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Pioneer glutamatergic cells develop
Into a morpho-functionally distinct population
In the juvenile CA3 hippocampus

Thomas Marissal23 Paolo BonifaZi Michel Aime Picardd 23 Romain Nardo&t?:3 Ludovic Franck Pefit2:3
Agnes Baudé23 Gordon James Fish&l Yehezkel Ben-Ati23 & Rosa Cossaft23

The developing CA3 hippocampus is comprised by highly connected hub neurons that are
particularly effective in achieving network synchronization. Functional hub neurons were
shown to be exclusively GABAergic, suggesting that the contribution of glutamatergic neu-
rons to physiological synchronization processes at early postnatal stages is minimal. How-
ever, without fast GABAergic transmission, a different situation may prevail. In the adult CAS,

blocking fast GABAergic transmission induces the generation of network bursts that can be
triggered by the stimulation of single pyramidal neurons. Here we revisit the network function

of CA3 glutamatergic neurons from a developmental viewpoint, without fast GABAergic

transmission. We uncover a sub-population of early-generated glutamatergic neurons that
impacts network dynamics when stimulated in the juvenile hippocampus. Additionally, this

population displays characteristic morpho-physiological features in the juvenile and adult
hippocampus. Therefore, the apparently homogeneous glutamatergic cell population likely
displays a morpho-functional diversity rooted in temporal embryonic origins.
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istic feature of epileptic networks, as well as a hallmark ©A3 dynamics in the absence of GABAR transmission In
eveloping neuronal structures. Such network dynamics anmeler to measure the development of the contribution of single
highly dependent on the connectivity between various types@A3 pyramidal neurons to network function one needs to be able
neurons. At early postnatal segy the developing hippocampugo simultaneously control the activity of individual neurons, while
displays spontaneous, synapse-driven network synchronizatioresasuring network dynamics. In the developing hippocampus
in the form of giant depolarizing potentials (GDPs)Ve have (P7), this can be achieved using two-photon calcium imaging in
previously shown that GDPs adependent onuperconnected combination with electrophysiological recordifigénfortun-
GABAergic hub neurons for their generation, and thadtely, at juvenile and adult stages only a small fraction of CA3
stimulating a single hub cell could affect GDPs in the CA®urons can be loaded with acetoxymethyl (AM) ester "uorescent
region of mouse hippocampal sliéeDespite the profound dyes in slicés Therefore, the network involvement of single
contribution of GABAergic neurons to signalling, the majoritpeurons was tested by combining single-cell recordings with: (1)
of neurons contributing to the CA3 hippocampal network arenulti-neuron calcium imaging at P7; (2) extracellular “eld
pyramidal glutamatergic cells. Still, glutamatergic neuropstential recordings from P14 onwards. At P7, there is a strict
could not impact GDPs occurrence when stimuldtedcorrelation between the events measured using both approaches
This demonstrates that despite their large numbers, tke%5 slices, Supplementary Fig. S1).
contribution of single glutamatergic neurons to physiological Cells that function in synchronizing neuronal activity are
synchronization processesn i the immature postnatal expected to be activated at the onset of spontaneous network
hippocampus is minimal. eventd® In order to identify such cells, we “rst analysed the
In the adult hippocampus, blocking the fast inhibitorysequences of neuronal activation occurring spontaneously in the
GABAergic drive generates network bursts that are thought @A3 region, in contexts where fast GABAergic signalling is
mimic epileptic conditions. In these arti“cial conditions, Milesrti“cially removed through the application of GARMR
and Wong have shown that stimulating a single CA3 pyramidaintagonists. To sample the widest hippocampal area possible,
neuron in hippocampal slices from the adult guinea pig triggense used a low magni“cation objective (0, Fig. 1) at P7, and
network synchronization. Spontaneous “ring in CA3a cellnultiple “eld potential recordings or Microelectrode Arrays
preceded population bursts in a larger proportion than in othd MEAs, Fig. 2) at P14 and onwards. At P7, even though
regions while evoked “ring in these cells more reliably induced &ABAergic transmission is still excitatory in many developing
increase in multiunit activity Last, CA3a glutamatergic cellsieurons and as previously describ8dGABA-Rs blockade in
displayed distinct morpho-physiological properties including thick slices (see Methods and Supplementary Fig. S2) triggers
greater excitability, as well as enhanced synaptic connettivigpontaneous network bursts occurring on average every
Therefore, a sub-population of glutamatergic neurons bears % 2.2s and involving 21 3% of the imaged cellsn¥18
potential to entrain large networks without the contribution ofmovies). Similar event frequencies were observed at P14...20. Later
GABAergic signals. This population was proposed to act @s45...120), network bursts are sparse and irregular, a condition
.pacemakere cellere, we investigated whether, already at easkhich unfortunately precludes analysing the impact of single-cell
developmental stages, glutamatergic neurons could triggémulation on event frequency with statistical relevance
comparable network bursts without the contribution ofSupplementary Fig. S3).
GABAergic transmission. Given that embryonic origin was At P7, the build-up of activity during network bursts lasted on
recently shown to predict GABAergic hub cell fatave average 57541 milliseconds (Fig. 1b,g/m?48 slices). To reveal
investigated whether glutamatergic neurons endowed with tifie characteristic pattern of cells was recruited in the build-up
capability to trigger network bursts also originate from specifgeriod, we compared between different network bursts, the
embryonic time points. pattern of cells activated within 500 ms before the peak of
To address the above issues, we studied the postnataichrony. Similarity between cell activation patterns was
maturation of the network function of single CA3 pyramidameasured using cluster analysis and compared with reshuf’ed
neurons when arti“cially blocking fast GABAergic transmissiordata for statistical signi“cance (see Methods and ref. 2).
We used multibeam calcium imaging to analyse the sequentiaWe observed that network bursts were characterized by a
activation of CA3 neurons. Immature (P7) and juvenile (Plgtereotypical sequence of neuronal activation that accounted for
onwards) postnatal stages were compared. Targeted patch-clamgt of the events occurring within the recording periodt(BP6
recordings were performed to assess the network powerewgentsn¥5 slices, Fig. 1a...f). This indicates that the sequences of
individual neurons as a function of their temporal recruitmemeuronal activation in the absence of fast GABAergic transmission
and to determine their morpho-physiological properties. Inducare almost invariable. In contrast, the network bursts occurring in
ble genetic fate mapping approaches were used to compareptmgsiological conditions display more variability as only one-third
network involvement of early and late generated glutamatergic GDPs occurring within a recording period presented similar
neurons (EGNs and LGNS). dynamic$. Based on the cross-correlation between the “ring of
We show that neurons are sequentially recruited into netwockll pairs, for each neuron, we estimated the average correlation
bursts according to their temporal embryonic origin, with EGNand time lag of activation relative to all other cells (Fig. 1c,
being recruited before LGNs. Moreover, small assembliesM#thods and ref. 2). These time-lag correlation graphs presented a
EGNs can trigger network bursts when stimulated at P7, whidenodal distribution (Fig. 1c) with neurons clustered on the upper
individual ones can generate similar bursts at juvenile stageslelh region of the graph being reliably activated during the build-
contrast, stimulating LGNs has no impact on network dynamiagp of most network bursts (early “ring neurons, (EFNs) see
Additionally, in the adult hippocampus, EGNs segregate in thethods, Fig. 1c) while neurons on the right were activated after
deeper parts of CA3a/b and display a combination of morph¢late “ring neurons (LFNs) Fig. 1c).
physiological features that should enable them to be earlyin some recordings we could compare the time of activation of
activated and in"uence the activity of other neurons. Therefomneeurons before and after adding the GABR blocker.
the ultimate morpho-physiological and functional diversity diterestingly, we found that a large majority (88944 slices)
CA3 glutamatergic neurons seems to originate from their dateadfthe cells were detected as early “ring both in control and drug
birth. conditions (not shown).

S;Chronized discharges of cell populations are a charactBesults
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Figure 1 | Spatio-temporal network dynamics in the absence of fast GABAergic transmission in the developing CA3 regiga) Top: Rasterplot of the
calcium event onsets as a function of time for every neuron imaged in the presence of bicucullineit)n a P7 mouse hippocampal slice loaded with
Fura-2AM and recorded with two-photon multibeam excitation at X10 magni“cation. Bottom traces show two representative calcium "uorescence traces
from two cells in the network. Scale bax axis: 30 s,y axis: 10% DF/F. ) Top: Rasterplot showing the temporal recruitment of the neurons involved in a
representative network burst (marked by an arrow im)). Orange area indicates the time of activation of EFN while white area indicates that of LFN. Arrow
indicates the peak of maximum cell coactivation. Two examples of calcium "uorescence changes occurring in an EFN (red) and a LFN (blue) during that
event are illustrated below. Scale baraxis: 1 sy axis: 10% DF/F. €) Time-lag correlation graph plotting for each imaged neuron (729 neurons) the average
correlation and average time of activation relative to all other cells for all network bursts within a recording session (12 events). The peak ofumeogth
coactivation (arrow inb) was used as the zero time referenced) Two-photon calcium "uorescence image of the recorded network. Scale bar: 400

(e) Contour plot of the cells imaged inkf). Red “lled contours indicate EFNsf)(Same as €) with LFNs “lled in blue. {j,h) Simultaneous calcium imaging

and patch-clamp recording of EFNs (reg), and LFNs (blueh) in the CA3 region of a P7 mouse slice. Top rasterplots indicate the fraction of active cells as a
function of time. In both cases, two network bursts were recorded. Arrows indicate the activation onsets of the EFN (red) and LFN (blue). Middle traces

illustrate the calcium "uorescence changes in EFNs and LFNs and bottom traces show the simultaneous membrane potential changes recorded in current-
clamp mode at resting membrane potential§l0 pA) in the EFN (red) and LFN (blue).
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