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1.

INTRODUCTION

Post-traumatic epilepsy (PTE) occurs in over 50% of veterans with a history of
penetrating head injury, and individuals with severe head injuries have a seventeen-fold
increased risk of developing epilepsy later in life. Although PTE is a heterogeneous
condition with multiple etiologies, clinical data suggest that it often involves seizure foci
in the temporal lobe, and in particular from within the hippocampus. The hippocampus
manifests numerous anatomical changes in epilepsy, which are thought to mediate its
contribution to neuronal hyperexcitability and seizures. Although the neuroanatomical
changes associated with epilepsy are well described, how these abnormalities lead to
the development of epilepsy are unknown. This CDMRP project is analyzing whether
newly generated neurons in the hippocampus contribute to the formation of
hyperexcitable circuits in a mouse model of posttraumatic epilepsy (PTE). The project’s
specific aims are (1) to assess adult-born hippocampal granule cell contributions to the
formation of recurrent excitatory brain circuits after traumatic brain injury (TBI); (2) to
characterize network properties of circuits involving adult-born granule cells after TBI;
and (3) to assess whether modulation of posttraumatic neurogenesis by diazepam
prevents hippocampal hyperexcitability and posttraumatic epilepsy. If successful, we will
not only substantially increase our understanding of how hippocampal function has
changed after TBI, but we will also investigate the potential of pharmacologic modulation
of the re-wiring process to reduce the subsequent development of epilepsy. This would
have great translational relevance to future human clinical trials, which is a major focus
of our work.

KEYWORDS

Traumatic Brain Injury, Epileptogenesis, Hippocampus, Diazepam, Post-traumatic
Epilepsy

ACCOMPLISHMENTS

What were the major goals of the project?

The goal of this proposal is to identify how epilepsy develops after traumatic brain injury,
and to identify a strategy to prevent PTE. The development of epilepsy after head injury
is often delayed by months or years, which suggests that neuronal circuit functions
change slowly over time. Recent work suggests that newly-born hippocampal neurons
contribute to hippocmpal circuit changes after TBI, so our hypotheses were that (1)
newly born neurons contributed to circuit changes after TBI, (2) that these changes
contributed to circuit changes after TBI, and (3) that we could modulate neurogenesis
after TBI and reduce circuit rewiring and post-traumatic epilepsy. We are investigating
these hypotheses using the following specific aims:

Aim 1: Assess adult-born hippocampal granule cell contributions to the formation of
recurrent excitatory brain circuits after TBI. Milestone: Identification of functionally
aberrant neuronal inputs and outputs formed by adult-born cells after TBI. Anticipated
completion: 14 months. Percent complete: 40%

Aim 2: Assess adult-born granule cell contribution to hippocampal hyperexcitability after
TBI. Milestone: Identification and characterization of circuits formed by neurons born



during post-traumatic neurogenesis. Anticipated completion: 30 months. Percent
complete: 10%

Aim 3: Assess whether modulation of post-traumatic neurogenesis by diazepam
prevents hippocampal hyperexcitability and post-traumatic epilepsy (PTE). Milestone 1:
Identification of a method to normalize neurogenesis after TBI. Anticipated completion:
36 months. Percent complete: 80%. Milestone 2: Understanding the role of aberrantly
developed adult-born neurons in the pathogenesis of epilepsy, and pre-clinical
investigation of a strategy to prevent PTE. Anticipated completion: 36 months. Percent
complete: 5%.

What was accomplished under these goals?

Major activities: The primary activities in the first year of this proposal quarter involved
analysis of circuit rewiring by adult-born hippocampal neurons after TBI. We trained new
staff in single cell electrophysiology on acutely prepared mouse brain slices and
immunohistochemical techniques, built a new electrophysiology recording setup to be
dedicated entirely to this project, and acquired/built a new EEG recording room for the
translational analysis of mice after TBI. Finally, we prepared and published a manuscript
on the effects of diazepam on post-TBI neurogenesis.

Specific objectives: Throughout this year, we worked to obtain data on the circuit
integration of neurons born after injury, and completed a detailed analysis of a potential
therapeutic approach to prevent post-traumatic epilepsy. Physiology and imaging
experiments are ongoing. We also have maintained a colony of genetically modified
mice for analysis, continued to implement regular brain injury modeling, replicated pilot
data using our TBI model, and made novel observations.

Significant results: We now also have a large colony of mice for use in these studies,
and numerous cohorts of mice undergoing various stages of post-injury recovery. Our
new staff have replicated prior results studying the increase in post-traumatic
neurogenesis after TBI in our transgenic mouse model. In addition, we completed part of
the work on Aim 3 of this proposal, and found that diazepam administration for one week
after TBI dramatically reduced the aberrant growth of adult-born neurons born during this
phase of post-injury recovery. Finally, our most recent results suggest that loss of a
certain hippocampal cell type after TBI may be an integral step in the development of
aberrant neurogenesis after TBI, and we are following this line of investigation.

Other Achievements: Our first manuscript directly related to this grant was published in
the Journal of Neurotrauma on August 15, 2019 (Villasana et al., 2019). For a detailed
description of scientific findings, please see this published paper, which is attached in
Appendix 1. We also published another paper related to the involvement of
hippocampal rewiring in recurrent circuit function, which has significant relevance to the
current proposal as it relates to the process of post-seizure neurogenesis (Hendricks et
al., 2019, please see Appendix 2).

What opportunities for training and professional development has the project
provided?



Although this project was not explicitly intended to provide training and professional
development opportunities, two junior scientists obtained significant scientific
development through the performance of this work. The contributions of a graduate
student (Beeson) and a post-baccalaureate researcher (Wilson) have both had
significant training benefits. In the first case, Ms. Beeson obtained experience working
with mouse translational models as well as through the mentorship and training of a
recently graduated undergraduate, Ms. Wilson. In Ms. Wilson’s case, she has been able
to learn advanced neuroscience research techniques and obtained insight into future
career possibilities.

How were the results disseminated to communities of interest?

Our primary methodology involved publication of manuscripts (see below) for
dissemination to the wider scientific community. Additionally, some results from our
work on this project have been presented at an international scientific meeting, with the
intent of raising awareness amongst perioperative clinicians on the mechanisms of post-
injury neurogenesis and how pharmacologic management might modulate this process
(Hendricks, W. D., Westbrook, G. L., and Schnell, E. Sprouted mossy fibers drive
epileptiform activity in mice after brain insults. Association of University
Anesthesiologists Annual Meeting; May 16, 2019; Montréal, Canada).

What do you plan to do during the next reporting period to accomplish the goals?

We will continue to maintain our mouse colony and generate mice for the current work.
Staff are performing regular TBI modeling experiments, histochemical staining/imaging
experiments, and physiologic recordings. Additionally, we have set up a new video-EEG
recording rig (4 simultaneous cages; primarily dedicated to this specific project) together
with our collaborator Dr. Miranda Lim, and we are beginning to obtain pilot recordings
with it. Finally, a new junior faculty member will be joining my lab next spring, and his
first project will be to perform video-EEG recordings from mice after TBIl and assess how
post-traumatic epilepsy is modulated by diazepam. We feel that this aspect of our project
has the most translational relevance to the future management of patients with severe
head injury, and we have been accelerating preparations to pursue this work.

IMPACT

What was the impact on the development of the principal discipline(s) of the
project?

Our prior work demonstrated that adult-born hippocampal neurons contributed potently
to recurrent circuit formation in epilepsy (Hendricks, W. D., Chen, Y., Bensen, A.L.,
Westbrook, G. L., and Schnell, E.; 2017; Short-term Depression of Sprouted Mossy
Fiber Synapses from Adult-born Granule Cells. Journal of Neuroscience, 37(23): 5722-
5735), and our more recent work demonstrated that these recurrent circuits potently
drive epileptiform activity (Hendricks et al. 2019; see Appendix 2). Together, these data
strongly suggest that the aberrant neurogenesis leads to circuit hyperexcitability, and
may directly contribute to epileptic seizures.

Through recent experiments performed as part of this proposal, we have discovered that
diazepam can potently modulate (and normalize) post-injury neurogenesis. In light of our
prior data, we hypothesize that this may have significant implications on the subsequent
occurrence of seizures after TBI. If our mouse EEG recordings validate this hypothesis,
this could directly impact future clinical research, including the development of clinical



trials and potential therapeutic management approaches after TBI which include short-
term administration of diazepam to normalize early post-traumatic neuronal circuit
remodeling, with the goal of reducing the incidence of epilepsy after head injury.

What was the impact on other disciplines?

Nothing to Report.

What was the impact on technology transfer?

Nothing to Report.

What was the impact on society beyond science and technology?

Nothing to Report.

. CHANGES/PROBLEMS

Changes in approach and reasons for change

We have deviated from our expected timeline by accelerating the most translational aim
(Aim 3), which is now partly completed well ahead of our original schedule. This was
done intentionally, as it will allow us to proceed with our EEG experiments in epileptic
mice ahead of schedule as well. Otherwise, we are continuing with our experiments as
originally proposed, with the only minor change comprising of the addition of some
immunohistochemical experiments to help further characterize some additional
morphologic circuit changes that we have noticed after TBI. This is in response to some
compelling preliminary data coming from a related project in the lab, suggesting a
possible mechanism that could explain the aberrant neurogenesis after TBI. We still
plan to perform the originally proposed experiments, but will likely obtain additional data
and perhaps be able to refine/improve our approaches accordingly.

Actual or anticipated problems or delays and actions or plans to resolve them

No problems/issues anticipated at this time. As mentioned previously in our quarterly
reports, our initial data collection was delayed due to the need to breed and age the
appropriate experimental animals (experiments are begun in mice at 2 months of age,
and analyzed an additional 2 months later; thus a guaranteed 5 months before the first
data were acquired). Additionally, due to local hiring constraints and logistic processes,
there was a substantial delay in the on-boarding of a new staff member dedicated to this
project despite the PI's best and most aggressive efforts. The Pl is always aware of the
potential for staff turnover, breeding colony issues, and equipment failure, and thus is
constantly working to acquire spare staff and equipment capacity, to prevent these
potential issues from negatively impacting experimental progress.

Changes that had a significant impact on expenditures

Due in part to the delayed start to data acquisition, we are currently below budget.
However, we expect our overall budget for these experiments to remain the same.



Significant changes in use or care of human subjects, vertebrate animals,
biohazards, and/or select agents

Nothing to report.

PRODUCTS

One manuscript directly related to the Scope of Work in this proposal was published last
month (see Appendix 1):

Villasana, L. E., Peters, A. J., McCallum, R, Liu, C., and Schnell, E. (2019)
Diazepam inhibits post-traumatic neurogenesis and blocks aberrant dendritic
development. Journal of Neurotrauma, 36: 2454-2467.

In addition, our lab published a second manuscript (described above), that was based in
part upon technical developments undertaken in preparation for this proposal, and which
we believe has direct relevance to post-traumatic circuit rewiring that we have reported
after TBI. We have included this manuscript as Appendix 2, as it has helped guide our
work on this CDMRP proposal, and is evidence of the synergy that is possible when
combining multiple translational models in a single lab.

Hendricks, W. D., Westbrook, G. L., and Schnell, E. (2019) Early detonation by
sprouted mossy fibers enables aberrant dentate network activity. Proceedings of the
National Academy of Sciences, U.S.A., 116(22):10994-10999.

Indirectly related to this project, we have generated additional manuscripts that
investigate the fundamental mechanisms underlying the control of circuit plasticity and/or
development of epilepsy, as it relates to the neurogenic niche in the hippocampal
dentate gyrus. The citations for these works are noted here for your reference:

Gupta, K. and Schnell, E. (2019) Post-ictal neuronal network remodeling and Wnt
pathway dysregulation in the intra-hippocampal kainate mouse model of temporal lobe
epilepsy. bioRxiv, 10.1101/604975. [Preprint]

Beeson, K. A, Beeson, R., Westbrook, G. L., and Schnell, E. (2019) 025-2 protein
controls structure and function at the cerebellar climbing fiber synapse. bioRxiv,
10.1101/604975. [Preprint]

Chatzi, C., Zhang, Y., Hendricks, W. D., Chen, Y., Schnell, E., Goodman, R. H.
and Westbrook, G. L. (2019) Exercise-induced enhancement of synaptic
function triggered by the inverse BAR protein, Mtss1L. eLife 8:e45920.

Data from this project also contributed to a presentation at an international scientific
meeting, as mentioned above:

Hendricks, W. D., Westbrook, G. L., and Schnell, E. Sprouted mossy fibers drive
epileptiform activity in mice after brain insults. Association of University
Anesthesiologists Annual Meeting; May 16, 2019; Montréal, Canada
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Changes in active other support of the PD/PI(s) or senior/key personnel since the last
reporting period:

Nothing to report.
Changes in other organizations involved as partners:

Nothing to report.

SPECIAL REPORTING REQUIREMENTS

Quad chart provided on next page.
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9. APPENDICES

Please see the attached manuscripts (Appendix 1 — Villasana et al.; Appendix 2 —

Hendricks et al.).

12



Downloaded by OREGON REGIONAL PRIMATE from www.liebertpub.com at 09/11/19. For personal use only.

JOURNAL OF NEUROTRAUMA 36:2454-2467 (August 15, 2019)
© Mary Ann Liebert, Inc.
DOI: 10.1089/neu.2018.6162

Diazepam Inhibits Post-Traumatic Neurogenesis
and Blocks Aberrant Dendritic Development

Laura E. Villasana,' Austin Peters,’ Raluca McCallum? Chang Liu,' and Eric Schnell'?

Abstract

Traumatic brain injury (TBI) triggers a robust increase in neurogenesis within the dentate gyrus of the hippocampus, but
these new neurons undergo aberrant maturation and dendritic outgrowth. Because gamma-aminobutyric acid (GABA)
receptors (GABA 4Rs) modulate dendritic outgrowth during constitutive neurogenesis and GABA ,R-modulating sedatives
are often administered to human patients after TBI, we investigated whether the benzodiazepine, diazepam (DZP), alters
post-injury hippocampal neurogenesis. We used a controlled cortical impact (CCI) model of TBI in adult mice, and
administered DZP or vehicle continuously for 1 week after injury via osmotic pump. Although DZP did not affect the
neurogenesis rate in control mice, it almost completely prevented the TBI-induced increase in hippocampal neurogenesis
as well as the aberrant dendritic growth of neurons born after TBI. DZP did not reduce cortical injury, reactive gliosis, or
cell proliferation early after injury, but decreased c-Fos activation in the dentate gyrus at both early and late time-points
after TBI, suggesting an association between neuronal activity and post-injury neurogenesis. Because DZP blocks post-
injury neurogenesis, further studies are warranted to assess whether benzodiazepines alter cognitive recovery or the

development of complications after TBI.

Keywords: controlled cortical impact; diazepam; models of injury; neurogenesis; regeneration; traumatic brain injury

Introduction

N 2010, APPROXIMATELY 2.5 MILLION PEOPLE in the United

States sustained a traumatic brain injury (TBI), and over the past
decade, the rate of TBI has increased in men and women by 63%
and 49%, respectively.' As the rate of TBI-related death has de-
clined, more people now live with TBI-related cognitive and
emotional impairments.'~> It was long believed that recovery from
TBI was in part limited by the irreversible loss of neurons; how-
ever, we now know that the adult brain has a limited capacity for
self-renewal through the process of adult neurogenesis.®’ In the
hippocampus, adult-born dentate granule cell neurons are impor-
tant for learning and memory,*'® and may also play important
roles in emotional regulation.' "'

TBI robustly increases hippocampal neurogenesis, and
augmentation of this process after TBI could facilitate cognitive
recovery.'*~>? Alternatively, as neurons born after various neuronal
injuries have functional and morphological abnormalities, > 2’
they could drive negative outcomes such as the development of
post-traumatic epilepsy.?* = Either way, the net effect of post-TBI
neurogenesis on recovery likely depends on the maturation and
neuronal circuit integration of the neurons born after injury.

A variety of signaling mechanisms modulate adult hippocampal
neurogenesis, including ionotropic neurotransmitter receptors.>' =

13-18

Specifically, gamma-aminobutyric acid type A receptors (GA-
BAARs) modulate the proliferation of neuronal stem cells and
neuronal maturation.>>>¢ GABA ARs are also the targets of seda-
tive and anesthetic drugs®’ including benzodiazepines and propo-
fol, which are often administered to hospitalized patients after
severe head injury,®® and thus could affect cell proliferation, mat-
uration, and survival both during constitutive and post-injury adult
neurogenesis.>* '

Thus, we asked whether the prototypical benzodiazepine, diaz-
epam (DZP), administered after TBI affects post-traumatic neu-
rogenesis. We used a controlled cortical impact (CCI) model of TBI
in wild-type and in transgenic POMC-GFP mice, in which green
fluorescent protein (GFP) is selectively expressed by immature
adult-born hippocampal neurons. DZP was administered continu-
ously by osmotic pump for 7 days, beginning shortly after CCI or
sham injury. We subsequently analyzed hippocampal neurogenesis
and histopathological markers in injured and control brains to de-
termine whether DZP modulates post-traumatic neurogenesis.

Methods

Animals

All procedures were performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory

'Department of Anesthesiology and Perioperative Medicine, Oregon Health & Science University, Portland, Oregon.
*Operative Care Division, VA Portland Health Care System, Portland, Oregon.

2454
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DIAZEPAM INHIBITS POST-TRAUMATIC NEUROGENESIS

Animals and were approved by the Institutional Animal Care and
Use Committee at Oregon Health & Science University (OHSU).
Male and female C57Bl/6]J wild-type mice were obtained from
Jackson Labs, and heterozygotic POMC-GFP mice** were ob-
tained by crossing homozygotic mice (maintained on a C57 back-
ground) with wild-type mice.

Controlled cortical impact injury
and diazepam administration

We used a CCI model of TBI in 2-month-old mice as previously
described.>*** Briefly, mice were placed under isoflurane anes-
thesia (2% spontaneously inhaled) and mounted on a stereotaxic
frame. After sterile skin preparation and a midline scalp incision, a
4-mm craniotomy was made unilaterally bordering right of the
midline between lambda and bregma, keeping dura intact. TBI was
induced with a 0.9-mm deformation (4.4 m/sec; 800 msec dwell)
delivered directly onto the exposed dura using an electromagnetic
impactor with a 3-mm cylindrical tip (ImpactOne, Leica Micro-
systems). Sham mice underwent the same surgery and anesthesia
minus the craniotomy and impact.

After CCI or sham treatment, the scalp was closed using sutures
and Vetbond adhesive. While still anesthetized, each mouse was
subcutaneously implanted with a mini-osmotic pump (Alze-
tAP2001; Cupertino, CA) containing either vehicle (1:1 dimethyl
sulfoxide [DMSO]:propylene glycol) or DZP (added to vehicle for
a dose of 15 mg/kg/day), and which had been pre-equilibrated in
saline per the manufacturer’s instructions. Mice were given ear
punches for identification and allowed to recover in a warm padded
chamber for 1h. Osmotic pumps delivered solutions at a rate of
1 pL/h for 1 week and were then surgically removed under iso-
flurane anesthesia. Residual volumes in the pump were all 10% of
predicted volumes based on the implantation/equilibration time.
POMC-GFP mice were sacrificed 2 weeks after sham/CCI for
histological analysis. For any group, littermates were divided be-
tween sham and CCI treatment and between vehicle and DZP pump
implantation.

The number of POMC-GFP mice for each group was: 10 sham-
vehicle (7 females, 3 males), 9 CCI-vehicle (5 females, 4 males), 7
sham-DZP (3 females, 4 males), and 11 CCI-DZP (5 females, 6
males). The number of wild-type mice assessed 3 weeks after CCI
(for BrdU labeling, DCX expression) was 6 sham-vehicle (3 fe-
males, 3 males), 7 CCI-vehicle (3 females, 4 males), 7 sham-DZP
(4 females, 3 males), and 6 CCI-DZP (3 females, 3 males). The
number of wild-type mice assessed 3 days after CCl included a total
of 12 sham-vehicle (7 females, 5 males), 13 CCl-vehicle (8 fe-
males, 5 males), 14 sham-DZP (10 females; 4 males), and 13 CCI-
vehicle (9 females, 4 males). A third cohort of 16 wild-type male
mice was sacrificed 3 h after sham or CCI treatment with pump
implantation, and used to determine the acute effects of DZP on
neuronal activity and cell death. The number of mice per group is
reported in the legend of the figure for each outcome.

BrdU protocol

Wild-type mice received two intraperitoneal injections (4h
apart) of the mitotic marker bromodeoxyuridine (BrdU, 300 mg/kg
dissolved in saline) daily for 2 days, beginning 2 days after CCI or
sham. This saturating BrdU dose provides long-term labeling of
dividing cells and their progeny.** These mice were sacrificed at 3
weeks to assess the density of BrdU™ cells. Neuronal fate specifi-
cation of BrdU" cells was assessed using co-labeling with the
neuronal marker doublecortin (DCX). To determine the effects of
DZP on cell proliferation within the dentate gyrus, a separate cohort
of wild-type mice was injected with BrdU (50 mg/kg) every 2 h for
6h on the second day after surgery, and then sacrificed the fol-
lowing day to minimize the effects of differential early survival on
the BrdU™ cell count.*> This lower dose was chosen to provide a
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continuous level of BrdU for an extended period during the labeling
day, without the need to label multiple rounds of cell division given
the shorter experimental time frame. We did not observe any sex
differences in regard to post-traumatic neurogenesis or cell pro-
liferation in any of our assays, and thus results for both sexes were
combined.

Immunohistochemistry

Immunohistochemistry was performed as previously de-
scribed®® with some modifications. Following a terminal dose of
avertin (1.2%, 1 mL, intraperitoneal [i.p.]), mice were transcar-
dially perfused with phosphate-buffered saline (PBS) followed by
4% paraformaldehyde in PBS. Brains were harvested and post-
fixed overnight. Free-floating coronal sections (150 um thick) were
then prepared using a vibratome. Four sections containing the
hippocampus (two dorsal: approximately -1.46 and -2.18 mm from
bregma; and two ventral: approximately —2.54 and -2.80 mm from
bregma) from each mouse were permeabilized in 0.4% Triton in
PBS (PBST) for 45 min and then blocked for 30 min with 10%
horse serum (HS) in PBST. The sections were then incubated
overnight (4°C) with primary antibodies diluted in PBST with 1.5%
HS. These included rabbit anti-GFP (Alexa Fluor 488 conjugated;
1:400, Invitrogen), goat anti-doublecortin (1:400, Santa Cruz), rat
anti-BrdU (1:400, Abcam), rabbit anti-c-Fos (1:400, Santa Cruz),
rat anti-Ki67 (1:400, eBioscience), and rabbit anti-GFAP (1:1000,
DAKAO). Sections stained with anti-BrdU were first denatured in 2N
hydrochloric acid in potassium-PBS for 30 min (37°C) followed by
a neutralization step (potassium-PBS pH 8.5) prior to staining.

After primary antibody incubation, sections were washed in
PBST and exposed to fluorophore-conjugated secondary antibodies
(Invitrogen) dissolved in PBST +1.5% HS for 4h at room tem-
perature. The sections were then washed in PBST containing DAPI
(1:20,000) and mounted on slides with Fluoromount-G (Southern
Biotech).

Cell death was assessed 3 days after surgery using Fluoro-Jade C
(Histo-chem) staining following the manufacturer’s protocol. Sli-
ces were mounted on gelatinized slides and allowed to air dry at
room temperature before immersion in 100% ethanol (3 min), 70%
ethanol (1 min), and deionized water (1 min). The slides were then
immersed and gently shaken in 0.06% potassium permanganate for
15 min followed by 0.001% Fluoro-Jade C for 30 min. The slides
were washed in water for 1 min 3 times before they were allowed to
dry overnight. The next day, the slides were dipped in xylene 3
times (2min each time) and cover-slipped with DPX (Electron
Microscopy Sciences, Inc.). In a separate cohort of animals, cell
death in the granule cell layer (GCL) and surrounding tissue was
assessed in mice sacrificed 3 h after injury (using the same staining
protocol), to determine whether DZP exerted an immediate effect
on cell death after CCIL.

Confocal microscopy and image analysis

Slides were coded, and the hippocampus of each mouse was
imaged with a Zeiss LSM780 confocal microscope using a
10x0.45 NA or 20x 0.8 NA lens, by an experimenter blinded to
experimental condition. All subsequent analyses were performed
on coded images with ImageJ software.

In BrdU-stained slices from wild-type mice taken either 3 days
or 3 weeks after CCI, all DCX/BrdU double positive cells were
counted throughout a 50-um image stack of the dentate GCL and
the subgranular zone (SGZ), and normalized to the GCL volume.
GCL volume was obtained by multiplying the cross-sectional area
of the GCL in the first optical section by the depth of image stack.
Quantification of Ki-67 staining from mice 3 days after CCI was
performed similar to the BrdU quantification, but sections were
imaged and counted using a 25-um image stack of dentate GCL and
SGZ. To determine the effects of DZP and CCI on neuronal
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activity, slices were stained for the activity-dependent gene c-Fos at
early and late time-points during treatment. In the mice assessed 3
days after CCI, cells within the dentate gyrus positive for c-Fos
were counted in a 30-um thick z-stack of the GCL. In a separate
cohort of mice assessed 3 h after CCI, due to the high density of c-
Fos" cells within the dentate gyrus GCL, the mean intensity of all
pixels corresponding to the GCL (determined via DAPI signal)
within a single confocal section was used to compare group dif-
ferences. Intensity values were normalized by dividing the mean
pixel intensity for each image by the mean c-Fos pixel intensity
from the sham/vehicle stained slices (which was set to 100%).

To compare glial fibrilary acidic protein (GFAP) staining between
groups, the mean pixel intensity in images of the dentate hilus and the
molecular layer was obtained with Imagel], and all values were
normalized to the mean GFAP pixel intensity from the sham/vehicle
stained slices. To count Fluoro-Jade C* cells, single confocal sec-
tions of the dentate gyrus from multiple slices (minimum of 3)
bracketing the injury cavity were used for each mouse. The so-
matosensory cortex was also analyzed separately to assess Fluoro-
Jade C* cell counts and staining quality at the 3 h time-point. For all
imaging experiments, samples were identically processed (side-by-
side), imaging parameters were kept constant between slides, and
blinded investigators performed imaging and image analysis.

To quantify post-traumatic neurogenesis in POMC-GFP mice,
the ipsilateral hippocampus was imaged from tissue harvested 2
weeks after sham or CCIL. This time-point was chosen to allow
analysis of the same population of cells labeled by BrdU in wild-
type mice, as GFP is expressed by immature, adult-born neurons
between 10 and 14 days post-mitosis.** GFP* cells were counted on
single confocal sections from 2 to 4 slices per mouse that included
the molecular layer, the GCL, and theSGZ of the dentate gyrus. The
cell count was normalized to the imaged GCL area of each slice to
estimate GFP* cell density.

The cortical cavity in mice that underwent CCI treatment was
assessed 3 days after surgery by subtracting the area of the ipsi-
lateral cortex immediately beneath the impact site (using a tiled
image acquired with overlapping 4 X images) from the area of the
contralateral cortex from the same slice. All anatomical measure-
ments were collected and analyzed by an investigator blinded to the
group assignment of each animal.

Cell migration and morphology

As adult-born neurons mature, they slowly migrate from the
SGZ of the dentate gyrus outward into the GCL. To determine
whether DZP influences cell migration, the linear distance from the
center of each cell body to the SGZ/hilar border was measured in
the confocal image plane traversing mid-nucleus, using ImageJ as
previously described.”* Cells that migrated backward into the hilus
or out into the molecular layer (defined as migration >10 um away
from the inner border of the SGZ or the outer border of the GCL,
respectively) were counted separately to quantify ectopically mi-
grated cells. Ectopically migrated cells were quantified using single
confocal sections of the dentate gyrus.

To quantify dendritic morphology, we traced the morphology of
GFP" cells from confocal stack images using ImageJ as previously
described.® GFP* cell dendritic trees were imaged in their entirety
(three dimensions) using a confocal stack, and traced in ImageJ. An
average of 5 to 8 cells were traced for 3 to 4 mice/group, and these cell
tracings were analyzed using the ImageJ Sholl analysis plug-in (Ghosh
Lab, http://labs.biology.ucsd.edu/ghosh/software/). All analyses were
performed by an experimenter blinded to experimental condition.

Open field analysis following CCI and during
diazepam administration

The open field test was used to assess locomotor and exploratory
behavior to determine whether the dose of DZP administered had
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any gross effects on mouse activity levels. Three days following
sham or CCI treatment (during DZP or vehicle delivery), mice were
acclimated to single housing for 1h in a holding room during the
morning hours. After acclimatization, they were individually in-
troduced to an open field (40-cm X 40-cm white chamber; 200 lux
luminescence) for 10 min each. The distance traveled, rearing
events (postured upright on rear legs), and velocity were assessed
using video recording and tracking software (Noldus, Ethovision).

Experimental design and statistical analysis

Sample sizes were determined for each group through power
analyses using estimates of effect magnitude and variability to
detect significance at p <0.05 with a power of 80%. For all statis-
tical analyses, data normality was first assessed to determine use of
parametric or non-parametric tests as indicated in the Results sec-
tion. For parametric statistics, a two-way ANCOVA (analysis of
co-variance) was used to compare group differences and potential
interactions. The between-subjects variables consisted of CCI
treatment, DZP exposure, and sex, and litter was used as a covariate
to account for potential variability in cell labeling densities be-
tween litters. A repeated measures analysis of variance (ANOVA)
was used to compare group differences in the Sholl analysis with
the distance from the soma as the within-subject factor and CCI and
DZP treatment as the between-subject factors. A Bonferroni post
hoc test was used to compare specific distance points when there
was a significant interaction between the variables. For non-
parametric statistics, a Mann-Whitney test was used to compare
CCl-treated groups with their respective vehicle or DZP controls.
All figures and statistical analyses were conducted using Prism
(GraphPad Software, La Jolla, CA) and SPSS (IBM SPSS, Armonk,
NY) software. Data are expressed as mean * standard error of the
mean (SEM) and comparisons were considered significant at
p <0.05. The number of mice for each time-point and analysis are
noted in the Methods section and figure legends.

Results
Diazepam inhibits post-traumatic neurogenesis

To determine the effect of DZP on post-traumatic neurogenesis,
wild-type mice were implanted with osmotic pumps after CCI or
sham procedures, to deliver DZP (or vehicle) continuously for 7
days at a sub-anesthetic dose of 15 mg/kg/day (Fig. 1A). This dose
was chosen for its demonstrated pre-clinical efficacy,*® and con-
tinuous delivery was used to model prolonged sedative exposure as
well as to account for the short serum half-life of DZP in rodents
(54-66 min).*”*® These mice were injected with the mitotic marker
BrdU on post-procedure days 2 and 3, to coincide with the peak
level of post-traumatic neurogenesis,'>'® and analyzed 3 weeks
later using immunohistochemistry.

Consistent with prior reports,*® CCI increased hippocampal
neurogenesis (BrdU*/DCX" cell density; see Methods section) in
vehicle-treated mice (sham-vehicle vs. CCl-vehicle; p=0.001,
Mann-Whitney test; Fig. 1B,C). However, DZP treatment for 1
week after CCI completely prevented the CCl-induced enhance-
ment in neurogenesis (sham-DZP vs. CCI-DZP; p=0.12, Mann-
Whitney test; Fig. 1B,C). Interestingly, DZP had no effect on
neurogenesis rate in sham-treated mice (sham-vehicle vs. sham-
DZP; p=0.81, Mann-Whitney test; Fig. 1B,C). Thus, a sub-
anesthetic dose of DZP prevented post-traumatic neurogenesis
without affecting constitutive adult neurogenesis.

As these BrdU" cells were generated during a 2-day time win-
dow early after injury, we broadened our analysis by quantifying
overall DCX™" cell density, which would also include cells gener-
ated after DZP cessation, based on the known expression pattern of
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FIG. 1. Diazepam (DZP) inhibits post-traumatic hippocampal neurogenesis. (A) Experimental design. Two-month-old male and
female POMC-GFP and C57B1/6] wild-type mice underwent a controlled cortical impact (CCI) injury or sham procedure, and were
subsequently implanted with osmotic pumps releasing vehicle (Veh) or DZP. On the second and third day after surgery, wild-type
mice received two injections of BrdU per day. Osmotic pumps were left in place for 1 week and hippocampal neurogenesis was
analyzed 2 or 3 weeks later (separate cohorts). (B) Confocal image projections of the dentate gyrus of wild-type mice perfused 3
weeks after injury, co-labeled with the neuronal marker doublecortin (DCX) and the mitotic marker BrdU. BrdU was overexposed
(equally in all images) to clearly illustrate all BrdU™ cells, including dim cells, against the green DCX" cells. (C) Quantification of
BrdU"/DCX" cell density within the granule cell layer of the dentate gyrus. BrdU/DCXcell density was increased after CCI in
vehicle-treated mice; however, this increase was prevented in injured mice that received DZP immediately after injury (**p <0.01,
sham-vehicle vs. CCI-vehicle treated mice; n=6-9 mice/group). (D) Confocal images of the dentate gyrus of wild-type mice stained
for DCX. (E) Quantification of DCX* cell density within the granule cell layer of the dentate gyrus. CCI increased the density of
DCX" cells in vehicle-treated but not DZP-treated mice (*p <0.05 CCI-vehicle vs. sham-vehicle and CCI-DZP treated mice, n=6-9
mice/group).
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DCX from 1 to 3 weeks post-mitosis.’® Three weeks after CCI,
DCX staining showed a similar pattern (Fig. 1D), as DZP prevented
the CCl-induced increase in DCX" cell density (drug x CCI inter-
action F[1, 23]1=4.970; p=0.036; two-way ANCOVA,; Fig. 1E).
CCI increased the density of DCX" cells in vehicle-treated mice
(main effect of CCI, F[1,14]=8.94; p=0.011; Fig. 1D,E), whereas
CCI did not alter the density of DCX" cells when followed by
1 week of DZP treatment (CCI-DZP vs. sham-DZP; p=0.941;
Fig. 1E). DZP treatment did not affect DCX expression in sham-
treated mice (sham-vehicle vs. sham-DZP; p=0.430; Fig. 1E),
again indicating that a continuous sub-anesthetic dose of benzo-
diazepine does not affect constitutive neurogenesis.

Diazepam does not inhibit cell proliferation after TBI

The DZP-mediated inhibition of post-traumatic neurogenesis
could result from altered stem cell proliferation after CCI in the
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presence of DZP, or alternatively via differential survival of neuronal
precursors.”’ To directly measure the effect of DZP on cell prolif-
eration during the peak period of post-traumatic neurogenesis, we
repeated our CCI protocol on a cohort of mice injected with BrdU on
post-surgery day 2, and analyzed hippocampal tissue on post-surgery
day 3."*'8 In vehicle-treated animals, CCI dramatically increased
cell proliferation, as assessed by the density of newly post-mitotic
cells in the GCL/SGZ (p=0.032; sham-vehicle vs. CCl-vehicle;
Mann-Whitney test; Fig. 2A,B). Surprisingly, DZP did not prevent
the CCl-induced increase in cell proliferation ( p =0.030; sham-DZP
vs. CCI-DZP; Mann-Whitney test; Fig. 2A,B), in sharp contrast with
the DZP-mediated inhibition of neurogenesis noted at later time-
points (Fig. 1). DZP also did not alter proliferation in sham-treated
mice, as assessed by BrdU" cell density (p=0.556; sham-vehicle vs.
sham-DZP; Mann-Whitney test; Fig. 2A,B).

To further investigate this observation with an independent as-
say, we stained hippocampal tissue for Ki67, a nuclear antigen that
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FIG. 2. Diazepam (DZP) does not affect cell proliferation early after controlled cortical impact (CCI). (A) BrdU-stained hippocampal
tissue from sham and CClI-treated mice, exposed to either vehicle or DZP after sham/CCI. Mice were given BrdU 2 days after sham/CCI and
fixed 1 day later to assess hippocampal cell proliferation. (B) Quantification of BrdU" cell density in the granule cell layer and subgranular
zone of the dentate gyrus. Cell proliferation increased similarly in both vehicle- and DZP-exposed mice after injury (*p <0.05 sham-vehicle
vs. CClI-vehicle; sham-DZP vs. CCI-DZP, n =4-6 mice/group). (C) Hippocampal sections stained for the cell proliferation marker Ki67 (red)
treated with either vehicle or DZP, 3 days after sham or CCIL. (D) Quantification of Ki67" cell density within the granule cell layer and
subgranular zone of the dentate gyrus. Cell proliferation, as assessed by Ki67 expression, increased similarly in both vehicle- and DZP-
exposed mice after injury (**p <0.01 sham-vehicle vs. CCI-vehicle; ***p <0.001 sham-DZP vs. CCI-DZP, n=_8-10 mice/group).
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Sham Injured indicates cell proliferation.”®> CCI dramatically increased Ki67

expression in the GCL of the dentate gyrus (Fig. 2C,D). Ki67 ex-
pression increased similarly in both CCl-vehicle (p=0.011; vs.
sham-vehicle; Mann-Whitney test; Fig. 2D) and CCI-DZP groups
(p=0.001; vs. sham-DZP; Mann-Whitney test; Fig. 2D), and im-
portantly, did not differ between CCI groups (p=0.130; CCI-
vehicle vs. CCI-DZP; Mann-Whitney test; Fig. 2D). This obser-
vation further supports the lack of an effect of DZP on post-injury
hippocampal cell proliferation. Again, DZP did not affect cell
proliferation in sham-treated mice, as assayed by Ki67 expression
(p=0.515; sham-vehicle vs. sham-DZP; Mann-Whitney test;
Fig. 2C,D). Together, these data indicate that although DZP inhibits
post-traumatic neurogenesis, this is not mediated by a DZP-induced
decrease in cell proliferation.
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Diazepam prevents aberrant dendritic arborization
of neurons born after TBI

100pm
—p POMC-GFP mice transiently express GFP in immature (10- to
. 14-day-old) hippocampal adult-born neurons, and allow for mor-
Injured phological assessment of immature neurons.** Granule cells born
after TBI exhibit dendritic branching abnormalities,>>** charac-
terized by the increased branching of dendrites close to the soma
and within the inner molecular layer. As dendritic outgrowth is
modulated by GABA4R signaling during cell maturation,*>>* we
analyzed whether DZP affected the dendritic morphology of neu-
rons born after CCI using hippocampal tissue from POMC-GFP
mice 14 days after CCI or sham treatment.

We first examined the magnitude of post-traumatic neurogenesis
in POMC-GFP mice treated with DZP. Consistent with our data
from wild-type mice (Fig. 1B-E), CCI injury increased the densi-
tyof GFP* immature neurons in vehicle-treated POMC-GFP mice
(sham-vehicle =987 £ 101 cells/mmz; CClI-vehicle=1730%£290
cells/fmm? p=0.04, Mann-Whitney test, n=9 mice/group;
Fig. 3A,B), and the CCl-induced increase in GFP*neuron density
was inhibited by DZP (sham-DZP=956=+129 cells/mmz; CCI-
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FIG. 3. Diazepam (DZP) inhibits post-traumatic neurogenesis
and mitigates the effect of traumatic brain injury (TBI) on the
dendritic morphology of adult-born neurons. (A) Representative
images of the dentate gyrus of POMC-GFP mice 2 weeks after
sham or controlled cortical impact (CCI) treatment, illustrating the
increase in immature neuron (GFP") density following CCI in
vehicle-treated but not DZP-treated mice. (B) Higher-power im-
ages demonstrating GFP" granule cell morphology after CCI or
sham procedures in vehicle- and DZP-treated POMC-GFP mice.
Sham-DZP Injured-DZP (C) Representative tracings of adult-born neurons from mice ex-
posed to DZP or vehicle after CCI or sham treatment. (D) Sholl
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DZP=1447+219 cells/mm?; p=0.72, Mann-Whitney test, n=7,
11 mice/group). Again, DZP had no effect on neurogenesis rate in
non-injured POMC-GFP animals (sham-vehicle vs. sham-DZP;
p=0.83, Mann-Whitney test).

Morphological analysis of single GFP* neurons from sham and
CCl-treated mice demonstrated that CCI altered the dendritic
branching of neurons born after injury in vehicle-treated mice
(F[5.189, 171.238]=6.587; p<0.001, CCI by distance interaction,
sham-vehicle vs. CCl-vehicle, repeated measures ANOVA;
Fig. 3C,D). CCl-induced adult-born neurons had more branches at
proximal regions of their dendritic trees and fewer branches at more
distal regions from the soma (20 um, p <0.001; 30 um, p <0.001;
60 um, p <0.05; 70 um, p <0.01; Bonferroni post hoc test; Fig. 3D),
consistent with prior reports.”*>>* In contrast, aberrant proximal
dendritic branching of neurons born after CCI was completely
prevented by DZP treatment, which restored the normal (more
distal) branching pattern of these cells and showed no difference
from sham-vehicle controls in the the branching patterns at any
single point (Fig. 3B-D).

Consistent with the previously described facilatory role of
GABA R activation on dendritic outgrowth,?’ DZP itself caused a
mild but significant increase in dendritic length of immature neu-
rons in sham-treated animals, with no effect on proximal branching
patterns (p>0.05 at 10-60 um, p<0.001 at 70 gum, 80 um, and
90 um, p <0.01 at 100 um, sham-vehicle vs. sham-DZP, Bonferroni
post hoc test; F[4.007, 140.245] =5.656; p < 0.001, drug by distance
interaction, sham-vehicle vs. sham-DZP, repeated measures AN-
OVA, Fig. 3D). Also, as expected for neurons 10 to 14 days post-
mitosis,*> we did not observe dendritic spines on neurons in any
treatment group. As dendritic spines begin to appear on immature
neurons at approximately 16 days post-mitosis,> this suggests that
neither CCI nor DZP treatments accelerated neuronal maturation in
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any group, and that no GFP" cells were generated prior to CCI/-
sham procedures.

Diazepam does not attenuate the enhanced migration
of adult-born neurons after TBI

Aberrant migration of adult-born neurons occurs after various
forms of brain injury, including seizures, strokes, and TBI.'823726-3
In our experiments here, neurons born after TBI also migrated
greater distances from the SGZ (sham-vehicle vs. CCl-vehicle;
p=0.0005, Mann-Whitney test; Fig. 4A,B). However, in contrast to
its other effects on post-injury neurogenesis, DZP did not prevent the
aberrant migration of neurons born after CCI (sham-DZP vs. CCI-
DZP treated mice; p=0.0007, Mann-Whitney test; Fig. 4A,B). DZP
also did not prevent the CCl-induced increase in ectopic cell mi-
gration into the dentate molecular layer (sham-vehicle vs. CCI-
vehicle, p=0.003; sham-DZP vs. CCI-DZP, p=0.002; Mann-
Whitney test; Fig. 4C, left) and actually enhanced the migration of a
subset of adult-born neurons into the hilus (sham-DZP vs. CCI DZP;
p=0.017, Mann-Whitney test; Fig. 4C, right).

Diazepam does not alter neuronal injury, astroglial
activation, or locomotor activity after CCI

The magnitude of post-traumatic neurogenesis is related to injury
severity.'>* Thus, if DZP had neuroprotective effects, it could re-
duce post-traumatic neurogenesis indirectly through mitigation of
the CCl injury. To assess for a potential effect of DZP on brain injury,
we first assessed the degree of tissue damage 3 days after CCL. In
brain sections at the epicenter of the CCI injury, there were no dif-
ferences in the CCl-induced cortical cavity between vehicle- and
DZP-treated mice (p=0.56, Mann-Whitney test; Fig. 5SA,B), indi-
cating that DZP did not decrease the amount of cortex lost to injury.
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FIG. 4. Outward migration of adult-born neurons after controlled cortical impact (CCI) was not affected by diazepam (DZP).
(A) Images of the dentate gyrus from POMC-GFP mice illustrate the migration of adult-born neurons away from the subgranular zone
(SGZ) in sham and injured mice treated with DZP or vehicle. (B) Quantification of migration distance of adult-born neurons from the
SGZ. GFP* neurons generated after injury migrated greater distances from the SGZ compared with those born under sham conditions,
and this was not prevented by DZP (***p <0.001; n=7-11 mice/group). (C) Quantification of ectopic adult-born neuron migration into
the hilus or molecular layer of the dentate gyrus. CCI increased the number of ectopically migrated adult-born neurons in the molecular
layer similarly in both vehicle- or DZP-exposed mice (**p<0.01; n=7-11 mice/group; left). Injured mice treated with DZP actually
had a greater density of adult-born neurons in the hilus compared with their sham-DZP treated control group (*p <0.05), whereas injured
mice not treated with DZP were no different from their sham-vehicle treated control group (p=0.61; sham-vehicle vs. CCI-vehicle

treated mice; n="7-11 mice/group; right).
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FIG. 5. Diazepam (DZP) does not decrease neuronal injury or alter locomotoractivity after controlled cortical impact (CCI).
(A) Images depicting typical cortical injuries in mice exposed to vehicle or DZP. Scale bar: 1 mm. (B) Quantification of cortical loss
after injury. There were no differences between vehicle- and DZP-treated mice (p=0.56, n=6-10 mice/group). (C) Fluoro-Jade C
staining of degenerating cells in the dentate granule cell layer from injured mice exposed to vehicle or DZP. (D) Quantification of
Fluoro-Jade-C* cell density in the granule cell layer of the dentate gyrus, 3 days after injury. There were no differences in the density of
Fluoro-Jade C* cells between injured mice exposed to vehicle and DZP treatment (n=9-11 mice/group). (E) Open field analysis
performed 3 days after sham or CCI demonstrates that mice moved similar distances in the 10-min session in all groups, independent of
vehicle versus DZP treatment (p=0.809, effect of drug, n=4 mice/group). (F) Rearing events during the open field testing did not differ
in frequency between groups (p=0.916). (G) Open field mean velocities from distance traveled also did not differ between groups

(p=0.809).

As this gross anatomical measurement might not be sensitive to
cell death within the parenchyma, we examined cell death with
Fluoro-Jade C after CCI in both vehicle- and DZP-treated mice 3
days after injury. There was no difference in cell death between
CCl-injured mice given vehicle versus DZP (Fig. 5C-D). We also
examined a separate cohort of injured brains 3 h after injury, and
again found no differences in the density of Fluoro-Jade C* cells
between DZP- and vehicle-treated mice in either the GCL (vehicle,
54.5+13.9 cells/um?; DZP, 19.7+6.3 cells/um* p=0.11, Mann-
Whitney test, n=4 mice/group) or peri-lesional cortex (vehicle,
1075+334 cells/umz; DZP, 1248 £ 140 cells/ymz; p=0.49, Mann-
Whitney test, n=4 mice/group).

As neurogenesis is enhanced by locomotor activity,* we as-
sayed whether DZP may have altered post-injury neurogenesis by
reducing mouse locomotor activity levels. First, gross daily ob-
servation of mice did not reveal any sedating effects of our DZP
dose in either CCI- or sham-treated mice (data not shown). How-
ever, as gross observations rely on qualitative assessments, we
quantified open field activity in mice 3 days after injury, to coincide
with the time-point used for our analyses of neurogenesis/mitosis.
DZP did not alter locomotor activity of mice after CCI, based on the
lack of group differences in the total distance moved (p=0.809,
effect of drug; two-way ANOVA, n=4 mice/group; Fig. 5E);
rearing events (p=0.916, vehicle vs. drug; Mann-Whitney test;
Fig. 5F); or in mean velocity (p=0.809, effect of drug; two-way
ANOVA; Fig. 5G). These data indicate that differences in loco-

motor activity do not account for DZP’s specific effects on post-
injury neurogenesis.

Astroglia are activated by neuronal injury and can release factors
that modulate the survival and maturation of adult-born neu-
rons.””™° Astroglia also express benzodiazepine-sensitive GA-
BAARs, which can modulate glial activation.®° Thus, if DZP
altered glial function after injury, either by directly modulating
glial activation or glial proliferation, or by reducing post-injury
signaling to astroglia, it could affect post-injury neurogenesis
through DZP-induced changes in astroglial function.

To assess astroglial activation, we stained hippocampal sections
for the acute phase marker glial fibrillary acidic protein (GFAP),
which increases in expression during glial activation. As has been
commonly observed,'>®" CCI increased the density of GFAP im-
munofluorescence when compared with sham-treated mice re-
ceiving vehicle (p=0.029; sham-vehicle vs. CCI vehicle; Mann-
Whitney test; Fig. 6A,B). This increase in GFAP staining after CCI
was similar in DZP-treated animals (p=0.0087; sham-DZP vs.
CCI-DZP; Mann-Whitney test; Fig. 6A,B), and was not different
between CCI-vehicle and CCI-DZP treated mice (p =0.413, Mann-
Whitney test). The data not only indicate that astroglial activation
was not reduced by DZP, but also provide further evidence that
injury magnitude was not affected by DZP.

Additionally, mice were weighed just before and 1 week after
DZP exposure to globally assess the potential of DZP-induced
weight changes, which could indicate other effects on mouse health
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FIG. 6. Diazepam (DZP) does not attenuate glial activation after controlled cortical impact (CCI). (A) Images of glial fibrilary acidic
protein (GFAP)-stained hippocampal tissue from sham- or CCl-treated mice exposed to vehicle or DZP. (B) Quantification of GFAP
immunoreactivity within the dentate gyrus (molecular layer and hilar pixel intensities were combined, as there were no regional
differences), normalized to mean pixel intensity of sham/vehicle-treated sections. CCI injury increased GFAP intensity irrespective of
drug treatment (*p <0.05, sham-vehicle vs. CCI-vehicle; **p<0.01, sham-DZP vs. CCI-DZP, n=4-6 mice/group).

or nutritional status. Although post-injury weight gain was slightly
lower in both groups of CCI-treated mice, mouse weight was un-
affected by DZP (change in weight during the week of pump ex-
posure: sham-vehicle=0.6810.14 g; CCl-vehicle=0.44+0.29 g;
sham-DZP=1.09+0.26g; CCI-DZP=0.26+0.16g; two-way
ANOVA, F[1,25]=4.242, p =0.0499 main effect of CCI; p=0.666
for effect of DZP, n="7 mice/group).

Diazepam inhibits the injury-induced burst of neuronal
activity in the dentate gyrus

TBI induces dramatic changes in neuronal activity, both directly
at the time of injury, and in subsequent weeks due to neuronal death
and dysfunction.23’63 In humans, TBI can cause clinical or sub-
clinical seizures at or near the time of injury.®* As neuronal activity
and seizures can positively modulate neurogenesis,”>®>%® we
postulated that DZP might reduce post-traumatic neurogenesis by
reducing neuronal activity. To assay neuronal activity during the
early post-injury period, we stained hippocampi from CCI- and
sham-treated mice for the activity-dependent gene c-Fos.

As previously described,'>$”®® injury transiently increased
neuronal activity in the hippocampal dentate gyrus in vehicle-
exposed mice within hours after injury (Fig. 7A,B; p=0.029,
Mann-Whitney test, n=4/group). At this same time-point, DZP-
treated mice did not demonstrate a statistically significant increase
in c-Fos™ expression after CCI (Fig. 7A,B; p=0.40, Mann-Whitney
test, n=3, 3-4 mice) indicating that DZP had attenuated the early
injury-induced burst of hippocampal neural activity, shortly after
osmotic pump implantation.

Three days after injury, DZP caused an overall reduction of
neuronal activity within the GCL of mice in both sham and CCI
groups, as quantified using c-Fos™ cell density (F[1,33]=25.63,
p=0.00002; main effect of drug, two-way ANOVA; Fig. 7C,D,F).
Independently, CCI was associated with reduced c-Fos™ activation
in the dentate gyrus in both drug treatment groups (F[1,33]=13.2,

p=0.0009; main effect of CCI, two-way ANOVA; Fig. 7E), which
may be the immunohistochemical manifestation of post-traumatic
neural depression that has been described in both humans and an-
imals after TBL.®” Thus, at both early and late phases after injury,
DZP inhibited neuronal activity throughout the dentate gyrus,
which was associated with both quantitative and qualitative nor-
malization of post-traumatic neurogenesis.

Discussion

DZP prevented post-traumatic neurogenesis and inhibited the
aberrant dendritic development of neurons born after TBI. This not
only has implications for our mechanistic understanding of injury-
induced neurogenesis, but will facilitate future investigation into
the importance of post-traumatic neurogenesis to recovery after
brain injury.

Activity-dependent mechanisms in neurogenesis

Constitutive neurogenesis is strongly regulated by network ac-
tivity, as environmental/behavioral contingencies and the direct
activation of neurotransmitter-binding receptors can increase the
proliferation of stem cells and survival of adult born neu-
rons.*>%67%73 Thys, it is plausible that these mechanisms could
sculpt the neurogenic response after injury as well. TBIs are known
to induce seizure-like activity early after injury,”* and seizures
increase neurogenesis and alter the dendritic structure of adult-born
neurons.”®?” Thus, the inhibition of post-traumatic neurogenesis by
DZP could be due to inhibition of circuit hyperactivity after injury,
and in particular via suppression of sub-clinical seizure activity
after TBI. Although we did not directly measure seizure activity
after CCl in our mice, our c-fos staining indicated that DZP reduced
activity during both early and late phases after injury, consistent
with the known seizure-suppressing effects of benzodiazepines.”

Our finding that DZP normalized the dendritic development of
cells generated after injury is surprising, due to the time course of
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FIG. 7. Diazepam (DZP) reduces neuronal activity after CCI. (A) Images of the dentate gyrus of sham or injured mice treated with
DZP or vehicle, 3 h after treatment. White lines delineate the traced granule cell layer (GCL) used for quantification. (B) Mean pixel
intensity of c-fos immunoreactivity within the GCL, normalized to mean pixel intensity of sham/vehicle-treated sections. Injury
significantly increased c-fos expression in vehicle-treated, but not DZP-treated, mice (*p <0.05, sham-vehicle vs. CCI-vehicle; p=0.40;
sham-DZP vs. CCI-DZP, n=3-4 mice per group). (C) c-Fos staining (red) in the dentate gyrus of sham-and CCl-injured mice treated
with DZP or vehicle, 3 days after sham or CCI injury. DAPI (blue) shows the outline of the GCL of the dentate gyrus. (D) Quantification
of c-fos™ cell density. (E) c-fos* cell density was reduced by CCI injury independent of drug treatment (**p<0.001) and by (F) DZP

independent of CCI treatment (***p <0.0001; n=8-10 mice/group).

drug administration relative to dendritic outgrowth. DZP was re-
moved after the first post-injury week, before the majority of the
dendritic outgrowth by this population of cells would have oc-
curred,* yet the cells still exhibited dendritic branching patterns
that were similar to cells born in uninjured brains. This suggests
that DZP induced longer-lasting changes in the hippocampal sig-
naling environment, or caused other changes in gene expression in
these neurons’® that persisted after DZP exposure ended.

DZP blocked post-traumatic neurogenesis without affecting the
early burst of cell proliferation after injury, and inhibited the ab-
errant dendritic development of these cells without preventing their
enhanced outward migration. Thus, our data suggest that post-
traumatic neurogenesis is influenced by multiple different signals,
which drive both an early hyperproliferative response as well as
subsequent alterations in neuronal survival, cell migration, and
dendritic arborization. As glial activation and neuronal cell death
were unaffected by DZP, we propose that glial-derived or other

injury-related signals drive the increase in hippocampal stem cell
proliferation,”7’ ! after which neuronal activity or GABAR-
mediated signaling is required for the successful maturation of
these cells into neurons. This is consistent with the notion that
survival signaling can involve both an activity-independent early
phase and an activity-dependent late phase.*>~*%%#3 Similarly, our
observation that DZP does not block the TBI-induced migration of
adult-born cells suggests that migration of these cells after injury is
controlled by other injury-induced alterations in signaling gradi-
ents, such as reelin, which were not affected by DZP.

Finally, it must be noted that although we found an association
between the DZP-induced reduction in neuronal activity and the
normalization of neurogenesis, our work does not establish a causal
relationship between these two observations. Although this would
be difficult to prove in vivo, we suspect that further studies of the
specific signaling mechanisms involved will shed light on this
question.
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GABA ,R-mediated modulation of neurogenesis

DZP could also have directly affected the survival of adult-born
neurons by modulating GABA,Rs on individual adult-born neu-
rons in a cell-autonomous manner. Functional GABARs are ex-
pressed on the membranes of neuronal precursor cells and radial
glial cells,”’84 and DZP, a GABA4R allosteric modulator, could
increase signaling via those receptors. Although GABA 5Rs control
the rate of adult-born neuron maturation and dendritic outgrowth,**
data suggesting that GABAAR activity directly modulates cell
proliferation and survival are less clear.

Prior studies have obtained conflicting results regarding the ef-
fects of DZP on neurogenesis rates in healthy animals, with either
no or minimal effect,*>7 an increase in cell proliferation,*° or a net
decrease in neurogenesis.’*’* In apparent contrast to results ob-
tained by Song and colleagues,*® we did not observe an effect of
DZP in sham-treated animals, although we employed a different
dosing strategy (continuous administration vs. once-daily i.p. in-
jection). We chose to administer DZP via pump given the short
(~ 1h) half-life of DZP in rodents,*”*® and to model continuous
drug administration, as might be expected for humans receiving
prolonged sedative infusions during post-injury intensive care.
These different dosing strategies drive differential gene expression
patterns in vivo,® and thus could explain this discrepancy.

Our results are reminiscent of a recent study in which DZP
completely prevented the early phases of post-ischemic neuro-
genesis when administered for just 3 days after stroke.®” This study,
however, did not examine cells after neuronal differentiation and
early maturation had commenced, so it is unclear whether other
aspects of post-ischemic neurogenesis, such as the aberrant matu-
ration of adult-born granule cells,” were also affected.

Future work will hopefully determine whether the effect of DZP
on adult-born granule cells is cell autonomous or mediated by
changes in network activity. In this regard, it would be of interest to
determine whether other GABA AR agonists used in the manage-
ment of acute head injury, such as propofol or etomidate, have
similar effects on post-injury neurogenesis during prolonged ad-
ministration, as they modulate GABAARs at different binding sites
and have different off-target effects.”®”!

Implications for functional recovery

Although neurons born after TBI likely contribute to hippo-
campal information processing after injury,> it is unknown whe-
ther increased neurogenesis is beneficial or maladaptive,
particularly given the abnormal morphology and aberrant migra-
tion of cells born after injury.*** Because neurons born after other
brain injuries aberrantly integrate into the hippocampal net-
work®>?® and might play a role in driving neuropathology,® it is
possible that aberrantly developed neurons could drive long-term
circuit dysfunction after TBI, for example, by driving hippocampal
hyperexcitability and post-traumatic epilepsy, or via depletion of
the stem cell pool.>*>

Previous attempts to assess the functional significance of post-
traumatic neurogenesis have done so via genetic or pharmacolog-
ical inhibition of neurogenesis, followed by behavioral assessment
of cognitive performance.”*** However, these studies inhibited
neurogenesis below baseline levels, which alone causes cognitive
impairments.**>7 An alternative approach has involved the ad-
ministration of growth factors to increase neurogenesis after
TBIZO’21’98_100; however, growth factors can modulate other neu-
ronal functions, such as synaptic plasticity.'®" As DZP appeared to
normalize post-traumatic neurogenesis both quantitatively and
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qualitatively, it will facilitate analysis of whether the alterations in
neurogenesis after TBI positively or negatively affect long-term
outcomes.

The contribution of hippocampal neurogenesis to recovery after
human TBI is unknown. Although hippocampal neurogenesis has
been demonstrated in adult humans using a variety of different
techniques,”"'%>~'% there is a lack of data on human neurogenesis
after TBI, which likely results from difficulty in obtaining samples
at the appropriate post-injury interval. One study examined pedi-
atric brains after TBI with a very short, mean post-injury survival of
just 33h, and did not see evidence of increased neurogenesis.'®
However, this is before increased neurogenesis is observed in ro-
dent models'® and thus, these samples may have been obtained
before the initiation of post-injury neurogenesis. Interestingly, the
one sample from this study obtained 7 days after injury demon-
strated a notable increase in hippocampal neurogenesis. As histo-
chemical studies have inherent limitations due to tissue availability
and processing, perhaps non-invasive quantification of neurogen-
esis'”’could one day conclusively characterize the course of post-
injury neurogenesis in humans.
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In temporal lobe epilepsy, sprouting of hippocampal mossy fiber
axons onto dentate granule cell dendrites creates a recurrent
excitatory network. However, unlike mossy fibers projecting to CA3,
sprouted mossy fiber synapses depress upon repetitive activation.
Thus, despite their proximal location, relatively large presynaptic
terminals, and ability to excite target neurons, the impact of sprouted
mossy fiber synapses on hippocampal hyperexcitability is unclear. We
find that despite their short-term depression, single episodes of
sprouted mossy fiber activation in hippocampal slices initiated bursts
of recurrent polysynaptic excitation. Consistent with a contribution to
network hyperexcitability, optogenetic activation of sprouted mossy
fibers reliably triggered action potential firing in postsynaptic dentate
granule cells after single light pulses. This pattern resulted in a shift in
network recruitment dynamics to an “early detonation” mode and an
increased probability of release compared with mossy fiber synapses
in CA3. A lack of tonic adenosine-mediated inhibition contributed to
the higher probability of glutamate release, thus facilitating reverber-
ant circuit activity.

epilepsy | mossy fiber | sprouting | seizure | adenosine

Mossy fibers contacting CA3 pyramidal cells have a low
probability of release (P;) but show profound short-term
facilitation (1). These “conditional detonator” synapses strongly
drive postsynaptic cell firing during repetitive activation (2). In
experimental and human epilepsy, mossy fiber axons sprout
collaterals onto the proximal dendrites of other dentate granule
cells (3-6), where conditional detonation could be highly epi-
leptogenic. However, sprouted mossy fibers are smaller than
mossy fiber synapses in CA3 (7-9) and rapidly depress during
repetitive activation (8), suggesting the extent with which they
drive seizure activity could be limited (10).

Despite multiple lines of evidence demonstrating de novo
recurrent connections in rodent models of epilepsy, the impact
of mossy fiber sprouting on circuit dynamics remains uncertain
(11-14). Sprouted mossy fibers are absent under nonpathological
conditions, and the formation of novel recurrent connections
capable of activating postsynaptic granule cells (15) could induce
runaway excitation, particularly if they robustly activate the typi-
cally quiescent dentate network. Although increased dentate ex-
citation occurs in temporal lobe epilepsy (16, 17), the challenge of
isolating and selectively stimulating sprouted mossy fibers has
severely hampered studies that directly examine sprouted mossy
fiber synapses (15) and an understanding of how the activation of
these fibers might contribute to epileptiform activity.

Here, we selectively activated sprouted mossy fiber axons with
optogenetics to determine their influence on postsynaptic gran-
ule cell firing and dentate gyrus activity. We find that sprouted
mossy fibers reliably drive postsynaptic action potential (AP)
firing in dentate granule cells and initiate recurrent circuit ac-
tivity even in the absence of manipulations to increase excit-
ability. This effect is mediated by increased release probability at
these synapses, attributed to a lack of tonic adenosine signaling
in the inner molecular layer of the dentate gyrus. The increased
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P, allows sprouted mossy fiber activation to reliably recruit
postsynaptic circuits, as primed network “spark plugs.”

Results

As the functional contribution of mossy fiber sprouting to epi-
leptogenesis remains controversial (10-13), we combined the
pilocarpine model of temporal lobe epilepsy with electrophysiol-
ogy to directly examine the contribution of sprouted mossy fiber
activation to epileptiform activity, as this model reliably induces
dense mossy fiber sprouting (see Methods, also see ref. 8). To
isolate sprouted mossy fibers from other granule cell inputs, we
used DcxCre::ChR2 mice (18) to selectively label neonatally born
granule cells with channelrhodopsin2 (ChR2) (Fig. 14). We then
prepared acute mouse hippocampal slices and optogenetically
activated sprouted mossy fibers while recording from ChR2-
negative (unlabeled) granule cells (Fig. 1 B and C and SI Ap-
pendix, Fig. S1; also see ref. 8). Optogenetic activation of sprouted
mossy fibers evoked EPSCs in dentate granule cells only in slices
from pilocarpine-treated mice (Fig. 1 D and E; also see ref. 8).
Postsynaptic cells, filled with Alexa Fluor 568 dye during record-
ings, did not have hilar basal dendrites (0 of 32 cells; Fig. 1C),
indicating that LED-evoked responses originated from recurrent
(sprouted mossy fiber) synaptic inputs.

In addition to monosynaptic sprouted mossy fiber—granule cell
(smf-GC) EPSCs, we frequently observed LED-evoked epilep-
tiform activity following single light pulses (Fig. 1D, Right). Re-
sponses identified as bursts had, on average, 2.3 + 0.3 EPSCs
during a burst (n = 13 cells). These bursts were not a result of
altered intrinsic properties compared with cells with single or no
evoked recurrent EPSCs (R;, input resistance: cells without
bursts, 610 + 47 MQ, n = 19 cells; cells with bursts, 527 + 77 MQ,
n = 13 cells; unpaired ¢ test, 1390 = 0.9711, P = 0.3392; C,,, cell

Significance

Sprouted mossy fibers are one of the hallmark histopathological
findings in experimental and human temporal lobe epilepsy.
These fibers form recurrent excitatory synapses onto other
dentate granule cells that display profound short-term de-
pression. Here, however, we show that although these sprouted
mossy fibers weaken substantially during repetitive activation,
their initial high probability of glutamate release can activate
reverberant network activity. Furthermore, we find that a lack of
tonic adenosine inhibition enables this high probability of re-
lease and, consequently, recurrent network activity.
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Fig. 1. Stimulation of sprouted mossy fibers triggers spiking in postsynaptic dentate granule cells and recurrent network activity. (A) Experimental design for
granule cell labeling and induction of epileptic mossy fiber sprouting. DcxCreER™ mice were bred with conditional ChR2-YFP (Ai32) reporter mice (Upper) and
given TAM at P8 to turn on reporter gene expression (Lower). At 2 mo old (P60), mice were given pilocarpine to induce seizures and mossy fiber sprouting or
kept as controls. All analysis was at P120. (B) Whole-cell recordings were performed on ChR2-negative dentate granule cells (black circles) and sprouted mossy
fiber axons were stimulated with blue (470 nm) LED light delivered through the objective. (C) Representative confocal image of a recorded granule cell filled
with Alexa Fluor 568 (50 pM) during whole-cell recording (levels and gamma adjusted for clarity). Asterisk designates mossy fiber axon; no basal dendrites
were present. (Scale bar: 10 um.) (D) Example traces from cells with no response (Upper Left), single EPSCs (Lower Left), and epileptiform bursts (Right) after
single optogenetic stimulation of ChR2" granule cells (blue arrows). Scale bar at Right applies to all traces. (E) Frequency of cells with no response (NR), single
EPSCs (Single), and EPSC bursts (Burst) in control and epileptic mice. Number of cells in each category are listed on the graph. (F) Three consecutive traces
taken from a cell with EPSC bursts. Optogenetic stimulation (blue arrow) evoked an initial EPSC (likely monosynaptic) followed by variably timed burst EPSCs.
Gold stars designate detected EPSCs. EPSCs occurring later in the sweep were not counted, as they did not occur within our 100-ms poststimulus timeframe to
be considered part of the burst. (G) Jitter (trial to trial variability of EPSC onsets, as SD) taken from the first three peaks in an EPSC burst is increased after the
first EPSC peak (EPSC jitter: Peak 1, n = 13; Peak 2, n = 13; Peak 3, n = 10; one-way ANOVA, F, 33 = 12.0, P = 0.0001; Tukey’s test, Peak 1 vs. Peak 2, P = 0.0105;
Peak 1 vs. Peak 3, P < 0.0001; Peak 2 vs. Peak 3, P = 0.1544). High variability in second and third EPSC peaks within a burst suggest that they result from
polysynaptic activity. Summary data presented as mean + SEM. *P < 0.05; ***P < 0.001; ns, not significant.

capacitance: cells without bursts, 51.5 + 3.8 pF, n = 19 cells; cells
with bursts, 46.8 + 3.8, n = 13 cells; unpaired ¢ test, 39 = 0.8302,
P = 0.4130). Optogenetic stimulation only elicited single spikes
in ChR2-expressing granule cells (number of APs per 1 ms of
light pulse: 0.98 + 0.09, n = 5 cells), indicating that sprouted
mossy fiber activation initiated recurrent activity. Consistent with
polysynaptic activation, EPSC peaks during bursts (EPSC peaks
2-3) had high jitter (Fig. 1 F and G). One possible source of
these bursts is through the activation of additional populations of
granule cells with their own sprouted mossy fibers, if sprouted
mossy fibers could effectively drive postsynaptic firing.

Unlike healthy mossy fiber-CA3 synapses (1) that are de-
scribed as conditional detonators, sprouted mossy fiber synapses
exhibit profound frequency-dependent short-term depression (SI

Hendricks et al.

Appendix, Fig. S2, see also ref. 8), which may limit their ability to
drive postsynaptic firing (10). Thus, we compared patterns of
synaptically evoked spike generation in postsynaptic target cells
at these two different synapses using a short 10-Hz train of
optogenetic stimulation. In striking contrast to synaptic facilita-
tion and delayed CA3 pyramidal cell spike generation at mf-CA3
synapses, 10-Hz stimulation of sprouted mossy fiber synapses
induced postsynaptic spikes only at the beginning of the train
(Fig. 2). Importantly, this firing pattern did not result from a
failure to activate sprouted mossy fibers in epileptic brains, as
these fibers maintain AP fidelity throughout optogenetic trains
(SI Appendix, Fig. S1). Thus, the failure to maintain postsynaptic
activation resulted instead from reduced glutamate release later
in the train, consistent with short-term synaptic depression at
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Fig. 2. Sprouted mossy fiber activation drives postsynaptic granule cell fir-
ing early during brief trains. (A) Representative current clamp recordings
during mf-CA3 (black trace) and smf-GC (red trace) activation by 10-Hz,
10-pulse LED trains (blue arrows). Dashed boxes represent insets (below)
highlighting facilitation of mf-CA3 EPSPs (Left) and depression of smf-GC
EPSPs (Right). (B) AP probability (Upper) is shifted to the first stimulus af-
ter smf-GC activation relative to mf-CA3 activation (mf-CA3, n = 6 cells; smf-
GC, n = 8 cells, two-way RM ANOVA, F; 1, = 85.68, P < 0.0001; Sidak’s
multiple comparisons test, Stimulus 1, P = 0.0048, Stimuli 2-9, all P < 0.0001,
Stimulus 10, P = 0.0006). Cumulative AP distribution (Lower) was also sig-
nificantly shifted (Kolmogorov-Smirnov test, P = 0.0006). Summary data
presented as mean + SEM ***P < 0.001.

these synapses (8). Despite this depression, however, single
pulses triggered circuit activation sufficient to recruit additional
recurrent networks (Fig. 1D).

Both the frequency-dependent short-term depression and the
robust initial recruitment of postsynaptic cell firing during re-
current activation (Fig. 2B) could result from a high initial P, at
sprouted mossy fiber synapses. To directly test for increased P;,
we measured use-dependent MK-801 block kinetics during ac-
tivation of both types of mossy fiber synapses. Optogenetically
evoked NMDAR-mediated synaptic currents were isolated by
voltage-clamping granule cells to —70 mV in Mg**-free ACSF, in
the presence of NBQX (10 pM) and SR95531 (10 pM) to block
AMPA and GABA, receptors, respectively. After baseline
EPSC recording, LED stimulation was paused for 10 min while
MK-801 (40 pM) was washed onto the slice and allowed to
equilibrate. Upon resuming LED stimulation (0.05 Hz), MK-801
progressively blocked NMDAR-EPSCs from smf-GC and mf-CA3
synapses (Fig. 34). The rate of block was faster for sprouted mossy
fiber synapses (Fig. 3B), indicating a higher P,. Interestingly, MK-
801 block rate at smf-GC synapses was better fit by a double-
exponential decay model (Fig. 3C), whereas at mf-CA3 syn-
apses, a single exponential model was sufficient, suggesting increased
synaptic heterogeneity at sprouted mossy fiber synapses (19). Overall,
the increased P; at sprouted mossy fiber synapses likely contributes to
target granule cell firing and, therefore, the spread of recurrent ex-
citation in epileptic brains.

Extracellular adenosine inhibits neurotransmitter release at
mossy fiber synapses in CA3 via Al-type adenosine receptors
(A1Rs) located on mossy fiber terminals. This tonic activation of
presynaptic A;Rs contributes to the profound short-term plas-
ticity at these synapses (20, 21). As altered adenosine metabo-
lism may be a contributing factor in epileptogenesis (22-24), we
posited that sprouted mossy fibers might manifest an increased
P, due to a reduction in A;R-mediated inhibition. To measure
tonic A;R-mediated inhibition of sprouted mossy fibers in epi-
leptic mice, we washed on the selective high-affinity AjR an-
tagonist, 8-Cyclopentyl-1,3-dipropylxanthine (DPCPX, 200 nM),
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while recording sprouted mossy fiber-mediated responses. In
contrast to the enhancement of synaptic transmission at healthy
mf-CA3 synapses (Fig. 4 A and B, also see ref. 20), DPCPX had no
effect on sprouted mossy fiber EPSCs (Fig. 4 A and B), indicating a
lack of tonic AR signaling. The DPCPX-induced increase in
EPSC amplitudes at mf-CA3 synapses coincided with decreased
PPR (paired-pulse ratio, P,/P;: pre-DPCPX, 2.36 + 0.37; post-
DPCPX, 1.37 + 0.12, n = 6 cells; paired ¢ test, t5 = 3.408 P =
0.0191), as expected for a presynaptic effect on A;Rs.

To determine whether the lack of tonic A;R-mediated in-
hibition at sprouted mossy fiber synapses resulted from an ab-
sence of presynaptic adenosine receptors, we washed on the
selective A;R agonist, 2-Chloro-N°-cyclopentyladenosine (CCPA,
1 pM). CCPA reduced sprouted mossy fiber EPSCs (Fig. 4 C and
D) and increased paired-pulse facilitation (SI Appendix, Fig. S3).
Thus, A;Rs were present and functional on sprouted mossy fiber
terminals, indicating that the lack of tonic AjR modulation was
due to a reduced extracellular adenosine concentration. CCPA
decreased the probability of release at sprouted mossy fiber syn-
apses, but it did not restore frequency facilitation (SI Appendix,
Fig. S4), suggesting that the molecular mechanisms underlying
synaptic facilitation at mossy fiber terminals cannot be restored
solely by increasing AR activation.

Finally, to test whether reduced AR activation and increased
P, at sprouted mossy fiber synapses contributes to recurrent
circuit activation, we examined the effect of AR activation using
hippocampal slices from epileptic mice. When applied to slices
demonstrating EPSC bursts after sprouted mossy fiber activa-
tion, the AR agonist CCPA reduced recurrent EPSCs (Fig. 4 E
and F) as well as the charge transfer carried by polysynaptic
bursts (% of total charge transfer carried by burst: pre-CCPA,
36.5 + 5.1%, post-CCPA 22.8 + 4.4%, n = 5 cells, paired ¢ test,
ty = 3.497, P = 0.0250). Together, these data indicate that
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Fig. 3. Elevated probability of release at sprouted mossy fiber synapses. (A)
P, was measured from the kinetics of use-dependent MK-801 block of
NMDAR-mediated EPSCs during 0.05-Hz LED stimulation. Averaged and
normalized responses (Left) are plotted before and after bath application of
MK-801 (40 pM; mf-CA3, n = 8; smf-GC, n = 7). Representative, peak-scaled
NMDAR EPSC averages (Right) were taken during baseline, shortly after
resuming LED stimulation, and at the end of the experiment, numbered 1, 2,
3, respectively. (B) Average rate of MK-801 block measured in individual
cells. MK-801 rate of block was significantly faster at sprouted mossy fiber
synapses (unpaired t test, t;3 = 3.942, P = 0.0017), indicating higher P,. (C)
Same as in A, but only showing the first 15 sweeps in MK-801. Single (solid
lines) and double (dashed lines) exponential fits are plotted for smf-GC (red
and blue) and mf-CA3 (black and green). Sprouted mossy fibers are better fit
by double exponential decays (extra sum of squares F test, F 395 = 5.07, P =
0.0067), whereas mf-CA3 synapses are fit identically by single and double
models. All data are presented as mean + SEM. **P < 0.01.
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Fig. 4. Lack of tonic adenosine contributes to increased release probability
and polysynaptic activity. (A) mf-CA3 (Left) and smf-GC (Right) EPSCs before
(black traces) and after (blue traces) washing on the adenosine 1a receptor
(A4R) antagonist DPCPX (200 nM). Bath application of DPCPX facilitates mf-
CA3 EPSCs (n = 8 cells, paired t test, t; = 5.77, P = 0.0007) but has no effect on
EPSC amplitudes at smf-GC synapses (n = 5 cells, paired t test, t; = 1.39, P =
0.2364). (B) Normalized EPSC amplitudes of mf-CA3 (black, n = 8 cells) and
smf-GC (red, n = 5 cells) responses before and during DPCPX administration
(unpaired t test, t;; = 3.63 P = 0.0040). (C) The AR agonist CCPA (1 pM)
inhibits both mf-CA3 (Left) and smf-GC (Right) EPSCs similarly (baseline,
black example traces; CCPA, green traces). (D) Normalized mf-CA3 (black)
and smf-GC (red) EPSC amplitudes during CCPA application, demonstrating
intact A¢R responses at both synapses (mf-CA3, n = 7 cells, smf-GC, n = 12 cells;
unpaired t test, t;; = 1.08, P = 0.2954). (E) Adenosine AR agonism inhibits
recurrent polysynaptic network activity evoked by single-pulse optogenetic
stimulation of sprouted mossy fibers. Examples are five consecutive EPSC traces
overlaid from the same cell, pre- and post-CCPA (black and green, re-
spectively). (F) Quantification of EPSC burst inhibition by CCPA at smf-GC
synapses. CCPA (1 pM) reduces the mean number of recurrent EPSCs during
a burst (number of recurrent EPSCs per epoch, n = 5 cells, t; = 3.963, P =
0.0166). Summary data presented as mean + SEM. *P < 0.05; ns, not significant.

reduced AR activation at granule cell outputs contributes to
hyperexcitability in the dentate gyrus in epileptic brains.

Discussion

Here, we show that sprouted mossy fibers can trigger reverberat-
ing network activity despite their profound short-term depression.
This recurrent network activation is enabled by a high prob-
ability of release, resulting in early detonation of postsynaptic
cells. Moreover, this is due, at least in part, to the lack of tonic

Hendricks et al.

adenosine inhibition at sprouted mossy fiber synapses in the inner
molecular layer.

The retrograde sprouting of mossy fibers is common to both
animal models of epilepsy and human patients with temporal
lobe epilepsy (25), yet the functional impact of these recurrent
synapses is not well understood (10, 11). We demonstrate that
single optogenetic stimulation of these fibers can produce bursts
of recurrent EPSCs, suggesting that sprouted mossy fibers ef-
fectively recruit the local network. This observation is consis-
tent with paired granule cell recordings from epileptic mice
(15), which suggest that sprouted mossy fibers form recurrent
excitatory connections capable of driving postsynaptic cell
spiking. Critically, we find that sprouted mossy fibers can po-
tently trigger granule cell AP firing with single coordinated
release events, which could lead to bursts as successive rounds
of sprouted mossy fibers are activated through additional
granule cell firing.

The functional effects of sprouted mossy fibers on dentate
excitability in ex vivo slice preparations has been difficult to
determine, as it sometimes requires modulation of the extra-
cellular environment to reduce the masking effects of inhibition
(16, 26-29). This suggests that although the state of the epileptic
dentate network may be relatively stable (30), subtle changes in
external K* concentration (27, 28), inhibition (16, 28), or adeno-
sine (23, 31, 32) could shift the network to a more unstable, hy-
perexcitable state, during which sprouted mossy fibers can readily
trigger epileptiform activity. The absence of tonic adenosine sig-
naling appears to be intrinsic to epileptic slices, recorded using
standard solutions. However, it remains likely that changes in
adenosine-mediated signaling may serve as another conditional
factor in vivo, which might vary over time and contribute to the
occurrence (or avoidance) of seizure activity, given the presence of
functional adenosine receptors at these synapses.

All EPSC bursts were self-limited, which may be a manifes-
tation of the strong short-term depression of the smf-GC synapse
(8, 15). This also helps explain prior indirect observations made
using extracellular retrograde stimulation of mossy fibers, which
caused self-limited episodes of granule cell population spiking in
slices from epileptic rats (33). By using direct optogenetic stim-
ulation of sprouted fibers, we demonstrate sprouted mossy fibers
can indeed drive granule cell firing even with inhibition intact
and low (3 mM) external K* concentrations. We recognize that
the conclusions that can be made while using optogenetic stim-
ulation in an acute slice preparation in regards to seizure activity
in vivo are limited, primarily due to the isolation of slices from
other brain networks and the cerebral extracellular environment
and synchronized activation of sprouted terminals. However, our
ability to robustly trigger recurrent network activation suggests
that recurrent networks are widespread even within our 300-pm
brain slices, and that recurrent interconnectivity might be even
more extreme within the intact brain.

The increased P, at sprouted mossy fibers provides a reasonable
mechanism that could enable sprouted mossy fibers to act as spark
plugs to hyperactivate local dentate gyrus networks. Our direct
comparisons of P, between smf-GC and mf-CA3 synapses are
consistent with previous data demonstrating a larger success rate
at individual smf-GC connections (0.35) (15) than the prior esti-
mate of P, at mf-CA3 synapses of 0.2-0.28 (34). We propose that
the increased P; at these sprouted synapses is, at least in part, due
to reduced tonic inhibition by adenosine at the smf-GC synapse.

Although we did observe an increase in PPR with CCPA
(suggesting that it lowered P;), our observation that 1-Hz facil-
itation was not restored by adenosine agonism was somewhat
surprising, given the extent to which A1R antagonism occludes
frequency facilitation at mf-CA3 synapses in healthy brains (20).
This indicates that tonic adenosine alone is unlikely to be the
only mechanism controlling short-term plasticity in the smf-GC
synapse. This is supported by the previous observation that
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healthy mossy fiber synapses still express small but significant
frequency-dependent facilitation even in the presence of A1R
blockade or A1R gene knockout (20). Thus, the short-term de-
pression remaining at smf-GC synapses even in the presence of
CCPA could be due to other changes in neuromodulatory tone in the
epileptic dentate gyrus or altered expression of specific components
of the release machinery required for facilitation (35, 36). Even in
healthy brains, the expression of frequency-dependent facilitation by
mossy fibers is target-specific (37) and, thus, the remaining differ-
ences may also partly derive from differences in the postsynaptic
complement between granule cells and CA3 pyramidal cells.

Does the lack of tonic adenosine in the dentate gyrus con-
tribute to seizure activity in epilepsy? Although systemic or local
injections of AR agonists can reduce the severity of seizures (31,
32), adenosine has broad inhibitory effects throughout the brain.
Here, the absence of tonic adenosine signaling at these synapses
heightens the excitability of dentate gyrus circuitry, which was
reduced by pharmacological AR activation (Fig. 4). As the
granule cell network is implicated in spontaneous seizures in vivo
(38), restoration or augmentation of extracellular adenosine could
reduce recurrent circuit dynamics in the dentate gyrus and provide
one mechanism for the observed in vivo effects of adenosine (31,
32). Thus, although seizure activity in epileptic brains likely results
from multiple hyperexcitable circuit elements, the lack of tonic
adenosine signaling in the dentate gyrus shifts sprouted mossy fi-
ber synapses from “conditional detonators” to “early detonators,”
which could contribute to the initiation of generalized seizures.

Methods

Animals. All experiments were carried out in accordance with local, state, and
federal guidelines, and protocols were approved by Oregon Health & Science
University (OHSU) and Veterans Affairs Institutional Animal Care and Use
Committees. Housing was provided by OHSU’s Department of Comparative
Medicine vivarium accredited by the Association for Assessment and Ac-
creditation of Laboratory Animals. To generate DcxCre::ChR2 mice, homo-
zygous doublecortin-CreER™ (line F18; RRID:MGI:5438982) mice were
bred with homozygous Gt(ROSA)26Sor™m32(CAG-COP4*H134RIEYFP)Hze (A(3- RRI-
D:IMSR_JAX:012569) and used as described (8, 18). Briefly, Cre-mediated
combination was induced by tamoxifen (TAM) at postnatal day (P)8 (two
injections, 12 h apart, 20 mg/kg in corn oil, i.p.), to permanently label neo-
natally generated granule cells with ChR2-eYFP in DcxCre::ChR2 heterozy-
gous mice. Status epilepticus was induced in 2-mo-old male mice with pilocarpine
(325 mg/kg i.p.; Cayman Chemicals) after pretreating with an i.p. injection of sco-
polamine methyl bromide (Sigma-Aldrich). Seizures were graded on the modified
Racine Scale (39); status epilepticus (SE) was defined when a mouse had three or
more Racine Grade 3 seizures, followed by continuous grade 2 seizing. Fol-
lowing 2 h of SE, seizures were terminated with diazepam (10 mg/kg i.p.;
Hospira, Inc.) and given soft food and i.p. injections of 5% glucose in 0.45%
normal saline to aid in recovery. Mice that did not develop SE were humanely
killed by carbon dioxide inhalation and cervical dislocation and excluded from
further analysis. These criteria reliably produce dense mossy fiber sprouting as
measured by ZnT3 staining in the IML, and a high density of sprouted mossy fibers
originating from granule cells specifically labeled at this timepoint (8). A total of
23 healthy control mice and 19 pilocarpine-treated mice were used in this study.

Slice Physiology. Acute brain slices for ex vivo electrophysiology were pre-
pared as described (8). In brief, 4-mo-old male DcxCre::ChR2 mice were
anesthetized with 4% isoflurane, followed by injection of 1.2% avertin
(Sigma-Aldrich). Mice were transcardially perfused with 10 mL of ice-cold N-
methyl-p-glucamine (NMDG)-based cutting solution, containing the follow-
ing (in mM): 93 NMDG, 30 NaHCOs, 24 glucose, 20 Hepes, 5 Na-ascorbate, 5
N-acetyl cysteine, 3 Na-pyruvate, 2.5 KCl, 2 thiourea, 1.2 NaH,PO, 10
MgSO,, and 0.5 CaCl,. Mice were rapidly decapitated and 300-um sagittal
slices were prepared with a Leica VT1200S vibratome. This method was

1. Nicoll RA, Schmitz D (2005) Synaptic plasticity at hippocampal mossy fibre synapses.
Nat Rev Neurosci 6:863-876.

2. Vyleta NP, Borges-Merjane C, Jonas P (2016) Plasticity-dependent, full
detonation at hippocampal mossy fiber-CA3 pyramidal neuron synapses. eLife
5:e17977.

3. Sutula T, He XX, Cavazos J, Scott G (1988) Synaptic reorganization in the hippocampus
induced by abnormal functional activity. Science 239:1147-1150.
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chosen to best preserve CA3 pyramidal cell health and mossy fiber axons
from these 4-mo-old mice. For some dentate granule cell recordings, the
hippocampus was dissected, and 300-um transverse hippocampal sections
were prepared in ice-cold NMDG solution, which allowed us to maximize the
number of slices obtained from epileptic animals. We did not observe any phys-
jological differences between the two preparations during granule cell record-
ings, including the frequency of smf-GC bursts, so these results were combined.
Slices from both preparations recovered in warm NMDG cut solution for 15 min
followed by standard ACSF at room temperature for 1 h before recording.

Dentate granule cell and CA3 pyramidal cell recordings were obtained
with 3-5 MQ borosilicate glass pipettes filled with internal solution. The
Cs*-based internal solution for voltage-clamp experiments contained the
following (in mM): 113 Cs-gluconate, 17.5 CsCl, 10 Hepes, 10 EGTA, 8 Nacl,
2 Mg-ATP, 0.3 Na-GTP, 0.05 Alexa Fluor 568, pH adjusted to 7.3 with CsOH,
with a final osmolarity of 295 mOsm; QX-314-Cl (5 mM; Tocris Bioscience)
was included to block unclamped APs. The K*-based internal solution for
current-clamp experiments contained the following (in mM): 130 K-gluconate,
20 KCl, 10 Hepes, 4 Mg-ATP, 0.3 Na-GTP, 0.1 EGTA, 0.05 Alexa Fluor 568, pH
adjusted to 7.2 KOH, with a final osmolarity of 295 mOsm. Granule cells and CA3
pyramidal cells were identified with infrared differential interference contrast
microscopy on an Olympus BX-51WI microscope. Whole-cell recordings were
obtained by making high-resistance seals (>5 GQ) and applying brief suction.
Cells were filled with Alexa Fluor 568 dye to visually confirm cell type and assess
for presence of hilar basal dendrites. Series resistance was uncompensated, and
cells with a >30% change in series resistance were excluded from analysis. Liquid
junction potential was 8 mV and was uncorrected. For current-clamp recordings,
minimal negative current was injected, if necessary, to maintain a resting po-
tential of =70 mV in dentate granule cells and CA3 pyramidal cells.

Pulses of blue LED-powered (Thorlabs) light (1 ms, 470 nm, 8 mW/cm?, 0.05
Hz) were delivered through a 40x water immersion objective, targeted at
the stratum lucidum for CA3 recordings and inner molecular layer for
granule cell recordings. Stimulation frequency was modified for various
experiments as noted in the text. Signals were amplified with an AxoPatch
200B amplifier (Molecular Devices), low-pass Bessel-filtered at 5 kHz, and
digitized and sampled at 10 kHz using a NIDAQ (National Instruments)
analog-to-digital board. Data were captured using a custom Igor Pro 8
(Wavemetrics) script and NIDAQmx (National Instruments) plugins. For pre-
sentation of EPSCs, a 2-kHz Gaussian filter was applied, post hoc.

Statistical Analysis. Curve fitting and EPSC trace averaging was carried out in
Igor Pro 8 (Wavemetrics) using built-in and custom functions, respectively.
Epileptiform burst activity (multiple EPSCs to single stimulus) was determined by
eye, aided by fitting a single exponential curve to the initial decay and iden-
tifying delayed EPSC peaks rising above the decay fit line. Peak detection was
implemented in Igor Pro by identifying zero-point crossings of thresholded
peaks on the first-order derivative of the EPSC. Charge transfer measurements
were implemented with Igor Pro’s area function. Additional statistical analysis
was performed in Prism 8 (GraphPad). Normality was tested with the Shapiro-
Wilk normality test before statistical test selection. Paired and unpaired t tests
were used for normally distributed datasets; Mann-Whitney and Wilcoxon
matched-pairs signed rank test were used for nonparametric datasets. For all
experiments, significance was determined by P < 0.05 (*P < 0.05, **P < 0.01,
***P < 0.001). All summary data are presented as mean + SEM.
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