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Abstract

One of the main subcortical targets of hippocampal formation efferents is the lateral
septum. Previous studies on the subicular projections, as a main output structure of
the hippocampus, have shown a clear topographic organization of septal innerva-
tion, related to the origin of the fibres along the dorsoventral axis of the subiculum
in the adult brain. In contrast, studies on the developing brain depict an extensive
rearrangement of subicular projections during the prenatal period, shifting from
the medial septum to the lateral septum. Our study aimed to describe the postnatal
development of subicular projections to the septum. We injected anterograde trac-
ers into the subiculum of 57 pups of different postnatal ages. Injections covered
the proximodistal and dorsoventral axis of the subiculum. The age of the pups at
day of tracer injection ranged from the day of birth to postnatal day 30. Analyses
revealed that from the first postnatal day projections from subiculum preferentially
target the lateral septum. Sparse innervation in the lateral septum was already pre-
sent in the first few postnatal days, and during the following 3 weeks, the axonal
distribution gradually expanded. Subicular projections to the lateral septum are
topographically organized depending on the origin along the dorsoventral axis of
the subiculum, in line with the adult innervation pattern. Different origins along
the proximodistal axis of the subiculum are reflected in changes in the strength of
septal innervation. The findings demonstrate that in case of the development of

subicular projections, axonal expansion is more prominent than axonal pruning.
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1 | INTRODUCTION

A close anatomical relation between the septum and the hip-
pocampal formation is established via reciprocal connections.
Studies in the mature brain of experimental non-primates re-
vealed that all hippocampal subregions as well as parahippo-
campal regions receive septal innervation originating from
the medial septum and diagonal band of Broca (Amaral &
Kurz, 1985; Baisden, Woodruff, & Hoover, 1984; Gaykema
et at., 1990; Meibach & Siegel, 1977b; Unal, Joshi, Viney,
Kis, & Somogyi, 2015). The septum is also the main sub-
cortical target of hippocampal efferent projections. The latter
projections originate in the hippocampal areas CA1, CA3 and
subiculum, and terminate mainly in the lateral septum (LS),
although sparse innervation of the medial septum and diag-
onal band of Broca has also been observed (Gaykema, Kuil,
Hersh, & Luiten, 1991; Meibach & Siegel, 1977a; Nyakas,
Luiten, Spencer, & Traber, 1987; Swanson & Cowan, 1977,
1979; Witter & Groenewegen, 1986).

The subiculum, as a major output structure of the hip-
pocampus, projects by way of the fornix to LS. In the adult
rodent, these projections are topographically organized,
depending on the origin along the longitudinal axis of the
hippocampal formation. Dorsal parts of the subiculum in-
nervate dorsomedial parts of LS, and ventral parts of subic-
ulum innervate ventrolateral parts of LS (Meibach & Siegel,
1977a). An additional organizational feature is that subicular
projections to LS mainly originate from the proximal part of
the subiculum (Witter, Ostendorf, & Groenewegen, 1990).

Behavioural and physiological studies have highlighted
the relevance of septo-hippocampal connections for encod-
ing, consolidation and retrieval processes in the hippocam-
pus and thus implicated them in learning and memory, in
both spatial and non-spatial settings (Easton, Douchamps,
Eacott, & Lever, 2012; Hunsaker, Rogers, & Kesner,
2007; Okada & Okaichi, 2010; Parent & Baxter, 2004).
Connections between the medial septum and hippocampus
have been extensively studied, as have their role in hippo-
campal oscillatory activity, in particular in the theta fre-
quency (Tsanov, 2015). Disruption of the inputs from the
medial septum strongly affects theta rhythmicity in the hip-
pocampus and can provoke the occurrence of abnormal ex-
citability states, such as epilepsy (Colom, 2006; Kitchigina
et al., 2013). On the other hand, the efferent connections
from the hippocampus to LS are involved in the processing
and integration of spatial information in the environment
(Zhou, Tamura, Kuriwaki, & Ono, 1999), in the regula-
tion of speed of locomotion (Bender et al., 2015), as well
as in reward, addiction and emotional processing (Calfa,
Bussolino, & Molina, 2007; Hunsaker, Tran, & Kesner,
2009; Jonsson, Morud, Stomberg, Ericson, & Soderpalm,
2017; McGlinchey & Aston-Jones, 2017; Zoicas, Slattery,
& Neumann, 2014).
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Not much is known about the development of the sep-
to-hippocampal connections. An early study, based on termi-
nal degeneration after hippocampal lesions in the rat brain,
reported evidence for the presence of hippocampal efferent
projections to the septum already at birth (Singh, 1977).
Another study in the mouse reported that hippocampo-septal
fibres start developing from the early embryonic life (at E15),
before the first reciprocal septal fibres can be detected in the
hippocampus (at E17) (Super & Soriano, 1994). The early
hippocampo-septal projections terminate in the medial sep-
tum, and during perinatal development, they reshape, such
that they eventually target LS (Linke, Pabst, & Frotscher,
1995).

In the present study, we add to this sparse developmental
data by analysing the postnatal development of subicular
projections to LS in the rat brain. The aim of the study was
to examine when in the postnatal period the topographic
organization of the subicular fibres in LS, as seen in adults,
becomes established. Our data corroborate the available
sparse data on the development of subicular projections
to LS and the dorsoventral axis of organization, and we
add more details to the relevance of the origin along the
proximodistal, or transverse, axis. Our data further indicate
that these topographical axes of organization are already
visible in young postnatal stages and that changes during
development are mainly observed in the density and over-
all levels of branching of terminal subicular axons in LS.
The latter observation that increased axonal branching is
more apparent that axonal pruning is similar to what has
been reported for the development of other connections in
the hippocampal system (Haugland, Sugar, & Witter, 2019;
O'Reilly, Gulden Dahl, Ulsaker Kruge, & Witter, 2013;
Sugar, Witter, Strien, & Cappaert, 2011).

2 | MATERIALS AND METHODS

2.1 | Animal information and breeding

We used 57 Long Evans pups in the study. Breeding groups,
consisting of up to three females and one male, were housed
in enriched cages containing toys, with free access to food
and water and 12:12-hr reversed light/dark cycle. Cages were
checked twice daily, in the morning and the evening for pups,
and the day pups were observed was considered postnatal day O
(PO). The litter size was culled to ten pups by P3. Pups were al-
lowed to remain in the nest with the mother until weaning at P21.
All procedures were approved by the Norwegian Food Safety
Authority as well as the Local Animal Welfare Committee of
the Norwegian University of Science and Technology, and ad-
hered to the rules and directives set by the Norwegian Animal
Welfare Act and the European Community on animal well-be-
ing (European directive 2010/63 on the protection of animals
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used for scientific purposes). Both male and female pups were
used for the study.

2.2 | Surgery procedure

Surgeries were conducted under isoflurane anaesthesia, using a
neonatal mask for the period PO-13 (Kopf, Model 973-B). The
width of the palate bar of the neonatal mask was adjusted to
make it fit inside the mouth of these young pups. We used a
small adult mask (Kopf, Model 906) in case of older animals
(P14-adult). Animals were head-fixed with zygoma ear cups
(Kopf, Model 921). Before incision, the skin was disinfected
with 2% iodine in the 65% ethanol, and a local analgesic (0.2 ml
per 100g body weight of a 0.5 mg/ml solution; Marcain, Astra
Zeneca) was injected subcutaneously at the place of the incision.

Up to 50 ul/g body weight of saline was administered
subcutaneously throughout the course of the surgery to avoid
dehydration. Animals were also administered carprofen as
a postsurgery analgesic (1 ml per 100 g body weight of a
0.5 mg/ml solution; Rimadyl, Pfizer).

For the injections, a hole was drilled in the skull. The an-
terograde tracers biotinylated dextran amine (BDA, 5% in phos-
phate buffer (PB; 0.125M in H,O; PH 7.4),10,000 MW, cat#
1956; Invitrogen, Eugene, OR) or Alexa 488-conjugated dex-
tran amine (5% in PB; Alexa 488 DA, cat# D22910, Invitrogen)
were iontophoretically injected through a glass micropipette of
20-25 pm outer diameter (30-0044; Harvard Apparatus; pulled
with a PP-830 Puller, Narishige) into the subiculum (5-6 pA
alternating positive currents, 6-s on/6-s off, for 5-12 min;
51,595; Stoelting Europe). After surgery, rat pups were allowed
to recover to an awake state under a heating lamp. When fully
awake, rat pups were returned to maternal care until time of
kill, which was selected to be as short as possible. Following
established procedures, for PO-13 rat pups the survival time was
set at 24 hr after injection and a range between 24 and 48 hr
for P14-30 rat pups, depending on the initial body weight of
the pup. In this way, we secured sufficient visualization of the
connectivity and obtained an as precise as possible age estimate
during the development (O'Reilly et al., 2013). A total of 57 in-
jections were successfully placed along the proximodistal axis
of the dorsal, intermediate and ventral subiculum of the pups
with ages ranging between P1 and P30 at day of tracer injection
(see table 1).

2.3 | Brain tissue collection, histology and
immunohistochemistry

All animals were transcardially perfused under terminal
isoflurane anaesthesia. Animals were perfused with saline
through the left ventricle until the flow out of the right atrium
was clear, followed by 4% paraformaldehyde (PFA; Merck,

#140, Darmstadt) until the body was sufficiently stiff. The
brains were extracted and left in PFA for 24-48 hr before
being moved to a cryoprotective solution (20% glycerol, 2%
dimethylsulphoxide in 125 mM phosphate buffer or PB, pH
7.4). Fifty-micrometre horizontal sections were cut with the
use of a freezing microtome (Thermo Scientific). Sections
were collected in six equally spaced series, and the first se-
ries was mounted on superfrost plus slides (Menzel-Gliser
[Gerhard Menzel GmbH]/art. nr. JISOOAMNZ) and dried
overnight on a warming plate at 30°C for subsequent Nissl
staining with cresyl violet. The other series were placed in
the cryoprotecting solution and stored at —20°C.

To visualize BDA, free-floating sections were washed in
125 mM PB three times for 10 min each. Endogenous per-
oxidases were blocked in three washes with 3% hydrogen
peroxide in PB for 10 min each, and then washed again in
PB three times for 10 min each. The sections were subse-
quently washed in TBS-TX (50 mM Tris, 150 mM NaCl,
0.5% Triton X, pH 8.0) three times for 10 min each, followed
by a 90-min incubation with avidin—-biotin—peroxidase in
TBS-TX (VECTASTAIN ABC Kit; Vector Labs) accord-
ing to manufacturer's instructions or with Alexa-conjugated
streptavidin (Alexa 546, S11225, Invitrogen). In the cases
where avidin—biotin—peroxidase was used, the sections were
then incubated for 15 min in a DAB-peroxidase solution con-
taining 5 mg diaminobenzidine (DAB; Sigma-Aldrich Co.,
LLC./art. nr. B5905) and 3.3 ml H,O, in 10 ml Tris-HCL
Irrespectively of whether the incubations were carried out
with Alexa-conjugated streptavidin or DAB, the sections
were rinsed three times for 5 min in Tris-HCI and mounted
on glass slides, dried overnight, cleared in toluene, covers-
lipped with entellan (Merck Darmstadt, cat# 107,961) and
viewed with brightfield or darkfield microscopy. In some
cases, Nissl staining was necessary to aid the delineation of
brain regions. Delineations of the hippocampal formation
followed published nomenclatures in adult and postnatal rats
(Cappaert, Strien, & Witter, 2015; O'Reilly et al., 2013), and
for delineations of LS, we refer to the work of Risold and
Swanson (1997).

2.4 | Image analysis

The image acquisition and comparison of anterograde label-
ling was performed using a slide scanner, equipped for either
brightfield or fluorescent imaging (Zeiss Mirax Midi 20X
NA 0.8). The images were then adjusted in Adobe Photoshop
CS6 (version 13.0.0) to assure equal quality of image repro-
duction. To compare the injection sites, relevant injections
were mapped onto a standard series of sections taken from
one P15 animal. To create a map of the overlays for illustra-
tive purposes, three separate images were false-coloured in
three different colours and overlaid on top of one another.
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TABLE 1

Information of the animals used in the study

O 0 N N LB A WD =

A B~ B bW W W W W W LW W W RN NN NN NN NN e e e e e e e
W NN = O O 0NN R WD = O 0O 0NN R WD = O O 0NN R WD~ O

Number
17,074
16,972
17,058
17,073
17,052
17,041
16,617
17,053
16,616
17,075
17,057
17,038
16,975
15,598
17,072
17,054
17,040
17,037
17,036
16,514
15,884
15,881
16,940
16,939
16,197
16,185
15,883
15,351
15,336
15,071
13,590
13,587
14,255
14,269
14,295
13,580
16,186
15,197
15,189
20,999
21,000
21,309
21,321

Information of animals used in the study

Age
P14
P15
P14
P14
P7

P7

P14
P7

P14
P14
P14
P14
P14
P15
P7

P7

P7

P14
P13
P14
P17
P15
P27
P27
P30
P23
P15
P10
P4

P2

P16
P14
P11
P7

P2

P11
P23
P6

P1

P9

P15
P12
P11

Sex

2o Be > e« B> B> B> Bie > Mie > Biie > BN-<ie> Miie> Bies BRN--<ie - BE-<iie > Mc - B> R - Bes - B B B Bl I B!
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Tracer
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA
BDA/DA488
BDA
BDA

WILEY-L

Injection site

SUB intermediate
SUB intermediate/CA1
SUB intermediate
SUB intermediate/MEC
SUB intermediate/CA1
SUB intermediate
SUB intermediate
SUB intermediate
SUB intermediate
SUB intermediate/MEC
SUB intermediate
SUB intermediate
SUB intermediate
SUB intermediate
SUB intermediate
SUB intermediate
SUB intermediate/PrS
SUB intermediate
SUB intermediate
SUB intermediate/PrS
SUB intermediate
SUB intermediate
SUB dorsal/DG

SUB dorsal

SUB dorsal/PrS

SUB dorsal/PrS

SUB dorsal/DG

SUB dorsal/CA1
SUB dorsal

SUB dorsal

SUB dorsal/CA1

SUB dorsal/CA1

SUB dorsal

SUB dorsal

SUB dorsal/CA1
SUB dorsal

SUB ventral/PrS

SUB ventral/CA1
SUB ventral/CA1
SUB ventral/CA1
SUB ventral

SUB ventral

SUB ventral/CA1

(Continues)
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TABLE 1 (Continued)

Information of the animals used in the study

44 21,374 P11 F
45 21,375 P15 IF
46 20,909 P21 M
47 21,032 P6 M
48 21,200 P17 F
49 21,529 P9 M
50 21,532 P16 F
51 21,717 P18 B
52 21,535 P20 M
53 21,996 P20 M
54 19,952 P3 F
55 22,058 P24 M
56 22,785 P3 F
57 22,239 P3 M

BDA SUB ventral
BDA/DA488 SUB ventral
BDA/DA488 SUB ventral
BDA SUB ventral
BDA/DA488 SUB ventral
BDA/DA488 SUB ventral
BDA SUB ventral
BDA/DA488 SUB ventral/DG
BDA/DA488 SUB ventral
BDA/DA488 SUB ventral
BDA SUB ventral/PrS
BDA/DA488 SUB ventral
BDA SUB ventral
BDA SUB ventral/PrS

Note: We provide the animal experimental number, postnatal age of tracer injection in days, gender, anterograde tracer used: biotinylated dextran amine (BDA and/

or dextran amine 466 (DA466) and location of injection site for all 57 animals analysed for this study. Abbreviations: DG, dentate gyrus; F, female; M, male; MEC,

medial entorhinal cortex; PrS, presubiculum; SUB, subiculum.

As injection sites and terminal distribution are not always
in the same section, these overlays were made by mapping
both onto the horizontal section that showed the clearest ter-
minal labelling. Local hippocampal landmarks were used to
determine the scaling of individual images. At all ages, the
cytoarchitectonic features were used for the identification of
all hippocampal/parahippocampal subfields and septal areas.
Part of the material used in this study was previously used to
describe the development of the projections from the subicu-
lum area to the parahippocampal area (O'Reilly et al., 2013).
By reusing already acquired data to analyse a new target of
subicular projections, we are minimizing the number of ani-
mals used in experiments.

3 | RESULTS

The subiculum is a part of the hippocampal formation and is
wedged in between the hippocampus proper (CA fields) and
the parahippocampal region. It follows the overall 3-dimen-
sional shape of the hippocampus, and its organization is thus
generally described using two main topographical axes, the
longitudinal or dorsoventral axis and the transverse or proxi-
modistal axis. The dorsoventral axis starts dorsally at the
mediodorsal tip, which is closely associated with the septal
complex, to the lateroventral tip, which is associated with the
amygdaloid complex. The proximodistal axis is oriented per-
pendicular to the dorsoventral axis, where proximal indicates
the part of the subiculum closest to CA1, and distal indicates
the part closest to the parahippocampal area referred to as
presubiculum (Cappaert et al., 2015).

A total of 57 injections in subiculum were used in the present
study. The age of the pups at day of tracer injection in subiculum
ranged from P1 to P30 (Table 1). In view of the age distribution
in our data set and our aim to address when an adult topograph-
ical organization is apparent, we organized the results as to first
address the presence of a topographical organization along the
proximodistal subicular axis, for which we have the densest
data set at the end of second postnatal week, and compared
those with data at the end of the first postnatal week. These
data are derived from injections at an intermediate dorsoventral
level of the subiculum. We subsequently compare these data
with a data set spanning the same developmental window but
including dorsal and ventral levels of the subiculum. Finally, we
describe data obtained in very young animals (PO-5) and add
observations in animals older than P15, both covering the prox-
imodistal as well as the dorsoventral organization.

3.1 | Proximodistal organization of
subicular projections to lateral septum at the
end of the second postnatal week

Animals at the end of the second postnatal week (n = 14, P13-
P15) were used in order to analyse the topographic organization
in the septum of fibres originating from different areas along the
transverse (proximodistal) axis of subiculum, at an intermedi-
ate dorsoventral level. Part of this material was previously used
to describe the development of the projections from subiculum
area to the parahippocampal area, and the exact mapping of the
injections along the transverse axis of subiculum can be found
there (O'Reilly et al., 2013). For descriptive reasons, injections
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are grouped into three groups: proximal (n = 4), intermediate
(n = 6) and distal (n = 4) injections.

3.1.1 | Proximal subicular projections

After tracer injection in the proximal subiculum at an interme-
diate dorsoventral level, all four cases resulted in a similar pat-
tern of septal labelling as illustrated for a representative case
(Figure 1). Fibres could be followed in the fimbria, reaching
the dorsal, caudo-lateral tip of the septum. At this level, they
did not enter LS but continued in the fimbria in a ventromedial
direction (Figure 1a). Throughout this course, subicular fibres
were rarely seen to have varicosities, indicating an overall
absence of en passant synapses, and did not give off many
terminating collaterals. Labelled fibres were mostly restricted
to the area occupied by the fimbria and the septo-fimbrial nu-
cleus, and they occasionally entered the triangular septal nu-
cleus. Labelled fibres started entering LS at an intermediate
medio-lateral and dorsoventral level of LS (Figure 1b). At this
point of entry, fibres were seen to bifurcate, whereas others
just curved, changing direction and entering LS. Within LS,
the fibres continued ventrally and rostro-laterally, giving off
collaterals as well as showing varicosities with an increasing
density (Figure 1c). At more ventral levels, labelling became
weaker with the terminal field occupying the rostral parts of
LS, with some fibres continuing towards the nucleus accum-
bens (Figure 1d-f). On their course through LS, the labelled
fibres were mainly located in the cytoarchitectonically de-
fined intermediate lateral septal nucleus. However, few fibres
entered the medial septal nucleus at its dorsal part (Figure le)
and showed varicosities or some sparse terminating collater-
als. Few fibres entered the ventral part of the dorsal lateral
septal nucleus and the dorsal part of the ventral lateral sep-
tal nucleus. Upon leaving LS, many labelled fibres continued
their course towards the midline, where they curved poster-
oventrally to enter the postcommissural fornix, at the same
time contributing to very scarce innervation of the posterior
and ventral group of septal nuclei (Figure 1d-f).

3.1.2 | Intermediate proximodistal subicular
projections

Injections at an intermediate proximodistal position but at
the same intermediate dorsoventral level as the previous and
subsequent cases resulted in a similar pattern of septum in-
nervation with that described for proximal injections, for all
six animals examined (Figure 2). Fibres from the fimbria
(Figure 2a, b) started entering LS at an intermediate medio-
lateral and dorsoventral level (Figure 2c), heading in a ventral
and rostro-caudal direction. Both terminating fibres and pass-
ing fibres with and without varicosities were observed (Figure
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2d-f). However, the total amount of fibres that entered LS after
intermediate subicular injections was reduced compared with
proximal injections. Terminating fibres or passing fibres with
varicosities were sparsely observed in the septo-fimbrial, tri-
angular, medial septal, dorsal and ventral lateral nuclei (Figure
2e-f), as previously described for the proximal injections.

3.1.3 | Distal subicular projections

Fibres labelled after tracer injections at the distal part of
subiculum could also be followed reaching the septal area
through the fimbria (Figure 3). At an intermediate medio-
lateral and dorsoventral level of LS, as previously described
for proximal and intermediate injections, some fibres en-
tered LS (Figure 3b-d). However, the overall density of
labelling was much weaker than seen after proximal and
intermediate injections. The innervation pattern of the other
septal nuclei was also very sparse. In contrast, many fibres
continued their course in the postcommissural fornix, leav-
ing the septum (Figure 3d-f). Although differences in the
size of the injection sites will influence the amount of label-
ling, it is clear from the data that the proportion of fimbria
fibres that continue in the fornix, travelling past or through
the septum, gradually increased from proximal to distal sub-
icular injections. Part of these fibres continued to the stria
medullaris (Figure 3e) and reached the anterior thalamic
nuclei as well as sending terminating collaterals around the
stria medullaris, and into the dorsal tip of the bed nucleus of
stria medullaris.

The dorsoventral level at which fibres from the fimbria
enter LS was found to be the same for all intermediate subic-
ular injections and restricted to a depth of 750 to 2,000 pm
ventrally from the dorsal tip of the septum, with the vast ma-
jority of the fibres entering around the depth of 1,250 pm.
This was consistent for all injections along the proximodistal
axis of the subiculum at an intermediate dorsoventral level.
However, the density of labelled fibres terminating in LS was
gradually reduced related to the position of the injections
from proximal, through intermediate, to distal subiculum.

3.2 | Projections to the septum from the
border area between CA1 and subiculum
3.2.1 | CAl-subiculum border projections

In one animal, the injection involved the border between
CA1 and subiculum at approximately the same intermediate
dorsoventral level as the previously described cases, involv-
ing neurons of both areas (Figure 4). Like in the previous

cases, fibres could be followed in the fimbria reaching the
dorsal, caudo-lateral tip of the septum. Already at this level,
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FIGURE 1

Labelling in the septum resulting from an injection into proximal subiculum of a P15 rat. Inset in a: injection site. Scale bar:

500 pm. (a—f), Horizontal sections through the septum with 600 pm dorsoventral spacing between each two levels depicted from dorsal (a) to
ventral (f). (a), Labelled fibres in the fimbria (Fi) reaching the dorsal septum. Fibres do not enter LS (arrowhead) but continue in the fimbria

and septo-fimbrial nucleus (SFi) heading into a ventromedial direction. (b), Horizontal section taken at the point of entry of fibres into LS (inset
represents a higher magnification of the boxed area in this and all subsequent figures). (c), Next level section illustrating a densely labelled plexus
in LS of passing fibres with and without varicosities as well as terminating collaterals. The fibres mainly travel ventrally and rostro-laterally. (d),
Horizontal section taken at the dorsal tip of medial septal nucleus (MS). At this level, more terminating fibres occupy LS. Many fibres continue

in the fornix (F). (e), A more ventral level shows the terminal field in the rostral part of LS. At this level, few labelled fibres are present in MS
(arrow), and no fibres are apparent in the bed nucleus of the stria terminalis (BST) (arrowhead). (f), The terminal field in the most ventral part of
LS is sparse. Some labelled fibres are present in the nucleus accumbens (AC), whereas no fibres can be seen into the bed nucleus of the anterior
commissure (BAC) (arrowhead) or BST. Scale bar in f equals 500 pm (valid for a—f). Scale bar in the higher magnification image in f equals 50 pm

(valid for the magnification squares in b—f)

the fibres started to enter into LS and branched into termi-
nating collaterals, occupying the whole rostro-caudal extent
of LS, extending in a strip-like form from the dorsolateral
side to a ventromedial position (Figure 4a-b). However, it
is again at an intermediate medio-lateral and dorsoventral
level of LS that we saw a massive change in the course of the
fibres, so that many fibres curved, leaving the fimbria and
entering LS. This level is identical to where the previously
described subicular fibres entered LS (Figure 4c-d). Fibres
that already entered LS expanded their terminating field in

a rostro-ventral direction occupying the anterior part of LS
and continued to the adjacent nucleus accumbens (Figure
4e-f). Ventrally from that level, many fibres continued their
course in the postcommissural fornix, again like what we de-
scribed above for subicular injections. Noteworthy observa-
tions related to this injection site were some isolated fibres
that could be seen in the contralateral LS (Figure 4e) and the
relatively strong innervation observed in bed nucleus of the
anterior commissure and bed nucleus of the stria terminalis
(Figure 4f).
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FIGURE 2 Labelling in the septum following an injection into mid-transverse subiculum of a P15 rat. Inset in a: injection site. Scale bar:

500 pm. (a—f), Horizontal sections through septum with 600 pm dorsoventral spacing between each two levels depicted from dorsal (a) to ventral

(f). (a-b), Labelled fibres in the fimbria (Fi) reaching the septum at dorsal levels. The fibres do not seem to enter LS (arrowheads) at this level, but

they continue in the fimbria and septo-fimbrial nucleus (SFi) towards a ventromedial direction. (c—d), Horizontal sections taken at intermediate

dorsoventral level of the LS showing the entry point of labelled fibres in LS. Within LS, the labelled passing fibres with and without varicosities

travel ventrally and rostro-laterally, giving off terminal collaterals (see high power insets). (e—f), Sections at ventral levels of LS. Terminating

fibres occupy the rostral part of LS. Many fibres continue their course within the fornix although few continue as part of the stria medullaris (SM)

(arrow in e). Few labelled fibres are present in MS (arrow in f). No fibres are seen in the bed nuclei of the stria terminalis (BST) and the anterior

commissure (BAC) (arrowheads). Scale bar in f equals 500 pm (valid for a—f). Scale bar in the higher magnification box in f equals 50 pm (valid

for the magnification squares in c—f)

3.3 | Topographical organization of
subicular projections to lateral septum at the
end of the first postnatal week

3.3.1 | Proximodistal organization

Animals at the end of the first postnatal week (n = 5, P7)
were used to analyse the early development and topographic
organization in the septum of fibres originating from differ-

ent areas along the transverse proximodistal axis of the subic-
ulum, again taken at an intermediate dorsoventral level. Part

of this material was previously used to describe the develop-
ment of the projections from subiculum area to the parahip-
pocampal area, and the exact mapping of the injections along
the transverse axis of subiculum can be found there (O'Reilly
et al., 2013). The cases were grouped into three groups re-
lated to the injection site in subiculum: proximal (n = 1), in-
termediate (n = 1) and distal (n = 3), as previously described
for P13-P15 animals.

The innervation pattern of LS at this age (Figure 5) was
identical to that observed at P13-P15 animals. Moreover,
the gradual reduction in the amount of subicular projections
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FIGURE 3 Labelling in the septum following an injection into distal subiculum of a P15 rat. Inset in a: injection site. Scale bar: 500 pm.

(a—f), Horizontal sections through septum with 600 pm dorsoventral spacing between each two levels depicted from dorsal (a) to ventral (f). (a),

Labelled fibres in fimbria (Fi) reaching the septum at dorsal levels. The fibres do not seem to enter LS (arrowhead) at this level. (b—d), Horizontal

sections taken at intermediate dorsoventral level of LS showing the entry point of fibres in LS. A few labelled fibres can be seen in LS (boxed area

and arrow in c), although many fibres continue their course within the fornix (F) and few continue as part of the stria medullaris (SM). Arrow in b

shows labelled fibres in the triangular septal nucleus (TS). (e—f), Sections at ventral levels of LS. Few terminating fibres can be seen at the rostral

part of LS (magnification box). No labelled fibres can be seen in this case in the ventral part of the LS, neither in the medial septal nucleus (MS),

nor in the bed nuclei of the stria terminalis (BST) and the anterior commissure (BAC) (arrowheads). Scale bar in f equals 500 pm (valid for a—f).

Scale bar in the higher magnification box in e equals 50 pm (valid for the magnification squares in b—e). Note the striking difference in the amount

of fibres innervating the LS after distal subicular injection compared with proximal and intermediate injections in Figures 1 and 2

to LS dependent on the origin along the proximodistal axis,
as reported above, was also apparent in P7 animals. So, in
order to avoid repetitions, we only refer here to the differ-
ences observed. The overall amount of fibres observed in
the septum was estimated to be slightly reduced for P7 an-
imals than in older animals with injections in correspond-
ing subicular sites. Furthermore, the innervation of medial,
posterior and ventral septal nuclei appeared even sparser in
the P7 animals than in P13-P15 animals. Compared with
older animals, fibres of P7 animals displayed sparser collat-
erals at terminating points but more varicosities throughout

their course, some of which were very large especially close
to branching points and where fibres entered LS (Figure
5b, d).

One more P7 case was examined with an injection in-
volving mainly the proximal subiculum with some involve-
ment of distal CA1 neurons (border CAl-subiculum). In
this case, some fibres entered LS upon reaching the dor-
sal, caudo-lateral tip of the septum but at an intermediate
medio-lateral and dorsoventral level of LS more fibres en-
tered LS, expressing an innervation pattern similar to that
described for a P14 case with the injection addressed to the
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FIGURE 4 Labelling in the septum following an injection applied to the border between CA1 and the subiculum of a P15 rat. Inset in a:

injection site. Scale bar: 500 um. (a—f), Horizontal sections through the septum with 600 pm dorsoventral spacing between each two levels depicted
from dorsal (a) to ventral (f). (a—b), Labelled fibres in the fimbria (Fi) reaching the septum at dorsal levels. The fibres start entering in LS at this
level and they branch into thin terminating collaterals, occupying the whole rostro-caudal extent of the LS and extending in a strip-like fashion from

the dorsolateral side of the LS to a ventromedial direction. (c—d), At intermediate dorsoventral levels of the LS, many fibres from the Fi and the

septo-fimbrial nucleus (SFi) curve and enter the LS. Within LS, the labelled fibres with and without varicosities travel ventrally and rostro-laterally,

giving off terminal collaterals. (e—f), Sections at ventral levels of LS. Terminating fibres occupy the rostral part of LS (e, boxed area). Many fibres

continue their course within the fornix (F). Besides, few labelled fibres can be seen in MS, as well as in contralateral LS (arrows). Significant

innervation can also be seen in the bed nuclei of the stria terminalis (BST) (arrow) and the anterior commissure (BAC; boxed area). Scale bar in f

equals 500 pm (valid for a—f). Scale bar in the higher magnification box in f equals 50 pm (valid for the magnification squares in b—f)

border between CA1 and subiculum (Figure 4). Innervation
of the bed nucleus of the anterior commissure and the bed
nucleus of the stria terminalis was also observed in this
case.

The dorsoventral level at which fibres from the fimbria
entered LS for P7 animals with intermediate subicular injec-
tions was restricted to a depth of 500 to 1,500 pm ventrally
from the dorsal tip of the septum, with the vast majority of
the fibres entering around the depth of 1,000 pm. This was
consistent for all injections along the proximodistal axis of
the subiculum at an intermediate dorsoventral level. This
level is slightly less ventral than in case of the P13 animals,

likely reflecting the overall smaller size of the brain in the P7
animals.

3.4 | Dorsoventral organization of
developing subicular projections to
lateral septum

In order to assess the development and organization of pro-
jections to LS originating from different dorsoventral sites of
subiculum, we also analysed injections of anterograde tracers
into dorsal and ventral subiculum.
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3.4.1 | Dorsal subicular projections

Among the injections successfully targeting the dorsal sub-
iculum (n = 7, P7-P16), three involved the proximal sub-
iculum and adjacent CAl area, three were restricted to the
subiculum, mainly centred along the proximodistal axis, and
one involved the distal and intermediate subiculum as well as
molecular layer of dentate gyrus.

Following the course of fibres in the three cases with in-
jections restricted to the subiculum (Figure 6), fibres could
be found to curve around the dorsal end of the hippocampus
reaching the dorsal extremity of the septum (Figure 6b). At
this level, they did not enter LS, but they continued in the
fimbria in a ventromedial direction (Figure 6¢). Throughout
the course in the fimbria, subicular fibres were rarely seen to
have large varicosities or terminating fibre collaterals. When
present, terminal fibres were mostly restricted to the area
involving the fimbria and septo-fimbrial nucleus, but they
were also occasionally seen to enter the triangular septal nu-
cleus. At increasingly more ventral levels, the labelled fibres
reached the midline and fibres started entering LS, at a me-
dial medio-lateral level and intermediate dorsoventral level of
LS (Figure 6d), so very similar to the position described for

FIGURE 5 Labelling in the septum
resulting from three representative injections
at approximately the same intermediate
dorsoventral level into proximal (a, b),
intermediate (c, d) and distal (e, f) parts of
the subiculum in P7 old pups. Insets in a,

¢ and e: injection sites. Scale bar: 500 pm.
(a, c, e), Horizontal sections taken at the
level were labelled fibres in the fimbria (Fi)
start entering LS (arrowheads). Note the
difference in the density of these fibres from
(ato c and e. b, d, ), Horizontal sections at
intermediate dorsoventral level of the LS.
There is a clear reduction in the innervation
density of LS from b to f, such that in f only
a couple of fibres can be observed in LS.
Insets in b and f show fibres leaving SFi

to enter LS expressing few collaterals and
many varicosities throughout their course,
some of which are very large especially
close to branching points. Scale bar in f
equals 500 pm (valid for a—f). Scale bar in
the higher magnification box in f equals

50 pm (valid for the magnification boxes in
b, d, 1)

the projections originating in the intermediate dorsoventral
levels (see above). At the point of entry, some fibres bifur-
cated and some just curved, changing direction and entering
LS. In LS, passing fibres with and without varicosities as
well as terminating collaterals took an overall rostro-ventral
orientation. At more ventral levels, the position of the termi-
nating fibres shifted towards a more lateral and rostral posi-
tion, eventually occupying the rostral parts of LS, with some
fibres continuing towards the nucleus accumbens (Figure 6e-
f). At their course throughout LS, fibres were mainly located
in the intermediate lateral septal nucleus. The fibres seemed
to avoid passing by the area occupied by the septo-hippocam-
pal nucleus, but terminating collaterals were often observed
in the latter nucleus (Figure 6d-f). Furthermore, few fibres
entered the medial septal nucleus dorsally and expressed var-
icosities and a few terminating collaterals. No fibres were
found in ventral and dorsal lateral septal nuclei. After leaving
the LS, the labelled fibres curved posteroventrally to join the
fornix (Figure 6d). Following the fornix, fibres only scarcely
innervated the posterior and ventral group of nuclei. It is also
important to note that a number of fibres were found in the
contralateral LS, innervating the same areas as on the ipsi-
lateral side (Figure 6d-f). This bilateral innervation of LS is
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FIGURE 6 Labelling in the septum resulting from an injection into the dorsal subiculum of a P15 rat. (a), injection site. Scale bar: 500 pum.

(b—f), Horizontal sections through the septum with 600 pm dorsoventral spacing between each two levels depicted from dorsal (b) to ventral (f). (b),

Labelled fibres in the dorsal fimbria (dF) just below corpus callosum (cc), reaching the septum at dorsal levels. (c), In the dorsal part of the septum,
the labelled fibres are still in the septo-fimbrial nucleus (SFi), approaching the midline. Only a few fibres enter the LS, and they are found medially
(magnification box). (d), Section taken at intermediate dorsoventral level of LS revealing more fibres entering the LS. Within LS, fibres originating

from dorsal subiculum, with and without varicosities as well as terminating collaterals, travel rostrally and ventrolaterally. (e), Section taken at the

dorsal part of medial septal nucleus (MS). Fibres in LS continue their rostral direction close to the midline. Interestingly, most fibres pass around

the septo-hippocampal nucleus (SHi), while a few fibres can be seen in the respective field of the contralateral hemisphere (boxed area). Many
fibres continue their course in the fornix (F). (f), More ventrally, the terminal field occupies the rostral-medial part of LS. At this level, few labelled
fibres can be seen in MS, and no fibres are seen in bed nucleus of stria terminalis (BST). Scale bar in f equals 500 pm (valid for a—f). Scale bar in

the higher magnification square in e equals 50 pm (valid for the magnification boxes in c—e)

unique for the dorsal subiculum as neither intermediate nor
ventral subicular injections displayed significant and consis-
tent bilateral septal innervation.

An additional case, with the injection mainly involving the
distal dorsal subiculum, with some involvement of the inter-
mediate subiculum and the dentate gyrus, displayed a similar
innervation pattern in LS, but the labelling was far weaker.
Many labelled fibres travelled through the fimbria reaching
the midline of LS, but varicosities or terminating collaterals
in the septo-fimbrial nucleus and the triangular septal nucleus
were very rarely seen. Few fibres entered LS at the level de-
scribed above for intermediate subicular injections, and they
continued along a comparable course rostro-ventrally and

then laterally. Most of the labelled fibres left the septum by
way of the postcommissural fornix, without innervating the
posterior and ventral septal nuclei.

Injections involving the border between CA1 and subic-
ulum at dorsal levels, involving neurons from both areas,
displayed an innervation pattern of LS very similar to what
was seen following the intermediate dorsoventral border
injections. Fibres started entering LS upon reaching its
dorsolateral edge and more fibres entered LS at a medial me-
dio-lateral level and intermediate dorsoventral level of LS,
thus showing the same distribution as the fibres originating
from the dorsal subiculum. Furthermore, like intermediate
border CAl-subiculum injections, dorsal border injections
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displayed relatively strong innervation of the bed nuclei of
the anterior commissure and of the stria terminalis.

3.4.2 | Ventral subicular projections

Ten injections were successfully aimed at the ventral sub-
iculum of young animals (n = 10, P6-P17). Labelled fibres
could be followed (Figure 7) in the ventrolateral compart-
ment of the fimbria, reaching the septum at its caudo-lateral
edge (Figure 7a). The fibres started entering LS ventrally at a
lateral medio-lateral level (Figure 7b). In LS, fibres travelled
rostrally, occupying the ventral part of LS and extending
many thin terminating collaterals (Figure 7c-f). Few pass-
ing fibres were labelled, which were directed to the rostral
tip of LS and towards the nucleus accumbens (Figure 7e).
After leaving LS, labelled fibres curved posteroventrally and
joined the fornix, occupying its medial part and the adjacent
medial corticohypothalamic tract.

3.4.3 | Dorsoventral organization of
subicular projections to lateral septum

In order to visualize and better understand the dorsoventral
topographic organization of subicular projections to LS, we
mapped the injection sites and fibre distributions of three
representative injections at dorsal, intermediate and ventral
levels onto a series of standard horizontal sections (Figure 8).
Fibres from subicular neurons situated at the dorsal part of
the hippocampal formation innervated the dorsomedial part
of the lateral septal nucleus, and they also had a number of
collaterals in the same area of the contralateral hemisphere.
Subicular fibres from progressively more ventral levels of the
hippocampal formation innervated progressively more lateral
and ventral parts of the lateral septal nucleus, without signifi-
cantly innervating the contralateral hemisphere (Figure 8e-g).
In the fimbria, fibres from dorsal subiculum were located dor-
sally, below the corpus callosum, occupying the medial com-
partment of fimbria/fornix while passing through the septum.
Subicular fibres from progressively more ventral levels of the
hippocampal formation were located more ventrally in the
fimbria and on their way through the septum they occupied
more lateral compartments of the fimbria/fornix (Figure 8d).

In an attempt to even better visualize the complex topo-
logical organization of the subicular projections to LS, we
produced a 3-dimensional model of the injection site and
the fibre trajectories and terminal distribution from the
same three representative cases shown in Figure 8. For this
purpose, we used the Waxholm Space Atlas of the Sprague
Dawley Rat Brain (Figure 9). Projections of the dorsal subic-
ulum are seen to curve around the dorsal end of the hippo-
campal formation and reach the dorso-caudal side of the

septum through the dorsal fornix. Projections of the interme-
diate subiculum curve around the lateral side of the hippo-
campal formation in the alveus and enter the fimbria—fornix
occupying a lateral position. Projections from the ventral
subiculum also curve around the hippocampal formation
in the alveus and then change course towards a more dorsal
position until they meet the fimbria. In the fimbria and pre-
commissural fornix, those fibres occupy a very ventrolateral
position. Moving into the postcommissural fornix, subicular
fibres have a different topography. Fibres from intermediate
dorsoventral levels of the subiculum are found in the lateral
part of the postcommissural fornix, fibres from the dorsal
subiculum occupy the intermediate part, whereas fibres from
the ventral subiculum curve around the other two subicular
fibre bundles from dorsal and intermediate subiculum. While
some fibres continue in the medial part of the postcommissu-
ral fornix, others continue towards the hypothalamus joining
the adjacent medial corticohypothalamic tract.

3.5 | The time course of postnatal
development of subicular projections to
lateral septum

In order to examine the early development and organization
of subicular projections into LS, we analysed injections of
anterograde tracers in the subiculum of pups aged POl to
PO5 (n = 7). In all cases, the distribution of the subicular
projections was topographically in line with the site of the
injection, when compared with comparable injection sites
in older animals (Figure 10). However, the total amount of
fibres observed in the septum was significantly reduced in
these young animals. Fibres were very thin, displaying many
varicosities throughout their course but rarely collaterals.
Finally, we examined the postnatal development and or-
ganization of subicular projections to LS in older animals,
using injections of anterograde tracers in the subiculum of
animals aged P18 to P30 (n = 10). When comparing inter-
mediate dorsoventral injections in the proximal subiculum
at three ages (P7, Figure 11a, b; P14, Figure 11 c, d; P24
Figure 11 e, f), it is apparent that the labelling patterns in
LS are similar, thus showing that the topographic organiza-
tion of the subicular projections was not altered. However,
though with a gradual increase in density over time, our
anatomical observations seem to point to a gradual in-
crease density of innervation during postnatal development
(Figure 11 a, b, compared with ¢, d, compared with e, f).

4 | DISCUSSION

The present study demonstrates, already during postnatal de-
velopment, a clear topographical organization of the subicular
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FIGURE 7 Labelling in the septum resulting from an injection into the ventral subiculum of a P15 rat. Inset in (a), injection site. Scale

bar: 500 pm. (a—f), Horizontal sections through the septum with 600 pm dorsoventral spacing between each two levels depicted from dorsal (a)

to ventral (f). (a), At a dorsal level, labelled fibres are present in the fimbria (Fi) (magnification box) and no labelled fibres can be seen in septal

area (arrowhead). (b), Labelled fibres in fimbria (Fi) reaching septum laterally. At this level, isolated fibres start entering in the LS (arrow) sparing

the lateral part of it (arrowhead). (c), Section at ventral levels of the LS revealing more fibres entering LS laterally (boxed area and arrow). (d),

Within LS, labelled fibres originating from ventral subiculum branch into a dense plexus of thin terminating collaterals (boxed area). (e, ), At more

ventral levels, terminating collaterals occupy the lateral part of LS (boxed areas in e and f) and the septo-hypothalamic nucleus (SHy). Significant

innervation can also be seen in the bed nucleus of the stria terminalis (BST) (arrow in e and boxed area in f) where terminating fibres occupy

mainly its rostral part and not the caudal one (arrowhead in e). At this ventral level, a number of labelled fibres from ventral subiculum curve

around postcommissural fornix and few of them continue in the medial part of the postcommissural fornix and most of them in the adjacent medial

corticohypothalamic tract (arrow in f). Scale bar in f equals 500 pm (valid for a—f). Scale bar in the higher magnification square in f equals 50 pm

(valid for the magnification boxes in a—f)

projections to LS depending on the dorsoventral level of ori-
gin in the subiculum. Our findings are in accordance with the
topographical organization previously described in the adult
brain (Meibach & Siegel, 1977a). Fibres from subicular neu-
rons situated at the dorsal part of the hippocampal formation
innervate the dorsomedial part of LS, whereas subicular fibres
from progressively more ventral levels innervate progres-
sively more lateral and ventral parts of LS. This topographic
organization is present at the first postnatal days, and it is pre-
served throughout the postnatal development of the rat brain.

We provide additional data demonstrating that changes
in the origin along the transverse axis of the subiculum do
not change the topographic pattern of septal innervation sig-
nificantly but correspond to changing density and branching
complexity of the subicular axons. Projections originating in
the proximal part of the subiculum provide a dense inner-
vation of LS and progressively more distal parts send an in-
creasingly sparser projection to LS.

The 3-dimensional model allowed us to visualize the
topographical complexity of the fibre trajectories in planes



TSAMIS ET AL.

3154
—I—WI LEY EJ N European journal of Neuroscience  FENS
AM ‘.' W

R
&

44

&
&

(c)
(

(@)

(e)-

£

(d)

(f) G, b8~ 3 »
FIGURE 8 Comparative distribution of subicular projections into LS after dorsal (a, green), intermediate (b, blue) and ventral (c, red)
injections. For illustrative purposes, three separate cases were false-coloured and overlaid on top of one another. Horizontal sections through

septum are displayed from dorsal to ventral (d—g) [Colour figure can be viewed at wileyonlinelibrary.com]
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Lateral view

Caudolateral view

Dorsal view

FIGURE 9 Three-dimensional model of the injection site and
the fibre course from the same three cases presented in Figure 8, using
the Waxholm Space Atlas of the Sprague Dawley Rat Brain. The

three different injection sites are labelled with arrowheads and the
distribution of fibres into LS with arrows [Colour figure can be viewed
at wileyonlinelibrary.com]

different from those that we initially used. With the use of
this model approach, we could examine the topography of the
subicular fibres in the coronal plane in order to compare the
observed terminal distribution with the subdivisions of LS as
previously described (Risold & Swanson, 1997). We found
that subicular fibres in LS only partly respect this compart-
mentalization. Fibres from the dorsal subiculum occupy the
dorsal region of the rostral part of LS, and fibres from ventral
subiculum occupy the ventral region of the rostral part of LS
and the ventral part of the LS (Risold & Swanson, 1997).
The hippocampal formation displays a significant
heterogeneity regarding the main input and output con-
nections and the kind of information processed along its
longitudinal axis (Cappaert, 2015; Moser & Moser, 1998;
Naber & Witter, 1998; Strange, Witter, Lein, & Moser,
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2014). The dorsal hippocampus is strongly implicated in
spatial and non-spatial learning and memory (Cohen et al.,
2013; Moser, Moser, & Andersen, 1993), and the ventral
hippocampus is implicated in social memory, emotional
processing and anxiety (Chen, Wang, Wang, & Li, 2017;
Felix-Ortiz & Tye, 2014; Okuyama, 2017). Our data indi-
cate that this dorsoventral organization is reflected in the
projections from subiculum to LS and that this topography
is already present from the first postnatal days and is stable
during postnatal development.

Similar to the well-established topography dictated by
the longitudinal or dorsoventral axis, the transverse axis
has also been established as a main organizational principle
for intrinsic hippocampal circuitry, particularly prominent
in the projections from CA3 to CAl (Ishizuka, Weber, &
Amaral, 1990) and even more so for those of CA1 to subic-
ulum (Amaral, Dolorfo, & Alvarez-Royo, 1991). A com-
parable transverse organization has been reported for the
parallel reciprocal connections between subiculum and the
lateral and medial entorhinal cortex, where lateral entorhi-
nal cortex preferentially connects with proximal subiculum
and medial entorhinal cortex connects with distal subiculum
(Witter, Wouterlood, Naber, & Haeften, 2000). Finally, effer-
ent subicular projections are organized in the same way, such
that projections to different brain regions, or different parts
of the same brain region, originate from the proximal, middle
and distal thirds of the subiculum (Witter et al., 1990). These
reports include a preferred proximal origin of LS projections,
and as we showed in the present study, this organization is
already present from birth.

Our data included injections that were not confined to
proximal subiculum, but also involved distal CA1. In those
cases, we consistently, and independent of age, observed
additional projections to the bed nuclei of the anterior com-
missure and the stria terminalis, which were not observed in
cases of subicular projections. The border area between CA1
and subiculum, by some authors referred to as prosubicu-
lum, innervates the bed nucleus of stria terminalis in adult
rats and mice as well (Ding, 2013; Howell, Perez-Clausell, &
Frederickson, 1991).

Finally, the present findings demonstrate that the post-
natal development of subicular projections to LS preferen-
tially features axonal expansion rather than axonal pruning.
Several mechanisms have been proposed for the development
of projections in the central nervous system. Both activi-
ty-independent and activity-dependent mechanisms regulate
the navigation of axons during development (Olavarria &
Safaeian, 2006; Price et al., 2006). Further, early embry-
onic outgrowth of axons is directed mainly by molecular
cues (Garel & Rubenstein, 2004). The postnatal axonal
development is governed by two different mechanisms,
the specific ingrowth and elaboration of axon branches at
topographically correct places (Olavarria & Safaeian, 2006)
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or the exuberant development of connections followed by
axonal selection and pruning (Innocenti & Price, 2005).
These two mechanisms have been alternatively described in
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FIGURE 10 The early development
of subicular projections to LS. (a, b), A P3
case with injection of anterograde tracer
into dorsal subiculum (inset in a—scale bar:
500 pm). (c, d), A P3 case with injection
into ventral subiculum (inset in c—scale
bar: 500 pm). Note that in both cases, the
distribution pattern of fibres is identical to
that of older animals, though the fibres of
these young animals are thinner, with many
varicosities and few collaterals. Scale bar
in d equals 500 pm (valid for a—d). Scale
bar in the higher magnification squares in

b and d equals 50 pm (also valid for the
magnification boxes in a and c, respectively)

FIGURE 11 Labelling in the septum
resulting from three representative injections
at approximately the same intermediate
dorsoventral level into the proximal part

of the subiculum in P7 (a, b), P14 (c, d)
and P24 (e, f) pups. Insets in a, c and e:
injection sites. Scale bar: 500 pm. (a, c,

e), Horizontal sections taken at the level
were labelled fibres in the fimbria (Fi)

start entering LS. Note the difference in

the density of these fibres from a to e. (b,

d, f), Horizontal sections at intermediate
dorsoventral level of the LS. An apparent
increase in the innervation density of LS
seems present from b to f. Scale bar in f
equals 500 pm (valid for a—f). Scale bar in
the magnification square in f equals 50 pm
(valid for the magnification boxes in b, d, f)

different neuronal networks as well as in different species
(Price et al., 2006). We conclude that the development of
subicular projections to LS follows the former mechanism
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which seems a common finding in the cortical-hippocampal
system, as similar observations have been published in case
of subicular projections to parahippocampal areas (O'Reilly
etal., 2013), for the entorhinal-hippocampal and retrosplen-
ial-entorhinal projections (O'Reilly et al., 2015; Sugar et al.,
2011), as well as for pre- and parasubicular projections to
the medial entorhinal cortex (Canto et al., 2019).
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