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Abstract

Although several investigations have shown that the local GABAergic circuit in the rat hippocampus is functiona very early in
development, this result has not been yet completed by the investigation of the full dendritic and axonal arborization of the neonatal
interneurones. In the present study, intracellular injection of biocytin was used to assess the branching pattern of interneurones in the
hippocampal CA3 region of rat between 2 and 6 days of age. Based on their dendritic morphology, the biocytin-filled interneurones were
divided into four classes: hipolar, stellate, pyramidal-like and fusiform interneurones. About half of the biocytin-filled neonatal
interneurones exhibited dendritic or somatic filopodial processes. The axona arbors of the filled-interneurones were widely spread into the
CAS region, and in four out of nine cases extended beyond the CA3 region to branch into the CA1 region. These results show that,
despite immature features, the filopodia processes, the hippocampal interneurones are well developed early in development at a time
when their target cells, the pyramidal neurones, are till developing. These observations are consistent with a trophic role that GABA may

play early in development. [0 2001 Elsevier Science BV. All rights reserved.
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1. Introduction

Neurones in the hippocampal formation can be classified
into principal cells, i.e. pyramidal and granule cells, and
non-principal cells, i.e. interneurones. While they form
only 10-15% of the total cell population, the interneurones
exhibited a great heterogeneity in terms of morphological
features, electrophysiological properties, and peptide or
calcium-binding protein contents (for review see [11]). In
spite of this heterogeneity, most of the hippocampal
interneurones are thought to use +y-aminobutyric acid
(GABA) as neurotransmitter (for review see [35]).

Given the cruciad role played by GABAergic inter-
neurones in shaping population activity of principal cells
[8,9,24,36] severa studies have investigated the functional
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maturation of GABAergic synapses. These studies have
shown that GABAergic synaptic transmission dominates at
early stages of development in the rat hippocampus. Thus,
GABAergic cells are generated before birth, earlier than
principa cells [2,37]. At embryonic stages, GABAergic
cells are transiently located within two layers, and from the
third postnatal day of life they appear throughout the
whole hippocampus [30]. As early as at postnatal (P) day
1, GAD-positive processes are found in the dendritic
region of the principal cells, whereas few are observed in
the principal cell body layer [10]. At P5, GABAergic cdls
form synaptic contact on principa cells, providing the
morphological substrate of inhibition in the neonatal
hippocampus [32,33]. More recently, it was shown that
GABAergic and glutamatergic synaptic transmissions are
established sequentially with GABAergic synapses being
functional before glutamatergic synapses on CALl hip-
pocampal pyramidal cells [40]. Moreover, electrophysio-
logical [19] studies have shown that interneurones are
functionally integrated into the neonatal hippocampal
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network, where they provide most of the spontaneous
synchronous activity (reviewed in [5]).

Although these observations show that the loca
GABAergic circuit within the hippocampal formation is
established and functional very early in development, this
result has not been yet completed by an investigation of
the full dendritic and axonal arborization of the neonatal
interneurones. In previous studies, Golgi technique was
used to investigate the morphology of developing hip-
pocampal interneurones [21,26]. This technique however
does not alow the visualisation of the full dendritic and
axonal arbors. In the present study interneurones were
intracellularly filled with the marker biocytin during
recordings from 350 wM thick rat hippocampal dlices,
providing a good assessment of dendritic and axona
arbors. The results show that, despite immature features
such as the presence of spine-like or filopodial processes
on both soma and dendrites, the neonatal hippocampal
interneurones exhibited a well developed dendritic tree,
and a widely distributed axonal arbor extending to the
whole CA3 region.

2. Materials and methods
2.1. Sice preparation

Experiments were performed on hippocampa dlices
obtained from postnatal day (P) two to six male Wistar
rats. Brains were removed under ether anaesthesia and
submerged in cold (0°C) artificia cerebrospina fluid
(ACSF) of the following composition (in mM): NaCl, 126;
KCl, 35; CaCl,, 1,3; MgCl,, 13; NaH,PO,, 12
NaHCO,, 25; and glucose, 11; pH 7.4 when equilibrated
with 95% 0O,/5% CO,. Hippocampal dices (350 pm
thick) were cut on a vibratome (FTB Vibracut). The slices
then recovered for at least 1 h in ACSF at room tempera-
ture (20-23°C), and were transferred individualy in a
submerged recording chamber (flow rate of 4 ml ACSF/
min at 34°C).

2.2 Intracelular labelling

We used the patch-clamp technique (whole cell configu-
ration) to load the interneurones with biocytin. The com-
position of the pipette solution was the following: K-
gluconate (135 mM), CaCl, (0.1 mM), Mg-ATP (2 mM),
ethylene glycol-bis (B-aminoethyl ether)-N,N,N,N tetra-
acetic acid (EGTA) (1 mM) and N-2-hydroxy-
ethylpiperazine-N-2-ethanesulfonic acid (HEPES) (10
mM) and biocytin (1%); pH=7.2. CA3 interneurones were
patched under visual control (Zeiss Axioscope, X40 water
immersion objective) at the surface or not more than 50
pm depth. Only interneurones having a resting membrane
potential more negative than —40 mV were selected.

2.3 Tissue processing and morphological analysis

After injection, the dlices were incubated for 30 to 60
min at room temperature in ACSF. The dlices were then
fixed overnight at 4°C in 1% paraformaldehyde and 1%
glutaraldehyde in phosphate buffer (PB, 0.1 M, pH=7.4)
and transferred in sucrose 30% PB solution. Following
severa rinsing in phosphate buffer saline (PBS, 0.02 M,
pH=7.4), the dlices were treated with Triton X-100 (0.3%
in PBS) for 30 min and incubated for 4 h in avidin
(Moleculare Probes) diluted in PBS (1:800). After rinsing
in PBS, the dlices were incubated for 4 h in biotin-
horseradish peroxidase (Moleculare Probes) diluted in PBS
(1:800). Following severa rinsing in Tris—HCI (0.05 M,
pH=7.6) the dlices were reacted with diaminobenzidine
(DAB, 50 mg/100 ml Tris-HCI) and H,O, (0.01%) for
20 min to visualise the injected cells. The dices were then
rinsed in Tris—HCI, dehydrated in graded ethanol, cleared
with xylene and mounted in Eukit. The labelled inter-
neurones were drawn with the aid of a X25 or X100 oil
immersion objectives and a camera lucida attachment.

3. Results

Interneurones of the rat hippocampal CA3 region were
intracellularly loaded with biocytin between postnatal day
(P) 2 to 6. At that stage of development, all interneurones
recorded in the present study exhibited spontaneous synap-
tic activity mediated by ionotropic GABAergic and gluta-
matergic receptors and, as aready reported [19], were
characterised by the presence of spontaneous periodical
large inward currents (data not shown). Cells were consid-
ered well filled when the staining was uniform throughout
the dendritic and axonal arbors. Since the interneurones
were patched at the surface or not more than at 50 pm
depth, only interneurones with an obvious complete de-
ndritic tree were selected. 13 labelled-interneurones met
these criteria and were included in the present study.

3.1. Interneurones classification

The biocytin-filled interneurones were classified as
bipolar (Fig. 1, cells 1-3) or multipolar (Fig. 1, cells
4-13) based on the number and distribution of their
primary dendrites. The soma of the bipolar interneurones
was located in the stratum radiatum, and their dendrites
confined therein except for cell 1 (Fig. 1) with one
dendritic branch entering the pyramidal layer. The general
orientation of the bipolar interneurones was parallel to the
pyramidal layer. The multipolar interneurones were further
subclassified into stellate (Fig. 1, cells 4-8), pyramidal-
like (Fig. 1, cells 9-11) and fusiform (Fig. 1, cells 12 and
13) interneurones. The soma and dendrites of three stellate
interneurones were located in the stratum radiatum (Fig. 1,
cells 4, 5 and 8). The soma of the two remaining stellate
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Fig. 1. Composite drawings of the dendritic arbors of interneurones stained with intracellular injection of biocytin. Original camera lucida drawings were
used, with slight modifications to obtain the best fit for al cells. The laminar distribution of the dendrites has been preserved. Abbreviation for this and
subsequent figures: SO: stratum oriens; SP: stratum pyramidale; SR: stratum radiatum; SLM: stratum lacunosum moleculare.

interneurones were located into the pyramidal layer (Fig.
1, cells 6 and 7). The soma of pyramidal-like interneurones
was located in the stratum radiatum (Fig. 1, cells 9-11).
Their dendrites ramified throughout the stratum radiatum
and were confined therein, except for the cell 10 (Fig. 1)
with two descending dendrites entering the pyramidal
layer. One fusiform interneurone was located into the
stratum oriens (Fig. 1, cell 12) and the other into the
stratum radiatum (Fig. 1, cell 13). Their dendrites were
oriented horizontally parallel to the pyramidal layer and
restricted to the same stratum as the cell body.

About half of the biocytin-labelled interneurones (6 out
of 13) exhibited spine-like or filopodia processes on their
dendrites (cells 1, 2, 3, 5, 10 and 11), or cell bodies (cells 3
and 11). These spine-like processes appeared thin and
elongated (Fig. 2, A—C) and differed in density and shape
from cell to cell. Some interneurones aso displayed
dendritic swelling (Fig. 2D).

3.1.1. Axonal arbor

A limitation inherent to dlice preparation is that the
axons and dendrites were cut when preparing slices.
Therefore among the 13 labelled-interneurones, only nine
interneurones were considered successfully stained to
investigate the axonal arbor. For the other interneurones,
the amount of axon recovered was insufficient as severa
collaterals were seen to leave the dlice.

3111 Sratum oriens fusiform interneurone. Fig. 3
shows a camera lucida reconstruction of the dendritic and
axonal arbors of a fusiform interneurone labelled at P2
with the cell body and dendrites confined to the stratum
oriens. Three main dendrites emerged from the ovoid cell
body, and extended for a distance of 250 wm paralel to the
CA3 pyramidal layer. This cell exhibited a total dendritic

A

Fig. 2. Photomicrograph showing the presence of spine-like processes or
filopodia on the soma (A) and dendrites (B—D) of stained neonatal
hippocampal interneurones. Scale bar 10 pm.
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Fig. 3. Camera lucida reconstruction of the dendritic (green) and axonal
(red) arborization of a biocytin-filled interneurones a P2. In this and
subsequent figures the pyramidal layer is indicated by a thick grey line.
The soma and dendrites were located in the stratum oriens and covered by
thin spine-like processes. This interneurone was classified as fusiform.
The axon ramified into the CA3 stratum radiatum. Some collaterals
entered the SLM or the CA1 SR (grey arrows). Other collaterals entered
the CA3 stratum lucidum (black arrows). Scale bar 50 pum.

length of 1200 wm and eight dendritic branching points.
The secondary dendrites were covered by elongated filopo-
dial processes (see Fig. 2A and D). The axon arose from
the proximal part of a primary dendrite, and ascended from
the stratum oriens directly to the stratum radiatum where it
gave off several collaterals. These collaterals ran mainly
paralel to the CA3 pyramida layer into the stratum
radiatum and stratum lacunosum moleculare towards the
dentate gyrus. Some collaterals entered into the stratum
lucidum in a close apposition with the pyramidal layer
(Fig. 3, black arrows) or into the CA1 region towards the
pyramidal layer (Fig. 3, grey arrows).

3.1.1.2 Bipolar interneurones. Fig. 4 shows the complete
axonal and dendritic reconstruction of tree bipolar inter-
neurones stained at P6 (Fig. 4A) and P3 (Fig. 4B and C).
Two main dendrites emerged from the opposite pole of the
soma and extended for a distance of 600 uwm (Fig. 4A),
150 pm (Fig. 4B) and 250 pm (Fig. 4C) into the stratum
radiatum. These cells exhibited four (Fig. 4A), seven (Fig.
4B) and nine (Fig. 4C) dendritic branching points, and
their total dendritic length was 700 wm (Fig. 4A), 400 pm
(Fig. 4B) and 625 pum (Fig. 4C). The soma (Fig. 4B) and
dendrites (Fig. 4A—C) were covered by thin filamentous
spine-like processes. Shortly after emerging from the
proximal part of a primary dendritic branch, the axon of
the cell depicted in Fig. 4A gave off numerous collaterals
into the stratum radiatum that ran towards the dentate

Fig. 4. Camera lucida reconstruction of the dendritic (green) and axonal
(red) arborization of bipolar interneurones stained at P6 (A) and P3 (B
and C). Their soma and dendrites were confined to the stratum radiatum.
The axonal arbor ramified into the stratum radiatum and some collaterals
entered the stratum oriens (black arrows). Scale bars: 50 pm.

gyrus. Some collaterals were seen to enter into the stratum
oriens (Fig. 4A, black arrows). Extensive thin and varicose
axon collaterals also spread radially in the vicinity of the
cell body. The axon of the cells depicted in Fig. 4B,C
arose from the cell body and rapidly ramified within the
stratum radiatum to give off collaterals towards the dentate
gyrus (Fig. 4B) or the fimbria (Fig. 4C). Some collaterals
were found to terminate near or within the pyramidal layer
(Fig. 4B—C, black arrows) or to enter into the SLM (Fig.
4C, grey arrow).

3.1.1.3 Pyramidal-like interneurones. Fig. 5 illustrates
tree examples of stratum radiatum pyramidal-like inter-
neurones stained at P4 (Fig. 5A), P3 (Fig. 5B) and P5 (Fig.
5C). These cells exhibited a total dendritic length of 1550
pm (Fig. 5A), 1250 um (Fig. 5B) and 1200 p.m (Fig. 5C).
The total number of dendritic branching points was eight
for the cells in Fig. 5A and 5B, and 10 for the cell in Fig.
5C. Both soma and dendritic trees were smooth, except for
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Fig. 5. Camera lucida reconstruction of the dendritic (green) and axonal (red) arborization of pyramidal-like interneurones stained at P4 (A), P3 (B) and P5
(C). Their soma and dendrites were confined to the stratum radiatum, except for the cell depicted in C, with dendrites entering the stratum oriens. The
axonal arbor ramified into the stratum radiatum. The cell depicted in A exhibited a bistratified axona arbor (grey arrows). Scale bars: 50 pm.

the interneurone in Fig. 5B, that exhibited thin spine-like
processes along the secondary dendrites. The axonal arbor
of these interneurones differed from each other. The axon
of the interneurone depicted in Fig. 5A arose from the cell
body and ran toward the stratum radiatum of the CA1
region. Along his course, it gave off numerous axonal
branches. Some of them turn toward the dentate gyrus into
the stratum radiatum of the CA3 region (Fig. 5A). Within
the CA1 region, the axonal network appeared bistratified,
with collaterals running parallel to the pyramidal layer in
the strata radiatum and oriens (Fig. 5A, grey arrows). The
axona network of the interneurone in Fig. 5B also ramified
into the CA1 and CAS3 but was restricted to the upper part
of stratum radiatum. Some axona branches emerging in
the CALl region crossed the SLM to invade the CA3
region. The axonal network of the interneurone in Fig. 5C
was less spread. Shortly after emerging from the cell body,
the axon branched in several collateras restricted to the
CAS stratum radiatum mainly directed toward the dentate

gyrus.

31.1.4. Sellate interneurones. Fig. 6 illustrates two ex-
amples of stellate interneurones stained at P3. The cell
body of these interneurones were located into the CA3
stratum radiatum and the dendrites were confined therein.
These cells exhibited eight dendritic branching points and
atotal dendritic length of 1200 pm (Fig. 6A) and 1100 pm
(Fig. 6B) respectively. Both cells were aspiny. The axon of

these cells arose from the cell body and rapidly branched
to give off severa collaterals that had a predominantly
radial orientation. The axona network was mainly con-
fined to the stratum radiatum of the CA3 region toward the
dentate gyrus (Fig. 6A) or the CA1 region (Fig. 6B).
Several collaterals were found in a close apposition of the
CA3 (Fig. 6A, black arrow) or CA1 (Fig. 6B, black arrow)
pyramidal layer or to invade the stratum oriens (Fig.
6A—B, grey arrows).

4. Discussion

Our results, based on the reconstruction of neonatal rat
hippocampal interneurones intracellularly filled with the
marker biocytin, provides a complex image of their
morphology with both immature and more adult-like
features. Thus, interneurones exhibit spine-like processes
or filopodia on both soma and dendrites that will disappear
subsequently. Their dendrites and axona arbors are well
developed with a degree of extension that will enable to a
wide control of the electrical activity that GABAergic
interneurones exert at this early stage [4].

4.1. Immature features

One feature frequently encountered in the present study
was the presence of long and thin spine-like processes or
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Fig. 6. Camera lucida reconstruction of the dendritic (green) and axonal (red) arborization of two stellate interneurones stained at P3. Their soma and
dendrites were confined to the stratum radiatum. Their axonal arbor ramified into the stratum radiatum, but collaterals entered the CA3 (A) or CA1 (B)
stratum oriens (grey arrows). Other collaterals terminated in a close apposition of the CA3 (A) or CA1 (B) pyramidal layer (black arrows). Scale bars: 50

wm.

filopodia on both soma and dendrites of neonatal hip-
pocampal interneurones. While their density, shape and
length varied from cell to cell, they were present on about
half of the labelled interneurones. Similar dendritic and
somatic thin processes were observed on fusiform basket
interneurones in the rat dentate gyrus during the first
postnatal week of life [31] and on neonatal Golgi-stained
neocortical interneurones [25]. These thin processes may
represent immature features of neonatal interneurones.
Thus, most, but not all [1,16,38], adult interneurones
display beaded and smooth dendrites [7,17,20,23,27]. In
addition, the spines-like processes originating from neonat-
a interneurones are clearly different from regular, short
spines observed on adult neurones, but rather resemble the
already reported filopodial spines [29].

4.2 Dendritic and axonal arbors of neonatal
hippocampal interneurones

A limitation inherent to dice preparation is that the
axons and dendrites were cut, and therefore the labelled
interneurones were probably incomplete. In spite of this
limitation, our study suggest that the dendritic tree of
neonatal interneurones is well developed and appears far

more extensive than the adjacent CA3 pyramida neurones
[12]. Our staining aso show that the axonal arbors of most
neonatal interneurones cover the entire width of the CA3
stratum radiatum, with collaterals entering the stratum
lacunosum moleculare, the pyramida layer, the stratum
oriens or both. In addition, the axonal collaterals of four
out of nine labelled-interneurones were seen to project to
both CA3 and CA1 regions, while description of adult
[6,17,18,39,41] and pups [14] interneurons demonstrated
only few of such collaterals in CA1l area but instead a
remarkable target specificity in the placement of their
synaptic contacts.

A comparison with adult is complicated by the fact that
interneurones represent an extremely heterogeneous popu-
lation [11,28]. The above observation however suggest that
some types of neonatal CA3 interneurones will undergo
axonal remodelling as development progresses. For in-
stance, the interneuronel2 (Fig. 4) labelled in the present
study, with soma and dendrites confined to the stratum
oriens resemble the already described O-LM interneurones
[17,23,34]. The axon of this cell type in adult ascend from
the soma directly to the stratum lacunosum moleculare to
form a dense cloud of collaterals. The neonatal inter-
neurone 12 also send axon collaterals toward the stratum
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lacunosum moleculare, but additional collaterals entered
the stratum radiatum of both CA1 and CAS3 region.
Therefore, we suggest that some types of interneurones
undergo axonal remodelling as reported for CA3 pyramidal
cells [15] and dentate-gyrus basket cells [31].

4.3. Physiological relevance

The interneurones stained in the present study exhibited
both GABAergic and glutamatergic spontaneous synaptic
activities showing that they were functionally integrated
into the developing hippocampal network. Because 90% of
the hippocampal interneurones located within the strata
oriens and radiatum are immuno-reactive for GABA or
GAD [42], the neonatal loaded-interneurones are likely
GABAergic interneurones. In previous studies it was
shown that GABAergic interneurones provide most of the
synaptic drive on neonatal CA3 pyramidal cells [5,13] and
may exert a trophic action on the neuritic growth of
hippocampal neurones [3,22]. According to these observa-
tions, we found that the dendritic and axonal arbors of
neonatal interneurones are extensive at a time when the
pyramidal cells, are still developing [12]. Thus, GABAer-
gic interneurones are in a unigue position to influence the
functional and morphological development of their target
cells.
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