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ProNGF, the precursor of mature Nerve Growth Factor (NGF), is the most abundant

NGF form in the brain and increases markedly in the cortex in Alzheimer’s Disease

(AD), relative to mature NGF. A large body of evidence shows that the actions of

ProNGF and mature NGF are often conflicting, depending on the receptors expressed

in target cells. TgproNGF#3 mice, expressing furin-cleavage resistant proNGF in CNS

neurons, directly reveal consequences of increased proNGF levels on brain homeostasis.

Their phenotype clearly indicates that proNGF can be a driver of neurodegeneration,

including severe learning and memory behavioral deficits, cholinergic deficits, and

diffuse immunoreactivity for A-beta and A-beta-oligomers. In aged TgproNGF#3

mice spontaneous epileptic-like events are detected in entorhinal cortex-hippocampal

slices, suggesting occurrence of excitatory/inhibitory (E/I) imbalance. In this paper, we

investigate the molecular events linking increased proNGF levels to the epileptiform

activity detected in hippocampal slices. The occurrence of spontaneous epileptiform

discharges in the hippocampal network in TgproNGF#3 mice suggests an impaired

inhibitory interneuron homeostasis. In the present study, we detect the onset of

hippocampal epileptiform events at 1-month of age. Later, we observe a regional- and

cellular-selective Parvalbumin interneuron and perineuronal net (PNN) depletion in the

dentate gyrus (DG), but not in other hippocampal regions of TgproNGF#3 mice. These

results demonstrate that, in the hippocampus, the DG is selectively vulnerable to

altered proNGF/NGF signaling. Parvalbumin interneuron depletion is also observed in

the amygdala, a region strongly connected to the hippocampus and likewise receiving

cholinergic afferences. Transcriptome analysis of TgproNGF#3 hippocampus reveals a

proNGF signature with broad down-regulation of transcription. Themost affectedmRNAs

modulated at early times belong to synaptic transmission and plasticity and extracellular

matrix (ECM) gene families. Moreover, alterations in the expression of selected BDNF

splice variants were observed. Our results provide further mechanistic insights into the

vicious negative cycle linking proNGF and neurodegeneration, confirming the regulation

of E/I homeostasis as a crucial mediating mechanism.
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FIGURE 2 | Double labeling for Parvalbumin and GAD65-67 in the dentate gyrus (DG) of 12-months-old wt and TgproNGF#3 mice. (A) Quantification of

GAD+/Parv+ neurons of wt and TgproNGF#3 mice (3- and 12-month old), expressed as percentage. Cell counting was performed on the DG on both sides, on at

least 4–6 sections per animal, males and females (n = 4 per each animal group) (T-test, **P < 0.005). (B) Confocal Micrographs of Parv/GAD65-67 double

immunofluorescence labeling in the DG of wt and TgproNGF#3 mice. Reduction of both Parv and GAD markers was observed. Scale bar: 50 micron.
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FIGURE 3 | Calbindin immunoreactivity is unaffected in 3-month-old TgproNGF#3 mice, but markedly reduced in the DG and CA3 region of the

hippocampus of 12-month-old TgproNGF#3 mice. (A) Quantification of fluorescence intensity for calbindin (expressed as Corrected Integrated Density/mm2 ) in

the DG region of 3-month-old wt and TgproNGF#3 mice. (B) Confocal micrographs of calbindin immunofluorescence labeling in 3-month-old wt and TgproNGF#3

mice (DG region of the hippocampus). Scale bar: 50 micron. (C) Quantification of fluorescence intensity for calbindin (expressed as Corrected Integrated

Density/mm2) in the DG region of 12-month-old wt and TgproNGF#3 mice (T-test, *P = 0.01). (D) Quantification of fluorescence intensity for calbindin (expressed as

Corrected Integrated Density/mm2 ) in the CA3 region of 12-month-old wt and TgproNGF#3 mice (T-test, *P = 0.01). Analysis was performed on at least 4–6 sections

per animal, males and females (n = 4 per each animal group). (E) Reduced Calbindin immunostaining in DG region of the hippocampus (upper panels) and in CB+

axons (Mossy fibers) projecting to the CA3 region (lower panels) in 12-month-old wt and TgproNGF#3 mice. (E, upper panels) Confocal micrographs of calbindin

immunofluorescence labeling in 12-month-old wt and TgproNGF#3 mice in DG region of the hippocampus. Scale bar: 25 micron. (E, lower panels) Confocal

micrographs of calbindin immunofluorescence labeling in 12-month-old wt and TgproNGF#3 mice in CA3 region in 12-month-old wt and TgproNGF#3 mice. Scale

bar: 50 micron.

et al., 2014), markedly different from the response typically
evoked byNGF, which is characterized by a strong induction
of transcripts; no NGF-response genes were induced in the
hippocampus of TgproNGF#3 mice (see list in Table S2).

(ii) At 1-month of age, mRNAs encoding proteins involved in
synaptic transmission, such as synaptotagmin X (Syt10),
and an ECM component proteoglycan (Prg4) were down-
regulated, early representatives of two major gene families
globally regulated at later ages (Table 1).

(iii) In 3-month-old TgproNGF#3 mice hippocampus, the most
significantly down-regulated categories of mRNAs include

– transcription, chromatin packaging and remodeling
– synaptic transmission, LTP, glutamatergic transmission

(Table 1, validation of selected individual mRNAs in
Figure 5B)
Conversely,

– the up-regulation of ECM genes stands out in contrast
to this general scenario of down-regulated transcription.

Frontiers in Molecular Neuroscience | www.frontiersin.org 8 February 2017 | Volume 10 | Article 20

http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive


Fasulo et al. ProNGF Drives DG-Interneuron Depletion

FIGURE 4 | (A,B) The perineuronal nets (PNN) are markedly reduced in the dentate gyrus of TgproNGF#3 mice. Confocal microscopy. (A) Quantification of

Parvalbumin+ interneurons of wt and TgproNGF#3 mice (3-, 6-, and 12-month-old). % total Parv+ neurons − blue bar − and Parv+ neurons ensheathed by the PNN

− red bar. The reduction in Parv+ neurons ensheathed by PNN is significant in 6- and 12-month TgproNGF#3 mice. Analysis was performed on at least 4–6 sections

per animal, males and females (n = 4 per each animal group) (T-test, *P < 0.005). (B) Double immunofluorescence for the perineuronal net and for Parvalbumin in the

DG of 12-months-old wt and TgproNGF#3 mice. Brain sections were labeled with anti-Parvalbumin antibody, with the lectin Wisteria Floribunda (an agglutinin

commonly used to map PNN and ECM, since it binds the glycan component of PNN proteoglycans) and Dapi. Scale bar: 50 micron. (C) Double immunofluorescence

for aggrecan (a component of the PNN surrounding Parv+ interneurons) and for Parvalbumin in the DG of 12-months old wt and TgproNGF#3 mice. Scale bar: 50

micron.
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FIGURE 5 | (A) Overall statistics of differentially expressed mRNAs in the

hippocampus of 1-, 3-, and 12-months old TgproNGF#3 mice. Only

transcripts with Limma p < 0.05 and |Log2 fold change| > 1.0 were selected.

The graph shows the overall down-regulation of transcripts. (B,C) Validation of

selected genes by qRT-PCR, respectively, at 3- and 12-months of age. The

Log2 fold change (Log2 FC) ratio in microarray (red) and qRT-PCR (blue) are

shown. The error bar is the S.E.M. and (*) indicates statistical significance by

T-test (*P < 0.05).

(iv) Interesting findings derive from GSEA analysis (Figure 6).
At 1-month functional analysis reveals down-regulation
of the Long Term Depression mRNA system, while the
ECM gene sets are up-regulated. At 3-months the GSEA
plots highlight a general down-regulation of the Long
Term Potentiation and Transcription systems, while the
Collagen and ECM categories are up-regulated at 3 and
down-regulated at 12-months. GSEA analytical tool allows
identifying with high sensitivity global up- or down-
regulation trends affecting large sets of functionally related
genes. GSEA plots represent, for each functional category,
a kind of summation integral of expression changes for
all single genes in the category. The methodology is
sensitive even for small changes involving large gene
sets. Such findings were confirmed also using a second
well-established tool, DAVID, recently updated, for gene
Ontology and pathway analysis. These methodologies are

also robust to a reasonable rate of false positive differential
genes. Both tools reach very similar biological conclusions,
though being based on different algorithms, which further
support the findings of the study.

Such global analysis provides therefore interesting and significant
results.

At 12-months, down-regulation of aggrecan transcript, a PNN
component, is detected by microarray and highlighted by GSEA
analysis (Figure 6), in line with the reduced aggrecan protein
expression observed by immunofluorescence (Figure 4C).

(v) Significantly, gene categories related to collagen and ECM
have opposite trends at 3-months (up-regulated) and 12-
months of age (down-regulated, Table 1). At 12-months
we observed a significant down-regulation of collagens
and PNN (a condensation of ECM proteins ensheathing
Parvalbumin interneurons) components.

(vi) Notably, no reduction in global hippocampal GAD
transcript was observed in 3- and 12-month-old
TgproNGF#3 mice.

Validation by Real Time QRT-PCR of a
Selected Panel of Transcripts
Chloride transporters Nkcc1 and Kcc2, known determinants
of E/I homeostasis, essential in establishing GABAergic system
maturation, were not found to be modulated in microarray
analysis. In order to confirm this data, the mRNA expression
of chloride transporters Nkcc1 and Kcc2 in TgproNGF#3
mice hippocampus was evaluated by real-time RT-PCR at
1.5, 3, and 12-months of age. No significant change in the
expression pattern was observed (Figure S6). Maturation and
function of parvalbuminergic Fast Spiking interneurons critically
depend on BDNF (Berghuis et al., 2004; Cancedda et al.,
2007). However, microarray analysis showed that global BDNF
expression was unchanged in the hippocampus of TgproNGF#3
mice. In order to confirm the lack of variation, the global level
of BDNF-encoding mRNA was evaluated by real time qRT-
PCR. No major changes were observed (not shown). Several
differentially regulated transcripts highlighted by gene-ontology
analysis were individually validated by real time qRT-PCR,
confirming the down-regulated pattern (Figures 5B,C): at 3-
months, calmodulin3 (Calm3), calcium/calmodulin-dependent
protein kinaseII alpha (CAMK2a), PSD95 synaptic protein [discs
large homolog 4 (Drosophila) or Dlg4] and the translation
initiation factor eIF2, at 12-months, collagen, type III alpha 1
(Col3a1), collagen, type VI alpha 2 (Col6a2), laminin, alpha
1 (Lama1) (Chung et al., 2005; Cheng et al., 2009; Dityatev
et al., 2010; Mercier and Arikawa-Hirasawa, 2012). Finally, at
12-months some components of the ion channels/transporters
gene family are modulated, such as the GABA transporter
solute carrier family 6 (Slc6a13, also known as GAT2) (Zhou
and Danbolt, 2013). Interestingly, the trend observed in array
analysis was confirmed by real time qRT-PCR, often in a
significant pattern. A few of the modulated transcripts could
not be significantly validated by real time qRT-PCR. However,
bioinformatic tools for gene Ontology and pathway analysis
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TABLE 1 | Comparative functional analysis of differentially expressed mRNAs in the hippocampus of 3- vs. 12-month-old TgproNGF#3 mice.

Category Term Up 3 m Down 3 m Up 12 m Down 12 m

GOTERM_CC_4 Proteinaceous extracellular matrix 5.68E-04 . . 7.45E-10

PANTHER_MF_ALL Extracellular matrix 2.11E-03 . . 4.03E-10

GOTERM_CC_4 Extracellular matrix part 6.02E-03 . . 2.93E-05

SP_PIR_KEYWORDS extracellular matrix 7.43E-03 . . 1.96E-09

PANTHER_PATHWAY Integrin signaling pathway 1.58E-03 . . 2.92E-03

PANTHER_FAMILY COLLAGEN ALPHA CHAIN 2.37E-02 . . 1.55E-05

INTERPRO Collagen triple helix repeat 2.52E-02 . . 2.07E-05

SP_PIR_KEYWORDS Collagen 2.99E-02 . . 2.16E-05

SP_PIR_KEYWORDS Cytokine . . 1.48E-02 .

GOTERM_BP_5 Induction of positive chemotaxis . . 2.54E-02 .

PANTHER_MF_ALL Major histocompatibility complex antigen . . . 9.09E-05

GOTERM_CC_5 MHC protein complex . . . 2.93E-04

GOTERM_BP_4 Muscle tissue morphogenesis 3.71E-04 . . .

GOTERM_BP_5 Negative regulation of apoptosis 1.34E-02 . . .

SP_PIR_KEYWORDS Phosphoprotein . 1.80E-16 . .

SP_PIR_KEYWORDS Acetylation . 1.08E-06 . .

SP_PIR_KEYWORDS Methylation . 1.35E-06 . .

GOTERM_CC_4 Microbody . 1.77E-03 . .

GOTERM_CC_4 Peroxisomal part . 2.76E-03 . .

GOTERM_BP_5 Regulation of gene expression . 1.16E-04 . .

GOTERM_BP_5 Regulation of transcription . 1.14E-04 . .

PANTHER_BP_ALL Chromatin packaging and remodeling . 1.62E-03 . .

GOTERM_CC_4 Chromatin . 2.43E-03 . .

KEGG_PATHWAY Long-term potentiation . 3.41E-05 . .

GOTERM_CC_4 Ionotropic glutamate receptor complex . 9.02E-03 . .

GOTERM_BP_5 Regulation of synaptic transmission . 5.31E-05 . .

GOTERM_CC_4 Neuron projection . 1.25E-05 . .

GOTERM_CC_4 Dendrite . 8.54E-03 . .

The analysis of over-represented mRNA categories was performed using the DAVID tool. Only differential genes corresponding to each time points were used. P-values are shown

for up and down-regulated genes in separate columns. Categories referring to genes related to collagen (yellow) and extracellular matrix (light blue) have opposite trends at 3-months

compared to 12-months of age. Categories referring to similar genes have the same color.

(GSEA and DAVID) highlighted the significant involvement of
ECM among the modulated categories.

Expression of BDNF-Encoding mRNAs:
Selective Modulation of BDNF Transcript
Variants
Having established that the parvalbuminergic interneuron
population is selectively reduced in the DG of TgproNGF#3mice,
we investigated the possible role of the BDNF neurotrophin. The
role of BDNF in interneuron maturation and function is well-
established (Huang et al., 1999; Cancedda et al., 2007; Sakata
et al., 2009), however in TgproNGF#3 mice the global level of
BDNF-encoding mRNAs in the hippocampus was unaffected, as
revealed by microarray analysis.

The rodent BDNF gene produces several different splicing
variants (Figure S7), each composed of one alternatively spliced
5′UTR exon linked to a common downstream exon containing
the coding region with two possible (either short or long)
3′UTRs (Aid et al., 2007). Therefore, we further analyzed the
expression of individual BDNF transcript variants by qRT-
PCR.

In 1-month-old TgproNGF#3 mice, a significant
down-regulation of BDNF transcript I was observed
(Figure 7Aa)

Conversely, at 3-months of age a significant up-regulation of
BDNF splice variants (III and V) was detected in TgproNGF#3
mice (Figure 7Ba).

At 12-months of age a significant down-regulation of BDNF
splice variants 1 and 2b was detected in TgproNGF#3 mice
(Figure 7Ca).

At 1-, 3-, and 12-months the relative proportion of short
and long isoforms, regardless of their 5′ splicing pattern,
was, on the other hand, unchanged in the two mouse strains
(wt and transgenic, Figures 7A–C). The distribution of
the 3′ short form, evaluated using primers encompassing
the common coding exonVIII, confirmed that global
BDNF levels were unaffected, as revealed by microarray
(Figures 7A–C).

Therefore, the observed subtle specific changes in
the expression of selected BDNF transcripts might
underlie differential BDNF influence on interneuron
maturation and homeostasis in TgproNGF#3 mice
hippocampus.
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FIGURE 6 | Functional analysis of specific gene categories. The whole

dataset was analyzed by the tool GSEA (Gene Set Enrichment Analysis). FDR

q < 0.05 (statistically significant) is indicated by (*) (obtained by gene set

permutation). The GSEA analytical tool allows to identify small changes

affecting a large set of functionally related genes compared to a per gene

statistics. GSEA analytical tool allows to identify with high sensitivity global up-

or down-regulation trends affecting large sets of functionally related genes.

GSEA plots represent, for each functional category, a kind of summation

integral of expression change for all single genes in the category. The

methodology is sensitive even for small changes involving large gene sets. The

GSEA plots highlight a general down-regulation of the Long Term Potentiation

and Transcription systems at 3-months, while the Collagen and Extracellular

Matrix categories are up-regulated at 3-months and down-regulated at

12-months. In each panel, the green line is the GSEA score plot, while the gray

plot on the bottom of each panel is the global distribution of Log2 fold change

for all genes, with up-regulated genes on the left and down-regulated ones on

the right. The black thin bars on the bottom of each sub-panel indicate the

genes belonging to the functional category, with each bar position

corresponding to the specific score and Log2 fold change levels in the two

plots. The following link provides information about how to interpret GSEA

data and plot: http://software.broadinstitute.org/gsea/doc/

GSEAUserGuideFrame.html?Interpreting_GSEA.

Early Spontaneous Epileptic-Like Events in
TgproNGF#3 Mice
Aged TgproNGF#3 mice were previously shown to display
spontaneous epileptiform interictal-like discharges in the
entorhinal cortex-hippocampal (EC-HP) network, suggesting a
role of proNGF/NGF balance in the E/I homeostasis (Tiveron

et al., 2013). The age-dependency of this phenomenon was
investigated by multielectrode analysis with field recordings,
using a 64-channels MEA device, revealing the presence of
spontaneous epileptic-like seizures in 1-, 3-, and 12-months-old
TgproNGF#3 mice, in combined EC-HP slices. Repetitive
spontaneous interictal-like events restricted to the hippocampal
region were detected in every slice (n = 10) from 1-month-old
TgproNGF#3 mice, while no spontaneous events were detected
in the entorhinal area at this age (Figure 8A). Similarly, in
slices (n = 5) of 3-months-old TgproNGF#3 mice, spontaneous
interictal-like events were never observed in the EC, as opposed
to a pronounced hippocampal spontaneous hyperactivity
(Figure 8B). Conversely, slices from 12-month-old TgproNGF#3
mice displayed spontaneous interictal-like events not only in the
hippocampus, but also in the entorhinal area (Figure 8C), in line
with previous reports (Tiveron et al., 2013). Thus, TgproNGF#3
mice display spontaneous epileptic-like events in EC-HP slices
starting from 1-month of age, well before the onset of behavioral
and neurodegenerative changes.

DISCUSSION

The presence of spontaneous epileptic-like events in the HP/EC
network, previously described in aged TgproNGF#3 mice
(Tiveron et al., 2013), suggested the occurrence of an E/I
imbalance, as a consequence of proNGF increase. In order
to gain further insights into the mechanisms triggering and
sustaining TgproNGF#3 mice phenotype, we investigated early
events driven by proNGF/NGF imbalance in these mice.

Our results show that proNGF overexpression alters the
interneuron-PNN-system, in a region- and interneuron
subpopulation-selective manner. The DG appears to be
particularly sensitive to the effects of proNGF.

Parvalbuminergic Interneurons Are
Selectively Depleted in the DG
Selective depletion of parvalbuminergic interneurons was
detected in the DG, starting from 6-months of age, despite
of no detectable enrichment in proNGF expression in this
hippocampal sub-region. Interestingly, other hippocampal areas
were preserved.

Selective depletion of Parv+ neurons was observed also
in the basolateral amygdala, a region involved in the active
avoidance response (Li and Richter-Levin, 2012), severely
impaired in TgproNGF#3 mice (Tiveron et al., 2013). The
amygdala, a brain region involved in memory processing,
particularly in encoding emotional significance of environmental
stimuli, strongly connected to other brain structures, receives,
in analogy to the pyramidal cells and GABAergic interneurons
of the hippocampus, cholinergic inputs from basal forebrain
synapses that modulate both excitatory and inhibitory synaptic
transmission (Feduccia et al., 2012). The cholinergic deficit
previously described in TgproNGF#3 mice (Tiveron et al., 2013),
and confirmed in the present study by transcriptomic data, may
therefore affect both regions.
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FIGURE 7 | (A) Expression level of Bdnf gene isoforms, by qRT-PCR, at 1-month of age. (a) Differential expression of main Bdnf isoforms, measured ad Log2 fold

change ratio TgproNGF#3 vs. Wild Type; (*) indicates a statistical significant variation by 1-tail T-test for Bdnf1, while the two rightmost bars indicates the global

relative expression of short and long isoforms. (b) Relative distribution of short and long Bdnf forms (left) and of the different isoforms (right) in the TgproNGF#3 and

Wild Type mice: the relative proportion of short and long isoforms is comparable in the two mouse strains. (B) Expression level of Bdnf gene isoforms, by qRT-PCR, at

3-months of age. (a) Differential expression of main Bdnf isoforms, measured ad Log2 fold change ratio TgproNGF#3 vs. Wild Type; (*) indicates a statistical significant

variation by 1-tail T-test, for Bdnf3 and Bdnf5, while the two rightmost bars indicates the global relative expression of short and long isoforms. (b) Relative distribution

of short and long Bdnf forms (left) and of the different isoforms (right) in the TgproNGF and Wild Type mice: the relative proportion of short and long isoforms is

comparable in the two mouse strains. (C) Expression level of Bdnf gene isoforms, by qRT-PCR, at 12-months of age. (a) Differential expression of main Bdnf isoforms,

measured ad Log2 fold change ratio TgproNGF#3 vs. Wild Type; (*) indicates a statistical significant variation by 1-tail T-test, for Bdnf1 and Bdnf2B, while the two

rightmost bars indicates the global relative expression of short and long isoforms. (b) Relative distribution of short and long Bdnf forms (left) and of the different

isoforms (right) in the TgproNGF#3 and Wild Type mice: the relative proportion of short and long isoforms is comparable in the two mouse strains.
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FIGURE 8 | Age-dependent modifications of epileptiform activity in TgproNGF#3 mice. (A–C left panels) Photographs of EC-HP slices obtained from a 1-,

3-, and 12-months old TgproNGF#3 mouse, respectively, placed over an array of 64 planar multi-electrodes, detectable in transparency through the slice. Colored

dots indicate position of the electrodes, whose voltage signals appear in the corresponding colored area. (A–C right panels) Simultaneous recordings from each one

of the 64 electrodes. (A–C insets) Trace records from the HP (red) and EC (green) detected by the colored electrodes in the corresponding photograph, showing no

spontaneous activity in the EC of 1- and 3-months old mice, as opposed to spontaneous cortical events at 12-month, while the hippocampal area displays

spontaneous events at all 3 ages.

In both DG and amygdala alterations of parv interneurons are
reported as consequence of stress, with opposite changes in the
two regions affecting excitatory and inhibitory components in a
homeostatic balance (Seidel et al., 2008).

Moreover, a number of studies have shown the role of
amygdala Parv+ interneurons in fear conditioning and in active
avoidance. Parvalbumin interneurons play a default-silencing
role in the amygdala during fear memory encoding. When
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animals acquire a fear memory, the suppressive influence of
Parv+ interneurons is relieved, allowing the fear system to
respond promptly (Lucas et al., 2016). Parv+ interneuron
inhibition shapes the size of neuronal memory ensembles
(engram that allows patterns of activity present during learning
to be reactivated in the future, Morrison et al., 2016). These
findings suggest that, in case of Parv depletion, the basal default
silencing activity of Parv+ cells might be disrupted and the
aberrant lack of suppression of basal activity might, conversely,
affect the encoding of fear memory.

In addition, during acquisition and extinction of an active
avoidance task, neural activity in amygdala involves Parv+
interneurons, as revealed by induction of the immediate early
gene product c-Fos (Jiao et al., 2015).

Therefore, the observed Parv+ depletion in basolateral
amygdala is likely to contribute to the behavioral deficit in
avoidance response observed in TgproNGF#3 mice.

The GABAergic Parv+ neurons are surrounded by the PNN
(Pizzorusso et al., 2002). In post-natal development, the PNN
restricts plasticity at the end of the critical period in the visual
cortex and regulates firing of Parv+ neurons, influencing their
maturation (Pizzorusso et al., 2002).In the DG of TgproNGF#3
mice, also the percentage of Parv+ neurons ensheathed by PNNs
is significantly and progressively reduced. Enhanced neuronal
activity is known to cause a decrease in the expression of
components of the PNN (McRae et al., 2012), therefore such
findingmight be related to the aberrant spontaneous epileptiform
activity in the EC-HP network. A deteriorated PNN surrounding
Parv+ interneurons lays the ground for extrasynaptic movement
of receptors and neurotransmitters into the extrasynaptic space
(McRae and Porter, 2012), leaving inhibitory interneurons
susceptible to increased synaptic reorganization (McRae et al.,
2012).

Possible impairment of adult neurogenesis must be taken into
account, since intracerebral injection of proNGF inhibits SGZ
neurogenesis (Guo et al., 2013). Interestingly, among modulated
RNAs there is laminin, alpha 1 (Lama1), an ECM protein
component of PNN and structural components of basal laminae
found in the fractones (Mercier and Arikawa-Hirasawa, 2012)
of the neurogenic niche and contributing to synapse formation
(Dityatev et al., 2010).

Moreover, it will be interesting to evaluate, in future
analysis, a possible impairment in electrical oscillation patterns
in these mice, since Parv+ interneurons are the fast-spiking
(FS) population driving oscillation rhythms, including gamma
oscillations (Buzsáki and Wang, 2012).

It is known that BDNF crucially controls the functional
differentiation and maturation of FS-interneurons (Berghuis
et al., 2004); surprisingly the overall expression of BDNF
transcript was unchanged in TgproNGF#3 mice hippocampus.
However, more subtle changes in selective splicing isoforms of
BDNF have been detected in TgproNGF#3 mice (see below).

The selective involvement of the dentate gyrus (DG) deserves
some comments. In neurodegenerative models the DG is often
selectively compromised (Palop et al., 2005). The DG represents
a crossroad, receiving the perforant path as main excitatory
input, which funnels distinctly unidirectional progression of

excitatory activity arriving from other brain regions to the
trisynaptic hippocampal circuit. These excitatory synaptic inputs
are complemented by cholinergic, GABAergic, noradrenergic,
dopaminergic, and serotonergic projections (Perederiy and
Westbrook, 2013). The adult brain is in a continuous state of
remodeling. This is particularly true in the DG, where competing
forces, such as neurodegeneration and neurogenesis, dynamically
modify neuronal connectivity and can occur simultaneously
(Perederiy and Westbrook, 2013). Altered or aberrant activity in
such a critical node might alter the excitation/inhibition balance
in the DG (as it is known to occur after lesion of the perforant
path, Clusmann et al., 1994).

Calbindin Depletion in DG Granule Cells
In neurodegeneration models Ca++ buffer proteins are often
altered in the DG: hAPP mice (a mouse model of AD) develop
AD-like abnormalities, including depletions of calcium-related
proteins in the DG, spontaneous non-convulsive seizure activity
in cortical and hippocampal networks, associated with synaptic
plasticity deficits in the DG (Palop et al., 2007). Moreover,
epileptiform activity can also lead to depletion of calcium-
dependent proteins over time (Palop et al., 2011). Calbindin+
neurons were therefore evaluated in the same region.

In aged TgproNGF#3 mice, a marked depletion of calbindin
(CB)-protein in granule cells and in their axons projecting to
CA3 (Mossy fibers) was observed. Recent evidence that removal
of CB from amyloid precursor protein/presenilin transgenic mice
aggravates AD pathology, suggests a critical role of CB (Kook
et al., 2014). Moreover, in late-stage AD, a higher ratio of CB-
negative granule cells is detected in the DG (Stefanits et al.,
2014). In TgproNGF#3 mice we previously described a learning
and memory deficit starting from 3-months of age (Tiveron
et al., 2013). The late calbindin deficit observed in the DG may
contribute to aberrant neuronal activity. Evaluation of DG-LTP
will be necessary in order to investigate a selective plasticity
deficit. No LTP deficit was previously detected in CA1 (Tiveron
et al., 2013).

Hippocampal Transcriptional Profiling
Reveals a Specific proNGF-Induced
Signature, Lacking NGF-Response Genes
Induction, with Broad Early
Down-Regulation of Transcripts
The most remarkable finding of transcriptome analysis is
the global down-regulation of mRNAs expression in the
hippocampus of TgproNGF#3 mice in early neurodegeneration
(at 3-months), a trend that already begins at 1-month.
Consistently, a broad reduction in the expression of genes
involved in regulation of transcription and chromatin
remodeling is observed. Notably, the expression of mRNAs
known to be heavily regulated by NGF (Egr1, Egr2, Egr4,
Fos, Jun, Arc, Myc, Vgf) (whose induction represents, on the
contrary, a typical “NGF signature,” see Dijkmans et al., 2009),
is not changed in TgproNGF#3 mice hippocampus, despite the
presence of mature NGF, consequent to cleavage by extracellular
proteases, as previously measured (Tiveron et al., 2013). This
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confirms that proNGF signaling predominates over that of NGF
in these mice, confirming what had been shown in cellular
systems exposed to either NGF or proNGF added singularly or in
various combinations (D’Onofrio et al., 2011; Arisi et al., 2014).

Notably, hippocampal transcriptional profiling reveals, a clear
dominant “proNGF signature,” with broad down-regulation
of transcription, whereas lacks completely the classical “NGF
signature,” characterized typically by IEG induction, followed by
an up-regulation of their target genes (D’Onofrio et al., 2011).

Gene Ontology Analysis Highlights Marked
Down-Regulation of Synaptic
Transmission-Related Genes
Down-regulated transcript categories include those related to
synaptic transmission and synaptic plasticity, such as Calm3
(principal mediator of Ca++ signal, essential for CAMK
activation), CAMKIIa, Dlc4 (better known as PSD95, main
constituent of the post-synaptic compartment, essential for spine
stability) and EIF2, involved in translational control of synaptic
plasticity, acting on local protein synthesis (Toutenhoofd and
Strehler, 2002; Bingol et al., 2010; Borck et al., 2012; Cane et al.,
2014). Interestingly functional analysis of differential categories
reveals down-regulation of Long Term Depression system at 1-
month and of Long Term Potentiation at 3-months. It would be
interesting to evaluate in future electrophysiological studies both
LTD and LTP in this model.

Specific effects of proNGF on such crucial protein targets,
essential for synaptic plasticity and for the establishment of long-
term memory, may well sustain the behavioral deficits previously
described in this model (Tiveron et al., 2013).

In TgproNGF#3 mice the observed spontaneous epileptic-like
discharges could be due, in principle, to changes in post-natal
maturation of Cl− homeostasis, known to determine GABAergic
system post-natal maturation. However, the expression of
the cation-chloride cotransporters Nkcc1 and Kcc2 mRNA
was not significantly altered in TgproNGF#3 mice HP. The
most interesting insights of expression profiling derive from
the analysis of the globally modulated categories, more than
of single transcripts: LTP—related or synaptic transmission—
related transcripts and ECM, as described below.

ECM Components Show Initial
Up-Regulation Followed by Late
Down-Regulation
In aged transgenic mice fewer genes were differentially
modulated. The most striking transcriptional change involves
ECM transcripts: interestingly, the trend is opposite in early and
late neurodegeneration. Initial up-regulation of ECM transcripts
at 3-months, possibly contributing to impaired plasticity, stands
out in the context of a general mRNA down-regulation
scenario, and is followed by their severe down-regulation at
12-months. Human genetic studies and analysis of transgenic
mice deficient in ECM molecules link ECM molecules to
epileptogenesis (Suzuki et al., 2002; Dityatev, 2010; Geissler
et al., 2013). Our results place proNGF as a regulator of this
link.

Interestingly, a consistent down-regulation of a number of
collagen mRNAs, alongside the regulation of a number of ECM
related mRNAs was observed in TgproNGF#3 mice, a finding
which could be mechanistically related to structural alterations
in the GABAergic inhibitory network and to a disruption of
the excitatory/inhibitory balance. Indeed, the ECM is at the
crossroad of circuit development, reshaping synaptic plasticity
and excitatory/inhibitory balance in the nervous system. It is
tempting to suggest that the ECM dysregulation uncovered by
this transcriptional profile in TgproNGF#3 mice might be related
to the neurological aspects of matrix diseases. Further studies will
be required to investigate this aspect further.

Alterations in the Expression Of Selected
BDNF Splice Variants
Taking into account that BDNF crucially controls the functional
differentiation and maturation of FS-interneurons (Berghuis
et al., 2004; Cancedda et al., 2007) we evaluated changes in the
expression of BDNF splice-variants pattern.

BDNF splice variants are characterized by differential
distribution in brain regions and in neuronal subcellular
compartments (somatic vs. dendritic); their pattern is modulated
in response to various stimuli and activity-dependent BDNF
mRNA localization in dendrites is observed. Splice variant
patterns constitute therefore a “spatial and temporal code”
directing BDNF expression locally. Such regulation explains the
contradictory effects of BDNF, which may oppose or promote
epileptogenesis (Tongiorgi et al., 2006; Chiaruttini et al., 2008;
Sakata et al., 2009). In the hippocampus, in basal conditions,
the main BDNF dendritic variant is BDNF6 (although other
variants are expressed in smaller amounts: 7 in CA1; 1, 6,
and 9a in CA3; and 5, 6, 7, and 8 in DG). Stimuli such
epileptogenesis prompt dendritic accumulation of variants 4
and 6 (and also, in small amounts, in selected subregions, of
BDNF2, 3, and 9a) (Chiaruttini et al., 2008; Baj et al., 2013).
Interestingly, in prefrontal cortex BDNF4 is known to play an
essential role in GABA interneuron homeostasis (Sakata et al.,
2009). Notably, proNGF selectively alters the complex pattern
of BDNF transcripts, up-regulating BDNF3 and BDNF5 splice
variants in 3-month-old TgproNGF#3 mice hippocampus. In
the brain, BDNF3 is the only splice variant also expressed by
microglial cells (Kruse et al., 2007) and is known to participate in
macrophages activation process in an autocrine manner (Asami
et al., 2006). The up-regulation of isoform BDNF3 at 3-months,
suggests therefore an interesting involvement of microglial
signaling. Future characterization of microglial phenotype is
therefore necessary to address their hypothesized role. It is
known that pilocarpine-treatment inducing status epilepticus
changes the pattern of hippocampal BDNF mRNA variants
in rat, selectively increasing transcript encoding exon3 in the
DG (Baj et al., 2013). Notably, BDNF3 up-regulation is also
induced by endothelin1 (ET1) (Böhm and Pernow, 2007), whose
intraventricular injection evokes epileptic seizures, apparently
mediated by its vasoconstrictor effect (Koyama et al., 2005).
The hypothesis that up-regulation of BDNF3 in microglial cells,
as a consequence of proNGF/NGF imbalance, contributes to
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E/I imbalance is intriguing and need to be addressed in future
studies.

Consequences of up-regulation of BDNF5 (at 3-months
of age) and down-regulation of BDNF1 (at 1- and 12-
months) and BDNF2b (at 12-month), also observed
in TgproNGF#3 mice hippocampus, require further
investigation.

Spontaneous Epileptiform Discharges in
the HP Network Are a Very Early Event
We observe the presence of spontaneous epileptic-like events
in the HP network, previously described in aged TgproNGF#3
mice, in the hippocampus as early as at 1-month of age, when
(as reported in Tiveron et al., 2013), the cholinergic deficit
is not established yet, but proNGF is already accumulating.
These spontaneous discharges spread also to the EC network
at later ages (12-months). Therefore, their onset precedes
the learning and memory deficit observed at 3-months of
age, suggesting that E/I imbalance is a primary and direct
consequence of proNGF/NGF unbalanced signaling. However,
TgproNGF#3 mice do not exhibit frank spontaneous seizures;
possible increased susceptibility to seizures will be evaluated in
the future.

Cellular Targets of proNGF Action
The known cellular targets of proNGF action are cells
expressing p75NTR. Hippocampal expression of p75NTR in
principal neurons is weak or absent (Dougherty and Milner,
1999).

Parv+ interneurons in the DG do not express p75NTR,
whereas they are physiologically known to express NGF (Holm
et al., 2009; Biane et al., 2014) and to feed the NGF-dependent
BF cholinergic fibers, expressing both TrkA and p75NTR, that
make synaptic contacts with them in the DG (Figure 9),
predominantly with processes (Dougherty and Milner, 1999;
Ludkiewicz et al., 2002). Parv+ interneurons do not express
trkA, but are known to express trkB, being responsive to BDNF
(Holm et al., 2009). However, the overall expression of BDNF is
not affected in TgproNGF#3 mice hippocampus. Interestingly,
some changes in BDNF splicing variants were observed: a
different pattern in BDNF splicing variants may account, at
least in part, for alterations in Parv+ interneurons homeostasis.
A cholinergic deficit starting from 3-months was detected in
TgproNGF#3 mice (Tiveron et al., 2013) as confirmed also
by hippocampal transcriptomic data (not shown). Pathological
conditions characterized by increased levels of proNGF in the
brain, might lead to a reduced cholinergic drive to Parv+
interneuron, with the ensuing E/I imbalance (Figure 9B). How

FIGURE 9 | Schematic representation of hypothesized targets of proNGF/NGF imbalance. (A) We hypothesize that proNGF/NGF imbalance primarily impacts

Parv+ interneurons that make inhibitory synaptic contact with DG granule cells that project their axons (the so-called Mossy fibers) to CA3 neurons. These

interneurons normally produce NGF and feed cholinergic fibers deriving from NGF-dependent BFN expressing p75NTR, making synaptic contact with Parv

interneuron dendrites in the DG. In such a way, cholinergic input tunes Parv+ interneuron inhibitory output onto granule cells, affecting their excitatory activity to CA3

neurons (mediated by Mossy fibers). (B) Overexpression of furin-resistant proNGF, producing an NGF/proNGF imbalance, severely impairs cholinergic fibers,

disrupting this feed-back control mechanism influencing hippocampal memory encoding and retrieval and contributing to E/I imbalance. I, interneuron; Parv+,

parvalbuminergic interneuron; GC, granule cell; DG, dentate gyrus; BFN, Basal Forebrain Neuron.
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astrocytes, which are also a potential target of proNGF actions,
contribute to this mechanism is being currently investigated.

Taking into account the time-scale of the observed cholinergic
deficit (measured as reduced counting of ChAT+ neurons,
starting from 3-months of age, Tiveron et al., 2013), it precedes
the selective depletion of Parv+ interneurons. However, it seems
difficult to explain the early onset of epileptiform discharges in
the hippocampus (at 1-month of age), as a consequence of an
interneuron dysfunction occurring much later, according to the
timeline of progression of TgproNGF#3 phenotype. Moreover,
we previously showed (Tiveron et al., 2013) that cholinergic
impairment is not present at 1-month of age, therefore it cannot
represent the “primum movens” responsible of the supposed
hyperexcitability suggested by MEA results, although we cannot
exclude that a reduced functional cholinergic drive begins even
earlier.

To better understand the hypothesized cycle linking
proNGF, neurodegeneration and E/I homeostasis, further
electrophysiological evaluation at early stages of proNGF/NGF
imbalance is needed. A functional study directly addressing the
effective E/I ratio is therefore expected to provide more clues
about the real upstream driver.

Moreover, the selective involvement of the DG in alterations
of Parv+ neurons/PNN system, jointly with transcriptomic
data, showing down-regulation of synaptic transmission-related
transcripts, suggest future analysis of DG–LTP, frequently altered
in neurodegeneration models (Houeland et al., 2010).

CONCLUSIONS

Neuronal network hyperexcitability and cognitive dysfunction
have been detected in mouse models of AD and associated
to depletion of Ca++ dependent proteins and to inhibitory
interneuron deficits or hippocampal remodeling (Palop
et al., 2011; Verret et al., 2012). Reported experimental
evidence favors a view of E/I imbalance as a consequence of
amyloidogenic process activation (Palop and Mucke, 2009;
Palop et al., 2007; Palop and Mucke, 2010; Harris et al.,
2010), but also as upstream driver of neurodegeneration and
cognitive impact (Sanchez et al., 2012), since antiepileptic
treatment was shown to slow down the cognitive decline
in transgenic models of neurodegeneration and, recently,
in MCI subjects (Sanchez et al., 2012; Bakker et al.,
2015).

Our results provide further mechanistic insights into the
negative cycle linking proNGF, neurodegeneration and E/I
homeostasis (Tiveron et al., 2013).

In summary, we observed a regional- and cellular-selective
Parvalbumin interneuron and PNN depletion in the DG, but not
in other hippocampal regions. These results demonstrate that
in the hippocampus the DG is selectively vulnerable to altered
proNGF/NGF signaling. Parvalbumin interneuron depletion is

also observed in the amygdala, a region strongly connected to the
hippocampus and likewise receiving cholinergic afferences.

However, the onset of spontaneous discharges in the
hippocampal network precede those changes, suggesting E/I
imbalance represents a primary event, immediately following
proNGF accumulation. The observed alterations in the
expression of selected BDNF splice variants might be directly
involved; the impact of those changes on E/I balance and how
they relate to proNGF increase are intriguing questions that need
to be addressed further.

AUTHOR CONTRIBUTIONS

LF and RB are joint first authors. LF, RB, and AC: designed
experiments. LF, RB, FL, IA, NB, MD, and AC: performed
experiments. LF, RB, IA, FL, NB, SC, MD, and AC: analyzed data.
LF and AC wrote the manuscript. All authors read, reviewed, and
commented the manuscript. LF and IA prepared the figures.

FUNDING

This work was funded by the following grants: FIRB
RBAP10L8TY from the Italian Ministry of Higher Education
and Scientific Research; Fondazione Roma; PAINCAGE FP7
Collaborative Project number 603191; Fondazione Italiana
Sclerosi Multipla FISM 2013/R/6; Italian Research Council
(Framework Agreement EBRI-CNR 2015–2017) and European
grant Horizon H2020-ICT-2016, “MADIA,” number 1732678.

ACKNOWLEDGMENTS

We gratefully acknowledge Prof. Enrico Cherubini for fruitful
discussions, Dr. Silvia Marinelli and Dr. Simone Pacioni for kind
advice. We thank Dr. Sabrina Turturro and Dr. Andrea Ennio
Storti for technical help in gene expression experiments and Dr.
Gianluca Amato for genotyping.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fnmol.
2017.00020/full#supplementary-material

REFERENCES

Aid, T., Kazantseva, A., Piirsoo, M., Palm, K., and Timmusk, T. (2007). Mouse and

rat BDNF gene structure and expression revisited. J. Neurosci. Res. 85, 525–535.

doi: 10.1002/jnr.21139

Allard, S., Leon, W. C., Pakavathkumar, P., Bruno, M. A., Ribeiro-da-

Silva, A., and Cuello, A. C. (2012). Impact of the NGF maturation

and degradation pathway on the cortical cholinergic system

phenotype. J. Neurosci. 32, 2002–2012. doi: 10.1523/JNEUROSCI.1144-

11.2012

Arisi, I., D’Onofrio, M., Brandi, R., Malerba, F., Paoletti, F., Storti, A. E., et al.

(2014). proNGF/NGF mixtures induce gene expression changes in PC12 cells

that neither singly produces. BMC Neurosci. 15:48. doi: 10.1186/1471-2202-

15-48

Asami, T., Ito, T., Fukumitsu, H., Nomoto, H., Furukawa, Y., and Furukawa,

S. (2006). Autocrine activation of cultured macrophages by brain-derived

Frontiers in Molecular Neuroscience | www.frontiersin.org 18 February 2017 | Volume 10 | Article 20

http://journal.frontiersin.org/article/10.3389/fnmol.2017.00020/full#supplementary-material
https://doi.org/10.1002/jnr.21139
https://doi.org/10.1523/JNEUROSCI.1144-11.2012
https://doi.org/10.1186/1471-2202-15-48
http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive


Fasulo et al. ProNGF Drives DG-Interneuron Depletion

neurotrophic factor. Biochem. Biophys. Res Commun. 344, 941–947.

doi: 10.1016/j.bbrc.2006.03.228

Baj, G., Del Turco, D., Schlaudraff, J., Torelli, L., Deller, T., and Tongiorgi, E.

(2013). Regulation of the spatial code for BDNF mRNA isoforms in the rat

hippocampus following pilocarpine-treatment: a systematic analysis using laser

microdissection and quantitative real-time PCR. Hippocampus 23, 413–423.

doi: 10.1002/hipo.22100

Bakker, A., Albert, M. S., Krauss, G., Speck, C. L., and Gallagher, M. (2015).

Response of the medial temporal lobe network in amnestic mild cognitive

impairment to therapeutic intervention assessed by fMRI and memory task

performance. Neuroimage 7, 688–698. doi: 10.1016/j.nicl.2015.02.009

Beattie, M. S., Harrington, A.W., Lee, R., Kim, J. Y., Boyce, S. L., Longo, F. M., et al.

(2002). ProNGF induces p75-mediated death of oligodendrocytes following

spinal cord injury. Neuron 36, 375–386. doi: 10.1016/S0896-6273(02)01005-X

Berghuis, P., Dobszay, M. B., Sousa, K. M., Schulte, G., Mager, P. P.,

Härtig, W., et al. (2004). Brain-derived neurotrophic factor controls

functional differentiation and microcircuit formation of selectively isolated

fast-spiking GABAergic interneurons. Eur. J. Neurosci. 20, 1290–1306.

doi: 10.1111/j.1460-9568.2004.03561.x

Berretta, N., Ledonne, A., Mango, D., Bernardi, G., and Mercuri, N.

B. (2012). Hippocampus vs. entorhinal cortex decoupling by an NR2

subunit-specific block of NMDA receptors in a rat in vitro model of

temporal lobe epilepsy. Epilepsia 53, e80–e84. doi: 10.1111/j.1528-1167.2012.

03420.x

Biane, J., Conner, J. M., and Tuszynski, M. H. (2014). Nerve growth factor is

primarily produced by GABAergic neurons of the adult rat cortex. Front. Cell.

Neurosci. 8:220. doi: 10.3389/fncel.2014.00220

Bingol, B., Wang, C. F., Arnott, D., Cheng, D., Peng, J., and Sheng, M. (2010).

Autophosphorylated CaMKII alpha acts as a scaffold to recruit proteasomes to

dendritic spines. Cell 140, 567–578. doi: 10.1016/j.cell.2010.01.024

Böhm, F., Pernow, J. (2007). The importance of endothelin-1 for vascular

dysfunction in cardiovascular disease. Cardiovasc. Res. 76, 8–18.

doi: 10.1016/j.cardiores.2007.06.004

Borck, G., Shin, B. S., Stiller, B., Mimouni-Bloch, A., Thiele, H., Kim, J. R. et al.

(2012). eIF2γ mutation that disrupts eIF2 complex integrity links intellectual

disability to impaired translation initiation. Mol. Cell. 48, 641–646. doi: 10.

1016/j.molcel.2012.09.005

Bruno, M. A., Leon, W. C., Fragoso, G., Mushynski, W. E., Almazan, G.,

and Cuello, A. C. (2009). Amyloid beta-induced nerve growth factor

dysmetabolism in Alzheimer disease. J. Neuropathol. Exp. Neurol. 68, 857–869.

doi: 10.1097/NEN.0b013e3181aed9e6

Buzsáki, G., and Wang, X. J. (2012). Mechanisms of gamma oscillations.

Annu. Rev. Neurosci. 35, 203–225. doi: 10.1146/annurev-neuro-062111-

150444

Cancedda, L., Fiumelli, H., Chen, K., and Poo, M. M. (2007). Excitatory GABA

action is essential for morphological maturation of cortical neurons in vivo. J.

Neurosci. 27, 5224–5235. doi: 10.1523/JNEUROSCI.5169-06.2007

Cane, M., Maco, B., Knott, G., and Holtmaat, A. (2014). The relationship between

PSD-95 clustering and spine stability in vivo. J Neurosci. 34, 2075–2086. doi: 10.

1523/JNEUROSCI.3353-13.2014

Capsoni, S., Ugolini, G., Comparini, A., Ruberti, F., Berardi, N., and Cattaneo,

A. (2000). Alzheimer-like neurodegeneration in aged antinerve growth

factor transgenic mice. Proc. Natl. Acad. Sci. U.S.A. 97, 6826–6831.

doi: 10.1073/pnas.97.12.6826

Capsoni, S., and and Cattaneo, A. (2006). On the molecular basis linking Nerve

Growth Factor (NGF) to Alzheimer’s disease. Cell. Mol. Neurobiol. 26, 619–633.

doi: 10.1007/s10571-006-9112-2

Capsoni, S., Tiveron, C., Vignone, D., Amato, G., and Cattaneo, A. (2010).

Dissecting the involvement of tropomyosin-related kinase A and p75

neurotrophin receptor signaling in NGF deficit-induced neurodegeneration.

Proc. Natl. Acad. Sci. U.S.A. 107, 12299–12304. doi: 10.1073/pnas.1007181107

Cardoso, A., Castro, J. P., Pereira, P. A., and Andrade, J. P. (2013). Prolonged

protein deprivation, but not food restriction, affects Parvalbumin-containing

interneurons in the dentate gyrus of adult rats. Brain Res. 1522, 22–30.

doi: 10.1016/j.brainres.2013.05.034

Caroni, P. (1997). Overexpression of growth-associated proteins in the

neurons of adult transgenic mice. J. Neurosci. Methods 71, 3–9.

doi: 10.1016/S0165-0270(96)00121-5

Chao, M. V., and Bothwell, M. (2002). Neurotrophins. To cleave or not to cleave.

Neuron 33, 9–12. doi: 10.1016/S0896-6273(01)00573-6

Cheng, J. S., Dubal, D. B., Kim, D. H., Legleiter, J., Cheng, I. H., Yu, G. Q. et al.

(2009). Collagen VI protects neurons against Abeta toxicity. Nat. Neurosci. 12,

119–121. doi: 10.1038/nn.2240

Chiaruttini, C., Sonego, M., Baj, G., Simonato, M., and Tongiorgi,

E. (2008). BDNF mRNA splice variants display activity-dependent

targeting to distinct hippocampal laminae. Mol. Cell. Neurosci. 37, 11–9.

doi: 10.1016/j.mcn.2007.08.011

Choi, J. S., Cain, C. K., and Le Doux, J. E. (2010). The role of amygdala nuclei in the

expression of auditory signaled two-way active avoidance in rats. Learn. Mem.

17, 139–147. doi: 10.1101/lm.1676610

Chung, I. H., Lee, S. H., Lee, K. W., Park, S. H., Cha, K. Y., Kim, N.

S., et al. (2005). Gene expression analysis of cultured amniotic fluid cell

with Down syndrome by DNA microarray. J. Korean Med. Sci. 20, 82–87.

doi: 10.3346/jkms.2005.20.1.82

Ciana, P., Braliou, G. G., Demay, F. G., Von Lindern, M., Barettino, D., Beug,

H., et al. (1998). Leukemic transformation by the v-ErbA oncoprotein entails

constitutive binding to and repression of an erythroid enhancer in vivo. EMBO

J. 17, 7382–7394. doi: 10.1093/emboj/17.24.7382

Clusmann, H., Nitsch, R., and Heinemann, U. (1994). Long lasting

functional alterations in the rat dentate gyrus following entorhinal cortex

lesion: a current source density analysis. Neuroscience 61, 805–815.

doi: 10.1016/0306-4522(94)90403-0

Counts, S. E., He, B., Prout, J. G., Michalski, B., Farotti, L., and Fahnestock,

M., Mufson EJ2. (2016). Cerebrospinal fluid proNGF: a putative

biomarker for early Alzheimer’s Disease. Curr. Alzheimer Res. 13, 800–808.

doi: 10.2174/1567205013666160129095649

De Rosa, R., Garcia, A. A., Braschi, C., Capsoni, S., Maffei, L., Berardi,

N., et al. (2005). Intranasal administration of nerve growth factor (NGF)

rescues recognition memory deficits in AD11 anti-NGF transgenic mice.

Proc. Natl. Acad. Sci. U.S.A. 102, 3811–3816. doi: 10.1073/pnas.0500

195102

Dijkmans, T. F., van Hooijdonk, L. W., Schouten, T. G., Kamphorst, J. T.,

Fitzsimons, C. P., et al. (2009). Identification of new nerve growth factor-

responsive immediate-early genes. Brain Res. 1249, 19–33. doi: 10.1016/j.

brainres.2008.10.050

Dityatev, A. (2010). Remodeling of extracellular matrix and epileptogenesis.

Epilepsia 51(Suppl. 3), 61–65. doi: 10.1111/j.1528-1167.2010.02612.x

Dityatev, A., Seidenbecher, C. I., and Schachner, M. (2010). Compartmentalization

from the outside: the extracellular matrix and functional microdomains in the

brain. Trends Neurosci. 33, 503–512. doi: 10.1016/j.tins.2010.08.003

D’Onofrio, M., Paoletti, F., Arisi, I., Brandi, R., Malerba, F., Fasulo, L.,

et al. (2011). NGF and proNGF regulate functionally distinct mRNAs

in PC12 cells: an early gene expression profiling. PLoS ONE 6:e20839.

doi: 10.1371/journal.pone.0020839

Dougherty, K. D., and Milner, T. A. (1999). Cholinergic septal afferent terminals

preferentially contact neuropeptide Y-containing interneurons compared to

Parvalbumin-containing interneurons in the rat dentate gyrus. J. Neurosci. 19,

10140–10152.

Fahnestock, M., Michalski, B., Xu, B., and Coughlin, M. D. (2001). The precursor

pro-nerve growth factor is the predominant form of nerve growth factor in

brain and is increased in Alzheimer’s disease. Mol. Cell. Neurosci. 18, 210–220.

doi: 10.1006/mcne.2001.1016

Feduccia, A. A., Chatterjee, S., and Bartlett, S. E. (2012). Neuronal nicotinic

acetylcholine receptors: neuroplastic changes underlying alcohol and

nicotine addictions. Front. Mol. Neurosci. 5:83. doi: 10.3389/fnmol.2012.

00083

Francke, U., de Martinville, B., Coussens, L., and Ullrich, A. (1983). The human

gene for the beta subunit of nerve growth factor is located on the proximal short

arm of chromosome. Science 222, 1248–1251. doi: 10.1126/science.6648531

Geissler, M., Gottschling, C., Aguado, A., Rauch, U., Wetzel, C. H., Hatt, H., et al.

(2013). Primary hippocampal neurons, which lack four crucial extracellular

matrix molecules, display abnormalities of synaptic structure and function

and severe deficits in perineuronal net formation. J. Neurosci. 33, 7742–7755.

doi: 10.1523/JNEUROSCI.3275-12.2013

Gulyás, A. I., Szabó, G. G., Ulbert, I., Holderith, N., Monyer, H.,

Erdélyi, F., et al. (2010). Parvalbumin-containing fast-spiking basket

Frontiers in Molecular Neuroscience | www.frontiersin.org 19 February 2017 | Volume 10 | Article 20

https://doi.org/10.1016/j.bbrc.2006.03.228
https://doi.org/10.1002/hipo.22100
https://doi.org/10.1016/j.nicl.2015.02.009
https://doi.org/10.1016/S0896-6273(02)01005-X
https://doi.org/10.1111/j.1460-9568.2004.03561.x
https://doi.org/10.1111/j.1528-1167.2012.03420.x
https://doi.org/10.3389/fncel.2014.00220
https://doi.org/10.1016/j.cell.2010.01.024
https://doi.org/10.1016/j.cardiores.2007.06.004
https://doi.org/10.1016/j.molcel.2012.09.005
https://doi.org/10.1097/NEN.0b013e3181aed9e6
https://doi.org/10.1146/annurev-neuro-062111-150444
https://doi.org/10.1523/JNEUROSCI.5169-06.2007
https://doi.org/10.1523/JNEUROSCI.3353-13.2014
https://doi.org/10.1073/pnas.97.12.6826
https://doi.org/10.1007/s10571-006-9112-2
https://doi.org/10.1073/pnas.1007181107
https://doi.org/10.1016/j.brainres.2013.05.034
https://doi.org/10.1016/S0165-0270(96)00121-5
https://doi.org/10.1016/S0896-6273(01)00573-6
https://doi.org/10.1038/nn.2240
https://doi.org/10.1016/j.mcn.2007.08.011
https://doi.org/10.1101/lm.1676610
https://doi.org/10.3346/jkms.2005.20.1.82
https://doi.org/10.1093/emboj/17.24.7382
https://doi.org/10.1016/0306-4522(94)90403-0
https://doi.org/10.2174/1567205013666160129095649
https://doi.org/10.1073/pnas.0500195102
https://doi.org/10.1016/j.brainres.2008.10.050
https://doi.org/10.1111/j.1528-1167.2010.02612.x
https://doi.org/10.1016/j.tins.2010.08.003
https://doi.org/10.1371/journal.pone.0020839
https://doi.org/10.1006/mcne.2001.1016
https://doi.org/10.3389/fnmol.2012.00083
https://doi.org/10.1126/science.6648531
https://doi.org/10.1523/JNEUROSCI.3275-12.2013
http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive


Fasulo et al. ProNGF Drives DG-Interneuron Depletion

cells generate the field potential oscillations induced by cholinergic

receptor activation in the hippocampus. J. Neurosci. 30, 15134–15145.

doi: 10.1523/jneurosci.4104-10.2010

Guo, J., Wang, J., Zhang, Z., Yan, J., Chen, M., Pang, T., et al. (2013).

proNGF inhibits neurogenesis and induces glial activation in adult mouse

dentate gyrus. Neurochem. Res. 38, 1695–1703. doi: 10.1007/s11064-013-

1071-7

Harrington, A. W., Leiner, B., Blechschmitt, C., Arevalo, J. C., Lee, R., Mörl,

K., et al. (2004). Secreted proNGF is a pathophysiological death-inducing

ligand after adult CNS injury. Proc. Natl. Acad. Sci. U.S.A. 101, 6226–6230.

doi: 10.1073/pnas.0305755101

Harris, J. A., Devidze, N., Verret, L., Ho, K., Halabisky, B., Thwin, M. T.,

et al. (2010). Transsynaptic progression of amyloid-β-induced neuronal

dysfunction within the entorhinal-hippocampal network. Neuron 68, 428–441.

doi: 10.1016/j.neuron.2010.10.020

Holm, M. M., Nieto-Gonzalez, J. L., Vardya, I., Vaegter, C. B., and Nykjaer, A.,

Jensen, K. (2009). Mature BDNF, but not proBDNF, reduces excitability of fast-

spiking interneurons in mouse dentate gyrus. J. Neurosci. 29, 12412–12418.

doi: 10.1523/JNEUROSCI.2978-09.2009

Houeland, G., Romani, A., Marchetti, C., Amato, G., Capsoni, S., Cattaneo,

A., et al. (2010). Transgenic mice with chronic NGF deprivation and

Alzheimer’s disease-like pathology display hippocampal region-specific

impairments in short- and long-term plasticities. J. Neurosci. 30, 13089–13094.

doi: 10.1523/JNEUROSCI.0457-10.2010

Huang, D. W., Sherman, B. T., and Lempicki, R. A. (2009). Systematic and

integrative analysis of large gene lists using DAVID bioinformatics resources.

Nat. Protoc. 4, 44–57. doi: 10.1038/nprot.2008.211

Huang, Z. J., Kirkwood, A., Pizzorusso, T., Porciatti, V., Morales, B., Bear,

M. F., et al. (1999). BDNF regulates the maturation of inhibition and

the critical period of plasticity in mouse visual cortex. Cell 98, 739–755.

doi: 10.1016/S0092-8674(00)81509-3

Iulita, M. F., and Cuello, A. C. (2014). Nerve growth factor metabolic dysfunction

in Alzheimer’s disease and Down syndrome. Trends Pharmacol. Sci. J. 35,

338–348. doi: 10.1016/j.tips.2014.04.010

Jiao, X., Beck, K. D., Myers, C. E., Servatius, R. J., and Pang, K. C. (2015). Altered

activity of the medial prefrontal cortex and amygdala during acquisition

and extinction of an active avoidance task. Front. Behav. Neurosci. 9:249.

doi: 10.3389/fnbeh.2015.00249

Jones, R. S., andHeinemann, U. (1988). Synaptic and intrinsic responses of medical

entorhinal cortical cells in normal and magnesium-free medium in vitro. J.

Neurophysiol. 59, 1476–1496.

Juan, J. A., Gharami, K., Liao, G.-Y., Woo, N. H., Lau, A. G., Vanevski,

F., et al. (2008). Distinct role of long 3′ UTR BDNF mRNA in spine

morphology and synaptic plasticity in hippocampal neurons. Cell 1, 175–187.

doi: 10.1016/j.cell.2008.05.045

Kaplan, D. R., Martin-Zanca, D., and Parada, L. F. (1991). Tyrosine

phosphorylation and tyrosine kinase activity of the trk proto-oncogene

product induced by NGF. Nature 350, 158–160. doi: 10.1038/350158a0

Klein, R., Jing, S. Q., Nanduri, V., O’Rourke, E., and Barbacid, M. (1991). The trk

proto-oncogene encodes a receptor for nerve growth factor. Cell 65, 189–197.

doi: 10.1016/0092-8674(91)90419-Y

Kook, S.-Y., Jeong, H., Kang, M. J., Park, R., Shin, H. J., Han, S.-H., et al. (2014).

Crucial role of calbindin-D28k in the pathogenesis of Alzheimer’s disease

mouse model. Cell Death Differ. 21, 1575–1587. doi: 10.1038/cdd.2014.67

Koyama, Y., Tsujikawa, K., Matsuda, T., and Baba, A. (2005). Endothelin increases

expression of exon III- and exon IV-containing brain-derived neurotrophic

factor transcripts in cultured astrocytes and rat brain. J. Neurosci. Res. 80,

809–816. doi: 10.1002/jnr.20512

Kruse, N., Cetin, S., Chan, A., Gold, R., and Luhder, F. (2007). Differential

expression of BDNF mRNA splice variants in mouse brain and immune cells

J. Neuroimmunol. 182, 13–21. doi: 10.1016/j.jneuroim.2006.09.001

Lawrence, J. J., Haario, H., and Stone, E. F. (2015). Presynaptic cholinergic

neuromodulation alters the temporal dynamics of short-term depression

at parvalbumin-positive basket cell synapses from juvenile CA1 mouse

hippocampus). J. Neurophysiol. 113, 2408–2419. doi: 10.1152/jn.00167.2014

Lee, R., Kermani, P., Teng, K. K., and Hempstead, B. L. (2001). Regulation

of cell survival by secreted proneurotrophins. Science 294, 1945–1948.

doi: 10.1126/science.1065057

Li, Z., and Richter-Levin, G. (2012). Stimulus intensity-dependent modulations of

hippocampal long-term potentiation by basolateral amygdala priming. Front.

Cell. Neurosci. 6:21. doi: 10.3389/fncel.2012.00021

Liu, Q. R., Lu, L., Zhu, X. G., Gong, J. P., Shaham, Y., and Uhl, G. R. (2006). Rodent

BDNF genes, novel promoters, novel splice variants, and regulation by cocaine.

Brain Res. 1067, 1–12. doi: 10.1016/j.brainres.2005.10.004

Lucas, E. K., Jegarl, A. M., Morishita, H., and Clem, R. L. (2016). Multimodal

and site-specific plasticity of amygdala parvalbumin interneurons after fear

learning. Neuron 91, 629–643. doi: 10.1016/j.neuron.2016.06.032

Ludkiewicz, B. , Wójcik, S., Spodnik, E., Domaradzka-Pytel, B., Klejbor, I., and

Morys, J. (2002). Cholinergic innervation of parvalbumin-and calbindin-

containing neurones in the hippocampus during postnatal development of the

rat brain. Folia Morphol. 61, 89–96.

Mainardi, M., Landi, S., Berardi, N., Maffei, L., and Pizzorusso, T. (2009).

Reduced responsiveness to long-term monocular deprivation of parvalbumin

neurons assessed by c-Fos staining in rat visual cortex. PLoS ONE 4:e4342.

doi: 10.1371/journal.pone.0004342

Masoudi, R., Ioannou, M. S., Coughlin, M. D., Pagadala, P., Neet, K. E., Clewes,

O., et al. (2009). Biological activity of nerve growth factor precursor is

dependent upon relative levels of its receptors. J. Biol. Chem. 284, 18424–18433.

doi: 10.1074/jbc.M109.007104

McRae, P. A., Baranov, E., Sarode, S., Brooks-Kayal, A. R., and Porter, B. E. (2010).

Aggrecan expression, a component of the inhibitory interneuron perineuronal

net, is altered following an early-life seizure. Neurobiol. Dis. 39, 439–448.

doi: 10.1016/j.nbd.2010.05.015

McRae, P. A., and Porter, B. E. (2012). The perineuronal net component of the

extracellular matrix in plasticity and epilepsy. Neurochem. Int. 61, 963–972.

doi: 10.1016/j.neuint.2012.08.007

McRae, P. A., Baranov, E., Rogers, S. L., and Porter, B. E. (2012). Persistent decrease

in multiple components of the perineuronal net following status epilepticus.

Eur. J. Neurosci. 36, 3471–3482. doi: 10.1111/j.1460-9568.2012.08268.x

Mercier, F., and Arikawa-Hirasawa, E. (2012). Heparan Sulfate niche

for cell proliferation in the adult brain. Neurosci. Lett. 510, 67–72.

doi: 10.1016/j.neulet.2011.12.046

Morrison, D. J., Rashid, A. J., Yiu, A. P., Yan, C., Frankland, P. W., and Josselyn, S.

A. (2016). Parvalbumin interneurons constrain the size of the lateral amygdala

engram. Neurobiol. Learn. Mem. 135, 91–99. doi: 10.1016/j.nlm.2016.07.007

Mufson, E. J., He, B., Nadeem, M., Perez, S. E., Counts, S. E., Leurgans, S., et al.

(2012). Hippocampal ProNGF signaling pathways and b-amyloid levels in mild

cognitive impairment and Alzheimer disease. J. Neuropathol. Exp. Neurol. 71,

1018–1029. doi: 10.1097/NEN.0b013e318272caab

Nykjaer, A., Lee, R., Teng, K. K., Jansen, P., Madsen, P., Nielsen, M. S., et al.

(2004). Sortilin is essential for proNGF-induced neuronal cell death. Nature

427, 843–848. doi: 10.1038/nature02319

Palop, J. J., Chin, J., Bien-Ly, N., Massaro, C., Yeung, B. Z., Yu, G. Q., et al.

(2005). Vulnerability of dentate granule cells to disruption of arc expression in

human amyloid precursor protein transgenic mice. J Neurosci. 25, 9686–9693.

doi: 10.1523/JNEUROSCI.2829-05.2005

Palop, J. J., Chin, J., Roberson, E. D., Wang, J., Thwin, M. T., Bien-Ly, N., et al.

(2007). Aberrant excitatory neuronal activity and compensatory remodeling

of inhibitory hippocampal circuits in mouse models of Alzheimer’s disease.

Neuron 55, 697–711. doi: 10.1016/j.neuron.2007.07.025

Palop, J. J., andMucke, L. (2009). Epilepsy and cognitive impairments in Alzheimer

disease. Arch Neurol 66, 435–440. doi: 10.1001/archneurol.2009.15

Palop, J. J., and Mucke, L. (2010). Amyloid-beta-induced neuronal dysfunction in

Alzheimer’s disease: from synapses toward neural networks. Nat, Neurosci. 13,

812–818. doi: 10.1038/nn.2583

Palop, J. J., Mucke, L., and Roberson, E. D. (2011). Quantifying biomarkers

of cognitive dysfunction and neuronal network hyperexcitability in mouse

models of Alzheimer’s disease: depletion of calcium- dependent proteins

and inhibitory hippocampal remodeling. Methods Mol. Biol. 670, 245–262.

doi: 10.1007/978-1-60761-744-0_17

Peng, S., Wuu, J., Mufson, E. J., and Fahnestock, M. (2004). Increased proNGF

levels in subjects with mild cognitive impairment and mild Alzheimer disease.

J. Neuropathol. Exp. Neurol. 63, 641–649. doi: 10.1093/jnen/63.6.641

Perederiy, J. V., and Westbrook, G. L. (2013). Structural plasticity in the

dentate gyrus- revisiting a classic injury model. Front. Neural Circuits 7:17.

doi: 10.3389/fncir.2013.00017

Frontiers in Molecular Neuroscience | www.frontiersin.org 20 February 2017 | Volume 10 | Article 20

https://doi.org/10.1523/jneurosci.4104-10.2010
https://doi.org/10.1007/s11064-013-1071-7
https://doi.org/10.1073/pnas.0305755101
https://doi.org/10.1016/j.neuron.2010.10.020
https://doi.org/10.1523/JNEUROSCI.2978-09.2009
https://doi.org/10.1523/JNEUROSCI.0457-10.2010
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1016/S0092-8674(00)81509-3
https://doi.org/10.1016/j.tips.2014.04.010
https://doi.org/10.3389/fnbeh.2015.00249
https://doi.org/10.1016/j.cell.2008.05.045
https://doi.org/10.1038/350158a0
https://doi.org/10.1016/0092-8674(91)90419-Y
https://doi.org/10.1038/cdd.2014.67
https://doi.org/10.1002/jnr.20512
https://doi.org/10.1016/j.jneuroim.2006.09.001
https://doi.org/10.1152/jn.00167.2014
https://doi.org/10.1126/science.1065057
https://doi.org/10.3389/fncel.2012.00021
https://doi.org/10.1016/j.brainres.2005.10.004
https://doi.org/10.1016/j.neuron.2016.06.032
https://doi.org/10.1371/journal.pone.0004342
https://doi.org/10.1074/jbc.M109.007104
https://doi.org/10.1016/j.nbd.2010.05.015
https://doi.org/10.1016/j.neuint.2012.08.007
https://doi.org/10.1111/j.1460-9568.2012.08268.x
https://doi.org/10.1016/j.neulet.2011.12.046
https://doi.org/10.1016/j.nlm.2016.07.007
https://doi.org/10.1097/NEN.0b013e318272caab
https://doi.org/10.1038/nature02319
https://doi.org/10.1523/JNEUROSCI.2829-05.2005
https://doi.org/10.1016/j.neuron.2007.07.025
https://doi.org/10.1001/archneurol.2009.15
https://doi.org/10.1038/nn.2583
https://doi.org/10.1007/978-1-60761-744-0_17
https://doi.org/10.1093/jnen/63.6.641
https://doi.org/10.3389/fncir.2013.00017
http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive


Fasulo et al. ProNGF Drives DG-Interneuron Depletion

Pizzorusso, T., Medini, P., Berardi, N., Chierzi, S., Fawcett, J. W., and Maffei, L.

(2002). Reactivation of ocular dominance plasticity in the adult visual cortex.

Science 298, 1248–1251. doi: 10.1126/science.1072699

Ruberti, F., Capsoni, S., Comparini, A., Di Daniel, E., Franzot, J., Gonfloni, S., et al.

(2000). Phenotypic knockout of nerve growth factor in adult transgenic mice

reveals severe deficits in basal forebrain cholinergic neurons, cell death in the

spleen, and skeletal muscle dystrophy. J. Neurosci. 20, 2589–2601.

Sakata, K., Woo, N. H., Martinowich, K., Greene, J. S., Schloesser, R. J., Shen,

L., et al. (2009). Critical role of promoter IV-driven BDNF transcription in

GABAergic transmission and synaptic plasticity in the prefrontal cortex. Proc.

Natl. Acad. Sci. U.S.A. 106, 5942–5947. doi: 10.1073/pnas.0811431106

Sanchez, P. E., Zhu, L., Verret, L., Vossel, K. A., Orr, A. G., Cirrito, J. R., et al.

(2012). Levetiracetam suppresses neuronal network dysfunction and reverses

synaptic and cognitive deficits in an Alzheimer’s disease model. Proc. Natl.

Acad. Sci. U.S.A. 109, E2895–E2903. doi: 10.1073/pnas.1121081109

Scott, J., Selby, M., Urdea, M., Quiroga, M., Bell, G. I., and Rutter, W. J. (1983).

Isolation and nucleotide sequence of a cDNA encoding the precursor of mouse

nerve growth factor. Nature 302, 538–540. doi: 10.1038/302538a0

Seidel, K., Helmeke, C., Poeggel, G., and Braun, K. (2008). Repeated neonatal

separation stress alters the composition of neurochemically characterized

interneuron subpopulations in the rodent dentate gyrus and basolateral

amygdala. Dev. Neurobiol. 68, 1137–1152. doi: 10.1002/dneu.20651

Stefanits, H., Wesseling, C., and Kovacs, G. G. (2014). Loss of Calbindin

immunoreactivity in the dentate gyrus distinguishes Alzheimer’s disease

from other neurodegenerative dementias. Neurosci. Lett. 566, 137–141.

doi: 10.1016/j.neulet.2014.02.026

Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L., Gillette,

M. A. et al. (2005). Gene set enrichment analysis: a knowledge-based approach

for interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. U.S.A.

102, 15545–15550. doi: 10.1073/pnas.0506580102

Suzuki, O. T., Sertié, A. L., Der Kaloustian, V. M., Kok, F., Carpenter, M., Murray,

J., et al. (2002). Molecular analysis of collagen XVIII reveals novel mutations,

presence of a third isoform, and possible genetic heterogeneity in Knobloch

syndrome. Am. J. Hum. Genet. 71, 1320–1329.

Takahashi, H., Brasnjevic, I., Rutten, B. P., Van Der Kolk, N., Perl, D. P.,

Bouras, C., et al. (2010). Hippocampal interneuron loss in an APP/PS1 double

mutant mouse and in Alzheimer’s disease. Brain Struct. Funct. 214, 145–160.

doi: 10.1007/s00429-010-0242-4

Tiveron, C., Fasulo, L., Capsoni, S., Malerba, F., Marinelli, S., Paoletti, F.,

et al. (2013). ProNGF/NGF imbalance triggers learning and memory deficits,

neurodegeneration and spontaneous epileptic-like discharges in transgenic

mice. Cell Death Differ. 20, 1017–1030. doi: 10.1038/cdd.2013.22

Tongiorgi, E., Domenici, L., and Simonato, M. (2006). What is the biological

significance of BDNF mRNA targeting in the dendrites? Clues from epilepsy

and cortical development. Mol. Neurobiol. 33, 17–32. doi: 10.1385/MN:33:

1:017

Toutenhoofd, S. L., and Strehler, E. E. (2002). Regulation of calmodulin mRNAs

in differentiating human IMR-32 neuroblastoma cells. Biochim. Biophys. Acta

1600, 95–104.

Verret, L., Mann, E. O., Hang, G. B., Barth, A. M., Cobos, I., Ho,

K., et al. (2012). Inhibitory interneuron deficit links altered network

activity and cognitive dysfunction in Alzheimer model. Cell 149, 708–721.

doi: 10.1016/j.cell.2012.02.046

Vidal, M., Morris, R., Grosveld, F., and Spanopoulou, E. (1990). Tissue specific

control elements of the thy-1 gene. EMBO J. 9, 833–840.

Wang, D., and Fawcett, J. (2012). The perineuronal net and the control

of CNS plasticity. Cell Tissue Res. 349, 147–160. doi: 10.1007/s00441-012-

1375-y

Zhou, Y., and Danbolt, N. C. (2013). GABA and glutamate transporters in brain.

Front. Endocrinol. (Lausanne) 4:165. doi: 10.3389/fendo.2013.00165

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2017 Fasulo, Brandi, Arisi, La Regina, Berretta, Capsoni, D’Onofrio and

Cattaneo. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) or licensor are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Molecular Neuroscience | www.frontiersin.org 21 February 2017 | Volume 10 | Article 20

https://doi.org/10.1126/science.1072699
https://doi.org/10.1073/pnas.0811431106
https://doi.org/10.1073/pnas.1121081109
https://doi.org/10.1038/302538a0
https://doi.org/10.1002/dneu.20651
https://doi.org/10.1016/j.neulet.2014.02.026
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1007/s00429-010-0242-4
https://doi.org/10.1038/cdd.2013.22
https://doi.org/10.1385/MN:33:1:017
https://doi.org/10.1016/j.cell.2012.02.046
https://doi.org/10.1007/s00441-012-1375-y
https://doi.org/10.3389/fendo.2013.00165
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Molecular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_Neuroscience/archive

