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Abstract

Dysregulation of the mTOR-signaling pathway is implicated in the development of temporal lobe
epilepsy. In mice, deletion of PTEN from hippocampal dentate granule cells leads to mTOR
hyperactivation and promotes the rapid onset of spontaneous seizures. The mechanism by which
these abnormal cells initiate epileptogenesis, however, is unclear. PTEN-knockout granule cells
develop abnormally, exhibiting morphological features indicative of increased excitatory input. If
these cells are directly responsible for seizure genesis, it follows that they should also possess
increased output. To test this prediction, dentate granule cell axon morphology was quantified in
control and PTEN-knockout mice. Unexpectedly, PTEN deletion increased giant mossy fiber
bouton spacing along the axon length, suggesting reduced innervation of CA3. Increased width of
the mossy fiber axon pathway in stratum lucidum, however, which likely reflects an unusual
increase in mossy fiber axon collateralization in this region, offset the reduction in boutons per
axon length. These morphological changes predicts a net increase in granule cell >> CA3
innervation. Increased diameter of axons from PTEN-knockout cells would further enhance
granule cell >> CA3 communication. Altogether, these findings suggest that amplified information
flow through the hippocampal circuit contributes to seizure occurrence in the PTEN-knockout
mouse model of temporal lobe epilepsy.
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Introduction

Dentate granule cells are a major component of the classic hippocampal trisynaptic circuit,
receiving information from the entorhinal cortex and passing it through long, unmylenated
mossy fiber axons onto the apical dendrites of the CA3 pyramidal cells. In a normal brain,
the dentate granule cells are hypothesized to block the throughput of excess excitation into
the hippocampus, acting as a gate or filter (Hsu, 2007). It is hypothesized that a breakdown
of this filtering occurs during temporal lobe epilepsy (TLE), resulting in excessive signaling
to CA3. Changes in granule cell structure and connectivity coincide with the onset of
spontaneous seizures and might facilitate this breakdown (Dudek and Sutula, 2007, Ben-Ari
and Dudek, 2010, Cameron et al., 2011, Santos et al., 2011, Murphy et al., 2012, Parent and
Kron, 2012, Scharfman and Pierce, 2012, Hester and Danzer, 2013, Singh et al., 2013,
Hester and Danzer, 2014).

Mossy fiber axons have three types of presynaptic terminals: giant mossy fiber boutons,
filopodial extensions of these boutons and en passant terminals. Mossy fiber boutons
synapse with elaborate clusters of spines - thorny excrescences - located on the basal and
apical dendrites of the CA3 pyramidal cells. Each mossy fiber axon gives rise to
approximately 15 giant boutons, and individual CA3 pyramidal cells can receive input from
up to 50 granule cells (Amaral et al., 1990). Filopodial extensions and en passant terminals,
on the other hand, form synapses with the GABAergic interneurons (Frotscher, 1989,
Acsady et al., 1998, Seress et al., 2001). The filopodial and en passant terminals are
responsible for another 40 to 50 synapses per mossy fiber axon, allowing for feed-forward
inhibition to regulate CA3 network excitability (Acsady et al., 1998). Structural plasticity of
the mossy fiber axons and boutons has been noted in animal models of TLE. In fact,
epileptogenesis has been associated with increased bouton density, increased number of
release sites, increased active zone length and changes in the distribution of thorny
excrescences of the CA3 pyramidal cells (Goussakov et al., 2000, Danzer et al., 2010,
McAuliffe et al., 2011, Upreti et al., 2012). Enhanced connectivity between granule cells
and CA3 pyramidal cells, therefore, may promote epileptogenesis in traditional models of
TLE.

Recently, our lab described a novel transgenic mouse model of TLE, in which the
mammalian target of rapamycin (mTOR) pathway inhibitor phosphatase and tensin
homologue (PTEN) could be selectively deleted from adult born granule cells (Pun et al.,
2012). These mice developed spontaneous seizures beginning 4-6 weeks following gene
deletion. Enhanced mTOR signaling among granule cells is a common feature of a variety of
TLE models (Brewster et al., 2013, Wong, 2013, Lasarge and Danzer, 2014), so the
observation that PTEN deletion is sufficient to cause epilepsy suggests enhanced mTOR
signaling may play a critical role in epileptogenesis. The mechanisms by which increased
mTOR signaling in dentate granule cells (DGCs) might promote epilepsy, however, are
unclear. One possibility is that increased mTOR activation in DGCs induces structural
changes in their mossy fiber axons, supporting increased signaling to CA3. Increased DGC
>> CA3 connectivity would facilitate seizure spread through the hippocampus. To explore
this possibility, mossy fiber axon structure was examined in GFP-expressing PTEN-
knockout (KO) and control mice.
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Material and methods

Animals

All procedures were approved by the CCHMC Animal Board (IACUC) and followed NIH
guidelines. Three transgenic lines were used for these studies: Gli1-CreERT2 mice, CAG-
CAT-enhanced green fluorescent protein (GFP) reporter mice, and Ptent™1HWU/3 mice
(Jackson Laboratory). Glil-CreER 2 expressing mice have a cDNA encoding CreER T2
inserted into the 5’UTR of the first coding exon of the Glil locus (Ahn and Joyner, 2004,
Ahn and Joyner, 2005). GFP reporter mice possess a CAG-CAT-EGFP reporter construct
driven by a CMV- actin promoter regulated by loxP flanked CAT gene (Nakamura et al.,
2006). The Gli1-CreERT2 and GFP mice were crossed with Ptent™HWU/j mice, in which
loxP sites were placed on either side of exon 5 of the PTEN gene (PTEN “floxed” mice).
Study animals were generated by crossing Glil-CreERT2 hemizygous, PTENfIoXWt maje
mice with GFP reporter heterozygous (+/-) or homozygous (+/+), PTENOXWt mice.
Animals used in this study were hemizygous for the Glil-CreERT2 and GFP reporter
transgenes. All mice were maintained on a C57BL/6 background, and whenever possible,
littermate controls were used. All mice used for studies (except one control) were injected
with tamoxifen (250 mg/kg dissolved in corn oil) subcutaneously on postnatal day (P) 14. At
this age, the only Glil-expressing neural progenitor cells still active in the CNS are
subgranular zone progenitors, which produce DGCs, and subventricular zone progenitors
that produce olfactory neurons (Ming and Song, 2005). Therefore, recombination is
restricted to a subset of neurons among these populations.

Mice used for morphological analysis included the following genotypes: Glil-
CreERT2::PTENTIoX/flox::GFP reporter [GFP*KO; n=10; 7 male, 3 female] and Gli1-
CreERTZ::PTENfloX/flox [KO; n=6 males]. Controls consisted of mice with Gli1-
CreERTZ::PTENWYWL:GFP reporter [GFP*Cre control, n=9; 5 male, 4 female] and Glil-
CreERT2 negative, PTENTIoX/flox genotypes [flox control, n=6 males]. Mice were separated
into two age groups. A subset of mice were perfused at 6 weeks of age [early adult; 3
GFP*KO and 3 GFP*Cre control] and the remaining mice were aged between 2.25 and 7
months (mature adult; controls, mean age = 4.9 £ 0.82 months; KOs, mean age = 3.79 +
0.40 months). EEG and dendrite morphology data on a subset of these animals has been
presented previously (Pun et al., 2012). An additional 10 male mice (6 KO, 3 flox control
and 1 cre control) aged 3 to 9 months were used to make acute slices for single-cell biocytin
injections. Finally, one Gli1-CreERT2::PTENTIoX/flox a5 not treated with tamoxifen and
served as a cre/flox control for biocytin injection. All other controls received tamoxifen.

In a previous study, animal sex was found to have no effect on several morphological
measures of PTEN-KO cell morphology (Pun et al., 2012). In the present study, sex had no
effect on any of the axon parameters examined, including boutons per axon (p=0.442), axon
thickness (p=0.257), and volume of mossy fiber boutons (p=0.105). Therefore, male and
female animals were pooled for statistical analyses.
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Immunohistochemistry

Animals for morphological analysis were overdosed with pentobarbital (100 mg/kg) and
perfused with phosphate-buffered saline (PBS) +1U/ml heparin, followed by 2.5%
paraformaldehyde and 4% sucrose in PBS (pH 7.4). Brains were post-fixed overnight,
cryoprotected and sectioned sagittally on a cryostat at 40 pm. Sections were mounted to
gelatin-coated slides and stored at —80°C until use. Triple immunostaining of brain sections
was conducted using chicken anti-GFP (1:3000, Abcam, Cambridge, UK), rabbit anti-PTEN
(1:250, Cell Signaling Technology, Inc., Danvers, MA) and mouse anti-NeuN (1:400,
Millipore, Temecula, CA) antibodies to confirm PTEN deletion and to assess mossy fiber
axon and bouton morphology. Adjacent sections were immunostained with anti-GFP and
anti-ZnT-3 (1:500, Synaptic Systems, Gottingen, Germany) to assess the width of stratum
lucidum and mossy fiber sprouting into the dentate inner molecular layer. Alexafluor 488
goat anti-chicken, Alexafluor 594 goat anti-rabbit and Alexafluor 647 goat anti-mouse
secondary antibodies were used for all immunostaining (all at 1:750, Invitrogen, Grand
Island, NY). For each animal, between two and four brain sections corresponding to medial-
lateral coordinates 1.3 — 1.7 mm were examined (Paxinos and Franklin, 2001). GFP images
were collected with a Nikon Al+ inverted microscope equipped with 10X (NA 0.45) and
100X oil (NA 1.49) objectives (Nikon Instruments Inc., Melville, NY). GFP and ZnT-3
colabeled images were collected using a Leica SP5 confocal system equipped with a 63X oil
(NA 1.4) objective (Leica Microsystems Inc., Buffalo Grove, IL). All analyses and counts
were conducted by an investigator unaware of treatment group.

Anatomical measurements: Stratum lucidum

Mossy fiber axons of GFP-expressing dentate granule cells from PTEN KO and control
mice were imaged in stratum lucidum of CA3b, as defined by Lorente de N6, (1934). More
specifically, image stacks were collected from the middle of the region of CA3 that lies
between the tips of dentate gyrus blades and the fimbria (Ishizuka et al., 1995). Regions
were selected using a 10x objective, and images were collected using a 100x oil objective
(image size 0.12 pm/px, 1024 x 1024) with a 0.1um step through the z-axis. The same image
stack for each animal was used for analyses of axon thickness, boutons per um of axon
length and giant bouton volume. A single two-channel confocal image of the same region of
stratum lucidum was collected of GFP-expressing mossy fiber axons and ZnT-3 labeling
using a 63X objective (image size 0.24 pm/px, 1024x1024 format) for measurement of
stratum lucidum width.

Mossy fiber axon cross-sectional area and boutons per mossy fiber axon length

Image stacks were imported into Neurolucida software (MBF Bioscience, Williston, VT) for
analysis. Mossy fiber axons were traced and attached boutons marked. Average length
traced from GFP*Cre control mice was 1056 + 207 pm, while 1874 + 375 um of axon were
traced from GFP+KO mice. The number of attached boutons was divided by the um of axon
length traced to calculate boutons per mossy fiber length. To calculate the diameter of the
mossy fiber axons from each animal, 100-200 pm of axon for each animal was randomly
selected and traced using lines with graded thickness that matched the axonal thickness.

Neurobiol Dis. Author manuscript; available in PMC 2016 March 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

LaSarge et al.

Page 5

Four to seven traced axonal segments were used to determine average axon diameter for
each animal.

Mossy fiber bouton volumetric measurement

Image stacks from mature adult mice were imported into Imaris (v. 7.6, Bitplane AG,
Zurich, Switzerland) for 3D visualization and reconstruction. Surface models of 3D image
stacks (Surface grain 0.4, threshold >480, seed point = 2.5; split surface) were created. All
boutons cut by the boundaries of the scan were excluded, so that only whole boutons were
modeled. Volumes less than 6 um?3 were filtered out to account for the spherical equivalent
to previously-reported cross-sectional area minima of 4 pm?2, which has been used to
distinguish giant mossy fiber boutons from smaller en passant terminals, mitochondria
accumulations or tissue artifacts (Claiborne et al., 1986, Acsady et al., 1998, Danzer et al.,
2010). All statistical measurements were exported to Excel (Microsoft Office, WA) and
average volumes were calculated for each animal.

Anatomical measurements: Dentate gyrus

Immunostaining of PTEN and NeuN in the dentate gyrus was imaged with a 0.5 um step
through the z-axis (63X, image size 0.24 um/px, 1024x1024 format) to estimate the
percentage of KO cells (PTEN negative / NeuN expressing cells) in each mouse. Image
stacks were imported into Neurolucida software and a modification of the optical dissector
method was used to quantify the number of KO cells (Howell et al., 2002, Pun et al., 2012).
Mossy fiber sprouting was scored from two-channel confocal optical sections of the dentate
inner molecular layer (63X, image size 0.12 um/px, 2024x2024 format) collected from the
midpoint of the upper blade of the dentate. Optical sections were captured 2-3 pm below the
tissue surface to ensure equivalent antibody penetration, staining and image quality. Mossy
fiber sprouting was scored by determining the percentage of the total inner molecular layer
area occupied by ZnT-3 immunoreactive puncta using automatic object detection
(Neurolucida). Sensitivity for automatic detection was set to capture all puncta more than
2X background and larger than 0.5 um2. All automated counts were reviewed manually to
insure accuracy.

Axon tracing of biocytin-filled cells

Biocytin was injected into dentate granule cells in acute slices made from control (h=5) and
PTEN KO mice (n=6). In order to prepare hippocampal slices, mice were anesthetized with
an injection of pentobarbital (100 mg/kg) and perfused intracardially with ice-cold modified
ACSF of the following composition (mM): NaCl, 92; KCI, 2.5; NaH,POy, 1.25; NaHCO3,
30; MgSOQy, 10; CaCl,, 0.5; Na pyruvate, 3; thiourea, 2; Na ascorbate, 5; glucose, 25;
HEPES, 20. The brain was removed and 350 um transverse slices (as described by Jones and
Heinemann, 1988) were prepared on a tissue slicer (Campden/Lafayette Instrument, IN).
Individual slices were transferred to an N-methylD-glutamine (NMDG)-based medium
(similar to the modified ACSF with the exception that the NaCl was substituted with
NMDG, 92mM) and equilibrated for 60 minutes. The modified ASCF and NMDG solutions
used are as described by Ting and colleagues (2014). After 60 minutes, the slices were
transferred into recording ACSF for another 60 minutes. ACSF was of the following
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composition and concentration (mM): NaCl, 124; KCI, 3.5; MgS0Qy, 2; CaCl,, 2; NaH,POy,
1.25; glucose, 10; NaHCOg, 26. Individual slices were placed in the stage chamber of an
upright microscope (Nikon, Eclipse FNI) equipped with a 10X bright field and a 40X DIC
objective. Slices were continuously perfused with ACSF. Cells were filled with biocytin
using blunt-tipped patch electrodes filled with K gluconate, 135; KCI, 5; NaCl, 5; EGTA, 5;
HEPES, 10, MgCl,, 2; glucose, 10 supplemented with 2mM of ATP and 200 pM of GTP;
and 0.2% biocytin. All extracellular solutions used had a pH between 7.2 and 7.3, osmolarity
of 290-300 mOs (adjusted by addition of sucrose) and were continuously aerated with a
mixture of 5% CO, and 95% O,. All experiments were carried out at room temperature.
After biocytin filling, slices were put into fixative and left overnight (2.5% formaldehyde
and 4% sucrose in PBS). The next day, slices were permeablized in 0.5% Igepal in PBS for
one hour and incubated in Alexa Fluor 594-streptavidin (1:500; Invitrogen, Grand Island,
NY) for four hours at 4°C or two hours at room temperature with continuous shaking.
Labeled cells were tile-scanned on a Nikon Al+ inverted confocal microscope equipped
with 10X (NA 0.45) and 40X water (NA 1.15) objectives. The dentate, dentate hilus and
CAZ3 stratum lucidum were imaged to capture the axon (0.31 pm/px, 1024x1024 format, z-
step = 0.5 um). Image stacks were imported into Neurolucida software for cell body and
mossy fiber axon tracing. Sholl analyses, with sphere radii set at 250 pm, were also
conducted.

It was not possible to conduct PTEN immunohistochemistry in biocytin filled slices due to
poor antibody penetration through the thick tissue, so PTEN KO cells were distinguished
from “wildtype” PTEN-expressing cells in the same tissue by their larger somatic size
(Luikart et al., 2011, Amiri et al., 2012, Pun et al., 2012, Sperow et al., 2012). Thus, all cells
from PTEN KO mice were classified as PTEN KO cells since their cross-sectional areas
were at least two standard deviations greater than the mean of dentate granule cells from
control mice (control cell soma area, 116.27 + 17.59 pm?; mean+SD). All control cells
analyzed were from control mice.

Statistics and data analysis

For all analyses, statistical significance was determined using Sigma Plot software (version
12.5, Systat Software, Inc., San Jose, CA). Specific tests were used as noted in the results.
Data are presented as means + standard error or median and range.

Figure preparation

All images are either single confocal optical sections or confocal maximum projections
exported as TIFF files and imported into Adobe Photoshop (version 12.0.1, Adobe Systems,
San Jose, CA). Images were adjusted using Nikon Elements median filter (radius=3) or
Leica Application Suite with a morphological erosion filter (radius=3; iterations=1) to
reduce background artifact. Brightness and contrast of digital images were adjusted to
optimize cellular detail. Identical adjustments were made to all images meant for
comparison.
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PTEN deletion among a subset of granule cells

In control and PTEN KO mice, GFP-expressing dentate granule cells were located close to
the hilar border, as predicted for post-natally generated neurons; although a subset of cells
were located ectopically in the hilus in PTEN KO mice. GFP expression was detected
throughout the cell body, dendrites, and mossy fiber axons (Figure 1). Expression was
robust, allowing for the morphological characterization of mossy fiber axons and terminals
at high resolution (Figure 1G, 1H). PTEN deletion was confirmed by triple immunostaining
for GFP, PTEN, and NeuN in brain sections. GFP-expressing cells in the control animals
were co-labeled with PTEN antibodies; whereas PTEN antibody labeling was absent from
GFP-expressing cells in PTEN KO animals (Figure 1C, 1D). Characterization of PTEN KO
granule cells revealed abnormal cellular morphologies, including hypertrophied somas, hilar
ectopic cells, mossy fiber sprouting, and basal dendrites (Kwon et al., 2001, Amiri et al.,
2012, Pun et al., 2012). The percentage of granule cells that lacked PTEN ranged from 3.1 to
26.5 percent in KO animals.

PTEN-knockout cells exhibit giant mossy fiber boutons at greater intervals along their

axons

Dentate granule cells synapse onto the proximal apical and basal dendrites of CA3
pyramidal cells via giant mossy fiber boutons. Changes in bouton number or size, therefore,
predict alterations in output to CA3. To determine whether PTEN deletion alters mossy fiber
structure, mossy fiber axons were reconstructed from confocal images of mature adult
control and PTEN KO animals (Figure 2). Approximately 1000-2000 pm of mossy fiber
axon per animal was reconstructed. Surprisingly, PTEN KO mice had fewer boutons per 100
pum axon length compared to the control mice (KO, 0.93 £ 0.13; control, 1.4 £ 0.12, t=
2.406, p=0.042, t-test; Figure 2E). Axons from control animals had a giant bouton roughly
every 71.4 um, while KO mossy fiber boutons were spaced at 106.4 um intervals.
Paradoxically, these changes predict a less excitable hippocampal circuit, rather than the
increased excitability evident in these animals (e.g. the occurrence of spontaneous seizures).

PTEN-knockout cells exhibit normal mossy fiber bouton volume

Individual mossy fiber giant boutons possess numerous synaptic release sites, with larger
boutons possessing more sites (Pierce and Milner, 2001). A reduction in bouton density
could be offset by an increase in the number of release sites, which can be assessed
indirectly by examining bouton volume. To determine whether PTEN KO cells exhibited
altered mossy fiber bouton volume, Imaris image analysis software was used to three-
dimensionally reconstruct the boutons from high resolution confocal images (Figure 3).
Mossy fiber bouton volume did not differ between control (27.7 + 3.1 um3; n=5 mice, 22-74
boutons measured/mouse) and PTEN KO (23.5 + 2.0 um?3; n=6 mice, 23-95 boutons
measured/mouse) mice (t = -1.175, n.s., p=0.27, t-test). The ranges of bouton volume were
also similarly distributed in all animals. Specifically, mice exhibited a positive skew in their
bouton size distribution, with large numbers of small boutons and small numbers of large
boutons [Control skew range: (0.81-1.36); PTEN KO skew range: (0.88-1.47)]. Although
the measure is indirect, these results suggest that giant boutons in control and KO mice
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possess similar numbers of release sites. Changes in individual bouton strength, therefore,
seem unlikely to account for hyperexcitability in the mice.

Mossy Fiber Axon growth

Although measures of bouton density revealed a decrease per length of axon, casual analysis
of stratum lucidum seemed to suggest that the number of giant boutons actually increased.
Specifically, in KOs, stratum lucidum appeared thicker with more boutons populating the
mossy fiber tract. One variable that could account for these seemingly paradoxical
observations is excessive mossy fiber axon growth. Bouton density per axon might decrease,
but if KO cell axons are longer, then total bouton number could still be greater. Indeed,
previous observations of mossy fiber sprouting into the dentate inner molecular layer in
these animals (Pun et al., 2012), and confirmed again here for a subset of mature adult
animals (Figure 4 C and D), clearly establishes that the axons can grow excessively within
the dentate.

To determine whether excessive axon growth might also be occurring in the CA3 region, we
first examined stratum lucidum using zinc transporter 3 (ZnT-3) immunolabeling. ZnT-3
protein is abundant in the mossy fiber terminals, and antibodies for the protein robustly label
terminals in stratum lucidum of CA3 (Figure 4 E and F), where mossy fibers synapse onto
pyramidal cell thorny excrescences. Stratum lucidum width was increased in mature adult
PTEN KO mice vs. controls (65.4 £ 4.7 um vs. 48.8 £ 2.0 um, respectively; t= 3.121,
p=0.005, t-test). The increased stratum lucidum width could simply reflect greater dispersion
of fibers and terminals among KO cells, so we also quantified terminal density by
determining the percentage of a fixed region of stratum lucidum CA3b that was occupied by
ZnT-3 immunoreative puncta (as seen in Figure 4 E and F). This analysis revealed no
difference in percentage of stratum lucidum occupied by puncta between PTEN KO and
control mice (KO, 14.21 + 0.84%; control, 13.60 + 1.38%; t= 0.617, n.s.), indicating that
boutons are not more dispersed in these mice. Given similar bouton density in PTEN KO
mice, the 34% increase in the width of stratum lucidum would imply a similar increase in
the total number of boutons. Overall, these findings suggest that the increased distance
between boutons along mossy fiber axons might be more than offset by increased axon
growth, preserving or even increasing granule cell - pyramidal cell innervation ratios.

PTEN KO granule cells have abnormal axon growth

GFP labeling of large numbers of cells in GFP*KO mice precludes tracing of individual
axons. In order to investigate the possibility that PTEN KO animals have increased mossy
fiber axon growth in CA3, therefore, axons of individual dentate granule cells were
analyzed. To accomplish this, granule cells from PTEN KO and control mice were filled
with biocytin in acute hippocampal slices. All control cells (N=5) exhibited axon branching
patterns consistent with previously-published work (for review see Amaral et al., 2007,
Blaabjerg and Zimmer, 2007). The axons of these cells collateralized extensively in the
dentate hilus, but projected only a single, unbranched fiber into CA3 stratum lucidum
(Figure 5A and the cell tracing seen in 5A’). By contrast, 33% of PTEN KO cells (two of
six) projected dual axon collaterals into CA3 stratum lucidum (Figure 5B, tracing shown in
5B’). Indeed, these axons continued to branch after entering CA3 stratum lucidum, a feature
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also absent from control cells. Additionally, a third cell exhibited a mossy fiber axon that
extended through the granule cell layer and into the molecular layer (Figure 5C and 5C’). A
Sholl analysis indicated that the percent of the axon that was located within 250 um of the
soma was greater in the control mice (PTEN KO: 54.72 £ 6.67%; Control: 78.56 * 2.28%;
t=3.12, p=0.01, t-test), while PTEN KO cells exhibited greater axon length in more distal
regions of the axonal tree. Total axon length measured was similar in both groups; PTEN
KO: 1635.74 um % 250.55 and controls: 1769.52 pm + 209.03. Altogether, single-cell
reconstructions revealed that PTEN KO axons have greater axon length in CA3 than
controls, can contribute to mossy fiber sprouting in the dentate inner molecular layer, and
can exhibit multiple axon branches in CA3 stratum lucidum.

PTEN-knockout cells exhibit increased mossy fiber axon diameter

Another important feature of the mossy fiber axon is its diameter. Mossy fibers are
unmyelinated, so changes in axonal diameter could significantly affect conduction velocity
and efficiency of information transmission. To determine whether this parameter might be
altered, axon diameter was measured over 100-200 um of axon length for each control and
PTEN KO mouse. As illustrated in Figure 2, mossy fiber axon diameter was significantly
increased in mature adult PTEN KO mice (0.697 + 0.057 um; t= 2.396, p=0.043, t-test;
Figure 2F) compared to controls (0.505 + 0.022 um). Moreover, the average diameter of the
GFP-expressing axons was inversely correlated with the average bouton density (R=0.680,
p=0.030, Pearson Correlation; Figure 2G), such that those animals with the thickest axons
had the fewest boutons per length of axon. Thicker axons would be predicted to increase
conduction efficiency, and could enhance throughput of excitation to CA3 pyramidal cells.

Changes in axon morphology appear within weeks of PTEN deletion

PTEN KO mice develop spontaneous seizures. Morphological changes in these animals,
therefore, likely reflect a combination of direct and indirect effects. To explore whether
direct or indirect effects account for the changes described in the present study, early adult
PTEN KO and control mice were examined four weeks after gene deletion (when mice are
six weeks old). At this time point, GFP-labeled granule cells begin to display typical mature
cell morphology (for review see Zhao et al., 2008) and seizures are likely to be infrequent or
absent. Similar to older animals, axonal hypertrophy was evident in early adult PTEN KO
mice (Figure 6; PTEN KO axon diameter = 0.582 + 0.010 um; control = 0.423 + 0.030 pm;
t=4.984, p=0.008, t-test). Moreover, it appears that the increase in bouton spacing may
coincide with axon development. Early adult PTEN KO mice showed a trend towards fewer
boutons per 100 um axon length compared to age-matched controls (KO, 0.72 + 0.07;
control, 1.3 + 0.28, t= 0.616, p=0.098, t-test). As in mature adult mice, the average diameter
of the developing GFP-expressing axons was inversely correlated with the average bouton
density per axon length (R=0.891, p=0.017, Pearson Correlation). Finally, an examination of
ZnT-3 labeling in CA3b revealed an increase in stratum lucidum width in early adult PTEN
KO mice compared to controls (PTEN KO: 49.69 + 0.8 um; control: 34.08 £ 4.1 ym; t=
3.769, p=0.020, t-test). The rapid appearance of these morphological changes suggests they
are a direct, cell-autonomous effect of PTEN deletion rather than a secondary consequence
of seizure activity.
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Discussion

Mice with PTEN deleted from a subset (>9%) of adult-born dentate granule cells develop
spontaneous seizures as early as four weeks after gene deletion (Pun et al., 2012). The
mechanism by which PTEN KO cells promote epilepsy, however, remains unclear. It has
been previously shown that PTEN KO cells have morphological abnormalities indicative of
increased excitatory input, including de novo basal dendrites and greater dendritic spine
density (Pun et al., 2012). Here, we explored whether PTEN KO cells also exhibit changes
indicative of increased output. Dentate granule cells are a key part of the classic
hippocampal tri-synaptic circuit, so enhanced output to the next part of this circuit, the CA3
pyramidal cell, could be a key change driving epileptogenesis. Our results support the
conclusion that granule cell innervation of CA3 pyramidal cells is enhanced in PTEN KO
mice. While the number of giant boutons per mossy fiber axon length was reduced for KO
cells, axon length and stratum lucidum width in CA3 were increased. Bouton density in CA3
stratum lucidum was similar in control and KO mice, so the increased stratum lucidum
width would support a great number of terminals. Finally, PTEN KO cells had thicker
axons, which could further enhance conduction and transmission to CA3. These
morphological abnormalities were found as early as four weeks after gene deletion,
suggesting they are a direct effect of PTEN loss. Taken together, these finding provide
morphological evidence that the granule cell >> CA3 pyramidal cell portion of the
hippocampal trisynaptic circuit is strengthened in PTEN KO mice. These changes might
contribute to seizure occurrence in this model.

PTEN deletion alters mossy fiber branching and distribution

Several lines of evidence suggest that the axonal derangements produced by PTEN deletion
are likely due to mTOR hyperactivation (Kwon et al., 2006, Choi et al., 2008, Faulkner et
al., 2008, Zeng et al., 2009, Zhou et al., 2009, Huang et al., 2010, Buckmaster and Lew,
2011, Amiri et al., 2012, Pun et al., 2012). Firstly, findings from other studies strongly
implicate the mTOR pathway in regulating granule cell axon growth. For example, PTEN
deletion using alternate cre-drivers, and deletion of tuberous sclerosis protein 1 (TSC1) -
another negative regulator of mTOR - all produce progressive mossy fiber tract enlargement
(Kwon et al., 2006, Zhou et al., 2009, Amiri et al., 2012). Other models with increased
mTOR signaling have also shown axonal defects. Knockdown of the protein disrupted in
schizophrenia 1 (Discl), which regulates mTOR signaling via the AKT binding protein
KIAA1212 (Kim et al., 2009), caused mistargeting of mossy fibers and growth outside of
the stratum lucidum and into CA1 (Faulkner et al., 2008). Similarly, treatment of granule
cells in vitro with brain-derived neurotrophic factor (an mTOR pathway activator) increased
axon branching (Patel and McNamara, 1995). Conversely, administration of the mTOR
antagonist rapamycin reduced mossy fiber axon tract thickness and prevented axonal
targeting defects like mossy fiber sprouting in both genetic and acquired epilepsy models
(Zeng et al., 2009, Zhou et al., 2009, Huang et al., 2010, Buckmaster and Lew, 2011, Pun et
al., 2012, Yamawaki et al., 2015). Finally, the rapid appearance of stratum lucidum
thickening only four weeks after PTEN deletion (when granule cells are still maturing)
suggests that mTOR directly regulates axonal development, rather than producing its many
effects secondarily, such as by promoting ictal events.
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Bouton structure is conserved in PTEN KO mice

Mossy fiber bouton structure appears to be unaltered in PTEN KO mice. This result is
consistent with previous findings that giant boutons in Discl knockdown mice were
comparable to controls (Faulkner et al., 2008). However, these data are in contrast to
pilocarpine-induced epilepsy in rodents, which is associated with increased giant bouton
area (Danzer et al., 2010, McAuliffe et al., 2011, Upreti et al., 2012). It seems unlikely,
therefore, that changes in bouton size evident in the pilocarpine model are mediated by
enhanced mTOR signaling. Spontaneous seizures in the pilocarpine model follow the
induction of status epilepticus, while PTEN KO mice form their abnormal network during
cell development in lieu of an overt epileptogenic insult. Status epilepticus induces
widespread brain injury, including cell death in dentate hilus, CA3 and CA1 pyramidal cell
layers and cortex (Shibley and Smith, 2002, Borges et al., 2003, Curia et al., 2008, Danzer et
al., 2010). Differences in the severity of the epileptogenic insult may account for the
differences in giant bouton regulation between the seizure models.

Increased bouton spacing

The interval between boutons is increased along PTEN KO cells axons. It has previously
been hypothesized that mice with fewer mossy fibers in CA3 stratum lucidum experience
less competition for available postsynaptic sites (Nek et al., 1993). If competition for
postsynaptic sites is a factor in bouton spacing, then the increase in distance between
boutons in PTEN KO animals may be a consequence of additional axons in the stratum
lucidum. Moreover, it is also possible that increased axon diameter impacts the ability of
multiple axons to form synapses on individual dendrites. In fact, in our mice there was a
correlation between mossy fiber diameter and the distance between boutons, supporting the
idea that increased axon diameter in PTEN KO mice may create a spacing problem. This
competition for space could also contribute to the thickening of stratum lucidum, as axons
might be forced to target more distal dendritic sites. Notably, Sutula and colleagues (1998)
described a pattern of increased axon length and decreased number of giant boutons per
axon length in the kainic acid model of epilepsy, providing further correlative evidence of an
inverse relationship between the two variables. It is worth noting, however, that the mTOR
signaling pathway could also regulate granule cell bouton spacing via cell intrinsic
mechanisms. Indeed, a trend towards increased spacing was already evident four weeks after
PTEN deletion, implying a possible direct effect. Analysis of PTEN KO animals with very
low numbers of mature KO cells, such that fiber number in stratum lucidum is not
significantly changed, might provide insight into this question.

Significance for epileptogenesis

Hyperexcitability in the dentate gyrus has been hypothesized to result from a small number
of hub cells, defined as neurons with enhanced incoming and outgoing connectivity that
could mediate the failure of the dentate gate (Morgan and Soltesz, 2008). The morphological
changes described here, combined with previous data examining PTEN KO cell inputs,
suggest that these neurons could be acting as hub cells. Previous studies have demonstrated
that cells with mTOR hyperactivation have increased excitatory input. PTEN knockdown
increases miniature excitatory post-synaptic currents (MEPSCs) and spontaneous post-
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synaptic currents in dentate granule cells (Luikart et al., 2011). Haws and colleagues (2014)
found similar results with PTEN knockdown in basolateral amygdala, in which mEPSC
frequency and amplitude increased. Additionally, hippocampal pyramidal cells with TSC1
deletion exhibited increased mEPSC frequency (Bateup et al., 2011). The present study adds
to these findings by presenting anatomical evidence that PTEN KO cells also have enhanced
output to CA3. Axonal sprouting and greater bouton numbers would increase CA3
pyramidal cell innervation, while increased axon thickness would support enhanced
efficiency and probability of synaptic transmission via these inputs (Rushton, 1951). Mossy
fiber axon synapses onto CA3 pyramidal cells are already considered to be one of the most
powerful connections in the CNS, previously termed the “detonator” synapses due to their
ability to fire the target pyramidal cells (Henze et al., 2002). Increased axon diameter could
further enhance this already powerful synapse. Finally, we note that the predicted minimum
number of hub cells required to provoke network instability in Morgon and Soltesz’s
computation modeling study (5%) is lower than the number of PTEN KO granule cells
(>9%) in the model used for the present study (Pun et al., 2012), suggesting that the number
of cells in the model is above the theoretical threshold to cause seizures.

PTEN deletion from hippocampal dentate granule cells can provoke epileptogenesis in
animal models. Further, PTEN mutations in humans, as well as mutations in other mTOR
pathway genes, are linked to epilepsy. The present results provide anatomical evidence that
mTOR pathway hyperactivation can alter axonal structure and connectivity, providing new
insights into the mechanisms by which mutations in this gene pathway contribute to
epileptogenesis.
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Figure 1. PTEN deletion from a subset of adult born granule cells
Confocal optical sections from control and PTEN KO mice were immunostained for NeuN

(blue), PTEN (red), and GFP (green). (A/B) Hippocampi from control and PTEN KO mice
have GFP-expressing cells in the dentate gyrus, with most GFP+ cells located near the hilar
border. Of note, the thickening of the CA3 stratum lucidum is evident in the low power
image. (C-F) Control dentate granule cells expressed PTEN (NeuN+/PTEN+; yellow
arrows), whereas PTEN KO cells appear as gaps in PTEN staining (NeuN+/PTEN-; white
arrows). (G/H) Mossy fiber axons of GFP-expressing cells were imaged in CA3. PTEN KO
mice appear to have more axons in stratum lucidum. Scale bar = 200um (A/B); 50um (C-F);
20um (G/H).
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Figure 2. Structural changes of mossy fiber axons in PTEN-knockout mice
(A/B) Stratum lucidum in CA3b of control and PTEN KO mice showing GFP labeled mossy

fiber axons. (C/D) Neurolucida reconstructions of the GFP-labeled axons shown in A and B.
The number of mossy fiber bouton per 100 um axon was decreased (E) while axon diameter
(F) was increased in PTEN-knockout mice compared to controls (p<0.05, t-test). G: Mossy
fiber axon diameter was correlated with boutons per 100 pm of axon length, in which thicker
axons had a lower bouton density (R=0.680, p=0.030, Pearson Correlation). Scale bar =
10pm.
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Figure 3. Mossy fiber bouton structure
(A/B) Confocal images of GFP-expressing axons in stratum lucidum of CA3b in control and

PTEN KO mice. (C/D) Surface models of boutons created from control and PTEN KO mice
using Imaris software. No differences in bouton volume were detected between controls and
PTEN-knockout mice. (E/F) High resolution confocal images showing mossy fiber boutons
from control and PTEN KO mice. Scale bar = 20 ym (A-D); 2 um (E/F).
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Figure 4. Mossy fiber terminals
Hippocampi from control and PTEN KO mice were immunostained for GFP (green) and

ZnT-3 (red), which labels zinc rich mossy fiber terminals. (A/B) Low power images of
merged ZnT3 and GFP. The control section exhibits the normal mossy fiber axon terminal
field, while mossy fiber labeling is evident in the dentate inner molecular layer (IML; arrow)
in the PTEN KO mice. (C/D) Robust ZnT-3 labeling is present in the IML of the PTEN KO
animal, but is absent from control tissue. Confocal images from CA3b (E/F) and CA3a
(G/H) reveal mossy fiber terminals located at high density throughout the stratum lucidum
of control and PTEN KO mice, even though inter-bouton interval is greater along the axons
of PTEN KO mice. Scale bar = 200um (A/B); 50um (C-H).
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Figure 5. Mossy fiber axons of PTEN KO mice exhibit abnormal growth
(A-C) Confocal images of biocytin-filled granule cells from control and PTEN KO mice.

Right panels show reconstructions generated using Neurolucida software. Control cells (A)
collaterized extensively in the hilus, but project only a single fiber into CA3. PTEN KO cells
exhibit irregular mossy fiber growth, with some cells extending multiple axon fibers into
CA3 (B and B’) or sprouting into the dentate molecular layer (C and C’). Red arrows
highlight the axons that extended into CA3. Yellow arrows highlight the axon that extended
into the dentate molecular layer. Scale bar = 100 um.
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Control PEN KO

Figure 6. Morphological abnormalities in developing mossy fiber axons of PTEN KO cells
Confocal images of GFP-expressing mossy fiber axons in stratum lucidum of CA3b from

control (A) and PTEN KO (B) mice four weeks after gene deletion illustrate the early onset
of axonal hypertrophy. Scale bar = 10 pm.
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