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Genetically encoded biosensor for 
fluorescence lifetime imaging of PTEN 
dynamics in the intact brain
 

Tomer Kagan1, Matan Gabay2, Aasha Meenakshisundaram3, Yossi Levi1, 
Sharbel Eid1, Nikol Malchenko1, Maya Maman1,4, Anat Nitzan5, Luca Ravotto    6, 
Ronen Zaidel-Bar5, Britta Johanna Eickholt    3, Maayan Gal2 & Tal Laviv    1,4 

The phosphatase and tensin homolog (PTEN) is a vital protein that maintains 
an inhibitory brake for cellular proliferation and growth. Accordingly, 
PTEN loss-of-function mutations are associated with a broad spectrum of 
human pathologies. Despite its importance, there is currently no method 
to directly monitor PTEN activity with cellular specificity within intact 
biological systems. Here we describe the development of a FRET-based 
biosensor using PTEN conformation as a proxy for the PTEN activity state, 
for two-photon fluorescence lifetime imaging microscopy. We identify a 
point mutation that allows the monitoring of PTEN activity with minimal 
interference to endogenous PTEN signaling. We demonstrate imaging of 
PTEN activity in cell lines, intact Caenorhabditis elegans and in the mouse 
brain. Finally, we develop a red-shifted sensor variant that allows us to 
identify cell-type-specific PTEN activity in excitatory and inhibitory cortical 
cells. In summary, our approach enables dynamic imaging of PTEN activity 
in vivo with unprecedented spatial and temporal resolution.

During development, cellular function and structure are regulated 
by key signaling pathways. As a corollary, developmental disorders 
and pathologies can be associated with specific impairments in these 
key regulatory genes. One striking example is the PTEN tumor sup-
pressor gene1. PTEN is a lipid and protein phosphatase that regulates 
cell growth, proliferation and survival by dephosphorylating phos-
phatidylinositol 3,4,5-trisphosphate (PIP3), and thereby inhibiting 
the downstream activation of serine/threonine kinase (Akt)2. PTEN 
signaling is regulated by several cellular pathways, such as growth 
factor receptors3 and Rho family proteins4. In addition, PTEN signaling 
is differentially regulated in distinct subcellular compartments, such 
as the mitochondria5 and the nucleus6,7. In the brain, PTEN signaling 
is vital for coordinating neuronal and glial development8–10, synaptic 

plasticity11–15, axonal growth and guidance16,17and cell survival2,18,19. 
Dysregulation of PTEN has been closely associated with systemic 
neoplasia10,20,21 and neurological disorders, including autism spectrum 
disorder (ASD)22–24, PTEN hamartoma tumor syndrome25, epilepsy26and 
macrocephaly23,24. Despite its important role, current methodologies 
for assessing PTEN function are limited to indirect biochemical assays, 
or to genetic manipulations of PTEN. PTEN loss of function (LOF) in the 
nervous system leads to hypertrophy in neurons and astrocytes9,27, as 
well as increased synaptic density and hyperconnectivity15,28,29. Accord-
ingly, systemic PTEN LOF results in ASD-like behavioral features and 
severe neurodevelopmental pathology8,9,18,30. Conversely, PTEN over-
expression results in brain microcephaly, decreased synaptic den-
sity and neuronal dysfunction14,31. However, the precise dynamics of 
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robust readout with subcellular resolution within complex innate tis-
sue, such as the brain. We hypothesized that labeling the N and C termini 
of PTEN with donor and acceptor fluorescent proteins would enable 
FRET-detected changes in PTEN conformation to serve as a proxy of 
its activity. This approach was previously used to engineer a biolumi-
nescence resonance energy transfer-based PTEN sensor48. We used 
2pFLIM, a robust and quantitative FRET readout enabling monitoring 
of biosensor activity within intact complex tissue. 2pFLIM was previ-
ously used to monitor biosensor activity in the living mouse brain over 
extended periods50–52. As opposed to fluorescence or luminescence 
intensity-based FRET readouts, 2pFLIM is relatively insensitive to fluo-
rescence fluctuations and sensor expression levels53. We engineered 
PTEN with monomeric enhanced GFP (mEGFP) as a FRET donor, and 
sREACh, a dark YFP variant, as an acceptor. This combination allows 
the measurement of FRET/FLIM dynamics reflected by changes in GFP 
lifetime54,55. First, we optimized the linker regions between PTEN and 
the donor and acceptor fluorescent proteins (Extended Data Fig. 1). We 
measured FRET levels at basal state, and with mutations of four phos-
phorylation sites at the C terminus of PTEN (Ser380, Thr382, Thr383 and 
Ser385) to alanine (4A), in HEK cells. These mutations were previously 
shown to cause a constitutively active and open form of PTEN, due to 
loss of phosphorylation41,47. We reasoned that higher dynamic range 
of the sensor would be reflected by larger FLIM differences between 
wild-type (WT) and 4A variants (Extended Data Fig. 1b,c). These efforts 
led to a sensor design with truncated linkers, which showed high basal 
FRET level mirrored by low fluorescence lifetime, as compared to 
donor-only tagged PTEN (Fig. 1b–d; 2.20 ± 0.003 ns for donor and 
acceptor, 2.69 ± 0.001 ns for donor only). The FRET values for the 4A 
mutant variant were dramatically reduced (Fig. 1b–d; 2.53 ± 0.002 ns), 
which confirms that the high basal levels of FRET of the biosensor are 
due to endogenous regulation by phosphorylation. As the next step, 
we assessed the ability of our biosensor to detect dynamic changes in 
PTEN activity over time. For this purpose, we used tetrabromobenzo-
triazole (TBB), an inhibitor of CK2, the main kinase that phosphorylates 
and thereby inhibits PTEN activity44. Application of TBB resulted in a 
long-lasting increase of fluorescence lifetime, reflecting increased PTEN 
activity (Fig. 1e–g; 0.23 ± 0.003 ns; Supplementary Movie 1). In contrast, 
TBB treatment of cells expressing the 4A mutant PTEN sensor, caused 
minimal changes in FRET (Fig. 1e–g; −0.06 ± 0.003 ns), which confirms 
the association with phosphorylation-induced activity. To determine 
whether the PTEN biosensor is amenable to bidirectional regulation, 
we applied epidermal growth factor (EGF), which negatively regulates 
PTEN activity56,57. This resulted in a decrease in PTEN activity (Fig. 1h,i; 
control, 2.23 ± 0.003 ns; EGF, 2.17 ± 0.003 ns). Then, to examine the 
reversibility of PTEN conformational dynamics, we first applied TBB to 
increase PTEN activity followed by washout and EGF application. This 
manipulation induced substantial inhibition of PTEN, which was not due 
to washout of TBB (Fig. 1j,k). Finally, we examined whether the PTEN 
biosensor could detect regulation of RhoA kinase, reported to regulate 
upstream PTEN signaling4. Overexpression of the constitutively active 
form of RhoA led to a notable increase in lifetime, which corresponds 
to PTEN activation, while a dominant negative RhoA mutant did not 
alter the basal PTEN activity state (Fig. 1l). Therefore, our experimental 
approach allows the monitoring of PTEN conformation using FRET/
FLIM, as a reliable proxy of PTEN activity in living cells.

PTEN sensor sensitivity to pathogenic mutation
Changes in PTEN signaling are associated with numerous patholo-
gies, which have been associated with LOF mutations in PTEN22,23,25. In 
addition, there is evidence that pathogenic mutations in PTEN lead to 
structural dysregulation58,59 as well as reduced protein stability17. We 
set out to assess how different PTEN pathogenic mutations affect the 
conformation-based PTEN biosensor in living cells. To this end, we 
introduced seven different point mutations, associated with forms of 
human cancer and autism in the PTEN biosensor (Extended Data Fig. 2a). 

PTEN signaling activity in intact cells, tissues and organisms remain 
unknown. Previous studies that conditionally deleted PTEN in specific 
cell types have suggested that cell-specific PTEN functions are critical 
for brain development18. However, because genetic manipulations of 
PTEN lead to severe cellular malfunction, it remains unclear whether 
PTEN exerts cell-type-specific spatial and temporal activity within a 
physiological context.

The PTEN signaling pathway is central to cell proliferation and 
survival, and impacts growth factor activation of Akt, PIP3 and mTOR 
signaling. Numerous previous studies have engineered biosensors for 
live imaging of this signaling pathway32–39. However, PTEN is uniquely 
positioned in this pathway as a major negative regulator, and is indis-
pensable for cellular function and development9,10,40. Importantly, 
none of the previous biosensors allowed monitoring protein signaling 
dynamics in vivo with cell-type specificity in the intact brain.

PTEN was previously shown to undergo a conformational struc-
tural rearrangement upon activation, transitioning from a closed 
inactive compact conformation to an active and open relaxed form41,42. 
PTEN conformation and activity is modulated by phosphorylation 
of serine residues in its C terminus by casein kinase 2 (CK2)43. CK2 
phosphorylation renders PTEN in its inactive closed conformation41,44. 
Accordingly, PTEN phosphorylation and conformational state deter-
mines its catalytic activity41, ubiquitination7,45, dimerization46 and 
subcellular localization47. This characteristic was previously utilized to 
engineer a bioluminescence resonance energy transfer-based approach 
to assess PTEN activity in living cells48. However, this method could not 
achieve cellular resolution and is difficult to implement within an 
intact complex cellular environment, such as the brain. Additionally, 
this approach requires PTEN overexpression, which can affect cellular 
functions14,49. An ideal experimental approach would allow monitoring 
of cell-type-specific PTEN activity, with minimal perturbation to the 
endogenous signaling.

Here we describe a PTEN biosensor engineered to monitor con-
formational changes by FRET as a proxy for PTEN activity levels. We 
used two-photon fluorescence lifetime imaging microscopy (2pFLIM) 
as a robust readout for PTEN activity. This approach was validated by 
pharmacological and genetic perturbations, thereby demonstrating 
the ability to monitor PTEN activity in living cells. We screened and 
identified an optimized biosensor variant containing a single point 
mutation, which can serve as a sensitive proxy of its activity but does 
not perturb endogenous PTEN signaling. We integrated the PTEN bio-
sensor in the model organism C. elegans and monitored developmental 
changes in PTEN activity state. Then, we utilized the PTEN biosensor 
for in vivo imaging in the intact mouse brain. In vivo 2pFLIM allowed 
us to monitor the PTEN activity state with cellular and subcellular 
precision, and to demonstrate how genetic perturbations within the 
PTEN signaling pathway led to subcellular alterations in PTEN signal-
ing. Finally, we engineered a red-shifted sensor variant, which allows 
simultaneous imaging of PTEN signaling and neuronal activity with a 
GFP-based calcium indicator. The combination of spectral variants 
of the PTEN sensor enables PTEN activity to be monitored simulta-
neously in excitatory and inhibitory cells in vivo. This allowed us to 
reveal distinct cell-type-specific experience-dependent changes in 
PTEN signaling.

Altogether, our biosensor combined with 2pFLIM is ideally suited 
for monitoring PTEN signaling dynamics with cell-type specificity, 
within living cells, intact tissues and whole organisms.

Results
Development of a new PTEN FRET/FLIM biosensor
We set out to develop a biosensor for monitoring PTEN activity in 
living cells. Our design is based on changes in the conformation of 
PTEN (Fig. 1a), which was shown to undergo a transition from a closed 
to an open state upon activation41,42,47. Our goals were to design a 
cell-specific reporter of PTEN activity dynamics, which would allow 
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Fig. 1 | Development of a new PTEN FRET/FLIM biosensor. a, Schematic of the 
FRET/FLIM-based mEGFP-PTEN-sREACh sensor. b, Representative images of 
fluorescence intensity and pseudo-colored FLIM in HEK293 cells expressing 
mEGFP-PTEN (donor only), mEGFP-PTEN-sREACh or mEGFP-PTEN-4A-sREACh 
(4A mutant). Scale bar, 20 μm. c, Representative fluorescence lifetime curves of 
HEK cells expressing mEGFP-PTEN, mEGFP-PTEN-sREACh or mEGFP-PTEN_4A-
sREACh fitted with a double exponential decay. d, Quantification of mean 
fluorescence lifetime in HEK cells expressing mEGFP-PTEN (2.69 ± 0.001 ns, 
n = 455), mEGFP-PTEN-sREACh (2.20 ± 0.003 ns, n = 158) or mEGFP-PTEN_4A-
sREACh (2.53 ± 0.002 ns, n = 613). e, Representative pseudo-colored FLIM 
images of HEK cells expressing mEGFP-PTEN-sREACh at different time points 
following TBB application (50 μM). Scale bar, 20 μm. f, Plot of changes in 
fluorescence lifetime over time of cells expressing mEGFP-PTEN-sREACh 
following TBB application. g, Quantification of change in fluorescence lifetime 
following 3 h of TBB application of mEGFP-PTEN (−0.02 ± 0.001 ns, n = 300), 
mEGFP-PTEN-sREACh (0.23 ± 0.003 ns, n = 188) or mEGFP-PTEN_4A-sREACh 
(−0.06 ± 0.003 ns, n = 372). h,i, Pseudo-colored FLIM images and quantification 
of fluorescence lifetime of HEK293 transfected with mEGFP-PTEN-sREACh 

before (2.23 ± 0.003 ns, n = 268) and after 100 ng ml−1 recombinant human 
EGF for 2 h (2.17 ± 0.003 ns, n = 294). Scale bar, 20 μm. j, Quantification of 
fluorescence lifetime of HEK293 transfected with mEGFP-PTEN-sREACh before 
TBB (2.24 ± 0.005 ns, n = 166), after 1 h of TBB (2.41 ± 0.003 ns, n = 277) and after 
cells were washed with medium (2.44 ± 0.004 ns, n = 182). k, Quantification of 
fluorescence lifetime of HEK293 cells transfected with mEGFP-PTEN-sREACh 
before TBB (2.29 ± 0.004 ns, n = 290), after 1 h of 50 μM TBB (2.42 ± 0.002 ns, 
n = 297) and after wash and application of 100 ng ml−1 EGF for 2 h (2.29 ± 0.012 ns, 
n = 90). Not significant (NS) P = 0.9233. l, Quantification of fluorescence 
lifetime of HEK293 co-transfected with mEGFP-PTEN-sREACh and WT RhoA 
(2.22 ± 0.003 ns, n = 332), dominant negative (DN) RhoA (2.20 ± 0.004 ns, n = 201) 
or constitutively active (CA) RhoA (2.43 ± 0.008 ns, n = 225). NS P = 0.2565. ‘n’ 
denotes the number of cells. Error bars represent the s.e.m. Statistical difference 
was measured using one-way analysis of variance (ANOVA) followed by post hoc 
Tukey’s multiple-comparison test (d, g and j–l) and unpaired two-tailed student 
t-test (i). Representative images represent experiments repeated independently 
at least three times. Significant differences in d, g and i–l produced P < 0.0001, 
unless otherwise stated. ****P < 0.0001.
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We expressed the different biosensor mutants in HEK293 cells and used 
2pFLIM to test differences in fluorescence lifetime. Interestingly, we 
found that the point mutations exhibited a wide range of fluorescence 
lifetime (Extended Data Fig. 2b,c). Some mutations caused a dramatic 
increase in lifetime, which indicates complete loss or destabilization 
of the compact closed form (mutationsR173P, R130P; Extended Data 
Fig. 2b,c). As an orthogonal approach, we evaluated the effect of each 
mutation on protein stability by calculating the free-energy difference 
between the WT and the different mutants. Extended Data Fig. 2e dis-
plays a bar graph with the predicted ΔΔG, that is, the difference between 
the ΔG values of the folded and unfolded state of each protein. Posi-
tive values for ΔΔG indicate protein destabilization relative to the WT. 
Interestingly, we found a strong correlation between the fluorescence 
lifetime differences and the predicted stability caused by individual 
point mutations (Extended Data Fig. 2f; r = 0.73).

Altogether, our FRET-based approach detects structural abnor-
malities caused by pathogenic PTEN mutations with high sensitivity. 
This makes the PTEN biosensor suitable for the systematic characteri-
zation of new PTEN mutations.

PTEN biosensor with minimal interference to endogenous 
signaling
Following our initial characterization of the PTEN biosensor, we set 
out to further utilize this approach in vivo. One possible limitation is 
potential interference with cellular function due to overexpression 
of PTEN. Previous studies reported that PTEN overexpression leads 
to structural loss of dendritic spines, as well as morphological and 
physiological perturbations14,17,31. To overcome these potential caveats, 
we screened different PTEN LOF point mutations, focusing on four 
different mutants that displayed minimal biochemical activity but 
maintained unperturbed protein stability in a recent PTEN mutant 
screen17. We expressed these different mutations in HEK293 cells and 
tested their basal lifetime and conformational dynamics following 
activation of PTEN induced by TBB (Fig. 2a–c). Despite a range of basal 
conformations and changes, we identified the R14G mutant as similar to 
the PTEN WT with respect to basal lifetime, brightness and expression 
(Fig. 2a–c and Extended Data Fig. 3a,e–h).

Then, we tested if the R14G PTEN sensor could be used for 
time-lapse imaging in HEK cells and permit dynamic measurements 
of PTEN activity in the same cells over time. Single HEK cells displayed 

a robust decrease in lifetime following EGF application (Fig. 2d–f). The 
same cells then displayed a substantial increase in lifetime following 
TBB application (Fig. 2d–f and Supplementary Movie 2). These results 
indicate robust and quantitative readout of PTEN activity dynamics in 
living cells. To quantitatively assess the ability to monitor PTEN activity 
at cellular resolution, we performed signal-to-noise measurements on 
HEK cells expressing the PTEN biosensor (Extended Data Fig. 4 and 
Supplementary Note 1). Overall, we found that cell-to-cell variability 
was considerably decreased after TBB treatment. These results dem-
onstrate that lifetime of individual cells largely reflect the variability 
of PTEN conformational state.

We decided to continue to characterize the R14G variant, because 
we reasoned that the PTEN biosensor should retain conformational 
sensitivity as a proxy for activity but display minimal downstream sign-
aling due to loss of catalytic activity17 and, therefore, preserve normal 
physiological cellular state. First, we validated that the R14G muta-
tion abolished the phosphatase activity of the PTEN sensor in vitro, 
compared to WT PTEN (Extended Data Fig. 3b). Then, we tested if 
overexpression of the PTEN biosensor affects cellular morphology as 
assessed by cytosolic coexpression of a fluorescent cell fill (CyRFP) in 
HEK cells (Extended Data Fig. 3c,d). We found that TBB application, 
which reduces cell size, was unaffected by overexpression of PTEN 
R14G. Conversely, coexpression of the catalytically active WT PTEN 
sensor decreased HEK293 cell size (Extended Data Fig. 3c,d).

Then, we examined the effect of overexpression of the PTEN 
sensor on neuronal morphology using CRISPR–Cas9 to manipulate 
endogenous PTEN levels in L2/3 cortical cells (Extended Data Fig. 5; 
see Supplementary Note 2 for a detailed description). Overall, we 
found that somatic and synaptic hypertrophism due to endogenous 
PTEN loss could be readily rescued by overexpression of the WT PTEN 
sensor. However, neuronal morphological deficiencies were unaf-
fected by the expression of PTEN with R14G, supporting the lack of 
its catalytic activity.

One possible caveat is that overexpression of the R14G mutant 
will interfere with endogenous PTEN signaling and act as a dominant 
negative. To test this, we first performed immunofluorescence (IF) 
staining for phospho-Akt (pAkt), a direct downstream target of PTEN 
signaling, in HEK cells expressing the PTEN biosensor or GFP as con-
trol. Overexpression of GFP and PTEN R14G showed similar levels of 
basal pAkt (Fig. 2g,h). However, overexpression of WT PTEN markedly 

Fig. 2 | Optimization of the PTEN biosensor to minimize interference with 
endogenous signaling. a, Schematic of the PTEN biosensor mutant candidates. 
b, Pseudo-colored FLIM images of HEK293 transfected with the mEGFP-PTEN-
sREACh mutants. Scale bar, 20 μm. c, Quantification of basal fluorescence 
lifetime of the different mEGFP-PTEN-sREACh candidate mutants, and 
following 3 h of TBB (50 μM) application. WT (****, 2.20 ± 0.002 ns, n = 502, and 
2.41 ± 0.002 ns, n = 295), R14G (****, 2.18 ± 0.002 ns, n = 478, and 2.40 ± 0.002 ns, 
n = 399) P38H (****, 2.31 ± 0.002 ns, n = 480, and 2.37 ± 0.002 ns, n = 499), 
R130L (****, 2.14 ± 0.005 ns, n = 352, and 2.24 ± 0.004 ns, n = 202) and T131I (****, 
2.28 ± 0.002 ns, n = 495, and 2.34 ± 0.003 ns, n = 503) for control and after TBB 
application, respectively. d,e, Pseudo-colored FLIM images and continuous  
time course of single cells expressing mEGFP-PTEN-sREACh containing the  
R14G mutation before, 50 min after 100 ng ml−1 EGF application and following  
2 h from 50 μM TBB application. Individual cells are marked in the same color 
in the image and graph below. Scale bar, 20 μm. f, Time course of fluorescence 
lifetime in HEK cells expressing the mEGFP-PTEN-sREACh containing the R14G 
mutation, following 90 min of 100 ng ml−1 EGF application (****, −0.08 ± 0.004 ns) 
and after adding 50 μM TBB for 130 min (****, 0.13 ± 0.005 ns). Single cells are 
shown as gray lines. Average changes are shown as green lines. n = 55 cells.  
g, Representative images of pAkt staining before and after application of TBB, 
in cells expressing GFP, mEGFP-PTEN-sREACh WT and mEGFP-PTEN-sREACh 
R14G. Scale bar, 100 μm. h, Quantification of pAkt staining in cells expressing 
GFP (5,111 ± 100.5, n = 100, and 2,116 ± 22.92, n = 100), mEGFP-PTEN-sREACh WT 
(2,366 ± 41.52, n = 100, and 1,366 ± 27.97, n = 100) and mEGFP-PTEN-sREACh R14G 
(5,059 ± 101.7, n = 100, and 2,103 ± 25.47, n = 100), with and without 50 μM TBB 

application, respectively. a.u., arbitrary units. i, Schematics of experimental 
design, and representative in vivo images of fluorescently labeled apical 
dendrites expressing CyRFP, coexpressing either mEGFP-PTEN-sREACh WT or 
mEGFP-PTEN-sREACh R14G. Scale bar, 5 μm. j, Quantification of spine density per 
10 μm for dendrites expressing CyRFP alone (5.29 ± 0.13, n = 76), CyRFP + mEGFP-
PTEN-sREACh R14G (5.49 ± 0.11, n = 75) or CyRFP + mEGFP-PTEN-sREACh WT 
(2.91 ± 0.11, n = 91). P = 0.475 for CyRFP and R14G comparison. k, Schematics of 
experimental design, and representative in vivo images of fluorescently labeled 
L2/3 neurons expressing XCaMP-R (magenta) and mEGFP-PTEN-sREACh WT 
or R14G sensors (green). Image intensity is summed for 400 frames at a frame 
rate of 4 Hz. Scale bar, 20 μm. l, Relative frequency histogram of integrated ∆F/F 
distribution for L2/3 neurons expressing XCaMP-R and coexpressing GFP (n = 4 
mice, 316 cells), mEGFP-PTEN-sREAChR14G (NS P = 0.94, n = 3 mice, 281 cells) or 
mEGFP-PTEN-sREACh WT (n = 3 mice, 249 cells). m, Quantification of integrated 
∆F/F of L2/3 neurons expressing XCaMP-R and coexpressing GFP (25.04 ± 0.21, 
n = 4 mice, 316 cells), mEGFP-PTEN-sREACh R14G (ns, 24.63 ± 0.23, n = 4 mice, 
281 cells) or mEGFP-PTEN-sREACh WT (10.58 ± 0.27, n = 4 mice, 249 cells). NS, 
P = 0.403. ‘n’ denotes the number of cells unless noted otherwise. Error bars 
represent the s.e.m. Statistical differences for c, f, h, j and m were measured 
using one-way ANOVA followed by post hoc Tukey’s multiple-comparison test. 
Statistical differences for l were measured using the Kolmogorov–Smirnov test. 
Statistical difference for e was measured using an unpaired two-tailed student 
t-test. Representative images represent experiments repeated independently 
at least three times. Significant differences in f, h, j and m produced P < 0.0001. 
****P < 0.0001.
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reduced basal pAkt levels (Fig. 2g,h). Application of TBB decreased 
pAkt to similar levels in cells expressing GFP or PTEN R14G, while pAkt 
levels were further reduced with WT PTEN (Fig. 2g,h). We confirmed 
that overexpression of WT and R14G-containing PTEN sensors led 
to similar expression levels in HEK cells using western blot and IF 

(Extended Data Fig. 3e–h). Next, we tested the effect of overexpress-
ing WT or R14G PTEN sensor on in vivo neuronal morphology in the 
presence of endogenous PTEN (Fig. 2i). We performed in vivo imaging 
of CyRFP-labeled L2/3 neurons, and compared spine density in apical 
dendrites. Overexpression of R14G PTEN sensor showed similar spine 
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density to control neurons, while overexpression of WT PTEN sensor 
led to a notable reduction in spine density (Fig. 2j). Previous studies 
implicated nearby Lys13 residue in PTEN as a critical ubiquitination 
site that determines PTEN subcellular expression and localization7,45. 
We compared cytosol/nuclear localization and found that R14G and 
WT PTEN sensors showed similar cytosol/nuclear expression, whereas 
K13E greatly increased nuclear expression (Extended Data Fig. 6a,b). 
We also tested if CK2 phosphorylation leads to destabilization of PTEN 

by proteasome-mediated degradation44. Proteasomal inhibition by 
MG132 led to increased PTEN activity, which was occluded by the 4A 
mutation (Extended Data Fig. 6c,d). Finaly, we measure in vivo spon-
taneous neuronal activity, a proxy of neuronal connectivity, in L2/3 
neurons overexpressing GFP, WT PTEN or R14G PTEN biosensors. We 
used XCaMP-R60, a genetically encoded red calcium indicator along-
side GFP or PTEN sensor in L2/3 neurons (Fig. 2k). We analyzed the 
integrated fluorescence intensity change (Int ΔF/F) levels as a readout 
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Fig. 3 | Development and utilization of a transgenic C. elegans to detect PTEN 
signaling. a, Top, representative fluorescence image of labeled C. elegans with 
pan-neuronal G-PTEN (green) and pharyngeal marker (magenta). Bottom, 
pseudo-colored FLIM image of the same field of view. Scale bar, 50 μm.  
b,c, Pseudo-colored FLIM images and quantification in neurons of C. elegans 
expressing pan-neuronal G-PTEN before (2.63 ± 0.02 ns, n = 81) and after 
(2.87 ± 0.01 ns, n = 90) 72 h of 500 μM TBB. Scale bar, 20 μm. d, Quantification 
of fluorescence lifetime of G-PTEN at each stage of larval development, with or 
without daf-2 RNAi. Larvae were measured at L1 stage (2.51 ± 0.014 ns, n = 14, and 
2.64 ± 0.01 ns, n = 44), L2/3 stage (2.57 ± 0.005 ns, n = 184, and 2.63 ± 0.004 ns, 
n = 204), L4 stage (2.62 ± 0.005 ns, n = 82, and 2.66 ± 0.004 ns, n = 141) or 
adulthood (P = 0.02, 2.64 ± 0.006 ns, n = 61, and 2.66 ± 0.004 ns, n = 90) 

without or with daf-2 RNAi, respectively. e–g, Quantification of fluorescence 
lifetime of G-PTEN transgenic C. elegans neurons comparing each stage of larval 
development, for control group or with daf-2 RNAi. In e, ***P = 0.0005 and NS 
P = 0.1004. In f, NS P = 0.7504 and P = 0.9099 for L1 compared to L2/3 and for L4 
compared to adult, respectively. ‘n’ denotes number of cells. Error bars represent 
the s.e.m. Statistical differences for d and e were measured using an unpaired 
two-tailed student t-test. Statistical differences for f and g were measured 
using one-way ANOVA followed by post hoc Tukey’s multiple-comparison test. 
Representative images represent experiments repeated independently at least 
three times. Significant differences in c–f produced P < 0.0001, unless otherwise 
stated. ****P < 0.0001.
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of spontaneous neuronal activity and found that while neurons coex-
pressing GFP or PTEN R14G showed similar neuronal activity levels, 
WT PTEN-expressing neurons exhibited a marked reduction in activity 
(Fig. 2l–o). A previous study found evidence that PTEN mutants can 
reduce WT PTEN activity by direct dimerization of PTEN46. Accordingly, 
we tested dimerization of PTEN using 2pFLIM as a FRET readout. We 
confirmed that TBB-induced activation of PTEN led to an increase in 
dimerization as indicated by reduced lifetime (Extended Data Fig. 6e). 
Interestingly, the WT/WT and WT/R14G dimers showed similar FRET 
levels, whereas the C124S mutant, which was previously found to act 
as a dominant negative46, showed a notable increase in dimerization 
before and after TBB (Extended Data Fig. 6e). Therefore, lack of excess 
dimerization suggests a possible mechanism for the phenotype of the 
R14G, which does not convey dominant negative effects.

Overall, we conclude that the R14G-containing PTEN sensor 
(termed G-PTEN) is a robust probe for the assessment of PTEN activity 
state. We find that overexpression of G-PTEN does not alter downstream 
PTEN signaling and does not perturb cellular structure and function.

Monitoring PTEN signaling during C. elegans development
Our next step involved the development of an experimental model to 
assess the G-PTEN sensor in an intact nervous system. Given the wide 
conservation of PTEN across species, we selected C. elegans, where 
the PTEN homolog daf-18 plays a key role in metabolic, developmental 
and longevity pathways61–63. A previous study showed that mammalian 
PTEN expression can efficiently rescue and replace its homolog daf-18 
(ref. 17). Therefore, we cloned the PTEN R14G sensor under the neu-
ronal worm promoter Psnb-1 (ref. 64) and injected it into C. elegans to 
create a transgenic worm with pan-neuronal expression (Fig. 3a). We 
then conducted 2pFLIM measurements on whole anesthetized worms. 
Because CK2 is conserved in the worm65, we validated the functionality 
of the PTEN sensor using TBB to induce PTEN activation. Adding TBB 
to the worms’ food led to a robust increase in neuronal PTEN lifetime, 
which corresponds to increased PTEN activity (Fig. 3b,c). In C. elegans, 
daf-2, the insulin-like growth factor 1 receptor (IGF1R) homolog, serves 
a critical role in longevity and proteostasis66,67. However, the ability of 
daf-2 to regulate PTEN activity directly throughout development has 
never been investigated. To resolve this issue, we characterized PTEN 
activity throughout the stages of worm larval development. The results 
indicate that PTEN undergoes a gradual increase in activity across the 
L1 to adult worm stages, as assessed by an increase in the basal lifetime 
(Fig. 3d,e). The increase in activity reached a plateau around L4, suggest-
ing an association with neuronal maturity at the L4 stage. Interestingly, 
inhibition of daf-2 by RNA-mediated interference (RNAi)68revealed that 
daf-2 downregulation induces a substantial increase in PTEN activity, 
which is maintained throughout development (Fig. 3d,f,g). Overall, 
these results validate the utility of the PTEN biosensor for direct visu-
alization of PTEN signaling in C. elegans, and suggest a direct interplay 
between daf-2 and PTEN62,69.

In vivo imaging of PTEN in the mouse brain
To measure PTEN activity in the living mouse brain, we used in utero 
electroporation (IUE) to sparsely express the G-PTEN sensor in the 
mouse L2/3 motor and somatosensory cortex70. We performed cranial 
window surgery71 in adult electroporated mice following postnatal day 
(P)45 (Fig. 4a). We found that the combination of sparse expression 
of G-PTEN and in vivo 2pFLIM allowed monitoring of PTEN activity 
at superb subcellular resolution in the neuronal cell body, individual 
dendrites and dendritic spines (Fig. 4b). Comparison of G-PTEN life-
time illustrates that neuronal cell bodies show higher lifetime and thus 
higher PTEN activity compared to dendritic regions, which suggests 
compartmentalized PTEN activity in vivo (Fig. 4c). We analyzed the 
signal-to-noise characteristic of the G-PTEN sensor in vivo, which sup-
ported the ability to detect single-cell PTEN activity under our imaging 
conditions (Extended Data Fig. 7b and Supplementary Note 1).

We then tested if G-PTEN can be used to examine changes in PTEN 
activity in vivo following genetic manipulation to key genes in the 
PTEN signaling pathway. Both IGF1R and tuberous sclerosis complex 
subunit 2 (Tsc2) are genes that are vital for neuronal function, and act 
upstream and downstream of PTEN8, respectively. To test the effect 
of their perturbation on PTEN activity, we coexpressed G-PTEN with 
a plasmid expressing spCas9 and gRNA, targeted toward IGF1R, or 
Tsc2. We validated the efficiency of CRISPR–Cas9-based targeting by 
perturbing IGF1R or Tsc2 and then testing for the induction of phos-
phorylated S6 (pS6), a common downstream target in the signaling 
pathway9 (Extended Data Fig. 8a,b,e,f). We also validated that the IGF1R 
gRNA effectively reduced IGF1R expression (Extended Data Fig. 8c,d). 
In vivo 2pFLIM of G-PTEN revealed that PTEN activity was increased 
in the soma following IGF1R and Tsc2 gRNA, as evidenced by a longer 
lifetime, compared to G-PTEN with a scrambled gRNA (Fig. 4d,e). How-
ever, morphological changes were characterized by an increase in cell 
body size following Tsc2 KO, and a decrease following IGF1R (Fig. 4d,f). 
Analysis of changes in the dendrite revealed distinct changes in den-
dritic PTEN activity; PTEN activity in the Tsc2 knockout (KO) dendritic 
shaft was unchanged, whereas IGF1R KO led to an increase in PTEN 
activity. In contrast, IGF1R KO did not alter synaptic PTEN lifetime, 
which was notably decreased by Tsc2 KO (Fig. 4g,h). These changes 
in PTEN activity were accompanied by structural changes: dendritic 
spine density was increased compared to controls after Tsc2 KO, while 
IGF1R KO led a decrease in spine density (Fig. 4i). To examine poten-
tial mechanisms of the PTEN compartmentalization, we performed 
fluorescence recovery after photobleaching experiments of G-PTEN 
in dendritic spines and shaft. We found that the dendritic shaft and 
spine displayed similar kinetics, which implies equal distribution of 
PTEN in these compartments (Extended Data Fig. 8g). We hypothesize 
that upstream local signaling mechanisms72, which could spread from 
spines to the dendritic shaft, might affect PTEN signaling following 
genetic perturbations.

Altogether, in vivo imaging of PTEN activity allowed us to identify 
differences in subcellular PTEN activity in the synaptic and somatic 
compartments following manipulation of upstream or downstream 
signaling.

Dual imaging of PTEN activity with a red-shifted PTEN sensor
Next, we set out to develop a red-shifted variant of the PTEN sensor. We 
used a previously developed FRET pair optimized for 2pFLIM, namely 
mCyRFP2 and mMaroon1, as donor and acceptor50,73. We replaced 
mEGFP and sREACh in the G-PTEN sensor with mCyRFP2 and mMaroon1, 
respectively (Fig. 5a). This new variant, named R-PTEN, retains sensi-
tivity and specificity, as the 4A mutation increases its basal lifetime 
(Fig. 5b,c). TBB application led to a substantial increase in lifetime 
(Fig. 5d), and EGF application reduced the lifetime of the R-PTEN sensor 
(Fig. 5e). Following initial characterization, we tested the application 
of in vivo imaging of R-PTEN. To perform in vivo imaging of R-PTEN, 
we prepared adeno-associated viruses (AAVs) of R-PTEN. We utilized a 
recently established approach for codon diversification of the acceptor 
mMaroon to avoid AAV-based recombination of FRET sensors74. R-PTEN 
was expressed under the neuronal synapsin promoter, which limited 
expression primarily to excitatory cells (~91% of cells labeled; Extended 
Data Fig. 8h) and was expressed ~2-fold over endogenous PTEN lev-
els (Extended Data Fig. 8i,j). We further validated that AAV-R-PTEN 
expression, similar to G-PTEN, does not induce any changes to down-
stream signaling, by comparing pS6 levels between R-PTEN-positive 
and R-PTEN-negative cells (Extended Data Fig. 8k,l). The long-stoke 
shift of mCyRFP73 allowed us to coexpress R-PTEN and simultaneously 
excite and image R-PTEN alongside GFP-based GCaMP8s75 (Fig. 5f,g) 
with a single two-photon laser excitation. In vivo imaging of R-PTEN 
and GCaMP8s in the L2/3 somatosensory cortex, revealed calcium 
transients of GCaMP8s in the green channel (Fig. 5g,h and Supplemen-
tary Movie 3) while monitoring the R-PTEN lifetime, without cross-talk 
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Fig. 4 | In vivo imaging of PTEN in the mouse brain. a, Top, schematic of IUE 
followed by in vivo 2pFLIM in the adult mouse brain. Bottom, representative 
widefield images of fluorescence intensity and FLIM of L2/3 cells expressing 
G-PTEN. Scale bar, 100 μm. b, Representative high-magnification images of 
fluorescence intensity and pseudo-colored lifetime of G-PTEN expression in 
L2/3 soma (top) and dendrite (bottom). Scale bars, 20 μm (soma) and 15 μm 
(dendrite). c, Quantification of fluorescence lifetime in G-PTEN-expressing 
neuronal somas (2.20 ± 0.004 ns, n = 142 cells) and dendrites (2.11 ± 0.009 ns, 
n = 75), in four mice. d, Representative two-photon in vivo images of L2/3 
neuronal somas coexpressing G-PTEN, spCas9 and scrambled control gRNA 
(Scr), IGF1R gRNA or a Tsc2-targeted gRNA. Scale bar, 20 μm. e, Quantification of 
G-PTEN fluorescence lifetime in L2/3 neuronal somas targeted with scrambled 
control gRNA (2.17 ± 0.006 ns, n = 56 cells), an IGF1R-targeted gRNA (P = 0.0005, 
2.22 ± 0.013 ns, n = 64 cells) or a Tsc2-targeted gRNA (P = 0.0006, 2.22 ± 0.01 ns, 
n = 40 cells); 4–6 mice per group, NS P = 0.9263. f, Quantification of L2/3 soma 
area of neurons expressing scrambled gRNA (693.1 ± 22.86 μm2, n = 57 cells),  
IGF1R gRNA (P = 0.0009, 537.5 ± 12.87 μm2, n = 70 cells) or Tsc2 gRNA (1,652 ±  
66.87 μm2, n = 39 cells); 4–6 mice per group. g, Representative two-photon  
in vivo images of L2/3 neuronal dendrites coexpressing G-PTEN, spCas9 and 

scrambled control gRNA (Scr), IGF1R gRNA or Tsc2 gRNA. Scale bar, 5 μm.  
h, Quantification of G-PTEN fluorescence lifetime in L2/3 neurons targeted with 
scrambled control gRNA (2.07 ± 0.009 ns, n = 45, and 2.04 ± 0.005 ns, n = 94), 
IGF1R gRNA (2.14 ± 0.016 ns, n = 31, and 2.02 ± 0.015 ns, n = 49) or Tsc2 gRNA 
(2.07 ± 0.008 ns, n = 65, and 1.91 ± 0.012 ns, n = 120) for their dendritic shafts and 
spines, respectively. *P = 0.0188. NS P > 0.9999 and P = 0.8882 for Scrambled 
Shaft compared to Tsc2 gRNA Shaft and for Scrambled Spine compared to IGF1R 
gRNA Spine, respectively; 4–6 mice per group. i, Quantification of spine density 
per 10 μm for G-PTEN neurons expressing scrambled control gRNA (5 ± 0.09, 
n = 35 dendrites), IGF1R-targeted gRNA (P = 0.0197, 2.93 ± 12.87, n = 19 dendrites) 
or a Tsc2-targeted gRNA (14.8 ± 0.7, n = 35 dendrites); 4–6 mice per group. 
 ‘n’ denotes number of cells unless otherwise noted. Error bars represent the s.e.m. 
Statistical difference for c was measured using an unpaired two-tailed student 
t-test. Statistical differences for e, f, h and i were measured using one-way ANOVA 
followed by post hoc Tukey’s multiple-comparison test. Representative images 
represent experiments repeated independently at least three times. Significant 
differences in c, e, f, h and i produced P < 0.0001, unless otherwise stated. 
****P < 0.0001.
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from the green channel to the red channel. We measured spontaneous 
neuronal activity to examine the properties of R-PTEN-expressing 
cells compared to nearby non-expressing cells. Notably, there was 
no significant difference in ongoing spontaneous activity between 
R-PTEN-positive and R-PTEN-negative cells in the same mice (Fig. 5i). 
These results further confirm the validity of our approach using the 
R14G mutation to decrease downstream signaling activity, which pre-
serves normal physiological properties even after long-term in vivo 
expression of the sensor. We tested the link between PTEN activity levels 
and spontaneous activity in the same population of L2/3 cells in vivo. 
We found that overall spontaneous activity was inversely correlated 
with the PTEN lifetime across cortical cells (r = −0.21; Fig. 5j). Our results 
confirm the usefulness of the PTEN sensor for in vivo imaging of PTEN 
activity and the ability to use it in a combination of different biosensors 
to probe neuronal signaling and activity in vivo.

Simultaneous cell-specific in vivo imaging of PTEN signaling
Lastly, we examined the use of the PTEN sensor to explore cell-specific 
PTEN activity in the intact brain. Previous studies have reported dif-
ferences in PTEN signaling in inhibitory cells18, hippocampal dentate 
gyrus cells27and astrocytes10. However, the precise contribution of 
PTEN signaling was inferred by cell-type-specific PTEN KO. As PTEN 
KO leads to structural and functional dysregulation, it is possible 
that PTEN confers a unified signaling tone across cells, but that this 
produces different phenotypical manifestations due to cell-specific 
functions. Accordingly, it is critical to examine whether physiologi-
cal PTEN activity is differentially regulated in distinct cell types in the 
brain. To address this question, we first expressed the G-PTEN bio-
sensor activity in L2/3 excitatory cells and cortical astrocytes, using 
a piggyBac vector76,77 (Extended Data Fig. 9). IUE of G-PTEN under the 
control of a piggyBac transposon vector, together with a hyperactive 
piggyBac transposase, efficiently labeled L2/3 neurons and astrocytes 
with G-PTEN in the same mouse. Interestingly, the basal PTEN lifetime 
was relatively consistent across L2/3 somas, while astrocytes displayed 
heterogeneous values, which were on average lower than neuronal 
levels (Extended Data Fig. 9).

Then, we set out to determine PTEN activity in excitatory and 
inhibitory cells in the somatosensory cortex. PTEN signaling is critical 
in both excitatory and inhibitory cells, but it remains unclear whether 
PTEN activity is differentially regulated in these cell types under physi-
ological conditions. In the cortex, excitatory and inhibitory cells are 
spatially intermingled and, therefore, we chose to use a dual-color 
genetic strategy involving R-PTEN and G-PTEN. First, we coexpressed 
G-PTEN and R-PTEN in HEK cells, and validated the ability to separate 
their lifetime with similar sensitivity and dynamic range (Extended 
Data Fig. 10a–c). To monitor both excitatory and inhibitory cells in vivo, 

we used R-PTEN to predominantly label excitatory cells with an AAV 
under the synapsin promoter. For inhibitory labeling, we used a par-
valbumin (PV) Cre line, with an AAV of the G-PTEN sensor restricted to 
Cre-expressing cells (FLEX G-PTEN; Extended Data Fig. 10d–f). This 
combination allowed us to target excitatory cells and PV inhibitory 
cells in the same field of view simultaneously (Fig. 6a,b). Using this 
approach, we set out to examine whether sensory experience alters 
cell-type-specific PTEN activity in the brain. Following AAV injections 
in neonatal mice, we performed whisker deprivation of the contralat-
eral whisker for 2 weeks during the critical period and into adulthood 
(P11–P28)78. Previous studies have reported that this manipulation pro-
foundly alters the excitatory-to-inhibitory ratio (E/I) in the somatosen-
sory cortex79,80. We performed in vivo 2pFLIM of PV cells expressing 
the G-PTEN sensor and excitatory cells expressing the R-PTEN sensor. 
We monitored the lifetime of cells exclusively expressing G-PTEN or 
R-PTEN in control mice and compared it with the lifetime of cells in mice 
that underwent contralateral whisker trimming (Fig. 6c,d). This analysis 
revealed cell-specific changes in PTEN activity: excitatory PTEN activity 
was slightly reduced following whisker deprivation, while inhibitory 
PTEN activity increased following deprivation (Fig. 6e). Therefore, we 
can conclude that sensory deprivation leads to differential regulation 
of PTEN signaling in excitatory and in inhibitory neurons (Fig. 6f). 
Altogether, simultaneous imaging of PTEN signaling in excitatory 
and inhibitory cells revealed cell-type-specific dynamics following 
sensory experience.

Discussion
Here, we describe the development and validation of a new biosensor 
that can dynamically monitor PTEN signaling in various biological 
systems—cell lines, intact tissues and whole organisms. The combi-
nation of a FRET biosensor and 2pFLIM enables robust quantitative 
monitoring of the PTEN conformational state, which serves as a proxy 
for PTEN activity in complex biological environments.

As our biosensor uses a full-length PTEN protein, it was important 
to prevent the previously described interference of PTEN overexpres-
sion with endogenous PTEN signaling pathways14,31. To do this, we 
screened several LOF point mutations, which were previously shown to 
retain protein stability17. Among them, the R14G mutation was selected 
because it showed similar conformational changes and dynamic range 
to the WT PTEN biosensor. We validated that the G-PTEN sensor con-
taining the R14G mutations has minimal catalytic activity in vitro and 
did not affect in vivo neuronal morphology (Fig. 3 and Extended Data 
Figs. 3 and 5). Importantly, we extensively validated that the PTEN 
sensor does not act as a dominant negative. Downstream signaling 
(pAKt, pS6), cell size and morphology, synaptic density and neuronal 
activity (Figs. 2 and 5 and Extended Data Figs. 3, 6 and 8) were all 

Fig. 5 | Dual imaging of PTEN activity using a red-shifted PTEN sensor.  
a, Schematic design of the FRET/FLIM-based mCyRFP2-PTEN-mMaroon sensor. 
b, Representative images of pseudo-colored FLIM in HEK293 cells expressing 
mCyRFP2-PTEN (donor only), mCyRFP2-PTEN-mMaroon, mCyRFP2-PTEN-
mMaroon R14G (R-PTEN) or mCyRFP2-PTEN-4A-mMaroon (4A mutant). 
Scale bar, 20 μm. c, Quantification of mean fluorescence lifetime in HEK 
cells expressing mCyRFP2-PTEN (3.62 ± 0.004 ns, n = 88), mCyRFP2-PTEN-
mMaroon (3.19 ± 0.005 ns, n = 279 cells), mCyRFP2-PTEN-mMaroon R14G 
(3.20 ± 0.005 ns, n = 220) or mCyRFP2-PTEN-4A-mMaroon (3.48 ± 0.004 ns, 
n = 199). NS P = 0.0941. d, Quantification of change in fluorescence lifetime 
following 3 h of TBB application in mCyRFP2-PTEN (0.01 ± 0.004 ns, n = 200), 
mCyRFP2-PTEN-mMaroon (0.25 ± 0.003 ns, n = 292), mCyRFP2-PTEN-
mMaroon R14G (0.25 ± 0.004 ns, n = 234) or mCyRFP2-PTEN-4A-mMaroon 
(0.01 ± 0.003 ns, n = 400). NS P = 0.9987. e, Quantification of fluorescence 
lifetime of HEK293 cells transfected with R-PTEN before (3.18 ± 0.009 ns, n = 74) 
and after (3.085 ± 0.002 ns, n = 155) 100 ng ml−1 recombinant human EGF for 
2 h. f, Schematic of AAV injections in P3–P4 mice and a low-magnification 
representative in vivo image of R-PTEN (magenta) and GCaMP8s (green) in 

L2/3 somatosensory cortex in a P28 mouse. Scale bar, 50 μm. g, In vivo high-
magnification images of the boxed region in f of individual L2/3 cells expressing 
R-PTEN (magenta), GCaMP8s (green) and their merged image. Scale bar, 
20 μm. h, Time course of changes in ΔF/F (GCaMP8s, green) and lifetime in the 
red channel (R-PTEN, red) of cells marked in g in coexpressing cells (region of 
interest (ROI) 1–3), and in a cell expressing GCaMP8s only (ROI 4). i, Comparison 
of summed integrated ΔF/F (a.u.) in R-PTEN-negative (n = 53 cells) and R-PTEN-
positive (n = 164 cells) neurons, paired for each mouse (N = 4 mice, P = 0.32).  
j, Correlation between fluorescence lifetime and cumulative summed integrated 
ΔF/F in R-PTEN+ neurons (P = 0.008, r = −0.21). ‘n’ denotes number of cells unless 
stated otherwise. Error bars represent the s.e.m. Statistical differences for c and 
d were measured using one-way ANOVA followed by post hoc Tukey’s multiple-
comparison test. Statistical difference for e was measured using unpaired 
two-tailed student t-test. Statistical difference for i was measured using paired 
two-tailed student t-test. Correlation was measured using two-tailed Pearson test 
and graphically plotted using simple linear regression. Representative images 
represent experiments repeated independently at least three times. Significant 
differences in c–e produced P < 0.0001, unless otherwise stated. ****P < 0.0001.
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unaffected following overexpression of the PTEN sensor containing 
the R14G mutation.

To test the ability to monitor PTEN activity in intact organisms, 
we used the PTEN sensor in the well-studied model system C. elegans. 
2pFLIM of intact worms enabled us to monitor PTEN neuronal activity 
at cellular resolution across the lifespan of the intact worm (Fig. 3), 
revealing gradual increases in neuronal PTEN activity that parallel 
the stages of worm development. Then, we used 2pFLIM to monitor 

compartmentalized PTEN activity in neuronal cell bodies and in den-
dritic spines in the intact mouse brain (Fig. 4). We used CRISPR–Cas9 
to manipulate IGF1R and Tsc2, examining how different perturbations 
in the signaling pathway impact neuronal PTEN activity. We found that 
somatic PTEN activity was upregulated and associated with contrasting 
cell sizes following these perturbations. Interestingly, dendritic PTEN 
activity was affected differently by Tsc2 and IGF1R KO, correlating with 
distinct synaptic changes with each perturbation. Future studies will 
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be needed to determine whether synaptic dysregulation of compart-
mentalized PTEN activity is a conserved feature following various 
perturbations of synaptic structure and function.

We further modified the PTEN sensor to engineer a red-shifted 
biosensor variant, R-PTEN (Fig. 5). The advantage of using a red-shifted 
FRET pair is the ability to simultaneously image PTEN activity alongside 

a large repertoire of GFP-based biosensors. The combination of R-PTEN 
and the sensitive calcium sensor GCaMP8 allows simultaneous moni-
toring of PTEN activity and ongoing neuronal activity in single cells, 
in awake animals (Fig. 5).

Lastly, we combined genetic targeting and spectral PTEN sen-
sor variants to explore a critical and unresolved question: Do PTEN 
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Fig. 6 | Simultaneous in vivo imaging of PTEN signaling in excitatory and 
inhibitory cells. a, Schematic of cell-type-specific AAV injections in neonatal 
mice. b, Representative images of PV cells labeled with Cre-dependent G-PTEN 
(left/green) and excitatory cells labeled with R-PTEN (left/magenta) in the 
somatosensory cortex of a P28 mouse. Widefield scale bar, 50 μm. Zoomed scale 
bar, 20 μm. c, Schematic of contralateral whisker deprivation (WD) between P11 
and P28. d, Representative intensity and FLIM images of excitatory (magenta) 
and inhibitory (green) cells after WD. Scale bar, 20 μm. e, Quantification of 
fluorescence lifetime before WD (2.23 ± 0.012 ns, n = 64, and 3.214 ± 0.005 ns, 
n = 317) and after WD (2.38 ± 0.008 ns, n = 76, and 3.19 ± 0.006 ns, n = 364) 

for inhibitory G-PTEN-expressing cells (left/green) and excitatory R-PTEN-
expressing cells (right/red), respectively. **P = 0.0026; 5–6 mice per group.  
f, E/I ratio of R-PTEN/G-PTEN fluorescence lifetime before WD (1.44 ± 0.002 ns, 
n = 317) and after WD (1.34 ± 0.002 ns, n = 364); 5–6 mice per group. ‘n’ denotes 
number of cells unless stated otherwise. Error bars represent the s.e.m. Statistical 
difference for e was measured using one-way ANOVA followed by post hoc 
Tukey’s multiple-comparison test. Statistical difference for f was measured using 
unpaired two-tailed student t-test. Representative images represent experiments 
repeated independently at least three times. Significant differences in e and f 
produced P < 0.0001, unless otherwise stated in the legend above. ****P < 0.0001.
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signaling dynamics differ between cell types in the brain? Previous 
studies addressed this question by cell-type-specific genetic perturba-
tion of PTEN, which is contentious because PTEN KO leads to drastic 
morphological and functional dysregulation in all cell types. Our newly 
developed biosensor now provides evidence for distinct regulation of 
PTEN activity in excitatory and inhibitory cells in the cerebral cortex 
(Fig. 6). We found that sensory deprivation led to differential changes 
in PTEN activity in inhibitory and excitatory cells. Previous work sug-
gested that PTEN activity in inhibitory cells is critical for the establish-
ment of E/I balance in the cortex18, which is dysregulated in ASD81 and 
closely associated with PTEN mutations24. Future studies using the 
PTEN biosensor will allow to analyze the cell-specific contribution of 
PTEN to the development of neuronal circuits and will shed light on 
the emergence of ASD and related neurodevelopmental disorders.

One advantage of the PTEN biosensor for an end user is the ability 
to monitor PTEN activity using FLIM, which does not rely on absolute 
expression or brightness. Accordingly, we demonstrate that this feature 
can be used to allow adequate signal-to-noise ratio measurements at cel-
lular resolution (Extended Data Figs. 4 and 7 and Supplementary Note 1).  
However, this approach did not allow us to monitor rapid changes in 
PTEN activity in vivo, due to lack of validated perturbations to directly 
activate PTEN. Future work, building upon improving the signal-to-noise 
ratio of the PTEN sensor by linker and fluorescent protein optimization, 
could greatly extend our understanding of the temporal and spatial 
dynamics of PTEN activity in various experimental biological systems.

In summary, we have engineered a new FRET-based PTEN bio-
sensor, which is optimized for 2pFLIM. This new tool allows us to 
explore the spatial and temporal dynamics of PTEN in a broad range 
of in vitro and in vivo biological systems and identify the contribution 
of cell-specific PTEN activity to cellular structure and function.
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Methods
Animals
Animal experiments were approved by the Institutional Animal Care 
and Use Committee in Tel Aviv University. IUE was performed on 
time-pregnant ICR mice (Envigo). For AAV injections, ICR females were 
crossed with homozygous PV-Cre male mice (stock number 017320, 
The Jackson Laboratory). Heterozygous litters were used for AAV injec-
tion in the first postnatal week. Both male and female mice were used 
throughout experiments. All animals were kept in a normal light–dark 
cycle (12 h/12 h, lights on at 07:00) and had free access to food and 
water. Mice were kept in 21 °C ± 2 °C, and the air change rate was 15–20 
times per hour, with no humidity control.

Plasmids and AAV construction
For construction of the G-PTEN sensor, mEGFP followed by a linker of 
SGLRSA were fused to the N terminus of the PTEN coding sequence (a 
gift from J. Esteban, Addgene plasmid, 110181). On the C terminus of 
PTEN, a linker of PTP was followed by the coding sequence for sREACh. 
For the R-PTEN version, the donor and acceptor were replaced by 
mCyRFP2 (ref. 50) and mMaroon1 (ref. 82), respectively. PTEN point 
mutations described in the results and the 4A mutant were generated 
using PCR and the Q5 mutagenesis kit (NEB). RhoA plasmids were 
previously described in ref. 73. For experiments in cell lines, The PTEN 
sensor was used under the CMV promoter (mEGFP-C1 backbone). For 
IUE in mice, the constructs were cloned under the chicken β-actin (CAG) 
promoter. For coexpression in astrocytes and in neurons using IUE, 
the piggyBac transposon system was used together with expression 
pCAG-hyPBase83. For production of AAVs, we replaced the acceptors 
for sREACh and mMaroon for G and R versions with codon-diversified 
versions74 to avoid AAV-mediated cleavage due to high nucleotide 
homology of donor and acceptor. AAV constructs contained the human 
synapsin promoter or a Cre-dependent floxed version under the CAG 
promoter73. For expression in C. elegans, we used the pan-neuronal 
IRP-I7 plasmid with the Psnb-1 promoter64. CAG-XCaMP-R was a gift 
from M. Inoue. The G-PTEN floxed AAV was packaged by the ETH viral 
core and was a gift by A. S. Saab in the PHP serotype, and the synapsin 
R-PTEN sensor was packaged in AAV serotype 9 by the ELSC vector core 
facility. AAVs containing GCaMP8s under the synapsin promoter were 
purchased from Addgene (Plasmid, 162374).

For gene editing via CRISPR–Cas9, we used the PX330 backbone 
(a gift from F. Zhang, Addgene plasmid 42230). We introduced gRNA 
sequences according to target gene (5′-3′): PTEN (TCACCTGGATTACA-
GACCCG, exon 6), Tsc2 (TGTTGGGATTGGGAACATCG, exon 2), IGF1R 
(GAAAACTGCACGGTGATCGA, exon 2), and a scrambled control based 
on PTEN exon 6 (ACTCGAGACGCGCATCTACT). The gRNA sequence for 
targeting PTEN was generously provided by B. Luikart. The other gRNA 
sequences were identified in the second exon, by choosing the highest 
scoring sequence for sensitivity and specificity84.

Plasmids were constructed using standard molecular biology 
methods including polymerase chain reaction, Gibson assembly, 
enzyme restriction reactions and Q5 side-directed mutagenesis 
(NEB). For optimization, linkers were edited using PCR, and muta-
tions were introduced using PCR. All products were verified using 
Sanger Sequencing.

Cell culture maintenance
HEK 293T cells (American Type Culture Collection) in passage num-
ber 12–20 were cultured in DMEM supplemented with 10% FBS, 1% 
l-glutamic acid and 1% penicillin–streptomycin at 37 °C in 5% CO2 and 
transfected with plasmids (Mirus TransIT-LT1 Transfection Reagent). 
Imaging was performed 24 h following transfection in external Tyrode 
solution (119 mM NaCl, 5 mM KCl, 25 mM HEPES, 2 mM CaCl2, 2 mM 
MgCl2, 33 mM glucose) at pH 7.4. TBB (Tocris) was administered with a 
concentration of 50 μM in 2 ml. For pharmacological washout experi-
ments, HEK cells were grown on poly-l-lysine-coated slides to increase 

adhesion, the TBB solution was removed 1 h later from the plate and 
replaced with 2 ml of Tyrode with or without 100 ng ml−1 EGF (Pepro-
Tech) for an additional 2 h. For longitudinal EGF and TBB experiments, 
HEK cells were grown on poly-l-lysine-coated slides, with 100 ng ml−1 
EGF added for 90 min, and followed by 50 μM TBB for 130 additional 
minutes. For MG132 experiments, 10 μM of MG132 was added to HEK 
cells 6 h after transfection and left overnight at 37 °C in 5% CO2.

For RhoA coexpression with PTEN sensor experiments, plasmids 
were used in a 1:1 ratio. HEK cells were used as an expression and experi-
mentation platform only and were not rigorously tested for potential 
contamination from other cell lines.

In silico mutation analysis
To evaluate the effect of mutations, each mutation was introduced 
into the available PTEN structure (Protein Data Bank 1D5R) via the 
Maestro BioLuminate suite in the Schrodinger software. The stability 
change (ΔG) of the protein was calculated based on the prime energy 
function with an implicit solvent term and is defined as the free-energy 
difference between the folded and the unfolded state. Stability relative 
to the WT protein (ΔΔG) was calculated based on the residue scanning 
calculation module. A negative value points to a more stable mutant.

C elegans transgenic worms
The GFP-PTEN-sREACh R14G was cloned under the Psnb-1 pan-neuronal 
promotor64. For C. elegans transgenesis, 50 ng of plasmid was injected 
into the gonad along with 50 ng of a Pmyo-2::dsRed pharyngeal marker. 
The strain was maintained on nematode growth medium agar seeded 
with OP50 Escherichia coli at 20 °C. Before experiments, worms were 
synchronized using bleach and the next generation was used for each 
experiment.

For TBB experiments, 3 days after bleach synchronization, 30 
fluorescent-positive worms at L4 developmental stage were picked 
onto TBB plates. TBB plates were made by mixing 100 μl M9 buffer and 
500 μM TBB, seeding the solution on the OP50 E. coli plates, and letting 
dry at 20–25 °C for 1 h in sterile conditions before bleach synchronizing 
C. elegans to the plate. Seventy-two hours later, fluorescent-positive 
adult C. elegans were mounted onto a slide with 30 μl M9 buffer and 3 μl 
levamisole at 1 μM. The same routine was done for the control group, 
without adding TBB to the plates.

For daf-2 RNAi experiments, worms were fed HT115 (DE3) bacteria 
expressing the L4440 vector containing daf-2-specific sequence. Empty 
L4440 plasmid was used as the negative control. RNAi plates were pre-
pared with NGM media containing 10 mM isopropyl β-d-thiogalactoside 
and 100 μg ml−1 of ampicillin. For double-stranded RNA induction, an 
overnight culture of bacteria was diluted at a ratio of 1:50 and grown at 
37 °C with shaking for 3–4 h, after which isopropyl β-d-thiogalactoside 
was added to a final concentration of 10 mM and allowed to grow for an 
additional 3–4 h. This culture was used to seed the RNAi plates, air-dry 
and grow overnight at room temperature. Gravid hermaphrodites 
were bleached on the RNAi plates to release the embryos. Seventy-two 
hours later, fluorescent-positive worms were morphologically sorted 
by larval stage (L1, L2/3, L4, adult) and mounted for imaging with 30 μl 
M9 buffer and 3 μl levamisole at 1 μM.

Immunohistochemistry
Perfused brains were sliced at 100 μm using a vibratome (Leica, 
VT1000S) and thereafter stained. Slices were washed three times with 
PBS for 5 min each at room temperature and incubated in PBST (1.2% 
Triton) for 15 min. Slices were washed an additional three times for 
5 min each and transferred for 1 h in blocking buffer (5% NGS, 2% BSA, 
0.2% Triton in PBS solution) at room temperature. Samples were then 
incubated in primary antibodies diluted in blocking buffer overnight 
at 4 °C. Samples were then washed three times with PBS for 15 min 
and incubated for 60 min in secondary Alexa Fluor 594 or Alexa Fluor 
488 (both 1:1,000 dilution; Thermo Fisher Scientific). The slices were 
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washed three times with PBS for 15 min each, mounted onto slides, 
sealed with mounting medium (VectaShield HardSet) and left to dry 
overnight. The following antibodies were used: Rabbit anti-phospho-S6 
S235/236 (1:200 dilution; Cell Signaling, 4858); rabbit anti-PTEN 138G6 
in vivo (1:50 dilution) or in vitro (1:200 dilution; Cell Signaling, 9559); 
ATTO647-conjugated RFP-Booster (1:600 dilution; ChromoTek, 
rba647n-10); Alexa Fluor 555-conjugated rabbit anti-pAkt S473 (1:80 
dilution; Cell Signaling, 52240); rabbit anti-VGAT (1:2,000 dilution; 
Synaptic Systems 131 002).

Confocal microscopy
Images were taken using a ZEISS LSM 900 in confocal mode, using Zen 
3.1. Fluorescence readouts were obtained at an excitation and emission 
of 488 nm and 507 nm for green and 594 nm and 614 nm for red. For 
RFP-booster acquisition, an excitation and emission of 647 nm and 
669 nm, respectively, were used. For pAkt-conjugated antibody, an 
excitation and emission of 553 nm and 568 nm, respectively, were used.

Western blotting
For transfection before western blotting, HEK 293T cells were seeded 
in six-well plates at density of 400,000 cells per well and cultured 
in DMEM (supplemented with 10% fetal calf serum and 1% penicil-
lin–streptomycin) to 80% confluency. They were transfected with 
varying concentrations of plasmid (0, 0.1, 0.5, 1, 2, 5 μg) diluted in 
200 μl Opti-MEM (1×; Gibco, 31985-062) with 3 μl Lipofectamine 2000 
(Invitrogen, 52887). Twenty-four hours after transfection, cells were 
washed with ice-cold PBS and lysed with supplemented RIPA buffer 
(50 mM Tris, 150 mM NaCl, 1.0% (wt/vol) NP-40, 0.5% (wt/vol) sodium 
deoxycholate and 0.1% (wt/vol) SDS at a pH of 7.4) supplemented with 
Protease inhibitor cocktail set III (Calbiochem, 539134), cantharidin 
(500 nM in dimethylsulfoxide) and phosphatase inhibitor cocktail 
(16 mM Na2MO4, 16 mM NaF, 32 mM β-glycerophosphate, 4 mM Na3VO4 
in dd.H2O). The lysates were centrifuged at 14,000g for 30 min and 
supernatants were harvested. A BCA assay was performed to deter-
mine total protein concentration in the cell lysate, and samples were 
prepared by diluting with Roti-load Sample buffer and heating at 
95 °C for 5 min.

Samples prepared with cell lysate containing 10 µg of total protein 
per sample were loaded onto a 10% SDS–PAGE gel. Electrophoresis was 
performed and the proteins were then transferred onto a nitrocel-
lulose membrane, followed by blocking in 5% non-fat milk in TBST for 
1 h at room temperature. The blots were then probed for PTEN, GFP 
and GAPDH using the corresponding antibodies in 5% non-fat milk in 
TBST overnight at 4 °C (PTEN (138G6), 1:5,000 dilution, rabbit mono-
clonal antibody, CST, 9559; anti-GFP, 1:2,500 dilution; rabbit IgG frac-
tion, Invitrogen, A11122, anti-GAPDH (6C5), 1:10,000 dilution; mouse 
monoclonal antibody, EBD Merck, CB1001). The blots were washed 
3× in TBST, for 5 min each and further incubated with horseradish 
peroxidase-conjugated secondary antibodies in 5% non-fat milk in TBST 
at room temperature for 2 h (goat anti-rabbit IgG (H + L) peroxidase, 
1:2,000 dilution, Vector laboratories, PI-1000; horse anti-mouse IgG 
(H + L) peroxidase, 1:10,000 dilution, Vector laboratories, PI-2000). 
The blots were then washed 3× in TBST, for 5 min each before detection. 
The blots were visualized using the Fusion SL system, and the densito-
metric analysis of the blots was performed using ImageJ. Fold changes 
in expression of PTEN construct levels were analyzed on normalization 
to corresponding GAPDH signal.

PIP3 phosphatase assay
HEK cells were transfected with plasmids (CMV-GFP, CMV-mEGFP- 
PTEN-sREACh, CMV-mEGFP-PTEN R14G)-sREACh) and 24 h later cells 
were lysed in ice-cold RIPA buffer supplemented with protease inhibi-
tors (Roche). Lysates were clarified by centrifugation at 14,000g for 
15 min at 4 °C. Protein concentration was determined using a BSA 
Protein Assay Kit (Pierce) and normalized across all samples.

High-binding 96-well plates (Corning) were coated with GFP 
Monoclonal Antibody (3E6, Thermo Fisher Scientific) at a 1:200 dilu-
tion in PBS and incubated overnight at 4 °C. The following day, wells 
were washed with PBS, and 100 µl of normalized cell lysates from each 
transfected condition was added to the wells. Plates were incubated 
overnight at 4 °C to facilitate protein binding. The phosphatase activ-
ity of PTEN WT, PTEN R14G and GFP was measured using the Malachite 
Green Phosphate Assay Kit and protocol (Sigma-Aldrich). PI(3,4,5)
P3 diC8 (Echelon Biosciences) was used as the substrate. Following 
overnight incubation, the wells were washed with PBS, and 100 µl of 
reaction buffer containing 25 µM PI(3,4,5)P3 diC8 was added to each 
well. After a 30-min incubation at 37 °C, the reaction was terminated by 
the addition of the Malachite Green reagent. Absorbance was measured 
at 620 nm using a BioTek HybridH1 Microplate Reader.

IUE, AAV injections and cranial windows
IUE was performed as previously reported70. Briefly, ICR embryonic 
day (E)14.5–15.5 time-pregnant mice (Envigo) were anesthetized 
with isoflurane and given 0.1 mg of sustained-release buprenorphine 
for analgesia. Uterine horns were exposed through an abdominal 
incision along the linea alba, and the right lateral ventricle of each 
embryo was injected with plasmids mixed with 0.01% Fast Green dye 
(Sigma-Aldrich). Five electrical pulses (40 V, 50-ms duration, 1 Hz) 
were delivered using a NEPA21 electroporator (NEPAGENE) with a 
triple-electrode configuration. After birth, fluorescence in the cortex 
of the pups was visually validated under a fluorescence lamp. Plasmids 
were mixed according to experimental conditions described in the 
results at final concentrations of: PTEN sensor (WT or R14G), 1.5 µg µl−1; 
PX330, 1 µg µl−1; CyRFP, 1 µg µl−1; GFP, 1 µg µl−1; and XCaMP-R, 2 µg µl−1.

For AAV injections, we used a mix of Syn R-PTEN and FLEX_G-PTEN 
(2 × 1013/2 × 1013 viral genomes per ml) or R-PTEN and GCaMP8 
(2 × 1013/1 × 1013 viral genomes per ml). Mouse pups (P3–P4) were 
anesthetized with isoflurane and the right somatosensory cortex was 
targeted using a glass pipette with a total of 1 µl AAV. Pups were then 
left to recover on a heating pad with their litter and following recovery 
were returned to their home cage until weaning.

For cranial window surgery, mice (P21–70) were deeply anesthe-
tized with isoflurane for induction (2–3%), and administered 1 μg per 
gram body weight sustained-release buprenorphine for analgesia, and 
5 mg per kg body weight carprofen to prevent edema and inflamma-
tion. Following fixation in a stereotaxic frame, hair was removed, and 
the skin and skull were exposed. Then, a 2.5–3-mm circular craniotomy 
was performed over the imaging site using a dental drill. We verified 
positive fluorescence from IUE/AAV at the somatosensory cortex. The 
skull was sealed using a 3-mm, number 1 circular cover glass glued on a 
5-mm circular cover glass and cemented to the skull along with a head 
plate to secure the head during imaging using dental cement (C and B 
Metabond, Parkell). Mice were left to recover and were used for in vivo 
imaging according to experimental design. Mice that showed signs 
of window occlusion or tissue damage were excluded from imaging 
and analysis.

2pFLIM microscopy
We use a 2pFLIM microscope that was based on a Galvo-Galvo 
two-photon system (Thorlabs) and a 2pFLIM module (Florida Lifetime 
Imaging), equipped with a Time-Correlated Single Photon Counting 
board (Time Harp 260, Picoquant). The microscope was controlled 
via the FLIMage software. For excitation, we used a titanium–sapphire 
laser (Chameleon, Coherent) at a wavelength of 920 nm for PTEN/
GCaMP, and with 1,030 nm for XCaMP-R. Excitation power was adjusted 
using a Pockel cell (Conoptics) to 1.0–2.0 mW for in vitro experiments 
and 5–40 mW for in vivo experiments. Emission was collected with 
a ×16 0.8-NA objective (Nikon), divided with a 565-nm dichroic mir-
ror (Chroma), with emission filters of 525/50 nm and 607/70 nm, 
detected with two photomultiplier tubes with low transfer time 
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spread (H7422-40p, Hamamatsu). Images were collected by 128 × 128 
or 256 × 256 pixels and acquired at 2 ms per line, averaged over 24 
frames. In vivo imaging of R-PTEN/GCaMP or of G-PTEN/XCaMP-R was 
collected at a frame rate of 4 Hz and analyzed offline. Fluorescence 
recovery after photobleaching experiments was performed by imag-
ing a dendritic segment for 100 frames at a 4 Hz rate, then zooming in a 
small dendritic spine and shaft, and performing photobleaching using 
920-nm laser power to 100 mW for 10–40 frames. We then imaged the 
same dendritic segment for an additional 400 frames.

2pFLIM analysis
All FLIM analysis was performed using a custom C# software (available 
on the Yasuda laboratory on GitHub via https://github.com/ryohei-
yasuda/FLIMage_public/). A fluorescence lifetime decay curve A(t) was 
fitted with a double exponential function convolved with the Gaussian 
pulse response function:

A (t) = A0ΣiPiH(t, t0, τi, τG)

Pi is the fractional population with the decay time constant of τi, and A0 
is the initial fluorescence before convolution. Ht is an exponential func-
tion convolved with the Gaussian instrument response function (IRF).

H (t, t0, τi, τG) =
1
2 exp (

τG2

2τi
2 −

t − t0
τi

) erfc ( τG
2 − τi (t − t0)
2τiτG

)

‘erfc’ is the error function, τG is the width of the Gaussian pulse response 
function, and t0 is the time offset. Weighted residuals were calculated 
using:

E (t) = (F (t) − A (t))2/F(t)

Fitting was performed by minimizing the summed error δ2 = ΣtEt 
for parameters t0, τi (i = 1,2) and τG. We created fluorescence lifetime 
images by finding the averaged fluorescence lifetime (τm) by the mean 
photon arrival time subtracted by t0 in each pixel as:

τm = ΣttF(t)/ΣtF(t) − t0

A (t,PDA) = A0[(1 − PDA)H (t, t0, τD, τG) + PDAH (t, t0, τDA, τG)]

where t0 and τG are obtained from a curve fitting to the fluorescence 
lifetime decay averaged over all ROIs in an image.

The fluorescence lifetime of mEGFP/mCyRFP was fixed for τD/DA val-
ues of 2.6/1.1, 3.2/1.7 and 3.65/1.4 ns for G-PTEN in mammalian G-PTEN, 
C. elegans G-PTEN and R-PTEN respectively. Mean lifetimes were sam-
pled from ROIs, as well as their total photon numbers for intensity. We 
found no correlation between lifetime and fluorescence intensity for 
the PTEN sensor.

GCaMP/XCaMP-R analysis
Time-series registration and signal extraction were processed using 
a custom Python script written by G. Bond. XY motion correction was 
processed and exported using CaImAn (FlatIronInstitute). ROIs were 
drawn using ImageJ’s Cell Magic Wand plugin. In each time series, 
changes in fluorescence (ΔF) were computed relative to the baseline 
fluorescence (F0) to produce ΔF/F. The cumulative sum of ΔF/F was 
calculated by setting negative values as 0.

Signal-to-noise analysis
The pixels for the checkpoints in each image stack were processed 
using a custom Python script. Automated signal-to-noise analysis 
was plotted by calculating the standard deviation of the noise of the 
sensor as a function of the number of photons acquired from each 
cell and from each frame. After binning the images over the specified 

number of frames, the signal’s variability was examined. Every point 
depicts every cell for fluctuations on frame-to-frame analysis or 
every trial for cell-to-cell variance (for one field of view). The binding 
fraction’s theoretical change caused by shot noise is represented by 
the black curve:

δPDA =
[1 − PDA (1 − r2)] [1 − PDA (1 − r)]

r(1 − r)
1
√N

PDA is the binding fraction, N is the photon count, and r = τD/τDA 
where τD and τDA are the fluorescence lifetime of donor and acceptor, 
respectively.

Statistical analysis
All values are presented as the mean ± s.e.m. Statistical significance was 
tested by two-tailed t-test for comparison of two groups, or one-way 
ANOVA followed by post hoc Tukey’s multiple-comparison test for 
comparison of multiple groups (P < 0.05) using GraphPad Prism 9.0 
(GraphPad Software). The Kruskal–Walis post hoc test was used for 
western blot analysis. For correlation analysis, outliers were removed 
using the Grubbs method with an alpha level of 0.01. For correlation 
analysis, we used a two-tailed Pearson test followed by simple linear 
regression for graphical representation. For differences in variability, 
the F test was used (P < 0.05). For all statistical tests. *P < 0.05, **P < 0.01, 
***P < 0.001 and ****P < 0.0001 were considered significant. Sample 
sizes were not predetermined using statistical methods and were 
selected based on previous similar experimental design.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The data supporting the current study are in the Supplementary Infor-
mation. Plasmids from this paper are available through Addgene. 
Source data are provided with this paper.

Code availability
Software for analysis of the FLIM data is available on the R. Yasuda 
laboratory GitHub via https://github.com/ryoheiyasuda/FLIMage_pub-
lic/. Software for analysis of calcium data and of signal-to-noise data 
is available on the B. Scholl laboratory GitHub: https://github.com/
schollben/imaging/.

References
82.	 Bajar, B. T. et al. Fluorescent indicators for simultaneous reporting 

of all four cell cycle phases. Nat. Methods 13, 993–996 (2016).
83.	 Mikuni, T., Nishiyama, J., Sun, Y., Kamasawa, N. & Yasuda, R. 

High-throughput, high-resolution mapping of protein localization 
in mammalian brain by in vivo genome editing. Cell 165, 1803–
1817 (2016).

84.	 Doench, J. G. et al. Optimized sgRNA design to maximize activity 
and minimize off-target effects of CRISPR-Cas9. Nat. Biotechnol. 
34, 184–191 (2016).

Acknowledgements
We thank L. Yan for help with the FLIM microscopy setup, B. Luikart 
for generously providing the gRNA sequence for PTEN, I. Rabinowitch 
for providing the neuronal C. elegans promoter, E. Cohen for the daf-2 
RNAi, and I. Slutsky for PV-Cre mice. AAVs for R-PTEN were produced 
by the ELSC viral facility in the Hebrew University. Aiman S. Saab and 
the University of Zurich viral facility generously provided custom 
AAVs for FLEX G-PTEN. We thank M. Inoue and H. Bito for generously 
sharing the plasmid XCaMP-R, G. Bond and B. Scholl for assistance 
with GCaMP analysis, R. Yasuda for assistance with the signal-to-noise 

http://www.nature.com/naturemethods
https://github.com/ryoheiyasuda/FLIMage_public
https://github.com/ryoheiyasuda/FLIMage_public
https://GitHub.com/ryoheiyasuda/FLIMage_public
https://GitHub.com/ryoheiyasuda/FLIMage_public
https://GitHub.com/schollben/imaging/
https://GitHub.com/schollben/imaging/


Nature Methods

Article https://doi.org/10.1038/s41592-025-02610-9

analysis, and members of the laboratory of T.L. for discussions.  
This work was supported by a grant from the Autism Research Institute 
(ARI) to T.L. T.L. is supported by a Ben Barres Early Career award from 
the Chan Zuckerberg Initiative (CZI), the Israel Science Foundation 
(ISF) grants 1384/21 and 1385/21, and an ERC starting grant number 
101040128. B.J.E. is supported by the Einstein Foundation EVF-2020-
571. T.K. is supported by a Teva BioInnovators fellowship. M. Gabay is 
supported by a PhD scholarship from the Yoran Institute for Human 
Genome Research and the Gertner Institute for Medical Nanosystems 
at Tel Aviv University.

Author contributions
T.L. conceived the project. T.K. and T.L. performed all in vitro and 
in vivo preparations and experiments, analysis and writing. M. Gabay 
and M. Gal performed computational prediction. A.M. and B.J.E. 
performed and analyzed the western blot experiments. Y.L. assisted 
with plasmid preparations. S.E. assisted with immunostaining. N.M. 
and M.M. assisted in IUE. L.R. assisted with codon diversification for 
AAV variants. A.N. and R.Z.B. prepared and advised on the PTEN  
C. elegans model. T.L. and T.K. wrote the paper with feedback from  
all the authors.

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at  
https://doi.org/10.1038/s41592-025-02610-9.

Supplementary information The online version contains supplementary 
material available at https://doi.org/10.1038/s41592-025-02610-9.

Correspondence and requests for materials should be addressed to 
Tal Laviv.

Peer review information Nature Methods thanks Jose Esteban,  
Haining Zhong and the other, anonymous, reviewer(s) for their 
contribution to the peer review of this work. Peer reviewer reports are 
available. Primary Handling Editor: Rita Strack, in collaboration with 
the Nature Methods team.

Reprints and permissions information is available at  
www.nature.com/reprints.

http://www.nature.com/naturemethods
https://doi.org/10.1038/s41592-025-02610-9
https://doi.org/10.1038/s41592-025-02610-9
http://www.nature.com/reprints


Nature Methods

Article https://doi.org/10.1038/s41592-025-02610-9

Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | PTEN sensor linker optimization. a Schematic design 
of the different FRET/FLIM-based mEGFP-PTEN-sREACh sensor linker versions; 
combinations of extended linkers on either side of mEGFP-PTEN-sREACh (EL1, 
EL2 respectively) and truncated linkers on either side of mEGFP-PTEN-sREACh 
(TL1, TL2 respectively). b Quantification of fluorescence lifetime of the different 
mEGFP-PTEN-sREACh linker versions. EL1 + EL2 (2.30 ± 0.002 ns, n = 310), 
EL1 + EL2 4 A (2.52 ± 0.002 ns, n = 223), TL1 + EL2 (2.39 ± 0.009 ns, n = 320), 
TL1 + EL2 4 A (2.58 ± 0.002 ns, n = 310), TL2 + EL1 (2.33 ± 0.004, n = 320),  
TL2 + EL1 4 A (2.56 ± 0.002 ns, n = 400), TL1 + TL2 (2.19 ± 0.004 ns, n = 288) 

or TL1 + TL2 4 A (2.51 ± 0.002 ns, n = 281). Comparisons between WT and 4 A 
mutation of each variant were all p < 0.0001. (c) Quantification of change in mean 
fluorescent lifetime (Δ) of the different mEGFP-PTEN-sREACh linker version 
4 A mutations from WT; EL1 + EL2 4 A (0.22 ± 0.002 ns, n = 223), TL1 + EL2 4 A 
(0.19 ± 0.002 ns, n = 310), TL2 + EL1 4 A (0.23 ± 0.002 ns, n = 400), TL1 + TL2 4 A 
(0.32 ns ±0.002 ns, n = 281). ns p = 0.2106. ‘n’ denotes number of cells, error bars 
represent s.e.m. statistical differences were measured using one-way ANOVA 
followed by post-hoc Tukey’s multiple comparison test. Significant differences in 
(c) produced p < 0.0001, unless otherwise stated. **** p < 0.0001.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Changed in PTEN conformation due to pathogenic 
mutations. a Schematic of PTEN mutants, their related pathology and their 
location along the protein, tested in the mEGFP-PTEN-sREACh biosensor.  
b Pseudo-colored FLIM images of HEK293 transfected with the mEGFP-PTEN-
sREACh mutants. Scale bar; 50 μm. c Quantification of change in fluorescence 
lifetime of mEGFP-PTEN-sREACh containing mutations compared to WT 
version (0 ± 0.005 ns, n = 258), C124S (p = 0.16, 0.02 ± 0.004 ns, n = 225), D22E 
(0.04 ± 0.004 ns, n = 265), H123Y (0.13 ± 0.009 ns, n = 253), A126P (0.18 ± 0.007 ns, 
n = 250), G127R (0.18 ± 0.004 ns, n = 265), D326N (0.27 ± 0.004 ns, n = 259), 
R173P (0.50 ± 0.005 ns, n = 265) or R130P (0.54 ± 0.002 ns, n = 254). d Computer 
generated 3D model of PTEN based on its crystal structure, and the tested 
mutations’ locations along the protein. e Predicted ΔΔG of PTEN mutants 
compared to WT. R14G (2.78), T131I (7.52), R130L (29.59), P38H (47.05),  

C124S (-3.59), D22E (-2.99), H123Y (61.15), A126P (125.72), D326N (-6.03), R173P 
(146.70), R130P (113.44). Numbers represent units of kcal/mol. f Correlation 
between ΔΔG of PTEN mutants and their corresponding measured changes 
in fluorescence lifetime of mEGFP-PTEN-sREACh compared to WT (p = 0.007, 
r = 0.73). ‘n’ denotes number of cells, Error bars represent s.e.m. statistical 
difference for (c) was measured using one-way ANOVA followed by post-hoc 
Tukey’s multiple comparison test. Correlation was measured using two-tailed 
Pearson test and plotted using simple linear regression. One computer predicted 
outlier (G127R) was found and removed using Grubbs test for outliers (Alpha = 
0.01). Representative images represent experiments repeated independently at 
least 3 times. Significant differences in (b) produced p < 0.0001, unless otherwise 
stated in the legend above. **** p < 0.0001.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | a Quantification of fluorescence intensity in HEK293 
cells expressing mEGFP-PTEN-sREACh WT (28503 ± 670, n = 504), R14G 
(29750 ± 1105, n = 200), P38H (37229 ± 859, n = 480), R130L (5788 ± 441, 
n = 353) or T131I (49850 ± 1292, n = 495). ns- p = 0.9396. b Quantification of 
normalized phosphatase activity of GFP (1 ± 0.02, n = 9), mEGFP-PTEN-sREACh 
WT (1.16 ± 0.02, n = 9) and mEGFP-PTEN-sREACh R14G (1 ± 0.02, n = 9) on the 
substrate PI(3,4,5)P3 diC8. *** p = 0.0003, ns p > 0.9999. c Representative images 
of CyRFP before and after 3Hr of application of TBB (50 μM) in cells co-expressing 
mEGFP-PTEN-sREACh WT, or mEGFP-PTEN-sREACh R14G. Scale bar; 20 μm. 
d Quantification of cell area of CyRFP alone, before (1958 ± 33.40 μm2, n = 82, 
1709 ± 30.15 μm2, n = 88), + mEGFP-PTEN-sREACh WT (1245 ± 26.78 μm2, n = 109, 
1247 ± 34.35 μm2, n = 62), or with mEGFP-PTEN-sREACh R14G (1951 ± 42.25 μm2, 
n = 92, 1707 ± 53.80 μm2, n = 75) before and after TBB application, respectively.  
ns p > 0.9999 for CyRFP Control compared to R14G + CyRFP Control, for CyRFP 
TBB compared to R14G + CyRFP TBB, and for WT + CyRFP Control compared to 
WT + CyRFP TBB. e Representative images for staining with a PTEN Ab (magenta) 
in HEK cells expressing the mEGFP-PTEN-sREACh R14G (green). Scale bar;  
50 μm. f Quantification of normalized intensity for PTEN staining in HEK cells 

transfected with either mEGFP-PTEN-sREACh WT or mEGFP-PTEN-sREACh R14G. 
Comparison of cells without (1 ± 0.04, n = 122), and with WT sensor (2.24 ± 0.07, 
n = 122), without (1 ± 0.05, n = 99) and with R14G sensor (2.03 ± 0.07, n = 99). ns 
p > 0.9999 and p = 0.0899 for WT- vs. R14G- and WT+ vs. R14G + , respectively. 
g-h Representative western blot image and quantification of PTEN expression in 
HEK293 cells transfected with mEGFP-PTEN-sREACh WT or mEGFP-PTEN-sREACh 
R14G at indicated concentrations. Cells were lysed and analyzed by SDS-PAGE/
western blotting using anti-PTEN and anti-GAPDH antibodies. GFP-PTEN 
(overexpressed) and PTEN (endogenous) bands were detected on the same 
blot but with different exposures. Ladder sizes are in kDa, n = 3 independent 
biological repeats. ‘n’ denotes number of cells unless stated otherwise, error 
bars represent s.e.m. statistical differences for (a, c) were measured using one-
way ANOVA followed by post-hoc Tukey’s multiple comparison test. Statistical 
difference for (e) was measured using unpaired two-tailed student t-test. 
Representative images represent experiments repeated independently at least 
3 times. Significant differences in (a, d, f) produced p < 0.0001, unless otherwise 
stated in the legend above. **** p < 0.0001.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Signal-to-noise in vitro analysis of the PTEN sensor. 
a-b Representative pseudo-colored images of fluorescent lifetime summed 
for different frame duration, for G-PTEN before and after 3 hr of 50 μM 
TBB application. Representative images represent experiments repeated 
independently at least 3 times. Scale bar; 50 μm. c-d Standard deviation of signal-
to-noise of mEGFP-PTEN-sREACh before and after TBB, as a function of number 
of photons from each cell. Each point represents individual cells for frame-to-
frame (left) or individual experiments over one field of view for cell-to-cell (right) 

variation. The binding fraction’s theoretical change caused by shot noise is 
represented by the black curve (see methods for equation). e-f Standard deviation 
of signal-to-noise of G-PTEN before and after TBB, as a function of the number of 
photons from each cell. Each point represents individual cells for frame-to-frame 
(left) or individual experiments over one field of view for cell-to-cell (right). The 
binding fraction’s theoretical change caused by shot noise is represented by the 
black curve.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | In vivo morphological characterization of the PTEN 
sensor. a Representative images of G-PTEN fluorescence intensity with or 
without spCas9 and PTEN gRNA. G-PTEN was modified from rat sequence which 
differs in one nucleotide to mouse PTEN which matches the gRNA template. Scale 
bar; 20 μm. b Quantification of the fluorescent intensity of the PTEN biosensor 
co-expressing PTEN gRNA with the mean of G-PTEN alone, for the rat-based 
version (0.473 ± 0.01, n = 380) and mouse-based sensor (0.003 ± 0, n = 400). 
(c) Schematic of experimental design for IUE injections, and in vivo 2pFLIM 
in adult mice. d Representative 2p in vivo images of CyRFP labeled L2/3 cells, 
co-expressing spCas9 and scrambled control gRNA (Scr), or a PTEN targeted 
gRNA, and with co-expression of mEGFP-PTEN-sREACh WT or R14G. Scale 
bar; 30 μm. e Quantification of neuron soma area in μm2 indicated by CyRFP, 
for neurons co-expressing scrambled guide RNA (696.6 ± 14.72, n = 62), PTEN 
gRNA (1646 ± 32.77, n = 93), PTEN gRNA+mEGFP-PTEN-sREACh WT (791.5 ± 14.5, 
n = 78) and PTEN gRNA + mEGFP-PTEN-sREACh R14G (1634 ± 28.87, n = 74). ns 
p = 0.0787 and p = 0.1554 for Scrambled gRNA compared to PTEN gRNA + WT and 
for PTEN gRNA compared to PTEN gRNA + R14G respectively. 4-6 mice for each 

group. f Representative in vivo images of fluorescently labeled apical dendrites 
expressing CyRFP, and co-expressing spCas9 and scrambled guide RNA or PTEN 
targeted gRNA, and co-expressing either mEGFP-PTEN-sREACh WT or R14G. 
Scale bar; 10 μm. 4-6 mice for each group. g Quantification of spine density per 
10 μm for dendrites expressing CyRFP and scrambled guide RNA (5.087 ± 0.161, 
n = 43), PTEN gRNA (11.72 ± 0.53, n = 26), PTEN gRNA + mEGFP-PTEN-sREACh WT 
(5.18 ± 0.18, n = 40), and PTEN gRNA + mEGFP-PTEN-sREACh R14G (11.77 ± 0.29, 
n = 49). ns p = 0.9956 and p = 0.9995 for Scrambled gRNA compared to PTEN 
gRNA + WT and for PTEN gRNA compared to PTEN gRNA + R14G respectively. 
4-6 mice for each group. ‘n’ denotes number of cells, Error bars represent s.e.m. 
statistical differences for (e, g) were measured using one-way ANOVA followed 
by post-hoc Tukey’s multiple comparison test. Statistical difference for (b) was 
measured using unpaired two-tailed student t-test. Representative images 
represent experiments repeated independently at least 3 times. Significant 
differences in (b, e, g) produced p < 0.0001, unless otherwise stated in the legend 
above. **** p < 0.0001.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | In vitro characterization of the PTEN sensor.  
a Representative images of fluorescent intensity in HEK293 cells expressing either 
mEGFP-PTEN-sREACh WT, and with the R14G or the K13E mutation. Scale bar;  
20 μm. b Quantification of normalized intensity of Cytosol / Nucleus in HEK293 cells 
expressing either mEGFP-PTEN-sREACh WT (1 ± 0.05, n = 137), with the R14G (ns, 
1.05 ± 0.04, n = 143) or K13E mutation (****,0.16 ± 0.003, n = 209). ns p = 0.5206. 
c Quantification of fluorescent lifetime in HEK293 expressing G-PTEN before 
pharmacology application (2.22 ± 0.004 ns, n = 75), after overnight application 
of 10 μM MG132 (****, 2.32 ± 0.004 ns, n = 117), after 3 hr of 50 μM TBB application 
(****, 2.38 ± 0.003 ns, n = 50), and after 3 hr of 50 μM TBB application following 
overnight application of 10 μM MG132 (****, 2.44 ± 0.004 ns, n = 120). ns p = 0.088 
for R14G + TBB vs. R14G + MG132 + TBB. d Quantification of fluorescent lifetime in 
HEK293 expressing mEGFP-PTEN-sREACh 4 A before pharmacology application 
(2.50 ± 0.003 ns, n = 60), after overnight application of 10 μM MG132 (***, 
2.48 ± 0.004 ns, n = 126), after 3 hr of 50 μM TBB application (ns, 2.49 ± 0.002 ns, 

n = 50), and after 3 hr of 50 μM TBB application following overnight application 
of 10 μM MG132 (ns, 2.47 ± 0.003 ns, n = 108). *** p = 0.0004 for 4 A vs. 
4 A + MG132. ns p = 0.5678, p = 0.0654 and p = 0.9890 for 4 A vs. 4 A + TBB, 
4 A + TBB vs. 4 A + MG132 + TBB, and 4 A + MG132 vs. 4 A + MG132 + TBB 
respectively. e Quantification of dimerization, measured by fluorescent lifetime 
in HEK293 expressing PTEN-sREACh WT and co-expressing either mEGFP-PTEN 
WT (****, 2.69 ± 0.001 ns, n = 144 and 2.67 ± 0.001 ns, n = 140), mEGFP-PTEN R14G 
(****, 2.69 ± 0.001 ns, n = 140 and 2.67 ± 0.001 ns, n = 130) or mEGFP-PTEN C124S 
(****, 2.66 ± 0.001 ns, n = 161 and 2.62 ± 0.001 ns, n = 244), before and after 3 hr 
of 50 μM TBB application respectively. ‘n’ denotes number of cells, Error bars 
represent s.e.m. statistical differences for (b, c, d, e) were measured using one-
way ANOVA followed by post-hoc Tukey’s multiple comparison. Representative 
images represent experiments repeated independently at least 3 times. 
Significant differences in (b-e) produced p < 0.0001, unless otherwise stated in 
the legend above. **** p < 0.0001.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Signal-to-noise in vivo analysis of the PTEN sensor.  
a Representative images of fluorescent lifetime summed over different frames 
numbers, for G-PTEN in single L2/3 cells in vivo. Representative images represent 
experiments repeated independently at least 3 times. Scale bar; 20 μm.  
b Standard deviation of signal-to-noise of G-PTEN in vivo, as a function of the 

amount of photons from each cell. Each point represents individual cells for 
frame-to-frame (left) or individual experiments over one field of view for cell-
to-cell (right). The binding fraction’s theoretical change caused by shot-noise is 
represented by the black curve (see methods for equation).
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Validation of gRNA targeting and in vivo PTEN sensor 
expression. a Representative images of pS6 stained cortical brain slices, in WT 
hemisphere (control) and the hemisphere expressing G-PTEN, spCas9 and an 
IGF1R targeted gRNA. b Quantification of pS6 normalized intensity on stained 
cortical brain slices, within the WT hemisphere not expressing GFP (1 ± 0.145, 
n = 261) and gRNA targeted IGF1R hemisphere co-expressing GFP (2.33 ± 0.044, 
n = 349). c Representative images of HEK293 co-expressing Cerulean tagged 
IGF1R, spCas9 and either scrambled control gRNA or IGF1R targeted gRNA.  
Scale bar; 50 μm. d Quantification of Cerulean-IGF1R normalized intensity in 
HEK293 cells with either scrambled (Scr) control gRNA (14.07 ± 0.205, n = 201)  
or IGF1R targeted gRNA (1 ± 0.039, n = 212). e Representative images of pS6 
stained cortical brain slices, in WT hemisphere (control) and the hemisphere 
expressing G-PTEN, spCas9 and an Tsc2 targeted gRNA. Scale bar; 100 μm.  
f Quantification of pS6 normalized intensity on stained cortical brain slices, 
within the WT hemisphere not expressing GFP (1 ± 0.009, n = 340) and gRNA 
targeted Tsc2 hemisphere co-expressing GFP (2.65 ± 0.019, n = 342). g Analysis of 
in vivo FRAP time-course for dendritic shaft (green) and spines (blue), showing 

similar fluorescence recovery kinetics. n = 36 spines and 20 dendrites, in 3 mice.  
h Representative image of VGAT staining in cortical brain slices, for cells  
co-expressing AAV pSyn-R-PTEN. Scale bar; 100 μm, VGAT positive and R-PTEN 
positive cells are marked. Overall, for n = 7736 cells, 90.81% were negative 
for VGAT. i Representative image of a cortical slice, stained for PTEN, for cells 
expressing AAV pSyn-R-PTEN. Scale bar; 150 μm. j Quantification of normalized 
intensity for total PTEN levels L2/3 cortical neurons without (1 ± 0.01, n = 121) and 
with R-PTEN (****, 1.79 ± 0.01, n = 134) in the same field of view. k Representative 
image of a cortical slice stained for pS6, in a mouse expressing injected with AAV 
pSyn-R-PTEN. Scale bar; 50 μm. l Quantification of normalized intensity for pS6  
in cells without (1 ± 0.01, n = 100) and with R-PTEN (1.02 ± 0.01, n = 100) in the 
same field of view. ns p = 0.2358. ‘n’ denotes number of cells unless otherwise 
noted, Error bars represent s.e.m. statistical difference for (c, e) were measured 
using unpaired two-tailed student t-test. Representative images represent 
experiments repeated independently at least 3 times. Significant differences  
in (b, d) produced p < 0.0001, unless otherwise stated in the legend above.  
**** p < 0.0001.
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Extended Data Fig. 9 | PTEN activity in astrocytes. a Representative images 
of fluorescence intensity and FLIM of L2/3 neurons and astrocytes expressing 
G-PTEN after PiggyBac IUE injection. Scale bar; 100 μm. b Quantification of 
fluorescence lifetime in astrocytes (2.09 ± 0.013 ns, n = 104 cells) and in L2/3 
neurons (2.19 ± 0.006 ns, n = 129 cells), in 3 mice. Error bars represent s.e.m. 

statistical differences for (b) were measured using one-way ANOVA followed by 
post-hoc Tukey’s multiple comparison test. Representative images represent 
experiments repeated independently at least 3 times. Significant differences in 
(b) produced p < 0.0001. **** p < 0.0001.

http://www.nature.com/naturemethods


Nature Methods

Article https://doi.org/10.1038/s41592-025-02610-9

Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Characterization of dual-color PTEN sensors.  
a Quantification of fluorescence lifetime in HEK293 co-expressing G-PTEN 
(****, 2.22 ± 0.003 ns, n = 231 and 2.43 ± 0.003 ns, n = 217) and R-PTEN (****, 
3.08 ± 0.003 ns, n = 234 and 3.31 ± 0.003 ns, n = 207), before and after 3 hr 
of 50 μM TBB application, respectively. b Quantification of fluorescence 
lifetime in HEK293 co-expressing G-PTEN (****, 2.23 ± 0.004 ns, n = 149 and 
2.48 ± 0.004 ns, n = 165) and mCyRFP2-PTEN-mMaroon 4 A (ns, 3.41 ± 0.002 ns, 
n = 169 and 3.42 ± 0.001 ns, n = 158), both before and after 3 hr of 50 μM TBB 
application, respectively. ns p = 0.0713. c Quantification of fluorescence 
lifetime in HEK293 co-expressing mEGFP-PTEN-sREACh 4 A (ns, 2.51 ± 0.001 ns, 
n = 195 and 2.51 ± 0.001 ns, n = 178) and R-PTEN (****, 3.12 ± 0.005 ns, n = 195 and 
3.43 ± 0.006 ns, n = 178), both before and after 3 hr of 50 μM TBB application, 
respectively. ns p = 0.6557. d Representative fluorescence intensity and lifetime 
images of PV-Cre mouse after AAV injection of Cre dependent G-PTEN. Scale bar;  

20 μm. e Quantification of fluorescence lifetime in mice with PV targeted 
G-PTEN (2.20 ± 0.007 ns, n = 14) and in mice co-expressing G-PTEN in PV 
cells and R-PTEN expressing in excitatory neurons. (2.23 ± 0.012 ns, n = 64). 
ns p = 0.2165. f Representative images of WT mouse after simultaneous AAV 
injection of Syn R-PTEN, Syn Cre and FLEX G-PTEN. Widefield scale bar; 100 μm. 
Zoomed scale bar; 20 μm. g Representative images of HEK293 without or with 
Cre, co-expressing the FLEX R-PTEN or FLEX G-PTEN sensors with mEGFP or 
mCyRFP markers, respectively. Scale bar; 50 μm. ‘n’ denotes number of cells, 
error bars represent s.e.m. statistical difference for (a, b, c) was measured using 
unpaired two-tailed student t-test, statistical differences for (d) were measured 
using one-way ANOVA followed by post-hoc Tukey’s multiple comparison test. 
Representative images represent experiments repeated independently at least 
3 times. Significant differences in (a-c) produced p < 0.0001, unless otherwise 
stated in the legend above. **** p < 0.0001.
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