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Abstract

Adult-born granule cells (abGCs) integrate into the hippocampus and form connec-

tions with dentate gyrus parvalbumin-positive (PV+) interneurons, a circuit important

for modulating plasticity. Many of these interneurons are surrounded by perineuronal

nets (PNNs), extracellular matrix structures known to participate in plasticity. We

compared abGC projections to PV+ interneurons with negative-to-low intensity

PNNs to those with high intensity PNNs using retroviral and 3R-Tau labeling in adult

mice, and found that abGC mossy fibers and boutons are more frequently located

near PV+ interneurons with high intensity PNNs. These results suggest that axons of

new neurons preferentially stabilize near target cells with intense PNNs. Next, we

asked whether the number of abGCs influences PNN formation around PV+ inter-

neurons, and found that near complete ablation of abGCs produced a decrease in the

intensity and number of PV+ neurons with PNNs, suggesting that new neuron inner-

vation may enhance PNN formation. Experience-driven changes in adult neuro-

genesis did not produce consistent effects, perhaps due to widespread effects on

plasticity. Our study identifies abGC projections to PV+ interneurons with PNNs,

with more presumed abGC mossy fiber boutons found near the cell body of PV+

interneurons with strong PNNs.
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1 | INTRODUCTION

A large body of evidence has demonstrated that adult neurogenesis

contributes to the function of the mammalian hippocampus. Adult-

born granule cells (abGCs) integrate into the preexisting circuitry, par-

ticipating in hippocampus-dependent functions such as learning,

adaptability, and feedback of the stress response (Abrous &

Wojtowicz, 2015; Akers et al., 2014; Laplagne et al., 2006; Sahay

et al., 2011; Snyder, Soumier, Brewer, Pickel, & Cameron, 2011). This

process is susceptible to environmental influences, suggesting that

abGC microcircuitry may serve as a substrate for experience-depen-

dent change in hippocampal function (Llorens-Martín, Jurado-Arjona,

Avila, & Hernández, 2015; Opendak et al., 2016; Sah, Peterson,

Lubejko, Vivar, & van Praag, 2017; Schoenfeld, Rada, Pieruzzini,

Hsueh, & Gould, 2013; van Praag, Kempermann, & Gage, 1999;

Vivar, Peterson, & van Praag, 2016). Shortly after their generation,

abGCs form dendrites and mossy fiber axons, communicating

with neighboring mature granule cells (Dieni, Gonzalez, & Overstreet-

Wadiche, 2019; Luna et al., 2019) in addition to extending into the

hilus where they ramify and target several cell types including
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pyramidal cells of the CA2/CA3 regions, hilar mossy cells, and inter-

neurons of the CA2/CA3 regions and dentate gyrus (DG) (Llorens-

Martín et al., 2015; Toni et al., 2008).

Evidence suggests that parvalbumin-expressing (PV+) interneu-

rons, the most abundant interneuron subtype in the hippocampus

(Freund & Buzsáki, 1996), receive inputs from abGCs (Marín-Burgin,

Mongiat, Pardi, & Schinder, 2012; Song et al., 2013). PV+ cells recipro-

cally synapse onto abGCs, creating a feedforward inhibitory circuit

important for modulating DG excitability and pattern separation (Ikrar

et al., 2013; Sahay et al., 2011). These studies, however, have treated

PV+ interneurons as a relatively homogeneous group, despite the fact

that a significant proportion, but not all, of PV+ cells are surrounded

by perineuronal nets (PNNs) (Dityatev et al., 2007; Lensjø,

Christensen, Tennøe, Fyhn, & Hafting, 2017; Schüppel et al., 2002),

specialized extracellular matrix structures known to modulate physio-

logical and structural plasticity (Favuzzi et al., 2017; Sorg et al., 2016).

In the developing visual cortex, PNNs surrounding PV+ interneurons

reduce plasticity, which leads to closure of the critical period for ocu-

lar dominance (Hou et al., 2017; Pizzorusso et al., 2002). PNNs also

facilitate synaptic and behavioral plasticity by enhancing feedback

inhibition of hippocampal PV+ interneurons (Shi et al., 2019).

Together, these studies suggest that PNNs surrounding PV+ interneu-

rons play complex roles, which may differ depending on region and

developmental stage.

In the DG, PNNs surround the majority of PV+ cells (Lensjø

et al., 2017), and, of these, the majority are likely basket cells (Jansen,

Gottschling, Faissner, & Manahan-Vaughan, 2017), as PV+ bistratified

interneurons also express somatostatin which does not colocalize with

PNNs (Murthy et al., 2019). While it is well-established that DG PV+

interneurons receive inputs from abGCs, the potential influence of

PNNs has not been previously explored. To investigate this relation-

ship, we examined the mossy fibers of abGCs using GFP-retroviral

labeling and endogenous immature neuron marker microtubule pro-

tein 3-Repeat-Tau (3R-Tau), and their proximity to DG PV+ interneu-

rons surrounded by varying intensities of PNNs.

We found that abGC mossy fibers were more abundant near DG

PV+ interneurons with intense PNNs than those with no or weak

PNNs. Among the PV+ PNN+ population, we found that cells with

more intense PNN labeling were more likely to have abGC mossy

fiber boutons nearby than those with weaker labeled PNNs. This

result raises the possibility that abGC connectivity influences PNN

formation, in addition to the possibility that PNN components attract

and stabilize abGC mossy fibers. To investigate whether the presence

of abGCs influences PNN formation, we analyzed PNNs in three dif-

ferent conditions associated with altered levels of adult neurogenesis:

(a) transgenic inhibition of adult neurogenesis, (b) age-related decline

of adult neurogenesis, and (c) exercise-induced enhancement of adult

neurogenesis. Transgenic depletion of abGCs was associated with

reduced PV+ interneurons that were PNN+ and reduced PNN inten-

sity, but consistent relationships between the number of abGCs and

PV+ PNN+ interneurons were not observed in the experiential condi-

tions. Together these results indicate that new neurons preferentially

innervate PV+ interneurons surrounded by intense PNNs, but that

new neuron innervation may alter PNN formation only under condi-

tions of specific, near complete, elimination of abGCs.

2 | MATERIALS AND METHODS

2.1 | Animals and experimental design

All animal procedures were conducted in accordance with the National

Institutes of Health guidelines and approved by the Princeton University

Institutional Animal Care and Use Committees. All mice were housed five

to a cage, with the exception of the running experiment, under a reverse

12-hr light–dark schedule (lights off at 0700) with free access to food

and water. Male C57BL/6J mice aged 5–7 weeks upon arrival from The

Jackson Laboratory (Bar Harbor, ME) (strain #000664) were used for ret-

roviral labeling. Male C57BL/6J mice from The Jackson Laboratory were

also used for 3R-Tau labeling (aged 7–11 weeks at the time of perfusion)

and the age-related decline study (perfused at 5 weeks for young adult

mice and 16 weeks for middle-aged adult mice). Transgenic mice,

expressing HSV-TK under the GFAP promoter, and their wildtype CD1

littermates (NIMH, Bethesda, MD), were treated for 10.5 weeks with

valganciclovir (vgcv, p.o., 227 mg/kg chow, 4 days/week) and perfused at

age 19–20 weeks. Mice in the running study were male C57BL/6J bred

in-house; housed two mice per cage to avoid overcrowding and fighting

that occurs when a running wheel is shared by multiple mice (Howerton,

Garner, & Mench, 2008; Kaliste, Mering, & Huuskonen, 2006). Runners

were housed for 4 weeks with ad libitum access to a wireless running

wheel (Med Associates Inc., Fairfax, VT) beginning at 6 weeks of age, and

controls were housed for 4 weeks with a locked wireless running wheel.

At the conclusion of each experiment, mice were deeply anesthetized

with 0.07 ml Euthasol (i.p. injection) and transcardially perfused with

4.0% paraformaldehyde (PFA) in phosphate buffered saline (PBS), pH 7.5.

The brains were dissected and postfixed in 4.0% PFA for 48 hr before

processing.

2.2 | Production of viral vector

A replication-deficient retroviral vector based on the Moloney

leukemia virus and expressing GFP from the CAG promoter, was

used to specifically transduce abGCs, as described previously (Zhao,

Teng, Summers, Ming, & Gage, 2006). Retroviral particles were pro-

duced and purified at the Princeton Viral Core at the Princeton Neu-

roscience Institute, as previously described (Sullivan & Wickersham,

2015). Briefly, a mix of three plasmids were co-transfected over

HEK293T cells and viral particles were purified by a sucrose step

gradient. Plasmid CAG-GFP (Addgene #16664), was a gift from Fred

Gage (Zhao et al., 2006). Plasmid pCI-VSVG (Addgene #1733), was a

gift from Garry Nolan. Plasmid pUMVC (Addgene #8449), was a gift

from Bob Weinberg (Stewart et al., 2003). Virus titer of 4 × 105

transducing units/ml was determined after transduction of

polybrene-treated murine fibroblasts and quantification of GFP-

expressing cells.
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2.3 | Stereotaxic surgery for retroviral delivery

Mice were between 5 and 7 weeks of age at the time of surgery,

and were anesthetized with 1–2% isoflurane and placed in a ste-

reotaxic setup (Kopf, Tujunga, CA). A microsyringe was used to

deliver retrovirus bilaterally to the dorsal DG (1.0 μl per injection

at 0.15 μl/min) using stereotaxic coordinates according to Paxinos

and Franklin's (2008) mouse brain atlas from bregma (mm): −2.0

anteroposterior, ±1.3 lateral, −2.0 dorsoventral (suprapyramidal

blade); −2.0 anteroposterior, ±1.3 lateral, −2.3 dorsoventral

(infrapyramidal blade). Mice were perfused 3 or 6 weeks post-

infection (wpi) for histochemical labeling and confocal imaging

(Figure S1a,b).

2.4 | Histology

All histochemistry was carried out on 50 μm-thick free floating coro-

nal brain sections, for example sections see Figure S1b. Sections were

incubated in various combinations of primary antibodies against GFP,

3R-Tau, Synaptophysin, PSA-NCAM, and PV, and biotinylated lectin

Wisteria floribunda agglutinin (WFA), a plant-based lectin commonly

used to label PNNs, at 4�C for 48 hr in 0.1 M PBS with 0.3% Triton X-

100 and 3% normal donkey serum. After incubation in primary

antisera, sections were washed and placed in secondary antisera in

0.1 M PBS with 0.3% Triton X-100 for 2 hr at room temperature. All

labeled brain sections were counterstained with DAPI. For a detailed

list of antibodies used, see Table 1. For the PSA-NCAM, PV, and PNN

density analyses in the GFAP-TK experiment, whole sections were

imaged with a Hamamatsu NanoZoomer S60 (Japan). Sections from

all other experiments were imaged with a Zeiss confocal microscope

LSM 700 (Oberkochen, Germany).

2.5 | Confocal microscopy

Images were acquired using a Zeiss confocal microscope (LSM 700;

four visible solid-state lasers: UV 405; argon 458/488; HeNe

555/568; far-red 639). For intensity and bouton analysis of abGC

mossy fibers, triple-labeled sections for abGC mossy fibers, GFP or

3R-Tau (depending on the experiment), PV, and WFA were imaged.

Only brain sections with visible GFP or 3R-Tau mossy fiber staining

were scanned. From these sections, all PV+ cells in the hilus and sgz

of the DG were scanned. Images of labeled cells focused on single PV

+ cell bodies and proximal dendrites and were acquired (×63 with

×2 zoom; NA, 1.4; oil-immersion) by taking z-stacks, including the

entirety of the cell body ±10 μm above and below the cell body

surface using 0.05 μm z-plane intervals (>300 optical slices per cell).

For intensity analysis of PNNs in the GFAP-TK experiment, PV

and WFA labeling were imaged same as described for the GFP and

3R-Tau experiments. For an unbiased analysis of PNN intensity, imag-

ing of PV+ cells were randomly sampled from those in the PV channel,

only (n = 42 cells; 6 cells per brain), by an experimenter blinded to

condition. Brain sections for comparison were stained together and

taken with identical confocal settings to allow for cross comparison of

optical intensities.

For the GFP and 3R-Tau paired analysis, approximate PV+ cell

location was recorded separately on a dorsal hippocampus template

to locate neighboring pairs (defined as ≤ 30 μm distance apart). Neigh-

boring PV+ cells, where one cell was comparatively greater in PNN

expression than its neighbor, were first selected visually by the inves-

tigators. Visual selection of neighboring PV+ cells provided an unam-

biguous distinction between higher and lower PNN expressing cells.

The selected opposing pairs were then validated by comparing their

respective PNN optical intensities; only those pairs where one cell

was below the lower 95% confidence interval of the mean for PNN

TABLE 1 Reagent resource table

Name
Host
species Dilution Type Company Catalog # RRID #

Parvalbumin (PV) Mouse 1:500 Primary Sigma-Aldrich (St. Louis, MO) P3088 AB_477329

Parvalbumin (PV) Rabbit 1:2000 Primary Abcam (Cambridge, UK) ab11427 AB_298032

GFP Rabbit 1:500 Primary Molecular Probes (Eugene, OR) G10362 AB_2536526

Wisteria floribunda agglutinin (WFA)

lectin

N/A 1:500 Primary Sigma-Aldrich L1516 AB_2620171

3RTau Mouse 1:500 Primary Millipore (Burlington, MA) 05-803 AB_310013

Synaptophysin (SYP) Mouse 1:200 Primary Millipore MAB329 AB_94786

PSA-NCAM Rat 1:400 Primary BD Pharmingen (San Diego,

CA)

556325 AB_396363

Donkey anti-mouse 568 Donkey 1:500 Secondary Invitrogen (Carlsbad, CA) A10037 AB_2534013

Donkey anti-rat 488 Donkey 1:500 Secondary Abcam ab150153 AB_2737355

Donkey anti-rabbit 488 Donkey 1:500 Secondary Invitrogen A21206 AB_2535792

Donkey anti-rabbit 568 Donkey 1:500 Secondary Invitrogen A10042 AB_2534017

Anti-streptavidin 647 N/A 1:500 Secondary Molecular Probes S21374 AB_2336066

Anti-streptavidin 488 N/A 1:500 Secondary Molecular Probes S11223A AB_2315383
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intensity (3 wpi: 395.45, 6 wpi: 606.77, 3R-Tau: 893.63) and the other

cell was above the upper 95% confidence interval of the mean (3 wpi:

580.14, 6 wpi: 967.11, 3R-Tau: 1,089.71) were included in the analy-

sis. See examples of neighboring PV+ PNN negative-to-low (neg-low)

and PV+ PNN high intensity cells in Figure 1c.

For PSA-NCAM+, PV+ PNN+, and PNN+ cell density analyses,

images of the entire dorsal DG were acquired (×20 with ×0.5 zoom;

NA, 0.8) taking z-stacks at 3.0 μm intervals (~15 optical slices). All

slides were coded prior to analysis and the code was not revealed

until the analysis was complete.

2.6 | Analysis of confocal images

In order to detect abGC mossy fiber labeling at various distances from

the PV+ cell edge, we designed an analysis pipeline to preprocess the

F IGURE 1 abGC mossy fiber boutons at 6 wpi are more abundant near PV+ interneurons surrounded by intense PNNs compared to
neighboring PV+ interneurons with weak PNNs. (a–b) Adult mice (n = 10) were injected with retrovirus CAG-GFP (green) in the
DG. Representative high magnification images of a 3 wpi abGC (a) and 6 wpi abGC (b). (c) Representative high magnification image of neighboring
PV+ interneurons (red) in the hilus, where one is enwrapped in WFA+ PNN (white-cyan; indicated with a white asterisk) and the other is not.
Scale bar = 10 μm. (d) Representative high magnification image of adult-generated mossy fibers and boutons (GFP; green), presynaptic protein,
synaptophysin (SYP; red), and counterstain (DAPI; blue) in the hilus at 6 wpi. Examples of colabeled boutons are boxed. Merged images show
colabeled GFP and SYP boutons. Scale bar = 5 μm. (e) Representative image of adult-born neurons infected with GFP-retrovirus (green; indicated
by white arrows), PV+ interneurons (red), WFA+ PNNs (white-cyan), and DAPI (blue). Scale bar = 50 μm. (f) Representative high magnification
image of GFP+ abGC mossy fibers (green) proximal to a PV+ PNN+ interneuron. Examples of GFP+ abGC boutons indicated by white arrows.
Scale bar = 10 μm. (g) Positive correlation between PV+ interneuron WFA+ PNN optical intensity and number of GFP+ abGC boutons from both

3 and 6 wpi abGCs, combined (r = .2632, p = .0255). (h) Paired t test comparison of GFP+ abGC mossy fiber bouton number within 0.5 μm of the
PV+ cell surface, between pairs of PV+ interneurons located close together where one cell has either negative-to-low intensity PNNs (neg-low)
and the other has high intensity PNNs (high). No differences were found at 3 wpi (t26 = 0.4642, p = .6465). At 6 wpi, greater numbers of boutons
surrounded high intensity PNN+ PV+ interneurons compared to neighboring neg-low intensity PNN+ PV+ interneurons (t15 = 3.784, p = .0018).
Data are presented as 10–90 percentile box and whisker plots. (i) Conceptual schematic of a 6 wpi abGC sending more axon projections to a PV
+ PNN+ interneuron compared to the neighboring PV + PNN− interneuron. *p < .05. Related to Figure S1 [Color figure can be viewed at
wileyonlinelibrary.com]
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z-stack confocal images (details below), segment fluorophore signal

from markers for GFP, 3R-Tau, PV, or WFA, and analyze the optical

intensity of the signal (Figure S1c). Analyses of mossy fibers and PNNs

surrounding PV+ cells were conducted using custom Python software

(available upon request). Image loading was performed using Scikit-

Image 0.13.11 (van der Walt et al., 2014) and SimpleITK 1.0.0

(Lowekamp, Chen, Ibáñez, & Blezek, 2013). Statistical analyses were

performed using SciPy 1.1.0 (Virtanen et al., 2020). Data manipula-

tions were performed in Python 2.7 using Numpy 1.14.3 (Harris et al.,

2020) and Pandas 0.23.0 (McKinney, 2010). Blinding to condition was

maintained during this process.

2.7 | Analysis pipeline

To control for heterogeneity in staining across the different labels

used (GFP, 3R-Tau, PV, WFA), we first developed parameters for each

in order to produce an overall analysis preprocessing pipeline. Thresh-

olds for each label were determined empirically from optical intensity

distributions. The preprocessing pipeline was developed using

machine learning image segmentation which developed label-specific

parameters for optimal signal detection. Segmentation within each

channel, as described below, was carried out for accurate signal detec-

tion, and was validated by two human experimenters by comparing

overlays of the raw image with the segmented image. In cases where

the segmentation process did not produce results that were at least

90% accurate, the parameters were improved and the segmentation

process was carried out again until the preprocessing produced results

that matched those of the human experimenters for the vast majority

of cells (retrovirus experiment: 96.7%; 3R-Tau experiment: 94.7%).

For a small percentage of images (retrovirus experiment: 3.3%; 3R-

Tau experiment: 5.3%), the raw image did not correspond to the seg-

mented image. These cells were removed from all analyses. It should

be noted that the few cases where the segmentation process did not

match detection by human experimenters were due to problems with

the raw data, for example, nonspecific staining or oversaturation in

the raw image, and not for an inexplicable reason potentially related

to flaws in the analysis preprocessing pipeline. After completing this

process, a series of preprocessing parameters were finalized, including

the number of iterations, Gaussian filters, voxel kernels, and thresh-

olds, each particular to the label/fluorophore/channel to be analyzed.

PV+ cell segmentation: PV+ signal volumes were preprocessed

through a series of Gaussian filtering (21 voxel kernel), eroding, and

dilating (nine voxel kernel each). Voxels with intensities below 0.8 SD

from the mean were set to zero. Mossy fiber segmentation: GFP+ or

3R-Tau+ signal, depending on the experiment, went through one iter-

ation of Gaussian filtering (3 voxel kernel), eroding and dilating (3 voxel

kernel each). Threshold was set at 1.0 SD above the mean. PNN seg-

mentation: WFA+ signal went through two iterations of Gaussian fil-

tering (25 voxel kernel), eroding, and dilating (nine voxel kernel each).

Threshold was set at 0.8 SD above the mean. Cell edge detection and

ring analysis: After preprocessing, voxel-wise distances from the

detected PV+ cell edge were calculated (scipy.ndimage.morphology.

distance_transform_edt). The region of interest for abGC mossy fiber

intensity analysis was set to a maximum distance of 0.25 μm from the

PV+ cell edge. Corresponding PV+ intensity and WFA+ PNN intensity

values were plotted and Pearson's correlation coefficient (r) was com-

puted to assess the relationship between mossy fiber labeling, PNN

intensity, and the relevant PV+ cell.

2.8 | Mossy fiber bouton analysis

To obtain a more specific measure of putative mossy fiber terminals,

we carried out analyses on z-stack confocal images of single PV+ cell

bodies and proximal dendrites, acquired (×63 with ×2 zoom; NA, 1.4;

oil-immersion) by taking z-stacks including the entirety of the PV+ cell

body ±10 μm above and below the cell body surface, using 0.05 μm

z-plane intervals (>300 optical slices per cell), using shape and volu-

metric criterion for mossy fiber boutons: spherical/puncta shape with

a 3.0μm3 ≤ × ≤ 50.0 μm3 volume (Toni et al., 2008). We used a con-

nected components analysis (scipy.ndimage.measurements.label)

revealing grouped islands of nonzero voxels. Centers of mass (scipy.

ndimage.measurements.center_of_mass) were then recorded for cell

center and mossy fiber puncta. Individual voxel-wise Euclidean dis-

tances between edges of mossy fiber puncta and the PV+ cell edge

were calculated, where the voxel pair with the shortest distances

were recorded. Post-processed mossy fiber puncta voxel intensity

means and sums were also recorded. Only mossy fiber puncta values

with the specified shape and volume criterion, described above, and a

Euclidean distance ≤ 0.5 μm from the PV+ cell edge were recorded.

Mossy fiber bouton number and corresponding PV+ and WFA+ PNN

intensity values were plotted. Pearson's correlation coefficient (r) was

computed to assess the relationship between mossy fiber boutons

and the relevant PV+ cell.

2.9 | Cell density, intensity, and statistical analysis

Cell densities for PSA-NCAM+, PV+, and/or PNN+ cells were counted

using FIJI (FIJI is just ImageJ, NIH; Schindelin et al., 2012), except for

the GFAP-TK experiment, which was counted using the NanoZoomer

Digital Pathology viewing software (NDP view2 Plus, Hamamatsu).

Both were calculated by dividing the total number of positive-labeled

cells within the dorsal hilus and sgz of the DG over the traced

volume. Volumes were traced from max projections in the DAPI chan-

nel by researchers unaware of the experimental groups. Percent

colocalization of PV+ cells surrounded by PNNs was determined by

calculating total number of PV+ PNN+ cells over the total number of

PV+ cells. Density and colocalization comparisons between groups

were statistically analyzed using either linear mixed effects (lme)

modeling using the lme4 package (Bates et al., 2015) in RStudio

(RStudio Team, 2020), or unpaired t tests (with or without corrections

for unequal SD). Datasets with multiple dependent variable values per

animal were taken into account in lme models to prevent over-

averaging errors. Statistics used include lme modeling, Pearson
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r correlations, simple linear regressions, and one sample, paired, and

unpaired t tests, as described throughout the text, Figure and Supple-

mentary Figure Legends, and Statistics Tables. Unless otherwise

stated, midlines on box and whisker plots are presented as the

median. Outliers were assessed using a robust regression and outlier

removal (ROUT) method (Q = 0.2%) in GraphPad Prism 9.0.0 (Gra-

phPad Software, San Diego, CA) for single-value dependent variables,

see Supplementary Tables. Outliers were assessed using the box plot

statistics function, boxplot.stats, in RStudio for multiple-value depen-

dent variables, where five outliers were excluded in the aging study,

see Table S4. Non-normal datasets were analyzed using nonparamet-

ric tests. Normality was assessed using Anderson-Darling test,

Shapiro–Wilk test, D'Agostino & Pearson omnibus test, and

Kolmogorov–Smirnov test, with a p value of .05. All code and data

that support the findings of this study are available from the

corresponding author upon request.

3 | RESULTS

3.1 | Adult-generated mossy fiber boutons are
more numerous near PV+ neurons surrounded
by PNNs

GFP-retrovirus injection in the DG of adult mice at both 3 and

6 weeks post-infection (wpi) produced consistent labeling of cells with

granule cell morphology in both the suprapyramidal and

infrapyramidal blades of the granule cell layer (Figure 1a,b,e). GFP-

labeled mossy fibers were observed emanating from GFP-labeled

granule cells into the hilar region, and had characteristic varicosities

known to represent en passant synapses (Toni et al., 2008; Zhao

et al., 2006). These GFP-labeled varicosities were often observed in

close proximity to PV+ cells in the DG (Figure 1f). We verified

whether these GFP+ boutons were likely sites of synaptic contact

with the presynaptic marker synaptophysin, and found positive evi-

dence of colabeling (Figure 1d). In order to detect abGC mossy fiber

bouton labeling near PV+ interneurons, we created a 0.5 μm ring sur-

rounding the PV+ cell edge as our region of interest (ROI) for analysis.

Using our analysis pipeline to preprocess z-stack confocal images, we

segmented fluorophore signal from markers for GFP, PV, and WFA,

and analyzed signal parameters, that is, optical intensity, volume, and

location (Figure S1c). At both 3 and 6 wpi, we observed a large per-

centage of PV+ interneurons that had abGC mossy fiber labeling

within 0.5 μm distance from the cell body surface, as well as a high

percentage of PV+ interneurons enwrapped with WFA-labeled PNNs

(Figure S1d,e).

We found a positive relationship between PV+ cell PNN intensity

and nearby GFP+ bouton number (r = .2632, p = .0255) (Figure 1g;

Table S1), where fewer abGC boutons were more often associated

with PV+ cells having lower PNN intensities. In order to determine

whether axons of new granule cells are more likely to be located near

PV+ cells with intense PNNs and with time specificity, we compared

abGC mossy fiber bouton number, a more specific measure of

putative mossy fiber terminals, using previously determined morpho-

logical criteria (Toni et al., 2008), between neighboring pairs of PV+

PNN negative-to-low intensity (neg-low) and PV+ PNN high intensity

(high) cells at 3 and 6 wpi timepoints. At 6 wpi, GFP+ bouton number

was significantly greater near PV+ cells with high intensity PNNs com-

pared with those with neg-low intensity PNNs in a paired samples t

test (t15 = 3.784, p = .0018, R2 = .488) (Figure 1h). This effect was not

seen when analyzing 3 wpi GFP+ boutons (t26 = 0.4642, p = .6465)

(Figure 1h), suggesting that, as previously reported, 3 wpi abGCs

exhibit immature connectivity compared to 6 wpi abGCs (Toni

et al., 2008). This result suggests a greater likelihood of sustained

abGC connectivity with PV+ cells surrounded by more intense PNNs

(see depiction, Figure 1i).

To corroborate these findings using an endogenous marker of

adult-born neurons, we analyzed 3R-Tau isoform labeling, a

microtubule-associated protein found in immature neurons in the DG

of the adult mouse brain. 3R-Tau labels the cytoplasm of cell bodies,

dendrites, and mossy fibers from abGCs at ~2–7 weeks after their gen-

eration (Fuster-Matanzo, Llorens-Martín, Jurado-Arjona, Avila, &

Hernández, 2012; Llorens-Martín et al., 2012). 3R-Tau labeling of the

DG of adult mice produced numerous stained cells with a morphology

and location consistent with adult-generated granule cells (Figure 2a,d).

The number of these cells is consistent with those observed using two

other commonly used markers of immature neurons in the mouse DG:

doublecortin and PSA-NCAM (Bullmann, de Silva, Holzer, Mori, &

Arendt, 2007; Llorens-Martín et al., 2012). 3R-Tau labeled mossy fibers

were observed emanating from labeled abGCs into the hilar region.

Similar to what we observed with GFP-labeled mossy fibers, 3R-Tau

labeled axons had characteristic varicosities and were often observed in

proximity to PV+ cells in the DG (Figure 2b). We observed a large per-

centage of PV+ interneurons with 3R-Tau+ abGC mossy fiber labeling

within a 0.5 μm distance from the soma (>80%) (Figure S1f), as well as

a high percentage of PV+ interneurons enwrapped in PNNs

(Figure S1f). Comparison of the two approaches to label abGCs rev-

ealed similar staining patterns, with the exception that, as expected, the

GFP-retrovirus labeled fewer abGCs than did 3R-Tau. Similar to our

results with the retrovirus, the PNN intensity surrounding a PV+ cell

shared a positive correlation with the number of 3R-Tau+ boutons

located near its cell body, where boutons were less often associated

with PV+ interneurons with low PNN intensities (r = .2083, p = .0105)

(Figure 2c; Table S2). We also found that 3R-Tau mossy fiber boutons

were fewer surrounding PV+ interneurons with neg-low intensity PNNs

compared to neighboring interneurons with high intensity PNNs in a

paired samples t test (t48 = 2.78, p = .0079, R2 = .1409) (Figure 2e).

Again, these results suggest a greater likelihood of sustained abGC con-

nectivity with PV+ cells surrounded by more intense PNNs.

To assess the difference in bouton numbers between neighboring

pairs of PV+ interneurons, we calculated a difference score by sub-

tracting the number of boutons associated with the PV+ neg-low

PNN cell from that of PV+ high PNN cell and ran a one sample t test

to determine whether bouton number significantly differed from

chance within the cell pairs. At 3 wpi, the difference in bouton num-

ber across pairs did not show a bias toward either the neg-low or high
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cell (t25 = 0.4642, p = .6465, mean difference = 0.3077) and was sig-

nificantly different from 6 wpi (t40 = 2.723, p = .0095) (Figure 3a).

However, as expected, the 6 wpi and 3R-Tau experiments signifi-

cantly differed from chance, where both showed a bias toward

boutons associated with high compared with neg-low cells (6 wpi:

t16 = 3.784, p = .0018, mean difference = 3.25; 3R-Tau: t47 = 2.777,

p = .0079, mean difference = 2.396) (Figure 3a).

It has been previously shown that WFA binds primarily to aggrecan

components of PNNs (Giamanco, Morawski, & Matthews, 2010).

Aggrecan is a chondroitin sulfate proteoglycan critical for the formation

of PNNs, regulated by experience-dependent plasticity, where

decreased excitatory input results in decreased PNN formation (McRae,

Rocco, Kelly, Brumberg, & Matthews, 2007). Given this information, it is

likely that not all PV+ PNN+ interneurons are functionally homogeneous,

nor do they share similar PNN profiles. When examining DG PV+ PNN+

interneurons, we found varying levels of WFA intensity, likely rep-

resenting differing levels of activity-dependent PNN components. We

found that cells with higher WFA intensity were also associated with

greater abGC mossy fiber intensity (3 wpi: r = .4837, p = .0032; 6

wpi: r = .6535, p < .0001; 3R-Tau: r = .1738, p = .0340) (Figure 3b–d).

PV+ protein expression has also been shown to correlate with changes

in functional plasticity, that is, coordinated neuronal activity, gamma/

theta-band oscillations, and NMDAR activity (Amilhon et al., 2015;

Behrens et al., 2007; Korotkova, Fuchs, Ponomarenko, von

Engelhardt, & Monyer, 2010; Lodge, Behrens, & Grace, 2009). There-

fore, in addition to looking at the relationship between abGCs and PV+

WFA+ PNN intensity, we determined whether a relationship between

PV and its surrounding PNN exists by analyzing cell body PV expression

using high-resolution confocal imaging. We found that PV+ intensity

was also positively associated with WFA+ PNN intensity (3 wpi:

r = .8046, p < .0001; 6 wpi: r = .2735, p = .0476; 3R-Tau: r = .1776,

p = .0238) (Figure 3e–g), where high-expressing PNNs were likely to

surround high-expressing PV+ interneurons, similar to previous publi-

shed results examining the CA1 region of the hippocampus (Yamada,

Ohgomori, & Jinno, 2015).

We discovered that PV+ cells with greater PNN expression were

more likely to have nearby immature mossy fiber boutons, retrovirus

labeled 6 weeks prior or with endogenous marker 3R-Tau, compared

F IGURE 2 3R-Tau labeled abGCs show similar affinity for PV+ PNN+ interneurons as GFP+ retrovirus labeled abGCs. (a). Adult mouse
(n = 10) hippocampal sections were immunostained for microtubule-associated protein 3R-Tau (green) and counterstained with DAPI (blue).
Representative high magnification image of abGCs and their mossy fibers. (b) Representative high magnification images of PV+ interneurons (red)
in the hilus with increasing optical intensities of WFA+ labeled PNNs (white) (top to bottom row), and proximal mossy fibers labeled with 3R-Tau
(green). Increased number of 3R-Tau abGC boutons are associated with high-expressing PNNs (bottom row). White arrows indicate mossy fiber
bouton examples. Scale bars = 10 μm. (c) Positive correlation between PV+ interneuron PNN optical intensity and number of 3R-Tau+ abGC
boutons (r = .2083, p = .0105). (d) Representative image of adult-born neurons labeled with 3R-Tau (green), PV+ interneurons (red), and WFA+
PNNs (white). Scale bar = 50 μm. (e) Paired t test comparison of 3R-Tau+ abGC mossy fiber bouton number within 0.5 μm of the PV+ cell surface,
between nearby PV+ interneurons where one cell has weak intensity PNNs (neg-low) and the other has strong intensity PNNs (high). Greater
numbers of boutons surrounded strong PNN+ PV+ interneurons compared with neighboring weak PNN+ PV+ interneurons (t48 = 2.78,
p = .0079). Data are presented as 10–90 percentile box and whisker plots. *p < .05. Related to Figure S1 [Color figure can be viewed at
wileyonlinelibrary.com]
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to neighboring PV+ cells with less intensely stained or no PNN

expression. Furthermore, abGC mossy fiber boutons are more likely

to be found near PV+ cells with more intensely labeled PNNs, which

are also more likely to express PV at higher intensities. Together these

findings demonstrate that mossy fibers of abGCs are more likely to be

found near PV+ interneurons with PNNs than those without.

3.2 | Transgenic inhibition of adult neurogenesis is
associated with fewer PV+ PNN+ interneurons and
with less intense PNNs

To test whether the presence of axons from new neurons influences

PNN expression around PV+ interneurons, we investigated the densi-

ties of PV + PNN+ interneurons in two instances of reduced adult

neurogenesis using a transgenic inhibition model and different aged

mice. First, we confirmed new neurons were significantly reduced in

GFAP-TK mice, a transgenic inducible-knockdown of adult neuro-

genesis when treated with valganciclovir (vgcv) (Figure 4a), compared

with wild-type (WT) and saline-treated controls (ctrl) (β = −78,261.46,

SE = 9,375.88, p < .0001, Cohen's d = .6878) (Figure 4b,c; Table S3).

Once this difference was determined, we proceeded to compare mice

with ablated adult neurogenesis, TK-vgcv, to all three control groups

combined. Next, we tested to see if new neuron densities corresponded

with PV+ PNN+ cell densities and found that a reduction in new neuron

numbers was coincident with a reduction in PV+ PNN+ cell density

(t19.86 = 2.466, p = .0229, Cohen's d = .838) (Figure 3d) and a reduc-

tion in the percent of total PV+ interneurons surrounded by PNNs

(β = −16.20, SE = 6.39, p = .0188, Cohen's d = .360) (Figure S3a). In

addition to the observed reduction in PV+ PNN+ cell densities and

percent colocalization, we found that transgenic knockout of adult

neurogenesis was associated with a reduction in PV+ PNN+ optical

intensity (β = 339.21, SE = 80.66, p = .001, Cohen's d = .237)

(Figure 4e). We then examined whether blocking adult neurogenesis

affected total PV+ density and PNN+ density separately and found

no changes (PV: β = −159.4, SE = 242.5, p = .517; PNN: β = 9.22,

SE = 195.4, p = .963) (Figure S3a). These results suggest that inhibi-

tion of adult neurogenesis is sufficient to reduce PV+ PNNs in both

number and intensity.

To follow up the results from the GFAP-TK experiment, we

explored whether an age-related reduction in adult neurogenesis (P35

compared with P120 mice) was associated with changes in PNNs sur-

rounding PV+ interneurons. As expected, we found that the density

of PSA-NCAM labeled cells was significantly reduced in older mice

F IGURE 3 Adult-generated mossy fibers prefer PV+ interneurons with high-expressing PNNs, where high-expressing PNNs are also
associated with greater PV+ intensity. (a) One sample t test analysis of 3, 6 wpi, and 3R-Tau differences in bouton number between PV+ PNN−
and PV+ PNN+ interneurons. Paired cells in the 3 wpi experiment did not significantly differ from an at chance difference score (y = 0)
(t25 = 0.4642, p = .6465). Paired cells in the 6 wpi (t15 = 3.784, p = .0018) and 3R-Tau (t47 = 2.78, p = .0079) experiments showed positive
difference scores, with a significant bouton bias toward the strong intensity PNN+ PV+ interneuron. Unpaired t test comparing 3 and 6 wpi
difference scores reveal a significant difference between the timepoints (t40 = 2.723, p = .0095). Data are presented as 10–90 percentile box and
whisker plots. (b–d) Positive correlation between mossy fiber mean optical intensity and its surrounding PNN mean optical intensity in the 3 wpi
(r = .4837, p = .0032) (b), 6 wpi (r = .6535, p < .0001) (c), and 3R-Tau (r = .1738, p = .034) (d) experiments. (e–g) Positive correlation between PV+
interneuron mean optical intensity and its surrounding PNN mean optical intensity in the 3 wpi (r = .4065, p < .0001) (e), 6 wpi (r = .2735,
p = .0476) (f), and 3R-Tau (r = .1775, p = .0238) (g) experiments. *p < .05 [Color figure can be viewed at wileyonlinelibrary.com]
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(U = 0.0, n1 = n2 = 7, p = .0006) (Figure S2b; Table S4), consistent with

previous findings (Molofsky et al., 2006). Age-related decline of adult

neurogenesis was not, however, coincident with a significant

reduction in the number of PV+ PNN+ neurons (β = 283.93,

SE = 282.66, p = .335) (Figure S2c). However, we did find that, in older

mice, overall PNN+ cell density was decreased (β = 2,136.87,

F IGURE 4 Transgenic knockdown of adult neurogenesis is associated with reduced number of PV+ PNN+ neurons in the DG. (a)
Representative images of PSA-NCAM labeled adult-born neurons (green) on the left, and PV+ interneurons (magenta), WFA+ PNNs (white), and
DAPI (blue) labeled cells on the right. Images displayed are from wild-type (WT, top row) and transgenic (TK, bottom row) mice treated with vgcv.
Hilus and sgz = ROIs for cell counts. Scale bar = 50 μm. (b) Adult TK mice were given 10.5 weeks of vgcv (n = 7) before tissue collection and
analysis, in addition to littermate controls (n = 7). Aged matched TK mice (n = 7) and littermate controls (n = 5) without vgcv-treatment (ctrl) were
also examined in the PSA-NCAM+ and PV+ PNN+ cell density analyses. (c) TK mice treated with vgcv show a robust decrease in PSA-NCAM+
labeled new neurons in comparison with all control groups (β = −78,261.463, SE = 9,375.875, p < .0001). (d) TK mice treated with vgcv compared
with all control groups combined, yields a significant decrease in PV+ PNN+ density (t19.86 = 2.466, p = .0229). (e) TK mice treated with vgcv have
reduced PV+ PNN optical intensity in comparison to WT mice treated with vgcv (β = 339.21, SE = 80.66, p = .001, Cohen's d = .237). Data are
presented as 10–90 percentile box and whisker plots. *p < .05. Related to Figure S2 and Figure S3 [Color figure can be viewed at
wileyonlinelibrary.com]

BRIONES ET AL. 9

http://wileyonlinelibrary.com


SE = 461.28, p < .0005, Cohen's d = .478) (Figure S3b), but the per-

cent of total PV+ interneurons positive for PNNs (β = −0.1967,

SE = 9.60, p = .984) and PV+ density (β = 310.58, SE = 354.35,

p = .398) was unchanged (Figure S3b). While these findings suggest

that specific near complete reduction of adult neurogenesis is associ-

ated with reduced PV+ PNN+ cells, this effect is not evident when

the number of new neurons differs for experiential reasons.

3.3 | Running-induced increases in new neuron
numbers is associated with reduced numbers of PV+
PNN+ cells

Next, we considered a condition where new neurons were increased

in the DG. Consistent with previous results (Schoenfeld et al., 2013;

van Praag et al., 1999; van Praag, Shubert, Zhao, & Gage, 2005), we

found an increase in adult neurogenesis in mice that had unlimited

access to a running wheel compared to sedentary controls (t11.35 =

−5.774, p = .0001, Cohen's d = .404) (Figure S2e,f; Table S5). How-

ever, the running-induced increase in adult neurogenesis was associ-

ated with a decrease in PV+ PNN+ density, similar to our transgenic

knockdown study (β = −419.47, SE = 183.08, p = .0417, Cohen's

d = .193) (Figure S2g). Surprisingly, running also decreased both the

densities of PNN+ cells (β = 1,120.9, SE = 446.9, p = .0144, Cohen's

d = .478) and PV+ interneurons (β = −820.0, SE = 311.4, p = .0103,

Cohen's d = .6484) (Figure S3c), separately, suggestive of broader

exercise-induced plasticity effects. However, this did not alter the

percent of total PV+ interneurons positive for PNNs in runners com-

pared to controls (β = 2.297, SE = 7.276, p = .758) (Figure S3c).

The results from these studies suggest that numbers of PV+ inter-

neurons and PNNs may change together. To explore this connection

further, we analyzed PV+ density and PNN+ density across all control

groups (WT-ctrl and vgcv, TK-ctrl, P35, SED) and found a positive cor-

relation between the two measures (r = .605, p = .00019). We did not

find this to be true when analyzing a correlation between PSA-NCAM

+ density and PV+ PNN+ density across all control groups (r = −.022,

p = .902). Collectively, these findings suggest that ablation of abGC

axons is sufficient to alter PNNs surrounding PV+ interneurons, but

do not support the hypothesis that abGC axons are required to stimu-

late PNN formation around PV+ interneurons. Additionally, it is

important to consider that experiential-induced changes to adult neu-

rogenesis, in our studies: aging and exercise, likely induce widespread

changes to the hippocampus, many of which are not directly related

to abGCs. Given this evidence, it is likely that PNNs reciprocally pro-

vide an environment that promotes sustained abGC connectivity.

4 | DISCUSSION

Our findings suggest that axons of abGCs in the DG preferentially tar-

get PV+ interneurons with PNNs compared to PV+ interneurons with-

out PNNs. Within the PV+ PNN+ interneuron population, abGC

axons are more likely to be located near PV+ interneurons with

intense PNNs compared with those with less intense PNNs. It is likely

that these results suggest differences in synaptic contact rather than

axons in passing, because the relationship was observed with the

analysis of GFP+ synaptic boutons, axonal entities found to be

colabeled with presynaptic protein synaptophysin. Recent findings

have raised the concern that the use of viruses to label and manipu-

late neurons in the DG may result in the death of abGCs (Johnston

et al., 2020). However, our results using an endogenous marker of

abGCs, 3R-Tau, closely paralleled those from our retrovirus study,

demonstrating that the relationship we observed between abGC

axons and PNN+ interneurons is not the result of toxicity or plasticity

mechanisms engaged through surgical interventions.

Considerable evidence suggests that PNNs play important roles

as general plasticity inhibitors (Faini et al., 2018; Hou et al., 2017;

Pizzorusso et al., 2002; Sorg et al., 2016). More specifically, PNNs

have been shown to inhibit axonal growth (Wang et al., 2008) and

limit receptor movement at hippocampal synapses (Frischknecht

et al., 2009). This general view is consistent with recent evidence that

PV+ PNN+ interneurons in the DG exhibit less experience-dependent

dendritic plasticity than their PV+ PNN− counterparts (Foggetti,

Baccini, Arnold, Schiffelholz, & Wulff, 2019). However, recent findings

suggest that PNNs also enhance LTP in the hippocampus (Shi

et al., 2019), which may increase the impact of innervation by abGCs.

Since abGCs have been shown to exhibit enhanced LTP (Snyder,

Kee, & Wojtowicz, 2001), it is possible that at synapses which involve

postsynaptic targets surrounded by PNNs, that this effect is further

augmented. To better understand the role of PNNs in plasticity, many

studies have degraded PNNs to determine their effects on brain con-

nectivity. As it stands, the current methodology for transient removal

of PNNs is not restricted to PNN components, but rather degrades

the entire extracellular matrix, and is known to alter adult neuro-

genesis (Yamada, Nadanaka, Kitagawa, Takeuchi, & Jinno, 2018),

which would produce unintended effects. Given this limitation, our

study did not investigate the effects of PNN degradation on abGC

synapses on PV+ cells, although future studies using more specific

methods should be applied to this question.

In the adult DG, newly generated neurons receive inhibitory input

and extend their axons into the hilus, where they primarily target

GABAergic inhibitory interneurons (Restivo, Niibori, Mercaldo,

Josselyn, & Frankland, 2015; Toni et al., 2008) and form a

feedforward inhibitory circuit. Previous studies have demonstrated

that individual granule cells possess over 160 varicosities along their

mossy fiber collaterals (Claiborne, Amaral, & Cowan, 1986), innervat-

ing hilar downstream targets including both GABAergic interneurons

and mossy cells, the latter of which are, to our knowledge, not associ-

ated with PNNs. Our study focused on comparisons between PV+

expressing cells with and without PNNs, and it remains unknown

whether abGC mossy fiber bouton numbers differ between PV+ cells

and mossy cells in the DG. While we did not probe this question, it is

important to consider that GABAergic interneurons are the major syn-

aptic target of mossy fibers (Ascády, Kamondi, Sík, Freund, &

Buzsáki, 1998; Restivo et al., 2015), suggesting that a larger propor-

tion of abGC boutons are likely to be found at or near PV+ cells.
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However, future studies are needed to determine the details of this

relationship. Since PNN formation varies across the PV+ population,

an important consideration is how PNNs influence the activity of the

cell. Variation in PNN expression has been shown to be related to

input where decreases in PNN expression have been associated with

increases in inhibitory input, whereas increases in PNN expression

have been associated with increases in excitatory input (Brückner

et al., 1993). Recent work has shown that transient removal of PNNs

in the anterior cingulate cortex and CA1 region of the hippocampus

causes an increase in feedback inhibition onto PV+ interneurons,

resulting in impaired theta oscillations. Conversely, increasing PNNs

specifically around PV+ interneurons enhanced theta oscillations and

improved memory-related behavior (Shi et al., 2019). Additionally,

decreased GABAergic signaling was found to be coincident with the

downregulation of PV protein expression (Lodge et al., 2009; Volman,

Behrens, & Sejnowski, 2011). In parallel, downregulation and

upregulation of PV expression have been observed in conjunction

with increases in inhibitory input and increases in excitatory input,

respectively (Behrens et al., 2007; Filice, Vorckel, Sungur, Wohr, &

Schwaller, 2016; Kinney et al., 2006). One interpretation of these

results suggests that increased PNN intensity would positively corre-

late with levels of PV expression, and we found this to be the case in

3 and 6 wpi retrovirus and 3R-Tau labeled tissue.

One possible implication of our finding that abGC axons are more

often associated with PV+ PNN+ cells, is that innervation by abGCs

drives the formation of PNNs. To investigate this possibility, we

examined PNNs in the DG of three different conditions known to

alter numbers of abGCs. First, we investigated a GFAP-TK transgenic

mouse model of ablated adult neurogenesis and found that mice lac-

king new neurons in the DG exhibited reduced density of PV+ PNN+

cells and percent colocalization of PV+ cells. These findings are con-

sistent with the hypothesis that abGC innervation may drive increased

PNN formation around postsynaptic PV+ targets. Second, we com-

pared mice of two different ages, around the time of puberty and at

4 months of age, where the number of abGCs is known to drop pre-

cipitously between these time points. Although we did not detect a

significant decrease in the density of PV+ PNN+ cells in the older

mice, the mean number of these cells was trending in the expected

direction. Unlike the transgenic adult neurogenesis inhibition model,

the observed decrease in the number of new neurons in older mice

was not a complete reduction and comparatively presented more vari-

ation, which may explain the less definitive result in this latter study.

Future examination of older mice aged one to two years, with levels

of adult neurogenesis more in line with those observed in the trans-

genic knockout mice, would likely reveal more definitive results. Aging

likely involves other major changes in the hippocampus in addition to

decreases in the number of abGCs. In this regard, it is worth noting

that, although the older mice did not show a convincing reduction in

PV+ PNN+ cells, they exhibited a reduction in overall numbers of

PNN+ cells, an effect we did not observe in the transgenic mouse

model. Furthermore, our aging study shows a slight, but not statisti-

cally significant, reduction in PV+ cells, which has been shown to

reduce with advanced age (Ueno, Suemitsu, Okamoto, &

Ishihara, 2017). Third, we examined whether an experiential condition

associated with increased numbers of abGCs, voluntary running,

would have an effect on PV+ PNN+ cells. Surprisingly, given our pre-

vious results, we found a decrease in numbers of PV+ PNN+ neurons

with this comparison, despite substantial increases in the number of

abGCs. We also observed a decrease in the overall number of PV+

and PNN+ cells, separately, in the DG of runners, similar to what we

observed in the older compared with younger mice. However, we

found no difference in the percent of PV+ cells positive for PNNs, an

effect we did observe in the transgenic mouse model, suggesting that

the reduced numbers of PV+ PNN+ interneurons are likely driven by

the observed reduction in PV+ and PNN+ cells in non-overlapping

populations. These findings raise the possibility that innervation from

abGCs may impact PNN formation around PV+ neurons only when

the change in abGCs is specific and near complete.

The interneuron subtypes of PV-negative cells surrounded by

PNNs remain elusive, as little to no calretinin+ or somatostatin+ inter-

neurons have been found to be colocalized with PNNs in the hippo-

campus (Murthy et al., 2019). Thus, the consequences of reduced

PV-negative PNN+ cells on hippocampal function in this study

remains unknown. It is possible that the manipulations analyzed in this

study induce downregulation of PV expression in cells surrounded by

PNNs, such that they are no longer detectable as PV+, but future

studies are needed to test this. Of course, it is important to consider

that both aging and running alter a number of cellular processes, for

example, dendritic complexity, synaptic plasticity, and glial cell num-

bers (Cooper, Moon, & van Praag, 2018; Patterson, 2015), many of which

are unlikely to be directly linked to abGCs. Therefore, it remains the case,

that the most specific alteration in abGCs—the transgenic model we

examined—exhibited reduced PV+ PNN+ cell density and percentage in

conjunction with reduced abGCs. Thus, we cannot rule out the hypothe-

sis that abGC innervation onto PV+ interneurons may drive the cell to

produce more molecules associated with PNNs. The lack of this effect in

the other conditions may be due to the engagement of compensatory or

unrelated processes during aging and running.

An alternative, but not mutually exclusive, hypothesis is that

PNNs surrounding PV+ interneurons may have chemoattractive prop-

erties that guide more abGC axons to grow toward them. Although

this hypothesis has not been directly tested, some molecules

associated with PNNs, such as semaphorin 3A, a regulator of synaptic

inputs (Dick et al., 2013; Vo et al., 2013), or neuronal pentraxin-2,

known to regulate and recruit AMPA receptors on PV+ cells (Pelkey

et al., 2015), are potential candidates to play this role. Brevican,

neurocan, and tenascin PNN components have been shown to be

necessary for both excitatory and inhibitory activity (Geissler

et al., 2013) and maintenance of synaptic strength in the DG (Jansen

et al., 2017), bolstering the claim that PNNs are regulators, not just

inhibitors, of plasticity. It could also be the case that PNNs stabilize

inputs from abGCs, creating a more preferable environment for

maintaining and supporting new synaptic connections. Future studies

investigating synaptic connections of mature abGCs (>12 weeks old)

with PV+ PNN+ and PV+ PNN− cells would provide added insight

into whether preferential connectivity between abGCs and PV+ PNN
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+ cells is sustained. It should also be noted that the majority of granule

cells in the DG are generated during development (Snyder & Cam-

eron, 2012). The mossy fiber innervation patterns of mature granule

cells generated during development would also be interesting to

examine regarding PV+ and PNN+ target interneurons. These addi-

tional analyses would address whether the preference of mossy fibers

to innervate PV+ interneurons with PNNs is a transient feature of

abGCs or whether it is a common feature of all granule cells after they

reach a certain stage of maturation, regardless of the life stage at

which they were born.

This study reveals that axons and boutons of abGCs are more likely

to be associated with PV+ cells surrounded by PNNs, and that a positive

relationship exists between abGC axons and PNN intensity in the

DG. Here, we showed that a large reduction of adult neurogenesis using

a transgenic model was sufficient to substantially decrease PV+ PNN+

cell density, intensity, and colocalization, but that a moderate reduction

with aging was not, nor was the converse observed with a running-

induced increase in new neuron numbers. Together, our results suggest

that PNNs surrounding PV+ interneurons within the DG are the pre-

ferred targets of abGCs, but the extent, to which this relationship is

driven primarily by abGCs, their PNN+ targets, or both, remains to be

further explored.
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