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ABSTRACT 47 

Newborn dentate granule cells (DGCs) are generated in the hippocampal dentate 48 

gyrus (DG) of rodents through a process called adult hippocampal neurogenesis (AHN), 49 

which is subjected to tight intrinsic and extrinsic regulation. The use of retroviruses 50 

encoding fluorescent proteins has allowed the characterization of the maturation 51 

dynamics of newborn DGCs, including their morphological development and the 52 

establishment and maturation of their afferent and efferent synaptic connections. 53 

However, the study of a crucial cellular compartment of these cells, namely the axon 54 

initial segment (AIS), has remained unexplored to date. The AIS is not only the site of 55 

action potential initiation, but it also has a unique molecular identity that makes it one 56 

of the master regulators of neural plasticity and excitability. Here we examined the 57 

dynamics of AIS formation in newborn DGCs of young female adult C57BL/6J mice in 58 

vivo. Our data reveal notable changes in AIS length and thickness throughout cell 59 

maturation under physiological conditions and show that the most remarkable structural 60 

changes coincide with periods of intense morphological and functional remodeling. 61 

Moreover, we demonstrate that AIS development can be modulated extrinsically by 62 

both neuroprotective (environmental enrichment) and detrimental (lipopolysaccharide 63 

from E. coli) stimuli.     64 
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SIGNIFICANCE STATEMENT 65 

 The hippocampal dentate gyrus (DG) of rodents generates newborn dentate 66 

granule cells (DGCs) throughout life. This process, named adult hippocampal 67 

neurogenesis (AHN), confers a unique degree of plasticity to the hippocampal circuit 68 

and it is crucial for learning and memory. Here we studied, for the first time, the 69 

formation of a key cellular compartment of newborn DGCs, namely the axon initial 70 

segment (AIS) in vivo. Our data reveal remarkable AIS structural remodeling 71 

throughout the maturation of these cells under physiological conditions. Moreover, AIS 72 

development can be modulated extrinsically by both neuroprotective (environmental 73 

enrichment) and detrimental (lipopolysaccharide from E. coli) stimuli.      74 
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INTRODUCTION 75 

 Dentate granule cells (DGCs) are generated in the dentate gyrus (DG) of rodents 76 

throughout life (Altman and Das, 1965). This process, named adult hippocampal 77 

neurogenesis (AHN), encompasses several stages of maturation that lead to the synaptic 78 

integration of newborn DGCs into the hippocampal trisynaptic circuit (Zhao et al., 79 

2006; Toni et al., 2008). Genetically engineered retroviruses encoding fluorescent 80 

proteins have greatly expanded our knowledge of AHN (Enikolopov et al., 2015), since 81 

they allow the visualization of the whole morphology and synaptic structures of 82 

individual newborn DGCs (van Praag et al., 2002; Zhao et al., 2006; Llorens-Martin et 83 

al., 2015a). However, a crucial subcellular compartment, namely the axon initial 84 

segment (AIS), has been systematically overlooked in the study of the functional 85 

maturation of these cells in vivo.  86 

The AIS was first described by Conradi (Conradi, 1966) and Palay (Palay et al., 87 

1968) as an independent cellular compartment located between the axonal hillock and 88 

the distal axon. The AIS serves not only as the site for action potential (AP) initiation 89 

(Colbert and Johnston, 1996; Palmer and Stuart, 2006; Hu et al., 2009; Grubb et al., 90 

2011) but also as a cell polarity gate-keeper by maintaining the electric and chemical 91 

isolation of somatodendritic and axonal compartments (Dotti and Simons, 1990; Song et 92 

al., 2009; Watanabe et al., 2012; Edwards et al., 2013; Jones and Svitkina, 2016). The 93 

AIS has a unique molecular identity, which includes the presence of a remarkably high 94 

number of voltage-gated ion channels (Koontz, 1993; Colbert and Johnston, 1996; Kole 95 

et al., 2007; Bender and Trussell, 2009), a specialized extracellular matrix (Hedstrom et 96 

al., 2007), a tightly regulated and differential innervation (Somogyi, 1979; Christie and 97 

De Blas, 2003; Wang et al., 2014; Saha et al., 2017), and a variety of structural, 98 

cytoskeletal and adaptor proteins (Leterrier, 2016). Among the latter, the scaffold 99 
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protein Ankyrin G makes a crucial contribution to AIS assembly and maintenance 100 

(Leterrier et al., 2017).  101 

A series of elegant studies have brought to light the extraordinary degree of 102 

structural and functional complexity exhibited by this structure (Rasband, 2010; Kole 103 

and Stuart, 2012; Jones and Svitkina, 2016). Indeed, remarkable structural remodeling 104 

occurs in the AIS both during neural development and in response to a variety of insults 105 

of distinct nature (Conradi and Ronnevi, 1977; Xu and Shrager, 2005; Schafer et al., 106 

2009; Tapia et al., 2010; Clark et al., 2016; Clark et al., 2017; Schluter et al., 2017; 107 

Leterrier, 2018). 108 

Here we provide the first characterization of the temporal course of the 109 

formation and maturational dynamics of the AIS of newborn DGCs under physiological 110 

conditions, as well as in response to both neuroprotective (Environmental Enrichment, 111 

EE) and detrimental (neuroinflammation caused by the lipopolysaccharide from E. coli, 112 

LPS) stimuli.   113 
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EXPERIMENTAL PROCEDURES 114 

Experimental design 115 

a. Maturation dynamics of the AIS of newborn dentate granule cells 116 

(DGCs). 117 

To facilitate observation of the whole morphology of newborn DGCs, C57BL/6J 118 

mice received a stereotaxic injection of a retrovirus that encodes Venus fluorescent 119 

protein (Gomez-Nicola et al., 2014). After a range of post-injection intervals, the 120 

animals were sacrificed. A schematic experimental design is shown in Figure 1. The 121 

tissues were then processed and labeled DGCs were analyzed in terms of morphology 122 

(total dendritic length, Sholl´s analysis, number of dendritic spines, and area of their 123 

axonal terminals (MFTs)). In addition, the AIS of these cells was studied. Five mice 124 

were used for each time point examined. 125 

 126 

b. External regulation of AIS formation in newborn dentate granule cells 127 

(DGCs). 128 

To study the extrinsic regulation of AIS formation in newborn DGCs, we 129 

followed two strategies. On the one hand, a group of mice was subjected to a period of 130 

Environmental Enrichment (EE), a paradigm that markedly increases hippocampal 131 

plasticity and the maturation of this neuronal population (Alvarez et al., 2016), or to 132 

control housing (CH) conditions (Figure 4 A). On the other hand, to test whether the 133 

formation of the AIS in newborn DGCs is impaired by a deleterious stimulus, two 134 

additional groups of mice were implanted with subcutaneous pumps filled with either 135 

lipopolysaccharide (LPS) or phosphate-buffered saline (PBS) (Figure 6 A). Systemic 136 

administration of LPS causes hippocampal neuroinflammation and impairs DGC 137 
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maturation (Ekdahl et al., 2003; Monje et al., 2003; Llorens-Martin et al., 2014). Five 138 

mice were used for each experimental condition. 139 

All stereotaxic injections, tissue processing, cell counts, and morphometric 140 

determinations were performed by trained researchers blind to the experimental 141 

conditions. 142 

 143 

Animals 144 

Five-week-old C57BL/6J Ola Hsd female mice were obtained from EnVigo 145 

Laboratories (Spain).  They were maintained undisturbed for two weeks in a specific 146 

pathogen-free colony facility at the Centro de Biología Molecular “Severo Ochoa” 147 

(CBMSO) before being subjected to experimental manipulation. At the moment of 148 

stereotaxic injections, all mice were seven weeks old. They were housed in ventilated 149 

racks in a pathogen-free colony facility at the CBMSO, in accordance with European 150 

Community Guidelines (directive 86/609/EEC), and handled following European and 151 

local animal care protocols. Two to three mice were housed per cage. Five mice were 152 

used for each experimental condition and time point examined. Animal experiments 153 

received the approval of the CBMSO Ethics Committee (AEEC-CBMSO-23/172) and 154 

the National Ethics Committee (PROEX 205/15).  155 

 156 

Retroviral stock preparation  157 

We used a retroviral stock encoding for Venus fluorescent protein on a RSF91 158 

backbone (Schambach et al., 2006; Gomez-Nicola et al., 2014).  The plasmids used to 159 

produce the virus were kindly provided by Prof. Miyawaki (RIKEN Brain Science 160 

Institute, Saitama, Japan), Dr. Riecken (University Medical Center Hamburg-161 



 

10 
 

Eppendorf), and Dr. Gage (Salk Institute, California, USA). Retroviral stocks were 162 

concentrated to working titers of 1x107 - 2x108 pfu/ml by ultracentrifugation (Zhao et 163 

al., 2006). Since the retroviruses used are engineered to be replication-incompetent, 164 

only cells dividing at the time of surgery are infected (Zhao et al., 2006). In the DG, 165 

these proliferative cells are almost totally restricted to newborn DGCs (Zhao et al., 166 

2006). 167 

 168 

Stereotaxic surgery 169 

Mice were anesthetized with isoflourane and placed in a stereotaxic frame. 170 

Retroviruses were injected into the DG at the following coordinates (mm) relative to 171 

bregma in the anteroposterior, mediolateral, and dorsoventral axes: [-2.0, ±1.4, 2.2]. 172 

Next, 2 μl of Venus/pCS2 retrovirus was infused at a rate of 0.2 μl/min via a glass 173 

micropipette. To avoid any suction effect of the solution injected, micropipettes were 174 

kept in place at the site of injection for an additional 5-min interval before being slowly 175 

removed. Animals were sacrificed after various periods of time, following the 176 

experimental design shown in Figure 1. 177 

 178 

Environmental enrichment (EE) 179 

We used a previously described EE protocol (Llorens-Martin et al., 2010). One 180 

week after retroviral injections, mice assigned to EE were housed in a large transparent 181 

polycarbonate cage (55 x 33 x 20 cm, Plexx Ref. 13005) (10 mice per cage) for an 182 

additional week (Figure 4 A). All enriched cages were equipped with various types of 183 

running wheels. The mice had free access to toys of different shapes, sizes, materials, 184 

and surface textures. Every other day, a set of 10–15 different toys and new bedding 185 
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were placed in the cages in order to alter the environment (Llorens-Martin et al., 2010). 186 

To examine the external regulation of AIS formation, the EE protocol was applied 187 

between 1 and 2 weeks after stereotaxic injections. This period comprised the time point 188 

at which the AIS was first observed in newborn DGCs (10 days). Given that no 189 

ventilated racks adapted to the dimensions of the enriched cages were available, and in 190 

order to rule out any putative influence of environmental noise or odors on the 191 

parameters studied, an additional group of mice were housed in non-ventilated standard 192 

cages during the same period of time and were used as control housing (CH) animals. 193 

CH animals were housed in groups of 2-3 per cage, whereas animals subjected to EE 194 

were housed in groups of 10 per cage. 195 

 196 

Treatment with lipopolysaccharide (LPS) from E. coli  197 

 LPS was administered subcutaneously via Alzet® osmotic pumps (Durect 198 

Corporation, Cupertino, California) following the experimental design described in 199 

Figure 6 A. Mouse #1002# model osmotic pumps were used. To test the effects of an 200 

extrinsic modulator, which did not cause remarkable morphological changes on DGCs, 201 

on AIS formation, we used a low dose of LPS continuously delivered for two weeks. 202 

This period of time comprised the time point at which the presence of an AIS was first 203 

observed on DGCs. To achieve continuous LPS delivery of 150 μg kg -1 per day for two 204 

consecutive weeks, pumps were filled with a solution of LPS (Sigma, from Escherichia 205 

coli 055:B5, St. Louis, MO) diluted in 0.1M PBS. Moreover, to rule out any putative 206 

effect of osmotic pump implantation, an additional group of control animals received 207 

osmotic pumps filled with 0.1 M PBS. Osmotic pumps were implanted at the time of 208 

stereotaxic injections. 209 
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Sacrifice 210 

Mice were fully anesthetized by an intraperitoneal injection of pentobarbital 211 

(EutaLender, 60 mg/kg) and transcardially perfused with 0.9% saline followed by 4% 212 

paraformaldehyde in 0.1 N phosphate buffer. Given that the immunohistochemical 213 

detection of Ankyrin G requires weak fixation of tissue (Alshammari et al., 2016), 214 

brains were removed and post-fixed for 20 min in the same fixative at 4ºC. They were 215 

then washed three times in 0.1 N phosphate buffer and placed in a 10% sucrose/4% 216 

agarose matrix in order to increase the robustness of the tissue and allow vibratome 217 

sectioning.  218 

 219 

Immunohistochemistry 220 

Immediately after inclusion, coronal brain sections were obtained on a Leica 221 

VT1200S vibratome (50-μm thick sections). For immunohistochemical analysis, series 222 

of brain slices were randomly made up of one section from every ninth. Slices were 223 

initially pre-incubated in phosphate buffer with 1% Triton X-100 and 1% bovine serum 224 

albumin. Dual immunohistochemistry was then performed as described previously 225 

(Llorens-Martin et al., 2013), using the following primary antibodies: rabbit anti-GFP 226 

(which detects Venus and enhances the fluorescence intensity of its signal) (Thermo 227 

Fisher Scientific Cat# A-11122, RRID:AB_221569; 1:1,000); guinea pig anti-cfos 228 

(Synaptic Systems Cat# 226 004, RRID:AB_2619946; 1:500); rabbit anti-Iba1 (Wako 229 

Cat# 019-19741, RRID:AB_839504; 1:500); rat anti-CD68 (Abcam Cat# 53444, 230 

RRID:AB_869007; 1:500); chicken anti-GFP (Abcam Cat# ab13970, 231 

RRID:AB_300798); and mouse anti-Ankyrin G (UC Davis/NIH NeuroMab Facility 232 

Cat# 75-146, RRID:AB_10673030; 1:1,000). To detect the binding of primary 233 
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antibodies, Alexa-594 donkey anti-mouse (Molecular Probes Cat# A-21203, 234 

RRID:AB_141633; 1:1000), Alexa-488 donkey anti-rabbit (Molecular Probes Cat# A-235 

21206, RRID:AB_141708; 1:1000), Alexa-555 donkey anti-rabbit (Thermo Fisher 236 

Scientific Cat# A-31572, RRID:AB_162543; 1:1000), Alexa-647 goat anti-guinea pig 237 

(Thermo Fisher Scientific Cat# A-21450, RRID:AB_2735091), Alexa-647 goat anti-rat 238 

(Molecular Probes Cat# A-21247, RRID:AB_141778), Alexa-488 goat anti-chicken 239 

(Molecular Probes Cat# A-11039, RRID:AB_142924) secondary antibodies were used. 240 

All the sections were counterstained for 10 min with DAPI (Merck, 1:5000) in order to 241 

label nuclei. 242 

 243 

Morphometric analysis of newborn dentate granule cells (DGCs). 244 

Fifty randomly selected newborn DGCs from each experimental group and time 245 

point were reconstructed under a Nikon A1R confocal microscope (25X oil immersion 246 

objective). Confocal stacks of images were obtained (Z-axis interval: 2 μm), and Z-247 

projections were analyzed in order to determine total dendritic length and dendritic 248 

arbor branching (Sholl´s analysis). All cells were traced using NeuronJ plugin for Fiji 249 

software. Sholl´s analysis was performed using the plugin ShollAnalysis for Fiji 250 

software. (Llorens-Martin et al., 2013; Pallas-Bazarra et al., 2017).  251 

Potential changes in the position of the AIS could be attributable to somatic 252 

translocation processes (Murphy and Danzer, 2011). To rule out the occurrence of these 253 

phenomena, additional morphometric determinations were performed on the newborn 254 

DGCs of animals exposed to CH, EE, PBS or LPS. In this regard, we first measured the 255 

length of the primary apical dendrite using Fiji software, as previously described 256 

(Llorens-Martin et al., 2014). Next, the percentage of cells showing basal dendrites was 257 
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calculated (Llorens-Martin et al., 2013). Moreover, we measured the migration of 258 

individual newborn DGCs towards the granule cell layer (GCL) (Llorens-Martin et al., 259 

2014). To this end, a line parallel to the hilar border of this structure, named the 260 

subgranular zone (SGZ), was traced. The perpendicular distance between the center of 261 

the newborn DGC nucleus and this line was calculated using Fiji software. Finally, we 262 

calculated the distance between the axonal hillock and the first change of axonal 263 

trajectory towards the CA3 region, by tracing individual axons on z-projection images. 264 

This distance was calculated in Fiji software.   265 

 266 

Morphometric analysis of the dendritic spines of newborn dentate granule cells 267 

(DGCs). 268 

Dendritic spines were studied in retrovirally labeled DGCs of different ages. 269 

Confocal stacks of images were obtained in a Nikon A1R confocal microscope (63x oil 270 

immersion objective; XY dimensions: 67.4 μm; Z-axis interval: 0.2 μm). The dendritic 271 

length of each segment was measured on Z-projections, and the number of dendritic 272 

spines was counted using NeuronStudio software (CNIC, Mount Sinai School of 273 

Medicine, 2007-2009) (Rodriguez et al., 2008). Prior to spine analysis, images were 274 

deconvoluted using Huygens Professional software (Scientific Volume Imaging). A 275 

minimum of 50 dendrites per experimental group and time point were examined. 276 

Dendritic fragments were automatically constructed using NeuronStudio software, and 277 

then individual seed points were rectified manually to more accurately trace the 278 

dendrite. 279 

 280 

Analysis of cfos expression in dentate granule cells (DGCs). 281 
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 We first used the physical dissector method previously described (Llorens-282 

Martin et al., 2006) to determine the total density of cells with cfos nuclear expression 283 

in the DG. To this end, 10 confocal stacks of images were obtained per animal in a 284 

LSM800 Zeiss confocal microscope (40X oil immersion objective, Z-interval: 1 μm). 285 

Next, the granule cell layer (GCL) was drawn, and the reference volume was calculated 286 

by multiplying the area of the GCL by the thickness of the Z-stack. Next, the number of 287 

cfos+ nuclei inside the reference volume were counted (Llorens-Martin et al., 2010), and 288 

this number was divided by this volume in order to obtain the density of cfos+ cells 289 

(number of cells/mm3). 290 

 Next, to specifically address the neuronal activation of newborn DGCs, we 291 

calculated the percentage of Venus+ cells that showed a clear nuclear expression of cfos. 292 

At least, 50 Venus+ cells per animal were analyzed. Data were averaged per animal and 293 

represented in the graphs. 294 

 295 

Area of mossy fiber terminals (MFTs) of newborn dentate granule cells (DGCs). 296 

The area of individual Venus+ MFTs was measured in the CA3 region. A 297 

minimum of 20 stacks of images per experimental condition and time point were 298 

obtained in a Nikon A1R confocal microscope (63X oil immersion objective; XY 299 

dimensions: 100 μm; Z-interval: 0.5 μm). Stacks were randomly obtained from the 300 

sections comprising the series. Z projections were obtained, and the area of each MFT 301 

was measured manually using Fiji software, as previously described (Toni et al., 2008; 302 

Pallas-Bazarra et al., 2016). A minimum of 400 MFTs per experimental condition and 303 

time point analyzed were measured. 304 
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Determination of the number of microglial cells and analysis of microglial 305 

activation. 306 

 The number of Iba1+ microglial cells in the GCL, Molecular layer (ML), and 307 

Hilus (H) were counted, as previously described (Llorens-Martin et al., 2014), following 308 

a similar methodology to that reported for cfos+ cell counting. To this end, six confocal 309 

stacks of images were obtained per animal in a LSM800 Zeiss confocal microscope 310 

(40X oil immersion objective, Z-interval: 0.5 μm). The density of microglial cells 311 

present in each structure was averaged per animal and represented in the graphs.  312 

 To address the activation of microglial cells, we measured the expression of the 313 

microglial activation marker CD68, following a previously described methodology 314 

(Llorens-Martin et al., 2016). We first measured the CD68 fluorescence intensity on Z-315 

projection images corresponding to each of the aforementioned sub-regions of the DG 316 

(Figure 7 L). Moreover, colocalization between Iba1 and CD68 was analyzed by means 317 

of the Just another colocalization plugin (JaCoP) for Fiji software. M1 Mander´s 318 

colocalization coefficient is shown in Figure 9 G.     319 

  320 

Morphometric analysis of the axonal initial segment (AIS) of newborn dentate 321 

granule cells (DGCs).  322 

 To analyze the morphometric parameters of the AIS of DGCs of different ages, 323 

we measured the expression of the AIS marker Ankyrin G in the axons of retrovirally 324 

labeled cells. Prior to this quantification, close examination of the samples revealed the 325 

consistent absence of the AIS in immature cells, in which axonal identity has not yet 326 

been established (see the Discussion section for a detailed description). Given that 327 
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axonal projections show a regular thickness and are markedly thinner than dendrites, 328 

they were identified on the basis of morphological features (Zhao et al., 2006).  329 

 330 

- Analysis of the percentage of cells with a clearly identifiable axon and AIS:  A 331 

minimum of 25 stacks of images per experimental condition and time point were 332 

obtained in a Nikon A1R confocal microscope (63X oil immersion objective; Z-333 

interval: 0.25 μm). More than 100 cells were examined per experimental condition and 334 

time point analyzed. The percentage of cells that exhibited a clearly identifiable axon 335 

was calculated. Moreover, the expression of Ankyrin G was verified at every point of 336 

the axonal trajectory by using the Ortogonal Views tool in Fiji software. The percentage 337 

of axons that showed Ankyrin G expression was calculated. 338 

 339 

- Analysis of AIS starting point, length and thickness: A minimum of 100 cells per 340 

experimental condition were reconstructed under a Nikon A1R confocal microscope 341 

(63X oil immersion objective; 2 x zoom; image XY dimensions: 200.33 μm; Z-interval: 342 

0.1 μm). The expression of Ankyrin G throughout axonal projections was confirmed in 343 

each plane of the Z-stacks using the Ortogonal Views tool in Fiji software. To 344 

determine the AIS starting point, the axon was followed in the green channel, and the 345 

first point showing colocalization between GFP and Ankyrin G was identified. The 346 

distance between the axonal hillock and the starting point of Ankyrin G expression was 347 

then measured on Z-projection images using the freehand drawing tool of Fiji. For the 348 

sake of clarity, we named this parameter AIS starting point. The distance between the 349 

AIS starting point and the ending point of Ankyrin G expression was measured using a 350 

similar methodology, and this parameter was denoted AIS length. Finally, the thickness 351 
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of the AIS was measured on Z-projections at three points, namely the proximal (the 352 

closer to the soma), the medial, and the distal (the furthest) regions of this structure. The 353 

data on regional thickness are shown in the graphs. In addition, the average thickness of 354 

the AIS in the three aforementioned regions is also shown. 355 

 To further assure the reliability of the aforementioned measurements, the AIS 356 

starting point and length of 50 randomly selected 8-week-old newborn DGCs were 357 

independently analyzed by two researchers. Variation coefficients calculated by the 358 

Relative inter-observer variability method (Popovic and Thomas, 2017) were ⁓5%. 359 

 360 

Statistical analysis 361 

Statistical analysis was performed using SPSS 25 software (SPSS, 1989; Apache 362 

Software Foundation, Chicago, IL, USA). The Kolmogorov–Smirnov test was used to 363 

check the normality of sample distribution. For comparisons between two experimental 364 

groups, a Student t-test was used in the case of normal sample distribution, whereas a 365 

non-parametric test (Mann-Whitney U test) was used in those cases in which normality 366 

could not be assumed. For multiple comparison, data were analyzed by a one-way 367 

ANOVA test. In those cases in which the one-way ANOVA was statistically significant, 368 

a Fischer LSD post-hoc analysis was used to compare the differences between 369 

individual groups. Data from Sholl´s analysis and regional AIS thickness were analyzed 370 

by a repeated measures ANOVA test (Bolos et al., 2017). All statistical comparisons 371 

were performed on averaged values per animal. Graphs represent mean values ± SEM. 372 

A 95% confidence interval was used for statistical comparisons. In Figures 2 and 3, 373 

asterisks indicate statistically significant differences with respect to 10-day-old newborn 374 

DGCs. In Figures 4, 5, and 6 E, F asterisks indicate statistically significant differences 375 
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with respect to CH animals. In Figures 6 G – J and 9 E, F, asterisks indicate statistical 376 

significance in Tukey post-hoc analyses. In Figures 7, 8, and 9 C, D, G, asterisks 377 

indicate statistically significant differences with respect to PBS-treated animals. 378 
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RESULTS 379 

Morphological maturation of newborn dentate granule cells (DGCs). 380 

 The experimental design is shown in a schematic diagram in Figure 1. Briefly, 381 

animals received a stereotaxic injection of a retrovirus that encodes the fluorescent 382 

protein Venus. After 10 days or 2, 3, 4, or 8 weeks, animals were sacrificed (Figure 1 383 

A) and newborn DGCs were examined (Figure 1 B). The morphology (Figure 1 C), 384 

density of dendritic spines (Figure 1 D), AIS (Figure 1 E) and MFT area (Figure 1 F) 385 

were then analyzed. 386 

 Figure 2 A-E shows representative images of the classical morphology of 387 

newborn DGCs at 10 days (Figure 2 A) and 2 (Figure 2 B), 3 (Figure 2 C), 4 (Figure 2 388 

D) and 8 (Figure 2 E) weeks of age, together with high-power magnification images 389 

showing the presence of dendritic spines. As previously described (Zhao et al., 2006), 390 

the complexity of the dendritic trees increased with time. The total dendritic length 391 

(Figure 2 F) (F4,20 = 216.642; p ≤ 0.001) and the number of dendritic branches, as 392 

measured by Sholl´s analysis (Repeated measures ANOVA Greenhouse-Geisser 393 

Interaction F = 46.762; p ≤ 0.001) (Figure 2 G), markedly increased as the cells 394 

matured. Moreover, we determined the density of dendritic spines as a measure of 395 

afferent connectivity. This parameter increased over time (Figure 2 H) (F4,20 = 155.418; 396 

p ≤ 0.001). In addition, we questioned whether the MFTs of newborn DGCs exhibit 397 

morphological changes as the cells mature. Figure 2 I – M shows representative images 398 

of the MFT morphology at 10 days (Figure 2 I), and 2 (Figure 2 J), 3 (Figure 2 K), 4 399 

(Figure 2 L) and 8 (Figure 2 M) weeks of cell age. The area of individual MFTs (N) 400 

increased over time (F4,20 = 30.349; p ≤ 0.001). All together, these data indicate that 401 

newborn DGCs undergo a profound morphological transformation over time, thereby 402 
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also pointing to a parallel functional maturation of these cells, as previously 403 

demonstrated by other authors (van Praag et al., 2002; Zhao et al., 2006; Toni et al., 404 

2008). 405 

 406 

Dynamics of axon initial segment development in newborn dentate granule cells 407 

(DGCs). 408 

 Once we had ensured that our experimental design allowed the detection of 409 

morphological changes indicative of the functional transformation of newborn DGCs, 410 

we addressed whether the AIS also exhibited morphological changes during the 411 

maturation of these cells. Figure 3 A - C shows representative Z-projection and high-412 

power magnification images of the soma and the proximal domain of the axon of 413 

newborn DGCs at 10 days (Figure 3 A), and 3 (Figure 3 B) and 8 (Figure 3 C) weeks of 414 

age. We first quantified the percentage of cells of each age with a clearly identifiable 415 

axon (Figure 3 D). This percentage increased over time (F4,20 = 46.354; p ≤ 0.001). 416 

Next, we quantified the percentage of cells that showed a clearly identifiable AIS 417 

(Figure 3 E). To this end, orthogonal cross-sections were examined throughout the axon 418 

to confirm the colocalization between Venus and the AIS marker Ankyrin G. As an 419 

example, in Figure 3 A – C, orthogonal YZ (right) and XZ (bottom) cross-section views 420 

of the axon obtained at axonal points located closer to the soma (a), and within (b) or 421 

beyond (c) the AIS location are shown. This percentage also increased over time (F4,20 = 422 

47.984; p ≤ 0.001). To study whether the establishment of axonal identity precedes AIS 423 

formation, we calculated the percentage of axons with a clearly identifiable AIS (Figure 424 

3 F). As shown, not all the axonal projections had an AIS at earlier time points, 425 

although this percentage increased over time (F4,20 = 6.477; p = 0.002). These data 426 
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support the notion that axon formation precedes that of AIS assembly. Accordingly, 427 

cells lacking a clearly identifiable axon did not show Ankyrin G expression in 428 

undifferentiated neurites. 429 

 Next, we performed an in-depth morphometric characterization of the AIS of 430 

newborn DGCs of different ages. AIS length increased with maturation (F4,20 = 13.474; 431 

p ≤ 0.001) (Figure 3 G). In contrast, no changes in the AIS starting point were observed 432 

(Figure 3 H) (F4,20 = 0.252; p = 0.315). Moreover, we measured AIS thickness at 433 

different points of this structure, namely proximal (the closest to the axonal hillock), 434 

medial, and distal (Figure 3 I). As shown, AIS thickness changed in the three locations 435 

as the DGCs matured (Repeated measures ANOVA Greenhouse-Geisser Interaction F = 436 

4.058; p = 0.025), although a remarkable differential thickening of the proximal domain 437 

was evident in 4- and 8-week-old cells. Accordingly, the average AIS thickness 438 

increased at late maturational stages (Figure 3 J) (F4,20 = 5.761; p = 0.003). 439 

 440 

Environmental enrichment accelerates the maturation of newborn dentate granule 441 

cells (DGCs). 442 

 To test whether EE altered the morphological maturation of newborn DGCs 443 

during the initial period of AIS formation, mice were subjected to a 1-week period of 444 

EE or to control housing (CH) conditions, starting one week after stereotaxic injections 445 

(Figure 4 A). Figure 4 B – C provides representative images of the morphology of 446 

newborn DGCs, together with their respective high-power magnification images 447 

showing the presence of dendritic spines in CH (Figure 4 B) and EE (Figure 4 C) mice. 448 

EE accelerated the morphological maturation of the neurons, as reflected by the increase 449 
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in total dendritic length (Figure 4 D) (Mann-Whitney U = 1.000; p = 0.016) and 450 

dendritic tree complexity, as shown by Sholl´s analysis (Figure 4 E) (Repeated 451 

measures ANOVA Greenhouse-Geisser Interaction F = 5.115; p = 0.013).  452 

We also analyzed the occurrence of indirect markers of somatic translocation 453 

phenomena (Murphy and Danzer, 2011) in newborn DGCs exposed to EE. In this 454 

regard, we found that EE increased the length of the primary apical dendrite (Mann-455 

Whitney U = 1.000; p = 0.016) (Figure 4 F), whereas the percentage of cells with basal 456 

dendrites was not changed (t = 1.978; p = 0.083) (Figure 4 G). Moreover, EE did not 457 

alter migration into the GCL (Mann-Whitney U = 12.000; p = 1.000) (Figure 4 H) or 458 

the distance to the first change of axonal trajectory (Mann-Whitney U = 11.000; p = 459 

0.841) (Figure 4 I). These data support the notion that EE accelerates the morphological 460 

maturation of newborn DGCs without triggering somatic translocation phenomena. 461 

Moreover, EE increased the density of dendritic spines (Figure 4 J) (t = -2.273; p = 462 

0.043), although it did not change the area of individual MFTs (Figure 4 K - M) (Mann-463 

Whitney U = 11.000; p = 0.841). All together, these data support previous evidence 464 

demonstrating that EE increases the morphological and functional maturation of DGCs 465 

(Alvarez et al., 2016).  466 

 467 

Environmental enrichment alters the development of the axon initial segment in 468 

newborn dentate granule cells (DGCs). 469 

 Next, we addressed whether EE influenced the formation of the AIS in newborn 470 

DGCs. Figure 5 A, B shows representative images of this structure in animals subjected 471 

to either CH (Figure 5 A) or EE (Figure 5 B) conditions. Moreover, XZ and YZ 472 
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orthogonal cross-section images obtained at different points of the axon located closer 473 

to the soma (a), and within (b), or beyond (c) the AIS location are shown to 474 

demonstrate that colocalization between Venus and Ankyrin G occurred only within the 475 

AIS region.  476 

EE increased the percentage of cells with a clearly identifiable axon (Figure 5 C) 477 

(Mann-Whitney U = 2.000; p = 0.028) and tended to increase the percentage of cells 478 

with an AIS (Figure 5 D) (Mann-Whitney U = 3.000; p = 0.056). However, it did not 479 

change the percentage of axons exhibiting an AIS (Figure 5 E) (t = -1.224; p = 0.256). 480 

In contrast, EE increased the length (Figure 5 F) (Mann-Whitney U = 2.500; p = 0.047) 481 

and distance between the axonal hillock and the AIS starting point (Figure 5 G) (t = -482 

2.422; p = 0.042). However, EE did not alter the thickness of this structure (Figure 5 H) 483 

(t = 0.391; p = 0.707). These data demonstrate that EE induces the remodeling of the 484 

morphological properties and position of the AIS of newborn DGCs. 485 

 486 

Environmental enrichment increases the activation of newborn dentate granule 487 

cells (DGCs). 488 

To further characterize the mechanisms through which EE accelerated the 489 

maturation of newborn DGCs, we next studied the expression of cfos, an early 490 

immediate gene that shows nuclear localization under conditions of neuronal activation 491 

(Morgan and Curran, 1989), in the GCL of CH and EE animals (Figure 6 A – D). EE 492 

did not modify the global density of cfos+ nuclei in this layer (Figure 6 E) (t = 0.646; p 493 

= 0.576). Instead, it markedly increased the proportion of newborn Venus+ cells that 494 
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showed nuclear expression of cfos (Figure 4 F) (t = 5.042; p = 0.001). These data 495 

indicate that EE selectively increases the activation of newborn DGCs. 496 

 Next, we questioned whether the changes in neuronal activation correlated with 497 

morphological differences in the AIS of these cells. To this end, we measured various 498 

morphometric parameters in the AIS of cfos+ and cfos- cells of CH and EE animals 499 

(Figure 6 G – J). The percentage of cells that showed a clearly identifiable axonal 500 

projection (Figure 6 G) (One-way ANOVA F4,20 = 20.96; p ≤ 0.001; Tukey post-hoc 501 

analyses: CH, p ≤ 0.001; EE, p = 0.002) and an AIS (Figure 6 H) (One-way ANOVA 502 

F4,20 = 14.06; p ≤ 0.001; Tukey post-hoc analyses: CH, p ≤ 0.001; EE, p = 0.003) was 503 

remarkably higher in cfos+ cells. Moreover, marked differences in AIS morphometric 504 

parameters between cfos+ and cfos- cells were observed. In this regard, the AIS of cfos+ 505 

cells appeared to be farther from the soma (Figure 6 I) (One-way ANOVA F4,20 = 506 

16.60; p ≤ 0.001; Tukey post-hoc analyses: CH, p = 0.003; EE, p ≤ 0.001) and was 507 

longer (Figure 6 J) (One-way ANOVA F4,20 = 18.16; p ≤ 0.001; Tukey post-hoc 508 

analyses: CH, p = 0.002; EE, p ≤ 0.001) than that of cfos- cells. These data indicate that 509 

neuronal activation correlates with changes in the morphological properties of the AIS 510 

during newborn DGC maturation.  511 

 512 

Lipopolysaccharide impairs the maturation of newborn dentate granule cells 513 

(DGCs). 514 

 To study the effects of LPS on the maturation of newborn DGCs, mice were 515 

implanted with subcutaneous osmotic pumps filled with either LPS or PBS, which were 516 

administered continuously for two weeks (Figure 7 A – C). LPS did not cause 517 
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remarkable effects on the morphology of the neurons (Figure 7 D, E), nor did it alter 518 

total dendritic length (Figure 7 D) (t = 0.345; p = 0.744) or dendritic branching, as 519 

measured by Sholl´s analysis (Figure 7 E) (Repeated measures ANOVA Greenhouse-520 

Geisser Interaction F = 0.683; p = 0.672). Neither did LPS change the length of the 521 

primary apical dendrite (Figure 7 F) (t = -0.895; p = 0.404), the percentage of cells with 522 

basal dendrites (Figure 7 G) (t = 0.845; p = 0.428), the migration of these cells into the 523 

GCL (Figure 7 H) (t = -0.69; p = 0.513), or the distance between the axonal hillock and 524 

the first change of axonal trajectory (Figure 7 I) (t = -0.743; p = 0.489). However, LPS 525 

reduced the density of dendritic spines (Figure 7 J) (t = 2.326; p = 0.048), but had no 526 

effect on the area of the MFTs of newborn DGCs (Figure 7 K- M) (t = 0.345; p = 527 

0.744). All together, these data indicate that LPS alters the structural plasticity of 528 

newborn DGCs, as we and others have previously demonstrated (Ekdahl et al., 2003; 529 

Monje et al., 2003; Llorens-Martin et al., 2014).  530 

  531 

Lipopolysaccharide alters the development of the axon initial segment in newborn 532 

dentate granule cells (DGCs). 533 

 Next, we addressed whether LPS administration modified AIS formation in 534 

newborn DGCs. Figure 8 A, B shows representative images of this structure in animals 535 

that received PBS (Figure 8 A) or LPS (Figure 8 B). Moreover, XZ and YZ orthogonal 536 

cross-section images obtained at different points of the axon located closer to the soma 537 

(a), and within (b) or beyond (c) the AIS location are shown to demonstrate that 538 

colocalization between Venus and Ankyrin G occurred only within the AIS region.  539 
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LPS increased the percentage of cells with a clearly identifiable axon (Figure 8 540 

C) (Mann-Whitney U = 0.000; p = 0.008) and caused a non-significant trend to reduce 541 

the percentage of cells that had an AIS (Figure 8 D) (t = 2.028; p = 0.077). As a result, 542 

LPS reduced the percentage of axons exhibiting a clearly identifiable AIS (Figure 8 E) 543 

(Mann-Whitney U = 0.000; p = 0.008). Moreover, this treatment did not lead to a 544 

change in AIS length (Figure 8 F) (Mann-Whitney U = 11.000; p = 0.841), distance 545 

between the soma and the AIS starting point (Figure 8 G) (Mann-Whitney U = 3.000; p 546 

= 0.056), or AIS thickness (Figure 8 H) (t = 1.140; p = 0.288).  547 

 548 

Effects of Lipopolysaccharide on the activation of dentate granule cells (DGCs) 549 

and microglia in the dentate gyrus (DG). 550 

Next, we addressed whether exposure to LPS altered the activation of the 551 

population of granule neurons (Figure 9 A – D). To this end, we quantified the number 552 

of cfos+ cells in the GCL of PBS- and LPS-treated animals. We found a marked 553 

reduction in the density of cfos+ cells in the latter (Figure 9 C) (t = 6.319; p ≤ 0.001). 554 

However, this reduction was not observed among Venus+ cells (Figure 9 D) (t = 0.132; 555 

p = 0.898).  556 

Given that no changes in newborn DGC activation were observed in LPS-treated 557 

animals, we studied whether a shift towards a pro-inflammatory milieu in the DG 558 

caused by LPS administration correlated with the differences in the AIS development 559 

observed in these animals (Figure 9 E – I). To this end, we quantified the number of 560 

Iba1+ microglial cells located in the ML, GCL and H. Supporting previous observations 561 

(Llorens-Martin et al., 2014), we found that LPS treatment increased the number of 562 
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microglial cells in the three regions (Figure 9 E) (One-way ANOVA F5,29 = 14.95; p ≤ 563 

0.001; Tukey post-hoc analyses: ML, p ≤ 0.001; GCL, p = 0.01; H, p ≤ 0.001).  564 

Moreover, to further characterize the activation status of microglial cells in the 565 

aforementioned regions of the DG, we studied the expression of the microglial 566 

activation marker CD68 (Llorens-Martin et al., 2016) in these cells (Figure 9 F - I). LPS 567 

increased the expression of CD68, and this increase was specific to the ML and H (One-568 

way ANOVA F5,29 = 20.19; p ≤ 0.001; Tukey post-hoc analyses: ML, p = 0.01; GCL, p 569 

= 0.242; H, p ≤ 0.001) (F). Moreover, the percentage of Iba1+ area that was CD68+ (M1 570 

Mander´s colocalization coefficient) was accordingly increased (t = 4.067; p = 0.0036) 571 

(G). In Figure 9 H and I, representative images show the differences in microglial cell 572 

numbers and CD68 expression previously described. All together, these data 573 

demonstrate that the administration of LPS triggers a shift towards a pro-inflammatory 574 

milieu in the DG and that this effect occurs in parallel to the alteration in the 575 

development of the AIS of newborn DGCs.  576 
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DISCUSSION 577 

 AHN encompasses various stages and leads to the integration of newborn DGCs 578 

into the trisynaptic circuit (Zhao et al., 2006). Early after immature neuroblasts are 579 

committed to the neuronal lineage, their morphology is characterized by the presence of 580 

several undifferentiated neurites. At 10-11 days of cell age, axonal fibers are observed 581 

in the CA3 and CA2 hippocampal subfields (Zhao et al., 2006; Llorens-Martin et al., 582 

2015b). Given that only 30% of 10-day-old newborn DGCs showed a clearly 583 

identifiable axonal projection, while most of the cells showed only undifferentiated 584 

neurites, our data support the notion that there are marked maturational differences 585 

between individual cells at early time points. Nevertheless, this heterogeneity seems to 586 

disappear at the fourth week of cell age, since ⁓100% of the cells showed a clearly 587 

identifiable axon at this age. Accordingly, this generalized axonal identity establishment 588 

is accompanied by a series of cellular events that are indicative of subsequent functional 589 

maturation of the cells, such as the marked increase in dendritic length and branching 590 

and in the density of dendritic spines.  591 

We have analyzed the temporal dynamics of AIS formation in newborn DGCs of 592 

young adult mice in vivo. In this regard, the AIS was absent in cells with 593 

undifferentiated neurites and that lacked a clearly identifiable axon. Moreover, at 10 594 

days of cell age, only 50% of the axons had an AIS, whereas this percentage increased 595 

as the post-injection interval extended, reaching a plateau at three or four weeks of cell 596 

age. In this regard, our data support previous in vitro (Rasband, 2010) and in vivo 597 

(Galiano et al., 2012) evidence showing that axonal determination precedes AIS 598 

formation and that the latter process is regulated by intrinsic maturational programs 599 

(Petersen et al., 2016). 600 
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Interestingly, the period in which the AIS of newborn DGCs exhibited the 601 

greatest structural changes (namely the period comprised between the second and the 602 

third weeks of cell age) coincided with the period of highest dendritic remodeling. 603 

Notably, AIS formation preceded the marked increase in the area of MFTs, which 604 

occurred at 4 weeks of age. Given the high density of Na(v) channels present in the AIS 605 

(50 times in comparison to the somatodendritic compartment) (Kole et al., 2008), this 606 

structure is the most favorable site for action potential (AP) initiation (Colbert and 607 

Johnston, 1996; Kole et al., 2008; Kole and Stuart, 2012). Thus, it can be hypothesized 608 

that the presence of a functional AIS is required for the establishment of mature 609 

synaptic contacts with efferent targets. In fact, certain aspects of the AIS structure that 610 

might be related to the efficiency of AP generation, such as the differences in thickness 611 

between the proximal and the distal zones of the AIS (Petersen et al., 2016; Gonzalez-612 

Cabrera et al., 2017), were observable only in 4- and 8-week-old newborn DGCs, 613 

whereas no marked regional differences in AIS thickness were detected in younger 614 

cells. 615 

In this regard, the structural features of the AIS have an enormous impact on the 616 

functionality of developing neurons (Evans et al., 2015; Yamada and Kuba, 2016). For 617 

instance, both AIS length and distance from the axonal hillock correlate with the 618 

excitability of these cells (Kuba, 2012; Evans et al., 2015; Yamada and Kuba, 2016). In 619 

general terms, longer AISs located closer to the axon hillock are more efficient in 620 

generating APs since the number of ion channels present in the structure are directly 621 

proportional to the AIS surface (length), and short distances between the axonal hillock 622 

and the AIS starting point reduce the dissipation of charges during propagation from the 623 

soma (Yamada and Kuba, 2016). However, an elegant study by Gulledge and 624 

collaborators (Gulledge and Bravo, 2016) has recently brought to light another crucial 625 
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level of complexity in the dependence between AIS structure and function and have 626 

introduced the concept of the “optimal” AIS conformation. This conformation is 627 

defined as the AIS length and position that render minimal rheobase currents and the 628 

highest probability of AP generation (Gulledge and Bravo, 2016). Those authors 629 

showed that dendritic morphology determines the “optimal” AIS conformation. This 630 

novel and revolutionary concept has re-shaped our current knowledge about the AIS and 631 

has been further supported by the work of other authors (Hamada et al., 2016). Gulledge 632 

and collaborators proposed a shorter AIS as an “optimal” conformation for neurons with 633 

low dendritic capacitance and a longer AIS as “optimal” for neurons with higher 634 

dendritic capacitance. According to this model, AIS lengthening is the most efficient 635 

mechanism through which to counteract the reduced excitability caused by increased 636 

dendritic capacitance (Gulledge and Bravo, 2016). Thus, our data suggest that AIS 637 

lengthening in mature neurons might be an “optimal” AIS conformation that allows the 638 

adjustment of cellular excitability to higher dendritic capacitance.  639 

In this regard, several examples of AIS structural remodeling during neuronal 640 

development are found in the literature (Conradi and Ronnevi, 1977; Gutzmann et al., 641 

2014; Kuba et al., 2014; Nozari et al., 2017; Schluter et al., 2017). Moreover, previous 642 

evidence shows that the structural development of the AIS can be extrinsically 643 

modulated during neuronal maturation. For instance, elegant work by Kuba and 644 

collaborators demonstrated that auditory stimuli deprivation results in the lengthening 645 

of the AIS of avian brainstem auditory neurons (Kuba et al., 2010). Similar results were 646 

obtained by Schluter and collaborators when testing visual deprivation (Schluter et al., 647 

2017). Other studies by Evans and collaborators showed that cultured hippocampal 648 

neurons subjected to continuous depolarization responded with rapid AIS shortening 649 

(Evans et al., 2015) or distancing (Grubb and Burrone, 2010). Moreover, previous data 650 
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support the notion that external stimuli, such as EE, modulate the structural plasticity of 651 

the AIS of cortical neurons during a restricted developmental period (Nozari et al., 652 

2017). In agreement with that study, our findings reveal that and extrinsic factors can 653 

modulate the dynamics of AIS formation in newborn DGCs of young adult mice in vivo. 654 

In this regard, EE is one of the most potent positive modulators of AHN (Kempermann 655 

et al., 1997), although newborn DGCs exhibit variable sensitivity to the effects of EE 656 

throughout their maturation (Bergami et al., 2015; Alvarez et al., 2016). In fact, our data 657 

show that a one-week period of EE does not induce a general activation of the 658 

population of DGCs but rather a selective increase in the percentage of Venus+ newborn 659 

DGCs that show nuclear expression of cfos. Given the specific increase in the activation 660 

of this population of cells, we explored the consequences of this manipulation on the 661 

formation of their AIS. EE was observed to trigger the distancing of the AIS from the 662 

soma and the lengthening of this structure. Importantly, these effects were more evident 663 

in cfos+ cells, thereby suggesting that the observed structural effects on AIS formation 664 

triggered by EE are mediated by a neuronal activation-dependent mechanism. In 665 

agreement, similar morphological differences were observed between cfos+ and cfos- 666 

newborn DGCs in CH animals. In this regard, changes in neuronal activation have been 667 

observed to modify AIS structure in diverse experimental paradigms (Grubb and 668 

Burrone, 2010; Kuba, 2010; Grubb et al., 2011; Kuba, 2012; Kuba et al., 2014; Evans et 669 

al., 2015; Hamada et al., 2016; Yamada and Kuba, 2016).  670 

Conversely, neuroinflammation is a major negative regulator of DGC maturation 671 

(Monje et al., 2003). Although we did not observe selective changes in newborn DGC 672 

activation in LPS-treated animals, a marked reduction in the nuclear expression of cfos 673 

was observed in the general population of DGCs. It can be hypothesized that a reduction 674 

in the activity of local networks might slow down the maturation of newborn DGCs, 675 
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although other relevant mechanisms should also be taken into account. Of note, LPS 676 

increased the number and activation of microglial cells in the H, where the newly 677 

formed axons of these cells are primarily located. In this regard, microglial cells 678 

critically regulate the maturation and integrity of the AIS of principal cortical and 679 

hippocampal neurons (Baalman et al., 2015; Benusa et al., 2017). We therefore propose 680 

that the putative alteration in the interaction between activated microglial cells in the 681 

aforementioned regions and nascent axons harnesses the maturation and development of 682 

the AIS in newborn DGCs exposed to LPS.   683 

In summary, our data evidence remarkable structural changes in the AIS of 684 

newborn DGCs during their maturation under physiological conditions. Moreover, we 685 

show that both stimulatory and detrimental effects can alter the dynamics of AIS 686 

formation in these cells. On the basis of our findings, we propose that both intrinsic and 687 

extrinsic mechanisms drive the formation and structural dynamics of the AIS in 688 

newborn DGCs and that these changes in AIS structure are related to alterations in the 689 

morphology and functionality of these cells.   690 
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LEGENDS TO FIGURES 884 

Figure 1: Experimental design. A: Seven-week-old mice received a stereotaxic 885 

injection of a retrovirus that encodes the fluorescent protein Venus. After different 886 

periods of time (namely, 10 days, and 2, 3, 4, or 8 weeks post injection), mice were 887 

sacrificed, and newborn dentate granule cells (DGCs) were examined (B). C - F: 888 

Representative images showing the morphology (C), dendritic spines (D), potential 889 

location of the axon initial segment (AIS) (E) and axonal terminals (named mossy fiber 890 

terminals, MFTs) (F) of 8-week-old newborn DGCs. GCL: Granule cell layer. ML: 891 

Molecular layer. H: Hilus. Yellow scale bar: 100 μm. Pink scale bar: 10 μm.  Yellow 892 

triangles in (E) indicate the potential location of the AIS. 893 

 894 

Figure 2: Maturation of newborn dentate granule cells (DGCs). A - E: 895 

Representative images of 10-day-old (A) and 2- (B), 3- (C), 4- (D), or 8- (E) week-old 896 

newborn DGCs and their respective high-power magnification images showing the 897 

presence of dendritic spines (red triangles). F: Total dendritic length in cells of different 898 

ages. G: Sholl´s analysis of dendritic branching. H: Density of dendritic spines. I – M: 899 

Representative high-power magnification images of mossy fiber terminals (MFTs) of 900 

10-day-old (I) and 2- (J), 3- (K), 4- (L), or 8- (M) week-old newborn DGCs. N: Area of 901 

individual MFTs.  GCL: Granule cell layer. ML: Molecular layer. H: Hilus. Yellow 902 

scale bar: 50 μm. Pink scale bar: 10 μm. Red triangles: dendritic spines. Pink triangles: 903 

MFTs. * 0.05 > p ≥ 0.01; ** 0.01 > p ≥ 0.001; *** 0.001 ≥ p. Asterisks indicate statistically 904 

significant differences with respect to 10-day-old newborn DGCs. 905 

 906 
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Figure 3: Axon initial segment (AIS) formation during adult hippocampal 907 

neurogenesis. A - E: Representative images of the AIS of 10-day-old (A) and 3- (B) or 908 

8- (C) week-old newborn dentate granule cells (DGCs). In order to visualize the starting 909 

and ending point of the AIS, orthogonal cross-sections were examined throughout the 910 

axon to detect the colocalization between Venus and the AIS marker Ankyrin G. As an 911 

example, orthogonal YZ (right) and XZ (bottom) cross-section views of the axon 912 

obtained at axonal points located closer to the soma (a), within (b), and beyond (c) the 913 

AIS location are shown. D: Percentage of cells with a clearly identifiable axonal 914 

projection. E: Percentage of cells with a clearly identifiable AIS. F: Percentage of axons 915 

with a clearly identifiable AIS. G: AIS length. H: AIS starting point. I: thickness at the 916 

proximal, medial and distal points of the AIS. J: Average AIS thickness. GCL: Granule 917 

cell layer. ML: Molecular layer. H: Hilus. Yellow scale bar: 10 μm. White scale bar: 5 918 

μm. Pink scale bar: 1 μm.  * 0.05 > p ≥ 0.01; ** 0.01 > p ≥ 0.001; *** 0.001 ≥ p. Asterisks 919 

indicate statistically significant differences with respect to 10-day-old newborn DGCs. 920 

 921 

Figure 4: Environmental enrichment (EE) accelerates the maturation of newborn 922 

dentate granule cells (DGCs). A: Schematic experimental design. Briefly, animals 923 

received a stereotaxic injection of a retrovirus that encodes the fluorescent protein 924 

Venus. One week later, half the animals were exposed to a week of Environmental 925 

Enrichment (EE), whereas the other half were housed under standard conditions. B – C: 926 

Representative images of newborn DGCs belonging to control housing (CH) (A) or EE 927 

(B) mice, together with their respective high-power magnification images showing the 928 

presence of dendritic spines. D: Total dendritic length. E: Sholl´s analysis of dendritic 929 

branching. F: Length of the primary apical dendrite. G: Percentage of cells with basal 930 

dendrites. H: Migration into the granule cell layer (GCL). I: Distance between the 931 
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axonal hillock and the first change of axonal trajectory. J: Density of dendritic spines. 932 

K – L: Representative high-power magnification images of mossy fiber terminals 933 

(MFTs) of newborn DGCs belonging to CH (K) and EE (L) animals. M: Area of 934 

individual MFTs. GCL: Granule cell layer. ML: Molecular layer. H: Hilus. Yellow 935 

scale bar: 50 μm. Pink scale bar: 10 μm. Red triangles: dendritic spines. Pink triangles: 936 

MFTs. * 0.05 > p ≥ 0.01; *** 0.001 ≥ p. 937 

   938 

Figure 5: Environmental enrichment (EE) effects on the development of the axon 939 

initial segment (AIS) of newborn dentate granule cells (DGCs). A - B: 940 

Representative images of newborn DGCs belonging to animals exposed to control 941 

housing (CH) (A) and environmental enrichment (EE) (B). In order to visualize the 942 

starting and ending point of the AIS, XZ and YZ orthogonal cross-section images 943 

obtained at different points of the axon located closer to the soma (a), and within (b) or 944 

beyond (c) the AIS location are shown. It should be noted that colocalization between 945 

Venus and Ankyrin G occurred only within the AIS region. C: Percentage of cells with 946 

a clearly identifiable axonal projection. D: Percentage of cells with a clearly identifiable 947 

AIS. E: Percentage of axons with a clearly identifiable AIS. F: AIS length. G: AIS 948 

starting point. H: Average AIS thickness. GCL: Granule cell layer. ML: Molecular 949 

layer. H: Hilus. Yellow scale bar: 50 μm. White scale bar: 10 μm. Blue scale bar: 5 μm. 950 

Pink scale bar: 1 μm.  * 0.05 > p ≥ 0.01; ** 0.01 > p ≥ 0.001.  951 

 952 

Figure 6: Environmental enrichment (EE) effects on the activation of newborn 953 

dentate granule cells (DGCs). A - D: Representative images of cfos- (A, C) and cfos+ 954 

(B, D) cells in control housing (CH) (A - B) and environmentally enriched (EE) (C - D) 955 
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animals. In order to visualize the starting and ending point of the AIS, XZ and YZ 956 

orthogonal cross-section images obtained at different points of the axon located closer 957 

to the soma (a), and within (b) or beyond (c) the AIS location are shown. Newborn 958 

DGCs with clearly identifiable axonal projections and AIS are shown in (B and D). E: 959 

Density of cfos+ nuclei in the granule cell layer (GCL). F: Percentage of Venus+ cells 960 

that show cfos nuclear staining. G: Percentage of cfos+/Venus+ and cfos- /Venus+ cells 961 

with a clearly identifiable axonal projection. H: Percentage of cfos+/Venus+ and cfos- 962 

/Venus+ cells with a clearly identifiable AIS. I: AIS starting point in cfos+/Venus+ and 963 

cfos- /Venus+ cells. J: AIS length in cfos+/Venus+ and cfos- /Venus+ cells. GCL: Granule 964 

cell layer. ML: Molecular layer. H: Hilus. Yellow squares indicate Venus+ /cfos- cells. 965 

Red squares indicate Venus+ /cfos+ cells. Red triangles indicate cfos+ cells. Yellow scale 966 

bar: 50 μm. Blue scale bar: 6 μm. Pink scale bar: 1 μm.  In E, F, asterisks indicate 967 

differences with CH animals. In G, J, asterisks indicate statistical significance in Tukey 968 

post-hoc analyses. * 0.05 > p ≥ 0.01; ** 0.01 > p ≥ 0.001; *** 0.001 ≥ p. 969 

 970 

Figure 7: Lipopolysaccharide from E. coli (LPS) impairs the maturation of 971 

newborn dentate granule cells (DGCs). A: Schematic experimental design. Briefly, 972 

animals received a stereotaxic injection of a retrovirus that encodes the fluorescent 973 

protein Venus and were implanted with osmotic pumps filled with PBS or LPS. Two 974 

weeks later, animals were sacrificed. B – C: Representative images of newborn DGCs 975 

belonging to PBS- (A) or LPS- (B) treated animals, together with their respective high-976 

power magnification images showing the presence of dendritic spines. D: Total 977 

dendritic length. E: Sholl´s analysis of dendritic branching. F: Length of the primary 978 

apical dendrite. G: Percentage of cells with basal dendrites. H: Migration into the 979 

granule cell layer (GCL). I: Distance between the axonal hillock and the first change of 980 
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axonal trajectory. J: Density of dendritic spines. K – L: Representative high-power 981 

magnification images of mossy fiber terminals (MFTs) of newborn DGCs belonging to 982 

PBS (K) or LPS- (L) treated animals. M: Quantification of the area of individual MFTs. 983 

GCL: Granule cell layer. ML: Molecular layer. H: Hilus. Yellow scale bar: 50 μm. Pink 984 

scale bar: 10 μm. Red triangles: dendritic spines. White triangles: MFTs. * 0.05 > p ≥ 985 

0.01. 986 

 987 

Figure 8: Lipopolysaccharide from E. coli (LPS) alters the development of the 988 

axon initial segment (AIS) of newborn dentate granule cells (DGCs). A - B: 989 

Representative images of newborn DGCs belonging to PBS- (A) or LPS- (EE) (B) 990 

treated mice. In order to visualize the starting and ending point of the AIS, XZ and YZ 991 

orthogonal cross-section images obtained at different points of the axon closer to the 992 

soma (a), and within (b) or beyond (c) the AIS location are shown. It should be noted 993 

that colocalization between Venus and Ankyrin G occurred only within the AIS region. 994 

C: Percentage of cells with a clearly identifiable axonal projection. D: Percentage of 995 

cells with a clearly identifiable AIS. E: Percentage of axons with a clearly identifiable 996 

AIS. F: AIS length. G: AIS starting point. H: Average AIS thickness. GCL: Granule 997 

cell layer. ML: Molecular layer. H: Hilus. Yellow scale bar: 50 μm. White scale bar: 10 998 

μm. Blue scale bar: 5 μm.  Pink scale bar: 1 μm.  + 0.1 > p ≥ 0.05; ** 0.01 > p ≥ 0.001. 999 

Asterisks indicate statistically significant differences with respect to PBS-treated mice.  1000 

 1001 

Figure 9: Effects of Lipopolysaccharide from E. coli (LPS) on newborn dentate 1002 

granule cell (DGC) activation and neuroinflammation in the dentate gyrus (DG). A 1003 

- B: Representative images of the DG belonging to PBS- (A) or LPS- (EE) (B) treated 1004 
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mice, showing cfos staining (red) and retrovirally labeled newborn DGCs (green). C: 1005 

Density of cfos+ nuclei in the GCL. D: Percentage of Venus+ cells that show cfos 1006 

nuclear staining. E – I: Microglial activation in the DG. E: Density of Iba1+ microglial 1007 

dells in the Molecular layer (ML), Granule cell layer (GCL) and Hilus (H). F: Intensity 1008 

of CD68 fluorescence signal in the Molecular layer (ML), Granule cell layer (GCL) and 1009 

H. G: M1 Mander´s coefficient showing colocalization between Iba1 and CD68.  H – I: 1010 

Representative images showing staining with Iba1 and CD68 in the dentate gyrus (DG) 1011 

of PBS- (H) or LPS-treated (I) animals. GCL: Granule cell layer. ML: Molecular layer. 1012 

H: Hilus. Yellow scale bar: 50 μm. Yellow triangles indicate Venus- /cfos+ cells. Red 1013 

triangles indicate Venus+ /cfos+ cells. White triangles indicate Venus+ /cfos- cells. 1014 

Orange triangles: microglial cells. ** 0.01 > p ≥ 0.001; *** 0.001 ≥ p. 1015 




















