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Neurobiology of Disease

Activity-Dependent Reconnection of Adult-Born Dentate
Granule Cells in a Mouse Model of Frontotemporal Dementia
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Frontotemporal dementia (FTD) is characterized by neuronalloss in the frontal and temporal lobes of the brain. Here, we provide the first
evidence of striking morphological alterations in dentate granule cells (DGCs) of FTD patients and in a mouse model of the disease,
Tau """ mice. Taking advantage of the fact that the hippocampal dentate gyrus (DG) gives rise to newborn DGCs throughout the lifetime
in rodents, we used RGB retroviruses to study the temporary course of these alterations in newborn DGCs of female Tau " mice. In
addition, retroviruses that encode either PSD95:GFP or Syn:GFP revealed striking alterations in the afferent and efferent connectivity of
newborn Tau """ DGCs, and monosynaptic retrograde rabies virus tracing showed that these cells are disconnected from distal brain
regions and local sources of excitatory innervation. However, the same cells exhibited a predominance of local inhibitory innervation.
Accordingly, the expression of presynaptic and postsynaptic markers of inhibitory synapses was markedly increased in the DG of Tau V"
mice and FTD patients. Moreover, an increased number of neuropeptide Y-positive interneurons in the DG correlated with a reduced
number of activated egr-1 ~ DGCs in Tau """ mice. Finally, we tested the therapeutic potential of environmental enrichment and che-
moactivation to reverse these alterations in mice. Both strategies reversed the morphological alterations of newborn DGCs and partially
restored their connectivity in a mouse model of the disease. Moreover, our data point to remarkable morphological similarities between
the DGCs of Tau """ mice and FTD patients.
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We show, for the first time to our knowledge, that the population of dentate granule cells is disconnected from other regions of the
brain in the neurodegenerative disease frontotemporal dementia (FID). These alterations were observed in FTD patientsandina
mouse model of this disease. Moreover, we tested the therapeutic potential of two strategies, environmental enrichment and
chemoactivation, to stimulate the activity of these neurons in mice. We found that some of the alterations were reversed by these
therapeutic interventions. j

ignificance Statement

characterized by a marked loss of neurons in the frontal and
temporal lobes of the brain. FTD-Tau is a FTD variant that be-
longs to the family of tauopathies (Spillantini and Goedert, 2000,

Introduction
Frontotemporal dementia (FTD) belongs to the frontotemporal
lobar degeneration group of neurodegenerative disorders and is
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2001; Buée et al., 2002; Gasparini et al., 2007). This variant is
caused by mutations in MAPT, which encodes Tau protein
(Ghettietal., 1999, 2015; Goedert et al., 2000; Oliva, 2000; Alonso
Adeletal., 2004). Several genetically engineered animal models of
FTD-Tau carry specific mutations in MAPT (Lewis et al., 20005
Gotz et al., 2001; Allen et al., 2002; Yoshiyama et al., 2007). One
such model, Tau*" mice, generated in our laboratory, carries
three mutations, G272V (V), P301L (L), and R406W (W), on this
gene (Lim et al., 2001). These pathogenic mutations increase the
susceptibility of Tau to phosphorylation by brain kinases and are
related to the neurotoxicity exerted by pathological forms of Tau
(Cooper etal., 1995; Goedert et al., 1999; Jicha et al., 1999; Furukawa
etal., 2000, 2003; Alonso Adel et al., 2004; Rubinsztein, 2016). More-
over, Tau V™" mice show marked anatomic alterations in the hip-
pocampus (Engel et al., 2008), one of the brain regions most severely
affected in FTD patients (Laakso et al., 2000). Using Golgi staining,
we report here, for the first time to our knowledge, on the similarity
between the morphological alterations in the hippocampal dentate
granule cells (DGCs) of FTD patients and Tau ™" mice.

The hippocampus has several unique anatomical and func-
tional features. One of the most distinctive characteristics of this
region is its capacity to generate new neurons throughout life
(Altman and Das, 1965; Eriksson et al., 1998; Spalding et al., 2013;
Moreno-Jiménez et al., 2019). This process, named adult hip-
pocampal neurogenesis (AHN), gives rise to newborn DGCs,
which are continuously incorporated to the classical and alterna-
tive hippocampal trisynaptic circuits (Toni et al., 2008; Llorens-
Martin et al., 2015). This process confers the hippocampal
network an extraordinary degree of plasticity throughout life.
Given that this region of the brain is markedly affected by neuro-
degenerative disorders (Moreno-Jiménez et al., 2019), AHN has
become the cornerstone of numerous therapeutic strategies
aimed at counteracting the decrease in neural plasticity that char-
acterizes these conditions (Lazarov and Marr, 2010, 2013).

In fact, diverse processes encompassed by AHN, including the
proliferation of neural precursors and the differentiation and
survival of these cells, are altered in patients with Alzheimer’s
disease (Moreno-Jiménez et al., 2019) and in animal models of
neurodegenerative diseases (Kuhn et al., 2007; Lazarov and Marr,
2010), including FTD (Schindowski et al., 2008; Llorens-Martin
etal., 2011; Komuro et al., 2015). To perform an in-depth char-
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acterization of the morphological and functional alterations of
adult-born DGCs in an animal model of FTD, we used a combi-
nation of new retroviral approaches. Moreover, to trace the
presynaptic innervation of adult-born DGCs, we used an RV-
synaptophysin (Syn)-GTRgp retrovirus and an EnvA-AG-MCh
rabies virus (Vivar et al., 2012).

Next, we tested the therapeutic potential of two distinct strat-
egies, environmental enrichment (EE) and the selective chemo-
activation of newborn DGCs, to reverse the morphological and
functional alterations observed in Tau V""" mice. EE is one of the
most potent positive modulators of the rate of AHN (van Praag et
al., 2000; Brown et al., 2003), and the stimulatory actions on
newborn DGCs caused by this manipulation are mimicked by
chemoactivation of these cells during their so-called critical pe-
riod (Temprana et al., 2015; Alvarez et al., 2016). To achieve the
selective chemoactivation of newborn DGCs, we stereotaxi-
cally injected a retrovirus that encodes the Designer Receptor
Exclusively Activated by Designer Drugs (DREADDs), hM3D,
a modified excitatory human muscarinic M3 receptor (Alex-
ander et al., 2009), into the DG of WT and Tau """ mice. Our
data revealed that both EE and chemoactivation led to a full
reversal of the morphological alterations and partial reversal
of the alterations in the connectivity of these cells caused by
Tau "™ overexpression.

Materials and Methods

Experimental strategy

We examined the morphological phenotype of the DGCs of FTD patients
(Fig. 1). We performed Golgi staining of the hippocampus of a cohort of
five control subjects and three FTD patients (Fig. 2A). To test the involve-
ment of pathological forms of Tau in these alterations, we investigated
whether these morphological alterations were present in Tau V" mice,
an animal model of FTD. We used Golgi staining (Fig. 1) (n = 4 female
4-month-old mice per genotype) and a combination of innovative ret-
roviral vectors called RGB retroviruses (Fig. 3) (Schambach et al., 2006;
Gomez-Nicola et al., 2014). We injected each of the three RGB viruses
(which express Cerulean, Venus, or mCherry fluorescent proteins) at a
different time point. This experimental design allows for the labeling of
three subpopulations of adult-born DGCs of different ages (2, 4, and 8
weeks of cell age) in the same animal. In RGB retrovirus experiments, five
female mice were used per genotype. Animals were 7 weeks old at the
time of stereotaxic injections.

Moreover, we investigated whether the morphological alterations ob-
served in adult-born DGCs are accompanied by alterations in the con-
nectivity of these cells. We injected retroviruses that encode either
PSD95:GFP or Syn:GFP into the hippocampus of WT and Tau V"V mice
(Fig. 4). These retroviruses allowed for the study of postsynaptic densities
(PSDs) and the presynaptic active zone of adult-born DGCs as a mea-
surement of the afferent and efferent connectivity of these cells, respec-
tively. In these experiments, five female mice were used per genotype and
type of retrovirus injected. Animals were 7 weeks old at the time of
stereotaxic injections.

To study afferent innervation of adult-born DGCs, we applied the
rabies virus TVA-EnvA retrograde trans-synaptic tracing method (Fig. 5)
(Wickersham et al., 2007a,b). These experiments allowed the labeling of
the cell populations that presynaptically innervate starter newborn DGCs
(traced cells). In these experiments, five female mice were used per ge-
notype. Animals were 7 weeks old at the time of stereotaxic injections.
Given the increased innervation of adult-born DGCs by interneurons
observed in Tau V™"V mice, we next analyzed the expression of presynap-
tic and postsynaptic markers of inhibitory synapses in various regions of
the DG of Tau"™ mice and FTD patients as a measurement of the
afferent inhibitory innervation of this structure (Fig. 6). Hippocampal
samples from 5 control subjects and 3 FTD patients were analyzed, and
10 female (4-month-old) mice per genotype were used for staining.
Moreover, we counted the number of different subpopulations of in-
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Figure1. Golgi-stained DGCs of patients with FTD and of Tau "*" mice show similar morphological alterations. 4, B, Representative confocal tilescans showing Golgi staining in the hippocampus
of a control subject (A) and a patient with FTD (B). , Sholl’s analysis of Golgi-stained DGCs. D, Measurement of total dendritic length. E, Length of the primary apical dendrite of DGCs. F, Percentage
of cells with more than one primary apical dendrite. In A—F, n = 5 control subjects and 3 FTD patients. At least 25 cells were analyzed per subject. Asterisks indicate changes with respect to control
subjects. G—H: Representative confocal tilescans showing Golgi staining in the hippocampus of WT (G) and Tau "™ (H) mice. I, Sholl's analysis of Golgi-stained murine DGCs. J, Measurement of total
dendritic length in murine DGCs. K, Length of the primary apical dendrite of murine DGCs. L, Percentage of murine DGCs with more than one primary apical dendrite. In 6L, n = 4 female mice per
genotype. At least 25 cells were analyzed per animal. Asterisks indicate changes with respect to WT mice. DG: Dentate gyrus. GCL: Granule cell layer. ML, Molecular layer; H, hilus. Black scale bar: 100
um. Green scale bar: 50 um. Red triangles: Primary apical dendrites. *0.05 > p = 0.01; **0.01 > p = 0.001; ***0.001 > p.
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Figure2. Epidemiological factors and phospho-Tau (AT100 and AT180) staining in the GCL of human subjects. A, Epidemiological factors. B~/ and L—S are representative images of phospho-Tau
(AT100, B~1) (AT180, L-S) staining in the DG of human subjects. J, Fluorescence intensity of phospho-Tau (AT-100) staining in the GCL. K, Percentage of phospho-Tau (AT100) © DGCs. T,
Fluorescence intensity of Phopsho-Tau (AT-180) staining in the GCL. InJ, K, and T, n = 5 control subjects and 3 FTD patients. Five stacks of images were analyzed per subject. Asterisks indicate
changes with respect to control subjects. GCL, granule cell layer; ML, Molecular layer; H, Hilus. Green scale bar, 50 m. *0.05 > p = 0.01.

terneurons [either parvalbumin-positive (PV ™) or neuropeptide
Y-positive (NPY 7); Fig. 7], together with the expression of markers of
neuronal activation (cfos, Arc, or egr-1) (Fig. 8) in the DG of WT and
Tau V™™ mice. In these experiments, 10 female (4-month-old) mice were
used per genotype.

We next explored the reversibility of the cellular alterations previously
observed in TauY"™ adult-born DGCs. We used two strategies to in-
crease the activation of these cells. First, we tested the therapeutic poten-
tial of a 2-month period of EE to reverse the alterations caused by
mutated forms of Tau (Figs. 9 and 10). We tested the general responsivity
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Figure 3.

injected into the hippocampus of 7-week-old female WT and Tau """

Migration into the GL (pum)

mCherry Cerulean Venus mCherry Cerulean

Newborn DGCs of Tau " mice show morphological alterations. 4, Experimental design. Each one of the three RGB retroviruses (Cerulean, mCherry, and Venus) was stereotaxically
mice at a different time point, to label three populations of adult-born DGCs of different ages in the same animal. B-G:

Representative images of adult-born DGCs transduced with Venus- (B,E), mCherry- (C,F), or Cerulean (D,G)-encoding retroviruses. H, Total dendriticlength. /, Sholl's analysis of 2-week-old Venus
adult-born DGCs. J, Sholl's analysis of 4-week-old mCherry * adult-born DGCs. K, Sholl's analysis of 8-week-old Cerulean ™ adult-born DGCs. L, Length of the primary apical dendrite. M, Percentage
of cells with more than one primary apical dendrite. N, Adult-born DGC migration into the granule cell layer (GCL). In H—N, n= 5 female mice per genotype. At least 50 cells per cell age and genotype
were analyzed. ML, Molecular layer; H, hilus. Yellow scale bar, 100 pem. *0.05 > p = 0.01; **0.01 > p = 0.001; ***0.001 > p.

of AHN in Tau V™" mice to the stimulatory effects of EE. For this pur-
pose, we used thymidine analog injections and performed cell counts of
several populations of cells in the DG. In these experiments, 10 female
mice aged 7—8 weeks were used per genotype (Fig. 9). We also stereotaxi-
cally injected PSD95:GFP-encoding retroviruses into the hippocampus
to test the reversibility of the morphological and functional alterations in

newborn DGCs of Tau V"W mice. In these experiments, five female mice
were used per genotype. Animals were 7 weeks old at the time of stereo-
taxic injections (Fig. 10).

In the second strategy, we tested the potential of a transient increase in
the excitability of adult-born DGCs, achieved through chemoactivation
during the critical period of these cells to counteract the cellular altera-
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Figure4.  Newborn DGCs of Tau """ mice show altered afferent and efferent connectivity. A, Experimental design. PSD95:GFP or Syn:GFP (Syn:GFP) retroviruses were stereotaxically injected into
the hippocampus of 7-week-old female WT and Tau """ mice to study the afferent and efferent connectivity of these cells respectively. Animals were killed 8 weeks later. B, €, Representative images
of PSD95:GFP-transduced cells and their respective high-power magnification images showing the presence of PSDs. D, Density of PSDs along the dendritic tree of adult-born DGCs. E, Area of
individual PSDs along the whole dendritic tree of adult-born DGCs. In D-E, n= 5 female mice per genotype. At least 50 dendritic fragments per branching order and genotype were analyzed.
Asterisks indicate changes with respect to WT animals. F, I, Representative high-power magnification images of MFTs of Syn:GFP-transduced adult-born DGCs in the CA3 (F, G) and the CA2 (H, 1)
regions. J, Area of individual MFTs in the CA3 region. K, Area of individual MFTs in the CA2 region. L, Syn ™ area of MFTs in the CA3 region. M, Syn ™ area of MFTs in the CA2 region. InJ-M,n = 5
female mice per genotype. A minimum of 20 stacks of images per animal and region were obtained. A minimum of 400 MFTs per area and genotype were analyzed. Asterisks indicate changes with
respect to WT animals. GCL, granule cell layer; ML, Molecular layer; H, hilus. Yellow scale bar, 50 um; pink scale bar, 10 ,um. White triangles indicate PSDs; blue triangles, MFTs. **0.01 > p = 0.001;
***0.001 > p.
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respect to WT animals. H, Hilus; GCL, granule cell layer; DG, dentate gyrus. Yellow scale bar, 50 m; pink scale bar, 200 pem. white scale bar, 200 microns Blue triangles indicate single transduced
starter cells (GFP * mCherry ~); green triangles, double transduced starter cells (GFP * mCherry *); white triangles, traced cells. *0.05 > p = 0.01; **¥0.001 > p.
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Figure 6. Increased expression of markers of inhibitory synapses in the DG of Tau "™ mice and patients with FTD. A-C, Analysis of the expression of the inhibitory synapse presynaptic marker
GADS5 in the DG of WT and Tau "™ mice. A, GAD65 ™ area in different subregions of the DG in WT and Tau """ mice. In B and C, representative images of GAD65 staining in WT (B) and Tau """ (€)
mice are shown. D—F, Analysis of the inhibitory synapse postsynaptic marker Gephyrin in the DG of WT and Tau""" mice. D, Gephyrin ™ area in different subregions of the DG. In E and F,
representative images of Gephyrin staining in WT () and Tau ™" (F) mice are shown. In Aand D, n = 10 4-month-old female mice per genotype. Five stacks of images per animal were analyzed.
Asterisks indicate changes with respect to WT animals. G-/, Analysis of the expression of the inhibitory synapse presynaptic marker GAD65 in the DG of control subjects and FTD patients. G, GAD65 *
area in different subregions of the DG in control subjects and FTD patients. In H and /, representative images of GAD65 staining in control subjects (H) and FTD patients (/) are shown. J—L, Analysis
of the inhibitory synapse postsynaptic marker Gephyrin in the DG of control subjects and FTD patients. J, Gephyrin * areain different subregions of the DG in control subjects and FTD patients. In K
and L, representative images of Gephyrin staining in control subjects (K) and FTD patients (L) are shown. In Gand J, n = 5 control subjects and n = 3 FTD patients. Five stacks of images per subject
were analyzed. Asterisks indicate changes with respect to control subjects. GCL, granule cell layer; EML, External molecular layer; MML, Medial molecular layer, IML, Inner molecular layer. Yellow scale
bar, 50 wm. 70.1> p = 0.05;%0.05 > p = 0.01; **0.01 > p > 0.001.
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Alteration of the number of PV * and NPY * interneurons in the DG of Tau """ mice. A, B, Representative images of PV ™ interneurons in the DG of WT (4) and Tau "™ (B) mice.

Number of PV * interneurons in the GCL. D, E, Representative images of NPY ™ interneurons in the DG of WT (D) and Tau ™" (E) mice. F, Number of NPY ™ interneurons in the GCL. In Cand F,n =
10 4-month-old female mice per genotype. Five stacks of images per animal and type of interneuron were analyzed. Asterisks indicate changes with respect to WT animals. GCL, granule cell layer;
ML, Molecular layer; H, Hilus. Yellow scale bar, 50 wm; white triangles, PV * interneurons; green triangles, NPY ™ interneurons. *0.05 > p = 0.01.

tions in Tau """ newborn DGCs (Fig. 11). To selectively induce the
chemoactivation of these cells, clozapine-N-oxide (CNO) and a retrovi-
rus that encodes green fluorescent protein (GFP) and the activator
hM3D DREADD were used (Alexander et al., 2009; Temprana et al.,
2015; Alvarez et al., 2016). We used five female mice per genotype and
experimental condition. Animals were 7 weeks old at the time of stereo-
taxic injections.

Human subjects

A total of eight individuals (five control subjects and three FTD pa-
tients) were included in the study. Figure 2 shows detailed epidemi-
ological data of these subjects. The use of brain tissue samples was
coordinated by the local Brain Bank (Banco de Tejidos CIEN, Madrid,
Spain), following national laws and international ethical and techni-
cal guidelines on the use of human samples for biomedical research
purposes (Martinez-Martin and Avila, 2010). Samples were collected
at the Banco de Tejidos CIEN (Madrid, Spain), Hospital Clinico Uni-
versitario Virgen de la Arrixaca (Murcia, Spain), and Biobanco del
Hospital Universitario Reina Sofia (Cérdoba, Spain). In all cases,
brain tissue donation, processing, and use for research were in com-
pliance with published protocols (International Society for Biological
and Environmental Repositories (2012)), which include the obtain-

ing of informed consent for brain tissue donation from living donors,
and the approval of the whole donation process by the Ethical Com-
mittee of the Banco de Tejidos CIEN (Committee Approval Reference
#15-20130110#). To determine Braak-Tau stage, Tau phosphoryla-
tion (AT100 epitope) in the anterior hippocampus; prefrontal, pari-
etal, and temporal associative isocortex; and primary visual cortex
was quantified at the Neuropathology Unit of the Banco de Tejidos
CIEN following previously described protocols (Braak and Braak,
1995; Braak et al., 2006).

Human hippocampal dissection and fixation

Immediately after brain extraction, the posterior poles of both the mam-
millary bodies and the uncus (Mai and Paxinos, 2015) were identified.
Next, a coronal 1-cm-thick slice of the whole hemisphere was obtained at
this anatomical level. After identification of the aforementioned anatom-
ical references, a 1-cm-thick hippocampal sample corresponding to the
posterior portion of the anterior hippocampus was rapidly dissected on
ice. This sample was then rostrocaudally divided into two halves. The
anterior half was rapidly immersed in Golgi solution and the posterior
half was immediately immersed in freshly prepared 4% paraformalde-
hyde, pH 7.4, for 24 h.
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Expression of cfos * Arc ™ and egr-1 cells in DGCs of Tau """ mice. A, B, Representative images of cfos ™ cells in the DG of WT (4) and Tau "™ (B) mice. €, Number of cfos * cells in

the GCL. D, E, Representative images of Arc * cells in the DG of WT (D) and Tau ™" (E) mice. F, Number of Arc ™ cellsin the GCL. G, H, Representative images of egr-1 " cells in the DG of WT (G) and

Tau VLW(

H) mice. ], Number ofegr-1 * cellsin the GCL. In C, F,and /,n = 10 female mice per genotype. All animals were 7— 8 weeks old at the beginning of these experiments. Five stacks ofimages

peranimal and cell marker were analyzed. Asterisks indicate changes with respect to WT animals. GCL, granule cell layer; ML, Molecular layer; H, Hilus. Yellow scale bar, 50 .um; white triangles, cfos

cells; yellow triangles, Arc * cells; green triangles, egr-1* cells. 0.05 > p = 0.01.

Human hippocampal tissue sectioning

To increase tissue robustness and to prevent tissue damage during sec-
tioning, fixed hippocampal blocks were included in a 10% sucrose—4%
agarose solution. Blocks were cut on a Leica VT-1200S sliding blade
vibratome (speed: 1-1.3; amplitude: 1.9), obtaining 50-um-thick sec-
tions. After vibratome sectioning, brain sections were immediately
stored at —20°Cin a cryopreservative solution (30% polyethylene glycol;
10% 0.2 N PB; 30% glycerol; 30% double-distilled water).

Golgi staining

Either a fresh fragment of human hippocampus containing the DG or the
whole brain in the case of mouse experiment was dissected and immersed
in Golgi—Cox staining solution (FD Neurotechnologies, FD Rapid Gol-
giStain kit). Human samples were incubated in this solution for 14 d and
murine samples were incubated for 28 d, all samples being protected
from light. Next, 150 wm sections were obtained in a Leica VT1200S
vibratome and mounted on gelatin-coated slides. After Golgi staining, all
sections were counterstained with toluidine blue (Llorens-Martin et al.,
2006). The dendritic trees of DGCs were examined under an inverted
Axiovert200 Zeiss optical microscope (40X dry objective) coupled to a
camera lucida (Drakew et al., 1999). Morphometric analyses were per-
formed as described previously (Llorens-Martin et al., 2013).

Animals

Tau V™™ mice were generated as described previously (Lim et al., 2001).
Briefly, these mice carry three mutations, G272V (V), P301L (L), and
R406W (W), on human MAPT, which are related to familial forms of
FTD-Tau. The plasmid pSGT42 (Montejo de Garcini et al., 1994), which
encodes a human four-repeat Tau cDNA isoform with two N-terminal

exons, was used as a template to introduce the mutations by site-directed
mutagenesis. Neuron-specific expression was driven by insertion of hu-
man Tau cDNA into a murine Thy! expression cassette. Tau V" and WT
littermates were generated and housed in a specific pathogen-free colony
facility at the Centro de Biologia Molecular “Severo Ochoa” (CBMSO).
Given that hierarchy/ dominance relationships between male mice have a
negative impact on AHN (Kozorovitskiy and Gould, 2004), only female
mice were used in this study. All mice were 7 weeks old at the time of
stereotaxic injections. They were housed in accordance with European
Community Guidelines (directive 86/609/EEC) and handled following
European and local animal care protocols. Four to five mice were housed
per cage. For EE experiments, animals were housed in groups of 10.
Animal experiments were approved by the CBMSO Ethics Committee
(AEEC-CBMSO-23/172) and the National Ethics Committee (PROEX
205/15).

Preparation of viral stocks

RGB retroviruses. These viruses were used to analyze the morphology of
three cell subpopulations of adult-born DGCs of different ages in the
same mice. We used three retroviral stocks encoding for either mCherry
(Red, R), Venus (Green, G), or Cerulean (Blue, B) fluorescent proteins
on a RSF91 backbone (Schambach et al., 2006; Gomez-Nicola et al.,
2014). The plasmids used to produce these viruses were kindly provided
by R. Tsien (Howard Hughes Medical Institute Laboratory at the Uni-
versity of California, San Diego), C. Baum and A. Schambach (Hannover
Medical School, Germany), A. Miyawaki (RIKEN Brain Science Insti-
tute, Saitama, Japan), and C. Riecken (University Medical Center
Hamburg-Eppendorf, Germany).
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PSD95:GFP- and Syn:GFP-encoding retroviruses. We used two retrovi-
ral stocks encoding for either PSD95:GFP (Kelsch et al., 2008) or Syn:
GFP (Kelsch et al., 2010) (Syn:GFP). A PSD95:GFP-encoding retrovirus
was used to analyze the PSDs of adult-born DGCs as a measurement of
the afferent connectivity of these cells (Kelsch et al., 2008; Llorens-Martin
et al., 2013). A Syn:GFP-encoding retrovirus was used to analyze the
active zone of the mossy fiber terminals (MFTs) of adult-born DGCs as a
measurement of their efferent connectivity (Kelsch et al., 2010). The
plasmids used to produce these viruses were kindly provided by C. Lois
(Cal Tech, Pasadena).

RV-Syn-GTRgp retrovirus and EnvA-AG-MCh rabies virus. We used a
RV-Syn-GTRgp retrovirus to label a population of adult-born DGC
starter cells (Vivar et al., 2012). The plasmid used to produce this virus
was kindly provided by FH. Gage (Salk Institute, California). To label the
cells that presynaptically innervate starter adult-born DGCs, an EnvA-
AG-MCh rabies virus was used (Vivar et al., 2012). Rabies virus particles
were synthesized as described previously (Vivar etal., 2012). The plasmid

used to produce this virus was kindly provided by E. Callaway (Salk
Institute).

Retroviruses encoding red fluorescent protein (RFP) and hM3D, a human
muscarinic receptor M3 Designer receptor exclusively activated by designer
drugs (DREADD). To induce the chemoactivation of adult-born DGCs, a
retrovirus that encodes GFP and the activator htM3D DREADD was used
(Alexander et al., 2009; Temprana et al., 2015; Alvarez et al., 2016). An-
imals received a stereotaxic injection of two retroviruses (1:1 ratio) that
encoded either hM3D or RFP (Alvarez et al., 2016). The plasmid used to
produce the hM3D-encoding retrovirus was kindly provided by B. Roth
(University of North Carolina at Chapel Hill). The plasmids used to
produce the RFP-encoding retrovirus were kindly provided by F. Cale-
gari (Center for Regenerative Therapies Dresden, Dresden, Germany)
and FH. Gage (Salk Institute).

The plasmids used to package all retroviral particles were kindly pro-
vided by FH. Gage (Salk Institute). Retroviral stocks were concentrated
to working titers of 1 X 107 to 2 X 10® pfu/ml by ultracentrifugation
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Figure 10.  Effects of EE on the morphological and functional maturation of newborn DGCs in Tau ™" mice. 4, Experimental design. Briefly, a PSD95:GFP-encoding retrovirus was stereotaxically
injected into the hippocampus of WT and Tau """ mice. Animals were assigned to either control housing (CH) or EE conditions and killed 8 weeks later. B—E, Representative images of PSD95:GFP-
transduced cells and their respective high-power magpnification images showing the presence of PSDs. F, Total dendritic length. G, Length of the primary apical dendrite. H, Percentage of cells with
several primary apical dendrites. /, Sholl's analysis. In F—1, at least 50 cells per experimental condition and genotype were analyzed. J, Density of PSDs along the whole dendritic tree. In J, at least 50
dendritic fragments per branching order, experimental condition and genotype were analyzed. Asterisks indicate changes with respect to WT CH animals. K—R: Representative high-power
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field. In $ and T, a minimum of 20 stacks of images per animal and region were obtained. A minimum of 400 MFTs per region, experimental condition and genotype were analyzed. In F-J, S, and T,
n= 5 female mice per genotype. All animals were 7 weeks old at the beginning of these experiments. GCL, granule cell layer; ML, Molecular layer. H, Hilus. Yellow scale bar, 50 pum; pink scale bar,
10 um. Blue triangles indicate PSDs; green triangles, MFTs. *0.05 > p = 0.01; **0.01 > p = 0.001; ***0.001 > p.



5806 - J. Neurosci., July 17,2019 - 39(29):5794 5815 Terreros-Roncal et al. @ Dentate Granule Cells in Frontotemporal Dementia

A J ] WT + Vehicle

P ’g *%% | g WT+CNO
+ RFP Ry injection 5 ¢©o ik B Tau™ + Vehicle
\i/ peord Fkk M Tau"" + CNO
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 =
Vehicle F———+—+—+—+—+—+—+—+—+—+—+—+—F—+—+—+—+—+— B
O 4
Clozapine-N-oxide f—————+—+—+—+—F===t———+—+—+—+—+—+—+— 2
0 1 o
Female 7-week-old mice Sacrifice £ 2
c
=]
i
T +veHCLE TAU VEHGLE | TAUY <O § . RN TEER
= RFP* hM3D* RFP* hM3D-
C K [ WT + Vehicle
Em WT +CNO
= I Tau"™" + Vehicle
w
3 R M Tau' CNO
= 100
[}
®
0 = 80
T
£ c
58 60
£
o L 40
& &
= > 20
oy
©
F G H I £ 0
3 WT + Vehicle 3 WT + Vehicle - WT + Vehicle o WT + Vehicle G )
I WT +CNO Hm WT +CNO + WT +CNO < WT +CNO o RFP*hM3D* RFP*hM3D-
B Tau'"" + Vehicle B Tau'*" + Vehicle TauV'W + Vehicle + Tau''W + Vehicle
W Tau''" + CNO W Tau'' +CNO B = Tat'™ + CNO = Taw'™ + CNO [ WT + Vehicle
B WT +CNO

[ Tau"" + Vehicle
M Tau""" + CNO

2500 4

] ek

) =
S T 00 g g 28 a0 ek ke
TE 2000 | 2 8 8 S g
< £ § 600 5 J % £
£ & 5 b
32 s 5 5 2 e ¥
25 - a 2 [0}
=5 2 400 E £ ¢o
2§ 1000 | é 3 5 g E 5
2 E g 200 ca
o 2 500 o
o= k] ERER ]
o 2 o - o e - 28
© £
RFP*hM3D*  RFP*hM3D- Distance to the soma (ym) Distance to the soma (um) Og o
RFP*hM3D* RFP* hM3D-
wT wT TAU VW
. . Q R
VEHICLE | CNO ] VEHICLE ] WT + Vehicle 1 WT + Vehicle
M‘ 0 B WT +CNO B WT +CNO
\ [ Tau"™" + Vehicle [ Tau"™" + Vehicle
: M Tau'™" + CNO M Tau’™" + CNO
P
= 04 50
g g
> 40
298 03 3
2. c £
53 a3
TP 02 €
06 S 20
c O
22 & 2
%) .
£ G 10
2 =
= 00 0
RFP* hM3D* RFP* hM3D - RFP* hM3D* RFP* hM3D -
] WT + Vehicle [ WT + Vehicle [ WT + Vehicle
S B WT +CNO T B WT +CNO U B WT +CNO
I Tau'™" + Vehicle [ Tau’" + Vehicle I Tau"" + Vehicle
M Tau"" +CNO s M Tau"+ CNO M Tau'"+CNO
= g 12
E 05 = .
uy
] 2 =
o 04 2 2 os
3 .
£ 1%]
s 03 £ =
3 o &
2 02 c X 04
= a (©
Q.
o » =
] 01 x
g Q 0.0
2 o0 2 e ———————
RFP*hM3D* RFP* hM3D - RFP* hM3D * RFP* hM3D -

RFP*hM3D* RFP* hM3D-

Figure 11.  Effects of chemoactivation on the morphology and connectivity of newborn DGCs in Tau " mice. A, Experimental design. Briefly, hM3D:GFP DREADD- and RFP-encoding retroviruses
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(Zhao et al., 2006). Because the retroviruses 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 adult-born DGCs (Zhao et al., 2006).

Stereotaxic surgery

Seven-week-old mice were anesthetized with isoflurane and placed in a
stereotaxic frame. Viruses were injected into the DG at the following
coordinates (in mm) relative to bregma in the anteroposterior, medio-
lateral, and dorsoventral axes: [—2.0, *1.4, 2.2]. Next, 2 ul of virus 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 before being slowly removed.

EE

We used a previously described EE protocol (Llorens-Martin et al.,
2010). Twenty-four hours after retroviral injections, mice assigned to EE
were housed in large, transparent polycarbonate cages (55 X 33 X 20 cm,
Plexx, 13005) for 8 weeks. All enriched cages were equipped with various
types of running wheels. The mice had free access to 10 toys that differed
in shape, size, material, and surface texture. To alter the environment, a
set of 10 different toys and new bedding were placed in the cages every
other day (Llorens-Martin et al., 2010). Given that EE cages were placed
in nonventilated racks, the mice subjected to control housing (CH) in EE
experiments were housed in nonventilated standard cages for the same
period of time.

Administration of thymidine analogs

The thymidine analog 5-iodo-2’-deoxyuridine (IdU) (Sigma-Aldrich)
was used to study the survival of 8-week-old newborn DGCs in animals
subjected to EE. IdU was diluted in drinking water at 0.92 mg/ml and
administered over 24 h on day 5 of the EE protocol. This dose was based
on equimolar doses of 50 mg/kg (Llorens-Martin et al., 2010) and 0.8
mg/ml BrdU (Lugert et al., 2010), respectively. The experimental design
is shown in Figure 9A.

Killing of animals

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% paraformaldehyde in 0.1 N phosphate buffer (PB).
Brains were removed and postfixed overnight in the same fixative at 4°C.
They were then washed three times in 0.1 N PB.

Immunohistochemistry (IHC)

For IHC determinations, 50-um-thick sections were obtained on a Leica
VT12008S vibratome. Coronal sections were obtained, except in the case
of rabies virus experiments, in which horizontal brain sections were used
(Vivar et al., 2012). For immunohistochemical analyses, series of brain
slices were randomly made up of one section from every ninth. For each
series of sections, sampling probability was 1/8. Slices were initially pre-
incubated in PB with 1% Triton X-100 and 1% bovine serum albumin.
Dual or triple immunohistochemistry was then performed as described
previously (Llorens-Martin et al., 2013) using the following primary an-
tibodies: rabbit anti-GFP (Thermo Fisher Scientific, catalog #A-11122,
RRID:AB_221569; 1:1000); rat anti-mCherry (Thermo Fisher Scientific,
catalog #M11217, RRID:AB_2536611; 1:2500); mouse anti-IdU (BD
Biosciences, catalog #347580, RRID:AB_10015219; 1:500); rabbit anti-
Fractin (Acris Antibodies, catalog #AP08647SU-N, RRID:AB_1975531;
1:500); goat anti-Doublecortin (DCX) (Santa Cruz Biotechnology, cata-
log #sc-8066, RRID:AB_2088494; 1:500); mouse anti glutamic acid de-
carboxylase 65 (GADG65) (Developmental Hybridoma Bank, catalog
#GAD-6, RRID:AB_2314498; 1:500); mouse anti-Gephyrin (Synaptic
Systems, catalog #147 111, RRID:AB_887719; 1:500); rabbit anti-
phospho-Tau (AT180: Thr231; 1:100) (Thermo Fisher Scientific, catalog
#MN1040, RRID:AB_223649; 1:100); and rabbit anti-phospho-Tau
(AT100: Thr212, Ser214; 1:100) (Thermo Fisher Scientific, catalog
#MN1060, RRID:AB_223652; 1:100); guinea pig anti-cfos (Synaptic Sys-
tems, catalog #226003, RRID:AB_2231974; 1:500); rabbit-anti Arc (Syn-
aptic Systems, catalog #156003, RRID:AB_887694; 1:1000); rat anti egr-1
(R&D Systems, catalog #MAB2818, RRID:AB_2097028; 1:100); mouse
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anti-PV  (Synaptic Systems, catalog #19-5011, RRID:AB_2619882;
1:500); and guinea pig anti-NPY (Synaptic Systems, catalog #394004,
RRID:AB_2721083; 1:500). To detect the binding of primary antibodies,
Alexa Fluor-594 donkey anti-mouse (Invitrogen, catalog #A-21203,
RRID:AB_141633; 1:1000), Alexa Fluor-555 donkey anti-rabbit
(Invitrogen, catalog #A-31572, RRID:AB_162543; 1:1000), Alexa Fluor-
488 donkey anti-rabbit (Invitrogen, catalog #A-21206, RRID:
AB_141708; 1:1000), Alexa Fluor-555 donkey anti-goat (Invitrogen,
catalog #A-21432, RRID:AB_141788; 1:1000), Alexa Fluor-555 donkey
anti-rat (Invitrogen, catalog #A-21434, RRID:AB_141733; 1:1000), and
Alexa Fluor-555 goat anti-guinea pig (Invitrogen, catalog #A-21435,
RRID:AB_2535856; 1:1000) secondary antibodies were used. All sections
were counterstained for 10 min with DAPI (Merck, 1:5000) to label
nuclei. THC in human samples was followed by an autofluorescence elim-
ination step. Briefly, autofluorescence eliminator solution (EMD Milli-
pore;, catalog #2160) was used following the manufacturer’s instructions
(Bolés et al., 2017b).

Cell counts

The number of IdU ", fractin ™, DCX ™, cfos ™, Arc™, egr-1 T PVT,
NPY ¥, or surviving GFP-hM3D * cells in mice, and phopsho-Tau (AT-
100) * DGCs in human patients were counted under a LSM710 Zeiss
confocal microscope (63X oil-immersion objective) using the physical
dissector method adapted for confocal microscopy (Llorens-Martin et
al., 2013). Briefly, the reference volume was calculated in Fiji software, as
described previously (Bolos et al., 2017b). Next, the number of cells
inside the reference volume was determined and then divided by this
volume. Data are presented as cell densities (number of cells/cubic
millimeter).

Morphometric analysis of three populations of adult-born DGCs
in the same mouse

RGB retroviruses allow the labeling of adult-born DGCs in three colors,
red (mCherry ), green (Venus *), and blue (Cerulean ) (Schambach et
al., 2006; Gomez-Nicola et al., 2014). These retroviruses have tradition-
ally been injected simultaneously as a mixture (Gomez-Nicola et al.,
2014). However, we modified this methodology by injecting each retro-
virus on the same coordinates at a different time point. This approach
allows the labeling of three cell populations of different ages in the same
animal. The experimental design used is shown in Figure 3A. Briefly, a
retrovirus encoding Cerulean was injected 8 weeks before the animals
were killed. Four weeks later, a mCherry-encoding retrovirus was stereo-
taxically injected, thus allowing the study of 4-week-old adult-born
DGCs. Finally, a Venus-encoding retrovirus was injected 2 weeks before
the animals were killed, allowing the study of 2-week-old adult-born
DGCs. At least 50 randomly selected adult-born DGCs from each geno-
type and cell age were reconstructed in a Nikon A1R confocal microscope
(25X oil-immersion objective). Confocal stacks of images were obtained
(x—y dimensions: 425.1 pm; z-axis interval: 2 wm), and z-projections
were analyzed to determine total dendritic length and dendritic arbor
branching (Sholl’s analysis). All cells were traced using the Neuron] pl-
ugin for Fiji software (Image]J version 1.50e). Sholl’s analysis was per-
formed using the plugin ShollAnalysis for Fiji (Llorens-Martin et al.,
2013; Pallas-Bazarraetal., 2017). To measure adult-born DGC migration
into the granule cell layer (GCL), a perpendicular line connecting the
hilar boundary and the center of the adult-born DGC nucleus was traced
manually, and this distance was measured using Fiji. The percentage of
cells with several primary apical dendrites and the length of the primary
apical dendrite were calculated as described previously (Llorens-Martin
et al., 2013; Pallas-Bazarra et al., 2016).

Measurement of the density of PSDs of adult-born DGCs

The density (number/length unit) and area of PSD95-GFP ™ clusters
were analyzed separately for each branching order in the dendritic tree of
PSD95:GFP-transduced adult-born DGCs, as described previously
(Llorens-Martin et al., 2013; Pallas-Bazarra et al., 2016). A minimum of
30 segments for each branching order were studied per genotype. Con-
focal stacks of images were obtained in an LSM710 Zeiss confocal micro-
scope (63X oil-immersion objective; x—y dimensions: 67.4 pwm; z-axis
interval: 0.2 wm). Two-channel stack z-projections were obtained. The
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dendritic length of each segment was measured and the number and area
of PSD-GFP ™ clusters was analyzed using the semiautomatic particle
analyzer plugin for Fiji software.

Measurement of the area of MFTs of adult-born DGCs and
quantification of the Syn ™ area of these terminals

The area of individual GFP * MFTs was measured in the CA3 and the
CA2 regions, as described previously (Llorens-Martin et al., 2015). A
minimum of 20 stacks of images per experimental condition and region
were obtained in an LSM710 Zeiss confocal microscope (63X oil-
immersion objective; x—y dimensions: 100 wm; z-interval: 0.5 um). Z
projections were obtained and the area of each MFT was measured man-
ually using Fiji, as described previously (Toni et al., 2008; Pallas-Bazarra
etal., 2016). The following criteria were used to select MFTs for quanti-
fication: (1) the diameter of the MFT was more than threefold greater
than the diameter of the axon; (2) the MFT was connected to the axon on
at least one end; and (3) the MFT was relatively isolated from other
MFTs, thus ensuring accuracy of tracing (Toni et al., 2008; Pallas-Bazarra
etal., 2016). A minimum of 400 MFTs per experimental condition were
studied. To measure the Syn ¥ area of MFTs, a fixed value threshold was
applied to the green (Syn) channel of z-projection images. The resulting
images were processed with the particle analyzer plugin in Fiji. The aver-
age area of individual Syn ™ particles is shown in the graphs.

Analysis of the afferent innervation of adult-born DGCs

To study afferent connectivity of newborn DGCs, we applied the TVA-
EnvA trans-synaptic tracing method (Wickersham et al., 2007a,b). Spe-
cifically, a retroviral vector (RV-Syn-GTRgp) expressing nuclear GFP,
TVA receptor, and rabies virus glycoprotein (Rgp) driven by the neuron-
specific synapsin promoter was used to selectively infect dividing cells
(“starter cells”). Retroviral injections were performed on the right hemi-
sphere. Next, an EnvA-pseudotyped rabies virus lacking Rgp and ex-
pressing MCherry (EnvA-AG-MCh) was injected in the same
hemisphere. RV-Syn-GTRgp retroviruses were used to label a population
of starter adult-born DGCs (Vivar et al., 2012) that show the GFP signal
in the nucleus. To label the cells that presynaptically innervate starter
adult-born DGCs (traced cells), EnvA-AG-MCh rabies viruses were ste-
reotaxically injected 4 weeks after retroviral injections. These viruses
have been genetically engineered to be replication, infection, and trans-
synaptic transmission incompetent. The expression of TVA (the EnvA
protein receptor) in the starter cells allows their infection by the EnvA-
AG-MCh rabies virus. Next, Rgp allowed EnvA-AG-MCh rabies viruses
to be trans-synaptically transmitted in a retrograde manner. Therefore,
both starter and traced cells were mCherry+. Moreover, starter cells
showed a GFP * signal in the nucleus, whereas traced cells were exclu-
sively mCherry *. To determine the number of starter cells (GFP "
mCherry *), confocal stacks of images were obtained at a 2 um
z-interval. The number of starter cells was counted in four series (of
eight) of sections throughout the rostrocaudal extent of the brain. Total
cell numbers were obtained by multiplying cell counts by two (because
the sampling probability was four of eight). The number of traced rabies-
virus-only-transduced cells (mCherry ") per mouse was counted in four
series of sections throughout the rostrocaudal extent of the brain. Within
the DG, traced mature DGCs and inhibitory interneurons (DGIs) were
identified based on their location and morphology. DGGs were identi-
fied on the basis of their elliptical cell body and their characteristic cone-
shaped tree of spiny apical dendrites. DGIs were identified by their
morphology, as described previously (Freund and Buzséki, 1996; Vivar et
al., 2012; Sah et al., 2017). Mossy hilar (MH) cells were identified on the
basis of their hilar location, their characteristic morphology, and by the
presence of thorny excrescences covering the proximal ends of their long
and thick dendritic branches (Blasco-Ibanez and Freund, 1997; van
Praagetal., 2002; Sah etal., 2017). To evaluate the number of traced cells
in other brain areas, sections were imaged under a LSM800 Zeiss confocal
microscope (2.5X objective, Tilescan tool). Sections were matched to the
mouse brain atlas (Franklin, 2013) to determine the rostrocaudal dis-
tance from bregma. Next, higher-magnification images were obtained
under a LSM800 Zeiss confocal microscope (10X objective) for detailed
morphological identification of the traced cells. Total cell numbers were
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obtained by multiplying cell counts by two. This number was then nor-
malized on double-transduced cells (connectivity ratio) to take into ac-
count changes in the number of starter adult-born DGCs (Vivar et al.,
2012; Deshpande et al., 2013; Bergami et al., 2015). Animals were killed 1
week after rabies virus injection. Only mouse brains with starter cells
throughout the entire DG were included in these analyses (Sah et al.,
2017). The experimental design is shown in Figure 5A.

Measurement of glutamic acid decarboxylase (GAD65 ™) and
Gephyrin ™ area

Images were obtained at randomly selected points within the sections
comprising the series. Only the DAPI channel was visualized to select the
locations at which images were acquired. Five confocal images compris-
ing the three subregions of the molecular layer (ML) external molecular
layer (EML), medial molecular layer (MML), and inner molecular layer
(IML) and the GCL were obtained per animal in a LSM710 Zeiss confocal
microscope (x—y dimensions: 340.08 wm; 25X oil-immersion objective).
An invariant threshold for fluorescence intensity was established to ana-
lyze all images. The area of each subregion was outlined using the free-
hand drawing tool of Fiji. The GAD65 ™ or Gephyrin ™ area above the
threshold was divided by the area of the subregion. The percentage of
area above the threshold is shown in the graphs.

Newborn DGC chemoactivation and CNO administration

To induce the chemoactivation of adult-born DGCs, animals received a
stereotaxic injection of GFP-hM3D- and RFP-encoding retroviruses (1:1
ratio). After the injection of these viruses, GFP-hM3D * RFP ", GFP-
hM3D ™~ RFP ™", and GFP-hM3D* RFP ™~ populations of adult-born
DGCs were identified. Given that the fluorescence intensity of the GFP-
hM3D retrovirus is low, GFP-hM3D ™ RFP ~ cells were not analyzed and
all measurements were performed on RFP* cells. Importantly, only
GFP-HM3D ™ RFP ™ cells were susceptible to chemoactivation. As de-
scribed previously, CNO (2 ug/g) was diluted in water and administered
in drinking water over two consecutive days in the so-called critical period
of these cells (Fig. 11A) (Alvarez et al., 2016). Twenty-one days after
retroviral infection, the morphology and dendritic spines of GFP-
HM3D " RFP * and GFP-HM3D ~ RFP * adult-born DGCs were ana-
lyzed in the red (RFP) channel. Moreover, the effect of chemoactivation
on the survival of GFP-hM3D ™ cells was studied (Fig. 11F).

Morphometric analysis of the dendritic spines of REP ™

newborn DGCs

Dendritic spines were studied separately in GFP-HM3D © RFP " and
GFP-HM3D ~ RFP * adult-born DGCs. Confocal stacks of images were
obtained in a LSM710 Zeiss confocal microscope (63X oil-immersion
objective; x—y dimensions: 67.4 wm; z-axis interval: 0.2 wm). The den-
dritic 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 (Scientific Volume Imaging). Spines were counted
from dendritic fragments located in the ML, in 10~15 RFP " cells per
mouse, and in five mice per genotype and experimental condition. A
minimum of 50 dendrites per experimental group were examined. Den-
dritic spines were detected by the software and assigned to one of the
following three categories: stubby, thin, and mushroom, as described
previously (Pallas-Bazarra et al., 2016, 2017). Spine density (number of
spines/um), the percentage of mushroom spines, the spine head and
spine neck diameter, and the approximate spine length (Max-DTS) were
calculated as described previously (Pallas-Bazarra et al., 2017).

Measurement of phospho-Tau (AT100 and AT180) fluorescence
intensity in the dentate gyrus of human subjects

Single-plane images were acquired in a LSM710 Zeiss confocal micro-
scope (25X oil-immersion objective; x—y dimensions: 340 um). The
GCL was traced on the DAPI channel using the freehand drawing tool of
Fiji, and the area of this structure was calculated. Next, an invariant
threshold was applied to the red channel (phospho-Tau) and the area
over the threshold was calculated by the software. This area was divided
by the total area measured on the DAPI channel, and the resulting values
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are represented in the graphs. Five images of randomly selected regions of
the DG were obtained per subject.

Statistical analysis

Statistical analysis was performed using SPSS version 25 software. The
Kolmogorov—Smirnov test was used to check the normality of sample
distribution. For comparisons between two experimental groups, either a
Student’s ¢ test or a one-way ANOVA 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 comparisons between more than two experimental groups, data were
analyzed by a one-way ANOVA test. In those cases in which the one-way
ANOVA was statistically significant, a Fisher’s LSD post hoc analysis was
used to compare the differences between individual groups. Data from
Sholl’s analysis were studied by a repeated-measures ANOVA (Bolds et
al., 2017a). Data from EE and chemoactivation experiments were ana-
lyzed by a two-way ANOVA test (genotype vs housing or genotype vs
CNO, respectively). Throughout the main text, all references to statistical
significance are made to the individual factors of the two-way ANOVA
test or to their interaction. A Fisher’s LSD post hoc analysis was used to
compare individual groups. In the figures, asterisks refer to the results of
the latter analysis and indicate changes with respect to WT animals. The
percentage of cells with more than one primary apical dendrite was ana-
lyzed by a x? test. Graphs represent mean values + SEM. A 95% confi-
dence interval was used for statistical comparisons.

Results

Morphological alterations of DGCs in patients with FTD and
in Tau """ mice

To examine the morphology of DGCs, we performed Golgi stain-
ing of hippocampal samples from control subjects and FTD pa-
tients. In Figure 1, A and B, representative images of the
hippocampal region (left panels) and the morphology of DGCs
(right panels) of control subjects (Fig. 1A) and FTD patients (Fig.
1B) are shown. Sholl’s analysis revealed marked alterations in the
dendritic branching of DGCs in FTD patients (Greenhouse—Gei-
sser Interaction F, ;) = 73.812; p = 0.001). These cells showed
increased proximal branching, whereas distal branching was dra-
matically reduced (Fig. 1C). Moreover, total dendritic length
(U7 = 483.000; p = 0.001) (Fig. 1D) and the length of the
primary apical dendrite (U, ,, = 1329.000; p = 0.001) (Fig. 1E)
were reduced. In addition, the percentage of cells with more than
one primary apical dendrite was markedly increased in these pa-
tients (x(,.7) = 77.700; p = 0.001) (Fig. 1F).

To further confirm the neuropathological diagnosis of the
subjects that participated in this study (shown in Fig. 24), we
analyzed Tau phosphorylation in two epitopes specifically related
to FTD (Shiarlietal.,2006) (AT100 (Thr212, Ser214) (Fig. 2B-K)
and AT180 (Thr231) (Fig. 2L-T) in the DG of these subjects.
Representative images of phospho-Tau (AT100) staining in con-
trol subjects (Fig. 2B-F) and FTD patients (Fig. 2G-I) show that
phospho-Tau (AT100) fluorescence intensity was increased in
FTD patients (U, ,, = 0.000; p = 0.025) (Fig. 2J). Accordingly,
the number of phospho-Tau (AT-100) " DGCs was also in-
creased (U, ;) = 0.000; p = 0.025) (Fig. 2K). Representative
images of phospho-Tau (AT180) staining in control subjects
(Fig. 2L-P) and FTD patients (Fig. 2Q-S) show that phospho-
Tau (AT180) staining was increased in FTD patients (U, ;) =
0.000; p = 0.034) (Fig. 2T).

Next, we examined whether the DGCs of Tau“"" mice
showed similar morphological alterations. Golgi staining re-
vealed morphological differences between WT and Tau“™V
DGCs (Fig. 1G,H). In fact, Sholl’s analysis showed reduced
branching in Tau¥"" DGCs (Greenhouse—Geisser Interaction
F1.7) = 89.921; p = 0.020) (Fig. 1I). Although no changes in the
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total dendritic length were observed in Tau“""V mice (U, ,, =
3125.00; p = 0.2486) (Fig. 1]), the length of the primary apical
dendrite was markedly reduced (U, ;) = 1249.00; p = 0.004)
(Fig. 1K). In contrast, no changes in the percentage of cells that
exhibited several primary apical dendrites (x(, ,, = 0.580; p =
0.271) (Fig. 1L) were detected.

These data reveal similar morphological alterations in the
DGCs of FTD patients and a mouse model of the disease.
Morphological alterations of newborn DGCs in Tau """ mice
In the light of the morphological alterations observed in the
DGCs of FTD patients and Tau ™" mice, we analyzed the tem-
porary course of these alterations by examining three popula-
tions of adult-born DGCs of distinct ages in Tau """ mice. each
of the three RGB retroviruses was stereotaxically injected in the
DG of WT and Tau V™" mice at a different time point, following
the experimental design shown in Figure 3A. In Figure 3, B-G,
representative images of 2-week-old (Venus™) (Fig. 3B,E),
4-week-old (mCherry ™) (Fig. 3C,F), and 8-week-old (Ceru-
lean ™) (Fig. 3D,G) newborn DGCs are shown. The measure-
ment of total dendritic length revealed differences between
experimental groups (F(s ,5) = 58.349; p = 0.001) (Fig. 3H). Post
hoc comparisons between WT and Tau V™Y mice indicated differ-
ences in the total dendritic length of 2- (p = 0.049), 4- (p =
0.001), and 8- (p = 0.002) week-old newborn DGCs. Moreover,
Sholl’s analysis showed differences in dendritic branching be-
tween groups (Greenhouse—Geisser Interaction Fs 9y = 15.734;
p = 0.001) (Fig. 3I-K). Multiple-comparisons post hoc analysis
between genotypes revealed no differences in 2-week-old new-
born DGCs (p = 0.151) (Fig. 3I), whereas marked differences
were observed in 4-week-old (p = 0.001) (Fig. 3]) and 8-week-
old (p = 0.045) (Fig. 3K) newborn DGCs. Accordingly, the
length of the primary apical dendrite varied between experimen-
tal groups (Fs 9y = 8.932; p = 0.001) (Fig. 3L). Post hoc analysis
revealed a decrease in this parameter in 4-week-old (p = 0.001)
and 8-week-old (p = 0.004) newborn DGCs of Tau""" mice,
whereas no differences in this parameter were detected in
2-week-old DGCs (p = 0.976). Moreover, the percentage of cells
with more than one primary apical dendrite varied between ex-
perimental conditions (x°s,0) = 29.860; p = 0.001). This per-
centage was greater in 2-week-old (p = 0.048), 4-week-old (p =
0.007), and 8-week-old (p = 0.001) newborn DGCs (Fig. 3M).
The migration of newborn DGCs showed differences between
experimental conditions (Fs 9 = 3.420; p = 0.005). Post hoc
analysis revealed a transient increase in migration in 2-week-old
newborn DGCs of Tau V™"V mice (p = 0.039), whereas no differ-
ences were found in 4-week-old (p = 0.997) and 8-week-old
(p = 0.982) newborn DGCs (Fig. 3N).

These data show that the morphological maturation of adult-
born DGCs is altered in Tau """ mice.

Afferent and efferent connectivity of newborn DGCs is

altered in Tau ™" mice

To analyze the excitatory afferent connectivity of adult-born
DGCs in WT and Tau V" mice, a retrovirus that encodes PSD95:
GFP was stereotaxically injected into the DG of these animals.
Eight weeks later, they were killed and the PSDs of the adult-born
DGCs were examined separately in each branching order of the
dendritic tree (Fig. 4A). The number of PSDs was dramatically
reduced in Tau ™" animals throughout the whole dendritic tree
(Fig. 4B-D). A marked reduction was observed in the density of
PSDs in second (F(, 4y = 13.408; p = 0.001), third (F, 4 =
16.639%; p = 0.001), fourth (F, o) = 21.252; p =< 0.001) and fifth
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(F1,9) = 9.306; p = 0.004) branching-order dendrites (Fig. 4D).
Moreover, alterations in PSD area were observed in fifth (F, o) =
40.024; p = 0.001) branching-order dendrites, whereas no
changes in this parameter were observed in second (F(, 4 =
0.273; p = 0.601), third (F, o, = 4.003; p = 0.055), or fourth

(F1,0) = 1.206; p = 0.272) orders (Fig. 4E). These data indicate
that the afferent connectivity of adult-born DGCs is altered in
Tau V"™ mice.

To study the efferent connectivity of adult-born DGCs in WT
and Tau Y™ mice, a retrovirus that encodes Syn:GFP was stereo-
taxically injected into the DG of these animals. The mice were
killed 8 weeks later, and the MFTs of adult-born DGCs were
examined separately in the CA3 and the CA2 regions (Fig. 44). A
marked reduction of individual MFT area was observed in
Tau ¥ mice (Fig. 4F-K). These differences were observed in the
CA3 (F,4) = 191.418; p = 0.001) (Fig. 4]) and the CA2 (F,, o) =
12.115; p = 0.001) (Fig. 4K) hippocampal subfields. The area of
Syn* particles was reduced in Tau V™"V animals, both in the CA3
(Fo) = 17.714; p = 0.001) (Fig. 4L) and the CA2 (F, 5, = 8.722;
p =0.003) (Fig. 4M ) regions. These data indicate that the efferent
connectivity of adult-born DGCs is also altered in Tau“™™
animals.

Together, the alterations in the afferent and efferent connec-
tivity of adult-born Tau"™" DGCs suggest that the functional
maturation of these cells is impaired in this animal model of FTD.

Afferent innervation of newborn DGCs is altered in

Tau¥"" mice

In the light of the alterations in the excitatory afferent connectiv-
ity of adult-born DGCs in Tau """ mice suggested by the de-
creased number and size of PSDs, we investigated whether the
afferent projections to these cells were also altered. We used a
genetically modified rabies virus, which allowed the retrograde
monosynaptic tracing of these cells (Vivar et al., 2012). Figure 5A
shows the experimental design. Briefly, a retrovirus that encodes
GFP with a nuclear signal was stereotaxically injected in the DG of
WT and Tau V™" mice to label a population of starter adult-born
DGCs. Four weeks later, a rabies virus that encodes mCherry was
stereotaxically injected at the same coordinates. Animals were
killed 1 week later. As expected, the number of GFP * starter cells
was reduced in Tau V™" animals (U1,9) = 6.000; p = 0.043) (Fig.
5B), which showed a reduction in the survival of adult-born
DGCs (Llorens-Martin et al., 2011). In contrast, no changes in
the number of traced cells (U, 4, = 1.000; p = 0.127) (Fig. 5C) or
in the ratio traced/starter cells (f, o) = 1.003; p = 0.373) (Fig. 5D)
were found. Representative images of traced cells in the Entorhi-
nal cortex cells of WT (Fig. 5E) and Tau ™" mice (Fig. 5F) are
shown. Quantification of the number of cells located in different
brain regions revealed a decrease in the connectivity ratio of both
distal brain regions (distal) (¢, ¢y = 23.979; p = 0.001) and the
hippocampus (HC) (U o) = 6.000; p = 0.050) in Tau """ mice,
whereas no differences were found in the connectivity ratio of the
DG (U, o) = 1.000; p = 0.200) (Fig. 5G). Moreover, a specific
analysis of the local innervation of Tau"™" adult-born DGCs
unveiled that these cells showed reduced innervation from excit-
atory DGCs (U, ¢ = 0.000; p = 0.050) and glutamatergic MH
cells (U, 4y = 0.000; p = 0.046) (Fig. 5H). In contrast, the con-
nectivity ratio of DGIs was increased in Tau“™" adult-born
DGCs (t,9y = 2.292; p = 0.043). In fact, 60% of traced cells in
these animals were DGIs. In Figure 5, I-], representative images
of starter (blue (GFP " mCherry ~) and green (GFP " mCherry ™)
triangles) and traced (white triangles) cells of WT (Fig. 5I') and
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Tau Y™™ mice (Fig. 5]) illustrate the relative abundance of affer-
ent connections with granule cells in WT mice (Fig. 5I). In con-
trast, most of the afferent connections received by Tau“™"
newborn DGCs corresponded to DGIs (Fig. 5]). Moreover, Fig-
ure 5, K-L, show representative images of the morphology of
traced DGIs in WT (Fig. 5K) and Tau"™"V (Fig. 5L) mice. As
previously mentioned, the adult-born DGCs of Tau"™" mice
received reduced innervation from distal brain regions (Fig. 5M—
N).

These data suggest that the afferent innervation of adult-born
DGCs is impaired in this animal model of FTD. These impair-
ments include a marked disconnection from distal brain regions,
a decrease in excitatory local innervation, and a considerable in-
crease in the local sources of inhibitory innervation.

Tau¥"" mice and patients with FTD show an increase in the
expression of inhibitory synapse markers in the dentate gyrus
To further characterize this increase in inhibitory innervation, we
quantified the expression of both presynaptic (GAD65) (Fig.
6A—C) and postsynaptic (Gephyrin) (Fig. 6D—F) markers of in-
hibitory synapses in various subregions of the DG in WT and
TauY"" mice. The expression of GAD65 was either increased or
showed a trend toward an increase in the GCL (¢, o) = —3.858;
p = 0.005), and in the inner layer (IML) (¢, 4, = —2.054; p =
0.077), medial layer (MML) (t, 4y = —2.704; p = 0.035), and
outer layer (EML) (t(, o) = —1.662; p = 0.063) of the molecular
layer (ML) (Fig. 6A—C). In agreement, the expression of the post-
synaptic marker of inhibitory synapses Gephyrin increased in the
EML (t, ) = —2.401; p = 0.016), although no changes in this
parameter were found in the GCL (¢, 5, = 0.389; p = 0.706), IML
(t1.9) = —0.267; p = 0.798) or MML (t, o) = —0.737; p = 0.483)
(Fig. 6D-F).

We next addressed whether this increase was also present in
FTD patients. we analyzed the expression of GAD65 (Fig. 6G-I)
and Gephyrin (Fig. 6/-L) in the DG of control subjects and FTD
patients. In Figure 6, H-I, representative images of GAD65 stain-
ing show either an increase or a trend toward an increase in the
GCL (U, ,, = 0.000; p = 0.05), the MML (U, ,, = 0.000; p =
0.063), and the EML (U, ,, = 0.000; p = 0.063) of FTD patients,
whereas no changes in GADG65 staining were found in the IML
(Uq,7) = 4.000; p = 0.480) (Fig. 6G). In agreement, the expres-
sion of the postsynaptic marker of inhibitory synapses Gephyrin
was either increased or showed a trend toward an increase the
IML (U, ,, = 1.000; p = 0.053), the MML (U, ,, = 0.000; p =
0.025), and the EML (U, ;, = 0.000; p = 0.025), although no
changes in this parameter were found in the GCL (U, ,, = 4.000;
p = 0.480) of these patients (Fig. 6]-L).

Together, these data further support the notion that an in-
crease in inhibitory innervation of the DG occurs both in Tau V"
mice and FTD patients.

Tau """ mice show a higher number of NPY * interneurons

in the granule cell layer

Given the increased DG inhibitory innervation observed in
Tau¥"" mice, we examined the number of distinct subpopula-
tions of interneurons in the GCL of these animals (Fig. 7). The
number of PV ™ interneurons did not differ between genotypes
(Fig. 7A-C) (t(, 9y = —1.097; p = 0.287). In contrast, the number
of NPY " interneurons in the GCL of Tau“"" mice showed a
selective increase (Fig. 7D-F) (U, ) = 17.000; p = 0.043).
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Tau ™" mice show alterations in the expression of neuronal

activation markers in the dentate gyrus

Given the increased inhibitory innervation and number of NPY *
interneurons in the DG of Tau """ mice, we examined whether
DGC activation is altered in these mice. we counted the number
of cells that showed nuclear staining with three distinct markers
of neuronal activation, the early immediate genes cfos, Arc, and
egr-1 (Fig. 8). Although no changes in the number of cfos * (Fig.
8A-C) (t,0)= —0.821;p = 0.424) or Arc " (Fig. 8D-F) (t, 0 =
—0.114; p = 0.910) DGCs were observed, the GCL of Tau """
mice showed a reduced number of egr-1-expressing DGCs (Fig.
8G-I) (U o) = 2.000; p = 0.032).

Rate of adult hippocampal neurogenesis is responsive to the
stimulatory effects of environmental enrichment in Tau V"
mice
Hippocampal plasticity is positively modulated by EE (Kemper-
mann et al., 1997; Brown et al., 2003). Thus, we examined
whether this stimulus reverses the impairments observed in the
adult-born DGCs of Tau""" mice. WT and Tau """V mice were
exposed to an 8-week period of EE or to control housing (CH)
conditions (Fig. 9A). To study the diverse processes encompassed
by AHN, the number of IdU *, apoptic fractin * cellsand DCX *
immature neurons was counted. Representative images of
8-week-old IdU * (Fig. 9B-E) cells illustrate differences in the
number of cells found between experimental groups (F; ,,) =
7.198; p = 0.001) (Fig. 9]). As described previously (Llorens-
Martin et al., 2011), Tau V™" animals showed a reduced number
of these cells (F(, ,;) = 9.655; p = 0.005), a finding that further
supports the decreased number of starter cells observed in the
rabies viruses experiments. However, EE increased the number of
these cells in both genotypes (F; ,;) = 13.057; p = 0.001) (Fig.
9J). Accordingly, the number of fractin ™ cells differed between
experimental groups (F; 5,y = 24.841; p = 0.001), being higher
in Tau V™ animals (F1.27) = 36.875; p = 0.001) (Llorens-Martin
et al,, 2011). This increase was counteracted by EE (Interaction
F(, 55 = 10.244; p = 0.003) (Fig. 9K'). Moreover, the number of
DCX " neuroblasts differed between experimental groups (Fs 5,
= 56.597; p = 0.001) (Fig. 9F~I,L). Tau"™" mice showed a re-
duction in the number of these cells (F(, ,5) = 100.184; p = 0.001)
(Llorens-Martin et al., 2011). EE increased the number of DCX
cells in in WT and Tau¥"" mice (F, ,, = 48.589; p = 0.001),
although this increase was greater in the former (Interaction
Fi126) = 27.573; p = 0.001).

Together, these data indicate that several components of AHN
in Tau V™" mice are sensitive to the stimulatory actions of EE.

Environmental enrichment completely reverses the
morphological alterations of newborn DGCs and partially
restores their connectivity in Tau V"V mice

Having confirmed that the rate of AHN of Tau""" mice was
responsive to the stimulatory actions of EE, we studied the capac-
ity of EE to counteract the alterations in the morphological and
functional maturation of adult-born DGCs in these animals (Fig.
10). a PSD95:GFP-encoding retrovirus was stereotaxically in-
jected into the DG of WT and Tau """ mice. Mice were exposed
to an 8-week period of EE or CH conditions (Fig. 10A). The
morphology and PSDs of adult-born DGCs of the different ex-
perimental conditions are shown (Fig. 10B—E). Total dendritic
length differed between experimental groups (F; 14y = 5.170; p =
0.002) (Fig. 10F). Tau"™" mice exhibited a reduction in this
parameter (F, o) = 8.536; p = 0.004). However, EE reversed this
alteration (Interaction F, 4y = 4.309; p = 0.039). Accordingly,
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the length of the primary apical dendrite differed between exper-
imental conditions (F 3 ;4) = 22.068; p = 0.001). Tau""" mice
showed a reduced length (F, ;o) = 38.465; p = 0.001), and this
decrease was counteracted by EE (Interaction F; ;o) = 24.024;
p = 0.001) (Fig. 10G). Moreover, the percentage of cells with
more than one primary apical dendrite showed differences be-
tween experimental groups (x°; 1o = 11.014; p = 0.026). This
percentage was greater in CH Tau "V mice (p = 0.048), and this
increase was reversed by EE (CH Tau“™" vs EE Tau """ mice,
p = 0.001) (Fig. 10H). Finally, Sholl’s analysis revealed differ-
ences between experimental groups (Greenhouse—Geisser Inter-
action F5 14y = 3.631; p = 0.001). Multiple-comparisons post hoc
analysis indicated alterations in the dendritic branching of
Tau¥"" mice (p = 0.001) and that EE reversed these alterations
(CH Tau YW vs EE Tau """ mice, p = 0.010) (Fig. 10I).

The density of PSDs in second (F; ;o) = 4.819; p = 0.004),
third (F(5 15, = 15.654; p = 0.001), fourth (F; ;) = 22.505; p =<
0.001) and fifth (F; 4y = 10.371; p = 0.001) branching-order
dendrites differed between experimental groups (Fig. 10]). EE
increased the number of these structures in WT dendrites of
fourth (F(, o) = 22.903; p = 0.001) and fifth (F, ;4) = 5.187;p =
0.025) branching orders. Tau V""" mice showed a reduction in the
number of PSDs in the dendrites of second (F, o) = 10.451; p =
0.002), third (F,,0) = 40.477; p = 0.001), fourth (F, ¢ =
39.845; p = 0.001) and fifth (F(; ;) = 24.834; p = 0.001) branch-
ing orders. These alterations were reversed by EE in dendrites of
second (CH Tau ™" vs EE Tau """ mice, p = 0.045), and fourth
(CH Tau ¥ vs EE Tau """ mice, p = 0.020) branching orders.

The area of CA3 MFTs differed between experimental groups
(F3.00) = 112.453; p = 0.001) (Fig. 10K-N,S). Tau""" mice
showed a reduced MFT area in the CA3 region (F, ;o) = 112.453;
p = 0.001), and this reduction was counteracted by EE (Interac-
tion F(, 14y = 218.240; p = 0.001). Moreover, differences between
experimental groups were found in MFT area in the CA2 field
(F3.00) = 317.055; p = 0.001) (Fig. 100-R,T). Tau"™" mice
showed a reduced MFT area in this region (F, ;o) = 293.082; p <
0.001). EE increased the area of CA2 MFT in WT mice but did not
have any effect on Tau""" mice (interaction F,, ;4, = 181.407;
p=0.001).

These data show that EE completely reverses the morpholog-
ical alterations caused by Tau"""V. Moreover, EE partially re-
stored the afferent and efferent connectivity of these cells.

Chemoactivation completely reverses the morphological
alterations of newborn DGCs and partially restores their
connectivity in Tau """ mice

Given that the effects of EE on the maturation of adult-born
DGCs are mimicked by the chemoactivation of these cells during
their so-called critical period (Temprana et al., 2015), we tested
the capacity of chemoactivation to reverse the morphological and
functional alterations of this cell population in Tau""" mice.
retroviruses encoding hM3D:GFP and RFP were stereotaxically
injected into the DG of these animals (Fig. 11B—E). CNO was
administered during the critical period of these cells (Fig. 11A).
We first analyzed whether chemoactivation altered the survival of
hM3D:GFP * transduced cells. we counted the density of hM3D:
GFP " cells in the GCL of WT and Tau"™" mice, in the absence
and presence of CNO (Fig. 11F). Marked differences were ob-
served between experimental groups (F; ;) = 5.080; p = 0.012).
As shown, CNO had no effect on the survival of newborn DGCs
(F(1.19) = 0.022; p = 0.884). In contrast, Tau """ DGCs exhibited
reduced survival (F(, ;4) = 15.053; p = 0.001), which is consistent
with the results obtained with thymidine analogs (Fig. 9]).
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Next, we examined several morphometric features of control
and chemoactivated newborn DGCs of both genotypes. The total
dendritic length differed between experimental groups (double
transduced cells (hAM3D:GFP */RFP *): F5 o) = 53.746; p =
0.001; Single transduced cells (hM3D:GFP “/RFP *): F5 14 =
57.781; p = 0.001). Chemoactivation increased this parameter in
double transduced cells (F(, ;) = 95.943; p = 0.001) and reversed
the alterations observed in Tau ™" mice (Tau¥™W + CNO vs
Tau“""W + vehicle, p = 0.001). In contrast, this reversal did not
occur in single transduced cells (Tau¥"*" + CNO vs Tau """ +
vehicle, p = 1.000) (Fig. 11G). Accordingly, Sholl’s analysis re-
vealed differences between experimental groups (double trans-
duced cells: Greenhouse—Geisser Interaction F;,4 = 18.886;
p = 0.001; single transduced cells: Greenhouse—Geisser Interac-
tion F .9 = 14215 p = 0.001) (Fig. 11H). Multiple-
comparisons post hoc analysis between genotypes in double
transduced cells showed that CNO treatment increased the den-
dritic branching of WT neurons (WT + CNO vs WT + vehicle,
p =0.001); that Tau """ mice showed a reduced branching (p <
0.001); and that chemoactivation reversed these alterations
(Tau¥™W + CNO vs Tau V™"V + vehicle, p = 0.001). In contrast,
CNO treatment had no effect on single transduced cells of WT
(WT + CNO vs WT + vehicle, p = 0.324) or Tau V™" (Tau V"™ +
CNO vs TauV™™ + vehicle, p = 1.000) mice (Fig. 11I). The
analysis of adult-born DGC migration revealed differences be-
tween experimental groups (double transduced cells: F; ;9 =
38.505; p = 0.001; single transduced cells: F; ;4) = 13.615; p =
0.001) (Fig. 11]). Tau V**¥ mice showed an increase in this param-
eter (double transduced cells: F(; ;o) = 36.474; p = 0.004; single
transduced cells: F, ;) = 38.285; p = 0.001). In double trans-
duced cells, chemoactivation increased adult-born DGC migra-
tion in WT animals and normalized this parameter in Tau """
mice (Interaction F(, ;o) = 51.957; p = 0.001). CNO administra-
tion had no effect on single transduced cells (F(, ,4) = 0.553; p =
0.458) (Fig. 11]). The length of the primary apical dendrite varied
between experimental groups (double transduced cells: F; ;o) =
48.512; p = 0.001; single transduced cells: F; ;o) = 18.728; p =
0.001) (Fig. 11K). Chemoactivation increased this parameter in
double transduced cells of animals of both genotypes (F(, ;o) =
114.887; p = 0.001). In contrast, CNO administration had no
effect on single transduced cells (F(, ;4 = 0.024; p = 0.878). The
percentage of cells with several primary apical dendrites varied
between experimental groups (double transduced cells: x3 ;o =
35.018; p = 0.001; single transduced cells: x3,, = 27.068; p =
0.001) (Fig. 11L). Tau"™" mice showed an increase in this pa-
rameter (double and single transduced cells: p = 0.001), which
was counteracted by chemoactivation in double transduced cells
(Tau¥™ + CNO vs Tau V™™ + vehicle, p = 0.001). In contrast,
CNO administration had no effect on single transduced cells
(Tau¥™™ + CNO vs Tau V"W + vehicle, p = 0.536).

High-power magnification images show the dendritic spines
of double transduced adult-born DGCs from the different exper-
imental conditions (Fig. 11M—P). In double transduced cells, the
density of dendritic spines varied between experimental groups
(F3.10) = 13.456; p = 0.001). Tau """ adult-born DGCs showed
areduction in the density of these structures (F; ;o) = 5.748; p =
0.018). Chemoactivation increased this parameter in WT ani-
mals, but had no effect on Tau""" mice (Interaction F( ;o =
11.354; p = 0.001) (Fig. 11Q). Analysis of the percentage of
mushroom spines revealed differences in double transduced cells
between experimental groups (Fg; .oy = 6.028; p = 0.001).
Tau V""" mice showed a decrease in the percentage of this type of
spine (F(; gy = 12.348; p = 0.001). Chemoactivation increased the
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percentage of these structures in both genotypes (F(1, ;) = 5.172;
p = 0.024; Interaction F(; ;4y = 0.297; p = 0.586) (Fig. 11R).
Morphometric analysis of the dendritic spines of double trans-
duced cells revealed differences in the diameter of the spine head
(F3,10) = 5.141; p = 0.002) (Fig. 11S) and spine neck (F; o) =
10.995; p = 0.001) (Fig. 11T), and in the length of these struc-
tures (Max-DTS) (F,4) = 76.883; p = 0.001) (Fig. 11U)
between experimental conditions. Tau V¥ mice showed a reduc-
tionin spine head (F(, ,4) = 5.919; p = 0.015) (Fig. 115) and spine
neck (F(; 1oy = 30.287; p = 0.001) (Fig. 11T) diameter, and in the
length of these structures (Max-DTS) (F, oy = 68.255; p =
0.001) (Fig. 11U). Chemoactivation did not modify the diameter
of the head (F, 4y = 2.698; p = 0.101) (Fig. 115) or neck (F, ;4
= 3.101; p = 0.078) (Fig. 11T of dendritic spines; however, it
caused a reduction in the length of these structures (Max-DTS)
(F(1,19) = 65.955; p = 0.001) (Fig. 11U). The alterations in the
morphometric properties of dendritic spines observed in Tau ™"
adult-born DGCs were not reversed by chemoactivation (diam-
eter of spine head (Tau""" + CNO vs Tau¥"" + vehicle, p =
0.864) (Fig. 11S) and spine neck (Tau""" 4+ CNO vs Tau """ +
vehicle, p = 0.056) (Fig. 117T'), and length of these structures
(Max-DTS) (Tau"™™ 4+ CNO vs Tau""" + vehicle, p = 0.401)
(Fig. 11U)).

These data reveal that chemoactivation completely reverses
the morphological alterations observed in the adult-born DGCs
of Tau V"""V mice and partially restores the afferent connectivity of
these cells.

Discussion

The hippocampus is particularly affected in most forms of FTD
(Senutetal., 1991; Bird et al., 1999; Laakso et al., 2000; Nishimura
etal.,2000; Chang et al., 2004; Engel et al., 2008; Bandopadhyay et
al., 2014). This region of the brain hosts one of the most unique
phenomena in the adult mammalian brain, the addition of new
neurons throughout lifetime (Altman and Das, 1965; Eriksson et
al., 1998; Moreno-Jiménez et al., 2019). This process, known as
AHN, is a form of neural plasticity involved in hippocampal-
dependent learning and mood regulation (Sahay and Hen, 2007;
Sahay etal., 2011). In fact, numerous animal models of neurode-
generative diseases characterized by memory impairments also
exhibit a reduction in AHN and alterations in emotional behav-
ior (Kuhn et al., 2007; Lazarov and Marr, 2010, 2013; Llorens-
Martin et al., 2013).

Here we report, for the first time, striking morphological al-
terations in the DGCs of FTD patients. To test the involvement of
pathological forms of Tau in this aberrant morphological pheno-
type of this cell population, we used a mouse model of FID,
Tau V™™V mice. Using RGB retroviruses (Schambach et al., 2006;
Gomez-Nicola et al., 2014), we observed a morphological pheno-
type in adult-born DGCs of Tau"™" mice identical to that in
DGCs of FTD patients. Moreover, Golgi staining confirmed this
morphological phenotype in the general population of DGCs.
These morphological alterations were paralleled by a remarkable
impairment of adult-born DGC connectivity in Tau V™" mice. In
this regard, these cells showed a reduced number and size of
PSDs, and a decrease in the area of MFTs and Syn ™" clusters.
These data are in agreement with previous studies that point to
the crucial roles played by Tau at the synapse (Ittner et al., 2010;
Ittner and Gotz, 2011).

In the light of the alterations in the afferent connectivity of
adult-born DGCs observed in Tau'*W mice, we addressed
whether the presynaptic innervation of these cells was altered.
Monosynaptic retrograde tracing (Vivar et al.,, 2012) revealed
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alterations in both distal and local sources of adult-born DGC
innervation in Tau """ animals. In the latter case, afferent con-
nections established with inhibitory interneurons were predom-
inant. Consistent with this increased afferent innervation by
interneurons, we observed an increase in both presynaptic and
postsynaptic markers of inhibitory synapses in the ML of Tau V"
mice and FTD patients. This increase was paralleled by an aug-
mentation in the number of NPY ™ interneurons in the former. In
contrast, the population of PV interneurons remained unal-
tered, as has been shown to occur in patients with FTD (Ferrer,
1999). In agreement with the increased inhibitory innervation, a
general decrease in the activation of the GCL was evidenced by a
reduction in the number of cells that were positive for the neu-
ronal activation marker egr-1 in Tau“"" mice, although no
changes in the expression of cfos or Arc were observed in this
region. In this regard, mounting evidence suggests that the alter-
ations in GABAergic neurotransmission are an early and promi-
nent factor that drives the progression of neuropathological
alterations in neurodegenerative diseases (Mitew et al., 2013; Wu
etal., 2014; Govindpani et al., 2017). Given the marked cell loss of
other neuronal populations, it has been suggested that an imbal-
anced inhibition/excitation ratio is an early symptom of several
neurodegenerative conditions (Mitew et al., 2013; Govindpani et
al., 2017). In fact, the brain parenchyma of patients with demen-
tia shows increased extracellular concentrations of GABA
(Mountjoy et al., 1984; Ellison et al., 1986; Li et al., 2016). More-
over, increased GAD65 expression has been reported in patients
with Alzheimer’s disease and in animal models of this condition
(Bell et al., 2003). Interestingly, cortical GABAergic interneurons
are in a hypermetabolic state in a mouse model of FTD (Nilsen et
al., 2013). In addition, patients with this disease show a marked
synaptic reorganization of inhibitory connections and subse-
quent alteration of DGC excitability (Bandopadhyay et al., 2014).
These data are in agreement with our own results, which show an
increase in the inhibitory innervation of the DG both in Tau V"
mice and in FTD patients, and a reduced activation of DGCs in
the former.

AHN acts as a sensor of external stimuli (Llorens-Martin et al.,
2009, 2010). Enriched environments boost the survival and mat-
uration of adult-born DGCs in rodents (Kempermann et al.,
1997; van Praag et al., 2000; Brown et al., 2003), both in WT
animals and in models of neurodegenerative diseases (van Praag,
2008, 2009; Choi et al., 2016). Our own data show that EE en-
hances the rate of AHN in Tau V" mice. Moreover, the morpho-
logical alterations observed in the adult-born DGCs of these
animals were completely reversed by EE. Although the precise
molecular and cellular mechanisms triggered by EE are still
poorly understood, seminal work by Alvarez et al. demonstrated
that the stimulatory effects of EE on adult-born DGC maturation
are mediated by a disynaptic feedback network involving mature
DGCs, PV " interneurons, and adult-born DGCs (Alvarez et al.,
2016). Alvarez et al. proposed that EE increases the activation of
mature DGCs, which in turn activate GABAergic PV * interneu-
rons. GABA release by the latter exerts a stimulatory, trophic and
depolarizing effect on adult-born DGCs, which increases their
maturation and synaptic integration. Importantly, to augment
adult-born DGC synaptic integration, stimulation by GABAergic
interneurons must occur transiently during the period of highest
adult-born DGC sensitivity, the so-called critical period of these
cells. Thus, it can be hypothesized that the basal tonic increase in
the levels of GABAergic innervation that occurs in the DG of
Tau¥"" mice prevents the phasic effects of GABA release in re-
sponse to EE.
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A transient increase in the excitability of adult-born DGCs,
achieved through chemoactivation during their critical period in-
creases the morphological and functional maturation of this cell
population in WT animals and emulates the effects of EE (Alvarez
et al., 2016). Here, we sought to determine whether chemoacti-
vation of adult-born DGCs during their critical period counter-
acts the alterations observed in Tau"™" mice. Importantly,
chemoactivation was observed to increase the morphological
complexity of adult-born DGCs in WT animals and to normalize
the aberrant morphology and afferent connectivity of these cells
in Tau """ mice. To the best of our knowledge, this study is the
first to test the therapeutic potential of applying chemoactivation
to adult-born DGCs in a mouse model of a neurodegenerative
disease. Our data point to chemoactivation as a disease-
modifying strategy that can reverse the alterations observed in the
adult-born DGCs of this FTD model.
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