, 1980; Baughman
and Gilbert, 1981; Rustioni and Cuenod, 1982; Oliver et al., 1983;
Dememes et al., 1984; Matute and Streit,, 1985; Barbaresi et al.,
1987; Christie et al., 1987; Fuller et al., 1987; Fuller and Price,
1988; Kisvarday et al., 1989; Carnes et al., 1990) and can be
localized by autoradiography in their parent cells (Streit, 1980;
Cuenod and Streit, 1983; Carnes et al., 1990).
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Table 1. Percentage of CR neurons among retrogradely [*H]-p
aspartate-radiolabeled cells (% CR + [*H]-p Asp) and [*H]-p
aspartate-labeled plus CR-immunoreactive neurons among the total
number of CR-containing cells (% [*H]-p Asp + CR/CR) in the
supramammillary area of four rats

Rat (% CR + [*H]-D % [*H]-D Asp No. of
no. Asp/[*H]-D Asp) + CR/CR sections
1 89.9 = 0.4 16.45 = 0.8 6

2 883 1.0 17.67 £ 0.7 8

3 86.5 = 0.9 17.26 £ 0.9 8

4 91.3 £ 0.6 18.15 £ 0.5 8

Therefore, to assess the validity of the aforementioned hypoth-
eses, immunostaining for choline acetyltransferase (ChAT), Leu-
enk, and CR was combined with autoradiographic detection of
retrogradely transported [*H]-p-aspartate. Furthermore, double im-
munostaining for CR plus ChAT and CR plus calbindin (CB) was
performed. In addition, an analysis was performed on the CR inner-
vation of the septum of intact and surgically manipulated rats.

MATERIALS AND METHODS

Animals. Twenty adult Sprague Dawley (300-320 gm) male and female
rats were used in this study. Twelve animals were devoted to the autora-
diographic experiments, and eight were used for the single- and double-
immunostaining experiments. Animals were kept under standard labora-
tory conditions, with tap water and regular rat chow ad libitum, in a 12 hr
light/dark cycle.

[PH]-p-aspartate injection. Two days before the rats were killed, [*H]-
D-aspartate (10-20 uCi in 0.1-0.2 ul of saline) was injected unilaterally
into different areas of the LS [lateral (L), 0.4-0.8 mm; ventral (V),
5.4-6.0 mm; anterior-posterior (AP), 1.2-0.4 mm]. Before the injections,
an aliquot of [*H]-p-aspartic acid (Amersham, Arlington Heights, IL) was
neutralized by the addition of NaOH. Then it was evaporated to dryness
in a vacuum chamber and rediluted in saline to a final concentration of
100 nCi in 1.0 pl. The injection was made for 10 min via a glass capillary
(20 wm outer diameter) connected to a motorized microsyringe. After the
injection, the capillary was left in place for an additional 10 min.

Tissue preparation. Animals were killed under ether anesthesia by
transcardial perfusion of 50 ml heparinized saline, followed by a fixative
containing either 2% glutaraldehyde, 4% paraformaldehyde and 0.2%
picric acid in 0.1 M phosphate buffer (PB), pH 7.35, for the autoradio-
graphic experiments, or 0.1% glutaraldehyde, 4% paraformaldehyde and
20% picric acid in PB for the single- and double-immunostaining studies.
Tissue blocks were dissected out and post-fixed for 2 hr in the same but
glutaraldehyde-free fixative. Then they were rinsed in several changes of
ice-cold PB, and 60 um vibratome (Lancer) sections containing the
septum, perifornical, supramammillary, and laterodorsal tegmental
(LDTG) areas and the hippocampus were cut. Subsequently, the sections
were treated with 1% sodium borohydride in PB for 10-30 min to
eliminate unbound aldehydes from the tissue (Kosaka et al., 1986).

Immunostaining and autoradiography. Light microscopic immunostain-
ing was performed for ChAT, Leu-enk, and CR on vibratome sections of
the LDTG, perifornical area, and supramammillary nucleus, respectively.
In addition, ipsilateral hippocampal sections were immunostained for CR
as a control. All of the incubations were carried out at room temperature,
and sections were rinsed thoroughly (3 X 15 min) in PB between each
incubation step. The primary antisera and their dilutions were as follows:
rat anti-ChAT (Boehringer Mannheim, Indianapolis, IN) 1:50; rabbit
anti-Leu-enk (Zamir et al., 1984), a generous gift of Dr. Gorcs, 1:15,000;

Table 2. Percentage of retrogradely WGA-HRP-labeled CR-containing
neurons among the total number of supramammillary area CR-
immunoreactive cells (% WGA-HRP + CR/CR) of two rats

Rat no. % WGA-HRP + CR/CR No. of sections
1 48.65 = 1.2 8
2 50.23 = 0.9 8

Leranth and Kiss ¢ Glutamate Innervation of the Septum

and rabbit anti-CR (Rogers, 1987), 1:20,000. Antisera were diluted in PB
containing 0.3% Triton X-100 and 0.1% sodium azide. Sections were
incubated in primary antibody for 12 hr. This was followed by incubation
of the sections in the corresponding biotinylated secondary antiserum
(rabbit anti-rat or goat anti-rabbit IgG, 1:250 in PB; Vector Labs, Bur-
lingame, CA) and then in ABC Elite (1:250 in PB; Vector Labs), each for
2 hr. The tissue-bound peroxidase was visualized by a diaminobenzidine
(DAB) reaction (15 mg DAB, 165 ul 0.3% H,O, in 30 ml PB for 5-10
min). After final rinses in PB, sections were mounted on gelatin-coated
slides and air-dried. Slides were than dipped in a nuclear emulsion (Ilford
L4, diluted to 1:1 in double-distilled water at 40°C) and stored in the dark
for 4-8 weeks. The sections were developed in D19 (Eastman Kodak,
Rochester, NY) at 15°C. After photo-fixing and washing in deionized
water, sections were dehydrated and coverslipped with Permount and
examined under the light microscope.

Septal undercut and immunostaining for CR. Two of the rats were fixed
in a stereotaxic apparatus, and all of the septal afferents coming from a
ventral direction were unilaterally transected with an L-shaped knife. The
details of this operation have been described previously (Szeidemann et
al., 1995a,b). After a 5 d survival period, rats were killed (see above; the
fixative contained 4% paraformaldehyde, 0.2% glutaraldehyde and 20%
picric acid in PB), and septal vibratome sections were immunostained for
CR as described above, except that the tissue-bound peroxidase was
visualized by an Ni-DAB reaction (see below). Sections for electron
microscopy were freeze/thaw-treated in liquid nitrogen (sections were
placed in a vial containing 10% sucrose in PB; the vial was frozen rapidly
in liquid nitrogen and then allowed to thaw to room temperature) before
the application of primary antiserum. In addition, no Triton X-100 was
used, and sections were incubated for 48 hr at 4°C. A brown DAB
reaction was used to visualize tissue-bound peroxidase. Finally, the sec-
tions were osmicated and embedded (see below).

Double immunostaining for CR and ChAT and CR and CB. To examine
the relationship between medial septal/diagonal band cholinergic (ChAT-
immunoreactive) neurons and CR axon terminals, as well as CR boutons
and lateral septal area CB-containing neurons, correlated light and elec-
tron microscopic double-immunostaining experiments were performed
using our modification (Leranth and Nitsch, 1994; Szeidemann et al,,
1995a,b) of the Ni-intensified DAB/DAB double-immunostaining tech-
nique. Briefly, sections were first immunostained for CR as described
above; however, the tissue-bound peroxidase was visualized with a dark-
blue to black Ni-intensified DAB reaction [15 mg DAB, 12 mg NH,CI,
0.12 mg glucose oxidase, 600 ul 0.5 m Ni(NH,),SO,, and 600 ul 10%
B-D-glucose in 40 ml PB, for 4-8 min]. After several washes in PB,
sections were immunostained further for ChAT (see above; dilution was
1:10) or for CB. In the latter, sections were incubated in a monoclonal CB
antiserum (Sigma, St. Louis, MO) diluted 1:5000 in PB containing 0.3%
Triton X-100 and 0.1% sodium azide. After a 3 X 15 min wash in PB,
sections were incubated in the appropriate secondary antiserum (rabbit
anti-rat or rabbit anti-mouse IgG, 1:50 in PB; Organon Teknika, Durham,
NC) and then in either rat-PAP or rabbit-PAP (1:100 in PB; Organon
Teknika), each for 2 hr at room temperature. After the final brown DAB
reaction (15 mg DAB, 165 ul 0.3% H,O, in 30 ml PB for 5-10 min) and
several rinses in PB, sections for light microscopy were mounted on
gelatin-coated slides, dehydrated, and mounted in Permount. Sections for
electron microscopy were processed in the same way as for light micros-
copy except that they received a freeze/thaw treatment, no Triton X-100
was used, and the incubations in the primary antisera were carried out for
48 hr at 4°C. Then they were wet-mounted on slides and color-
photographed. After this, sections were osmicated (1% OsO, in PB for 1
hr), dehydrated in graded ethanol (the 70% ethanol contained 1% uranyl
acetate, for 30 min), and embedded in Durcupan (Fluka, Swiss). Ribbons
of ultrathin sections of the previously photographed putative synaptic
contacts were collected on Formvar-coated single-slot grids and exam-
ined in a Philips CM-10 electron microscope.

Retrograde labeling of supramammillary CR neurons. In two animals,
large (0.8 ul) wheat germ agglutinin-conjugated HRP (WGA-HRP; 2.5%
diluted in saline) injections were placed via a glass micropipette (40-50
um outer diameter) connected to a microsyringe into the same septal
areas (L, 0.4-0.8 mm; V, 5.4-6.0 mm; AP, 1.2-0.4 mm) where, in other
rats, the [°H]-p-aspartate was injected. After a 36 hr survival period,
animals were killed under ether anesthesia by transcardial perfusion of 50
ml saline followed by a fixative containing 1.5% glutaraldehyde and 1.5%
paraformaldehyde in PB. Vibratome sections cut throughout the brain
were rinsed (3 X 15 min) in PB and incubated for 20 min in 1% sodium
borohydride, and the WGA-HRP was visualized by a glucose oxidase
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reaction (15 mg DAB, 12 mg ammonium chloride, 0.12 mg glucose
oxidase, and 60 mg B-D-glucose in 30 ml PB for 30—45 min). Thereafter
sections were immunostained for CR for light microscopic examination
(see above).

Control experiments. Although the primary antisera used in these ex-
periments are widely used and well characterized, control experiments
were performed. Sections were processed through the entire immunohis-
tochemical sequence, except that the primary antisera (for the double-
immunostaining experiments, only one of the primary or secondary
antisera) were omitted or replaced by corresponding preimmune serum.
Under these conditions, no immunostaining or only single immunostain-
ing could be observed.

Semiquantitative analysis. Counts were made on each vibratome section
prepared from the supramammillary area (five to eight sections per
animal) of retrogradely radiolabeled plus CR immunostained (four rats)
and retrogradely WGA-HRP-labeled plus CR immunostained (two ani-
mals) material. The total number of neurons that were retrogradely
labeled (WGA-HRP or [*H]-D-aspartate) and CR-containing and CR-
immunoreactive only was determined, and their ratios were calculated.

RESULTS

Injection sites

Similar to the observation of others (Carnes et al., 1990), in the
septal complex of the [*H]-p-aspartate-injected rats, there was a
small focus of labeling at the end of the [?H]-p-aspartate needle
injection track, characterized by some neuronal loss and gliosis.
Around this site, a relatively large, concentric area could be
observed that was marked by a dense silver-grain labeling. Be-
cause of the concentration of silver grains, individual cell labeling
could not be recognized. Even after injections placed in the most
lateral part of the LS, the zone of the injection spread (0.6-1.0
mm) occupied areas of the medial septum.

Because of the large volume (0.8 ul) of the WGA-HRP injec-
tions, both lateral and medial septal areas were heavily labeled on
the ipsilateral side. In one rat, the WGA-HRP deposit also could
be observed in the contralateral medial septal area.

Distribution and neurochemistry of radiolabeled and
WGA-HRP-labeled neurons

A large number of retrogradely [°H]-p-aspartate-labeled, suppos-
edly aspartate/glutamate-containing neurons could be observed in
the supramammillary area and ipsilateral hippocampus, with
fewer radiolabeled neurons in the contralateral hippocampus and
central medial preoptic nucleus. The description of the preoptic
area aspartate/glutamate-containing cells is the subject of another
study. All of the hippocampal cells that contained retrogradely
transported [*H]-p-aspartate seemed to be pyramidal cells, and
none showed immunoreactivity for CR.

In this material, three major types of neurons could be observed
in the supramammillary area: (1) neurons containing only CR
(these cells represented the majority of supramammillary area
neurons); (2) a few cells that were only retrogradely labeled with
[>H]-p-aspartate; and (3) double-labeled neurons containing both
aspartate/glutamate and CR (Fig. 1la—c; Table 1). The majority of
the last two groups of cells could be observed in the lateral part
(ipsilateral to the injection) of the supramammillary area. Only a
few of these neurons were seen near the midline, and only one or
two cells per animal were seen in the contralateral side.

Numerous ChAT- and Leu-enk-immunoreactive neurons were
seen on sections from the LDTG and perifornical areas, respectively;
however, neither the ChAT- nor the Leu-enk-immunoreactive cells
contained retrogradely transported [*H]-p-aspartate.

Retrogradely WGA-HRP-labeled neurons were found in many
brain areas known to project to the septal complex (for review, see
Jakab and Leranth, 1995); however, CR-immunoreactive plus
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WGA-HRP-containing cells were observed solely in the supra-
mammillary area. The distribution pattern of these cells was
similar to those of radiolabeled CR neurons. Obviously, because
of penetration problems (caused by the high concentration of
glutaraldehyde in the fixative) of the immunoreagents, CR-
immunoreactive, retrogradely WGA-HRP-labeled cells were seen
only on the surface of the vibratome sections. It must be noted,
however, that even with this limitation, these double-labeled cells
could be detected in much deeper layers of the vibratome sections
than the radiolabeled CR neurons.

Semiquantitative analysis

The number of retrogradely radiolabeled cells in the supramam-
millary area, depending on the orocaudal location of the sections
taken from four rats, varied between 75 and 120. On every section,
however, as well as in different animals (in spite of the fact that
the location of the injections was different), the percentage of
radiolabeled CR-containing neurons was constant, being between
88.3% = 1.0 and 91.3% = 0.6. Furthermore, among the CR-
immunoreactive supramammillary neurons (350-400 per sec-
tion), in a homogeneous distribution in the orocaudal direction,
approximately 17% of the CR cells were radiolabeled (Table 1).
These data indicate that in the orocaudal direction, the supra-
mammilloseptal aspartate/glutamate-containing, projective CR
cells are distributed homogeneously in the lateral part of the
supramammillary area.

In one animal, because of the spread of the WGA-HRP deposit
into the contralateral medial septal area, retrogradely labeled
neurons were also seen in the contralateral supramammillary
area; however, the calculation was performed on the ipsilateral
site only. In both animals, the percentage of the retrogradely
WGA-HRP-labeled plus CR-immunoreactive cells among the
total number of CR-containing neurons (Table 2) was consistently
much higher (49%) than those of retrogradely radiolabeled CR-
immunoreactive neurons (Table 1).

Extrinsic and intrinsic CR innervation of the

septal complex

A detailed morphological and neurochemical analysis of the CR
innervation of the septal complex was beyond the focus of this
study. Briefly, under the light microscope, the overwhelming ma-
jority of CR neurons was observed in an upside-down V-shaped
area at the border between the lateral and medial septum. In
addition, scattered cells were seen in the dorsal and ventral parts
of the LS, as well as in the medial septum diagonal band of Broca.
Most CR-immunoreactive fibers and boutons were observed in
the intermediate and ventral parts of the LS and occupied a zone
lateral to the aforementioned V-shaped area of CR neurons.
Furthermore, numerous CR fibers running in a vertical direction
and CR boutons were seen in the medial septum (Fig. 2a,c). In
the LS, the majority of CR axon terminals were closely associated
with the soma of nonimmunoreactive neurons (Fig. 2b). In the
medial septum, these basket-like structures were seldom seen.
Five days after a unilateral septal undercut, CR axons on the
ipsilateral medial septal area disappeared completely (Fig. 2¢),
and in the ipsilateral LS, their density was greatly reduced
(Fig. 2d,e).

In the electron microscope, two types of CR boutons could be
detected in the LS. One type formed symmetric synapses, whereas
the other, which comprised the majority of all of the boutons,
established asymmetric synaptic membrane specializations. In the
medial septum, only asymmetric contacts were seen. After the
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Figure 1. Color light micrographs demonstrate radiolabeled neurons in the supramammillary area immunostained for CR after a D-[?H]-aspartate
injection into the septum (a-c), and the results of double-immunostaining experiments for CR plus CB (d ) and CR plus ChAT (e). Black arrows on a-c
point to radiolabeled, CR-immunoreactive neurons. White arrows on b and c label CR-containing cells that are not retrogradely radiolabeled. On d and
e, immunoreactivity for CR was labeled with the dark-blue to black Ni/DAB reaction; CB- and ChAT-containing profiles were labeled with the brown
DAB reaction. d shows CB neurons (arrows) surrounded by numerous CR-immunoreactive puncta (some are labeled by arrowheads) in the intermediate
part of the lateral septal nucleus; e demonstrates a group of ChAT-immunoreactive neurons (arrows) in the dorsal part of the medial septum. These cells
are contacted by a few CR-containing profiles (arrowheads). Scale bars, 10 um.
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septal undercut, only symmetric synaptic contacts of CR boutons
were found in the ipsilateral LS.

Double immunostaining for CR plus ChAT and CR

plus CB

These experiments resulted in a dark-blue to black labeling of CR-
immunoreactive profiles and brown DAB labeling of CB- and
ChAT-containing neurons in the lateral and medial septal areas,
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Figure 2. Light micrographs of CR-
immunostained septal complex of con-
trol (4, b) and septal undercut rats (c—e).
The majority of CR-containing neurons
are accumulated in an upside-down
V-shaped area at the border between
the medial (ms) and lateral septum (/s).
In addition, few CR-immunoreactive
neurons are seen distributed homoge-
neously in both lateral and medial septal
areas (a, d). A dense network of CR-
immunoreactive axons are seen in the
intermediate and ventral zone of the LS
and lateral to the V-shaped area. In this
area, most of the boutons seem to be
associated with immunonegative somata
(b). In the medial septum, the CR fiber
network is much less dense, and most of
the CR axons run in a vertical direction
(c, left). Five days after a unilateral sep-
tal undercut (arrows in d and e), on the
ipsilateral side the density of CR axons
greatly decreased in both lateral (d) and
medial septal areas (c, right). On e, note
the near-complete absence of CR axons
above the cut (arrows). The dashed line
on c indicates the midline. Large capil-
laries (C) are characteristic in the medial
septal area. Scale bars: a, 200 uwm; b, 10
um; d, 500 wm; e, 100 wm.

respectively (Fig. 1d,e). Under the light microscope, it appeared that
CR-immunoreactive axon terminals form basket-like structures
around both CB-containing (Figs. 1d, 3a) and a population of ChAT-
containing (Figs. le, 4a, 5a) neurons. The majority of CR-innervated
CB neurons were found distributed homogeneously in the lateral
area of the intermediate and ventral parts of the LS. CR-contacted
ChAT cells were seen exclusively in the upper dorsal part of the
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medial septum (Figs. le, 4a, 5a). These neurons were not seen in the
vertical and horizontal limbs of the diagonal band.

Electron microscopic analysis revealed that a large popula-
tion of CR boutons terminating on lateral septal area CB-
containing neurons establish asymmetric synaptic contacts (Fig.
3b-e¢); however, symmetric synapses were also observed (not
shown). In the medial septum, only a few ChAT-containing
somata were contacted by CR-immunoreactive boutons (Fig.
4). Although under the light microscope CR boutons appeared
to contact the soma of ChAT cells (Figs. le, 4a, 5a), only a
fraction formed axosomatic synapses (Fig. 4b—f); the majority
of CR axon terminals formed synapses with ChAT-
immunoreactive dendritic shafts (Fig. 5b—d) and immunonega-
tive dendrites (Fig. 4e). It is important to note that in the
medial septum, all of the CR boutons formed exclusively asym-
metric synaptic membrane specializations (Figs. 4b—f, 5b-d).

DISCUSSION

Technical considerations

A large number of well characterized aspartate/glutamate antisera
are available and have been used. Because aspartate/glutamate is
present in low concentrations in nonaspartate/glutamatergic neu-
rons, however, the recognition of these neurons is ambiguous.
Therefore, we selected the more labor-intensive radiolabeling
method, because there is evidence which indicates that retro-
gradely transported [*H]-p-aspartate selectively labels neurons
that use aspartate/glutamate as their transmitter (for review, see
Carnes et al.,, 1990). The present observations also support this
notion, because after [*H]-p-aspartate injection into the septum,
only the known aspartate/glutamate-containing hippocampal prin-
cipal neurons (Storm-Mathisen et al., 1983), but none of the
GABAergic hippocamposeptal nonprincipal cells (Alonso and
Kohler, 1982; Shinoda et al., 1987; Toth and Freund, 1992), were
retrogradely radiolabeled.

The percentage of aspartate/glutamatergic CR-containing su-
pramammilloseptal cells should be much higher than the results
(Table 1) of the [*H]-p-aspartate experiments would indicate
because (1) the retrogradely transported WGA-HRP can be vi-
sualized throughout the entire depth of the sections (although the
penetration of immunoreagents for CR immunostaining was lim-
ited by the high concentration of glutaraldehyde in the fixative),
whereas the radiolabeling for aspartate/glutamate is confined to
the very surface; and (2) WGA-HRP labels trespassing supra-
mammillohippocampal neurons, whereas aspartate/glutamate is
thought to be picked up only by axon terminals (for review, see
Carnes et al., 1990).

CR innervation of the septal complex

The description of the CR innervation of the septal complex was
necessary, because previous studies showed only that supramam-
millary CR neurons project to the septum (Kiss and Szeiffert,
1995); however, their mode of termination and, most importantly,
the neurochemical content of their postsynaptic partners has not
yet been elucidated.

The results indicate that the extrinsic CR system establishes
asymmetric contacts and innervates both the medial and lateral
septal areas, whereas the intrinsic CR system forms exclusively
symmetric synapses in the LS. This view is supported by the
following facts. (1) Only asymmetric CR synapses were found in
the medial septum, and (2) after a septal undercut, although
asymmetric CR synapses disappeared from both the medial and
LS, the symmetric CR synapses were still present in the LS. The
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lack of CR axons in the ipsilateral medial septum after the septal
undercut indicates that intrinsic septal CR neurons, even though
some were found inside the boundaries of the medial septum
diagonal band of Broca, do not terminate in this area but only in
the LS, and/or they project to other brain areas, including the
supramammillary nucleus. This is supported by the observation
that septal CR neurons can be retrogradely labeled from the
supramammillary area (Kiss and Szeiffert, 1995), and after a
unilateral septal undercut, only very few CR boutons remained in
the LS.

The extrinsic CR system originates in the supramammillary
area, because after a retrograde tracer injection into the septal
complex, retrogradely labeled CR neurons were seen solely in the
ipsilateral supramammillary nucleus (Kiss and Szeiffert, 1995).
There are indications that at least a population of these supra-
mammilloseptal projective cells also project to the hippocampus,
because after injection of two contrasting retrograde tracers into
the hippocampus and septum, some of the supramammillary
neurons were labeled with both retrograde tracers (Kiss and
Szeifert, 1995).

The majority of the medial septum diagonal band of Broca
ChAT neurons are contacted by CR boutons on their dendrites,
and only a few, located mostly in the medial septum, receive
axosomatic CR synapses (Figs. 4, 5). Therefore, one can speculate
that the latter septohippocampal cholinergic cells have a more
profound effect on the hippocampus. On the other hand, CB
neurons are surrounded by CR-immunoreactive baskets. The
other difference between the innervation of CB and cholinergic
neurons is that ChAT cells are targeted only by extrinsic CR
systems, whereas CB neurons receive input from both extrinsic
and intrinsic CR systems.

A population of supramammilloseptal CR neurons

are aspartate/glutamatergic

The major observation of this study is that a population of the
supramammilloseptal CR neurons contain aspartate/glutamate.
Furthermore, both LDTG area SP- and perifornical area Leu-
enk-immunoreactive cells do not contain this excitatory
transmitter.

Although it seems that practically all of the supramammil-
loseptal aspartate/glutamatergic neurons contain CR (Table 1),
the result of the WGA-HRP retrograde tracer study demon-
strated that the supramammilloseptal CR pathway may also
contain a large population of nonaspartate/glutamatergic CR
fibers (Table 2). The transmitter content of the parent neurons
of these latter axons is not yet known. Because of their calcium-
binding protein content, however, they may be capable of fast
firing (Rogers, 1987).

Functional considerations

The septum and its reciprocal connection with the hippocampal
complex play an important role in hippocampal theta rhythm
activity. It has been shown that (1) a large population of medial
septal neurons discharge rhythmically and are phase-locked to
the hippocampal theta waves (Petsche et al., 1962; Gogolak et
al., 1968; Apostol and Creutzfeld, 1974; Vinogradova et al.,
1980; Gaztelu and Buno, 1982; Lamour et al., 1984; Alonso et
al., 1987); (2) the immobility-related hippocampal theta activity
is associated with septohippocampal, cholinergic neurons
(Bland, 1986); and (3) the hippocampal feedback via the LS is
necessary for the maintenance of hippocampal theta rhythm
(DeFrance et al., 1971, 1976; McLennan and Miller, 1974;
Twery et al., 1990).
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Figure 3. Light (a) and electron micrographs (b—e) demonstrate the result of a correlated double immunostaining for CR and CB in the LS. The CB
neuron (a) and its putative axosomatic synaptic contacts with CR-containing axon terminals (I-5) were serially sectioned and analyzed in the electron

microscope. Note that boutons 3-5 form asymmetric synaptic contacts (arrowheads). c-e are high-power magnifications of boutons 1-3, 5, and 4,
respectively. Scale bars: a, 10 um; b—e, 1 um.
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Figure 4. Light (4a, 5a) and electron micrographs show the medial septum double-immunostained for CR and ChAT. Figure 4 demonstrates one of the
very few ChAT-immunoreactive neurons that established axosomatic synaptic contacts with CR boutons. The putative synaptic contacts of CR boutons
(arrows on 4a and 5a) were further analyzed in the electron microscope. CR axon terminals 1-3 were found to form asymmetric synaptic contacts with
the soma of the ChAT neuron. ¢, d, and f are high-power magnifications of the boxed areas on b. f shows bouton 2 (Figure legend continues).
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-« M

I

- Figure 5. For details, refer to Figure 4 legend.

(turned 90° and taken from another section); e demonstrates a CR bouton forming an asymmetric synaptic contact with an unlabeled dendrite (D). Fig.
Sa shows two ChAT-immunoreactive medial septal neurons. In the electron microscope, the dark-blue to black (on the original color photographs) CR
axons (arrows) surrounding these cells were not found to form synaptic contacts. b—d demonstrate asymmetric axodendritic synaptic contacts (arrowheads)
between CR-containing boutons (arrows) and ChAT-immunoreactive dendrites (D). The CR-immunoreactive boutons that are entirely (b) or partially (c,
d) filled with the homogeneous, metallic deposit of the Ni-DAB reaction can be distinguished easily from the ChAT-containing profiles labeled with the
fine precipitate of the DAB reaction. Scale bars: 4a, 5a, 10 um; 4b-d, 5b-d, 1 pm.
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In line with these observations are previous studies, including
our own (Leranth and Frotscher, 1989), which assumed that the
septohippocamposeptal loop is completed by a GABAergic lat-
eral septal projection to the medial septum (McLennan and
Miller, 1974, 1976; Swanson and Cowan, 1979; Kohler and Chan-
Palay, 1983; Panula et al., 1984; Onteniente et al., 1986). Recent
studies, however, demonstrated that the LS—-medial septum path-
way is nonexistent or extremely sparse (Staiger and Nurnberger,
1991; Leranth et al., 1992; Witter et al., 1992). Furthermore,
supramammillary area neurons play a pivotal role in hippocampal
theta rhythm (for review, see Kocsis and Vertes, 1994). This is
supported by observations that procaine injections into the medial
septum that abolished theta activity in the hippocampus did not
alter the rhythmical firing of supramammillary neurons (Kirk and
McNaughton, 1991), and hippocampal theta activity could be
reversibly blocked by procaine injections into the supramammill-
ary area (Oddie et al., 1994).

It is well established that lateral septal neurons are innervated
by hippocampal fibers and that these cells, including the CB-
containing GABAergic neurons, project to different hypothalamic
areas (Jakab and Leranth, 1995). According to a recent study, the
hippocamposeptal projection “is organized in such a way that
different hippocampal regions map in an orderly way onto hypo-
thalamic systems mediating the expression of different classes of
goal-oriented behavior” (Risold and Swanson, 1996). The same
authors demonstrated that the CA3 subfield projects selectively to
the caudal part of the LS, which in turn projects to the lateral
supramammillary nucleus. As shown in this study, the majority of
supramammilloseptal aspartate/glutamatergic CR neurons are in
this supramammillary subfield. Furthermore, this study found that
supramammillary area CR efferents, in addition to being in other
septal compartments, were seen in the aforementioned caudal
part of the LS as well.

These new data, together with the observations of this study
on the synaptic contacts between CR-containing supramammil-
lary aspartate/glutamatergic neurons and medial septal area
cholinergic neurons, allowed us to design a new hypothetical
circuitry responsible for maintaining hippocampal theta
rhythms (Fig. 6). (1) Supramammillary area aspartate/glutama-
tergic neurons convert the nonrhythmic flow of pulses from the
reticular formation into theta rhythmic activity (Kocsis and
Vertes, 1994), and (2) they drive the medial septal (cholinergic)
pacemaker cells that (3) terminate on both hippocampal prin-
cipal (Frotscher and Leranth, 1985, 1986) and nonprincipal
neurons (Leranth and Frotscher, 1989); (4) in turn, hippocam-
pal principal neurons terminate on lateral septal area
GABAergic CB neurons (Jakab and Leranth, 1995) that
project to the lateral supramammillary area (Risold and Swan-
son, 1996). The activity of this circuitry can be controlled by a
GABAergic medial septum-LS projection (Leranth et al,
1992), as well as by aspartate/glutamatergic supramammillary
fibers terminating on the lateral septal area CB neurons (recent
study). Whether the latter connections are directly associated
with the regulation of theta rhythm generation, however, or
whether they influence only the hippocampal downstream sig-
nal flow, is not yet known. Furthermore, the possible supra-
mammillary excitatory amino acid innervation of septohip-
pocampal GABAergic neurons (Freund and Antal, 1988)
should be elucidated.

In conclusion, this study demonstrated intrinsic and extrinsic
CR systems in the septal complex. The former establishes sym-
metric synaptic contacts with lateral septal area CB neurons. A
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Figure 6. Schematic representation of the suggested connections be-
tween the hippocampal formation, medial (MS) and lateral septum (LS),
and supramammillary area (based on recent observations and other pub-
lished data). Hippocampal principal cells (Pc) terminate on lateral septal
area projective neurons (including CB-containing GABAergic cells),
which terminate on supramammillary area CR-containing cells, among
them aspartate/glutamatergic (GLU) CR neurons. These cells send exci-
tatory stimuli to a population of medial septal area cholinergic (ACH)
cells and a large number of lateral septal area CB-containing GABAergic
neurons (GABA). In turn, these medial septal area cholinergic neurons
can control the activity of the hippocampus via their synapses on both
hippocampal Pc and GABAergic interneurons (/n).

population of the latter is an aspartate/glutamatergic CR system,
which originates in the supramammillary area and forms asym-
metric synapses with lateral septal area CB neurons and a popu-
lation of medial septal area cholinergic cells. The connections of
the latter may be essential in hippocampal immobility-related
theta rhythm generation.
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