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Newborn dentate granule cells (DGCs) are generated in the hippocampal dentate gyrus (DG) of rodents through a process called adult
hippocampal neurogenesis, which is subjected to tight intrinsic and extrinsic regulation. The use of retroviruses encoding fluorescent
proteins has allowed the characterization of the maturation dynamics of newborn DGCs, including their morphological development and
the establishment and maturation of their afferent and efferent synaptic connections. However, the study of a crucial cellular compart-
ment of these cells, namely, the axon initial segment (AIS), has remained unexplored to date. The AIS is not only the site of action potential
initiation, but it also has a unique molecular identity that makes it one of the master regulators of neural plasticity and excitability. Here
we examined the dynamics of AIS formation in newborn DGCs of young female adult C57BL/6] mice in vivo. Our data reveal notable
changes in AIS length and thickness throughout cell maturation under physiological conditions and show that the most remarkable
structural changes coincide with periods of intense morphological and functional remodeling. Moreover, we demonstrate that AIS
development can be modulated extrinsically by both neuroprotective (environmental enrichment) and detrimental (lipopolysaccharide
from Escherichia coli) stimuli.
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(s )

The hippocampal dentate gyrus (DG) of rodents generates newborn dentate granule cells (DGCs) throughout life. This process,
named adult hippocampal neurogenesis, confers a unique degree of plasticity to the hippocampal circuit, and it is crucial for
learning and memory. Here we studied, for the first time, the formation of a key cellular compartment of newborn DGCs, namely,
the axon initial segment (AIS) in vivo. Our data reveal remarkable AIS structural remodeling throughout the maturation of these
cells under physiological conditions. Moreover, AIS development can be modulated extrinsically by both neuroprotective (envi-
ronmental enrichment) and detrimental (lipopolysaccharide from Escherichia coli) stimuli. j

ignificance Statement

process, named adult hippocampal neurogenesis (AHN), en-
compasses several stages of maturation that lead to the synaptic
integration of newborn DGCs into the hippocampal trisynaptic
circuit (Zhao et al., 2006; Toni et al., 2008). Genetically engi-
neered retroviruses encoding fluorescent proteins have greatly

Introduction

Dentate granule cells (DGCs) are generated in the dentate gyrus
(DG) of rodents throughout life (Altman and Das, 1965). This
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expanded our knowledge of AHN (Enikolopov et al., 2015) be-
cause they allow the visualization of the whole morphology and
synaptic structures of individual newborn DGCs (van Praag et al.,
2002; Zhao et al., 2006; Llorens-Martin et al., 2015a). However, a
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crucial subcellular compartment, namely, the axon initial seg-
ment (AIS), has been systematically overlooked in the study of
the functional maturation of these cells in vivo.

The AIS was first described by Conradi (1966) and Palay et al.
(1968) as an independent cellular compartment located between
the axonal hillock and the distal axon. The AIS serves not only as
the site for action potential (AP) initiation (Colbert and John-
ston, 1996; Palmer and Stuart, 2006; Hu et al., 2009; Grubb et al.,
2011) but also as a cell polarity gatekeeper by maintaining the
electric and chemical isolation of somatodendritic and axonal
compartments (Dotti and Simons, 1990; Song et al., 2009; Wa-
tanabe etal., 2012; Edwards et al., 2013; Jones and Svitkina, 2016).
The AIS has a unique molecular identity, which includes the
presence of a remarkably high number of voltage-gated ion chan-
nels (Koontz, 1993; Colbert and Johnston, 1996; Kole et al., 2007;
Bender and Trussell, 2009), a specialized extracellular matrix
(Hedstrom et al., 2007), a tightly regulated and differential inner-
vation (Somogyi, 1979; Christie and De Blas, 2003; Wang et al.,
2014; Saha et al., 2017), and a variety of structural, cytoskeletal,
and adaptor proteins (Leterrier, 2016). Among the latter, the
scaffold protein Ankyrin G makes a crucial contribution to AIS
assembly and maintenance (Leterrier et al., 2017).

A series of elegant studies have brought to light the extraordi-
nary degree of structural and functional complexity exhibited by
this structure (Rasband, 2010; Kole and Stuart, 2012; Jones and
Svitkina, 2016). Indeed, remarkable structural remodeling occurs
in the AIS both during neural development and in response to a
variety of insults of distinct nature (Conradi and Ronnevi, 1977;
Xu and Shrager, 2005; Schafer et al., 2009; Tapia et al., 2010; Clark
et al., 2016, 2017; Schliiter et al., 2017; Leterrier, 2018).

Here we provide the first characterization of the temporal
course of the formation and maturational dynamics of the AIS of
newborn DGCs under physiological conditions, as well as in re-
sponse to both neuroprotective (environmental enrichment
[EE]) and detrimental (neuroinflammation caused by the lipo-
polysaccharide [LPS] from Escherichia coli) stimuli.

Materials and Methods

Experimental design
Maturation dynamics of the AIS of newborn DGCs. To facilitate observa-
tion of the whole morphology of newborn DGCs, C57BL/6] mice re-
ceived a stereotaxic injection of a retrovirus that encodes Venus
fluorescent protein (Gomez-Nicola et al., 2014). After a range of postin-
jection intervals, the animals were sacrificed. A schematic experimental
design is shown in Figure 1. The tissues were then processed, and labeled
DGCs were analyzed in terms of morphology: total dendritic length,
Sholl’s analysis, number of dendritic spines, and area of their axonal
terminals (mossy fiber terminals; MFTs). In addition, the AIS of these
cells was studied. Five mice were used for each time point examined.

External regulation of AIS formation in newborn DGCs. To study the
extrinsic regulation of AIS formation in newborn DGCs, we followed two
strategies. On the one hand, a group of mice was subjected to a period of
EE, a paradigm that markedly increases hippocampal plasticity and the
maturation of this neuronal population (Alvarez et al., 2016), or to con-
trol housing (CH) conditions (see Fig. 4A). On the other hand, to test
whether the formation of the AIS in newborn DGCs is impaired by a
deleterious stimulus, two additional groups of mice were implanted with
subcutaneous pumps filled with either LPS or PBS (see Fig. 6A). Systemic
administration of LPS causes hippocampal neuroinflammation and
impairs newborn DGC maturation (Ekdahl et al., 2003; Monje et al.,
2003; Llorens-Martin et al., 2014). Five mice were used for each experi-
mental condition.

All stereotaxic injections, tissue processing, cell counts, and morpho-
metric determinations were performed by trained researchers blind to
the experimental conditions.
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Animals

Five-week-old C57BL/6] Ola Hsd female mice were obtained from En-
Vigo Laboratories. They were maintained undisturbed for 2 weeks in a
specific pathogen-free colony facility at Centro de Biologia Molecular
Severo Ochoa before being subjected to experimental manipulations. At
the moment of stereotaxic injections, all mice were 7 weeks old. They
were housed in ventilated racks in a pathogen-free colony facility at the
Centro de Biologia Molecular Severo Ochoa, in accordance with Euro-
pean Community Guidelines (directive 86/609/EEC), and handled fol-
lowing European and local animal care protocols. Two or three mice
were housed per cage. Five mice were used for each experimental condi-
tion and time point examined. Animal experiments received the ap-
proval of the Centro de Biologia Molecular Severo Ochoa Ethics
Committee (AEEC-CBMSO-23/172) and the National Ethics Commit-
tee (PROEX 205/15).

Retroviral stock preparation

We used a retroviral stock encoding for Venus fluorescent protein on an
RSF91 backbone (Schambach et al., 2006; Gomez-Nicola et al., 2014).
The plasmids used to produce the virus were kindly provided by Prof.
Miyawaki (RIKEN Brain Science Institute), Dr. Riecken (University
Medical Center Hamburg-Eppendorf), and Dr. Gage (Salk Institute).
Retroviral stocks were concentrated to working titers of 1 X 107 to 1 X
10® pfu/ml by ultracentrifugation (Zhao et al., 2006). Because the retro-
viruses used are engineered to be replication-incompetent, only cells
dividing at the time of surgery are infected (Zhao et al., 2006). In the DG,
these proliferative cells are almost totally restricted to newborn DGCs
(Zhao et al., 2006).

Stereotaxic surgery

Mice were anesthetized with isoflurane and placed in a stereotaxic frame.
Retroviruses were injected into the DG at the following coordinates (mil-
limeters) relative to bregma in the anteroposterior, mediolateral, and
dorsoventral axes (—2.0, £1.4,2.2). Next, 2 ul of Venus/pCS2 retrovirus
was infused at a rate of 0.2 ul/min via a glass micropipette. To avoid any
suction effect of the solution injected, micropipettes were kept in place at
the site of injection for an additional 5 min interval before being slowly
removed. Animals were sacrificed after various periods of time, following
the experimental design shown in Figure 1.

EE

We used a previously described EE protocol (Llorens-Martin et al.,
2010). One week after retroviral injections, mice assigned to EE were
housed in a large transparent polycarbonate cage (55 X 33 X 20 cm,
Plexx Ref. 13005) (10 mice per cage) for an additional week (see Fig. 4A).
All enriched cages were equipped with various types of running wheels.
The mice had free access to toys of different shapes, sizes, materials, and
surface textures. Every other day, a set of 1015 different toys and new
bedding were placed in the cages to alter the environment (Llorens-
Martinetal., 2010). To examine the external regulation of AIS formation,
the EE protocol was applied between 1 and 2 weeks after stereotaxic
injections. This period comprised the time point at which the AIS was
first observed in newborn DGCs (10 d). Given that no ventilated racks
adapted to the dimensions of the enriched cages were available, and to
rule out any putative influence of environmental noise or odors on the
parameters studied, an additional group of mice were housed in nonven-
tilated standard cages during the same period of time and were used as
CH animals. CH animals were housed in groups of 2 or 3 per cage,
whereas animals subjected to EE were housed in groups of 10 per cage.

Treatment with LPS from E. coli

LPS was administered subcutaneously via Alzet osmotic pumps (Durect)
following the experimental design described in Figure 7A. Mouse #1002
model osmotic pumps were used. To test the effects of an extrinsic mod-
ulator, which did not cause remarkable morphological changes on new-
born DGCs, on AIS formation, we used a low dose of LPS continuously
delivered for 2 weeks. This period of time comprised the time point at
which the presence of an AIS was first observed on DGCs. To achieve
continuous LPS delivery of 150 ug kg — ' per day for 2 consecutive weeks,
pumps were filled with a solution of LPS (Sigma-Aldrich, from E. coli
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055:B5) diluted in 0.1 M PBS. Moreover, to rule out any putative effect of
osmotic pump implantation, an additional group of control animals
received osmotic pumps filled with 0.1 m PBS. Osmotic pumps were
implanted at the time of stereotaxic injections.

Sacrifice

Mice were fully anesthetized by an intraperitoneal injection of pentobar-
bital (EutaLender, 60 mg/kg) and transcardially perfused with 0.9% sa-
line followed by 4% PFA in 0.1 N phosphate buffer. Given that the
immunohistochemical detection of Ankyrin G requires weak fixation of
tissue (Alshammari et al., 2016), brains were removed and postfixed for
20 min in the same fixative at 4°C. They were then washed three times in
0.1 N phosphate buffer and placed in a 10% sucrose/4% agarose matrix to
increase the robustness of the tissue and allow vibratome sectioning.

Immunohistochemistry

Immediately after inclusion, coronal brain sections were obtained on a
VT1200S vibratome (Leica Microsystems, 50 wm thick sections). For
immunohistochemical analysis, series of brain slices were randomly
made up of one section from every ninth. Slices were initially preincu-
bated in phosphate buffer with 1% Triton X-100 and 1% BSA. Dual
immunohistochemistry was then performed as described previously
(Llorens-Martin et al., 2013), using the following primary antibodies:
rabbit anti-GFP (which detects Venus and enhances the fluorescence
intensity of its signal) (Thermo Fisher Scientific catalog #A-11122, RRID:
AB_221569; 1:1000); guinea pig anti-cfos (Synaptic Systems catalog #226
004, RRID:AB_2619946; 1:500); rabbit anti-Ibal (Wako catalog #019-
19741, RRID:AB_839504; 1:500); rat anti-CD68 (Abcam catalog #53444,
RRID:AB_869007; 1:500); chicken anti-GFP (Abcam catalog #ab13970,
RRID:AB_300798); and mouse anti-Ankyrin G (University of Califor-
nia—Davis/National Institutes of Health NeuroMab Facility catalog #75-
146, RRID:AB_10673030; 1:1000). To detect the binding of primary
antibodies, Alexa-594 donkey anti-mouse (Invitrogen catalog #A-21203,
RRID:AB_141633; 1:1000), Alexa-488 donkey anti-rabbit (Invitrogen
catalog #A-21206, RRID:AB_141708; 1:1000), Alexa-555 donkey anti-
rabbit (Thermo Fisher Scientific catalog #A-31572, RRID:AB_162543;
1:1000), Alexa-647 goat anti-guinea pig (Thermo Fisher Scientific cata-
log #A-21450, RRID:AB_2735091), Alexa-647 goat anti-rat (Invitrogen
catalog #A-21247, RRID:AB_141778), and Alexa-488 goat anti-chicken
(Invitrogen catalog #A-11039, RRID:AB_142924) secondary antibodies
were used. All the sections were counterstained for 10 min with DAPI
(Merck, 1:5000) to label nuclei.

Morphometric analysis of newborn DGCs
Fifty randomly selected newborn DGCs from each experimental group
and time point were reconstructed under a Nikon A1R confocal micro-
scope (25X oil-immersion objective). Confocal stacks of images were
obtained (z axis interval: 2 um), and Z projections were analyzed to
determine total dendritic length and dendritic arbor branching (Sholl’s
analysis). All cells were traced using Neuron] plugin for Fiji software.
Sholl’s analysis was performed using the plugin ShollAnalysis for Fiji
software. (Llorens-Martin et al., 2013; Pallas-Bazarra et al., 2017).
Potential changes in the position of the AIS could be attributable to
somatic translocation processes (Murphy and Danzer, 2011). To rule out
the occurrence of these phenomena, additional morphometric determi-
nations were performed on the newborn DGCs of animals exposed to
CH, EE, PBS, or LPS. In this regard, we first measured the length of the
primary apical dendrite using Fiji software, as previously described
(Llorens-Martin et al., 2014). Next, the percentage of cells showing basal
dendrites was calculated (Llorens-Martin et al., 2013). Moreover, we
measured the migration of individual newborn DGCs toward the granule
cell layer (GCL) (Llorens-Martin et al., 2014). To this end, a line parallel
to the hilar border of this structure, named the subgranular zone, was
traced. The perpendicular distance between the center of the newborn
DGC nucleus and this line was calculated using Fiji software. Finally, we
calculated the distance between the axonal hillock and the first change of
axonal trajectory toward the CA3 region, by tracing individual axons on
z-projection images. This distance was calculated in Fiji software.
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Morphometric analysis of the dendritic spines of newborn DGCs

Dendritic spines were studied in retrovirally labeled newborn DGCs of
different ages. Confocal stacks of images were obtained in a Nikon AIR
confocal microscope (63X oil-immersion objective; XY dimensions:
67.4 um; z-axis interval: 0.2 wm). The dendritic length of each segment
was measured on Z projections, and the number of dendritic spines was
counted using NeuronStudio software (CNIC, Mount Sinai School of
Medicine, 2007-2009) (Rodriguez et al., 2008). Before spine analysis,
images were deconvoluted using Huygens Professional software (Scien-
tific Volume Imaging). A minimum of 50 dendrites per experimental
group and time point were examined. Dendritic fragments were auto-
matically constructed using NeuronStudio software, and then individual
seed points were rectified manually to more accurately trace the dendrite.

Analysis of cfos expression in DGCs

We first used the physical dissector method previously described
(Llorens-Martin et al., 2006) to determine the total density of cells with
cfos nuclear expression in the DG. To this end, 10 confocal stacks of
images were obtained per animal in a LSM800 Zeiss confocal microscope
(40X oil-immersion objective, Z interval: 1 wm). Next, the GCL was
drawn, and the reference volume was calculated by multiplying the area
of the GCL by the thickness of the Z stack. Next, the number of cfos *
nuclei inside the reference volume was counted (Llorens-Martin et al.,
2010), and this number was divided by this volume to obtain the density
of cfos " cells (number of cells/mm?).

Next, to specifically address the neuronal activation of newborn
DGCs, we calculated the percentage of Venus " cells that showed a clear
nuclear expression of cfos. At least 50 Venus ™ cells per animal were
analyzed. Data were averaged per animal and represented in the graphs.

Area of MFTs of newborn DGCs

The area of individual Venus ¥ MFTs was measured in the CA3 region. A
minimum of 20 stacks of images per experimental condition and time
point were obtained in a Nikon AIR confocal microscope (63X oil-
immersion objective; XY dimensions: 100 um; Z interval: 0.5 wm).
Stacks were randomly obtained from the sections comprising the series.
Z projections were obtained, and the area of each MFT was measured
manually using Fiji software, as previously described (Toni et al., 2008;
Pallas-Bazarra et al., 2016). A minimum of 400 MFTs per experimental
condition and time point analyzed were measured.

Determination of the number of microglial cells and analysis of
microglial activation

The number of Ibal * microglial cells in the GCL, molecular layer (ML),
and hilus (H) was counted, as previously described (Llorens-Martin et
al., 2014), following a similar methodology to that reported for cfos * cell
counting. To this end, six confocal stacks of images were obtained per
animal in a LSM800 Zeiss confocal microscope (40X oil-immersion ob-
jective, Zinterval: 0.5 wm). The density of microglial cells present in each
structure was averaged per animal and represented in the graphs.

To address the activation of microglial cells, we measured the expres-
sion of the microglial activation marker CD68, following a previously
described methodology (Llorens-Martin et al., 2016). We first measured
the CD68 fluorescence intensity on Z-projection images corresponding
to each of the aforementioned subregions of the DG (see Fig. 7L). More-
over, colocalization between Ibal and CD68 was analyzed by means of
the Just another colocalization plugin (JaCoP) for Fiji software. M1
Mander’s colocalization coefficient is shown in Figure 9G.

Morphometric analysis of the AIS of newborn DGCs
To analyze the morphometric parameters of the AIS of newborn DGCs of
different ages, we measured the expression of the AIS marker Ankyrin G
in the axons of retrovirally labeled cells. Before this quantification, close
examination of the samples revealed the consistent absence of the AIS in
immature cells, in which axonal identity has not yet been established (for
a detailed description, see Discussion). Given that axonal projections
show a regular thickness and are markedly thinner than dendrites, they
were identified on the basis of morphological features (Zhao et al., 2006).
Analysis of the percentage of cells with a clearly identifiable axon and AIS.
A minimum of 25 stacks of images per experimental condition and time
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point were obtained in a Nikon A1R confocal microscope (63X oil-
immersion objective; Z interval: 0.25 um). More than 100 cells were
examined per experimental condition and time point analyzed. The per-
centage of cells that exhibited a clearly identifiable axon was calculated.
Moreover, the expression of Ankyrin G was verified at every point of the
axonal trajectory by using the Ortogonal Views tool in Fiji software. The
percentage of axons that showed Ankyrin G expression was calculated.

Analysis of AIS starting point, length, and thickness. A minimum of 100
cells per experimental condition were reconstructed under a Nikon AIR
confocal microscope (63X oil-immersion objective; 2 X zoom; image
XY dimensions: 200.33 um; Z interval: 0.1 wm). The expression of
Ankyrin G throughout axonal projections was confirmed in each plane of
the Z stacks using the Ortogonal Views tool in Fiji software. To determine
the AIS starting point, the axon was followed in the green channel,
and the first point showing colocalization between GFP and Ankyrin G
was identified. The distance between the axonal hillock and the starting
point of Ankyrin G expression was then measured on Z-projection im-
ages using the freehand drawing tool of Fiji. For the sake of clarity, we
named this parameter the AIS starting point. The distance between the
AIS starting point and the ending point of Ankyrin G expression was
measured using a similar methodology, and this parameter was denoted
AIS length. Finally, the thickness of the AIS was measured on Z projec-
tions at three points, namely, the proximal (the closer to the soma), the
medial, and the distal (the furthest) regions of this structure. The data on
regional thickness are shown in the graphs. In addition, the average
thickness of the AIS in the three aforementioned regions is also shown.

To further assure the reliability of the aforementioned measurements,
the AIS starting point and length of 50 randomly selected 8-week-old
newborn DGCs were independently analyzed by two researchers. Varia-
tion coefficients calculated by the relative interobserver variability
method (Popovi¢ and Thomas, 2017) were ~5%.

Statistical analysis

Statistical analysis was performed using SPSS 25 software (IBM, Apache
Software Foundation). The Kolmogorov—Smirnov test was used to check
the normality of sample distribution. For comparisons between two ex-
perimental groups, a Student’s t test was used in the case of normal
sample distribution, whereas a nonparametric test (Mann—Whitney U
test) was used in those cases in which normality could not be assumed.
For multiple comparison, data were analyzed by a one-way ANOVA test.
In those cases in which the one-way ANOVA was statistically significant,
a Fisher LSD post hoc analysis was used to compare the differences be-
tween individual groups. Data from Sholl’s analysis and regional AIS
thickness were analyzed by a repeated-measures ANOVA test (Bolds et
al., 2017). All statistical comparisons were performed on averaged values
per animal. Graphs represent mean values = SEM. A 95% CI was used for
statistical comparisons. In Figures 2 and 3, asterisks indicate statistically
significant differences with respect to 10-day-old newborn DGCs. In
Figures 4, 5, and 6E, F, asterisks indicate statistically significant differ-
ences with respect to CH animals. In Figures 6G—J and 9E, F, asterisks
indicate statistical significance in Tukey post hoc analyses. In Figures 7, 8,
and 9C, D, G, asterisks indicate statistically significant differences with
respect to PBS-treated animals.

Results

Morphological maturation of newborn DGCs

The experimental design is shown in a schematic diagram in
Figure 1. Briefly, animals received a stereotaxic injection of a
retrovirus that encodes the fluorescent protein Venus. After 10 d
or 2, 3, 4, or 8 weeks, animals were sacrificed (Fig. 1A) and new-
born DGCs were examined (Fig. 1B). The morphology (Fig. 1C),
density of dendritic spines (Fig. 1D), AIS (Fig. 1E), and MFT area
(Fig. 1F) were then analyzed.

Figure 2A—E shows representative images of the classical mor-
phology of newborn DGCs at 10 d (Fig. 2A) and 2 (Fig. 2B), 3
(Fig. 2C), 4 (Fig. 2D), and 8 (Fig. 2E) weeks of age, together with
high-power magnification images showing the presence of den-
dritic spines. As previously described (Zhao et al., 2006), the
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complexity of the dendritic trees increased with time. The total
dendritic length (Fig. 2F) (F(4 50 = 216.642; p = 0.001) and the
number of dendritic branches, as measured by Sholl’s analysis
(repeated-measures ANOVA Greenhouse—Geisser interaction,
F = 46.762; p = 0.001) (Fig. 2G), markedly increased as the cells
matured. Moreover, we determined the density of dendritic
spines as a measure of afferent connectivity. This parameter in-
creased over time (Fig. 2H) (F(,,0) = 155.418; p = 0.001). In
addition, we questioned whether the MFTs of newborn DGCs
exhibit morphological changes as the cells mature. Figure 2I-M
shows representative images of the MFT morphology at 10 d (Fig.
2I),and 2 (Fig. 2]), 3 (Fig. 2K), 4 (Fig. 2L), and 8 (Fig. 2M ) weeks
of cell age. The area of individual MFT's (Fig. 2N) increased over
time (F450) = 30.349; p = 0.001). Together, these data indicate
that newborn DGCs undergo a profound morphological trans-
formation over time, thereby also pointing to a parallel func-
tional maturation of these cells, as previously demonstrated by
other authors (van Praag et al., 2002; Zhao et al., 2006; Toni et al.,
2008).

Dynamics of AIS development in newborn DGCs

Once we had ensured that our experimental design allowed the
detection of morphological changes indicative of the functional
transformation of newborn DGCs, we addressed whether the AIS
also exhibited morphological changes during the maturation of
these cells. Figure 3A—C shows representative Z-projection and
high-power magnification images of the soma and the proximal
domain of the axon of newborn DGCs at 10 d (Fig. 3A), and 3
weeks (Fig. 3B) and 8 weeks (Fig. 3C) of age. We first quantified
the percentage of cells of each age with a clearly identifiable axon
(Fig. 3D). This percentage increased over time (F, 55, = 46.354;
p = 0.001). Next, we quantified the percentage of cells that
showed a clearly identifiable AIS (Fig. 3E). To this end, orthogo-
nal cross-sections were examined throughout the axon to con-
firm the colocalization between Venus and the AIS marker
Ankyrin G. As an example, in Figure 3A—C, orthogonal YZ (right)
and XZ (bottom) cross-sectional views of the axon obtained at
axonal points located closer to the soma (Fig. 3Aa,Ba,Ca), and
within (Fig. 3Ab,Bb,Cb) or beyond (Fig. 3Ac,Bc,Cc) the AIS loca-
tion are shown. This percentage also increased over time
(F420) = 47.984; p = 0.001). To study whether the establishment
of axonal identity precedes AIS formation, we calculated the per-
centage of axons with a clearly identifiable AIS (Fig. 3F). As
shown, not all the axonal projections had an AIS at earlier time
points, although this percentage increased over time (F, 5y =
6.477; p = 0.002). These data support the notion that axon for-
mation precedes that of AIS assembly. Accordingly, cellslackinga
clearly identifiable axon did not show Ankyrin G expression in
undifferentiated neurites.

Next, we performed an in-depth morphometric characteriza-
tion of the AIS of newborn DGCs of different ages. AIS length
increased with maturation (F, 55, = 13.474; p =< 0.001) (Fig. 3G).
In contrast, no changes in the AIS starting point were observed
(Fig. 3H) (F(4,0) = 0.252; p = 0.315). Moreover, we measured
AIS thickness at different points of this structure, namely, prox-
imal (the closest to the axonal hillock), medial, and distal (Fig.
3I). As shown, AIS thickness changed in the three locations as the
DGCs matured (repeated-measures ANOVA Greenhouse—Geis-
ser interaction, F = 4.058; p = 0.025), although a remarkable
differential thickening of the proximal domain was evident in
4- and 8-week-old cells. Accordingly, the average AIS thick-
ness increased at late maturational stages (Fig. 3]) (F,,0) =
5.761; p = 0.003).
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Experimental design. A, Seven-week-old mice received a stereotaxic injection of a retrovirus that encodes the fluorescent protein Venus. After different periods of time (i.e.,

10d, and 2, 3, 4, or 8 weeks after injection), mice were sacrificed, and newborn DGCs were examined (B). (~F, Representative images showing the morphology (C), dendritic spines (D),
potential location of the AIS (E), and axonal terminals (named MFTs) (F) of 8-week-old newborn DGCs. Yellow scale bar, 100 pem. Pink scale bar, 10 wm. E, Yellow triangles represent

the potential location of the AlS.

EE accelerates the maturation of newborn DGCs

To test whether EE altered the morphological maturation of new-
born DGCs during the initial period of AIS formation, mice were
subjected to a 1 week period of EE or to CH conditions, starting 1
week after stereotaxic injections (Fig. 4A). Figure 4B, C provides
representative images of the morphology of newborn DGCs, to-
gether with their respective high-power magnification images
showing the presence of dendritic spines in CH (Fig. 4B) and EE
(Fig. 4C) mice. EE accelerated the morphological maturation of
the neurons, as reflected by the increase in total dendritic length
(Fig. 4D) (Mann—Whitney U = 1.000; p = 0.016) and dendritic
tree complexity, as shown by Sholl’s analysis (Fig. 4E) (repeated-
measures ANOVA Greenhouse—Geisser interaction, F = 5.115;
p=0.013).

We also analyzed the occurrence of indirect markers of so-
matic translocation phenomena (Murphy and Danzer, 2011) in
newborn DGCs exposed to EE. In this regard, we found that
EE increased the length of the primary apical dendrite (Mann—
Whitney U = 1.000; p = 0.016) (Fig. 4F ), whereas the percent-
age of cells with basal dendrites was not changed (t = 1.978;
p = 0.083) (Fig. 4G). Moreover, EE did not alter migration
into the GCL (Mann—Whitney U = 12.000; p = 1.000) (Fig.
4H) or the distance to the first change of axonal trajectory
(Mann—Whitney U = 11.000; p = 0.841) (Fig. 4I). These data

support the notion that EE accelerates the morphological mat-
uration of newborn DGCs without triggering somatic translo-
cation phenomena. Moreover, EE increased the density of
dendritic spines (Fig. 4]) (t = —2.273; p = 0.043), although it
did not change the area of individual MFTs (Fig. 4K-M)
(Mann—Whitney U = 11.000; p = 0.841). Together, these data
support previous evidence demonstrating that EE increases
the morphological and functional maturation of DGCs (Alva-
rez et al., 2016).

EE alters the development of the AIS in newborn DGCs

Next, we addressed whether EE influenced the formation of the
AIS in newborn DGCs. Figure 5A, B, shows representative images
of this structure in animals subjected to either CH (Fig. 5A) or EE
(Fig. 5B) conditions. Moreover, XZ and YZ orthogonal cross-
sectional images obtained at different points of the axon located
closer to the soma (Fig. 5Aa,Ba), and within (Fig. 5Ab,Bb), or
beyond (Fig. 5A¢,Bc) the AIS location are shown to demonstrate
that colocalization between Venus and Ankyrin G occurred only
within the AIS region.

EE increased the percentage of cells with a clearly identifiable
axon (Fig. 5C) (Mann—Whitney U = 2.000; p = 0.028) and
tended to increase the percentage of cells with an AIS (Fig. 5D)
(Mann—Whitney U = 3.000; p = 0.056). However, it did not
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Figure2. Maturation of newborn DGCs. A-E, Representative images of 10-day-old (4) and 2- (B), 3- (C), 4- (D), or 8- (E) week-old newborn DGCs and their respective high-power magnification
images showing the presence of dendritic spines (red triangles). F, Total dendritic length in cells of different ages. G, Sholl’s analysis of dendritic branching. H, Density of dendritic spines. I-M,
Representative high-power magnification images of MFTs of 10-day-old (/) and 2- (), 3- (K), 4- (L), or 8- (M) week-old newborn DGCs. N, Area of individual MFTs. Yellow scale bar, 50 wm. Pink
scale bar, 10 wm. Red triangles represent dendritic spines. Pink triangles represent MFTs. *0.05 > p = 0.01. ***0.001 = p. Asterisks indicate statistically significant differences with respect to

10-day-old newborn DGCs. Error bars represent SEM.

change the percentage of axons exhibiting an AIS (Fig. 5E) (t =
—1.224; p = 0.256). In contrast, EE increased the length (Fig. 5F)
(Mann—Whitney U = 2.500; p = 0.047) and distance between the
axonal hillock and the AIS starting point (Fig. 5G) (t = —2.422;

p = 0.042). However, EE did not alter the thickness of this struc-
ture (Fig. 5H) (t = 0.391; p = 0.707). These data demonstrate
that EE induces the remodeling of the morphological properties
and position of the AIS of newborn DGCs.
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Figure3.  AIS formation during adult hippocampal neurogenesis. A-C, Representative images of the AIS of 10-day-old (4) and 3- (B) or 8- (€) week-old newborn DGCs. To visualize the starting
and ending point of the AIS, orthogonal cross-sections were examined throughout the axon to detect the colocalization between Venus and the AlS marker Ankyrin G. As an example, orthogonal YZ
(right) and XZ (bottom) cross-sectional views of the axon obtained at axonal points located closer to the soma (a), within (b), and beyond (c) the AIS location are shown. D, Percentage of cells with
a clearly identifiable axonal projection. E, Percentage of cells with a clearly identifiable AIS. F, Percentage of axons with a clearly identifiable AIS. G, AIS length. H, AIS starting point. /, Thickness at
the proximal, medial, and distal points of the AIS. J, Average AlS thickness. Yellow scale bar, 10 um. White scale bar, 5 wm. Pink scale bar, 1 wm. *0.05 > p = 0.01. **0.01 > p = 0.001.
*¥%0.001 = p. Asterisks indicate statistically significant differences with respect to 10-day-old newborn DGCs. Error bars represent SEM.

EE increases the activation of newborn DGCs and Curran, 1989), in the GCL of CH and EE animals (Fig. 6A—
To further characterize the mechanisms through which EEaccel- D). EE did not modify the global density of cfos ™ nuclei in this
erated the maturation of newborn DGCs, we next studied the  layer (Fig. 6E) (+ = 0.646; p = 0.576). Instead, it markedly in-
expression of cfos, an early immediate gene that shows nuclear  creased the proportion of newborn Venus* cells that showed
localization under conditions of neuronal activation (Morgan  nuclear expression of cfos (Fig. 4F) (t = 5.042; p = 0.001). These
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EE accelerates the maturation of newborn DGCs. A, Schematic experimental design. Briefly, animals received a stereotaxic injection of a retrovirus that encodes the fluorescent protein

Venus. One week later, half the animals were exposed to a week of EE, whereas the other half were housed under standard conditions. B, C, Representative images of newborn DGCs belonging to
CH (A) or EE (B) mice, together with their respective high-power magnification images showing the presence of dendritic spines. D, Total dendritic length. E, Sholl's analysis of dendritic branching.
F, Length of the primary apical dendrite. G, Percentage of cells with basal dendrites. H, Migration into the GCL. /, Distance between the axonal hillock and the first change of axonal trajectory. J,
Density of dendritic spines. K, L, Representative high-power magnification images of MFTs of newborn DGCs belonging to CH (K') and EE (L) animals. M, Area of individual MFTs. Yellow scale bar, 50
um. Pink scale bar, 10 um. Red triangles represent dendritic spines. Pink triangles represent MFTs. *0.05 > p = 0.01. Error bars represent SEM.

data indicate that EE selectively increases the activation of new-
born DGCs.

Next, we questioned whether the changes in neuronal activa-
tion correlated with morphological differences in the AIS of these
cells. To this end, we measured various morphometric parame-
tersin the AIS of cfos " and cfos ~ cells of CH and EE animals (Fig.
6G—J). The percentage of cells that showed a clearly identifiable
axonal projection (Fig. 6G) (one-way ANOVA, F 4,4, = 20.96;
p =0.001; Tukey post hoc analyses: CH, p = 0.001; EE, p = 0.002)
and an AIS (Fig. 6H) (one-way ANOVA, F,,, = 14.06; p =
0.001; Tukey post hoc analyses: CH, p = 0.001; EE, p = 0.003) was
remarkably higher in cfos " cells. Moreover, marked differences
in AIS morphometric parameters between cfos * and cfos ~ cells
were observed. In this regard, the AIS of cfos * cells appeared to
be farther from the soma (Fig. 6I) (one-way ANOVA, F, 5, =

16.60; p = 0.001; Tukey post hoc analyses: CH, p = 0.003; EE, p =
0.001) and was longer (Fig. 6]) (one-way ANOVA, F, ) =
18.16; p = 0.001; Tukey post hoc analyses: CH, p = 0.002; EE, p =
0.001) than that of cfos ~ cells. These data indicate that neuronal
activation correlates with changes in the morphological proper-
ties of the AIS during newborn DGC maturation.

LPS impairs the maturation of newborn DGCs

To study the effects of LPS on the maturation of newborn DGCs,
mice were implanted with subcutaneous osmotic pumps filled
with either LPS or PBS, which were administered continuously
for 2 weeks (Fig. 7A-C). LPS did not cause remarkable effects on
the morphology of the neurons (Fig. 7D, E), nor did it alter total
dendritic length (Fig. 7D) (¢t = 0.345; p = 0.744) or dendritic
branching, as measured by Sholl’s analysis (Fig. 7E) (repeated-
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Figure5.  EE effects on the development of the AIS of newborn DGCs. 4, B, Representative images of newborn DGCs belonging to animals exposed to CH (4) and EE (B). To visualize the starting
and ending point of the AIS, XZ and YZ orthogonal cross-sectional images obtained at different points of the axon located closer to the soma (a), and within (b) or beyond (c) the AIS location are
shown. It should be noted that colocalization between Venus and Ankyrin G occurred only within the AIS region. , Percentage of cells with a clearly identifiable axonal projection. D, Percentage of
cells with a clearly identifiable AIS. E, Percentage of axons with a clearly identifiable AIS. F, AlS length. G, AlS starting point. H, Average AlS thickness. Yellow scale bar, 50 wm. White scale bar,
10 wm. Blue scale bar, 5 m. Pink scale bar, 1 um. *0.05 > p = 0.01. ™ 0.1>> p = 0.05. Error bars represent SEM.
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Figure 6.  EE effects on the activation of newborn DGCs. A-D, Representative images of cfos ~ (A,€) and cfos ™ (B,D) cells in CH (4,B) and EE (C,D) animals. To visualize the starting and ending
point of the AIS, XZ and YZ orthogonal cross-sectional images obtained at different points of the axon located closer to the soma (Aa,Ba,Ca,Da), and within (Ab,Bb,Cb,Db) or beyond (Ac,Bc,Cc,Dc)
the AIS location are shown. E, Density of cfos * nuclei in the GCL. F, Percentage of Venus ™ cells that show cfos nuclear staining. G, Percentage of cfos /Venus ™ and cfos ~/Venus ™ cells with a
clearly identifiable axonal projection. H, Percentage of cfos * /Venus * and cfos ~/Venus * cells with a clearly identifiable AIS. 1, AIS starting pointin cfos */Venus * and cfos ~/Venus * cells.J,
AlSlengthin cfos /Venus ™ and cfos ~/Venus ™ cells. Yellow squares represent Venus * /cfos ~ cells. Red squares represent Venus */cfos * cells. Red triangles represent cfos ™ cells. Yellow scale
bar, 50 pm. Blue scale bar, 5 m. Pink scale bar, 1 wm. E, F, Asterisks indicate differences with CH animals. G, J, Asterisks indicate statistical significance in Tukey post hoc analyses. *0.05 > p =
0.01.**0.01 > p = 0.001. ***0.001 = p. Error bars represent SEM.
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LPS from E. coliimpairs the maturation of newborn DGCs. A, Schematic experimental design. Briefly, animals received a stereotaxic injection of a retrovirus that encodes the fluorescent

protein Venus and were implanted with osmotic pumps filled with PBS or LPS. Two weeks later, animals were sacrificed. B, (, Representative images of newborn DGCs belonging to PBS-treated (B)
or LPS-treated (€) animals, together with their respective high-power magnification images showing the presence of dendritic spines. D, Total dendritic length. E, Sholl’s analysis of dendritic
branching. F, Length of the primary apical dendrite. G, Percentage of cells with basal dendrites. H, Migration into the GCL. /, Distance between the axonal hillock and the first change of axonal
trajectory. J, Density of dendritic spines. K, L, Representative high-power magnification images of MFTs of newborn DGCs belonging to PBS-treated (K) or LPS-treated (L) animals. M, Quantification
of the area of individual MFTs. Yellow scale bar, 50 sem. Pink scale bar, 10 um. Red triangles represent dendritic spines. White triangles represent MFTs. *0.05 > p = 0.01. Error bars represent SEM.

measures ANOVA, Greenhouse—Geisser interaction, F = 0.683;
p = 0.672). Neither did LPS change the length of the primary
apical dendrite (Fig. 7F) (t = —0.895; p = 0.404), the percentage
of cells with basal dendrites (Fig. 7G) (t = 0.845; p = 0.428), the
migration of these cells into the GCL (Fig. 7H) (t = —0.69; p =
0.513), or the distance between the axonal hillock and the first
change of axonal trajectory (Fig. 7I) (t = —0.743; p = 0.489).
However, LPS reduced the density of dendritic spines (Fig. 7])
(t = 2.326; p = 0.048) but had no effect on the area of the MFTs
of newborn DGCs (Fig. 7K-M) (t = 0.345; p = 0.744). Together,
these data indicate that LPS alters the structural plasticity of new-
born DGCs, as we and others have previously demonstrated (Ek-
dahl et al., 2003; Monje et al., 2003; Llorens-Martin et al., 2014).

LPS alters the development of the AIS in newborn DGCs
Next, we addressed whether LPS administration modified AIS
formation in newborn DGCs. Figure 8A, B, shows representative
images of this structure in animals that received PBS (Fig. 8A) or
LPS (Fig. 8B). Moreover, XZ and YZ orthogonal cross-sectional
images obtained at different points of the axon located closer to
the soma (Fig. 8Aa,Ba), and within (Fig. 8Ab,Bb) or beyond (Fig.
8Ac,Bc) the AIS location are shown to demonstrate that colocal-
ization between Venus and Ankyrin G occurred only within the
AIS region.

LPS increased the percentage of cells with a clearly identifiable
axon (Fig. 8C) (Mann—Whitney U = 0.000; p = 0.008) and
caused a nonsignificant trend to reduce the percentage of cells
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LPSfromE. colialters the development of the AlS of newhorn DGCs. A, B, Representative images of newborn DGCs belonging to PBS-treated (A) or LPS-treated (EE) (B) mice. To visualize

the starting and ending point of the AIS, XZ, and YZ orthogonal cross-sectional images obtained at different points of the axon closer to the soma (a), and within (b) or beyond (c) the AlS location
are shown. It should be noted that colocalization between Venus and Ankyrin G occurred only within the AlS region. €, Percentage of cells with a clearly identifiable axonal projection. D, Percentage of cells with
aclearly identifiable AIS. E, Percentage of axons with a clearly identifiable AIS. F, AlS length. G, AlS starting point. H, Average AlS thickness. Yellow scale bar, 50 m. White scale bar, 10 wm. Blue scale bar, 5 m.
Pink scale bar, T um. *0.1> p = 0.05.%%0.01 > p = 0.001. Asterisks indicate statistically significant differences with respect to PBS-treated mice. Error bars represent SEM.
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Figure9. Effects of LPS from E. coli on newborn DGCactivation and neuroinflammation in the DG. A, B, Representative images of the DG belonging to PBS-treated (A) or LPS-treated (EE) (B) mice,

showing cfos staining (red) and retrovirally labeled newborn DGCs (green). C, Density of cfos ™ nuclei in the GCL. D, Percentage of Venus ™ cells that show cfos nuclear staining. E~1, Microglial
activation in the DG. E, Density of Iba1 ™ microglial dells in the ML, GCL, and H. F, Intensity of (D68 fluorescence signal in the ML, GCL, and H. G, M1 Mander’s coefficient showing colocalization
between Iba1 and (D68. H, I, Representative images showing staining with Iba1 and (D68 in the DG of PBS-treated (H) or LPS-treated (/) animals. Yellow scale bar, 50 wm. Yellow triangles
represent Venus ~/cfos ™ cells. Red triangles represent Venus */cfos * cells. White triangles represent Venus */cfos ~ cells. Orange triangles represent microglial cells. **0.01 > p = 0.001.

*¥%0.001 = p. Error bars represent SEM.

that had an AIS (Fig. 8D) (¢t = 2.028; p = 0.077). As a result, LPS
reduced the percentage of axons exhibiting a clearly identifiable
AIS (Fig. 8E) (Mann—Whitney U = 0.000; p = 0.008). Moreover,
this treatment did not lead to a change in AIS length (Fig. 8F)
(Mann—Whitney U = 11.000; p = 0.841), distance between the
soma and the AIS starting point (Fig. 8G) (Mann—Whitney U =
3.000; p = 0.056), or AIS thickness (Fig. 8H) (+ = 1.140; p =
0.288).

Effects of LPS on the activation of DGCs and microglia in
the DG
Next, we addressed whether exposure to LPS altered the activa-
tion of the population of granule neurons (Fig. 9A-D). To this
end, we quantified the number of cfos ™ cells in the GCL of PBS-
and LPS-treated animals. We found a marked reduction in the
density of cfos ™ cells in the latter (Fig. 9C) (t = 6.319; p < 0.001).
However, this reduction was not observed among Venus " cells
(Fig. 9D) (t = 0.132; p = 0.898).

Given that no changes in newborn DGC activation were ob-
served in LPS-treated animals, we studied whether a shift toward

a proinflammatory milieu in the DG caused by LPS administra-
tion correlated with the differences in the AIS development ob-
served in these animals (Fig. 9E-I). To this end, we quantified the
number of Ibal * microglial cells located in the ML, GCL, and H.
Supporting previous observations (Llorens-Martin et al., 2014),
we found that LPS treatment increased the number of microglial
cells in the three regions (Fig. 9E) (one-way ANOVA, Fs 55 =
14.95; p = 0.001; Tukey post hoc analyses: ML, p = 0.001; GCL,
p = 0.01; H, p = 0.001). Moreover, to further characterize the
activation status of microglial cells in the aforementioned regions
of the DG, we studied the expression of the microglial activation
marker CD68 (Llorens-Martin et al., 2016) in these cells (Fig.
9F-T). LPS increased the expression of CD68, and this increase
was specific to the ML and H (one-way ANOVA, F 5 59y = 20.19;
p = 0.001; Tukey post hoc analyses: ML, p = 0.01; GCL, p = 0.242;
H, p = 0.001) (Fig. 9F). Moreover, the percentage of Ibal ™ area
that was CD68 " (M1 Mander’s colocalization coefficient) was
accordingly increased (t = 4.067; p = 0.0036) (Fig. 9G). In Figure
9H, I, representative images show the differences in microglial
cell numbers and CD68 expression previously described. To-
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gether, these data demonstrate that the administration of LPS
triggers a shift toward a proinflammatory milieu in the DG and
that this effect occurs in parallel to the alteration in the develop-
ment of the AIS of newborn DGCs.

Discussion

AHN encompasses various stages and leads to the integration of
newborn DGCs into the trisynaptic circuit (Zhao et al., 2006).
Early after immature neuroblasts are committed to the neuronal
lineage, their morphology is characterized by the presence of sev-
eral undifferentiated neurites. At 10—11 d of cell age, axonal fibers
are observed in the CA3 and CA2 hippocampal subfields (Zhao et
al., 2006; Llorens-Martin et al., 2015b). Given that only 30% of
10-day-old newborn DGCs showed a clearly identifiable axonal
projection, while most of the cells showed only undifferentiated
neurites, our data support the notion that there are marked mat-
urational differences between individual cells at early time points.
Nevertheless, this heterogeneity seems to disappear at the fourth
week of cell age because ~100% of the cells showed a clearly
identifiable axon at this age. Accordingly, this generalized axonal
identity establishment is accompanied by a series of cellular
events that are indicative of subsequent functional maturation of
the cells, such as the marked increase in dendritic length and
branching and in the density of dendritic spines.

We have analyzed the temporal dynamics of AIS formation in
newborn DGCs of young adult mice in vivo. In this regard, the
AIS was absent in cells with undifferentiated neurites and that
lacked a clearly identifiable axon. Moreover, at 10 d of cell age,
only 50% of the axons had an AIS, whereas this percentage in-
creased as the postinjection interval extended, reaching a plateau
at 3 or 4 weeks of cell age. In this regard, our data support previ-
ous in vitro (Rasband, 2010) and in vivo (Galiano et al., 2012)
evidence showing that axonal determination precedes AIS for-
mation and that the latter process is regulated by intrinsic matu-
rational programs (Petersen et al., 2017).

Interestingly, the period in which the AIS of newborn DGCs
exhibited the greatest structural changes (i.e., the period com-
prised between the second and the third weeks of cell age) coin-
cided with the period of highest dendritic remodeling. Notably,
AIS formation preceded the marked increase in the area of MFTs,
which occurred at 4 weeks of age. Given the high density of Na(v)
channels present in the AIS (50 times compared with the soma-
todendritic compartment) (Kole et al., 2008), this structure is the
most favorable site for AP initiation (Colbert and Johnston, 1996;
Kole et al., 2008; Kole and Stuart, 2012). Thus, it can be hypoth-
esized that the presence of a functional AIS is required for the
establishment of mature synaptic contacts with efferent targets.
Indeed, certain aspects of the AIS structure that might be related
to the efficiency of AP generation, such as the differences in thick-
ness between the proximal and the distal zones of the AIS (Pe-
tersen et al., 2017; Gonzélez-Cabrera et al., 2017), were
observable only in 4- and 8-week-old newborn DGCs, whereas
no marked regional differences in AIS thickness were detected in
younger cells.

In this regard, the structural features of the AIS have an enor-
mous impact on the functionality of developing neurons (Evans
et al., 2015; Yamada and Kuba, 2016). For instance, both AIS
length and distance from the axonal hillock correlate with the
excitability of these cells (Kuba, 2012; Evans et al., 2015; Yamada
and Kuba, 2016). In general terms, longer AISs located closer to
the axon hillock are more efficient in generating APs because the
number of ion channels present in the structure are directly pro-
portional to the AIS surface (length), and short distances between
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the axonal hillock and the AIS starting point reduce the dissipa-
tion of charges during propagation from the soma (Yamada and
Kuba, 2016). However, an elegant study by Gulledge and Bravo
(2016) has recently brought to light another crucial level of com-
plexity in the dependence between AIS structure and function
and have introduced the concept of the “optimal” AIS conforma-
tion. This conformation is defined as the AIS length and position
that render minimal rheobase currents and the highest probabil-
ity of AP generation (Gulledge and Bravo, 2016). Those authors
showed that dendritic morphology determines the “optimal” AIS
conformation. This novel and revolutionary concept has re-
shaped our current knowledge about the AIS and has been fur-
ther supported by the work of other authors (Hamada et al,,
2016). Gulledge and Bravo (2016) proposed a shorter AIS as an
“optimal” conformation for neurons with low dendritic capaci-
tance and a longer AIS as “optimal” for neurons with higher
dendritic capacitance. According to this model, AIS lengthening
is the most efficient mechanism through which to counteract the
reduced excitability caused by increased dendritic capacitance
(Gulledge and Bravo, 2016). Thus, our data suggest that AIS
lengthening in mature neurons might be an “optimal” AIS con-
formation that allows the adjustment of cellular excitability to
higher dendritic capacitance.

In this regard, several examples of AIS structural remodeling
during neuronal development are found in the literature (Con-
radi and Ronnevi, 1977; Gutzmann et al., 2014; Kuba et al., 2014;
Nozari et al., 2017; Schliiter et al., 2017). Moreover, previous
evidence shows that the structural development of the AIS can be
extrinsically modulated during neuronal maturation. For in-
stance, elegant work by Kuba et al. (2010) demonstrated that
auditory stimuli deprivation results in the lengthening of the AIS
of avian brainstem auditory neurons. Similar results were ob-
tained by Schliiter et al. (2017) when testing visual deprivation.
Other studies by Evans et al. (2015) showed that cultured hip-
pocampal neurons subjected to continuous depolarization re-
sponded with rapid AIS shortening or distancing (Grubb and
Burrone, 2010). Moreover, previous data support the notion that
external stimuli, such as EE, modulate the structural plasticity of
the AIS of cortical neurons during a restricted developmental
period (Nozari et al., 2017). In agreement with that study, our
findings reveal that extrinsic factors can modulate the dynamics
of AIS formation in newborn DGCs of young adult mice in vivo.
In this regard, EE is one of the most potent positive modulators of
AHN (Kempermann et al., 1997), although newborn DGCs ex-
hibit variable sensitivity to the effects of EE throughout their
maturation (Bergami et al., 2015; Alvarez et al., 2016). Indeed,
our data show that a 1 week period of EE does not induce a
general activation of the population of DGCs but rather a selec-
tive increase in the percentage of Venus " newborn DGCs that
show nuclear expression of cfos. Given the specific increase in the
activation of this population of cells, we explored the conse-
quences of this manipulation on the formation of their AIS. EE
was observed to trigger the distancing of the AIS from the soma
and the lengthening of this structure. Importantly, these effects
were more evident in cfos™ cells, thereby suggesting that the
observed structural effects on AIS formation triggered by EE are
mediated by a neuronal activation-dependent mechanism. In
agreement, similar morphological differences were observed be-
tween cfos © and cfos ~ newborn DGCs in CH animals. In this
regard, changes in neuronal activation have been observed to
modify AIS structure in diverse experimental paradigms (Grubb
and Burrone, 2010; Kuba, 2010, 2012, 2014; Grubb et al., 2011;
Evansetal., 2015; Hamada et al., 2016; Yamada and Kuba, 2016).
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Conversely, neuroinflammation is a major negative regulator
of DGC maturation (Monje et al., 2003). Although we did not
observe selective changes in newborn DGC activation in LPS-
treated animals, a marked reduction in the nuclear expression of
cfos was observed in the general population of DGCs. It can be
hypothesized that a reduction in the activity of local networks
might slow down the maturation of newborn DGCs, although
other relevant mechanisms should also be taken into account. Of
note, LPS increased the number and activation of microglial cells
in the H, where the newly formed axons of these cells are primar-
ily located. In this regard, microglial cells critically regulate the
maturation and integrity of the AIS of principal cortical and hip-
pocampal neurons (Baalman etal., 2015; Benusa et al., 2017). We
therefore propose that the putative alteration in the interaction
between activated microglial cells in the aforementioned regions
and nascent axons harnesses the maturation and development of
the AIS in newborn DGCs exposed to LPS.

In conclusion, our data evidence remarkable structural
changes in the AIS of newborn DGCs during their maturation
under physiological conditions. Moreover, we show that both
stimulatory and detrimental effects can alter the dynamics of AIS
formation in these cells. On the basis of our findings, we propose
that both intrinsic and extrinsic mechanisms drive the formation
and structural dynamics of the AIS in newborn DGCs and that
these changes in AIS structure are related to alterations in the
morphology and functionality of these cells.
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