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Abstract
Neurogenesis in the healthy adult murine brain is based on proliferation and integration of stem/progenitor cells and is
thought to be restricted to 2 neurogenic niches: the subventricular zone and the dentate gyrus. Intriguingly, cells expressing
the immature neuronal marker doublecortin (DCX) and the polysialylated-neural cell adhesion molecule reside in layer II of
the piriform cortex. Apparently, these cells progressively disappear along the course of ageing, while their fate and function
remain unclear. Using DCX-CreERT2/Flox-EGFP transgenic mice, we demonstrate that these immature neurons located in the
murine piriform cortex do not vanish in the course of aging, but progressively resume their maturation into glutamatergic
(TBR1+, CaMKII+) neurons. We provide evidence for a putative functional integration of these newly differentiated neurons
as indicated by the increase in perisomatic puncta expressing synaptic markers, the development of complex apical
dendrites decorated with numerous spines and the appearance of an axonal initial segment. Since immature neurons found
in layer II of the piriform cortex are generated prenatally and devoid of proliferative capacity in the postnatal cortex, the
gradual maturation and integration of these cells outside of the canonical neurogenic niches implies that they represent a
valuable, but nonrenewable reservoir for cortical plasticity.
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Introduction
Inducible cortical neurogenesis outside the canonical neuro-
genic niches of the adult rodent brain can be detected in
lesions, such as stroke, and mostly depends on the migration
of neuroblasts from the neurogenic regions towards the lesion
site (Arvidsson et al. 2002; Jin et al. 2003). However, some stud-
ies suggested the presence of immature and/or adult-born neu-
rons outside of the canonical neurogenic regions even under
physiological conditions (Dayer et al. 2005; Takemura 2005;
Gould 2007; Luzzati et al. 2009; Shapiro et al. 2009). The piriform
cortex is one of these structures where immature neurons have
been reported, although no local proliferative neuroblasts have
been detected under physiological conditions (Gómez-Climent
et al. 2008; Luzzati et al. 2009; Klempin et al. 2011; Yang et al.
2015; Rubio et al. 2016). Whether these brain regions in which
immature neurons have been detected support the events that
define adult neurogenesis, that is, proliferation, differentiation,
maturation, and network-integration, is currently under debate
(Bonfanti and Peretto 2011; Bonfanti and Nácher 2012; Feliciano
and Bordey 2013; Ernst et al. 2014; Wang et al. 2014; Feliciano
et al. 2015).

In adult mice and rats, immature neurons are mainly
restricted to layer II of the paleocortex. However, a more exten-
sive distribution of immature neurons residing in this cortical
layer, including the neocortex, has been reported in mammals
with larger cerebral cortices, for example, in guinea pigs, rab-
bits, cats, nonhuman-primates, and humans, (Ní Dhúill et al.
1999; Bonfanti 2006; Gómez-Climent et al. 2008; Luzzati et al.
2009; Zhang, Cai, et al. 2009; Varea et al. 2011; De Nevi et al.
2013; He et al. 2014; Patzke et al. 2014; Rubio et al. 2016),
reviewed in (König et al. 2016).

The majority of the immature neurons detected in layer II of
the piriform cortex of mice, rats, guinea pigs, cats, and most
likely in all mammals, appears to have been generated prena-
tally (Gómez-Climent et al. 2008; Varea et al. 2011; Bonfanti and
Nácher 2012; Yang et al. 2015; König et al. 2016; Rubio et al.
2016). Nevertheless, some studies have suggested that imma-
ture neurons of the piriform cortex can also originate from pro-
genitors generated in the SVZ of young mammals that migrate
towards the piriform cortex and integrate locally (Bernier et al.
2002; Pekcec et al. 2006; Shapiro et al. 2007, 2009). Other investi-
gations reported that a local cell population expressing neural/
glial antigen 2 (NG2) with low level of doublecortin (DCX)
(Tamura et al. 2007; Rivers et al. 2008; Guo et al. 2010) or pro-
genitors residing in layer I (Xiong et al. 2010) are the origin of
the immature neurons detected in the piriform cortex layer II.
However, these findings could not be reproduced by other stud-
ies (Nácher et al. 2002; Gómez-Climent et al. 2008; Luzzati et al.
2009; Varea et al. 2011), which suggests that, at best, these
sources of immature neurons might only contribute at a very
low level or have a transient existence (Pekcec et al. 2006;
Shapiro et al. 2007; 2009).

Intriguingly, 2 subpopulations of immature neurons with dis-
tinct cell morphologies have been detected in layer II of the adult
piriform cortex (Gómez-Climent et al. 2008; Rubio et al. 2016).
The first population represents so-called “tangled cells”, which
are endowed with a small diameter (~9 μm) and a few short intri-
cate dendrites. These small cells strongly express DCX, the poly-
sialylated neural cell adhesion molecule (PSA-NCAM) and the

neuron-specific class III beta-tubulin (TuJ-1), which are classical
markers found in immature neurons (Seki and Arai 1991;
Bonfanti et al. 1992; Nàcher et al. 2001; Nácher et al. 2002; Brown
et al. 2003; Couillard-Despres et al. 2005; Gómez-Climent et al.
2008; Luzzati et al. 2009). In contrast, tangled cells do not express
markers of stem cells (nestin), mature neurons (e.g., NeuN,
CaMKII, GAD67), oligodendrocytes (RIP), or astrocytes (GFAP)
(Gómez-Climent et al. 2008; Rubio et al. 2016). Tangled cells
appear to be inactive according to the lack of expression of func-
tionality markers like c-Fos or the activity-regulated cytoskele-
ton-associated protein (Arc) (Gómez-Climent et al. 2008;
Carceller et al. 2016) and due to the ensheathment of their soma
by astrocytic end feet (Gómez-Climent et al. 2008).

The second group of immature neuronal cells residing in
layer II of the piriform cortex displays a larger soma than tan-
gled cells, that is, a diameter of ~15 μm, and a rather elaborated
dendritic tree decorated with some dendritic spines. These
larger immature neurons express DCX and also PSA-NCAM,
albeit at a lower intensity than observed in tangled cells.
Furthermore, the occasional low expression of NeuN could be
detected as well (Gómez-Climent et al. 2008; Rubio et al. 2016).
These larger cells have the typical morphology of semilunar–
pyramidal transitional neurons, a common population of excit-
atory neurons found in the piriform cortex layer II. These cells
will be thereafter referred to as “complex cells.”

Complex cells with morphology between those of tangled
cells and semilunar–pyramidal transitional neurons are found
in layer II as well. Since tangled cells appear more immature
than semilunar–pyramidal transitional neurons, it has been
hypothesized that the former progressively differentiate into
semilunar–pyramidal neurons. Considering that both subpopu-
lations of immature neurons express the transcription factor
Tbr1, which is exclusively expressed by pallial-derived excit-
atory neurons (Gómez-Climent et al. 2008; Luzzati et al. 2009;
Varea et al. 2011; Rubio et al. 2016), we hypothesized that tan-
gled cells could generate immature complex cells, which turn
into glutamatergic pyramidal neurons upon maturation.

In rats (Gómez-Climent et al. 2008; Varea et al. 2009), dogs (De
Nevi et al. 2013), guinea pigs (Xiong et al. 2008), and nonhuman
primates (Cai et al. 2009; Zhang, Cai, et al. 2009), the immature
cortical neurons gradually vanished with age. Two hypotheses
have been formulated to explain the disappearance of the imma-
ture neurons in the cortical layer II (Abrous et al. 1997; Varea et al.
2009; Gómez-Climent et al. 2010). On the one hand, the immature
neurons may simply die due to their lack of functional integra-
tion. However, no evidence of augmented cell death has been
observed in structures bearing the immature neuron populations
(Bonfanti and Nácher 2012). On the other hand, the immature
neurons in layer II may remain in a dormant or standby stage
until they resume their delayed final maturation step and become
functionally integrated neurons. The latter has been supported by
recent immunohistochemical (Gómez-Climent et al. 2008; Luzzati
et al. 2009; Rubio et al. 2016) and electrophysiological analyses
(Klempin et al. 2011) of cells expressing immature neuronal mar-
kers in adult cortical layer II.

Until now, the lack of an adequate fate-mapping tool pre-
cluded the demonstration that immature neurons residing in
the adult piriform cortex can differentiate and incorporate as
principal neurons. To this end, we made use of an inducible
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transgenic mouse model in which DCX-expressing cells can be
permanently labeled following tamoxifen administration and
monitored with a green fluorescent protein (GFP) reporter (short
DCX-CreERT2/Flox-EGFP mouse) (Zhang et al. 2010). With this
approach, we have been able to show that immature neurons
residing in layer II of the mouse adult piriform cortex remain
alive in the course of ageing, developing the morphological
requirements for synaptic input and action potential output
(i.e., synapses and axonal initial segments). Taken together, our
observations suggest the gradual integration of the immature
neurons of the piriform cortex into the surrounding network as
local principal neurons.

Material and Methods
Animals

Transgenic DCX-CreERT2/Flox-EGFP mice were used to label
and follow the fate of neuronal precursor cells (Zhang et al.
2010). All experiments were performed in accordance with the
guidelines of the “Directive 2010/63/EU of the European
Parliament and of the Council of 22 September 2010 on the pro-
tection of animals used for scientific purposes” and were
approved by the national animal care authorities.

Induction of the GFP Reporter Gene in DCX-Expressing
Cells

Mice were divided into 3 experimental groups and tamoxifen
(100mg/kg of bodyweight dissolved in corn oil, Sigma-Aldrich)
was administered orally by gavage once daily for 5 consecutive
days (days 1–5) (Fig. 1A). To study the fate and distribution of
GFP+ cells over time, mice of group 1 received tamoxifen at the
age of 3 months and were sacrificed on day 8 following the first
tamoxifen administration (3m-t, n = 7). Mice from group 2
received tamoxifen at 9 months of age and were sacrificed on
day 8 after the first administration (9m-t, n = 5). Finally, mice of
group 3 received tamoxifen at 3 months of age and were sacri-
ficed 6 months later at the age of 9 months (3m-t→9, n = 8).

To scrutinize whether tangled cells in the piriform cortex
proliferate in the adult brain or remain postmitotic, mice (n = 5)
were injected intraperitoneally with BrdU (50mg/kg body-
weight) at the age of 3 months once daily for 5 consecutive
days. Simultaneously, mice also received standard oral applica-
tion of tamoxifen (100mg/kg bodyweight). Mice were sacrificed
on day 8 following the first BrdU administration and the brains
were further processed for immunohistochemistry. In a second
group, pregnant mice received BrdU (50mg/kg bodyweight) to
label the brain of developing fetuses at embryonic age E14 and
E15 (estimated by plug-check of the mother). The progeny (n = 5)
of these pregnant mice received the standard oral application of
tamoxifen (100mg/kg bodyweight) as for the 3m-t group and
sacrificed on day 8. Moreover, possible leakage of the system
resulting in the activation of the EGFP reporter expression in
the absence of tamoxifen was addressed in 2-year-old DCX-
CreERT2/Flox-EGFP naive mice (n = 2) which where compared
with 2-year-old transgenic mice treated with tamoxifen (100mg/
kg bodyweight daily for 5 consecutive days) at the age of 3
months (n = 2).

Immunohistochemistry and Image Analysis

For immunohistochemistry, mice were transcardially perfused
with 0.9% NaCl for 5min followed by 0.1M phosphate buffered

4% paraformaldehyde pH 7.4 for 10min. Brains were dissected
and postfixed in the same paraformaldehyde solution over-
night at 4 °C and then transferred in 0.1M phosphate buffered
30% sucrose solution pH 7.4 at 4 °C for at least 48 h. Brains were
cut in 40 μm sagittal sections using a sliding microtome (Leica)
on dry ice and sections were stored at −20 °C until further pro-
cessing in cryoprotectant (25% v/v glycerol, 0.05M sodium
phosphate buffer pH 7.4, 25% v/v ethylene glycol).

Following antigen-retrieval (citrate buffer pH 6.0 [Sigma-
Aldrich], 10min at 100 °C), fluorescent immunohistological
analyses were performed as previously described (Couillard-
Despres et al. 2005; Rubio et al. 2016). Antibodies: rat anti-BrdU
(Bio-Rad AbD Serotec) 1:500; mouse anti-CaMKII (Abcam) 1:500;
goat anti-ChAT (Novus Biologicals) 1:100; rabbit anti-DCX (Cell
Signaling Technology) 1:300; mouse anti-GAD67 (Millipore)
1:500; guinea pig anti-GFAP (Progen) 1:500; chicken anti-GFP
(Invitrogen) 1:500; guinea pig anti-NeuN (Millipore) 1:500; rabbit
anti-NG2 (Millipore) 1:200; mouse anti-PSA-NCAM (Millipore)
1:1000; rabbit anti- βIV-spectrin (selfmade) (Schlüter et al. 2017)
1:500; goat anti-Sox2 (Santa Cruz Biotechnology) 1:1000; mouse
anti-synaptophysin (Sigma Aldrich) 1:500; rabbit anti-Tbr1
(Abcam) 1:500; rabbit anti-VGAT (Synaptic Systems) 1:500.
Fluorescence images were acquired using a LSM 710 confocal
microscope and ZEN 2011 Black Software (Carl Zeiss) and a TSC
SPE confocal microscope (Leica). Z-stacks were acquired over
the whole thickness of the section and co-localization was con-
firmed by the analysis of successive optical slices. For image-
analysis, ImageJ Software 1.46r (National Institutes of Health)
and FIJI based on ImageJ 1.50a (Schindelin et al. 2012) were
used.

The analysis of the marker profile and fate of GFP+ cells
involved 50 GFP+ cells in layer II of the piriform cortex per
mouse and staining and were analyzed for double- and triple-
labeling with cell type-specific antibodies.

The leakiness of the system in the absence of tamoxifen
was evaluated based on the density of GFP-expressing cells in
2-year-old naive transgenic mice, compared with the density
observed in mice induced at 3 months of age and perfused at 2
years. The density of GFP-expressing cells in the layer II of the
piriform cortex was assessed in 10 randomly chosen fields of
view per mice acquired with a ×20 objective (Z-stack step size =
1 μm).

Cell morphometric analysis was performed using confocal
microscopy with a ×63 oil immersion objective and z-series of
optical sections (0.2 μm step size). The soma diameter of GFP-
expressing cells was measured in 10 randomly chosen cells of
each type from 5 mice per group. The confocal stacks were then
processed using FIJI to render 3D reconstructions (Fig. 2A–C).

Spine density on the apical dendrite of GFP-expressing neu-
rons and the density of immunoreactive puncta in their periso-
matic region were analyzed as described previously (Guirado
et al. 2014). For the analysis of the spine density, a ×63 oil
immersion objective with an additional ×3.5 digital zoom and a
0.8 μm Z-step size was used. Five randomly chosen apical den-
drites of GFP-positive neurons within the piriform cortex layer
II of 5 mice per group were analyzed (n = 25). Selected dendrites
from GFP-positive neurons had to meet the following criteria:
measure at least 150 μm from the soma and not be intersected
by another dendrite along their trajectory. Apical dendrite
thickness was also measured at a distance of 120 μm from the
cell soma.

For the analyses of perisomatic puncta containing synapto-
physin (SYN) and vesicular GABA transporter (VGAT) apposed
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to GFP+ neurons, micrographs were acquired using a ×63 oil
objective. From each animal, 5 GFP+ expressing cells from piri-
form cortex layer II were randomly selected. Z-series of optical
sections covering all 3D extensions of the somata were
acquired using sequential scanning mode (Z-step size, 0.5 μm).
Stacks were processed with Fiji software. The profile of every
soma was delimited manually and puncta placed within a
range of 0.5 μm from the edge of this profile were analyzed.
SYN and VGAT containing puncta were defined as having an
area larger than 0.15 μm2 and smaller than 2.5 μm2. Puncta lin-
ear density values were determined and expressed as number
of puncta per micron of soma perimeter.

Micrographs of the axonal initial segment were acquired
using a ×63 oil objective (Z-series step size 1 μm). Analysis of
NeuN and βIV-spectrin coexpression was performed in at least
100 GFP-expressing cells per transgenic mouse.

GraphPad Prism 5 (GraphPad Software Inc.) with 2-tailed
one-way ANOVA and Bonferroni post hoc test or a 2-tailed
unpaired t-test was used for statistical analyses. The Mann
Whitney test was used to analyze the proportion of complex
cells carrying an axon initial segment. Graphs show mean val-
ues with standard deviation as error bars. Significance: P >
0.05 ns, P < 0.05*, P < 0.01**, P < 0.001***.

Results
DCX-CreERT2/Flox-EGFP transgenic mice were divided into 3
experimental groups and either received tamoxifen at 3 or 9
months of age and were perfused one week later (3m-t and 9m-t),
or received tamoxifen at 3 months of age and were perfused 6
months later at the age of 9 months (3m-t→9) (see Material and
Methods and Fig. 1A). We confirmed that the density of immature
neurons expressing PSA-NCAM in the piriform cortex layer II of
these mice (Fig. 1B–D, Supplementary Fig. S1) decreased in the
course of aging as previously reported (Varea et al. 2009). Indeed,
the density of PSA-NCAM+ cells decreased significantly from
36 443 ± 13 468 cells/mm3 in the 3-month-old transgenic mice to
7049 ± 7036 cells/mm3 in the 9-month-old mice (two-tailed t-test,
P = 0.0002***) (Fig. 1E). The density of GFP+ cells in layer II of the
piriform cortex was thereafter determined in the 3 experimental
groups (Fig. 1B–D, Supplementary Fig. S1). Similar to the PSA-
NCAM+ cell population, the density of GFP+ cells decreased signif-
icantly in 9-month-old mice when compared with 3-month-old
(3m-t: 55 829 ± 19 444 cells/mm3 vs. 9m-t: 5405 ± 2516 cells/mm3,
one-way ANOVA, P = 0.0002***) (Fig. 1F).

The overwhelming majority of GFP+ cells expressed markers
of immature neurons when animals were sacrificed 1 week

Figure 1. Overview of the experimental groups and detection of immature neurons in the piriform cortex. (A) DCX-CreERT2/Flox-EGFP transgenic mice were split into

3 experimental groups and administered daily with tamoxifen for 5 consecutive days. First and second group received tamoxifen with 3 months (3m-t) or 9 months

(9m-t) of age and were sacrificed on day 8 following administration. The third group (3m-t→9) received tamoxifen with 3 months of age and was perfused with 9

months of age. Numerous DCX / PSA-NCAM-expressing cells (red) could be detected in layer II of the piriform cortex in 3-month-old mice (B) and to lesser extent at 9

months of age (C and D). The majority of cells expressing GFP (green) coexpressed PSA-NCAM (white) or DCX (red) in mice sacrificed shortly after tamoxifen adminis-

tration (B and C). Expression of immature markers in GFP+ was seldom detected in the 3m-t→9 group (D). Density of cells expressing PSA-NCAM (E) and GFP (F) in the

layer II of the piriform cortex. (G) Coexpression of markers for immature neurons and NG2 in GFP+ cells of the 3m-t group., Scale bars = 50 μm.

A Reservoir of Immature Excitatory Neurons Rotheneichner et al. | 2613



after tamoxifen administration, both at 3 months (PSA-NCAM+

85.7 ± 2.7%, DCX+ 82.7 ± 2.0%, DCX+/PSA-NCAM+ 69.0 ± 2.1%)
and at 9 months (PSA-NCAM+ 63.1 ± 8.9%, DCX+ 77.8 ± 3.3%,
DCX+/PSA-NCAM+ 58.1 ± 8.6%) (Fig. 1B,C,G). These results indi-
cated that shortly after tamoxifen induction at 3 months or 9
months of age, most GFP+ cells in the piriform cortex layer II of
our transgenic mice were immature neurons. BrdU was also
injected in 2 different groups of transgenic mice, either at
embryonic age E14–15 or at the age of 3 months, to label prolif-
erating cells. Tamoxifen induction took place at 3 months of
age in both groups. Overlap between BrdU and GFP-expression
could be detected in the piriform cortex layer II only in mice
that were labeled with BrdU at E14–15, but not in mice that
received BrdU at the age of 3 months, thus confirming the post-
mitotic nature of the tangled cells in the adult brain
(Supplementary Fig. S2). In contrast, numerous GFP-expressing
cells had integrated BrdU in the dentate gyrus, a proliferative
neurogenic niche of the adult mouse brain (Supplementary
Fig. S2).

The number of GFP+ cells coexpressing markers of imma-
ture neurons decreased dramatically when the animals were
sacrificed 6 months after tamoxifen administration (3m-t→9)
(PSA-NCAM+ 4.7 ± 1.7%, P < 0.0001***; DCX+ 6.0 ± 1.4%, P <
0.0001***; DCX+/PSA-NCAM+ 3.25 ± 1%, P < 0.0001***) (Fig. 1D,
Supplementary Fig. S1). In contrast, a nonsignificant reduction
of the density of GFP-expressing cells was detected between
the mice that were treated with tamoxifen at 3 months of age
and sacrificed after one week and the mice that were sacrificed
6 months later (3m-t: 55 829 ± 19 444 cells/mm3 vs. 3m-
t→9:37 562 ± 16 173 cells/mm3) (Fig. 1F). While it cannot be
excluded that some tangled cells died along ageing, the large
number of surviving cells expressing GFP in old mice and the
prominent decline in expression of immature markers indicate
that most of the GFP+ cells, which were expressing DCX and/or

PSA-NCAM in the piriform cortex at 3 months of age, had sur-
vived for 6 months and by then were no longer immature.

The distribution of GFP signal within expressing cells allows
for a detailed morphological analysis (Fig. 2A–C). Mice of the
3m-t group exhibited a high proportion of small GFP+ cells in
layer II of the piriform cortex (98.0 ± 2.3% of GFP+ cells; mean
soma diameter 7.3 ± 0.9 μm), displaying a very low number of
dendrites, and were therefore classified as tangled cells
(Fig. 2A,D,E). Very few larger and morphologically complex cells
could be detected (2.0 ± 2.3% of GFP+ cells; mean soma diame-
ter 14.6 ± 2.1 μm), which were classified as semilunar–pyrami-
dal transitional neurons or intermediate cell types (Fig. 2B). By
contrast, in the 9m-t group, the proportion of tangled cells sig-
nificantly decreased to 68.0 ± 6.3% of GFP+ cells (P < 0.0001***),
whereas the percentage of GFP+ complex cells increased to 32.0
± 6.3% of all GFP+ cells (P < 0.0001***) (Fig. 2D). Six months fol-
lowing tamoxifen administration (3m-t→9 group), GFP-
expressing cells were densely intermingled and most of them
exhibited a complex morphology (tangled cells 11.0 ± 2.8% vs.
complex cells 89.0 ± 2.8%) (Fig. 2D). In comparison to the tan-
gled cells of the 3m-t group, complex cells of the 3m-t→9 group
had remarkably larger cell soma (P < 0.001) with average diame-
ter equal to 16.1 ± 2.5 μm (Fig. 2E, Supplementary Table S1).
These data indicate a progressive development from small tan-
gled cells to complex cells resembling semilunar–pyramidal
transitional neurons over time.

To further monitor this progressive maturation, we mea-
sured and compared the thickness of the principal apical den-
drite of GFP+ cells at a distance of 120 μm from the soma
(Fig. 3A–C). Since tangled cells only have few stunted nonspi-
nous dendrites, we compared the few complex GFP+ cells in the
3m-t group with the complex GFP+ cells found in the 3m-t→9
group. The apical dendrite thickness increased significantly in
the 3m-t→9 group and reached 0.98 ± 0.30 μm as compared

Figure 2. Maturation of immature neurons in the layer II of the piriform cortex. According to a 3D reconstruction, the majority of GFP+ cells in group 3m-t exhibited a

tangled cell morphology (A), whereas a smaller population could be classified as semilunar–pyramidal transitional neuron (B). When cells were given 6 months to

mature (group 3m-t→9), cells morphologically increased in complexity (C). Scale bars for A–C: 15 μm. (D) In group 3m-t, the majority of GFP+ cells could be morphologi-

cally classified as tangled cells and only a small fraction showed a more complex morphology. The tangled cell population decreased significantly in group 9m-t and

3m-t→9, while cells gained a more complex morphology. (E) Mean diameter of the soma of tangled cells in the 3m-t group in comparison to cells with a complex mor-

phology of the 3m-t→9.
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with 0.64 ± 0.24 μm in the 3m-t group (two-tailed t-test, P <
0.0001***). This observation regarding apical dendrite thickness
further indicates a maturation from the GFP+ tangled cell mor-
phology into GFP+ semilunar–pyramidal transitional neurons
with increasing complexity over the follow-up period of 6
months.

In order to functionally integrate into the existing network,
immature neurons must be able to receive inputs via their den-
dritic tree and further propagate the information in form of
action potentials. Therefore, we analyzed the density of spines
decorating a 40 μm dendritic segment starting from a distance

of 100 μm from the cell body (Fig. 3D–F). The spine density
detected on GFP-labeled dendrites increased markedly and sig-
nificantly during the 6 months separating the 3m-t group (0.31
± 0.27 spines/μm, n = 25) from the 3m-t→9 group (0.88 ± 0.32
spines/μm, n = 25; 2-tailed t-test, P < 0.0001***) Structural inte-
gration of immature neurons into the surrounding neuronal
network was further examined using the linear density of
synaptophysin (SYN) containing puncta, a marker of active
synapses, apposed to the soma of GFP+ cells. This parameter
has been described as a surrogate marker of synaptic integra-
tion (Calhoun et al. 1996). The density of SYN+-puncta on GFP+

Figure 3. Morphological maturation of synapses, dendrites and axons over time. (A–C) Maturation of dendrites from GFP+ cells projecting in the layer I. (A) Few thin

and sparse dendrites were detected in the GFP+ cells from the 3m-t group. (B) dense distribution of broader dendrites could be detected in the 3m-t→9 group. (C) The

apical dendrite thickness increased significantly from group 3m-t to group 3m-t→9. Dendrites of cells in 3m-t mice were almost devoid of synaptic spine structures

(D), while numerous spines were decorating the dendrites of group 3m-t→9 mice (E). (F) Comparison of dendritic spine densities between the 3m-t and 3m-t→9 groups

suggesting functional integration of complex cells. Scale bars = 50 μm (A, B) and 10 μm (D, E). To measure the synaptic innervation of GFP+ cells in layer II of the piri-

form cortex, a linear density of synaptophysin (SYN) containing puncta apposed to the cell soma of GFP+ cells was calculated. (G) GFP+ complex cell (green) sur-

rounded by SYN (red) and VGAT (white) immunoreactive puncta. Scale bar = 10 μm. (H) The linear density of SYN significantly increased between GFP+ cells found in

group 3m-t compared with GFP+ cells measured in group 3m-t→9. (I, J) In 2-year-old transgenic mice that received tamoxifen at 3 months of age, the large majority of

GFP+ complex cells were endowed with a βIV-spectrin-positive AIS and expressed the mature neuronal marker NeuN. Scale bar = 20 μm.
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cells increased significantly over time (3m-t: 0.11 ± 0.01 puncta/
μm vs. 3m-t→9:0.15 ± 0.01 puncta/μm; one-way ANOVA, P =
0.012*), demonstrating that neurons of the surrounding net-
work increased their connectivity with the maturing GFP+ neu-
rons (Fig. 3G,H). Similar results were observed when analyzing
the density of VGAT immunoreactive puncta (3m-t: 0.1 ± 0.01
puncta/μm vs. 3m-t→9:0.14 ± 0.01 puncta/μm; one-way ANOVA,
P < 0.0001***).

Similarly, we investigated the appearance of an axonal ini-
tial segment (AIS), a specialized axonal microdomain usually
localized at the emergence of the axon (Leterrier 2016). It fulfills
2 main functions: 1) it is the initiation site of action potentials,
with a 40-fold higher density of voltage-gated sodium channels
compared with the soma (Kole and Stuart 2012) and 2) it has
been shown to be a major player for the regulation of cellular
excitability (Wefelmeyer et al. 2016). A main molecular compo-
nent of the AIS is the master scaffolding protein AnkyrinG
(AnkG), which in turn recruits other proteins enriched at the
AIS (Jones and Svitkina 2016). Voltage-gated sodium channels,
voltage-gated potassium channels, as well as scaffolding pro-
teins such as βIV-spectrin and neurofascins cluster at the AIS
(Yoshimura and Rasband 2014). Although the presence of an
AIS based on the detection of βIV-spectrin could not be detected
in tangled cells, the vast majority of immature neurons with a
complex morphology displayed a clear AIS. In transgenic mice
treated with tamoxifen at 3 months of age and analyzed at 2
years, AIS could be detected in 87 ± 18% of GFP-expressing cells
(Fig. 3I,J). At this time point, 90% ± 6% of the GFP+ complex cells
expressed NeuN, thereby substantiating further the advanced
structural and functional maturation of the labeled cells.

The possibility that induction of GFP expression occurs sto-
chastically in the absence of tamoxifen was investigated. Such
a leakiness of the system could lead to the accumulation of
GFP-expressing mature neurons over time. We therefore quan-
tified the number of GFP+ neurons in layer II of the piriform cor-
tex of 2-year-old transgenic DCX-CreERT2/Flox-EGFP mice,
which either received tamoxifen at the age of 3 months or
remained untreated. Without the application of tamoxifen, we
detected 1310 ± 1388 GFP+ cells/mm3 in the piriform cortex of
the naive 2-year-old transgenic mice, whereas 44 590 ± 11 309
GFP+ cells/mm3 could still be detected in the 2-year-old trans-
genic mice induced with tamoxifen at the age of 3 months, cor-
responding to a leakiness of less than 3% over 2 years
(Supplementary Fig. S3). Hence, we concluded that the leaki-
ness of our transgenic DCX-CreERT2/Flox-EGFP model did not
interfere with the fate analysis of the tangled cells.

We subsequently analyzed the expression of a collection of
mature neuronal and glial markers in GFP+ cells in layer II of
the piriform cortex of our 3 experimental groups, with a partic-
ular attention to the fate of GFP+ cells 6 months after tamoxifen
administration (3m-t→9). Three types of excitatory neurons
were examined, namely dopaminergic neurons (expressing
tyrosine hydroxylase, TH), cholinergic neurons (expressing cho-
line acetyltransferase, ChAT) and glutamatergic principal neu-
rons (expressing the transcription factor T-Box brain 1 (Tbr1) or
Ca2+/calmodulin-dependent protein kinase II (CaMKII)). Tbr1
was coexpressed in virtually all GFP+ cells (3m-t: 100%; 9m-t:
91.5 ± 3.4%; 3m-t→9:100%) (Fig. 4A–C,L, Supplementary Fig. S4).
The proportion of GFP+CaMKII+ coexpressing cells increased
significantly between the 3m-t group (2.0 ± 2.3% of GFP+ cells)
and 9m-t group (12 ± 2.3% of GFP+ cells; one-way ANOVA, P <
0.05*) and this increase was even higher in GFP+ cells that were
given 6 months to mature (3m-t→9: 80.0 ± 7.7%; one-way
ANOVA, P < 0.0001***) (Fig. 4D–F,M, Supplementary Fig. S4). No

GFP+ cells were found to coexpress TH (data not shown) or
ChAT (Fig. 4G). A few cells (6 out of 1000 GFP+ cells) were found
to express GAD67, a marker for GABAergic neurons. These
GFP+GAD67+ cells were found exclusively in the 9m-t group,
while this scarce cell population was not detected in the other
experimental groups (Fig. 4H, Supplementary Fig. S5). The
detection of glial fibrillary acidic protein (GFAP) was used to
identify astrocytes, in addition to the transcription factor
SRY-box 2 (Sox2), which is expressed in astrocytes as well as in
neural stem cells. No GFP+ cell was found to coexpress GFAP
and/or Sox2 in any of the 3 experimental groups (Fig. 4I,J). This
indicates that the vast majority of former immature GFP+ neu-
rons became mature glutamatergic neurons within the 6
months after induction of the GFP reporter gene.

A small population of GFP+ cells in our study presented a
morphology resembling that of polydendrocytes and expressed
NG2 (Fig. 4K, Supplementary Fig. S4). Previous studies have also
reported a subpopulation of PSA-NCAM/DCX+ cells expressing
NG2 in layer II of the piriform cortex of both mice and rats
(Gómez-Climent et al. 2008; Rubio et al. 2016). Therefore, we
further analyzed the NG2+ population by measuring its density
in layer II of the piriform cortex in all 3 experimental groups.
Our comparison did not reveal any statistical difference in the
NG2+ cell densities of 3 and 9-month-old mice (3m-t: 14 622 ±
3432 NG2+ cells/mm3; 9m-t: 15 510 ± 2845 NG2+ cells/mm3; 2-
tailed t-test, P = 0.6677) (Fig. 4O). However, the GFP+NG2+ cells
density was slightly decreased following a survival of 6 months
post tamoxifen administration, that is, 3m-t versus 3m-t→9
(3m-t: 7387 ± 844; 9m-t: 4861 ± 521; 2-tailed t-test P = 0.0142*),
thus, suggesting a slow turnover of this cell population
(Fig. 4N).

Discussion
In this study, we detected and mapped the fate of immature
neurons in the murine piriform cortex layer II, by the use of the
transgenic DCX-CreERT2/Flox-EGFP mouse. We demonstrate
that immature neurons in the piriform cortex do not die in the
course of aging, but structurally integrate as newly matured
neurons, as hypothesized by previous studies (Gómez-Climent
et al. 2008; Varea et al. 2011; Yang et al. 2015; Rubio et al. 2016).
This conclusion was supported by the pattern of marker
expression together with the morphological features of GFP+

cells after tamoxifen induction, including the sprouting of syn-
apses and axons. Further evidence against the elimination of
immature neurons in the piriform cortex via cell death comes
from the lack of elevated TUNEL activity (Xiong et al. 2008) or
the absence of pyknotic nuclei (Gómez-Climent et al. 2010).
GFP+ cells in layer II of the piriform cortex were found to be
postmitotic. Hence, application of BrdU during adulthood did
not label any neurons of the piriform cortex. However, in line
with previous studies (Gómez-Climent et al. 2008; Luzzati et al.
2009; Zhang, Cai, et al. 2009; Rubio et al. 2016), we could detect
abundant incorporation of BrdU at E14–15, which remained
detectable in the immature neurons of the piriform cortex at 3
months of age. Under physiological conditions, newly gener-
ated cells in the rodent adult piriform cortex thus appear to be
marginal and might originate from cells migrating out of the
SVZ (Shapiro et al. 2007).

Virtually all GFP+ immature neurons in the piriform cortex
expressed the Tbr1 transcription factor, suggesting a deter-
mined glutamatergic phenotype and fate. This observation sub-
stantiated previous reports indicating that immature neurons
in the piriform cortex express Tbr1 (Gómez-Climent et al. 2008;
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Luzzati et al. 2009; Rubio et al. 2016), while they were very
rarely found to express the LIM/homeobox protein Lhx6 or
distal-less DLL, arguing therefore for a pallial origin, rather

than subpallial structures in which most cortical interneurons
originate (Luzzati et al. 2009). In contrast to Tbr1, CaMKII, a Ca2
+/calmodulin-dependent protein kinase, is expressed only in

Figure 4. Fate of GFP+ cells. (A–C) Virtually all GFP-expressing cells in layer II of the piriform cortex coexpressed Tbr1, a transcription factor expressed in glutamatergic

neurons. (D–F) Expression of CaMKII, a marker of mature glutamatergic neurons could be detected in GFP+ cells of all 3 experimental groups at various levels. (G) GFP+

cells did not coexpress the cholinergic neuronal marker ChAT. (H) GFP+ cells only rarely expressed the GABAergic marker GAD67 (see also Supplementary Fig 5). (I–J)

No coexpression with astrocyte and stem cell markers GFAP and Sox2 was detected. (K) A small subpopulation of GFP-expressing cells with polydendrocytic morphol-

ogy expressed NG2. (M) The coexpression of CaMKII in GFP+ cells increased significantly between the 3m-t group and 9m-t group and increased to even higher extent

in GFP+ cells that were given 6 months to mature. (N) The density of GFP+NG2+ cells did not significantly differ between groups 3m-t and 9m-t, however, if GFP-

labeled cells were analyzed 6 months post tamoxifen administration (3m-t→9), their density was significantly decreased compared with 3m-t. (O) The density of NG2-

expressing cells in layer II of the piriform cortex remained stable comparing 3- and 9-month-old mice. Scale bars = 50 μm.
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mature principal neurons. We observed that coexpression of
GFP with CaMKII, which was marginal shortly after application
of tamoxifen in DCX-CreERT2/Flox-EGFP, irrespective of the age
of mice (3m-t and 9m-t groups), impressively increased to
approximately 80% following a maturation period of 6 months.
This marker profile suggests the progressive maturation of tan-
gled cells into mature glutamatergic neurons.

To explore the integration of these “newly matured” gluta-
matergic neurons within the neuronal network, we analyzed
morphological correlates of functionality, namely, dendritic
spines and axon initial segments (AIS). Upon 6 months of mat-
uration, the apical dendrites of GFP+ complex cells in layer I
displayed an increase in their thickness and in the linear den-
sity of spines, suggesting an increase in synaptic input.

Similarly, we detected the appearance of an AIS upon matu-
ration. Since AIS are necessary and sufficient structures to
define any cell as a neuron able to generate action potentials, an
effective strategy for tracing the transition between tangled cells
and neurons is to evaluate the maturation of an AIS according
to the presence of AIS-specific scaffolding proteins (Gutzmann
et al. 2014; Yoshimura and Rasband 2014; Schlüter et al. 2017).
Although tangled cells were devoid of AIS, based on the detec-
tion of βIV-spectrin, this key feature of neuronal identity was
present in the vast majority of GFP-expressing cells that under-
went 6 months of maturation. Taken together, we observed that
the GFP-expressing cells, which corresponded to tangled cells
shortly after tamoxifen application, adopted a morphology con-
sistent with the functional semilunar–pyramidal transitional
neurons or pyramidal neurons upon 6 months of maturation.

Moreover, the surrounding neuronal network increasingly
contacted the GFP-expressing immature neurons upon matura-
tion. The analysis of SYN+ and VGAT+ perisomatic puncta,
which correspond to presynaptic structures that could be used
as a surrogate marker of synaptic integration (Calhoun et al.
1996), has revealed that, regardless of the age of the mice ana-
lyzed, the densities of these puncta on tangled cells were very
low. In contrast, in the 3m-t→9 group, the GFP+ neurons which
acquired a complex morphology at this time point had signifi-
cantly higher density of these SYN+ and VGAT+ presynaptic
structures, arguing for an increased synaptic connectivity with
the surrounding network. These observations are in accordance
with a study performed in the piriform cortex by Klempin and
colleagues (2011), who reported that cells with a low DCX
expression and a complex morphology, reminiscent of imma-
ture semilunar–pyramidal transitional neurons, exhibited an
electrophysiological profile consistent with neurons undergoing
maturation (Klempin et al. 2011).

Studies investigating various cortical structures in different
mammalian species suggested that immature cortical neurons
located in layer II can mature into GABAergic interneurons
(Xiong et al. 2008; Cai et al. 2009; Zhang, Zhang, et al. 2009;
König et al. 2016). This possibility that some GFP+ neurons
belong to an interneuronal population was examined using the
marker GAD67 expressed in inhibitory neurons (Young and Sun
2009). Only a few GFP+/GAD67+ cells could be detected in the
9m-t group. Due to the very low abundance of this cell popula-
tion, we can neither exclude that they are the result of a label-
ing artifact, nor that they remained undetected in the 2 other
experimental groups. On the other hand, we could clearly
exclude that GFP+ cells in the piriform cortex undergo choliner-
gic or dopaminergic maturation.

Intriguingly, we found low frequency of coexpression of the
proteoglycan NG2 in GFP+ cells. Previous studies in rats and

mice have also indicated that a small subpopulation of NG2-
expressing cells in the piriform cortex layer II coexpressed mar-
kers usually found in immature neurons (Gómez-Climent et al.
2008; Rubio et al. 2016). NG2+ cells have been generally con-
sidered oligodendrocyte precursors, but many of them remain
in the adult CNS as polydendrocytes, a specific glial cell type
displaying a distinct morphology capable of lineage plasticity
(Nishiyama et al. 2009; Huang et al. 2014). However, in contrast
to the PSA-NCAM+ and DCX+ cell populations progressively dis-
appearing, the density of NG2+ cells in layer II remained stable
during aging. The very low number of GFP+ cells expressing
NG2 and the absence of significant cell proliferation, rules out
this cell population as potential source for the numerous gluta-
matergic neurons observed in the 3m-t→9. Similarly, the
absence of coexpression of GFP, shortly after tamoxifen appli-
cation or following 6 months of maturation, with GFAP or Sox2
ruled out the association with an astrocytic or neural stem cell
phenotype.

The mechanisms enabling postmitotic tangled cells to sur-
vive in a dormant state during adulthood still have to be deci-
phered. Similarly, the nature of the signals triggering
completion of their neuronal maturation processes and the
functional relevance of such immature cells in the piriform cor-
tex remain largely unknown. Although the maturation of the
immature neurons in the piriform cortex does not seem to play
a crucial role in olfactory memory, an activity-dependent con-
trol of maturation has been suggested by the observation that
the number of PSA-NCAM/DCX-expressing cells dramatically
decreased following bulbectomy, whereas the expression of
mature markers increased (Gómez-Climent et al. 2011). The
continuous maturation of glutamatergic neurons under physio-
logical conditions offers a precious opportunity for neuronal
plasticity in piriform cortex layer II. Analyses of the classical
neurogenic niches demonstrated that the integration of imma-
ture neurons not only adds new synapses in the neuronal cir-
cuitry, but also showed that the activity of the surrounding
neuronal network is profoundly influenced by immature neu-
rons due to their distinct electrophysiological properties
(Couillard-Despres et al. 2006; Ge et al. 2007).

In summary, we demonstrated that in layer II of the murine
adult piriform cortex, a population of postmitotic immature
neurons is continuously providing newly matured glutamater-
gic principal neurons, which structurally integrate in the sur-
rounding neuronal network according to the increase in
synaptic contacts and the appearance of an AIS. These findings
suggest that new functional neurons could mature and inte-
grate within in the adult central nervous system outside of the
classical neurogenic niches. It is tempting to speculate that
these cortical immature neurons, which are more widely dis-
tributed in mammals with gyrencephalic brains, such as
humans (reviewed in König et al. 2016), progressively integrate
into the neuronal network throughout adulthood and thereby
provide an unsuspected capacity of network plasticity. Such
matter will be of crucial relevance for the neurobiology of
human aging, because the maturation and integration of post-
mitotic immature neurons will also result in a progressive
depletion of this resource. In light of the reported scarce prolif-
erative neurogenesis in the adult human brain (Sanai et al.
2011; Wang et al. 2011; Bergmann et al. 2012; Obernier et al.
2018), the existence of latent nonproliferative neuronal precur-
sor populations in several brain areas might constitute an
unsuspected resource for the plasticity of neuronal networks in
higher mammals (König et al. 2016).
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