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Afferent fibers from the septum terminate on gamma-aminobutyric acid (GABA-) interneurons and granule cells in 
the area dentata of the rat 
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Summary. Interneurons in the area dentata of the rat were immunostained with an antibody to gamma-aminobutyric acid. After 
septal lesions, degenerating terminals were found in asymmetric synaptic contact with granule cell somata and dendritic elements of 
immunoreactive and nonreactive cells in the supragranular part of the molecular layer. 
Key words. Hippocampus; area dentata; GABA; interneurons; septal afferents. 

The septo-hippocampal projection has been reported to ter- 
minate in virtually all areas of the hippocampus. In the area 
dentata, septal fibers end in the supragranular part of the molec- 
ular layer and in the hilus 2. A greater part of this projection is 
eholinergic 3,4, but probably GABAergic fibers s and substance 
P-fibers 6 are also included. The cholinergic septal fibers are 
believed to act in an excitatory way on the granular and pyra- 
midal cells of the hippocampus in a pacemaker action to gen- 
erate the atropine-sensitive (type 2) type of the theta or rhythmic 
slow activity 7 which may be correlated with sensory processing 
in the hippocampus 8. However, it is not yet clear whether the 
targets of the septo-hippocampal projections are only projection 
neurons (pyramidal and granular cells), or also interneurons, 
which is of interest in view of the proposition that part of the 
effect of acetylcholine is mediated by interneurons 9'1~ In the 
present study, immunocytochemical investigation of GABA-in- 
terneurons was performed in the area dentata of the rat in 
combination with degeneration studies after midseptal lesions. 
Materials and methods. Under deep Nembutal anesthesia, le- 
sions were made in the medial septum of adult Wistar rats by 
electrocoagulation with anodal current (5 mA, 20 s) applied 
through the tip of an insulated stainless steel electrode. Elec- 
trodes were positioned in the midsagittal plane, thus avoiding 
the neocortex. Inevitably, electrodes penetrated the corpus callo- 
sum. However, this additional damage should not constitute a 
problem in this case; so far, we do not know of any hippocampal 
afferent pathway passing via the corpus callosum. Two days 
later, the animals were injected with 50 gg colchicine in 5 gl 0.9 % 
saline it in the neocortex overlying the hippocampus to inhibit 
fast intraaxonal transpor02. The injections were not given di- 
rectly into the hippocampus, to avoid additional lesioning. On 
the following day the animals were sacrificed by transcardial 
perfusion with 50 ml saline followed by fixative consisting of 4 % 
paraformaldehyde and 0.09 % glutaraldehyde, in 0.1 M phos- 
phate buffer (pH 7.3). Hippocampi were removed, cut into small 
blocks and left for 3 h in the same fixative. After overnight 
immersion in phosphate buffer with 30% sucrose, blocks were 
rapidly frozen by plunging into liquid nitrogen 13, thawed by 
returning them to 30% sucrose, and cut into 40 lam thick sec- 
tions on a vibratome. Sections were stored in test tubes contain- 
ing phosphate buffered saline (PBS). 

To aid penetration of the antibody into the sections, all the 
following reactions were made with the sections floating free. 
Prior to the antibody incubation, all sections were immersed in a 
solution of 3% H202 in methanol to inactivate endogenous 
peroxidases. Sections were incubated overnight at 4~ with an 
antibody to gamma-aminobutyric acid (GABA) raised in rab- 
bits (Immunonuclear Corp., USA) diluted 1:2000 in PBS con- 
taining 1% normal goat serum. Control sections incubated in 
nonimmune serum later showed no reaction product. The avi- 
din-biotin-complex (ABC)-method 14 was used for the visual- 
ization of the antibody-antigen complex. In short, sections were 
washed in 0.1 M phosphate-buffered saline (PBS) and incubated 
for 1 h with biotin-coupled goat anti-rabbit IgG (Vector Labs., 
USA), washed again and incubated for another hour with avidin 
and biotinylated peroxidase (Vector Labs., USA). After wash- 
ing, the sections were reacted with a freshly filtered solution of 
0.05 % 3,3'-diaminobenzidene (Sigma) and 0.04 % H202 in PBS. 
Sections were postfixed in OSO4, processed for electron micros- 
copy and embedded in a thin layer of Durcupan between two 
transparent plastic foils. After polymerization of the medium, 
the preparations were checked. Cells with visible processes were 
cut out and glued onto plastic blocks for photographing (fig. 1) 
and final ultra-thin sectioning. 
Results. Septal lesions led to dark degeneration of axon ter- 
minals in the stratum moleculare, stratum granulare, and hilus 
of the area dentata. Terminals ranged in size between about 0.5 
gm and 2 gm and had round or ovoid profiles. They contained 
spherical synaptic vesicles and formed asymmetric (Gray I) 
synaptic contacts within a narrow zone of about 50 gm in the 
supragranular part of the molecular layer, mostly with dendritic 
spines (fig. 2), to a lesser extent also with dendritic shafts; very 
few boutons were found in synaptic contact with somata of 
granule cells in the granular layer, which were identified by the 
regular shapes of their somata and nuclei. 
Asymmetric contacts were easy to identify by a clear synaptic 
cleft and a prominent dark postsynaptic dense area. Some de- 
generating terminals formed contacts with more than one post- 
synaptic element (fig.2a); sometimes more than one terminal 
was connected with the same dendritic spine (fig. 2b). Most of 
the degenerating boutons found were in contact with postsynap- 
tie elements which lacked immunostaining. In contrast to the 
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axosomatic contacts established with granule cell somata, the 
nature of these postsynaptic elements remained unclear. Gran- 
ule cell dendrites are one candidate, but other non-reactive cells 
may also extend dendrites into the molecular layer. 

After immunostaining, GABA-immunoreactive neurons were 
seen, colored dark brown in the vibratome sections, in the mo- 
lecular layer, granular layer and hilus of the area dentata. Their 
dendrites lacked spines but possessed many varicosity-like swell- 
ings. The perikarya of these cells could not be classified into one 
homogeneous cell population, but appeared rather different. 
Probably, most of the cells were pyramidal basket cells, molec- 
ular layer basket cells, and fusiform basket cells as described by 
Ribak and Seress 15. Electron microscopic investigation of the 
morphology of GABA-positive cells revealed intense cyto- 
plasmic labeling (fig. 1). Most of the reaction product was bound 
to membranous structures. In general, nuclei and mitochondria 
appeared to be free from immunostaining except for their outer 

membranes. The cells possessed some cytological characteristics 
of basket cellslS; deeply infolded nuclei, intranuclear rods or 
sheets of filaments, a well developed perikaryon with prominent 
granular endoplasmic reticulum and numerous mitochondria. 
Two putative pyramidal basket cells, the processes of which 
could be followed into the molecular and hilar layers (one shown 
in fig. 1), were selected for further electron microscopic study 
and sectioned serially. Their dendrites and somata bore numer- 
ous synaptic contacts. While most of these contacts were estab- 
lished with intact axon terminals, several of them were found 
also with degenerating boutons. Of these, the majority were 
axodendritic contacts in the molecular layer (fig. 3b), very few 
were axosomatic (fig.3a). Again, these terminals contained 
spherical vesicles, and contacts were of the asymmetric type. 
Discussion. These results show that a projection from the medial 
septum reaches granule cells and GABAergic cells in the area 
dentata. Gamma-aminobutyric acid has been postulated as a 
major inhibitory neurotransmitter of hippocampal inter- 

Figure 1. GABA-immunoreactive neu- 
ron (arrows) at the inner margin of the 
granular layer of the area dentata, a) 
light micrograph from Durcupan block, 
b) lower power electron micrograph. Ar- 
rowheads in a) mark bifurcation node of 
dendritic process passing through the 
granular layer, arrowheads in b) mark 
profiles of the same process, a) x 540, 
b) x 5400. 

Figure 2. Dark degenerating terminal 
boutons (arrows) after midseptal lesions 
forming asymmetric synaptic contacts 
(arrowheads) with unstained delldritic 
elements, x32,400. 

Figure 3. Dark degenerating boutons 
(arrows) in asymmetric contact (arro- 
wheads) with GABA-immnnoreactive 
soma, a), and dendritic process (d) in b). 
n, nucleus, a) x 45,000, b) • 27,000. 
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neurons~6,17,18 Ben-Ari et al. 9 and Krnjevic et al. m proposed that 
part of the effect of acetylcholine in the hippocampus is medi- 
ated by interneurons. Ashwood et al. ~9 have described several 
putative interneurons of the rat hippocampus and discussed the 
possibility that they mediate a feed-forward inhibition. Afferent 
excitation of area dentata interneurons has been described by 
Buzs~_ki and Eidelberg2~ electrophysiological evidence has been 
found that the septum may be one source of such excitation 2~'=. 
The results presented here support these findings, as well as the 
observation of  Chandler and Crutcher 2 who found by antero- 
grade tracing of horseradish peroxidase transport after injec- 
lions in the septum, that HRP-reactive terminals made synapses 
with granule cells and putative pyramidal basket cells. Hence, 
the results offer an anatomical basis for direct excitation of 
granule cells as well as for feed-forward inhibition, mediated by 
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interneurons, from an extrahippocampal structure. Anatomical 
evidence for intrahippocampal feed-forward inhibition of area 
dentata interneurons by contralateral hilar neurons has been 
described by Seress and Ribak 23. Feed-forward inhibition is not 
only a rather economical mode of influencing large populations 
of principal neurons by exciting a relatively small number of 
interneurons. A parallel afferent projection to both interneurons 
and granular cells would allow selective excitation of some of the 
latter, while the other part is inhibited. This would be optimal, in 
terms of  information theory, for increasing the 'signal-to-noise 
ratio'; feed-back inhibition may be too slow for this purpose 2n. 
It is possible that other hippocampal afferents will be described 
in the future which allow the generation of feed-forward and 
feed-back inhibition; moreover, the coexistence of both effects 
may be a widespread principle in brain organization. 
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Summary. The aminergic and cholinergic innervation of choroid plexuses in three species of amphibia was investigated. Plexuses of 
the Japanese toad and the bullfrog had poor innervation by adrenergic nerves of sympathetic origin, but in the clawed toad, these 
plexuses were heavily innervated by adrenergic axons from ganglion cells located in the plexus stroma. Nerve fibers positive for 
acetylcholinesterase were not found in the plexuses, except for a few fibers with very weak enzyme activity in the clawed toad. 
Key words. Adrenergic nerves; cholinergic nerves; ganglion cells containing (nor)-adrenaline; choroid plexus; amphibia. 

In the mammalian choroid plexuses, dual innervation by sympa- 
thetic adrenergic nerves that arise exclusively from the superior 
cervical ganglia and by parasympathetic cholinergic ones of 
unknown origin has been found histochemically and ultrastruc- 
turally >9. Pharmacological experiments 2'5'9 14 showed that sym- 
pathetic nerves affect the two major functions of choroid ple- 
xuses; inhibition of the production of cerebrospinal fluid (CSF) 
by the epithelial cells, and regulation of transport exchange 
between the CSF compartment and the blood. For sub- 
mammals, little is known about the innervatiou of these 
plexuses. Here, we report the distribution pattern of aminergic 
and cholinergic nerves in the choroid plexuses of three amphibia. 
Materials and methods. 30 dawed toads (Xenopus laevis), 20 
Japanese toads (Bufo bufo), and 30 bullfrogs (Rana cates- 

beiana) were used. The animals were anesthetized with ethyl 
ether, perfused through the aorta with Ringer solution and de- 
capitated. For  whole-mount preparations, choroid plexuses and 
cerebral arteries were carefully dissected out. Choroid plexuses 
are very undeveloped and sometimes absent in the lateral ventri- 
cles &clawed and Japanese toads, but are well-developed in the 
bullfrog. The materials were either stretched over nonfluo- 
rescent glass slides and transferred to a desiccator to be dried in 
vacuo over PeO5 for 1 h, or else fixed with 4 % buffered formal- 
dehyde (pH 7.2) for 30 rain at 4~ Small blocks of the brains 
containing choroid plexuses were quickly frozen in isopentane 
chilled with dry ice. Then, they were freeze-dried ~5, or else t5 p,m 
sections were cut with a cryostat, mounted on glass slides, and 
fixed with 4 % cold formaldehyde for 30 min. 


