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Recurrent CA1 collateral axons in developing rat hippocampus
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Abstract

Rat perinatal (E20–P0) CA1 pyramidal neurons were either synaptically active or silent. We show here that, during this developmental
period, active but not silent cells form recurrent axon-collaterals that invade the radiatum and the lacunosum moleculare strata. These
recurrents were never observed in adult rats. We propose that these transient recurrent axons may participate in the activity-dependent
modulation of the synaptogenesis  2001 Published by Elsevier Science B.V.
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In an effort to better understand the organisation of cell body and reached the stratum oriens. This pattern was
developing networks we have investigated the maturation independent of the degree of maturation of the dendritic
of synaptic responses in CA1 pyramidal cells. We previ- tree and synaptic activity [26]; these observations support
ously demonstrated [26] that at birth up to 80% of the notion that axons develop before dendrites. In adults
pyramidal cells did not have dendrites in the radiatum or the axons of CA1 pyramidal cells originate a few collater-
oriens strata and were silent in that they exhibited no als that may distribute within the stratum oriens and
spontaneous or evoked synaptic currents. Synaptic re- seldom the stratum pyramidale [10,16,19,25]. The recur-
sponses mediated by GABA receptors only could be rent excitatory network is therefore relatively poor in thisA

detected in around 10% of pyramidal cells, having as a field and synchronisation of CA1 pyramidal cells (e.g.,
requisite an apical dendrite in the stratum radiatum. genesis of ictal discharges) is consequently a rare event [9]
Finally, 10% of recorded cells displayed both GABAergic as compared with the CA3 area, where recurrent synapses
and glutamatergic synaptic responses; their dendritic arbor between pyramidal cells drive polysynaptic responses after
was more developed and dendrites penetrated in the removal of GABAergic inhibition [4,17].
stratum lacunosum moleculare. These and other observa- In the course of our study, we observed that in contrast
tions [26] suggest that the first synapses are established on to adult neurons, CA1 pyramidal axons in the embryonic
the apical dendrites of the pyramidal neurons and are and early postnatal hippocampus might have an axonal
GABAergic followed by the establishments of gluta- arbor that extended to the distal parts of stratum radiatum
matergic synapses, only once the postsynaptic target has and even to lacunosum moleculare.
reached a certain degree of maturation. Experiments were performed on coronal CA1 hippocam-

The majority of pyramidal cells recorded at P0 displayed pal Vibratome slices (400-mm-thick) obtained from em-
a relatively well developed axon that originated from the bryos (E19 to E21), newborn (P0) young (P27) or adult

(P60–P120) Wistar rats. Slices were incubated in oxy-
genated artificial cerebrospinal fluid [ACSF composed of
(in mM): 126 NaCl, 3.5 KCl, 2 CaCl , 1.3 MgCl , 252 2*Corresponding author. Tel.: 133-4-9182-8114; fax: 133-4-9182-
NaHCO 1.2 NaHPO , 10 glucose] for at least 1 h.8114. 3 4
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the recording chamber with oxygenated ACSF at 30–328C lated by a bipolar twisted nichrome electrode placed in the
at a rate of 2–3 ml /min. stratum radiatum of CA1 with an intensity that ranged

Pyramidal cells were recorded under visual control (with between 10 and 100 V, 30 ms duration and at a frequency
an Axioscope, Zeiss) using patch-clamp technique in the of 0.05– 0.033 Hz. Synaptic currents and agonist-evoked

´whole-cell configuration [14] with an Axopatch 200A responses were analysed using Acquis software (Gerard
(Axon Instruments, USA) or EPC9 amplifiers (HEKA). Sadoc, France).
Microelectrodes had a resistance of 5–10 MOhm and filled Drugs used were: a-amino-3-hydroxy-5-methylisox-
with a solution of the following composition (in mM): 130 azole-4-propionic acid (AMPA), 6-cyano-7-nitroquinox-
CsGlu, 10 CsCl, 0.1 CaCl , 1.1 EGTA, 10 HEPES, 4 aline-2,3 dione (CNQX) and D-2-amino-5-phosphonovaler-2

21 1Mg ATP, 0.3 Na GTP, and biocytine (0.5–0.8%) or ate (D-APV) all purchased from Tocris Coolson Ltd.,
biocytin Alexa fluor (0,1%; Molecular Probes, Eugene, Bristol, UK. Bicuculline and biocytine were purchased
OR, USA), pH 7.25, 270–280 mOsm. Slices were stimu- from Sigma–Aldrich (St Quintin Fullavier, France).

Fig. 1. Embryonic cells with recurrent axons were synaptically active. (A) Pyramidal cell recorded at E20 and injected with biocytin (0.05%). The apical
dendrite reaches the stratum radiatum but not the lacunosum moleculare. The recurrent axon (indicated by arrows) crosses the stratum pyramidale and the
stratum radiatum. A drawing of this cell is represented in Fig. 2 (no. 3). Synaptic responses were evoked by the stimulation of the stratum radiatum (20 V,
30 ms duration, 0.033 Hz) and were mediated by GABA receptors only since bicuculline (15 mM) abolished reversibly this response at both potentialsA

recorded, even when the stimulus intensity was increased to 100 V (traces represent the mean of five consecutive responses evoked at 100 V, 5 min after the
application of bicuculline). (B) Pyramidal cell recorded at P0 and injected with Alexa (0.1%). The apical dendrite branched within the stratum radiatum
and lacunosum. The recurrent axon (arrows) that crossed the stratum pyramidale also reached the stratum lacunosum. Note that Alexa gave a bright and
precise fluorescent staining that is visible in living cells, prior to fixation. A drawing is reproduced in Fig. 2 (no. 7). Synaptic activity was mediated by
GABA , AMPA and NMDA receptors. Each trace corresponds to the mean of five consecutive responses evoked by stimulation of stratum radiatum at 30A

V. At 270 mV bicuculline reduced but did not block completely the synaptic response. The remaining postsynaptic current (PCS) was suppressed by
CNQX (15 mM). In the presence of the two antagonists, the stimulation evoked at 40 mV PSCs sensitive to D-APV (50 mM). lm, stratum lacunosum
moleculare; or, stratum oriens; p, stratum pyramidale; ra, stratum radiatum. Scale bars550 mm.
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To reveal biocytine, slices were immersed in a fixative mate receptors (n516), since in addition to bicuculline,
solution of paraformaldehyde (4%) and glutaraldehyde CNQX (10 mM) was required to completely block the
(0.2%) overnight, rinsed in 0.05 M Tris-buffered saline, synaptic responses at 270 mV, indicating the participation
pH 7.4 (TBS) containing 0.3% Triton X-100 for 30 min of AMPA receptors. The involvement of NMDA receptors
and incubated overnight at 48C in an avidin–biotin–per- to the synaptic activity in these cells was revealed at 40
oxidase solution prepared in TBS (Vectastain Elite ABC, mV, by the presence of a D-APV (50 mM)-sensitive
Vector Laboratories, Burlingame, CA). After a 30 min component.
wash in TBS, slices were processed in 0.06% 3,3- Axons of these pyramidal cells, revealed by biocytin or
diaminobenzidine tetrahydrochloride and 0.01% hydrogen Alexa staining, reached the stratum oriens and also the
peroxide. They were then rinsed and mounted with Per- alveus. In addition we found that some of these axons
mount. Stained cells were reconstructed using a camera generated recurrent collaterals that originated within the
lucida. stratum pyramidale or the stratum oriens, crossed the

CA1 pyramidal cells were recorded from embryonic day pyramidal cell layer and distributed within the stratum
(E) 20 to P0 (day of birth) under visual control that radiatum and eventually the lacunosum moleculare (with
allowed us to distinguish cells with an anlage of apical one or two axon terminals; Figs. 1 and 2). While silent
dendrite from those that had a more developed apical cells did not show any recurrent collateral, 12% of GABA
dendrite that reach the stratum radiatum or lacunosum- only responsive cells (six out of 48 stained cells) and 37%
moleculare [26]. In keeping with our previous study we of GABA1glutamate responsive cells (six out of 16)
found that the first group of cells (n531) were synaptically developed this axonal arborisation.
silent (i.e., they had neither spontaneous nor evoked Pyramidal neurons from young (P27; n54) and adult
responses by the stimulation of the stratum radiatum (P60–120; n569) rats were analysed to investigate
synaptic currents). The second group of cells had synaptic whether recurrent collaterals persisted or not in adults.
activity mediated only by GABA receptors (n548) since Cells recorded displayed a more complex dendritic treeA

both spontaneous and evoked synaptic responses were (Fig. 3), with basilar dendrites branching within the
fully blocked by bicuculline (15 mM), the GABA re- stratum oriens and a long radial apical dendrite reachingA

ceptor antagonist. Finally, the third group of cells had the hippocampal fissure. The axons of these cells, origina-
synaptic activities mediated by both GABA and gluta- ting from cell bodies or basilar dendrites, reached theA

Fig. 2. Camera lucida reconstruction of perinatal CA1 pyramidal cells with GABA-mediated PSCs (in red) or GABA plus glutamate -mediated PSCs (in
black) displaying recurrent axons (in yellow). Cells were recorded and injected from E20 (1, 3, 5), E21 (6, 7) or P0 (2, 4, 8–12) hippocampus. The limits
of cell layer are shown in grey. or, oriens; p, pyramidale; ra, radiatum, lm, lacunosum moleculare. Scale bar5100 mm.
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Fig. 3. Camera lucida reconstruction of CA1 pyramidal cells recorded from P27 and P60 days old. Axons (arrows) were observed in the stratum oriens and
alveus but no recurrent collaterals were observed in stratum radiatum. Scale bar5100 mm.

alveus and could be followed for relatively long distances. als invading the pyramidale or the radiatum strata. The
They may originate a few collaterals within the stratum mean density of axon collaterals did not significantly
oriens (Fig. 3A), but we never observed recurrent collater- change with age [3.161.8 in E20–P0 (n5135 rats) and
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3.762.8 in adult, (n569 rats)], so that the changes between pathway during the establishment of the binocular segrega-
perinatal (E20–P0) and adult (P60–120) rats are rather tion [21] or in the postcentral gyrus neurons that in the
more qualitative (i.e., area of distribution) than quantitative rhesus monkey foetuses retract callosal collaterals while
(i.e., elimination of supernumerary branches). However, maintaining ipsilateral projections [8]. Although there is
this conclusion should be tempered since cells were presently no evidence for postnatal CA1 pyramidal cell
recorded from the surface of 400 mm sections and we death, it is plausible that programmed cell death is
cannot exclude that some collaterals branched out of the responsible for the elimination of these recurrent collater-
slice. In addition, though biocytine is relatively well als. Interestingly, developmental cell death has been
transported along neuronal extensions, it may be that some reported for a class of GABAergic cells by Super et al.
collaterals are not stained. [24]; these cells distribute within the radiatum and

The present data strongly suggest that recurrent collater- lacunosum moleculare stratum and have been considered
als are transiently developed during the maturation of the as pioneer neurons involved in the formation of layer-
dendritic tree and that a minimum degree of maturation is specific connections. If these cells are the target for the
required (because it is absent from silent cells). If these recurrent pyramidal axons, their postnatal death (which
collaterals establish functional synaptic contacts it is takes place during the first postnatal week) may underlie
presently unknown, and only electrophysiological analysis the elimination of the inappropriate collateral projection.
coupled to electron microscopy (EM) would help to clarify Recent data have shown a reactive sprouting of CA1
this point. If CA1 transient axonal branches disappear axon collaterals that profusely distributed within the
without contributing to the formation of developing net- stratum pyramidale [13,19] and eventually the stratum
works, they would represent navigation errors of growing radiatum in epileptic animals [13]. These recurrent axons
axons that affect more than 10% of maturing pyramidal may be responsible, at least in part, for the epileptiform
cells. bursts evoked in CA1 by stimulation of the associational

Previous reports on adult hippocampi demonstrated that pathway [13]. Our present data, showing an innervation of
axon collaterals, that are mainly restricted to the oriens radiatum moleculare strata by CA1 recurrent axons in
layer, innervate both interneurons [1,2] and basilar de- developing rats, reinforce the suggestion that reactive
ndrites of CA1 pyramidal cells [10]. It is therefore sprouting recapitulates developmental programs and that it
plausible that recurrent collaterals present in the stratum may provide some clues for a better understanding of the
radiatum and lacunosum of perinatal rats innervate both developmental changes. Thus, it is tempting to suggest that
interneurons and apical dendrites of pyramidal cells. recurrent collaterals in immature hippocampi contribute to
However, while GABA interneurons, that proliferate in the the synchronisation of CA1 neurons which generates giant
hippocampus before E17 [22], are relatively well de- depolarising potentials (GDPs), the main network activity
veloped by the end of gestation, pyramidal cells, that during this period of life [5].
proliferate after E17 [3], almost never displayed dendrites
in the stratum lacunosum moleculare before birth. There-
fore, if recurrent axons made synapses in this layer, Acknowledgements
interneurons and Cajal–Retzius cells would constitute the
more plausible target. In the stratum radiatum in contrast, We express our gratitude to Dr J. Hirsch for her advice,
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