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Organization of the Septal Region in the
Rat Brain: A Golgi/EM Study of Lateral
Septal Neurons
JOSE R. ALONSO AND MICHAEL FROTSCHER
Institute of Anatomy, Johann Wolfgang Goethe University, D-6000 Frankfurt am Main,
Federal Republic of Germany

ABSTRACT
The combined Golgi/electron microscope (EM) technique was used to
analyze the fine structure and synaptic organization of the various types of
neurons in the rat lateral septum (LS), i.e., in the dorsolateral (LSd), intermediolateral (LSi), and ventrolateral (LSv) nuclei of the septal complex.
Two characteristic cell types were observed in the L S d type I with thick,
short dendrites densely covered with short spines, and type I1 with longer and
thinner dendrites exhibiting fewer but longer spines. This latter type was by
far the most frequently impregnated cell type in the LSd and was also present
in the LSi. Synaptic contacts on spines of either cell type were asymmetric; the
majority of the presynaptic boutons contained clear round synaptic vesicles.
Occasionally terminals were found that contained both clear and dense-core
vesicles. Typical fusiform neurons with a low number of spines and rather long
dendrites, sometimes invading other LS nuclei, were found in the LSi. The
LSv contained numerous small neurons with small dendritic fields. A relatively large number of terminals with dense-core vesicles were found to establish synaptic contacts with identified LSv neurons.
The morphological heterogeneity of LS neurons is discussed with regard
to other studies on afferent and efferent fiber systems as well as immunohistochemical studies of this particular region of the septal complex.
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The septal region takes part, as an important relay station, in the neuronal loop that interconnects the limbic telencephalon with the hypothalamus and brainstem (Nauta,
'58; DeFrance, '76; Swanson and Cowan, '79; Kohler et al.,
'82). Thus, this region seems to influence various behavioral
patterns and autonomic functions as well as motivational,
emotional, and associative processes (see DeFrance, '76).
Among several reports on septal connections (Raisman, '66;
Mosko et al., '73; Meibach and Siegel, '77; Swanson, '78;
Swanson and Cowan, '79; Amaral and Kurz, '85), on the
development of the septal complex (Creps, '74; Lawson et
al., '77; Bayer, '79a,b; Semba and Fibiger, '88), and on histochemical and immunocytochemical characteristics of septal
neurons (Kohler and Chan-Palay, '83; Harkmark et al., '75;
Lindvall and Stenevi, '78; Kohler et al., '82; Beauvillain et
al., '83; Gall and Moore, '84; Ishikawa et al., '84; Amaral and
Kurz, '85; Gage et al., '86; Bialowas and Frotscher, '87) there
are relatively few studies dealing with the morphology of
single, identified cells as they appear in Golgi stain (Raisman, '69a; Dornig et al., '76). However, the Golgi technique
is still one of the best methods with which to describe mor0 1989 ALAN R. LISS, INC.

phological characteristics, such as dendritic domains of single neurons. In contrast to immunostaining, which in most
cases labels only cell bodies, proximal dendrites, and axon
terminals, Golgi impregnation provides, in fortunate cases,
an almost complete labeling of the dendritic arbor and the
axonal plexus.
Data in the literature point to differences between the
various septal nuclei with regard to cytoarchitecture (Swanson and Cowan, '79; Kohler et al., '82), cell size (Andy and
Stephan, '59; Lawson et al., '77), afferent and efferent connections (Swanson, '78; Swanson and Cowan, '79; Amaral
and Kurz, '85), neurogenesis (Lawson et al., '77; Bayer,
'79a,b; Semba and Fibiger, '88), and immunoreactivity to
various antibodies (Gall and Moore, '84; Amaral and Kurz,
'85; Bialowas and Frotscher, '87). All these studies suggest
neuronal diversity in the septal complex which, as a first
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approach, can be studied morphologically by employing the
Golgi method.
In the present report, we have used the combined Golgil
electron microscope (EM) technique, which allows one to
analyze single identified neurons at both light and electron
microscopic levels, in order to investigate neuronal diversity
in the various nuclei of the lateral septum (LS; a list of
abbreviations used and their meanings adjoins Fig. 1)in the
rat brain.

MATERIALS A N D METHODS
Five adult male Sprague-Dawley rats (200-250 g body
weight) kept under standard laboratory conditions were
used for the present study. Under ether anaesthesia, the
vascular system was first rapidly rinsed by transcardial perfusion of isotonic saline and then perfused for 15-20 minutes with a solution containing 1% paraformaldehyde and
1% glutaraldehyde in 0.12 M phosphate buffer, pH 7.3.
After perfusion, the animals were left in sealed plastic bags
in the refrigerator overnight. The following day, the brains
were removed and the septal region was dissected out. These
tissue blocks were stored for 1-2 hours in fixative and, after
washing in phosphate buffer, they were processed for silver
impregnation. This included storage in an osmium dichromate solution for 4 days and, thereafter, for 2 days in 0.75%
silver nitrate. The blocks were then transferred through a
graded series of glycerol into pure glycerol and were superficially embedded in paraffin. Ninety-micron sections were
cut on a Leitz microtome, mounted on glass slides, and studied under the light microscope. This included the selection
of single well-impregnated neurons from the different lateral septal nuclei. These cells were drawn, photographed,
and subjected to gold-toning and deimpregnation (FairBn et
al., '77). Briefly, the sections were immersed in 0.05% gold
chloride followed by 0.05% oxalic acid. Thereafter, they
were put into sodium thiosulfate t o remove the silver chromate of the original Golgi impregnation. After postfixation
in OsO, and dehydration, the sections were embedded in flat
sheets of Araldite, a t which stage the cells were photographed and drawn again. Nonimpregnated sections could
be piled, covered with agar, and subjected to a second Golgi
impregnation as described previously (Frotscher and Zimmer, '86).
For electron microscopy, the preparations were reembedded in plastic capsules and closely trimmed so that only the
selected neuron was included in the block. Ultrathin serial
sections were cut on an LKB ultrotome I11 or Reichert Om
U3 ultrotome, mounted on Formvar-coated slot grids,
stained with uranyl acetate and lead citrate, and viewed in a
Zeiss 109 electron microscope.

RESULTS
The lateral septum constitutes the largest part of the septal area and may be subdivided into three nuclei, i.e., the
dorsolateral (LSd), intermediolateral (LSi), and ventrolateral (LSv) nuclei. However, the boundaries between these
nuclei are not very sharp. In this study, we follow the parcellation of this region proposed by Swanson and Cowan ('79),
Kohler et al. ('82), and Gall and Moore ('84). We will present
our data by describing both the light microscopic characteristics (before and after gold-toning) and the fine structure of
identified neurons in the three nuclei of the lateral septum.

Abbreviations

D
LSd
LSi
LSv
MS
V

dendrite
dorsal nucleus of the lateral septum
intermediate nucleus of the lateral septum
ventral nucleus of the lateral septum
medial septum
ventricle

Dorsolateral septal nucleus
This nucleus occupies the dorsolateral part of the septal
complex throughout its entire extension and contains the
largest neurons in the LS. We have distinguished two different types of neurons in this nucleus with regard to the
morphology of their dendrites (Figs. la-d, 2,3).
Type Icetls. These are cells with a large, round or oval
cell body and three to five rather thick dendrites emerging
from it. These dendrites do not show many ramifications
but exhibit a large number of spines (Figs. la, 2a, 3a). The
dendrites, which are not very long, extend into all directions
so that the relatively small dendritic field has an almost
spherical contour. The most characteristic feature of these
cells is an enormous number of relatively short spines on all
dendritic branches with the exception of most proximal segments arising from the cell body (Figs. 2a, 3a). The axon
originates from the soma or from the proximal portion of a
dendrite and runs ventrally toward the medial septum/diagonal band complex (MSDB). Unfortunately, in most cases
the axon and its collaterals could not be traced over long distances (Figs. la, 2a). Electron microscopy of these neurons
revealed round or ovoid nuclei with deep indentations.
These infoldings were frequently observed near the nucleolus and were sometimes found to be as deep as the largest
diameter of the nucleus. The surrounding cytoplasm contained numerous organelles, i.e., abundant mitochondria
and a well-developed Golgi complex and rough endoplasmic
reticulum, Gold-toned dendrites of these cells appeared as
relatively large profiles (Fig. 4a). Even in single thin sections
numerous spines arising from the identified dendritic shafts
were noted (Fig. 4a,b). The shape of the spines was very
variable (Fig. 4a-e) but we have often observed spines with
relatively short peduncles (Fig. 4d,e). All spines formed
synaptic contacts of the asymmetric type (Gray type I). The
vast majority of presynaptic boutons contained clear round
synaptic vesicles, but in a few cases boutons with clear and
dense-core vesicles were observed. In general, this latter
type of terminal was more frequently noted in the LSv (see
below).
Type I1 cells. These cells, which were the most frequently impregnated neurons, have a round or triangular
cell body with up to five dendrites emerging from it (Fig. lbd). The dendrites were thin when compared with type I dendrites and showed a great variability with regard to the
number, length, and orientation of branches (Fig. 3b-f). As
a variation, some of the type I1 cells exhibited short, tiny
branchlets arising from the main dendrites (Figs. 2e, 3f). A
major difference compared to type I cells was seen in the frequency and distribution of spines. We have noted spines on
cell bodies and proximal dendrites of type I1 cells, but in
general the spine density was much lower than in type I cells
(cf. Figs. 2, 3). As in type I cells, the axon could be followed
for short distances only (Figs. 2b,c,e, 3b,d,f). In most cases it
was directed toward the MSDB.
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Fig. 1. Division of the septal complex and characteristic cell types in
the dorsolateral, intermediolateral, and ventrolateral septal nuclei. a:
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Type I cell of LSd. b-e:Different forms of type I1 cell in LSd and LSi,
respectively.f-h:Type I cell of LSi. i-l: Small neurons in LSv.
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Fig. 2. Camera lucida drawings of LSd neurons. a: Type I neuron with thick, short dendrites, densely
covered with spines. b-e: Type I1 neurons. Note variability in dendritic orientation and spine density. The
cell in e exhibits small dendritic branchlets (see also Fig. 30. x 530. Arrows point to axons.
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Fig. 3. Cell types of LSd. a: Type I cell. Note thick dendrites densely
covered with spines. b-f: Different forms of type I1 neurons. Both cells
with numerous short dendritic branches (b,d,e) and cells with fewer

ramifications but longer dendrites (c) are shown. The cell in f exhibits
small dendritic branchlets (see also Fig. 2e). Arrows point to axons.
x440.
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Fig. 4. Fine structure of type I cell in LSd. a,b: Dendritic shafts with spines. Curved arrow points to
terminal in contact with two spines. c-e: Asymmetric synaptic contacts on spines at higher magnification.
Note that many spines have short peduncles (b,d,e). a: ~24,000.b ~27,600.c+: ~34,000.
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In the electron microscope (Fig. 5) no fundamental differences were noted between type I and type I1 cells. Thus,
type I1 cells also had indented nuclei although we had the
impression that these infoldings were not as deep as in the
case of type I cells. A well-developed rough endoplasmic
reticulum and Golgi apparatus were also present in type I1
cells. As could be expected from light microscopy, spines
arising directly from the cell body were seen (Fig. 5d). In
general, relatively many contacts were found on cell bodies:
in addition to the asymmetric contacts on soma spines, symmetric contacts directly on the perikaryon were observed
(Fig. 5e). Dendritic spines exhibited relatively long peduncles when compared to type I cells (Fig. 5c).

Intermediolateral septal nucleus
This nucleus is located between the dorsal and ventral
lateral nuclei and bordered medially by the medial septum
and laterally by the ventricle (Fig. 1). It is the least-cleardefined nucleus of the LS (Gaspar et al., '85) and is composed of loosely distributed neurons with large variations in
cell size (Figs. le-h, 6, 7a-c). We have again differentiated
two major cell types in the LSi.
Tgpe I cells. Most of them have a bipolar, mediumsized cell body which gives rise to a bitufted dendritic field
(Figs. If-h, 6a,c, 7c). The orientation of dendrites is often
such that they seem to connect the dorsolateral nucleus with
the medial septum (Fig. If-h). In fact, in some cases we saw
long dendrites of type I cells invading one of these nuclei.
Dendrites were covered with spines, but in general their
density was rather low when compared with the two cell
types in the dorsolateral septal nucleus. Again, axons could
not be traced very far from the cell body. If they were
impregnated at all, they followed a ventral direction.
Electron microscopy of the cell body region of type I cells
did not reveal outstanding morphological characteristics
(Fig. 8a). The ovoid perikaryon contained a nucleus with
small indentations which was surrounded by relatively
small amounts of cytoplasm. Accordingly, relatively few cytoplasmic organelles, i.e., mitochondria and cisternae of
Golgi apparatus and endoplasmic reticulum, were seen. A
characteristic feature of these neurons was the abundant
occurrence of complex synaptic contacts with multiple contact zones both on spines (Fig. 8c,f) and dendritic shafts
(Fig. 8b,d,e). Occasionally boutons were found that formed a
complex synaptic contact on the gold-toned cell and on
unidentified dendritic profiles (Fig. 8b). Most presynaptic
terminals contained clear round vesicles, but again we have
noted a few boutons with both clear and dense-core vesicles
(Fig. Be).
Tgpe IIcells. In a correlated light and electron microscopic analysis this cell type (Figs. le, 6b, 7a) resembled very
much the type I1 cells in the LSd and will thus not be
described separately.

Ventrolateral septal nucleus
This nucleus occupies the inferior part of the lateral septum and contains numerous neurons which are generally
smaller and have shorter dendrites than the cells described
before (Figs. li-l,i'd,e, 9).
Some differences between individual LSv neurons were
noted with regard to size and form of the cell body and
orientation of dendrites (Fig. 9) but we regarded this as a
variation within the group not justifying further classification. However, as whole this group of neurons was clearly
different from the cells in the LSd and LSi.

Cell bodies were round, ovoid, or triangular and gave rise
to several short dendrites which exhibited a varying number
of spines and sometimes small varicosities on their distal
segments. The axon originated from the cell body, and in
rare cases also from a proximal dendrite, and ran ventrally
or toward the MSDB (Figs. lj-l,7d,e, 9).
Electron microscopic examination confirmed that these
cells were small with little perinuclear cytoplasm and few
organelles. The nuclei exhibited infoldings of their membrane (Fig. 10). Dendritic profiles gave rise to spines (Fig.
11)which were very variable in size and shape. When compared with our observations on neurons in the LSd and LSi
a large number of presynaptic boutons with dense-core vesicles were found which contacted the identified LSv neurons
(Fig. l l b ) .

DISCUSSION
There are reasons to assume that the lateral septum is not
simply a relay station that mediates hippocampal input to
the MSDB which in turn projects back to the hippocampal
formation. First, the LS is not a homogeneous structure but
consists of several nuclei (see beginning of paper and
Results). Second, the LS nuclei differ with regard to their
fiber connections (Swanson, '78; Swanson and Cowan, '79;
see below), and third, there is a heterogeneous distribution
of immunoreactive neurons in these nuclei (e.g., Kohler et
al., '82; Gall and Moore, '84).
The present results are in line with these studies. We have
shown that there are a variety of cell types in the three
nuclei of the lateral septum. Main differences between cell
types, which formed the basis for the presently proposed
classification of LS neurons, concerned the length, branching pattern, and orientation of dendrites; the density of
spines; and the various types of input synapses on the goldtoned identified cells. Differences between individual LS
neurons in these parameters reflect differences in afferent
innervation and thus in interneuronal connections of the LS
region at the single-cell level. Taken together with the studies on differences between LS nuclei in fiber connections,
one is tempted to conclude that a rather complex information processing takes place in the LS. In the following we
shall discuss the diversity of LS neurons in relation to other
studies on a topographical organization of LS afferent and
efferent connections.
The main afferents to the lateral septum arise from the
hippocampal formation. This projection shows a topographical organization in dorsoventral and rostrocaudal extensions of the LS (e.g., Siegel et al., '74; Swanson, '78). Thus,
the LSd receives fibers from septal parts of hippocampal
fields CA3 and CAI and from the subiculum; the LSi from
intermediate (occipital) parts of the same fields; and the
LSv from the temporal (ventral) pole. In rostrocaudal
extension, field CA1 and the subiculum project throughout
the whole extent of the LS; field CA3, on the other hand,
appears to innervate only the caudal two-thirds of the LS
(Swanson, '78). In the transverse plane, Siegel et al. ('74)
have suggested a medial to lateral organization of hippocampal inputs to the septum. However, Swanson ('78) could
not confirm these findings.
A characteristic pattern of fibers and terminals was also
observed in histochemical and immunocytochemical studies
of the LS (Kohler et al., '82; Gall and Moore, '84). For
instance, the LSd displays a large number of substance Pimmunopositive fibers (Gall and Moore, '84). The LSi is

Fig. 5. Fine structure of type I1 cells in LSd. Light (a)and electron
microscopic (b)presentation of an identified gold-toned type I1 neuron
with long dendrites in the ventral part of the LSd. The electron micrograph shows the ovoid cell body and the proximal aspiny segment of a
dendrite. Open arrows point to dendritic bifurcation. c: Spine with long

stalk (arrows) on distal dendritic segment of a type I1 neuron. d: Short
spines arising from cell body. e. Bouton establishing symmetric synaptic
contact (arrowheads) on the cell body of a type I1 neuron. a: x970. b:
7,480. c,d ~34,000.e: ~27,600.
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Fig. 6. Camera lucida drawings of LSi neurons. a,c: Type I cells with long dendrites and relatively few
spines. b: Type I1 cell with numerous branched dendrites densely covered with spines. Arrows point to
axons. x530.
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Fig. 7. Photomontages of cell types in LSi (a-c) and LSv (d,e).
Arrows point to axons. a:Multipolar type I1 neuron in LSi with numer-
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ous dendritic branches. b,c: Type I cells in LSi. d,e: Small neurons of
LSv. x440.
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Fig. 8. Fine structure of LSi neurons. a: Cell body of left neuron
shown in Figure 7c. b-f: Complex synaptic contacts (open arrows) on
dendritic shafts (b,d,e) and spines (c,f). In b a terminal establishes con-
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tact with a gold-toned dendrite and an unidentified dendritic profile
(arrowhead). Small arrows in e point to dense-core vesicles. a: ~ 8 , 8 0 0 .
b-f: 34,000.
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Fig. 9. Camera lucida drawings of neurons in the LSv. Note variability in cell size and dendriticorientation. Arrows point to axons. The cell in b is also shown in Figures 7e, 10. x530.

particularly rich in dopaminergic afferents (Lindvall and
Stenevi, '78) and the LSv shows the highest density in 5hydroxytryptamine (5-HT) fibers and GABAergic neurons
and terminals (Kohler et al., '82; Kohler and Chan-Palay,
'83). Even within individual LS nuclei variations in the pattern of afferent innervation have been noted (Harkmark et
al., '75; Gall and Moore, '84). The latter authors have
observed particularly many fibers immunoreactive for tyrosine hydroxylase, 5-HT, and substance P in the neuropil
areas between the LS nuclei and between the LS and the
MSDB. This suggests innervation of neighbouring nuclei by

the same set of afferent fibers because dendritic processes
were described in the present study to extend beyond the
boundaries of individual nuclei (e.g., the large type I neurons of LSi). However, it might be functionally significant
whether a certain afferent fiber contacts an LS neuron on
the cell body, the axon initial segment, or a peripheral dendritic branch. In this context it is interesting to note that a
number of chemically identified afferents to the LS such as
dopaminergic fibers (Lindvall and Stenevi, '78; Gall and
Moore, '84), enkephalinergic (Beauvillain et al., '83; Gall
and Moore, '84) and serotoninergic afferents (Ljungdahl et
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Fig. 10. Light (a)and electron micrographs (b)of a small gold-toned
neuron in the LSv. This cell is also shown in Figures 7e (micrograph
before gold-toning) and 9b (camera lucida drawing). Arrow points to
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axon. Curved arrows in b indicate indentations of nuclear membrane.
a: x630. b: ~14,000.
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Fig. 11. Dendrite and spines of LSv neuron shown in Figure 7e. Note dense-core vesicles in the bouton
shown in b. x 34,000.

al., '78; Kohler et al., '82; Gall and Moore, '84), substance P
fibers (Cuello and Kanazawa, '78; Ljungdahl et al., '78; Gall
and Moore, '84), neurotensin (Kohler and Eriksson, '84),
angiotensin (Sirett et al., W), somatostatin (Richoux and
Dubois, '80; Kohler and Eriksson, '84)- and thyrotropinereleasing-hormone-containing fibers (Ishikawa et al., '84)
and, last but not least, the cholinergic afferents (Bialowas
and Frotscher, '87) all form characteristic pericellular basketlike arrangements around cell bodies and proximal dendrites (see also Verney et al., '87). A pericellular plexus is
generally held to be a particularly potent physiological connection. Other fibers-for instance, the hippocamposeptal
afferents, which most likely are glutamatergic (Stevens and
Cotman, '86), terminate predominantly on spines (Raisman,
'69b; Raisman and Field, '73). Variations between lateral
septal neurons in the density and distribution of spines and
in the fine structure of spine synapses as described in this
report might indicate differences in the processing of this
input. From this point of view, previous Golgi studies on
septal neurons were not very detailed because they classified cells with regard to their position as marginal (or

peripheral) and deep (or central) neurons (Rambn y Cajal,
'11),differentiated septal neurons by the shape of their cell
bodies (Dornig et al., '76), or simply described them as a
more or less homogeneous group of medium-sized cells
(Raisman, '69b; Swanson, '78).
It is difficult to relate the results of the present study to
physiological recordings from septal neurons. To our knowledge, intracellular recordings from morphologically identified cells, which would allow for a comparison with the
purely morphological classification of the present report,
are lacking so far. Physiological studies have, however,
shown extensive convergence of afferents upon single septal
cells (DeFrance et al., '71). This is consonant with the present morphological studies in which different types of presynaptic terminals, i.e., boutons with clear vesicles and
terminals containing dense-core vesicles, were observed to
synapse on the same identified neurons. According to
Raisman ('69a) the terminals with two or more dense-core
vesicles arise from the medial forebrain bundle whereas the
boutons with clear, spherical vesicles were of hippocampal
origin. Preliminary studies combining the GolgiBM tech-
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nique with anterograde degeneration of hippocamposeptal
fibers following fimbria transection have also shown convergence of degenerated hippocampal boutons and intact, nonhippocampal terminals on the same gold-toned LS neurons
(Alonso and Frotscher, ’89).
A topographical pattern has also been found for the eflerents of the septal complex. As far as the MSDB is concerned, Amaral and Kurz (’85) have provided a detailed
description of the topographically arranged projection of
the cholinergic neurons. We will not discuss their findings
here since the present GolgiEM study did not include the
MSDB. Concerning the efferents of the LS, each nucleus
appears to have a characteristic projection (Swanson and
Cowan, ’79). The majority of fibers from the LSd end in the
MSDB, especially in its dorsolateral part. The LSi projects
also predominately to the MSDB, but a few fibers run
through the lateral preoptic area and the dorsal part of the
medial preoptic area to lateral hypothalamic regions and to
the rostral part of the dorsomedial nucleus, where they seem
to terminate (Swanson and Cowan, ’79). The fibers to the
lateral hypothalamus were found to extend to the mammillary body (Swanson and Cowan, ’79). It has also been
reported that cells in the LSi project through the lateral part
of the fimbria and terminate in the ventral hippocampus,
adjacent subicular cortex, and entorhinal cortex (Meibach
and Siegel, ’77). Like the rest of the LS, the LSv projects
substantially to the MSDB (see Swanson and Cowan, ’76,
’79) but sends also fibers to the medial preoptic area and the
anterior hypothalamus. The most caudal fibers continued
through the rostral part of the dorsomedial nucleus and the
lateral hypothalamic area to end in the supramammillary
region, in the capsule around the lateral mammillary nucleus, and in the adjacent part of the ventral tegmental area
(Swanson and Cowan, ’79). It correlates with our observations in the LSv, where we found some neurons to send their
axons dorsomedially, toward the MSDB, and others to send
them ventrally to unknown targets. It has also been suggested that LSv neurons play a role in neurohormonal interactions because they were found to show specific bindings
for 3H-estrogen in autoradiographic studies. Via their hypothalmic projections the LSv neurons might in turn control
hormone-producing cells (see Kohler et al., ’82).
In conclusion, the septal region is a nonlaminated structure and there is also no “laminated” physiology. The “random” organization of the LS is reflected by the failure of
reversal of polarities in field potential recordings (DeFrance
et al., ’71). However, studies on septal afferents and efferents have revealed differences between individual septal nuclei. This is paralleled by the present observation of structurally different neuron types in LS nuclei. It is possible t o
combine the GolgiIEM technique with anterograde tracing
or immunocytochemieal staining of afferent fibers. This will
help in attempting to find out whether the presently
described differences between neuronal types in synaptic
fine structure are in fact linked to differences in afferent
innervation. Intracellular recording combined with intracellular staining might eventually reveal physiological differences between individual septal neurons.

ACKNOWLEDGMENTS
The authors thank Dr. J. Aijon for his support in the
course of this study and E. Thielen, B. Krebs, and E. Schreiber for technical assistance. This work was supported by the
Deutsche Forschungsgemeinschaft (SFB 45)and a twinning
grant from the European Science Foundation (No. 8810).

LITERATURE CITED
Alonso, J.R., and M. Frotscher (1989) Hippocampo-septal fibers terminate on
identified spiny neurons in the lateral septum: A combined Golgi/EM and
degeneration study in the rat. Cell Tissue Res. (in press).
Amaral, D.G., and J. Kurz (1985) An analysis of the origins of the cholinergic
and noncholinergic projections to the hippocampal formation of the rat.
J. Comp. Neurol. 240:37-59.
Andy, O.J., and H. Stephan (1959) The nuclear configuration of the septum
of Galago demidouii. J. Comp. Neurol. I 1 Ir503-545.
Bayer, S.A. (1979a) The development of the septal region in the rat. I. Neurogenesis examined with 3H-tbymidine autoradiography. J. Comp. Neurol.
183239-106.
Bayer, S.A. (1979b) The development of the septal region in the rat. 11. Morphogenesis in normal and X-irradiated embryos. J. Comp. Neurol.
183:107-120.
Beauvillain, J.C., P. Poulain, and G. Tramu (1983) Immunocytochemical
localization of enkephalin in the lateral septum of the guinea-pig brain.
Cell Tissue Res. 228:265-276.
Bialowas, J., and M. Frotscher (1987) Choline acetyltransferase-immunoreactive neurons and terminals in the rat septal complex: A combined light
and electron microscopic study. J. Comp. Neurol. 259:29%307.
Creps, E.S. (1974) Time of neuron origin in preoptic and septal areas of the
mouse: An autoradiographic study. J. Comp. Neurol. 157t161-244.
Cuello, A.C., and I. Kanazawa (1978) The distribution of substance P immunoreactive fibers in the rat central nervous system. J. Comp. Neurol.
178:129-156.
DeFrance, J.F., T. Shimono, and S.T. Kitai (1971) Anatomical distribution of
the hippocampal fibers afferent to the lateral septal nucleus. Brain Res.
34:176-180.
DeFrance, J.F. (ed) (1976) The Septa1 Nuclei. New York Plenum Press.
Dornig, F., B. Nitzschke, M. Frotscher, and J. Wenzel(1976) Untersuchungen
iiber die Neuronenstruktur des Septum telencephali der Ratte. J. Hirnforsch. Z7:365-385.
Fairkn, A., A. Peters, and J. Saldanha (1977) A new procedure for examining
Golgi impregnated neurons by light and electron microscopy. J. Neurocyto]. 6t311-337.
Frotscher, M., and J. Zimmer (1986) Intracerebral transplants of the rat fascia dentata: A Golgi/electron microscope study of dentate granule cells. J.
Comp. Neurol. 246:181-190.
Gage, F.H., K. Wictorin, W. Fischer, L.R. Williams, S. Varon, and A.
Bjorklund (1986) Retrograde cell changes in medial septum and diagonal
band following fimbria-fornix transection: Quantitative temporal analysis. Neuroscience 19:241-255.
Gall, C., and R.Y. Moore (1984) Distribution of enkephalin, substance P,
tyrosine hydroxylase, and 5-hydroxytryptamine immunoreactivity in the
septal region of the rat. J. Comp. Neurol. 225t212-227.
Gaspar, P., B. Berger, C. Alvarez, A. Vigny, and J.P. Henry (1985) Catecholaminergic innervation of the septal area in man: Immunocytochemical
study using T H and DBH antibodies. J. Comp. Neurol. 241r12-33.
Harkmark, W., S.I. Mellgren, and B. Srebro (1975) Acetylcholinesterase histochemistry of the septal region in rat and human: Distribution of enzyme
activity. Brain Res. 95:281-289.
Ishikawa, K., K. Inoue, H. Tosaka, 0. Shimada, and M. Suzuki (1984) Immunohistochemical characterization of thyrotropin-releasing hormone-containing neurons in rat septum. Neuroendocrinology 39t448-452.
Kohler, C., and V. Chan-Palay (1983) Distribution of gamma aminobutyric
acid containing neurons and terminals in the septal area. An immunohistochemical study using antibodies to glutamic acid decarboxylase in the
rat brain. Anat. Embryol. (Berl.) 67t53-65.
Kohler, C., V. Chan-Palay, and H. Steinbusch (1982) The distribution and
origin of serotonin containing fibers in the septal area: A combined immunohistochemical and fluorescent retrograde tracing study in the rat. J.
Comp. Neurol. 209t91-111.
Kohler, C., and L.G. Eriksson (1984) An immunohistochemicd study of
somatostatin and neurotensin positive neurons in the septal nuclei of the
rat brain. Anat. Embryol. (Berl.) 170:l-lO.
Lawson, S.N., M.K. May, and T.H. Williams (1977) Prenatal neurogenesis in
the septal region of the rat. Brain Res. 129t147-151.
Lindvall, O., and U. Stenevi (1978) Dopamine and noradrenaline neurons
projecting to the septal area in the rat. Cell Tissue Res. 19Ot383-407.
Ljungdahl, A., T. Hokfelt, and G. Nilsson (1978) Distribution of substance
P-like immunoreactivity in the central nervous system of the rat. I. Cell
bodies and nerve terminals. Neuroscience 3361-943.
Meibach, R.C., and A. Siegel (1977) Efferent connections of the septal area in
the rat: An analysis utilizing retrograde and anterograde transport methods. Brain Res. 119tl-20.
Mosko, S., G. Lynch, and C.W. Cotman (1973) The distribution of septal projections to the bippocampus of the rat. J. Comp. Neurol. 152.163-174.

NEURONS IN THE LATERAL SEPTUM
Nauta, W.J.H. (1958) Hippocampal projections and related neural pathways
to the midbrain in the cat. Brain Res. 81~319-340.
Raisman, G. (1966) The connexions of the septum. Brain 89~317-348.
Raisman, G. (19698.) A comparison of the mode of termination of the hippocampal and hypothalamic afferenta to the septal nuclei as revealed by
electron microscopy of degeneration. Exp. Brain Res. 7r317-343.
Raisman, G. (1969b) Neuronal plasticity in the septal nuclei of the adult rat.
Brain Res. 14r25-48.
Raisman, G., and P.M. Field (1973) A quantitative investigation of the development of collateral reinnervation after partial deafferentation of the
septal nuclei. Brain Res. 50~241-264.
Ramon y Cajal, S. (1911) Histologie du SysGme Nerveux de 1’Homme e t des
Verabres. Vol. 11. Paris: Maloine (Reimpr. C.S.I.C., Madrid).
Richoux, J.P., and M.P. Dubois (1980) Neuronal systems immunologically
related to the somatostatin system in the garden dormouse. Cell Tissue
Res. 209:455-472.
Semba, K., and H.C. Fibiger (1988) Time of origin of cholinergic neurons in
the rat basal forebrain. J. Comp. Neurol. 269:87-95.
Siegel, A,, H. Edinger, and S. Ohgami (1974) The topographical organization
of the hippocampal projection to the septal area: A comparative neuro-

487
anatomical analysis in the gerbil, rat, rabbit, and cat. J. Comp. Neurol.
157:359-378.
Sirett, N.E., J.J. Bray, and J.I. Hubbard (1981) Localization of immunoreactive angiotensin I1 in the hippocampus and striatum of rat brain. Brain
Res. 21 7~405-411.
Stevens, D.R., and C.W. Cotman (1986) Excitatory amino acid antagonists
depress transmission in hippocampal projections to the lateral septum.
Brain Res. 382437-440.
Swanson, L.W. (1978) The anatomical organization of septo-hippocampal
projections. In A. Gray (ed): Functions of the Septo-Hippocampal System. Ciba Foundation Symposium Series, Vol. 58, Amsterdam: Elsevier,
pp. 25-48.
Swanson, L.W., and W.M. Cowan (1976) Autoradiographic studies of the
development and connections of the septal area in the rat. In J.W.
DeFrance (ed): The Septa1 Nuclei. New York Plenum Press, pp. 37-64.
Swanson, L.W., and W.M. Cowan (1979) The connections of the septal region
in the rat. J. Comp. Neurol. 186.621-656.
Verney, C., P. Gaspar, C. Alvarez, and B. Berger (1987) Postnatal sequential
development of dopaminergic and enkephalinergic perineuronal formations in the lateral septal nucleus of the rat correlated with local neuronal
maturation. Anat. Embryol. (Bed.) 176:463-475.

