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ABSTRACT

Loss of the mTOR pathway negative regulator PTEN from hippocampal dentate granule cells leads to neuronal hypertrophy, increased dendritic branching and
aberrant basal dendrite formation in animal models. Similar changes are evident in humans with mTOR pathway mutations. These genetic conditions are associated
with autism, cognitive dysfunction and epilepsy. Interestingly, humans with mTOR pathway mutations often present with mosaic disruptions of gene function,
producing lesions that range from focal cortical dysplasia to hemimegalanecephaly. Whether mTOR-mediated neuronal dysmorphogenesis is impacted by the number
of affected cells, however, is not known. mTOR mutations can produce secondary comorbidities, including brain hypertrophy and seizures, which could exacerbate
dysmorphogenesis among mutant cells. To determine whether the percentage or “load” of PTEN knockout granule cells impacts the morphological development of
these same cells, we generated two groups of PTEN knockout mice. In the first, PTEN deletion rates were held constant, at about 5%, and knockout cell growth over
time was assessed. Knockout cells exhibited significant dendritic growth between 7 and 18 weeks, demonstrating that aberrant dendritic growth continues even after
the cells reach maturity. In the second group of mice, PTEN was deleted from 2 to 37% of granule cells to determine whether deletion rate was a factor in driving this
continued growth. Multivariate analysis revealed that both age and knockout cell load contributed to knockout cell dendritic growth. Although the mechanism

remains to be determined, these findings demonstrate that large numbers of mutant neurons can produce self-reinforcing effects on their own growth.

1. Introduction

Genetic lesions that impact the mechanistic target of rapamycin
(mTOR) signaling pathway cause a range of human diseases. Examples
include tuberous sclerosis complex (TSC1 and TSC2), focal cortical
dysplasia (AKT3, TSC1, PTEN, PIK3CA, mTOR), hemimegalencephaly
(AKT3, PIK3CA, mTOR) and Cowden syndrome (PTEN) (Crino, 2011;
Wong and Crino, 2012; Krueger et al., 2013; Lasarge and Danzer, 2014;
Marsan and Baulac, 2018). These aptly named “mTORopathies” can
result from germline or somatic mutations. Intriguingly, somatic mu-
tations can impact widely varying numbers of cells. In hemi-
megalancephaly, for example, an entire hemisphere may be affected,
while mutations may be present in only a small region of cortex in focal
cortical dysplasia. This variability raises the possibility that neurons
with mTOR mutations may follow different pathological trajectories
depending on the number of surrounding cells that also exhibit the
mutation. Excess mTOR signaling profoundly disrupts the morphology
and function of neurons exhibiting the mutation, and widespread mu-
tations can alter the gross structure of the brain, increase inflammation,
alter network behavior and produce secondary pathologies, such as
seizures (Ogawa et al., 2007; Zeng et al., 2008; Pun et al., 2012; Parker
et al., 2013; Matsushita et al., 2016; Barrows et al., 2017; Wesseling
et al.,, 2017). mTOR-mediated disruption of neuronal growth may

precede independently of these secondary effects, or secondary changes
may produce feedback effects, whereby mTOR mutant cells become
increasingly pathological over time and as a function of the “load” of
surrounding mutant cells.

To assess the impact of altering the load of mTOR mutant cells on
the pathological development of these same cells, we developed a
conditional, inducible PTEN knockout mouse model of epilepsy in
which PTEN can be deleted from variable numbers of postnatally-
generated hippocampal granule cells (Pun et al., 2012; LaSarge et al.,
2015, 2016; Santos et al., 2017). At the single cell level, PTEN loss
induces somatic hypertrophy, increases dendrite length and complexity
(Kwon et al., 2001, 2003; Zhou et al., 2009; Urbanska et al., 2012;
Sperow et al., 2012) and leads to the de novo appearance of hilar basal
dendrites on hippocampal granule cells (Kwon et al., 2006; Lasarge and
Danzer, 2014). At the systems level, PTEN loss can lead to gross brain
hypertrophy, inflammatory changes, behavioral abnormalities and
epilepsy (Kwon et al., 2001, 2006; Amiri et al., 2012; Pun et al., 2012;
Lugo et al., 2014; Nguyen and Anderson, 2018).

Animals lacking PTEN from variable numbers of granule cells were
generated in two cohorts. In the first, PTEN deletion rates were held at
around 5%, and knockout cell growth over time was assessed. Previous
studies have demonstrated that PTEN deletion leads to the rapid ap-
pearance of abnormalities over weeks (Luikart et al., 2011; Williams
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et al.,, 2015), but whether changes become progressively worse over
months or eventually plateau is not known. In the second cohort,
knockout cell deletion rates ranged from 2 to 37%, and the impact of
both age and knockout cell load were assessed. These experiments re-
veal whether and how the mosaic nature of mTORopathies might im-
pact the development of individual morphological abnormalities.

2. Materials and methods

All animal procedures were conducted in accordance with NIH and
CCHMC Institutional Animal Care and Use Committee (IACUC) guide-
lines. All mice were maintained on C57BL/6 background. The following
mouse strains were used for the present study: Glil-CreER™ mice
(RRID: IMSR_ JAX STRAIN#007913), PTEN"*f* mice (RRID:
IMSR JAX STRAIN #006440), and Gt(ROSA)26Sortm1(CAG-
Brainbow2.1)Cle/J  “Brainbow” reporter mice (RRID:IMSR_JAX
STRAIN#013731). Glil-CreER™ mice express tamoxifen-inducible cre-
recombinase in neuronal progenitor cells (Ahn and Joyner, 2005).
PTEN!¥1°% mice possess LoxP flanked “floxed” PTEN exon 5.
Brainbow mice stochastically express GFP, YFP, CFP or RFP upon cre-
recombination (Cai et al., 2013).

2.1. Brainbow-expressing PTEN knockout mice

Study animals were generated by crossing Glil-CreER™ hemizygous;
PTEN"*/"t, Brainbow™/* triple transgenic mice to PTEN"
Brainbow™’* double transgenic mice. The cross was used to generate
the following genotypes:

1) Glil-CreER™ hemizygous; PTEN*"""; Brainbow*’* (Control, n = 9
male mice).

2) Glil-CreER™ hemizygous; PTEN/x/flox,
knockout [KO], n =11 male mice).

+

Brainbow™’*  (PTEN

All mice were injected with tamoxifen (Sigma Aldrich, T5648;
250 mg/kg dissolved at 20 mg/ml in corn oil, S-C) on post-natal day (P)
21 to delete PTEN and express the brainbow fluorophores. Brainbow
control and KO mice were randomly assigned to one of two groups for
perfusion 4 (7-weeks-old) or 15 (18-weeks-old) weeks after tamoxifen
injection. Final experimental groups were as follows: 7-week-old group,
4 control and 5 KO; 18-week-old group, 5 control and 6 KO.

Brainbow-expressing control and KO mice were anaesthetized with
pentobarbital (100 mg/kg, intraperitoneal) and transcardially perfused
through the ascending aorta with ice-cold 0.1 M phosphate buffered
saline (PBS, pH 7.4) containing 1 U/ml heparin for 1 min at 6 ml/min,
immediately followed by a solution of 2.5% paraformaldehyde (PFA)
with 4% sucrose in PBS for 10 min at 25 °C. Brains were removed and
bisected along the sagittal plane into left and right hemispheres. The
left hemisphere of each brain was post-fixed for 24 h and cryoprotected
in 10%, 20%, and 30% sucrose in PBS for 24, 24, and 48 h, respectively.
Left hemispheres were snap-frozen in 2-methylbutane chilled to —23 °C
with dry ice and stored at —80 °C until sectioning. Left hemispheres
were sectioned sagittally at a thickness of 60um using a cryostat
maintained at — 20 °C. Sections were thawed in PBS, slide mounted, air
dried and stored at —80°C for immunohistochemical tests. Right
hemispheres were used to collect images for neuronal reconstructions
for morphological analyses. Right hemispheres were post-fixed over-
night and incubated in 10% sucrose in PBS for a minimum of 24 h;
tissue was then cut into 1 mm coronal sections using a tissue slicer
(Campden/Lafayette Instruments, IN). Sections were incubated for op-
tical clearing in ScaleA2 for 3-4 weeks at 4 °C (Hama et al., 2015; Singh
et al., 2015) and preserved in ScaleA2 until imaging.
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2.2. Neuronal reconstructions of cells labeled in brainbow-expressing PTEN
KO mice

One millimeter thick ScaleA2 cleared tissue sections were imaged
using a Nikon A1Rsi inverted microscope equipped with a 40X Plan
Apo water immersion objective (NA = 1.15, field size 317 X 317 um).
Yellow fluorescent protein (YFP) and red fluorescent protein (RFP)
expressing cell clusters in brainbow positive mice (PTEN KO and con-
trol) were imaged. Consistent with prior studies, cyan fluorescent pro-
tein (CFP) expressing nuclei were rare in CNS, and green fluorescent
protein (GFP) expressing cells were not evident (Singh et al., 2015).
Three dimensional z-series confocal image stacks were collected
through up to 500 pum of the tissue at 1 pm increments to capture cells in
their entirety. Between one and eight cells per animal were traced;
except for one KO mouse in the 18-week group. In this animal, no
brainbow-expressing PTEN KO cells were found. Cells with proximal
dendrites cut at the tissue surface, or with dendrites that could not be
clearly visualized were excluded. In KO animals, cells were also ex-
cluded if their soma areas were within two standard deviations of the
mean of soma areas for control cells. These cells likely reflect brainbow-
expressing, PTEN-expressing cells in KO animals resulting from in-
complete cre-mediated recombination of the floxed PTEN gene. This
criteria has been previously validated to distinguish > 95% of KO cells
from control cells (Santos et al., 2017). Cells meeting reconstruction
criteria were randomly selected for analysis.

Confocal z-series image stacks were imported to Neurolucida for
whole cell tracing. Reconstructions encoded soma area, apical and basal
dendrite length, and dendritic branch points. Image stacks were also
used to encode the location of the hilar-granule cell body layer border,
the granule cell body layer-molecular layer border, and the location of
the hippocampal fissure. The molecular layer was further subdivided
into inner (IML), middle (MML), and outer (OML) regions, with the
inner region being the first 17% of the molecular layer (West and
Andersen, 1980; Deller et al., 1999; van Groen et al., 2003; Santos et al.,
2011), and the middle and outer being an equal split of the remainder.

2.3. Histology and immunohistochemistry

For the brainbow control and KO mice, sections at the same medial-
lateral coordinates (Lateral 1.56; (Paxinos and Franklin, 2004)) were
co-immunostained for PTEN/NeuN in order to quantify the percentage
of PTEN KO cells. The following antibodies were used: mouse anti-
NeuN (Neuronal nuclei protein, 1:400, Millipore Cat# MAB377
RRID:AB_2298772) and rabbit anti-PTEN antibodies (Phosphatase and
tensin homolog, 1:250, Cell Signaling Technology Cat# 9559 RRID:AB_
390810). Secondary antibodies included goat anti-rabbit Alex Fluor 594
(Thermo Fisher Scientific Cat# A11012 RRID: AB_10562717) and goat
anti-mouse Alexa Fluor 647 (Thermo Fisher Scientific Cat# A-21242
RRID: AB_2535811), all at 1:750 dilution. Sections were dehydrated in
serial alcohol washes, xylene cleared for 15 min, and hard mounted
with Krystalon mounting medium (EMD Millipore, Cat# 64969).

2.4. PTEN KO cell counts

PTEN/NeuN immunostained sections were imaged with a Leica SP5
inverted microscope (software RRID: SCR_013673) equipped with 63 x
oil objective (NA = 1.4, field size 248 x 248 um). Confocal z-series
image stacks were collected through 7 um of tissue at a 1 pm step, ex-
cluding the top 1-2 um of tissue to avoid sectioning artifacts. A tile scan
was used to capture the entire dentate gyrus in brain hemi sections, and
images were imported to Neurolucida software (Microbrightfield Inc.,
RRID: SCR_001775) to stitch tiles together for dentate gyrus re-
construction. Two 100 x 100 um counting frames were placed over the
midpoints of the upper and lower blades of the dentate gyrus, respec-
tively. The total number of NeuN positive cells, and the number of
NeuN positive, PTEN negative (PTEN KO) cells within these frames was
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determined. Counts were conducted using a modified optical dissector
approach, with the top and left sides of the box set as exclusion zones.
Using this methodology, cell bodies cropped at the surface or left sides
of the counting frame were excluded. Exclusion zones were not needed
for the top/bottom of the counting frame, as the natural borders of the
dentate at the molecular layer and hilus were contained within the
frame. All counts were completed by a reviewer blinded to treatment
conditions. The percentage of KO cells was determined using the fol-
lowing equation: [total number of NeuN positive, PTEN negative [KO]
cells divided by the total number of NeuN positive cells] X 100.

2.5. Biocytin-labeling of PTEN KO granule cells

In addition to the use of triple-transgenic brainbow-expressing mice,
biocytin-filled cells from male and female double-transgenic Glil-
CreER™ hemizygous; PTEN"*1°% mice were also used to assess cell
structure. Biocytin-filled cells were selected from a previously-gener-
ated database of morphologically reconstructed granule cells.
Physiological and morphological data from a subset of these cells is
presented as part of another study (Santos et al., 2017). For the present
study, all cells in the database meeting study inclusion criteria (animal
genotype, cell genotype, tamoxifen protocol) and with complete data
sets (morphological parameters collected and %KO determined) were
included.

Double-transgenic mice were injected with 250 mg/kg tamoxifen on
either P21 (n = 13 male, 1 female) - identical to brainbow-expressing
animals — or P14 (n = 22 male, 6 female). Injecting the tamoxifen at an
earlier age increases the number of PTEN KO cells in the animals and is
associated with the development of epilepsy (Pun et al., 2012). For
morphological measures of biocytin-filled PTEN KO granule cells, a
range of 1-3 cells/mouse was analyzed for a total of 57 cells.

Cells were labeled with biocytin in acute hippocampal slices, which
were prepared as previously described (LaSarge et al. 2015). All cells
were injected with 0.2% biocytin using a “blind” approach with a patch
clamp electrode (Pinault, 1996). Patching was conducted using an
Eclipse FN1 Nikon upright microscope equipped with 10 X (NA = 0.25)
and 40 X (NA = 0.8) objectives. Brightfield optics were used to place
the electrode tip just above the inner 1/3 of the dentate granule cell
body layer, where the majority of PTEN KO cells are found. After this
point, the microscope optics were no longer used and patching was
conducted blindly by lowering the electrode into the cell body layer.
The first cell for which a stable membrane seal was obtained was filled.
After cell labeling, slices were put into fixative (2.5% paraformalde-
hyde, 4% sucrose in PBS) and left overnight. The next day, slices were
rinsed in PBS for 15 min, exposed to 0.5% Igepal in PBS for one hour,
followed by a 2h incubation in 1:300 streptavidin-Alexa Fluor 488
conjugate (Molecular Probes Cat# S32354 also S32354 RRID:AB_
2315383) at room temperature. Slices were cover-slipped with Pro-
Long Gold Antifade mounting media (Molecular Probes, Life Technol-
ogies, Cat# P10144). Slices were left to cure overnight and then stored
at 4 °C until imaging. The left half of the brain from these animals was
immersion fixed overnight (2.5% paraformaldehyde, 4% sucrose in
PBS), and this tissue was prepared for histological studies in the same
manner as the brainbow tissue.

2.6. Neuronal reconstruction of biocytin-filled cells in double-transgenic
PTEN KO mice

Cells were imaged using a Nikon AlRsi inverted microscope
equipped with a 40 x Plan Apo water immersion objective (NA = 1.15,
field size 317 x 317 um). Three-dimensional confocal image stacks
were captured through the z-depth of the tissue at 0.5 pm increments to
reveal cells in their entirety. Multiple image stacks were required to
fully capture neurons in the x-y dimensions, so overlapping image
stacks were three-dimensionally montaged into a single image for re-
construction using Neurolucida software. Reconstructions were
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conducted as described for cells expressing brainbow fluorophores.
Even though patch electrodes were targeted to the inner third of the
granule cell body layer — where most KO cells were located — the blind
patch approach still yielded both PTEN KO and PTEN-expressing cells.
Cells were identified as PTEN KOs only after reconstruction, therefore,
using the same criteria that was applied to brainbow-expressing cells
(soma area exceeds two standard deviations of the control cell mean;
Santos et al., 2017). For the present study, 49.8% of all cells filled met
criteria for KO cells. Only data from KO cells is presented in the current
study.

In order to obtain the percentage of PTEN KO cells in mice used for
biocytin-fills, PTEN immunohistochemistry was performed (as de-
scribed for brainbow mice), but sections were co-stained with
NeuroTrace 640/660 Deep-Red Fluorescent Nissl stain (Thermo Fisher
Scientific Cat# N21483:AB_2572212) at a dilution of 1:300 instead of
NeuN labeling. An identical quantification approach to that described
for brainbow mice was used. Both Nissl- and NeuN-based counting
approaches were found to be equally effective (Santos et al., 2017).

2.7. Statistical analysis

All data collection and analyses were conducted by investigators
blind to animal age and genotype. Cell counts and neuronal re-
constructions were generated by a first investigator, and then reviewed
by a second to achieve consensus. Statistical tests were performed using
Sigma Plot software (version 14.0, Systat Software, Inc., San Jose, CA,
RRID: SCR_003210). Group differences among brainbow mice were
assessed by two-tailed Student's t-test for data that met assumptions of
normality and equal variance or by Mann-Whitney rank sum test for
data that violated either assumption. For these analyses, four compar-
isons were made: genotype within age and age within genotype. The
threshold for significance was adjusted for multiple comparisons using
Bonferroni corrections (0.05/4 = 0.0125). Specific tests used are noted
in the results. Group differences among biocytin-filled cells were as-
sessed using multiple linear regression with animal age and the per-
centage of KO cells as independent variables. Values from male and
female mice were found to be statistically indistinguishable and were
binned for analysis (Santos et al., 2017 and data not shown). P-va-
lues < .05 were accepted as significant. Values are presented as
means + SEM or medians [25th-75th percentiles] unless otherwise
noted.

2.8. Figure preparation

Confocal z-series image stacks acquired on the Nikon platform were
converted from 12 bit to 8 bit RGB.tiff files using NIS-Elements software
(version 4.500.00, Nikon). Figures were prepared using Sigma Plot
software and Adobe Photoshop CS5 (version 12.0, Adobe Photoshop).
Images of granule cells in Figs. 4, 6 and 7 are neuronal reconstructions
(Walter et al., 2007; Murphy et al., 2011).

3. Results

3.1. PTEN KO cell morphological abnormalities become more severe with
age

Three-week-old triple transgenic Glil-CreER™? hemizygous;
PTEN/fox. Brainbow™’* (brainbow-expressing, PTEN KO) and Gli-
CreER™ hemizygous; PTEN"”":, Brainbow™’" (brainbow-expressing,
control) mice were treated with tamoxifen to induce PTEN deletion and
brainbow fluorophore expression among hippocampal granule cell
progenitors. Animals were sacrificed at 7 or 18 weeks-of-age (4 and
15 weeks post injection). PTEN deletion rates among granule cells was
statistically similar between the two age groups (7 weeks, n = 5 KO
mice, 5.7% [2.4-10.9]; 18 weeks, n =5, 5.1% [4.2-6.1]; p = .841,
Mann-Whitney rank sum test [RST]).
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18 Weeks

3.2. Robust neuronal hypertrophy develops rapidly after cell birth

Somatic hypertrophy is the most consistent abnormality induced by
PTEN deletion (Backman et al., 2001; Kwon et al., 2003, 2006; Pun
et al., 2012). To examine the progression of somatic hypertrophy in
control and KO animals, soma area measurements were collected from
ScaleA2 cleared tissue from 7- (control, n = 15 cells from 4 mice; KO,
n = 12 cells from 5 mice), and 18- (control, n = 23 cells from 5 mice;
KO, n = 22 cells from 5 mice) week-old mice. Fig. 1 shows clusters of
brainbow-expressing KO and control cells at the different time points
and a representative neuronal reconstruction from each cluster. PTEN
KO cells showed dramatic somatic hypertrophy relative to control cells
at both the 7 (p = .0001, t-test) and 18 week (p < .001, RST) time
points (Fig.2A). These findings indicate that somatic hypertrophy
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Fig. 1. Confocal maximum projections and representative
Neurolucida reconstructions of brainbow-expressing cells in 7
and 18 weeks-old control (A, C) and KO (B, D) mice. The inset
(green box) shows an expansion of outer molecular layer
dendrites with processes growing parallel to the hippocampal
fissure. Scale bar = 100 um (200 um for the inset). (For in-
terpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

increases rapidly (within a month) after PTEN deletion. To determine
whether soma area increased between 7 and 18 weeks, we examined
age changes within genotype. Among control animals, soma area did
not change with age (p = .817, t-test). Although a trend towards in-
creased soma area was observed within the KO groups, the difference
did not reach the adjusted p-value for significance (p = .0192, t-test
[threshold p value = .0125]).

3.3. PTEN loss increases apical dendrite length and complexity

Apical dendrite length has also been shown to increase following
PTEN deletion (Jaworski et al., 2005; Kwon et al., 2006). To determine
whether this increase progresses over the three months following PTEN
deletion, YFP and RFP-expressing granule cells were examined in 7-
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Fig. 2. Progression of morphological changes between 7 and 18 weeks for brainbow-expressing KO (red) and control (blue) cells. Each point in the graphs represents
an individual granule cell, while bars depict means + SEM. A: KO cell somas were larger than controls at both 7 and 18 weeks. B: Total apical dendrite length was
greater for KO cells relative to controls at both 7 and 18 weeks, and both groups exhibited dendritic growth between 7 and 18 weeks. C: KO cell apical dendrites had
more branches than controls at both 7 and 18 weeks. Between 7 and 18 weeks, dendritic branching increased among KO cells only. D: Dendrite length in the outer
molecular layer was greater for KO cells relative to controls at both 7 and 18 weeks, and both groups exhibited dendritic growth between 7 and 18 weeks. E: KO cells
had more branches than controls at both 7 and 18 weeks in the outer molecular layer. Between 7 and 18 weeks, dendritic branching increased among KO cells. F: The
schematic shows the dentate granule cell layer (DGCL) and the three regions of the molecular layer (inner, IML; middle, MML and outer, OML) used for quantitative

morphological analysis. *, p < .0125. **,p < .0025. *
legend, the reader is referred to the web version of this article.)
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week-old mice (control, n = 15 cells from 4 mice; KO, n = 12 cells from
5 mice) and 18-week-old mice (control, n = 22 cells from 5 mice; KO,
n =7 cells from 3 mice). Apical dendritic length was significantly
greater for KOs in comparison to controls at both time points (Fig.2B;
7 weeks: p < .0001, t-test; 18 weeks: p < .001, RST). Analysis of age
within controls revealed growth over time, with the apical dendritic
trees in the 18 week group being larger than the 7 week group
(p = .001, t-test). Dendritic lengthening among KO cells was also evi-
dent (p =< .001, t-test). In addition to increased length, the total number
of dendritic branch points per cell was significantly higher among KOs
relative to controls at both 7 (Fig.2C; p < .001, RST) and 18 weeks
(p = .001, RST). Among control cells, total branch number did not
change significantly over time (p =.046, t-test [threshold p
value = .0125]), while branch number increased significantly between
7 and 18 weeks among KOs (p = .001, t-test). These findings indicate
that the apical dendrites of control cells show modest increases in
dendrite length between 7 and 18 weeks, while KO cells show more
robust increases in length and develop greater complexity over the
same period.

3.4. Apical dendritic length by molecular layer subregion

Dentate granule cell apical dendrites project through three sub-
regions within the dentate known as the inner, middle, and outer mo-
lecular layers. The inner molecular layer receives associational/com-
missural afferents, while the middle and outer molecular layers are
innervated by medial and lateral entorhinal cortex, respectively (Deller
et al.,, 1999; Dimoka et al., 2003; Forster et al., 2006; Amaral et al.,
2007). To determine whether PTEN deletion has selective effects on
specific dendritic compartments, we conducted subregion specific
analyses (Fig. 2F).

Apical dendrite length contained within the inner molecular layer
was significantly increased in brainbow-expressing 7 weeks-old KOs
relative to their age-matched controls (Graphs not shown; controls:
305.5 = 40.0um; KOs: 479.6 + 46.2um; p = .008, t-test). At
18 weeks, control and KOs were statistically similar (controls:
443.2 = 30.4um; KOs: 426.3 + 28.8um; p = .769, t-test). Among
control cells, there was a significant increase in inner molecular layer
length with age (p = .009, t-test). KO cells, on the other hand, did not
exhibit growth in the inner molecular layer between 7 and 18 weeks
(p = .423, t-test). Within the middle molecular layer, PTEN KO cells
exhibited greater dendrite length than controls at 7 weeks (Graphs not
shown; controls: 891.1 + 84.5um; KOs: 1286.9 = 106.3; p = .007, t-
test) but not 18weeks (controls: 1239.0 = 60.1 um; KOs:
1557.9 * 155.2um; p = .027, t-test [threshold p value = .0125]).
Among control cells — similar to the inner molecular layer — there was
an increase in length with age (p = .001, t-test). Middle molecular layer
length did not change with age among KOs (p = .156, t-test). Finally,
within the outer molecular layer, KO cells exhibited significantly
greater length than controls at both time points (Fig. 2D; 7 weeks:
p < .001, t-test; 18 weeks, p = .001, RST). Both controls (p = .002,
RST) and KOs (p = .001, RST) exhibited dendritic growth in the outer
molecular layer with age. Taken together, these observations are con-
sistent with faster maturation in the inner and middle molecular layers,
with KO cells achieving mature lengths more rapidly than controls, but
then plateauing once the normal length is reached. In the outer mole-
cular layer, KO cells also appear to grow faster. In this region, however,
growth continues in excess of normal values (Fig. 2D).

As an additional measure of dendritic growth, we quantified the
number of dendritic branches per molecular layer subregion. Average
inner molecular layer branch number was similar between KOs and age-
matched controls at 7 (Graphs not shown; controls: 2.7 * 0.3 bran-
ches; KOs: 3.1 = 0.5; p = .571, t-test) and 18 weeks (controls: 3 [1-4];
KOs: 5 [3-5]; p = .036, RST [threshold p value = .0125]). There was no
effect of age among either controls (p =.769, t-test) or KO cells
(p = .175, t-test). In the middle molecular layer, KO cells exhibited
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significantly more branches than age-matched controls at 7 (Graphs not
shown; controls: 1.9 + 0.3; KOs: 4.3 = 0.7; p = .005, t-test) and
18 weeks (controls: 2[1-3]; KOs: 6[5-9]; p = .001, RST). Branch
number within the middle molecular layer did not change with age for
controls (p = 1.000, RST) or KOs (p =.047, t-test [threshold p
value = .0125]). Finally, analysis of dendrite branching in the outer
molecular layer revealed a significant difference between KOs and
controls, with KOs having greater numbers at both 7 (Fig. 2E, p < .001,
RST) and 18 weeks (p < .001; RST). Moreover, while there was no
increase with age in outer molecular layer branching for control cells
(p = .052, RST), branching increased significantly with age among KO
cells (p < .0001, t-test).

These results demonstrate that PTEN deletion alters the character
and temporal pattern of granule cell apical dendrite growth. Control
cells exhibit modest increases in dendritic length in all three molecular
layer subregions with age, but no change in branches. This indicates
that growth occurs mainly via extension of existing branches. By con-
trast, KO cells — which already exhibit larger dendritic trees than con-
trols by 7-weeks-of-age — exhibit the most pronounced growth in the
outer molecular layer. This growth is achieved by increased length and
branching. Consistent with these quantitative measures, qualitative
observation of KO cells dendritic trees revealed unusual extensions of
the very distal dendrites of these cells in the outer molecular layer. In
control animals, granule cell dendrites extend out to the hippocampal
fissure and terminate. However, KO cells dendrites extend out to the
fissure and, instead of terminating, turn 90° and continue to grow
parallel to the fissure (Fig. 1D, inset). We postulate that these exten-
sions could reflect a failure of normal growth termination signals and
protracted expansion of the dendritic tree over time.

3.5. PTEN KO cell abnormalities are more pronounced in animals with
greater numbers of KO cells

Having shown that KO cells undergo progressive growth with age,
we next queried whether the percentage or load of KO granule cells in
the dentate gyrus impacted KO cell structure. There are multiple po-
tential mechanisms by which this might occur, including greater in-
cidence of seizures in higher KO mice (Pun et al., 2012) and localized
effects of KO cell clusters. For this experiment, two and three-week-old
double-transgenic Glil-CreER™ hemizygous; PTEN"*°% mice were
treated with tamoxifen. In these animals, morphology was revealed by
biocytin-filling single cells in acute hippocampal slices. The approach
yielded 57 cells from 42 mice, covering an age range of 9-33 weeks.

3.6. Apical dendrite length increases with age and KO cell load

Animals exhibited PTEN deletion rates of 2.0-36.5%, providing a
good range for regression analyses. Examples of slices from KO animals
are shown in Fig. 3 and individual KO cells from animals with a range of
KO cell rates are shown in Fig. 4. Since we previously established that
morphology varied with animal age, this was included as a variable in
the statistical approach. Animal age was predictive of soma area, but
the percentage of KO cells was not predictive (Fig. 5A). Both age and
the percentage of KO cells were predictive of total dendritic length
(Fig. 5B). The total number of dendritic branches, however, was not
predicted from either age or %KO, although clear trends were evident
(Fig. 5C).

To further delineate how granule cell structure was changing,
dendritic trees were broken down into inner, middle and outer mole-
cular layer subregions. Dendritic length in the inner molecular layer
was predicted by the percentage of KO cells, but not by animal age
(Fig. 5D). In the middle (Fig. 5E) and outer (Fig. 5F) molecular layers,
both age and the percentage of KO cells predicted dendrite length.

Dendritic branching in the inner, middle and outer molecular layers
was also examined (graphs not shown). Inner molecular layer
branching was not predicted by age (p = .822) or the percentage of KO
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Fig. 3. Titrating the “load” of PTEN KO cells to achieve variable deletion rates.
Images are confocal optical sections of the dentate gyrus showing PTEN-ex-
pressing cells (green) and Nissl staining (purple) in control mice (row A) and
mice with 2% (row B) and 14% (row C) deletion rates. PTEN KO cells appear
purple in the merged images (white arrows). Note the concentration of KO cells
within the inner third of the dentate granule cell body layer; the typical posi-
tioning of postnatally-generated neurons. Scale bar = 50 um. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

cells (p = .329). Findings were similar for age (p = .230) and the per-
centage of KO cells (p = .182) in the middle molecular layer. Similar to
brainbow-expressing animals, age showed a trend towards being
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predictive of branch frequency in the outer molecular layer (p = .093).
No relationship between outer molecular layer branching and KO cell
percentage was found (p = .798).

3.7. Basal dendrite length increases with age among PTEN KO cells

PTEN deletion frequently leads to the formation of basal dendrites
projecting into the dentate hilus. While brainbow expression did not
reliably reveal basal dendrites in thick sections, basal dendrites were
clearly visible among biocytin-filled PTEN KO cells (Fig. 6A). Notably,
75% of KO granule cells had at least one basal dendrite, with a median
of one per cell and a range of 0—4. Basal dendrite length was predicted
by age but not the percentage of KO cells in the animal, indicating that
basal dendrites also grow over time, similar to apical dendrites
(Fig. 6B).

3.8. Differences in tamoxifen treatment cannot account for the observed
findings among KO cells

To generate the range of KO cell percentiles utilized for the present
study, animals were treated with 250 mg/kg tamoxifen on either P14 or
P21. With this approach, tamoxifen dose is held constant, but animal
age varied. As desired, animals treated on P14 exhibited higher per-
centages of KO granule cells than animals treated on P21, reflecting the
overall decline in neurogenesis rates over this period (P14, n = 42 cells,
25.2% PTEN KO [range = 14.9-36.5]; P21, n =15 cells, 13.0%
[range = 2.0-23.3]; p < .001, t-test). To confirm that the observed
effects were not due to this difference in treatment age among animals,
regression analyses were repeated using P14 animals only for measures
that generated significant outcomes. Results were qualitatively similar.
Apical dendrite length was predicted by both age (p = .001; Multiple
Linear Regression) and the percentage of KO cells (p = .013) for the
P14 group. Inner molecular layer length maintained a strong trend
towards being significantly correlated with the percentage of KO cells
(p = .057) and middle molecular layer length was predicted by both
age (p = .049) and the percentage of KO cells (p = .023). Outer mole-
cular layer length and basal dendrite length were still predicted by age
(OML, p < .001; basal dendrites, p = .014). These findings indicate

Fig. 4. Neuronal reconstructions of biocytin-filled cells from mice with variable rates of PTEN deletion from the dentate gyrus (10-33%). Cells from animals with
higher deletion rates show greater dendritic length and complexity. Scale bar = 100 pm.
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Fig. 5. Three dimensional plots of multiple linear regression analyses utilizing the percentage of KO cells (% KO) and animal age in weeks (wks) as independent
variables. The dependent variables are shown on the y-axis for each graph. Soma area (A) was predicted by age only, while apical dendrite length (B) was predicted
by both age and the percentage of KO cells. When dendrite length was examined by subregion, dendritic length in the inner molecular layer (IML, D) was predicted by
%KO only, while both variables predicted length in the middle (MML, E) and outer (OML, F) molecular layers. P-values for each independent variable are given on

the appropriate axis.

A.

Basal Dendrite Length (um)

Fig. 6. Basal dendrite length is predicted by animal age. A: Images show neuronal reconstructions of PTEN KO granule cells from mice at 10-24 weeks (wks)-of-age.
Basal dendrites are shown projecting upwards. Scale bar = 50 um. B: The three-dimensional plot depicts the results of a multiple linear regression analysis with the
percentage of KO cells (%KO) and animal age (wks) as independent variables and basal dendrite length as the dependent variable. Basal dendrite length was

predicted by animal age. P values are provided on the appropriate axis.

that the observed increases in dendritic length with age and KO cell
load are not artifacts of the tamoxifen dosing paradigm.

4. Discussion

Mutations that increase mTOR pathway signaling cause numerous
human diseases. Because mutations can be germline or somatic in
nature, the number of affected cells can vary widely across patients.
Here, we utilized a granule cell-specific PTEN knockout (KO) mouse
model to determine whether variations in the number of affected cells
impacts the morphological development of these same cells, or whether
aberrant cell growth occurs independently of affected cell number. The
latter would suggest aberrant growth is driven entirely by PTEN loss in

the affected cell, while the former implies that paracrine and/or sec-
ondary effects contribute (Fig.7). We also examined the impact of an-
imal age on KO cell morphology, as secondary pathologies, such as
inflammation and seizures, become more severe with time. Both animal
age and the load of PTEN KO cells were significant predictors of KO cell
morphology over an age range of 8 months. These findings indicate that
PTEN deletion leads to a chronic and progressive dysmorphogenesis of
granule cell structure, with abnormalities increasing in severity as a
function of age and KO cell number. The mechanism(s) underlying
these phenomena remain to be elucidated, however, the findings imply
that pathological changes among individual mutant cells may be
greater in patients with greater numbers of mutant cells.
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Fig. 7. The present study tested two competing hypotheses. The simplest hy-
pothesis (H1, black arrow) predicts that KO granule cell morphology is entirely
driven by cell intrinsic effects of PTEN loss. The key prediction of this model is
that there should be no relationship between the number of KO cells in an
animal and the morphology of individual KO cells. Our data supports the al-
ternate hypothesis (H2, blue arrows), which predicts that the cell intrinsic ef-
fects of PTEN loss act in concert with secondary changes induced by the ab-
normal cells to exacerbate aberrant morphological changes among KO cells.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

4.1. Potential mechanisms of PTEN KO cell “load” effects

Abundant evidence from animal models and human mTORopathies
supports the conclusion that the load of mutant cells affects disease
severity at the whole organism level. In our original paper describing
the PTEN model, we found that animals with PTEN loss from > 10% of
the granule cell population developed cortical seizures, while animals
with lower deletion rates did not develop cortical seizures (Pun et al.,
2012). Similarly, deletion of PTEN using promoters that target most
neurons (NSE-cre; GFAP-cre) produce gross brain abnormalities that are
absent from our granule cell specific model (Kwon et al., 2001, 2006;
Fraser et al., 2004; Ljungberg et al., 2009). Clinically, patients with
restricted mosaicism have milder disease than patients with constitu-
tional mutations (Alcantara et al., 2017). The novel finding here is the
observation that individual PTEN KO cells develop larger dendritic trees
in animals with greater overall numbers of KO cells.

A number of possibilities can be considered to explain the observed
relationship between KO cell load and KO cell size. Firstly, we note that
the experimental design precludes the possibility that experimenter bias
could account for the observed relationship. In this model, KO cell load
cannot be established until immunohistochemical experiments are
completed on collected brain slices — weeks after biocytin fills are done.
In addition, optical imaging of slices was only used to place the patch
pipette above the inner third of granule cell body layer. Individual
somas were not visualized or targeted to avoid bias towards larger cells.
We note, however, that correlative data can sometimes be misleading,
so the possibility of an artifactual finding cannot be entirely dismissed.
We cannot exclude the possibility, for example, that technical factors
might favor successful patching of larger cells in animals with higher
KO rates — although we are unaware of any mechanism the might
produce such a bias. Of greater interest, plausible biological mechan-
isms could also produce the observed relationship. Animals with higher
percentages of PTEN KO granule cells exhibit hypertrophy of the den-
tate gyrus, modest increases in reactive gliosis, abnormal hippocampal
physiology, seizures and premature mortality (Pun et al., 2012; LaSarge
et al., 2016; Santos et al., 2017). These changes, alone or in combina-
tion, could act to stimulate granule cell growth (Fig. 7). Hypertrophy of
the dentate gyrus — induced by large numbers of KO cells developing
somas and dendrites 3—4 times larger and thicker than controls — might
induce further expansion of the dendritic tree by creating more space to
grow. Alternatively, seizures could serve as a stimulus for neuronal
growth. mTOR pathway activation is highly responsive to neuronal
activity (Takei and Nawa, 2014) and acts to promote activity-depen-
dent neuronal growth and plasticity (Von Der Brelie et al., 2006;
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Hoeffer and Klann, 2010). The onset of seizures in higher KO animals
might create a positive feedback loop, whereby KO cells become in-
creasingly abnormal in response to heightened activity levels. If either
of these latter possibilities is confirmed, it may be possible to reduce
mTOR-mediated neuronal dysmorphogenesis by controlling secondary
changes.

4.2. PTEN deletion alters neuronal growth patterns

In the first set of experiments presented here (Fig. 2), control and
PTEN KO cells were examined in 7- and 18-week-old mice. Because
fluorophore-expression was induced among progenitor cells when the
animals were 3 weeks old, the ages of the cells examined would be 4
and 15 weeks, respectively. By 4-6 weeks of age, granule cells are
functionally mature, with dendrites reaching the hippocampal fissure,
axons in the hilus and CA3 stratum lucidum, and the ability to fire
action potential and activate downstream targets (Overstreet-Wadiche
and Westbrook, 2006; Zhao et al., 2006; Ge et al., 2007; Toni et al.,
2008; Gu et al., 2012). Studies of adult neurogenesis, however, indicate
that additional physiological and morphological changes occur beyond
the period of initial functional maturity (van Praag et al., 2002; Zhao
et al., 2006). The present results are in accord with these findings, with
control granule cells exhibiting dendritic lengthening between the two
time points. KO granule cell dendrites also increased in length, but
achieved significantly larger trees than controls via a combination of
dendritic lengthening and increased branching. Moreover, the second
set of experiments presented here revealed that KO cell dendritic trees
continue to increase in size for up to 8 months (Fig. 5).

The relative contributions of KO cell load and age to granule cell
dysmorphogenesis cannot be fully discriminated here. PTEN loss may
directly promote prolonged neuronal growth at the level of individual
neurons, accounting for the observed association between dendritic size
and age. Disease severity in the PTEN model, however, also becomes
more severe with age (Pun et al., 2012), and could underlie the positive
correlation between age and dendritic extent. We did include an age*%
KO interaction term in our analyses, but no significant interactions were
found (data not shown). Examination of animals with very low loads of
KO cells (< 1%) in future studies, in which the disease phenotype is
absent, will be needed to fully resolved the relationship between age
and KO cell load.

4.3. Functional impact of morphological changes

A modest increase in basal dendrite length with age was noted
among KO cells. Basal dendrites are rare among control cells, and these
aberrant processes provide a pathway for recurrent circuit formation
within the dentate (Ribak et al., 2000; Kelly and Beck, 2017). Indeed,
physiological evidence of recurrent activity is observed in this model
following perforant pathway activation in acute hippocampal slices
(Lasarge et al., 2016). Slices from control animals exhibit only a single
population spike following stimulation, while slices from KO animals
consistently exhibit multiple spikes — indicative of recurrent circuitry.
Continued basal dendrite growth suggests this recurrent pathway may
become more robust over time. Growth of apical dendrites may also
contribute to hyperexcitability in these animals by providing a sub-
strate for increased input from entorhinal cortex, a finding consistent
with evidence of increased spontaneous excitatory postsynaptic cur-
rents among KO granule cells (Santos et al., 2017).

4.4. Time window for intervention in mTORopathies

The protracted time period over which PTEN deletion promotes
neuronal dysmorphogenesis has implications for mTORopathies.
Specifically, while some PTEN-induced neuronal changes can be re-
versed by treatment with the mTOR antagonist rapamycin, others
cannot. Somatic hypertrophy, for example, can be prevented and
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reversed with rapamycin (Getz et al., 2016). Aberrant neuronal mi-
gration, on the other hand, was not reversible (Williams et al., 2016).
Whether or not the progressive increases in apical and basal dendrite
length observed here can be reversed remains to be determined, but the
present findings indicate that the window for preventative treatment is
large. These observations are consistent with studies showing that de-
layed rapamycin treatment is still effective in PTEN KO models of
epilepsy (Sunnen et al., 2011; Nguyen et al., 2015). Similarly, this could
contribute to the efficacy of rapalogues (such as the mTOR antagonist
everolimus) to produce positive effects in clinical trials in patients with
tuberous sclerosis complex and refractory partial onset seizures
(Krueger et al.,, 2013, 2016) (EXIST-3, ClinicalTrials.gov identifier:
NCTO01713946). Results from the present study indicate that both early
and late treatment with mTOR antagonists may prevent neuronal dys-
morphogenesis.

5. Conclusions

mTOR pathway mutations are linked to autism spectrum disorder,
brain malformations and epilepsy (Conti et al., 2012; Marchese et al.,
2014). Mosaicism in these patients can produce widely varying num-
bers of mutant cells. Our findings indicate that the dendritic growth of
individual KO cells is greater in animals with greater numbers of KO
cells, implying that disease severity in patients may reflect the combi-
natorial effects of the total size of the mutant cell population, and the
severity of abnormalities exhibited by individual mutant cells. We also
find that PTEN loss produces chronic changes in neuronal growth.
Encouragingly, these observations imply that the potential treatment
window for preventing neuronal dysmorphogenesis is large, extending
well-beyond the phase of neuronal differentiation.
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