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Phosphatase and tensin homolog (PTEN) is a major negative regulator of the phosphatidylinositol-3-kinase (PI3K)/Akt/mech-
anistic target of rapamycin (mTOR) pathway. Loss-of-function mutations in PTEN have been found in a subset of patients
with macrocephaly and autism spectrum disorder (ASD). PTEN loss in neurons leads to somal hypertrophy, aberrant migra-
tion, dendritic overgrowth, increased spine density, and hyperactivity of neuronal circuits. These neuronal overgrowth pheno-
types are present on Pten knock-out (KO) and reconstitution with autism-associated point mutations. The mechanism
underlying dendritic overgrowth in Pten deficient neurons is unclear. In this study, we examined how Pten loss impacts
microtubule (MT) dynamics in both sexes using retroviral infection and transfection strategies to manipulate PTEN expres-
sion and tag the plus-end MT binding protein, end-binding protein 3 (EB3). We found Pten KO neurons sprout more new
processes over time compared with wild-type (WT) neurons. We also found an increase in MT polymerization rate in Pten
KO dendritic growth cones. Reducing MT polymerization rate to the WT level was sufficient to reduce dendritic overgrowth
in Pten KO neurons in vitro and in vivo. Finally, we found that rescue of dendritic overgrowth via inhibition of MT polymer-
ization was sufficient to improve the performance of Pten KO mice in a spatial memory task. Taken together, our data sug-
gests that one factor underlying PTEN loss dependent dendritic overgrowth is increased MT polymerization. This opens the
possibility for an intersectional approach targeting MT polymerization and mTOR with low doses of inhibitors to achieve
therapeutic gains with minimal side effects in pathologies associated with loss of neuronal PTEN function.
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Significance Statement

Loss of Pten function because of genetic deletion or expression of mutations associated with autism spectrum disorder (ASD),
results in overgrowth of neurons including increased total dendritic length and branching. We have discovered that this over-
growth is accompanied by increased rate of microtubule (MT) polymerization. The increased polymerization rate is insensi-
tive to acute inhibition of mechanistic target of rapamycin (mTOR)C1 or protein synthesis. Direct pharmacological inhibition
of MT polymerization can slow the polymerization rate in Pten knock-out (KO) neurons to rates seen in wild-type (WT) neu-
rons. Correction of the MT polymerization rate rescues increased total dendritic arborization and spatial memory. Our studies
suggest that phosphatase and tensin homolog (PTEN) inhibits dendritic growth through parallel regulation of protein synthe-
sis and cytoskeletal polymerization.

Introduction
Phosphatase and tensin homolog (PTEN) is a major negative
regulator of the phosphatidylinositol-3-kinase (PI3K)/Akt/mech-
anistic target of rapamycin (mTOR) pathway (Endersby and
Baker, 2008; Chalhoub and Baker, 2009). It dephosphorylates
phosphatidylinositol (3,4,5)-triphosphate (PIP3) to phosphati-
dylinositol (4,5)-biphosphate (PIP2), thereby directly antagoniz-
ing the activity of PI3K. Mutations in PTEN have been found
in a subset of humans with macrocephaly and autism spec-
trum disorder (ASD; Eng, 2003; Butler et al., 2005; Buxbaum
et al., 2007; Hansen-Kiss et al., 2017). Pten mouse models
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revealed macrocephaly and recapitulation of autism-like be-
havioral phenotypes (Kwon et al., 2006; Clipperton-Allen
and Page, 2014; Tilot et al., 2014; Cupolillo et al., 2016). Loss
of Pten in neurons leads to somal hypertrophy, aberrant migration,
increased spine density, and dendritic overgrowth, resulting in
hyperexcitability of neuronal circuits (Kwon et al., 2006; Luikart et
al., 2011a; Williams et al., 2015; Getz et al., 2016; Skelton et al.,
2020).

Dendritogenesis occurs via regulation of translation and pre-
cise mobilization of cytoskeletal networks in response to cell
intrinsic and extrinsic cues. mTOR-hyperactivating mutations in
neurons have been linked to dendritic overgrowth and aberrant
protein translation (Jaworski et al., 2005; Kumar et al., 2005; Lin
et al., 2016). Genetic mutations and pharmacologic inhibitors to
decrease aberrant protein translation have been successful in
reducing dendritic overgrowth in neurons. Further, mutations to
reduce 1TIP microtubule (MT)-associated proteins and f-actin
bundling proteins lead to decreased dendritic complexity.
However, the interaction between Pten loss, cytoskeletal regula-
tion, and spatial cognition are not well understood.

Here, we examined how Pten loss impacts MT dynamics
using retroviral infection and transfection strategies to manipu-
late Pten expression and tag the plus-end MT binding protein,
end-binding protein 3 (EB3), both in vivo and in primary cul-
tured hippocampal neurons. We found that ASD-associated
PTEN mutations do not regulate dendritic overgrowth, and that
Pten loss results in neurons sprouting more new dendritic proc-
esses compared with wild-type (WT) via live multi-photon mi-
croscopy. Further, we found that Pten knock-out (KO) dendrites
have an increased MT polymerization rate in primary cultured
neurons via confocal microscopy. This process was both rapamy-
cin and translation independent. Pharmacological reduction of
MT polymerization rate to the level of WT with vinblastine was
sufficient to reduce dendritic overgrowth in Pten KO neurons in
vitro. Intrathecal administration of vinblastine in vivo rescued den-
dritic arborization and performance of Pten KO mice in a spatial
memory task. Taken together, our data suggests that PTEN regula-
tion of cytoskeletal polymerization is necessary to regulate dendrite
growth and branching. In the context of other studies demonstrat-
ing the necessity for protein translation in this process we suggest
that parallel pathways regulating protein translation and cytoskeletal
polymerization could provide an intersectional approach to treat
features of PTEN-mediated disorders.

Materials and Methods
Experimental design and statistical analysis
Quantitative values reported in the manuscript text are mean 6 SEM
(n = neurons). Unless otherwise indicated, all statistical comparisons are
performed in Stata 15 using the mixed-effect model described in Moen
et al. (2016). Pairwise comparisons are made between every condition
using the pwcompare algorithm in Stata. All graphs were generated
using GraphPad Prism 9 and two-way ANOVA, Kolmogorov–Smirnov
and t test were all performed using Prism 9.

Replication-deficient retroviruses
Replication deficient retroviruses used the pRubi construct described
previously (Luikart et al., 2011a). pRubi-mCherry-T2A-Cre retrovirus
used was described previously (Williams et al., 2015). pRubi-GFP-T2A-
Cre was generated by PCR cloning Cre and adding 5’BsrG1 and 3’EcoRI
sites, then ligating the product into pGemT-easy. Cre was cut with
BsrG1, annealed to the T2A oligo, ligated into pGemT-easy, then cut
with BsrG1 and ligated into the lentiviral vector FUGW. This FUG-T2A-
Cre was digested with SacII and put into the pRubi backbone to create
the retroviral version.

To generate pRubi-X(XbaI)-T2A-Cre, GFP was then removed
through a sequential digestion with EcoRI and XbaI, yielding pRubi-
“XbaI”-T2A-Cre. PTEN, H93R, and D252G were cloned into the XbaI
site using the following primers (sense 59-TCTAGAACCATGAC
AGCCATACATCAAAGAGATCG-39; antisense 59-TCTAGAGACTTT
TGTAATTTGTGTATGCTGATCTTC-39).

To the generate EB3-GFP retrovirus, EMTB-3xGFP plasmid (EB3-
GFP; a gift from William Bement; Addgene plasmid #26741; http://n2t.
net/addgene:26741; RRID:Addgene_26741; Miller and Bement, 2009)
was cut with AvaI/AgeI, and cloned into the AgeI site of pRubi to gener-
ate pRubi-EB3-GFP. Retroviral packaging was performed as described
previously (Fricano-Kugler et al., 2016).

Animals
All procedures were approved by both the Dartmouth Institutional Animal
Care and Use Committee, and the Association for Assessment and
Accreditation of Laboratory Animal Care Review Board. Mice of either sex
were used. Pten flox/flox (B6.129S4-Ptentm1Hwu/J) mice were backcrossed into
the C57BL/6J background at least five generations. Pten Flox/Floxx tdTomato
(Ai14) Flox/Flox mice were generated by crossing Pten Flox/Flox (B6.129S4-
Ptentm1Hwu/J) mice to tdTomato (Ai14) Flox/Flox (B6;129S6-Gt(ROSA)
26Sortm14(CAG-TdTomato)Hze/J).

Stereotaxic injection
Stereotaxic injection was performed as described previously (Williams et
al., 2015, 2016; Getz et al., 2016). Briefly, postnatal day (P)7 mice were
anesthetized with isoflurane, injected with 2mL of virus at a rate of
0.3ml/min at y1 1.55 mm and x6 1.30 mm relative to l and the z-coor-
dinates were �2.3, �2.2, �2.1, �2.0 mm, with 25% of the total volume
of virus injected at each depth. Upon completion of injection we waited
1 min before slowly bringing the needle out of the skull.

Fixed-tissue immunohistochemistry, imaging, and analysis
Immunohistochemistry was performed as described previously (Luikart
et al., 2011b; Fricano et al., 2014). Primary antibodies were chicken anti-
GFP (1:3000; Abcam) and rabbit anti-mCherry (1:3000; Abcam).
Secondary antibodies include Alexa Fluor 488 anti-chicken (GFP), and
Cy3 anti-mouse (mCherry; 1:200; Jackson ImmunoResearch).

Z-stacks for soma size analysis were taken on a either a Zeiss
LSM510 with either a 20�/0.75mm plan-apochromat lens with 2�
zoom, at 512� 512, and a 2-mm z-step, or a CCD camera (Hamamatsu)
fitted on a spinning disk confocal microscope (BX61WI; Olympus) con-
trolled by IPLab 4.0 software (BD Biosciences) with a 40�/1.3mm oil
emersion lens. Soma size was analyzed in the same manner as described
previously (Fricano et al., 2014) by circling somas at their maximum cir-
cumference in ImageJ/Fiji (NIH). We noted no difference in analysis of
morphologic values using these different imaging modalities.

Migration was quantified as the distance of a cell from the granule
cell layer (GCL)/hilus border divided by the local thickness of the GCL
(Perederiy et al., 2013; Getz et al., 2016). Total dendritic arborization was
analyzed by first collecting 150-mm sections from the hippocampus. z-
Stacked images were taken on Zeiss LSM510 laser-scanning confocal at
20�/0.75 plan-apochromat lens with 1� zoom, at 512� 512, 4� averag-
ing, and a 2-mm z-step. We analyzed neurons with cell bodies in the cen-
ter 50mm of the 150-mm image stacks to ensure that there was no
significant arborization outside of the 150-mm-thick section. Neurons
were reconstructed using Neurolucida, and analyzed with Neurolucida
Explorer (Williams et al., 2015). For reconstructions after in vivo vinblas-
tine/vehicle injections the updated Neurolucida 360 software package
was employed with higher resolution 1024� 1024 image stacks (all other
parameters the same).

Acute slice generation
Acute live slice generation was previously described previously
(Williams et al., 2015; Skelton et al., 2019). Briefly, mice were anesthe-
tized with tribromoethanol and perfused with an ice cold cutting solu-
tion containing the following: 110 mM choline-Cl, 10 mM D-glucose, 7
mM MgCl2, 2.5 mM KCl, 1.25 mM NaH2PO4-2H2O, 0.5 mM CaCl2,
1.3mM NA-ascorbate, and 25 mM NaHCO3, bubbled with 95% O2-5%
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CO2; 290-mm-thick sections were generated through the hippocampus
on a VT1200s vibratome (Leica), Slices were stored in artificial CSF
(aCSF) at room temperature. The contents of aCSF are as follows: 125
mM NaCl, 25 mM NaHCO3, 2.5 mM KCl, 1.25 mM NaH2PO4, 2.0 mM

CaCl2, 1.0 mM MgCl2, and 25 mM D-glucose, bubbled with 95% O2-5%
CO2.

Live-tissue multiphoton imaging and analysis
Multiphoton microscopy (Ultima In Vivo, Prairie Technologies/Bruker)
was used to capture a z-series (0.5-mm step) through the entire dendritic
arbor of retrovirus-infected granule neurons every 2min for 1 h from
acute slices collected between 7 and 12d postinjection (DPI). Neurons
were imaged with 60� 1.0NA lens, with 4� averaging, 2.5� zoom, at
either 512� 512 pixels or 1024� 1024 pixels, and a 1.2-ms dwell time.
Slices were perfused with aCSF bubbled with 95% O2, 5% CO2 at 37°C.
Fluorescence was stimulated by either 860 nM or 920 nM using a
Chameleon tunable laser (Coherent).

Images were analyzed in ImageJ/Fiji. Images were first converted
from a stack to a hyperstack, and channels were separated into green
(MT) and red (cytoplasm). We found bleed-through from the red (cyto-
plasm) channel into the green (MT) channel by ;15%. To correct for
that, the red channel was multiplied by 0.15 and then the green channel
was subtracted by the red channel. The n-Tracer1.1.1 alignmaster plug-
in (Roossien et al., 2019) was used to correct for photobleaching over

time. Finally, channels were merged, and the rigid
body StackReg plugin (Thévenaz et al., 1998) was
used to control for x-drift and y-drift.

To analyze these images the entire length of a pri-
mary dendritic arbor was traced to measure the
length over which new processes could emerge. To
analyze new processes, a region of interest (ROI) was
selected surrounding the process using the polygon
selection tool. Processes were then tracked over time.
Number of new processes/mm/h was obtained by
counting the number of new processes emerging per
micrometer per hour and averaged for each neuron.
MT (DMTInt) and cytoplasmic (DCytoInt) intensity
changes were obtained by separating MT (green)
and cytoplasmic (red) channels, thresholding each
process within the ROI and following those proc-
esses over time. MT intensity change was calculated
as follows: DMTInt = (t2MTInt –t1MTInt)/t1CytoInt.
Cytoplasmic intensity change was calculated as fol-
lows: DCytoInt = (t2CytoInt –t1CytoInt)/t1CytoInt.
Values were plotted and fitted with a Gaussian func-
tion and population distribution was compared
between WT and KO processes. For examination of
DMTInt and DCytoInt as a per-cell average the abso-
lute value of the intensity change was used so that
decreasing intensity (negative values) and increasing
intensity (positive values) do not cancel when aver-
aged. Only cells with at least one new process persist-
ing for at least five time frames were averaged.

Primary culture imaging and immunocytochemistry
Primary neurons were cultured and transfected as
described previously (Luikart et al., 2008). Live imag-
ing of dendritic growth cones from primary hippo-
campal cultures were collected on a Zeiss LSM-800
with Airyscan with a 63�_1.4NA_190WD lens with
2� zoom, 4� averaging, at 1024 � 1024 pixels, a z-
series of two slices with definite focus, and a time
interval of about 5 s (frame rate of ;2.09 s) for
10min, or on a Zeiss LSM-880 with Airyscan 63-
�_1.4NA_190WD lens with 2� zoom, 4� averag-
ing, at 1024� 1024 pixels, a z-series of two slices,
and a time interval of 4.16 s (frame rate of 2.08 s) for
;10min. All primary cultured neurons were incu-
bated at 37°C with 5% CO2 during imaging. For
drug experiments, drugs were added to primary cul-

tures immediately before imaging and each culture was imaged for up to
4 h. To analyze MT polymerization rate, channels were separated and z-
projected. The lookup table on the growth cone was changed to grayscale
and inverted, such that EB3-puncta were black. Puncta were tracked
with the MTrackJ plugin on ImageJ/Fiji (NIH; Meijering et al., 2012).
We noted no difference in EB3 puncta quantification as imaged on the
LSM-800 or 880.

After imaging, primary cultures were fixed by first adding equal vol-
ume warmed 4% sucrose and 4% paraformaldehyde (PFA) in PBS to cul-
tures, such that 2% of the total volume is PFA for 5–10min. Following
that, the solution was replaced with 4% sucrose and 4% PFA in PBS for
5–10min. Cultures were then stained as described previously (Luikart et
al., 2008).

Imaging fixed primary cultures
For immunocytochemistry, cells were imaged on a Zeiss LSM-800
with Airyscan with a 20�/0.8 plan-apochromat lens with 1.5�
zoom, at 512� 512, with 4� averaging, and a 2-mm z-step. For
chronic vinblastine treatment, cells were imaged on a Zeiss LSM-
800 with Airyscan with a 20�/0.8 plan-apochromat lens with 0.6�
zoom, 1� averaging, at 2048� 2048, and a 1-mm z-step. Neurons
were reconstructed as described above.

Figure 1. ASD-associated PTEN point mutations do not rescue neuronal hypertrophy or migration. Schematic of ret-
roviruses expressing Cre recombinase and human PTEN variants (pRubi-x-T2A-Cre) that were co-injected with a control
retrovirus expressing only GFP (pRubi; A). In vivo injection of virus into the dentate gyrus of PtenFlox/FloxxtdTomato
(Ai14)Flox/Flox mice at P7 and histology was performed at 24 DPI. Expression of Cre only (KO) resulted in neuronal hy-
pertrophy while WT PTEN (KO1PTEN) rescued the hypertrophy. Neither H93R (KO1H93R) nor D252G (KO1D252G)
rescued hypertrophy (B, quantified in C). Pten KO neurons migrate farther into the GCL compared with controls, while
reconstitution with WT PTEN rescues this effect. PTEN H93R or D252G expression do not rescue, displaying migration
farther into the GCL compared with controls (B, quantified in D). Arrows in A illustrate Pten KO or KO1ASD mutation,
while asterisks illustrate control neurons. Scale bars: 50mm (B). The numbers in parenthesis represent animal number.
Statistical comparisons are against control or indicated by brackets; *p, 0.05, **p, 0.01, ***p, 0.001,
****p, 0.0001.
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Spatial accuracy behavior
The goal of spatial accuracy training was to
shape food restricted mice (85% of baseline
body weight) to associate a visible bottle cap
cue, placed roughly in the middle of one of the
arena quadrants, with automated food reward.
As training progressed, the shaping procedure
reduced the size of the reward zone and the
amount of time required to trigger a pellet
release from an overhead feeder would increase.
The goal cue would then be removed to test the
animal’s ability to flexibly associate the object
with both the original training location and
novel spatial locations during probe trials
(Bures et al., 1997; Kubie et al., 2007; Mouchati
et al., 2020).

Over the course of training, the goal zone
diameter ranged down to 10% of the 76-cm di-
ameter arena. The task has two modes for spa-
tial behavior. One mode is for goal-directed
navigation when the animal is seeking the goal
zone and the other for foraging for a food
reward after the pellet has been dropped into a
random arena location following a successful
pause within the goal zone. The visible and hid-
den versions of the spatial accuracy task were
modeled after the cue and place navigation
tasks in the Morris water maze (Morris et al.,
1982). Hippocampal lesions cause a significant
and long-lasting place navigational impairment
that cannot be attributed to motor, motivational
or reinforcement deficits. In contrast to the
water maze task, the spatial accuracy task allows
for continuous measurement of multiple goal
navigation epochs and spatial memory meas-
urements in one session (Mouchati et al., 2020).

Mouse location was tracked and recorded
via a firewire camera (30Hz sampling rate)
placed over the arena and analyzed with
Biosignal software (Tracker, Bio-signal Group
Corp) and custom software (MATLAB v
R2019A, MathWorks). Training began with a
2-cm diameter white bottle cap used as a visible
goal. The bottle cap was placed ¾ from the
arena wall to the arena center in the northeast
quadrant. A polarizing cue card (color code
gray 9.5; Color-Aid Corp.) was placed along the
north sector of the arena wall, covering;450 of
arc. Animals were advanced to successive visi-
ble goal phases after reaching a criterion of 20
rewards. In phases 1–4 of training, 500-ms
dwell-time in a target zone successively ranging
in diameter from 51 cm (phase 1), 28 cm (phase
2), 19 cm (phase 3), and 15 cm (phase 4) elicited
a 15V TTL pulse via a peripheral component interconnect. This pulse
triggered release of a food pellet reward (Bioserv; 20-mg dustless preci-
sion pellets) from a custom overhead feeder, which fell to a random
arena location. A refractory reward period of 5 s was set to encourage

the animal to leave the target area and forage for the fallen pellet before
returning to the goal zone to trigger another pellet. In this manner,
measures of continuous navigation to and from the goal zone were pos-
sible over the course of each 30-min training session. In phases 5–7, the
threshold for target dwell-time was raised to 750ms, 1 s, and 1.2 s

Table 1. Granule neuron soma size and position values

Raw soma size (mm2) Raw neuron position (% of GCL) Neurons Animals Corrected soma size (mm2) Corrected neuron position (% of GCL) Neurons Animals

Control 91.4 6 0.6 33.2 6 0.6 471 30 91.4 6 0.6 33.2 6 0.6 471 30
Pten KO 130.5 6 3.4 59.3 6 1.6 127 5 151.3 6 3.0 60.5 6 1.6 86 5
KO 1 PTEN 87.5 6 1.1 34.4 6 1.1 137 7 87.5 6 1.1 34.4 6 1.1 137 7
KO 1 H93R 115.0 6 1.7 42.8 6 1.2 195 9 129.4 6 1.7 47.0 6 1.5 118 9
KO 1 D252G 117.3 6 2.9 44.9 6 1.6 133 9 143.0 6 3.1 52.3 6 2.1 68 9

The average soma cross sectional area (size) and position in the GCL as a % of the total width of the GCL for WT control neurons, Pten KO neurons, and KO neurons with reconstitution of human WT, H93R, or D252G PTEN.
Raw values include every tdTomato-positive cell. Corrected values exclude tdTomato-positive cells with soma size ,106.8 mm2. All values are reported as mean 6 SEM.

Figure 2. Expression of tdTomato in tdTomato (Ai14) mice. GFP-T2A-Cre-expressing retrovirus was injected into the den-
tate gyrus of Pten Flox/Flox x tdTomato (Ai14) Flox/Flox mice at P7. In doing so, Cre-positive Pten KO neurons are both GFP-T2A-
Cre-positive and tdTomato-positive, while tdTomato-positive neurons without GFP expression are WT neurons displaying
tdTomato expression independently of GFP-T2A-Cre expression. The yellow lines indicate the boundaries of the GCL. The
asterisks indicate a cell with tdTomato expression but lacking GFP expression, while the arrow indicates a GFP-T2A-Cre-posi-
tive and tdTomato-positive Pten KO neuron (A). Soma size analysis of co-labeled GFP-T2A-Cre and tdTomato positive neurons
compared with control (GFP-only expressing neurons from an independent set of animals) reveals GFP-T2A-Cre positive neu-
rons were larger than tdTomato positive neurons, while tdTomato only neurons were the same size as WT control neurons
(B). Soma size was then expressed as a frequency distribution with one peak for both GFP-T2A-Cre-positive and tdTomato-
positive at around 140–150 mm2, indicative of Pten KO neurons. Another peak was only tdTomato-positive and had a peak
soma size at around 80 mm2, indicative of WT neurons. The distribution was fit using the nonlinear Lorentzian function
(tdTomato R2 = 0.99, GFP-T2A-Cre R2 = 0.95) to find that these two peaks crossed at 106.80 mm2 (C). A cutoff of 106.80
mm2 was then applied to the raw soma size values to eliminate cells ectopically expressing tdTomato from our morphologic
analyses of Pten KO neurons (D). This 106.80-mm2 cutoff was applied to the raw data for soma size and neuronal position
(from Fig. 1) to generate transformed values for soma size (E) and position (F) that are more accurate absolute values for
these measures. The numbers in parenthesis represent animal number. Statistical comparisons are against control or indi-
cated by brackets; *p, 0.05, **p, 0.01, ***p, 0.001, ****p, 0.0001.
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consecutively. Finally, in phase 8 of training the visible goal cue was
removed. To prevent the use of olfactory cues in these sessions, the floor
was rotated 45° and cleaned with soap and water and then 70% ethanol.
In these hidden goal training sessions, the animal’s spatial behavior pro-
vided a proxy measure of self-localization relative to the estimated goal
zone location as determined by stationary room and arena cues.
Previous studies with goal zones at similar distances from polarizing cue
cards found that behavioral choices correlated with place field loca-
tion (Lenck-Santini et al., 2001). After reaching the 20-goal criterion
in the original goal location, pairs of probe test sessions were con-
ducted in each of the three remaining quadrants; one with the visi-
ble goal cue and then another without the goal cue. These probes
were typically separated by ;10min while the experimenter cleaned
and rotated the floor. The mouse only triggered food reward in the
newly rotated goal location. Visible/hidden goal tests were con-
ducted in each quadrant at the same distance from the arena wall as
the original training location. Only one pair of visible/hidden goal
probe trials were conducted per day.

Results
Neurons expressing ASD-associated PTENmutations have
increased dendritic arborization
To determine whether expression of ASD-associated PTEN point
mutations support normal dendritic development, we created a
retrovirus to express human PTEN or the ASD-associated H93R
or D252G mutations and Cre-recombinase (Fig. 1A). To KO en-
dogenous Pten and fluorescently label neurons, we injected these

retroviruses into the dentate gyrus of
PtenFlox/Flox x tdTomato(Ai14)Flox/Flox mice
on P7 (Fig. 1A,B). We co-injected the Cre
retrovirus with a control retrovirus that
expressed GFP-only so that WT and Pten
manipulated cells could be compared
within the same animal. The retroviral
system results in discrete labeling of
newborn neurons, allowing us to per-
form detailed reconstructions of neurons
in a homogenous developmental state
(24 DPI). Quantitative analysis of soma
size and migration distance indicated
that loss of Pten resulted in hypertrophy
and increased migration. The reconstitu-
tion of WT human PTEN was able to res-
cue these effects. However, the ASD
mutations were unable to rescue them
(Fig. 1B–D; raw values, Table 1).

We noted that some tdTomato positive
cells displayed WT soma sizes. We found
ectopic tdTomato expression in both unin-
jected Ai14 mice and, to a greater degree, in
Ai14 mice injected with Cre-expressing ret-
rovirus. This resulted in quantitative meas-
ures of soma size and migration distance for
Cre-expressing neurons that were smaller
than in previous studies with techniques
that did not rely on the Ai14 allele (Getz et
al., 2016). To eliminate cre-independent
td-Tomato-expressing cells from our
quantitative measures, we injected a ret-
rovirus expressing GFP-T2A-Cre into the
PtenFlox/Flox x tdTomato(Ai14)Flox/Floxmice
and noted tdTomato positive neurons that
did not express the GFP-T2A-Cre and had
WT soma sizes (Fig. 2A,B). This indicates
that in a subset of neurons, recombination

at the Ai14 allele can occur independently of Cre virus
genomic integration and recombination of the PtenFlox/Flox al-
lele. To avoid including WT neurons displaying ectopic
tdTomato expression, we analyzed the distribution of soma
sizes for neurons expressing tdTomato only and those
expressing tdTomato and GFP-T2A-Cre (Fig. 2C). We found
a cutoff of cells with soma areas below 106.8 mm2 allowed us
to conservatively exclude cells with Cre-independent td-
Tomato expression (Fig. 2D). We, then applied this cutoff for
the quantitative measurements of GFP-T2A-Cre positive neu-
rons in PtenFlox/Flox x tdTomato(Ai14)Flox/Flox (Fig. 2E,F; cor-
rected values, Table 1). This yielded quantitative measures for
soma size and migration with absolute values for WT and
Pten KO neurons are the same as from previous studies using
retroviruses to KO Pten in vivo (Getz et al., 2016). Further, the
absolute values for soma size of neurons expressing ASD-asso-
ciated PTEN mutations was also equivalent to the previously
published lentiviral Pten KO data (Fricano-Kugler et al.,
2018).

We next measured dendritic arborization of Pten KO
neurons after reconstitution of PTEN, H93R, or D252G (Figs. 3,
4; Table 2). Sholl analysis revealed that Pten KO neurons had an
increased number of intersections compared with control, while
human PTEN reconstitution resulted in neurons indistinguish-
able from control (Fig. 3C). Reconstitution with H93R or D252G

Figure 3. Autism-associated PTEN mutations fail to rescue increased dendritic arborization. P7 PtenFlox/Floxx tdTomato
(Ai14)Flox/Flox mice were co-injected with a GFP-only control retrovirus and a Cre retrovirus to KO Pten and express PTEN,
H93R, or D252G. Neurons were imaged and traced at 24 DPI (A). Neurolucida reconstructions of representative neurons
(B). All reconstructions can be seen in Figure 4. Sholl analysis of intersections reveals Pten KO neurons have more branch-
ing than control, and reconstitution with PTEN was similar to control. Reconstitution with H93R or D252G also resulted in
more branching than control (C). KO neurons had increased total dendritic length compared with control, while reconstitu-
tion with PTEN was similar to control and H93R or D252G displayed increased total dendritic length compared with controls
(D). Gray dots denote the total dendritic length of the representative images and traces in A, B (D). Scale bars: 50mm (A,
B). The numbers in parenthesis represent animal number. Statistical comparisons are between the GFP-only control unless
indicated by brackets; *p, 0.05, **p, 0.01, ***p, 0.001, ****p, 0.0001 using a mixed-effect model and
pwcompare.
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resulted in an increase in intersections
compared with control neurons (Fig. 3C).
The initial increase in intersections from 1
to 50mm is because of multiple primary
dendrites emerging from the soma of
KO, H93R, and D252G conditions (Fig.
3A–C). Total dendritic length was
increased in Pten KO neurons, and re-
constitution with human PTEN re-
duced the length to control levels (Fig.
3D). Reconstitution with H93R or
D252G was unable to restore total den-
dritic length to control levels (Fig. 3D).
Thus, ASD-associated PTEN point
mutations are incapable of regulating
normal dendritic arborization.

Pten loss leads to increased sprouting of
new dendritic processes
To examine the dynamics of dendritic
overgrowth we performed live two-photon
imaging experiments of dendritic growth
and MT dynamics in acute hippocampal
slices. To label growing neurons, we co-
injected mCherry-T2A-Cre-expressing
retroviruses with retroviruses tagging the
plus-end MT EB3 with GFP (pRubi-GFP;
pRubi-EB3-GFP) into the hippocampal
dentate gyrus of either PtenFlox/Floxx
tdTomato(Ai14)Flox/Flox mice or tdTomato
(Ai14)Flox/Flox mice on P7. Thus, one
group of animals harbored retrovirally-
infected Pten KO neurons (PtenFlox/Floxx
tdTomato(Ai14)Flox/Flox) expressing both
tdTomato and EB3-GFP; the other
group harbored retrovirally-infected
WT neurons (Ptenwt//wt tdTomato
(Ai14)Flox/Flox) expressing tdTomato
and EB3-GFP. We generated acute sli-
ces between 7 and 12 DPI because den-
drites are undergoing rapid growth in
this window (Williams et al., 2015).

To image dendrite growth, we collected
z-series through the entirety of the den-
dritic arbor every 2min for 1 h. We first
analyzed new process emergence and
stability. We found that more new proc-
esses sprouted from Pten KO neurons
over time than did in WT neurons
[Pten KO= 0.0586 0.0098 processes/
mm/h (n=30); WT=0.0276 0.0048 pro-
cesses/mm/h (38); p = 0.005, unpaired t
test with Welch’s correction; Fig. 5A,
B]. Process stability was examined by
counting the number of processes
emerging within the first 30 min of
imaging and tracking the presence of each of those proc-
esses for up to 30 min. We found no significant difference
in the stability of new dendritic processes between Pten KO
and WT neurons [Pten KO = 11.876 1.21 min (30); WT =
16.466 2.00 min (38); p. 0.05, unpaired t test with Welch’s
correction]. These data suggest Pten KO neurons sprout

more new processes, which stabilize at similar rates to WT
controls.

Pten loss increases MT dynamics
To determine whether there was a change in MT dynamics
related to loss of Pten, we examined the change in EB3-GFP and
tdTomato intensity within new processes over time (Fig. 6).
Because of the large image stacks required to capture the growth

Figure 4. Neurolucida dendritic reconstructions. Line drawings of neuronal reconstructions for fluorophore-only expressing
neurons (control), Ptenflx/flx; Cre1 (KO), Pten KO neurons with human PTEN reconstitution (KO1 PTEN), Pten KO with PTEN
H93R reconstitution (KO1 H93R), and Pten KO with PTEN D252G reconstitution (KO1 D252G). Scale bar: 50mm.
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of the entire dendritic arbor, the time interval (every 2min) was
insufficient to track individual EB3-GFP puncta. Therefore, to
assay MT dynamics, the change in MT [DMTInt = (t2MTInt –
t1MTInt)/t1CytoInt] or cytoplasmic [DCytoInt = (t2CytoInt –
t1CytoInt)/t1CytoInt] intensity was tracked between frames for the
lifetime of individual processes. MT (DMTInt) and cytoplasmic
(DCytoInt) intensity changes were plotted in a histogram and the
distribution was fit with a Gaussian function (DMTInt R

2 WT:
0.99, KO: 0.98; DCytoInt R

2 WT: 0.99, KO: 0.99). There was a
broader distribution of MT intensity change within Pten KO
dendritic processes, as compared with control (p = 0.005,
Kolmogorov–Smirnov test; WT: 551 processes, KO: 1109
processes; Fig. 6B). However, there was no difference in cyto-
plasmic intensity change of Pten KO and control neurons
(p = 0.184, Kolmogorov–Smirnov test; WT: 551 processes,
KO: 1109 processes; Fig. 6C). We next compared the average
of the absolute values of [DMTInt = (t2MTInt – t1MTInt)/
t1CytoInt] for WT versus KO neurons and found that there
was an increased change in intensity for EB3-GFP compared
with tdTomato [Pten KO= 0.04476 0.0034 au/min (n = 27);
WT = 0.03366 0.0057 au/min (20); p, 0.01, Mann–Whitney
test; Fig. 6D]. This change was not significant when compar-
ing cytoplasmic intensity of tdTomato over time [Pten
KO= 0.04136 0.0031 au/min (27); WT = 0.03426 0.0038 au/
min (20); p. 0.05, Mann–Whitney test; Fig. 6E]. Given the
punctate nature of the EB3-GFP signal, we interpret the in-
tensity change as an increase in the likelihood for puncta to
appear or disappear within a new dendritic process between
two image intervals.

Pten KO dendritic growth cones have an increased MT
polymerization rate
To more directly address whether Pten loss impacts MT dy-
namics, we used primary hippocampal cultures from either
PtenFlox/Flox or PtenFlox/Flox x tdTomato(Ai14)Flox/Floxmice at

P0/1. Cultures were co-transfected with either mCherry-
T2A-Cre-expressing plasmids with EB3-GFP-expressing
plasmids (KO plate), or mCherry-expressing plasmids with
EB3-GFP-expressing plasmids (WT plate). Dendritic growth
cones from transfected primary hippocampal cultures were
imaged via confocal microscopy between 5 and 7 d in vitro
(DIV). We acquired two-image stacks every 4–5 s allowing
us to track individual EB3-GFP puncta. EB3-GFP puncta
velocities provide a measure of MT polymerization rate (Fig.

7; Stepanova et al., 2003; Ketschek
and Gallo, 2010). We found an
increased MT polymerization rate
within dendritic growth cones from
Pten KO neurons, as compared with
WT [Pten KO= 0.126 0.005 mm/s
(30); WT = 0.0766 0.004 mm/s (27);
p = 0.0001, unpaired t test with
Welch’s correction; Fig. 7A,B].

We next examined plus-end MT
stability. We quantified the number of
EB3 puncta appearing, disappearing,
and the total number of puncta pres-
ent at any given time point within a
dendritic growth cone. We normal-
ized those results to growth cone area
and obtained an average per neuron.
We analyzed the ratios of either the
number of puncta appearing/total,
disappearing/total, or appearing/dis-

appearing within a given growth cone. We found there was no dif-
ference in the number of puncta appearing/total, number of
puncta disappearing/total, and number of puncta appearing/disap-
pearing [appearing/total, Pten KO=0.0066 0.0005 puncta/s (30);
WT=0.0056 0.0006 puncta/s (27), p=0.32; disappearing/total,
Pten KO=0.00576 0.005 puncta/s (30); WT=0.00476 0.0006
puncta/s (27), p=0.35; appear/disappear, Pten KO=1.006 0.016
puncta/s (30); WT=0.996 0.004 puncta/s (27), p=0.75, unpaired
t test with Welch’s correction]. These results suggest that Pten loss
in primary hippocampal cultured dendritic growth cones does not
significantly impact MT plus-end stability but instead impacts MT
polymerization rate.

PTEN regulates MT polymerization rate independently of
mTORC1
We treated cultured neurons with pharmacologic inhibitors of
mTORC1 and protein synthesis to determine whether the effect
on MT polymerization rate was independent of mTORC1 regu-
lation of protein synthesis. Acute inhibition of mTORC1 (rapa-
mycin 25 nM; RAPA) or protein synthesis (cycloheximide 35mM;
CHX) was unable to reduce MT polymerization rate in WT [WT
Veh= 0.086 0.004mm/s (14) vs WT Rapa= 0.086 0.006mm/s
(17); p=0.999; WT Veh=0.0996 0.007mm/s (8) vs WT
CHX=0.0866 0.004mm/s (16) p= 0.999] and Pten KO neurons
from RAPA-treated or CHX-treated cultures [KO Veh=0.116
0.004mm/s (18) vs KO Rapa= 0.116 0.005mm/s (24) p=0.999;
KO Veh= 0.126 0.007 (19) vs KO CHX=0.136 0.006 (22)
p= 0.248, two-way ANOVA with Bonferroni’s post hoc]. In both
cases, however, Pten KO neurons from RAPA-treated or CHX-
treated cultures had an increased MT polymerization rate, as
compared with WT neurons from vehicle-treated cultures (WT
Veh vs KO Rapa p=0.016; WT Veh vs KO CHX p= 0.018, two-
way ANOVA with Bonferroni’s post hoc). For positive controls,
we found a qualitative reduction in p-S6(235, 236) staining in

Table 2. Granule neuron total dendritic arborization value

Average total dendritic length (mm) Neurons Animals

Control 958 6 36.7 41 18
Pten KO 1314 6 48.8 27 4
KO 1 PTEN 971 6 39.9 24 4
KO 1 H93R 1191 6 60.4 31 5
KO 1 D252G 1185 6 71.4 20 5

Average total dendritic length for WT control neurons, Pten KO neurons, and KO neurons with reconstitution
of human WT, H93R, or D252G PTEN. All values are reported as mean 6 SEM.

Figure 5. Pten loss increases sprouting of new processes. Retroviruses expressing mCherry-T2A-Cre and EB3-GFP were co-injected
into the hippocampal dentate gyrus of either tdTomato(Ai14) Flox/Flox (Control) or Pten Flox/Flox x tdTomato(Ai14) Flox/Flox (Pten KO)
mice at P7. In doing so, control (top) and Pten KO (bottom) neurons endogenously express tdTomato allowing two-photon imaging
of whole dendritic arbors over time. The intensity of the tdTomato in these images is indicated using the fire lookup table in
ImageJ. Acute hippocampus slices were collected at 7–12 DPI and imaged every 2 min for 1 h. New dendritic processes were
tracked over time (arrowheads; A) to find that Pten KO neurons sprouted more new processes per micrometer of dendrite length
per hour as compared with WT (**p= 0.005, unpaired t test with Welch’s correction; WT: 30 neurons from 14 animals; KO: 38 neu-
rons from 15 animals; B). Scale bar: 20mm.
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RAPA-treated cultures and inhibition of protein
synthesis in a puromycin incorporation assay of
CHX-treated cultures (data not shown).

Vinblastine rescues dendritic overgrowth of
pten KO neurons in vitro
We next tested whether inhibitors of MT poly-
merization could decrease MT polymerization
rate in Pten KO growth cones to WT levels. We
performed a dose–response with 1–10 nM vinblas-
tine and imaged culture dishes immediately fol-
lowing drug administration for up to 4 h. We
found acute inhibition of MT polymerization
with 1–10 nM vinblastine was sufficient to reduce
MT polymerization rate in Pten KO cultures in a
dose dependent fashion [KO Veh= 0.1186
0.007mm/s (19) vs KO 1 nM Vin= 0.0996 0.004
mm/s (18); p= 0.051, KO Veh vs KO 2 nM
Vin= 0.0756 0.003mm/s (11); p=0.0001, KO
Veh vs KO 5 nM Vin= 0.0626 0.002mm/s (14);
p=0.0001, KO Veh vs KO 10 nM Vin = 0.0586
0.003mm/s (2); p= 0.0007, two-way ANOVA with
Bonferroni’s post hoc; Fig. 8A,B]. We found 1 and
2 nM vinblastine was sufficient to reduce MT poly-
merization rate to WT levels [WT Veh=0.0916
0.003mm/s (22) vs KO 1 nM Vin= 0.0996 0.004
mm/s (18); p= 0.999, WT Veh vs KO 2 nM
Vin= 0.0756 0.003mm/s (11); p= 0.583, two-way
ANOVA with Bonferroni’s post hoc; Fig. 8B];
additionally, 1 nM vinblastine did not impact
MT polymerization rate in WT cultures [WT
Veh= 0.0916 0.003mm/s (22) vs WT 1 nM
Vin= 0.0906 0.005mm/s (16); p= 0.999, two-way
ANOVA with Bonferroni’s post hoc]. Therefore,
these data suggest that acute inhibition of MT po-
lymerization, with low doses of vinblastine, is suf-
ficient to reduce MT polymerization rate to WT
levels in neurons with Pten deletion.

We next hypothesized that reducing the MT
polymerization rate to WT levels is sufficient to
reduce dendritic overgrowth in Pten KO neurons.
To do this, we administered 1 nM vinblastine to
WT and Pten KO cultures from 5 to 12 DIV and
reconstructed the dendritic arbors of treated neu-
rons (Fig. 8C). Sholl analysis revealed 1 nM vin-
blastine was sufficient to reduce number of
intersections in Pten KO neurons, as compared
with vehicle-treated KO (KO Veh vs KO 1 nM Vin
p=0.001, two-way ANOVA with Bonferroni’s
post hoc; Fig. 8D). Further, 1 nM vinblastine was
sufficient to reduce Sholl of intersections to the level of WT-vehi-
cle-treated neurons (KO 1 nM Vin vs WT Veh p= 0.999, two-
way ANOVA with Bonferroni’s post hoc; Fig. 8D), while having
no significant impact on Sholl of intersections in WT-1 nM vin-
blastine-treated neurons (WT 1 nM Vin vs WT Veh p=0.999,
two-way ANOVA with Bonferroni’s post hoc; Fig. 8D). Finally,
we examined total dendritic length to find that 1 nM vinblastine
was sufficient to reduce total dendritic length of Pten KO neu-
rons to vehicle-treated WT levels [KO Veh=17276 215 mm
(24) vs KO 1 nM Vin= 905.86 91.4mm (20); p= 0.002; WT
Veh= 12656 126 mm (17) vs KO 1 nM Vin; p= 0.80].
Vinblastine did not impact total dendritic length of treated WT
neurons [WT Veh vs WT 1nm Vin= 11266 134mm (20);

p= 0.999, two-way ANOVA with Bonferroni’s post hoc; Fig. 8E].
Taken together, these data indicate that reducing MT polymer-
ization rate to WT levels is sufficient to rescue dendritic over-
growth in Pten KO neurons.

Vinblastine rescues dendritic overgrowth of pten KO
neurons in vivo
We next examined the effect of vinblastine treatment in vivo, the
Ptenflox/flox animals were co-injected into the dentate gyrus with
a retrovirus expressing Cre with mCherry, and a GFP-control
retrovirus with no Cre at P7. Vinblastine (0.1mg/kg body
weight) was administered intrathecally every 72 h from 3 to 21
DPI. Animals were perfused on 21 DPI and neurons were ana-
lyzed (Fig. 9A,B). We measured soma cross sectional area and

Figure 6. Pten KO growth cones have more dynamic MTs. Retroviruses labeling the MT plus-end binding pro-
tein (EB3-GFP) were co-injected with mCherry-T2A-Cre-expressing retroviruses into the hippocampal dentate gyrus
of either tdTomato(Ai14) Flox/Flo x or Pten Flox/Flox x tdTomato(Ai14) Flox/Flox mice at P7. Two color two-photon imag-
ing allowed us to track MT dynamics in sprouting growth cones (arrowheads in top panels and zoomed in view in
bottom panels) for control (A) and Pten KO (B) neurons. We analyzed the change in MT [DMTInt = (t2MTInt –
t1MTInt)/t1CytoInt] or cytoplasmic [DCytoInt = (t2CytoInt – t1CytoInt)/t1CytoInt] signal intensity over the lifetime of
individual processes. MT (C; DMTInt) and cytoplasmic (D; DCytoInt) intensity changes were plotted in a histogram
and the distribution was fit with a Gaussian function (DMTInt R

2 WT: 0.99, KO: 0.98; DCytoInt R
2 WT: 0.99, KO:

0.99). There was a broader distribution of MT intensity change within Pten KO processes, as compared with control
(**p= 0.005, Kolmogorov–Smirnov test; WT: 551 processes, KO: 1109 processes; C). However, there was no differ-
ence in cytoplasmic intensity change within nascent dendritic processes of Pten KO and control neurons
(nsp= 0.184, Kolmogorov–Smirnov test; WT: 551 processes, KO: 1109 processes; D). We also examined the MT (E;
DMTInt) and cytoplasmic (F; DCytoInt) intensity changes as an average of the absolute value of intensity change
per cell. Each dot on the histogram indicates a single cell, we again found an increase in intensity change for the
MT (E) but not cytoplasmic (F) markers (**p, 0.01 Mann–Whitney test). Scale bars: 5mm.
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found that vinblastine had no effect on
soma hypertrophy [WT vehicle = 107.56
2.065mm (83) vs WT vinblastine =
105.86 1.810mm (138), p. 0.05; KO ve-
hicle = 253.76 8.133mm (69) vs KO
vinblastine= 243.56 5.339mm (143), p.
0.05; mixed effect model]. We next exam-
ined the position of the neurons in the
GCL and also found no effect on migra-
tion of the granule neurons [WT vehicle =
31.786 1.114% (84) vs WT vinblastine=
29.806 0.837% (135) p. 0.05; KO
vehicle = 53.846 1.17% (67) vs KO
vinblastine = 53.226 1.09% (135), p.
0.05]. Vinblastine treatment was suffi-
cient to reduce total dendritic length
of Pten KO neurons as compared with
Pten KO neurons from vehicle-treated
animals [Veh KO= 16206 320 mm
(26) vs Vin KO=13256 415.1mm (36);
p=0.0051; Figs. 9C, 10]. Further, this dose
of vinblastine had no impact on the total
dendritic length of WT neurons [Veh
Cont= 1145.36 36.4mm (23) vs Vin
Cont= 1045.46 269.7mm (28); p=0.717].
Pten KO neurons from vinblastine-treated
animals had a reduced Sholl of intersec-
tions as compared with Pten KO neurons
from vehicle-treated animals (Vin KO vs
Veh KO, p=0.002; Fig. 9D), while vin-
blastine-treatment did not affect the Sholl
of intersections of WT neurons (Veh
Cont vs Vin Cont, p. 0.9; Fig. 9D). This
vinblastine-mediated reduction of over-
growth in Pten KO neurons was found
starting from a distance of 90mm from
soma, when compared with vehicle-
treated control neurons (Veh Cont vs Vin
KO, p=0.321; Fig. 9D). Vinblastine-treat-
ment did not impact the sprouting of pri-
mary dendrites of Pten KO neurons but
did reduce the increased distal branching
as indicated by the Sholl of intersections
(Fig. 9D) and confirmed by quantification
of nodes and ends (data not shown).
These data indicate that vinblastine treat-
ment reduces the dendritic overgrowth of
Pten KO neurons to that of WT neurons
in vivo.

Vinblastine improves spatial memory
in pten KOmice
The interaction of Treatment (untreated
and Vinblastine-treated) with Group
(Control, Pten KO) was statistically ana-
lyzed via General Estimating Equations
(GEE) for the number of goal zone
entrances in each visible and hidden goal
session (Fig. 11A,B). Individual examples
of performance in each condition are
shown in Figure 11 for untreated con-
trols (Fig. 11C), vinblastine-treated Pten

Figure 7. Pten KO dendritic growth cones have increased rate of MT polymerization. Primary cultured hippocampal neurons
were generated from either Pten Flox/Flox or Pten Flox/Floxx tdTomato(Ai14)Flox/Flox mice at P0/1. Cultures were co-transfected with
either mCherry-T2A-Cre (Pten KO)- or RedRubi (mCherry-expressing; WT)- plasmid and a plasmid to tag the plus-end MTs
(EB3-GFP) at 4 DIV. Dendritic growth cones were imaged for 10 min at a rate of 15 Hz between 5 and 7 DIV. EB3 puncta were
tracked over time to measure MT polymerization rate (red line; A). Pten KO dendritic growth cones showed an increased MT po-
lymerization rate, as compared with WT (B). Numbers along the top right corner of the panels in A represent time. Scale bar: 5
mm. Numbers in parenthesis indicate cell number (*p, 0.05, **p, 0.01, ***p, 0.001, ****p, 0.0001; unpaired t test
with Welch’s correction).

Figure 8. Reducing MT polymerization rate rescues dendritic over-growth of Pten KO neurons. WT and KO hippocampal cultures were
treated with 1–10 nM vinblastine for up to 4 h and MT polymerization rate was measured (red lines; A). There was an increased MT poly-
merization rate within dendritic growth cones from vehicle-treated Pten KO cultures, as compared with vehicle-treated WT cultures (Pten
KO: VEH vs WT: VEH; B). Acute treatment with vinblastine at 1–10 nM was sufficient to reduce MT polymerization rate in a dose-depend-
ent fashion in Pten KO neurons (B); 1 and 2 nM vinblastine was sufficient to reduce MT polymerization rate in Pten KO dendritic growth
cones to the level of vehicle-treated WT (B). Pten KO and WT cultures were treated from 5 to 12 DIV with 1 nM vinblastine and recon-
structed using Neurolucida (C). Chronic inhibition of MT polymerization, via 1 nM vinblastine, was sufficient to reduce Sholl of intersections
in Pten KO neurons, as compared with vehicle-treated KO neurons (D). Further, chronic treatment with 1 nM vinblastine was sufficient to
reduce Sholl of intersection in KO neurons to vehicle-treated WT levels, without significantly impacting the number of intersections in WT
1 nM vinblastine-treated neurons (D). Chronic 1 nM vinblastine was also sufficient to reduce total dendritic length in Pten KO neurons to
WT vehicle-treated neuron levels without impacting total dendritic length in WT neurons (E) Numbers along the top right corner of the
panels in A represent time. Scale bar: 2.5mm (A) and 50mm (C). Numbers in parenthesis indicate cell number (*p, 0.05, **p, 0.01,
***p, 0.001, ****p, 0.0001; two-way ANOVA with Bonferroni’s post hoc).
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KO mice (Fig. 11D), and untreated Pten
KOmice (Fig. 11E).

Visible goal sessions
No significant Treatment � Group inter-
actions were found for the number of
goal zone entrances during the visible
goal version of the spatial accuracy task
in the standard goal location (V1; Wald
Value = 7.1, p= 0.069), the second (V3;
Wald Value = 0.79, p= 0.852) and third
(V4; Wald Value = 2.08, p=0.555) goal
rotation sessions (Fig. 11G). A significant
Treatment � Group interaction was
found in the first visible goal rotation ses-
sion (V2; Wald Value= 8.26, p= 0.041;
[Untreated � Cont] Wald Value = 0a;
[Untreated � Pten] Wald Value = 0.073,
p=0.787; [Vin � Cont] Wald Value =
6.58, p = 0.01; [Vin � Pten ko] Wald
Value = 0.062, p= 0.803) where vinblas-
tine-treated controls made significantly
fewer goal zone entrances than untreated
controls (Fig. 11A). Pten KO and vinblas-
tine treatment therefore generally did
not impede the association of the visible
goal object with reward when placed in
multiple spatial locations. While treated
controls may have been sensitive to the
first goal rotation, they were similar to
untreated controls thereafter.

Hidden goal sessions
A significant Treatment � Group
interaction was found for the number
of goal zone entrances during the hid-
den goal version of the spatial accu-
racy task in the standard goal location
(H1; Wald Value = 10.12, p = 0.018;
[Untreated � Cont] Wald Value = 0a;
[Untreated � Pten KO] Wald Value =
0.504, p =0.005; [Vin � Cont] Wald
Value = 8.57, p = 0.003; [Vin � Pten
KO] Wald Value = 0.876, p = 0.349).
Both acutely vinblastine-treated Pten
KO and chronically vinblastine-treated
controls made significantly fewer entrances
than untreated controls (Fig. 11B).

There were significant Treatment �
Group interactions during the first hidden
goal rotation (H2; Wald Value=11.06,
p=0.011; [Untreated � Cont] Wald
Value=0a; [Untreated � Pten] Wald
Value=7.76, p =0.005; [Vin� Cont] Wald
Value=4.97, p = 0.026; [Vin � Pten KO]
Wald Value=0.047, p=0.828) and during
the second hidden goal rotation (H3; Wald
Value=8.31, p=0.04; [Untreated � Cont]
Wald Value = 0a; [Untreated � Pten
KO] Wald Value = 5.00, p =0.025;
[Vin � Cont] Wald Value=0.02, p =
0.969; [Vin � Pten KO] Wald Value=
0.006, p=0.937). In the first rotation

Figure 9. Reducing MT polymerization rate rescues dendritic overgrowth of Pten KO neurons in vivo. The hippocampal den-
tate gyrus of P7 PtenFlox/Flox mice was injected with a retrovirus expressing mCherry and Cre to label Pten KO neurons and a ret-
rovirus that expressed GFP to label control cells (A). Vinblastine (0.1 mg/kg by weight) was administered intrathecally every 72
h from 10 to 18 DPI, and the animals were perfused and neuronal reconstructions generated at 21 DPI (B). All Neurolucida
reconstructions can be seen in Figure 10. Increased total dendritic length of Pten KO neurons was rescued by vinblastine treat-
ment with no significant impact on vehicle-treated WT neurons (C). Further, vinblastine-mediated inhibition of MT polymeriza-
tion reduced overall Sholl of intersections in Pten KO neurons, in comparison to vehicle-treated KO neurons (D). Scale
bar: 50mm; *p, 0.05, **p, 0.01, ***p, 0.001, ****p, 0.0001 using a mixed-effect model and pwcompare.

Figure 10. All Neurolucida 360 reconstructions of dendritic arbors in vivo. Neuronal reconstructions from mice treated with
vehicle or vinblastine for fluorophore-only expressing neurons (control) and Ptenflx/flx; Cre1 (KO) neurons. Each row contains
reconstructions from one individual animal. Scale bar: 50mm.
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session, all groups but the vinblastine-treated mice made signifi-
cantly fewer entrances than untreated controls (Fig. 11B). In the sec-
ond rotation session, the vinblastine-treated control mice began to
improve performance while untreated Pten KO and acutely vinblas-
tine-treated mice performance remained poor Figure 11B. While
the Treatment � Group interaction was marginal during the final
rotation session (H4; Wald Value=7.72, p=0.052), performance in
untreated Pten KO mice remained significantly worse than
untreated controls (Fig. 11B; [Untreated � Cont] Wald Value=0a;
[Untreated� Pten KO]Wald Value=6.79, p =0.009; [Vin� Cont]
Wald Value=0.119, p = 0.731; [Vin � Pten KO] Wald
Value=2.275, p=0.131).

The results indicate that Pten KO
causes a unique spatial cognitive deficit
that impedes the flexible association of a
visible object cue with multiple, novel
spatial locations. Vinblastine treatment
both rescued dendritic overgrowth and
prevented this cognitive deficit in Pten
KO mice. Vinblastine treatment in con-
trols may have had adverse effects on
spatial processing as these animals per-
formed worse than untreated controls in
baseline training and the first rotation
session. However, these mice were able
to improve performance by the second
rotation session.

Discussion
Pten loss leads to dendritic overgrowth.
Here, we demonstrate that Pten KO neu-
rons sprout more new processes and have
increased MT polymerization rate within
those processes. Further, we showed that
reducing MT polymerization rate is suffi-
cient to reduce dendritic overgrowth in
Pten KO neurons. Interestingly, in vivo we
found that vinblastine treatment did not
reduce the soma size, migration distance,
or number of primary dendrites arising
directly from the soma but was able to
reduce the number of branches and overall
length of the dendritic arbor. This effect
could be because vinblastine treatment was
started shortly after phenotype onset (3 d
after retrovirus injection) or indicate a
distinct mechanism for soma hypertro-
phy, migration and sprouting of den-
drites versus branch formation along
nascent dendrites.

Dendritogenesis occurs through the
regulation of protein translation and
cytoskeletal remodeling in response to
cell intrinsic and extrinsic cues. Pten KO
neurons form more new processes per
micrometer per hour, as compared with
WT. New process formation, collapse, or
stabilization is regulated by cell extrinsic
cues including GABA, glutamate, and
neurotrophins that are responsive to de-
velopmental brain activity (Cline and
Haas, 2008; Cheng and Poo, 2012;
Puram and Bonni, 2013). BDNF has
been shown to elicit spatially restricted

dendritic growth at crossings of BDNF-overexpressing axons
(Horch and Katz, 2002). Receptor tyrosine kinases elicit PIP3
accumulation, transient actin patch formation, followed by f-
actin bundling and polymerization and formation of an f-actin
enriched filopodia (Luikart et al., 2008; Gallo, 2013; Sainath and
Gallo, 2015). The loss of PTEN-dependent PIP3 catalysis allows
the sprouting of filopodial and dendritic growth cones to occur
in an unregulated fashion. We demonstrate that PTEN-loss
allows for increased MT polymerization into motile dendritic

Figure 11. The effect of Pten KO and vinblastine treatment on spatial memory. Referenced to untreated controls, all groups
showed a similar number of mean entrances in the standard visible goal location (V1) and the second (V3) and third (V4) rota-
tion sessions. Yet, in the first rotation session (V2) both vinblastine-treated controls made significantly fewer goal zone entran-
ces than untreated controls (A). Relative to untreated controls, vinblastine-treated Pten KO mice had similar levels of goal zone
entrances across hidden goal sessions while untreated Pten KO mice made significantly fewer entrances across rotation sessions
(B). Untreated Pten KO mice exhibited an enduring deficit in associating the visible object cue with novel spatial locations (B,
H2–H4). Vinblastine treatment may have negatively impacted control mice as hidden goal performance was significantly lower
than untreated controls in baseline and the first rotation session (B, H1–H2). However, performance in these mice improved by
the second and third rotation sessions (B, H3–H4). R = reference comparator for GEE statistics. Examples of goal and path,
path to goal, speed (cm/s) and percent dwell-time during performance for an individual mouse in the visible (V-Left) and hid-
den (H-Right) spatial accuracy conditions (C–E). Neither untreated control (C) or vinblastine-treated Pten KO mice (D) exhibited
spatial accuracy deficits in either spatial accuracy condition while untreated Pten KO mice (E) made significantly fewer goal
zone entrances because of a tendency for perseverating on previous goal zone locations (larger circles) rather than the zone in
the visible cue session just minutes prior (smaller circles).
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growth cones promoting increased dendritic arborization and
branching of developing neurons.

We show that Pten loss leads to increased MT polymerization
rate and reducing MT polymerization rate to WT levels is suffi-
cient to reduce dendritic overgrowth in vitro and in vivo. In neu-
rons, PTEN has been shown to co-localize with MTs (Chadborn
et al., 2006; Kreis et al., 2014), and Pten loss leads to changes to
MT posttranslational modifications (Cupolillo et al., 2016; Kath
et al., 2018). Interestingly, enhanced axonal outgrowth in Pten
null neurons can be ameliorated via increasing levels of detyrosi-
nated tubulin (Kath et al., 2018). However, the detailed mecha-
nism through which Pten loss regulates MT polymerization rate
is unclear. Based on our in vitro experiments, PTEN is unlikely
to affect MT dynamics through its actions on mTOR signaling,
as acute inhibition of mTORC1, and protein synthesis do not
reduce MT polymerization rate. The effect on dendritic arboriza-
tion may extend to dendritic spine formation and stabilization as
postsynaptic PTEN regulation of the cytoskeleton impacts excita-
tory synapse formation (Jiang et al., 2021). It will be important to
determine whether chronic inhibition of mTOR can impact
cytoskeletal polymerization rate.

The therapeutic potential of targeting MT polymerization is
strongly suggested by the improved spatial cognitive outcomes in
the vinblastine-treated Pten KO animals. An inability to flexibly
associate an object with novel spatial locations in Pten KO mice
may be because of altered functionality in the medial molecular
layer (MML) and outer molecular layer (OML) dentate gyrus
synapses. A recent study showed that object learning necessitated
slow g coupling between the lateral entorhinal cortex and OML
while pure spatial learning required medium g coupling with
the MML (Fernández-Ruiz et al., 2021). Future studies will
examine structure and function relationships between den-
dritic overgrowth at key entorhinal-dentate gyrus synapses
and. Importantly, our results indicate that morphologic
changes localized to the dentate gyrus are sufficient for
causing spatial memory deficits and that reversing them can
rescue spatial deficits. This result has broad implications
for understanding the relationship between pathologic elec-
trographic activity, the impairment of neurophysiology
underlying key neocortical-hippocampal synapses and flex-
ible spatial outcomes. The tendency for Pten KO mice to
perseverate on older training locations is also reminiscent
of the fMR1 mouse model of autism, where mice are unable
to escape a shock zone on an arena once it has been moved
to a new location (Radwan et al., 2016). It should be noted
that there was decreased performance of WT mice treated
with vinblastine. It is well known that vinblastine results in
cognitive deficits in individuals undergoing chemotherapy.
Our use of vinblastine in this study provides a proof of prin-
cipal for molecular targeting of MTs, not an indication of
vinblastine itself as a treatment.

Our in vivo and in vitro data demonstrate that low doses of
vinblastine are sufficient to decrease dendritic elaboration
induced by Pten dysfunction. These doses do not interfere with
MT dynamics in WT neurons, which suggests that there is a
therapeutic window for rescue of dendritic arborization that can
be achieved using MT targeting drugs. It has previously been
shown that reducing increased protein translation in vitro and in
vivo is sufficient to reduce dendritic overgrowth (Jaworski et al.,
2005; Zhou et al., 2009; Weston et al., 2012; Haws et al., 2014;
Lin et al., 2016). This suggests that there are at least two inde-
pendent pathways that could be targeted for therapeutic gain.
This opens the possibility for an intersectional approach

targeting MT polymerization and mTOR with low doses of
inhibitors to achieve treatment with minimal side effects.
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