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Abstract

The dentate gyrus, the entry gate to the hippocampus, comprises 3 types of glutamatergic cells, the granule, the mossy and
the semilunar granule cells. Whereas accumulating evidence indicates that specification of subclasses of neocortical
neurons starts at the time of their final mitotic divisions, when cellular diversity is specified in the Dentate Gyrus remains
largely unknown. Here we show that semilunar cells, like mossy cells, originate from the earliest stages of developmental
neurogenesis and that early born neurons form age-matched circuits with each other. Besides morphology, adult semilunar
cells display characteristic electrophysiological features that differ from most neurons but are shared among early born
granule cells. Therefore, an early birthdate specifies adult granule cell physiology and connectivity whereas additional

factors may combine to produce morphological identity.
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Specification of cardinal neuronal subclasses is a well-studied
process in the neocortex. There, increasing evidence from the
last 4 decades indicates that neuronal identity is predeter-
mined as early as final mitotic divisions occurring in the
embryonic proliferative regions, with the underlying genomic
mechanisms being partly elucidated (Butt et al. 2005; Rakic
et al. 2009; Nord et al. 2015). Whether the concept of a proto-
map (Rakic 1972, 1988) applies to other cortical regions such as
the hippocampus remains an open question. Dentate granule
cells are the principal components of the dentate gyrus (DG),
which is the critical entry point to the hippocampus. Much
attention has been given to adult neurogenesis in this region
because it is 1 of only 2 brain areas where it occurs in nonhu-
man mammals and in particular in rodents (Donega et al.
2018). The continuous addition of new granule cells in rodents
makes the DG a highly heterogeneous structure composed of
different generations of neurons. If developmental and adult-
born neurons were shown to be similar regarding their intrinsic

and synaptic properties (Laplagne et al. 2006, 2007), the age of
adult-born neurons is known to critically determine their func-
tion and excitability. Hence, for example, young adult-born
granule cells are more excitable (Schmidt-Hieber et al. 2004),
support pattern separation (Nakashiba et al. 2012), but are less
spatially tuned (Danielson et al. 2016) and more prone to reac-
tive plasticity during epileptogenesis (Kron et al. 2010) com-
pared with older ones.

Whether such age-dependent specialization of function also
applies to developmental neurogenesis remains unknown. This
is a particularly important issue since most granule cells origi-
nate from developmental neurogenesis (Altman and Bayer
1990; Mathews et al. 2010) with a peak at P1 in mice and P7 in
rats, and since neurons originating from the earliest stages of
developmental neurogenesis were recently shown to be more
prone to coordinate neuronal activity in the CA3 hippocampal
region (Picardo et al. 2011; Marissal et al. 2012). Interestingly, it
is known that granule cells are a heterogeneous cell population,
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both morphologically and functionally. Of particular interest
are the semilunar granule cells (SGC), a name coined by Ramon
y Cajal (1909) alluding to their characteristic cell body shape
and dendritic arborization. These cells are a rare subtype of
granule cells with a soma in the inner molecular layer, and a
dendritic arbor shaped like a half-moon. Remarkably, these
cells were shown to be important vectors for the transfer of
entorhinal inputs to the hippocampus through specific intrinsic
properties and a differential connectivity pattern, including a
distinctive integration into local GABAergic circuits (Williams
et al. 2007; Larimer and Strowbridge 2010; Gupta et al. 2012).
Given their prominent network function and their charac-
teristic morphology, we therefore asked whether this subtype
of granule cells could be specified through their developmental
ontogenetic origin. Using inducible genetic fate mapping to
label glutamatergic neurons in the DG according to their birth-
date, we show that SGC, like mossy cells (MC) (Li et al. 2008),
originate from the earliest stages of DG developmental neuro-
genesis, with an ontogenesis peak about 1 week before that of
granule cell developmental ontogenesis. Accordingly, these
cells gain mature properties at early postnatal stages. In addi-
tion, multidimensional clustering of physiological variables
sampled from early born and randomly targeted granule cells
(GC) in the adult, segregated pioneer GC into a physiologically
distinct group that includes semilunar cells. This subclass of
early born GC (ebGC) is anatomically heterogeneous but shares
similar intrinsic properties all converging towards a lower
excitability compared with most granule cells. In addition,
ebGC are evenly distributed around the granular layer and dis-
play putative axonal contacts onto hilar MC. Therefore, a sub-
class of pioneer developmental granule cells that includes ebGC
synapsing onto MC, is physiologically, but not anatomically,
specified by an early developmental origin. Although the specific
contribution of this pioneer circuit to DG function remains to be
determined, this study further extends the developmental
scheme by which early born neurons are likely to become key
components of adult hippocampal networks. It also partially
extends the “protomap hypothesis” to the early generated
cohort of DG cells by showing that physiological diversity is
probably predetermined at the time of origin whereas other
factors contribute to the specification of morphological traits.

Materials and Methods
Inducible Genetic Fate Mapping

All protocols were performed under the guidelines of the
French National Ethics Committee for Sciences and Health
report on “Ethical Principles for Animal Experimentation” in
agreement with the European Community Directive 86/609/EEC
under agreement #01 413.03. All efforts were made to minimize
pain and suffering and to reduce the number of animals used.
In order to birthdate developmentally generated glutamatergic
cells in the DG, we used the fact that most cortical glutamater-
gic neurons originate from progenitors expressing a combina-
tion of transcription factors including the proneural bHLH
transcription factor Neurogenin2 (Ngn2). Ngn2 is expressed in
both neuronal progenitors and early postmitotic neurons in the
VZ and SVZ (Hand et al. 2005). Ngn2 expression is transitory
and rapidly downregulated as soon as cells leave the cell cycle
and start migrating towards their ultimate position (Hand et al.
2005; Ozen et al. 2007; Galichet et al. 2008). To follow the fate of
glutamatergic neurons within the adult DG, Ngn2CrefX™/wt/

Table 1 Electrophysiological properties of ebGC or GC in young adult

ebGC GC P values

Number of cells 40 67

Rm (MQ) 217 +18.24 272 +15.25 0.0018
Cm (pF) 71.02 +4.61 72.22 +5.05 0.5598
AP threshold (mV) -3294 +1.16 -35.61+091 0.0362
AP amplitude (mV) 76.26 +1.52 81.22 + 1.39 0.0023
AP duration (ms) 1.08 +1.19 1.39 £ 0.08 0.0828
Vrest (mV) -70.37 +1.24 -70.83 +1.16 0.5036
fAHP (mV) 16.97 + 0.77 1624 +0.75  0.9411
Accommodation (mV) 16.35 + 1.43 14.93 + 0.98 0.4611
Gain (Hz/pA) 3.28 + 048 6.39+0.77  0.0279
Max. firing rate (Hz) 6.06 + 1.02 9.04 £ 0.79 0.0076
% of adaptation 38.65 +4.28 30.58 + 3.73 0.1278
Rheobase (pA) 156.8 + 13.7 102.7 +9 0.0005

P values as given by Mann and Whitney test. All data are given as mean + SEM.
AP, action potential; Cm, membrane capacitance; Rm, membrane resistance;
Vrest, resting membrane potential; fAHP, fast after hyperpolarization.

Ail4:LoxP*/* (Zirlinger et al. 2002; Miyoshi et al. 2010) male mice
were crossed with 7-8-week-old wild-type Swiss females (C.E
Janvier, France) for offspring production. To induce Cre activity
during embryogenesis, tamoxifen was delivered to pregnant
mothers (2 mg per 30 g of body weight of tamoxifen solution,10
mg/mL prepared in corn oil Sigma, St. Louis, MO) at embryonic
days E10.5, 12.5, 14.5, 16.5 postvaginal plug. To induce postnatal
Cre activity, PO (postnatal day-0), P1, P3, and P7 pups were
intraperitoneally injected with the tamoxifen solution.
Recombination of the reporter allele is achieved within 24h
upon administration of tamoxifen. For simplification purposes
Ngn2CreERTM/Wt/Aj94:1,0xP* W mice pups expressing Td-tomato
are named tamoxifen-treated Ngn2/Ai14. We assessed unspecific
labeling in pups issued from nontamoxifen-gavaged mothers.
We show that the “leaky” expression resulting in nontamoxifen-
dependent Cre-mediated recombination (Madisen et al. 2010) is
negligible (0.8% of Td-Tomato expressing cells, n = 10 brains).

Statistical Analysis

All the data reported in the tables (Tables 1-4) are given as
mean + standard error of the mean (SEM). All the data shown in
scatter dot plots or histograms are given as mean + standard devi-
ation (SD) (Figs 2-5). All statistical analyses were performed with
the GraphPad Prism 7 software using non parametric Mann and
Whitney tests, or Kruskall Wallis tests followed by Dunn’s multi-
ple comparisons test. P values are given in Tables 14, or indicated
on graphs as * for P < 0.05; ** for P < 0.01; ** for P < 0.005; *** for P <
0.001.

Morphological Analysis

Mice aged between postnatal days 34 and 100 (P34-100; mean
P62 + 3, n = 37) tamoxifen-treated Ngn2/Ail4 animals were
deeply anesthetized with a ketamine (250 mg/kg) and xylazine
(25 mg/kg) solution (i.p.) and transcardially perfused (1mlL/g)
with 4% paraformaldehyde in saline phosphate buffer (PBS).
Brains were post-fixed overnight, then washed in PBS.

Quantification and Distribution of Fate Mapped Granule Cells
The 70 pm-thick horizontal or coronal sections of fixed brains
were sliced (total 34 mice, P34-P100, mean P63+ 2; E10.5, n = 2
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Table 2 Morphological properties of SGC or GC in young adult

SGC E12.5 GCE125 GC random P values
Soma and dendrites
# cells 17 10 26
Soma perimeter (pm) 137.6 + 8.3 112.0 +3.9 1459 + 5.1 0.001
# dendritic nodes 111+ 0.8 124 +1.3 129+ 0.5 0.1135
# dendritic ends 145+ 0.8 135+13 14.0+ 0.6 0.3449
# Primary dendrites 36+04 1.1+0.1 1.1+01 <0.0001
Dendritic length (mm) 56+04 52+03 738+ 0.4 0.002
Angle spreading (°) 168.8 + 8.4 108.0 £ 5.6 107.2 +5.7 <0.0001
Axon
# recovered axons 5 4 11
# nodes 52+16 65+13 58+1.1 0.2443
# ends 6.2+16 75+13 68+11 0.2443
Length (mm) 57+13 33+07 29+04 0.4146
P values as given by Kruskal and Wallis test. All data are given as mean + SEM.
Table 3 Electrophysiological properties of the 3 groups of SGC and GC as established after cluster analysis
Cluster 1 Cluster 2 Cluster 3 P values
Number of cells 21 45 41
Rm (MQ) 4421+ 29 1624 + 4.7 248.0 £ 5.7 <0.0001
Cm (pF) 475+5.8 88.8+6.3 66.7 +3.7 <0.0001
AP threshold (mV) -382+12 -323+12 -362+1 0.0035
AP amplitude (mV) 81+23 772138 80.4+16 0.2573
AP duration (ms) 1.5+0.13 1.0 + 0.05 14+01 0.0017
Vrest (mV) -71.2+18 -69.5+14 -71.5+13 0.0914
fAHP (mV) 16.1+14 174 +0.9 14.7 + 0.7 0.1202
Accommodation (mV) 164 +1.7 14.7 + 1.2 155+ 1.3 0.8114
Gain (Hz/pA) 701 28+04 68+1 0.0005
Max. firing rate (Hz) 108 +1.2 55+1 89+1 0.0003
% of adaptation 16.1+2 519+54 29.1+4.1 0.0003

P values are given by Kruskal and Wallis test. All data are given as mean + SEM. AP, action potential; Cm, membrane capacitance; Rm, membrane resistance; Vrest,

resting potential; fAHP, fast after hyperpolarization.

brains; E12.5, n = 5 brains; E14.5, n = 5 brains; E16.5, n = 4 brains;
PO, n = 4 brains; P1, n = 5 brains; P3, n = 5 brains; P7, n = 4
brains). In order to quantify Td-tomato labeled neurons, gran-
ule cells, SGC, and MC were manually counted according to pre-
viously established morphological criteria (Larimer and
Strowbridge 2010) using Zeiss Axiolmager Z2 microscope. A
total of 105303 cells were counted including 102136 granule
cells, 2521 SGC, and 646 MC. The distribution of Td-tomato-
labeled neurons throughout the granule cell layer after tamoxi-
fen administration at different time points was assessed manually
by estimating the position of the labeled cells within the thickness
of the granular layer normalized to 1. The position was analyzed
for a total of 2547 cells (E12.5, 5 brains, 133 cells; E14.5, 2 brains,
254 cells; E16.5, 2 brains, 103 cells; PO, 3 brains, 572 cells; P1, 2
brains, 777 cells, P3, 616 cells, P7, 3 brains, 92 cells). Therefore, a
cell scoring at 0.5 is located in the middle of the granular layer
while a score from 0.5 to 1 or from 0 to 0.5 located the cell towards
the outer or inner part of the granular layer, respectively.

Immunocytochemistry

The 70 ym-thick brain sections from E12.5 tamoxifen-treated
Ngn2/Ail4 periadolescent mice (n = 3 mice, P42) were randomly
examined to search for contacts between mossy fibers and MC
within the hilus. Immunolabelling for PSD95 was used as a
proxy for putative synaptic contacts between early born

granule cells and MC in the hilus. E12.5 tamoxifen-treated
Ngn2/Ail4 mice were deeply anesthetized, perfused and brains
were processed as previously described (Villette et al. 2016)
using a rabbit anti-PSD95 antibody (1/1000; ab18258, Abcam,;
RRID: AB_444 362). Images were obtained using a Zeiss LSM 800
confocal microscope (488 and 561nm laser wavelength,
sequential scanning, pixel size 0.068 um, z step 0.46 pm).

Morphological Analysis of Neurobiotin Filled Cells

A total of 53 and 14 Neurobiotin-filled neurons were recovered
for morphological analysis from young adult mice aged
between P37 and P171 (mean age: P88 + 5, n = 41) and juvenile
mice aged P15, respectively. Slices were fixed overnight at 4 °C
in Antigenfix (www.diapath.com), rinsed in PBS containing
0.3% Triton X-100 (PBST) and incubated overnight at room
temperature in Al488-streptavidin (1/1000 in PBST; Jackson
Immunoresearch, West Grove, PA). Stacks of optical sections
(pixel size 0.24 pm, z step = 0.4 pm) were collected using a Leica
TCS SP5-X confocal microscope (488nm laser wavelength).
Neuronal reconstruction and post hoc analysis were performed
with a computer-assisted system (Neurolucida, MicroBrightfield).
Morphological variables included dendritic and axonal lengths,
somatic, dendritic and axonal surfaces, number of dendritic and
axonal endings and nodes, and dendritic angle spread.
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Table 4 Morpho-physiological properties of SGC or GC at P15

SGC E12.5 GCrandom  Pvalues
Electrophysiology
# cells 21 15
Rm (MQ) 2325+29.7 529.3 +65.7  0.0008
Cm (pF) 703 +7.6 418+69  0.0057
AP threshold (mV) -351+14 -358+1.6 0.6272
AP amplitude (mV) 80.4 +3.7 67.8 +4.1 0.0064
AP duration (ms) 1.1+ 0.03 1.2+0.1 0.068
Vrest (mV) —65.7 +2.0 —-68.3+29 0.3720
fAHP (mV) 14.7 + 1.6 17.8+£0.9  0.1935
Accommodation (mV) 140+ 25 158 £ 3.1 0.7026
Gain (Hz/pA) 63+14 16.8+56  0.0979
Max. firing rate (Hz) 88+ 1.6 14.1+ 4.6 0.5953
% of adaptation 29.5+6.9 209 +8.9 0.0278
Morphology
Soma and dendrites
# cells 5 9
Soma perimeter (pm) 1589+ 9.6 148.0 +£5.2 0.4191
# dendritic nodes 11.2+1.3 156 +1.7 0.1074
# dendritic ends 148 +1.2 16.6 +1.8 0.6299
# Primary dendrites 34+03 1.0+0.0 0.0005
Dendritic length (mm) 58+14 5.39+0.7 0.9760
Angle spreading (°) 170 +114 108.8 +13.4 0.0101
Axon
# recovered axons 3 2
# nodes 1.7+09 6.5+05 0.2000
#ends 2.7 +0.9 75+05 0.2000
Length (mm) 20+04 29+0.1 0.2000

P values as given by Mann and Whitney test. All data are given as mean + SEM.
AP, action potential; Cm, membrane capacitance; Rm, membrane resistance;
Vrest, resting potential; fAHP, fast after hyperpolarization.

Electrophysiology

Horizontal hippocampal slices (350 ym) were prepared from
young adult mice aged between P37 and P171 (mean age: P88 +
5, n = 41) and P15 mice, wild-type for control or E12.5
tamoxifen-treated Ngn2/Ail4, with a Leica VT1200 Vibratome
using the Vibrocheck module in ice-cold oxygenated modified
artificial cerebrospinal fluid (0.5mM CaCl2 and 7 mM MgSO4;
NacCl replaced by an equimolar concentration of choline). Slices
were then transferred for rest (1h) in oxygenated normal aCSF
containing (in mM): 126 NaCl, 3.5 KCl, 1.2 NaH,POy, 26 NaHCOs3,
1.3 MgCl,, 2.0 CaCl,, and 10 p-glucose, pH 7.4. A total of 143 out
of 193 cells within the DG were recorded in hippocampal slices
of mice aged P15 (GC, n = 15; SGC, n = 21) and >P50 (GC, n = 82;
SGC, n = 25) for physiological characterization. A total of 50
cells were discarded because it was necessary to inject too
much negative current (<-10pA) to hold them for stable
recordings. Overall, 67 neurons were successfully recovered for
morphological analysis (see above). Neurons were held in
current-clamp using a patch-clamp amplifier (HEKA, EPC10) in
the whole-cell configuration. Intracellular solution composition
was (in mM): 130 K-methylSO,, 5 KCl, 5 NaCl, 10 HEPES, 2.5 Mg-
ATP, 0.3 GTP, and 0.5% Neurobiotin. No correction for liquid junc-
tion potential was applied. The osmolarity was 265-275 mOsm,
PH 7.3. Microelectrodes resistance was 7-10 MQ. Uncompensated
access resistance was monitored throughout the recordings.
Values below 20 MQ were considered acceptable and the results
were discarded if it changed by more than 20%. Whole-cell mea-
surements were filtered at 3kHz using a patch-clamp amplifier.

Recordings were digitized online (10 kHz) with an interface card
to a personal computer and acquired using Axoscope 7.0 soft-
ware. For experiments examining the firing rate, capacitance,
and input resistance, cells were held close to —75 mV, which cor-
responded to the resting membrane potential, that is, the value
obtained in the absence of current injection. The test pulse con-
sisted of 4 s incremented current injections with steps of 10 pA.
The rheobase was defined as the minimal depolarizing current
pulse intensity generating at least one action potential. Spike
threshold, amplitude and duration (temporal width at half maxi-
mum amplitude) were calculated at the rheobase. Input resis-
tance (Rm) and membrane time constant (Tm) were determined
on responses to incremented hyperpolarizing current pulses
from -5 to —50 pA (duration: 500 ms). Time constant was deter-
mined by fitting the voltage response to a single exponential and
membrane capacitance (Cm) was calculated as Cm = Tm/Rm.
Firing behavior was analyzed: 1) at the first step following rheo-
base; 2) at the step eliciting the maximum number of spikes (typ-
ically corresponding to 80pA current injection from the
rheobase from which the maximum firing rate value was calcu-
lated). Spike frequency adaptation ratio (adaptation %) was cal-
culated as the ratio of the number of spikes occurring within the
first 400 ms of the step divided by the total number of spikes
evoked in response to a 80 pA current injection from the rheo-
base for 4s. The gain was defined as the slope of the linear por-
tion of the curve plotting evoked spike frequency as a function
of injected current. Accommodation was defined as the voltage
difference between the amplitude of the first and last evoked
spikes for the 80pA current injection from the rheobase. Fast
after hyperpolarization (fAHP) was calculated as the amplitude
in voltage of the first component of the after-hyperpolarization
measured, at rheobase, as the difference between spike thresh-
old and the negative peak of the AHP.

Cluster Analysis of Electrophysiological Parameters

The term “cluster analysis” refers to a set of multivariate explor-
atory statistical methods that group objects (cases) of a dataset
based on their degree of similarity. All cases are first plotted in a
multidimensional space defined by all the measured variables;
we included in this study 11 physiological variables: membrane
resistance, membrane capacitance, AP threshold, AP duration, AP
amplitude, resting membrane potential, fAHP, accommodation,
gain, maximum firing rate, and % of adaptation. A certain mea-
sure of proximity is chosen (distance), and clusters are eventually
formed by the cases that fulfill the criteria of the clustering
method selected. The cluster analysis was performed with
Euclidean distances by using Ward’s method (Statistica Software)
only with SGC and GC (n = 107 out of 137 cells for which all the
11 parameters could be calculated) recorded in animals (see
above) where the physiological variables were measured
(Table 3). According to Ward’s method, cases are assigned to
clusters so that the variance (sum of squared deviation from the
mean) within each cluster is minimized. The analysis resulted in
3 well-defined clusters.

Results

Early Born Granule Cells Evenly Integrate the Granular
Layer

DG glutamatergic cells were fate-mapped using the Ngn2CreERT™/wt/
Ai14:LoxP*"* transgenic mouse line (see Materials and Methods).
Hence, by using the Ngn2®®¥"™ driver and Ai14 reporter lines
and by providing tamoxifen at separate embryonic time points
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Figure 1. Fate mapping glutamatergic neurons in the dentate gyrus (DG). (a-g) Micrographs showing the distribution in the hippocampus and neocortex of fate-
mapped neurons from young adult Ngn2CreERTM;Ai14:LoxP (Td-Tomato) mouse coronal brain slices following tamoxifen administration at various pre- (E12.5, E14.5,
E16.5) and postnatal (P0-P7) time points. Within the DG, many SGC (inset, arrows) are visible after E12.5-E14.5 tamoxifen administration as well as numerous GC (dou-
ble arrows). Note the presence of labeled fibers in the inner molecular layer (i.e., stars) after E12.5 tamoxifen administration. SGC could barely be seen at later time
points of tamoxifen administration. Mossy cells can be found in the hilus (H, circled area in a). Insets are higher magnification displays of the DG. Counterstaining
was performed with DAPI (blue). (h, i) Diagram showing the position of the soma of GC in the granular layer (gl) of the DG as a function of the date of tamoxifen
administration. Cells located closer to the hilus are closer to the value 0, whereas cells that are closer to the molecular layer (ml) approach the value 1, as illustrated
by the scheme (i). SCx, somatosensory cortex; sl, stratum lucidum; slm, stratum lacunosum moleculare; so, stratum oriens; sp, stratum pyramidale; sr; stratum radia-

tum. Scale bars = 200 pm, and 100 pm for insets.

(E10.5, n = 2 brains; E12.5, n = 5; E14.5, n = 5; E16.5, n = 4; PO,
n=4; P1,n=5;P3, n=>5;P7, n=4), we label temporally distinct
populations of glutamatergic DG cells (Fig. 1a-g).

We first compared the somatic location of GC in the granu-
lar layer according to their fate-mapped date of birth (Fig. 1).
For that, we calculated for each neuron (n = 14 brains, n = 48
hippocampal slices) the radial position of its soma relative to
the hilus border divided by the full radial length of the granular
layer. That number is therefore almost zero for cells close to

the hilus while it is almost one for cells close to the inner
molecular layer (Fig. 1h,i). We observed a progressive shift of
that radial distribution from the inner molecular layer to the
hilus as the age of the cells went from E14.5 to P7. In other
words, from E14.5 to P7, successive generations of GC migrate
past the existing earlier born neurons to occupy positions closer
to the hilus thus creating layers in an “inside-out” fashion, in
agreement with early work (Angevine 1965; Caviness 1973;
Schlessinger et al. 1975; Bayer 1980; Rakic and Nowakowski 1981,
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Figure 2. Early born granule cells (ebGC) display distinctive electrophysiological properties. (a) Representative examples of the evoked firing pattern at rheobase for an
ebGC (orange) and a granule cell randomly recorded (GC, blue) in young adult hippocampal slices. Black traces indicate injected current. (b) Typical firing pattern at
80 pA from the rheobase. Black traces indicate injected current. (c) Rasterplots showing the timing of Action Potentials (small vertical lines) evoked by incremented
positive current injections (4 s, 10 pA increment) from the rheobase (0 pA). (d) Scatter dot plots (mean + SD) showing, from the left to the right, the membrane resis-
tance (Rm) and the rheobase for ebGC and randomly recorded GC; ** and ** are P values < 0.01 and 0.001, respectively, as given by Mann and Whitney test. (¢) Pooled
f/1 plots indicating the evoked firing rate as a function of current injected from the rheobase comparing ebGC (orange) and GC (blue). These are significantly different

(P = 00007; dotted lines represent confidence bands).

Crespo et al. 1986; Mathews et al. 2010). Interestingly, this rule
did not apply to earlier neurons labeled by E12.5 tamoxifen
administration (GC E12.5) as they were found almost homo-
geneously distributed along the radial axis of the granule cell
layer (Fig. 1h). These results therefore indicate that E12.5-labeled
neurons stand apart in their positioning along the radial axis of
the granule cell principal layer.

Early Born Granule Cells Display Distinct
Electrophysiological Properties

We next asked whether the physiological characteristics of
these early-born cells also differed from other GC. To this aim,
early born developmental GC (ebGC) expressing Td-Tomato fol-
lowing tamoxifen supply at E12.5, were targeted for current-
clamp recordings in hippocampal slices from young adult mice
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Figure 3. Early born granule cells segregate in 2 morphologically distinct cell subtypes. (a) Micrographs of 2 Neurobiotin-filled neurons, a GC in the granular layer (gl,
left) and a SGC with a soma from which emerges the remarkable half-moon shaped dendritic arborization in the molecular layer (ml, right). Scale bar = 50 pm.
(b) Neurolucida reconstructions of 3 randomly recorded GC (blue) and 3 early born cells with 2 SGC (orange, left, middle) and an ebGC (blue, dashed circle, right),
placed on a schematic representation of the DG; the axons of reconstructed neurons (thinner lines) can be followed throughout the hilus (H) and until CA3c.
(c, d) Scatter dot lots (mean + SD) indicating that the number of primary dendrites (c) and that the dendritic angle spread (d) of SGC (n = 17, orange) is significantly
larger than for GC (n = 26, blue; Mann and Whitney test, P < 0.0001). (e, f) Histograms plotting the absolute numbers of GC and SGC () and the fraction of SGC (f) in
young adult animals (n = 35) as a function of the time of tamoxifen administration. The peak of SGC genesis occurs at E14,5 (e) earlier than that for GC which occurs
around birth. Note that despite a small absolute number of SGC compared with GC (f), these cells represent around 40% of the fate-mapped neurons at E12.5 (f).

(n = 40) and compared with randomly patched cells in the gran-
ular layer (n = 67). For experiments examining the firing rate,
capacitance, and input resistance, cells were held at resting
membrane potential, that is, the value obtained in the absence
of current injection, which approximated —75mV (Table 1). The
test pulse consisted of 4 s incremented current injections from
positive to negative values. We analyzed and compared the

following physiological variables (see Materials and Methods):
resting membrane potential (Vm), membrane resistance (Rm)
and capacitance (Cm), action potential (AP) amplitude, thresh-
old and duration, gain (i.e., the slope linking the evoked firing
frequency to the injected current, f/I), the maximum firing rate,
cell firing frequency adaptation, fAHP amplitude, AP firing
accommodation, and rheobase. We observed a remarkable
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Figure 4. Cluster analysis of recorded neurons based on electrophysiological features segregates into 3 groups. (a) Cluster analysis tree of the electrophysiological
dataset from recorded cells in the dentate gyrus (n = 107, Ward’s method, Dlink: Euclidian distances, see Materials and Methods). Most (68%) of early born SGC and GC
(orange) segregate into the same group (Cluster 2) whereas most of the random GC (blue) fall into 2 distinct clusters, clusters 1 and 3. (b) Scatter dot plots (mean =+ SD)
indicating the values of action potential (AP) threshold and duration, Gain and Maximum (Max) firing rate, membrane resistance (Rm), and capacitance (Cm) for
recorded cells according to the cluster analysis. Note that cluster 2 cells display lower values of Gain, Max firing Rate, Rm and higher values for AP threshold and Cm;
these physiological properties suggest that cluster 2 cells, that contain the highest number of SGC, are less excitable. Statistical analysis: Kruskal and Wallis test fol-
lowed by Dunn’s multiple comparisons test. (c) Scatter dot plots (mean + SD) showing that the Rm and Cm values for cluster 1 cells are not different (Mann and

Whitney test) from those of GC randomly recorded at P15.

heterogeneity among GC, even when sampled from temporally
matched birth dates and we could not delineate any archetypic
firing behavior. Cells could be classified as adapting or regular
firing in both groups. However, despite such heterogeneity,

ebGC significantly differed from randomly patched GC by some
intrinsic electrophysiological features including a lower input
resistance, a more depolarized AP threshold, a higher rheobase
and a lower gain (Fig. 2 and Table 1). Altogether, these indicated
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Figure 5. Early born mossy cells, SGC and GC form a temporally matched circuit in the young adult Dentate Gyrus. (a, b) Mossy cells showing typical thorny excres-
cences (double arrows in a) are labeled with Td-tomato (red) in the hilus of Ngn2CreERTM;Ai14:LoxP mice following tamoxifen administration at E12.5. Inset histogram
in (a) plots the developmental profile of MC production (red) and SGC (orange) as a function of tamoxifen administration date. Numerous mossy fibers run throughout
the hilus and form synaptic contacts onto mossy cell dendrites (framed areas in a—c) as suggested by PSD95 labeling (arrows, right panels). Scale bars = 10 um (left

panels) and 1 pm (right panels).

an earlier firing but lower excitability for ebGC as compared
with randomly patched GC.

Early Born Cells in the DG Comprise SGC

We next asked whether ebGC could display remarkable mor-
phological properties that would distinguish them from later-
born GC. To this aim, cells were filled with Neurobiotin through
the patch-pipette. A total of 53 cells were morphologically
recovered post hoc and reconstructed for morphometric analy-
sis (Table 2). We could observe 2 characteristic types of somato-
dendritic morphologies. The most common type displayed a
typical GC morphology with a round soma located in the granu-
lar layer and from which emerged 1 or 2 primary branches that

arborized perpendicular to the granular layer (Fig. 3a, left and b).
All randomly patched GC and all ebGC located in the granular
layer displayed such typical morphology. The second type of
labeled neuron was much less frequent and displayed the
emblematic morphological features of previously described
semilunar neurons (SGC; Fig. 3a, right and b; Ramon y Cajal 1909;
Williams et al. 2007; Larimer and Strowbridge 2010). Their soma
was located in the molecular layer and exhibited a half-moon
shape. Their primary apical dendrites, more numerous than for
GC, (typically from 2 to 5), emerged from the 2 extremities of the
half-moon-shaped cell body and arborized throughout the
molecular layer (Fig. 3a—c, Table 2). As expected (Ramon y Cajal
1909; Williams et al. 2007; Larimer and Strowbridge 2010), mor-
phometric analysis confirmed a wider angular spacing of the
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primary apical dendrites originating from SGC than from GC
(170°+11° vs. 107°+6°, respectively, Fig. 3d). Most SGC-recovered
axons ran directly through the granular layer (n = 4). In one case,
we found an axon running horizontally in the molecular layer
before reaching the granular layer but it was cut at the border
with the hilus. All GC axons but one (n = 15), arborized in the
hilus and CA3c; one ran straight towards CA3 without arborizing
in the hilus. None of them were seen running or arborizing in
the molecular layer. Therefore, ebGC comprise 2 morphological
subtypes of cells, GC and SGC.

We next compared the developmental neurogenesis profiles
of SGC and GC based on their somatic location and dendritic
morphologies. In this way, we could count GC and SGC in the
DG of young adult brain slices for different time points of
tamoxifen gavage (see Materials and Methods; Fig. 3e,f). We
observed that the number of labeled GC and SGC peaked at dif-
ferent time points since most GC were issued from Ngn2 pro-
genitors labeled around birth (P0-1) while the peak was one
week earlier (E14.5) for SGC (Fig. 3e). By pooling experiments
across all age groups we could estimate that SGC represented
less than 3% of all the fate-mapped glutamatergic neurons in
the young adult DG (i.e., 2521 out of 104 657 cells). Nevertheless,
when calculating the ratio of SGC over the entire number of
neurons labeled per slice, we found that SGC represented
almost half (40%) of the E12.5-labeled neurons in the DG (i.e.,
ebGC, Fig. 3f); this therefore represents a high proportion for
such a rare subtype of cell. Thus, the probability for a neuronal
progenitor to produce a SGC is higher at the earliest stages of
DG embryogenesis. Later, more than 98% of them will produce
typical GC.

Early Born Granule and Semilunar Cells Segregate Into
a Distinct Physiological Subclass Despite Their
Morphological Differences

To further identify functional families of DG cells without any a
priori assignment of possible cell classes or of temporal origin, we
next performed a cluster analysis based on all electrophysiologi-
cal variables (Ward’s method, Euclidian distance). Surprisingly,
such analysis segregated our dataset into 3 separate groups
(Table 3; Fig. 4a): clusters 1 and 3 mainly contained random GC
(81% and 78%, respectively); in contrast, cluster 2 contained a
majority of early born SGC and GC (i.e., ebGC; 60%). The mean age
of the mice used in the 3 cluster groups was not significantly dif-
ferent and exceeded 77 postnatal days which means that neurons
were recorded in young adults (Blue and Parnavelas 1983; Bahr
and Wolf 1985; Sengupta 2013).

Closer inspection of the electrophysiological variables
within clusters revealed that the cluster that grouped together
granule cells with an early temporal origin (cluster 2) displayed
a significantly higher AP threshold and faster duration together
with a lower gain and maximum firing rate as compared with
the other 2 clusters (Fig. 4b, P < 0.005, Kruskal-Wallis test). This
indicated a lower intrinsic excitability for cells in that cluster,
as expected from the fact that it mainly contained ebGC.
Interestingly, the only 2 parameters that differentiated clusters
1 and 3 were the Rm and Cm, with a significantly higher Rm
and lower Cm for neurons in cluster 1 (Fig. 4b). These 2 para-
meters may reflect a different stage of maturation, possibly
indicating that the GC in that group could be immature cells
originating from protracted postnatal neurogenesis. To test this
possibility, we randomly recorded GC at juvenile stages (P15),
assuming that most GC recorded in these slices would still be
developing (Table 4). We observed no significant difference

between Rm and Cm for GC recorded at P15 and random GC
belonging to cluster 1 (Fig. 4c). This suggests that cluster 1 may
indeed group together GC at an immature stage. Therefore, as
previously shown (Schmidt-Hieber et al. 2004; Allene et al.
2012), the age of a given immature cell, determines its physio-
logical properties, rather than the age of the recorded mouse.
Still, we found a significant correlation between the age of the
recorded mouse and several electrophysiological parameters
indicating that DG cells continue maturing between P50 and
P120 (Pearson correlation test, P < 0,01, Supplementary Table).
This correlation was not seen among SGCs or ebGCs recorded
in young adults (P > 0,1), suggesting that these cells were fully
mature in our young adult sample age (Supplementary Table).

SGC were also targeted for patch-clamp recordings in juvenile
slices (Table 4). In agreement with their early temporal origin,
these cells displayed a significantly larger capacitance and smal-
ler membrane resistance, a larger spike amplitude and a higher
adaptation ratio than their GC counterparts at P15 (Table 4). In
addition, in contrast to older animals, and in agreement with
previous reports (Williams et al. 2007; Gupta et al. 2012), we
found 2 out of 3 Neurobiotin-filled SGC at P15 with axons run-
ning horizontally in the molecular layer and exhibiting collat-
erals before reaching the border of the granular layer/hilus.

We conclude that early born granule cells in the DG form a
distinct subpopulation of low excitability neurons uniformly
scattered within the molecular and granule cell layers. In
agreement with an early birthdate, these cells display more
mature properties than their glutamatergic counterparts at
juvenile developmental stages.

MC are Contacted by Early Born Granule Cells:
Temporally Matched Circuits in the Young Adult DG

Semilunar cells were previously shown to contribute to the sus-
tained depolarization of hilar interneurons, possibly through
the activation of MC (Larimer and Strowbridge 2010). Given
than MC were proposed to contribute to the earlier waves of
glutamatergic neuron production in the DG (Li et al. 2008), we
next asked whether they could form isochronic circuits with
early born granule cells. We found that E12.5-labeled neurons
in the DG comprised cells in the hilus with a typical MC mor-
phology including the presence of thorny excrescences (Fig. 5),
which do not exist on interneurons or granule cells (Scharfman
2016). We quantified the developmental profile of MC produc-
tion and found that it nicely paralleled that of SGC, with a peak
at E14.5 (Fig. 5a, inset).

We next asked whether ebGC/SGC could display functional
synaptic contacts with early born MC as it has been shown that
MC receive synaptic contacts from mossy terminals (Frotscher
et al. 1991). To this aim, we first attempted to perform paired-
recordings in E12.5 tamoxifen-treated Ngn2/Ail4 mice.
However, the low number of labeled cells in the DG per slice
(about 2 cells), combined to high chances to observe cut axons
by the slicing made it almost impossible to get any successful
recording despite several attempts (n = 27 mice, 12 paired-
recorded cells). We therefore decided to look for putative con-
tacts using morphological inspection of labeled cells and taking
advantage of the characteristic features of mossy axons.
Interestingly, close apposition of mossy terminals (Fig. 5) and/
or en-passant varicosities from ebGC and/or ebSGC could fre-
quently be observed on ebMC proximal dendrites; we found
that 80% of ebMC (12 out of 15 recovered cells) received a
mean of 2.5 + 0.5 putative contacts. Using PSD95 labeling as a
proxy, we observed putative synaptic contacts between mossy
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terminals and MC (Fig. 5, right images). This indicates that early
born granule cells and early born MC form a pioneer circuit
embedded within the young adult DG.

Discussion

This study analyses the morphofunctional diversity of gluta-
matergic neurons in the young adult hippocampus from a
developmental perspective. Using inducible genetic fate-
mapping combined to unbiased multiparametric electrophysio-
logical analysis, we uncover a functional subtype of excitatory
neuron in the DG that is sparsely scattered in the granular layer
and comprises critical components of the DG network, includ-
ing the semilunar cells. Early born neurons in the granular
layer are not intrinsically prone to be active, but together with
their early born partners in the hilus, the MC, they form a hid-
den scaffold that may be recruited in specific conditions to gate
information transfer to the hippocampus.

We find that temporal origin specifies physiology rather
than morphology. Indeed, early born glutamatergic neurons
issued from Ngn2-expressing embryonic progenitors were
found here to develop into a morphologically diverse but
electrophysiologically distinct population of granule cells.
Neurons labeled after E12.5 tamoxifen administration com-
prised both SGC in the molecular layer and granule cells dis-
tributed throughout the granular layer. Such morphological
diversity among early born cells is reminiscent of our previous
observations for CA3 early born glutamatergic cells (Marissal
et al. 2012) as well as for CA3 and CA1 early born GABAergic
neurons (Picardo et al. 2011), which comprised cells with differ-
ent dendritic and axonal arbors, different somatic locations
and expressing various neurochemical contents. This finding is
partly in agreement with the protomap hypothesis regarding
neuronal physiology. However, it seems that morphology is not
similarly specified by the time of origin. It is possible that mor-
phological diversity is a hallmark of early born cortical neurons
but not of later born cells. Here we used the temporal schedule
for Ngn2 expression to label early born glutamatergic cells. It
was shown that most DG neurons originate from Ngn2-
expressing progenitors, a transcription factor expressed at the
earliest stages of DG development (Galichet et al. 2008). It will
be interesting to find out whether early born neurons are gen-
erated from a specific pool of progenitors. Increasing evidence
indicates that glutamatergic neurons are issued from the same
multipotent progenitors and that fate distinctions are mostly
temporally controlled. Interestingly, progenitor potential was
shown to be progressively, temporally restricted, with early cor-
tical progenitors being multipotent in comparison to later ones
(Lodato et al. 2015). This could partly account for the morpho-
logical diversity of early born DG neurons. However, rather
than genetic predetermination, the characteristic morphologi-
cal traits of SGC may well also just arise from the fact that they
develop in an environment more permissive for the widening
of the dendritic arbor. It could also be that, in contrast to physi-
ology, morphological specification is specified later, for exam-
ple, by the external inputs received by the cells. This would be
along the lines of a “protocortex hypothesis” by which neurons
are born equal and multipotent with identity imposed through
external inputs and activity-dependent mechanisms (O’Leary
1989). In this perspective, SGCs morphological identity could be
specified by their privileged connection to MC and dendrite tar-
geting interneurons (see below). Early born granule cells are
morphologically heterogeneous, but share a remarkable set
of electrophysiological characteristics, indicating an early

specification of neuronal physiology. Indeed, our unbiased mul-
tiparametric analysis segregated the granule cell population
into 3 classes, one of which comprised early born granule cells
with the following electrophysiological traits: 1) a higher
threshold for AP generation; 2) a lower gain and lower maximal
firing rate; and 3) a stronger frequency adaptation. Therefore,
both active and passive intrinsic properties of these cells are
different and converge into a lower probability to fire action
potentials. It is interesting to note that this is in contrast with
early born GABA and glutamatergic cells in CA3 which expressed
a higher excitability (Picardo et al. 2011; Marissal et al. 2012). Deep
CA1 pyramidal neurons, which are most likely born before their
more superficial counterparts, also differed in their intrinsic
membrane excitability displaying a more hyperpolarized resting
membrane potential and a smaller h current (Lee et al. 2014;
Maroso et al. 2016). Both characteristics, combined with a stronger
inhibitory drive (Lee et al. 2014; Valero et al. 2015), may also ren-
der these cells less excitable. In the same way, granule cells origi-
nating from adult neurogenesis are less excitable as age proceeds
(Alme et al. 2010). How such physiological specificity may be tem-
porally regulated remains to be determined. Single-cells are
known to display tightly orchestrated sequences of spontaneous
activity patterns (Allene et al. 2012), which in turn may contribute
to the maturation of physiological specificity. The other classes
emerging from the clustering segregated cells that were randomly
targeted, are most likely GC issued from later developmental
schedules and cells that were likely to originate from adult neuro-
genesis. The latter assumption is supported by the fact that the
passive properties of these cells, including their capacitance and
resistance, were comparable to those of immature GC recorded in
P15 mice. Smaller capacitances and higher resistances typically
reflect more immature stages of development.

In the CA3 region of the hippocampus, early born GABAergic
and glutamatergic neurons develop into specific functional sub-
types that are master regulators of local networks as they
include hub cells (Picardo et al. 2011) or pacemakers (Marissal
et al. 2012). This finding also holds for GABAergic neurons in
the developing entorhinal cortex (Modol et al. 2017). Here we
extend this rule to the DG where early born neurons develop
into semilunar cells, a cell type that was previously proposed
as a cellular substrate for working memory (Larimer and
Strowbridge 2010). We assert that our fate-mapped neurons
comprise semilunar cells for several reasons. First, these cells
recapitulate the previously described morphological traits of
semilunar cells, in particular their ectopic location in the inner
molecular layer and typical wider dendritic spread (Ramon y
Cajal 1909; Williams et al. 2007; Gupta et al. 2012). The presence
of associational axon collaterals in the inner molecular layer
and granular layer (Williams et al. 2007; Gupta et al. 2012) was
previously observed in a small fraction (about 30%) of biocytin-
filled semilunar cells in juvenile rats (P14-25 in Williams et al.
2007, and around P30 in Gupta et al. 2012). This feature seems
to be developmentally regulated since we were also able to
recover such collaterals in the inner molecular layer from 66%
of the cells sampled at P15, whereas the axons of cells from P60
mice and beyond could occasionally run horizontally in the
molecular layer, but never displayed any collateral. Our experi-
mental sample also displayed some of the previously reported
electrophysiological characteristics of semilunar cells, includ-
ing a lower resistance, but differed regarding the ratio of spike
frequency adaptation (Williams et al. 2007; Gupta et al. 2012).
This difference may arise from species difference, different
experimental protocols, including the absence of calcium buff-
ering in our intracellular pipette solution. Therefore, the above
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observations indicate that SGC arise from the earliest stages of
DG embryogenesis. Their peak of generation is around E14.5
and they represent almost half of the granule cells generated at
E12.5. Interestingly, we also confirm that MC are the other
archetypic subtype of DG glutamatergic neuron among the ear-
liest generated. In addition, early born MC receive putative syn-
aptic contacts from temporally matched granule cells and SGC.
Such putative contacts can be found in 80% of the labeled MC,
which is a higher ratio than the connection probability previ-
ously probed electrophysiologically (less than 10% connection
probability between SGC and MC according to Williams et al.
2007). Although a comparison of connectivity across ages may
better determine whether early born SGC preferentially syn-
apse on age-matched MC, this temporally matched circuit is
consistent with previous studies (Deguchi et al. 2011). In addi-
tion, we observed numerous E12.5 fate-mapped axons within
the inner molecular layer, the privileged site of axonal arboriza-
tion of MC (Fig. 1). Since SGC are located in the inner molecular
layer, it is also possible that these cells in turn receive inputs
from MC, thus, forming a close-loop circuit of pioneer neurons.
In this study, the embedment of early born cells within
GABAergic networks has not been examined. However, a previ-
ous study suggests that SGC may be preferentially targeted by
dendrite-projecting interneurons, including somatostatin-
containing ones, rather than PV-expressing perisomatic cells
(Gupta et al. 2012). Given than somatostatin-expressing neu-
rons are generated earlier than their perisomatic counterparts,
with some at very early stages (Picardo et al. 2011), we can
speculate that early born granule cells are also preferentially con-
tacted by early born GABA neurons in the DG, as previously shown
in CA1 for the PV innervation onto deep versus superficial pyrami-
dal cells (Donato et al. 2015). Regardless, probably the most unique
arrangement of early born granule cells, is the absence of radial
layering. It is unlikely that such observation results from unspecific
labeling from our method for several reasons. First, the population
of granule cells labeled using this method shares common
electrophysiological traits despite this layer dispersion. Second,
an inside out layering pattern can still be induced with E12.5
tamoxifen injections in CA3 or in the neocortex (Fig. 1), indicating
that layer dispersion is a distinctive feature in the DG. Most
importantly, dispersion of the early generated granule cell cohort
was previously suggested using other methods. Hence, autora-
diographic labeling of the offsprings of mice exposed in utero to
a pulse of tritiated thymidine (Caviness 1973), indicated that the
earliest formed cells were scattered whereas later formed cells
tended to be laminated (Caviness 1973), a property also observed
with retrovirus labeling (Mathews et al. 2010).

Although early born granule cells are critically positioned to
influence information transfer into the hippocampus, they are
also less excitable. It may well be that the silent network of early
born granule cells is only activated in specific conditions where
context and integrated spatiotemporal information need to be
bound, or alternatively in pathological conditions where their
intrinsic brake is alleviated as shown for SGC in epilepsy (Gupta
et al. 2012). Our study renders this unique population of cells
accessible to the conditional expression of genes of interest,
including optogenetic vectors or calcium indicators, which opens
the way for exploring their role in vivo, in health and disease.
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