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ABSTRACT. 

Several aquaporins (AQP) water channels are short-term regulated by the 

messenger cyclic adenosine monophosphate (cAMP), including AQP3. Bulk 

measurements show that cAMP can change diffusive properties of AQP3, 

however, it remains unknown how elevated cAMP affects AQP3 organization at 

the nanoscale. Here we analyzed AQP3 nano-organization following cAMP-

stimulation using photoactivated localization microscopy (PALM) of fixed cells 

combined with pair correlation analysis. Moreover, in live cells we combined 

PALM acquisitions of single fluorophores with single particle tracking (spt-PALM). 

These analyses revealed that AQP3 tend to cluster and that the diffusive mobility 

is confined to nano-domains with radii of ~150 nm. This domain size increases by 

~30 % upon elevation of cAMP, which, however, is not accompanied by a 

significant increase in the confined diffusion coefficient. This regulation of AQP3 

organization at the nanoscale may be important for understanding the 

mechanisms of water AQP3-mediated water transport across plasma 

membranes.  
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Water transport across epithelial cells is mediated via specialized water transport 

proteins, aquaporins (AQPs). AQPs are homotetrameric transmembrane proteins 

that facilitate passive diffusion of water across plasma membranes following an 

osmotic gradient1. They are essential for regulation of body water balance and 

multiple diseases are associated with dysregulation of expression levels and 

subcellular localization of AQPs1-3. Moreover, AQPs have been shown to play a 

role in cancer metastasis (for reviews4, 5). AQPs are differentially localized and 

regulated. AQP2 is localized to the apical plasma membrane and intracellular 

subapical vesicles in renal collecting duct principal cells6, 7; AQP3 and AQP4 are 

both basolateral in renal collecting duct principal cells8, 9, whereas AQP1 is both 

apical and basolateral in proximal tubule cells10, 11. AQP5 is both apical and 

basolateral in secretory sweat glands12; AQP3 and AQP4 are sorted from each 

other in the biosynthetic pathway13 and localize differently in the plasma 

membrane14, 15. Analyses of plasma membrane diffusion of total pools of several 

AQPs have revealed that the elevation of the signaling molecule cAMP, known to 

facilitate changes in subcellular distribution of several AQPs7, 16, regulated 

diffusion of AQP217, 18, AQP319, 20 and AQP521, but not of AQP118. This indicates 

a cAMP-induced reorganization of several AQPs at the nanoscale. 

Quantitative single-molecule super-resolution techniques of fixed and live 

specimens can measure the organization and dynamics of single proteins at the 

nanoscale. Thus, such techniques have revealed that some plasma membrane 
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proteins are localized into functional, stabilized nanodomains of different sizes 

important for biological function. For example, in neurons, the α-amino-3-hydroxy-

5-methyl-4-isoxazolepropionic acid (AMPA) receptors are organized into 

functional nanodomains22. Interestingly, AQP4 forms nanoscale orthogonal 

arrays in the plasma membrane23, however, nanoscale regulation of other AQPs 

and their importance in regulation of water transport are so far unexplored.  

To study the nanoscale organization of AQP3 in the plasma membrane and the 

regulation in response to cAMP elevation, we used photoactivated localization 

microscopy (PALM), which allowed us to resolve individual molecules. We used 

(i) PALM with fixed specimens in conjunction with pair correlation analysis (PC-

PALM); and (ii) PALM with live specimens combined with single-particle tracking 

(spt-PALM) to analyze diffusion properties of individual molecules. PC-PALM 

analysis revealed that AQP3 organize in clusters of characteristic radii ~35 nm. 

On the other hand, spt-PALM showed that AQP3 diffusion in the plasma 

membrane is confined to nano-domains but, additionally, that elevated cAMP 

increases the confinement radius by ~30 % without affecting the diffusion 

coefficient.  

   

Fixed-cell PALM reveals that AQP3-PAGFP molecules are organized in 

nanoclusters 
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In order to investigate the nanoscale organization of AQP3 and the possible 

regulation of this upon short-term cAMP stimulation, we employed quantitative 

super-resolution PALM imaging and pair correlation analysis 24. AQP3 was tagged 

with photoactivatable GFP (AQP3-PAGFP) and stably expressed in the canine 

kidney epithelial cell line Madin-Darby Canine Kidney (MDCK). AQP3-PAGFP 

cells were imaged with PALM and locations of AQP3 molecules were found by 

localization analysis (Figure 1a-c and Figure S1). To allow us to discriminate 

clustered from random organizations of molecules in the cell membrane, we 

applied pair correlation (PC) analysis to the localized positions of molecules 

(Figure 1d). Relative to a random distribution of molecules, the PC function 

essentially measures an increase in probability to find a molecule at a certain 

distance from another molecule24. In the PC functions, we found contributions at 

short distances, which likely reflect repeated (uncertain) localizations of the same 

molecule not accounted for in the data pre-processing (Figure 1d,e and Figure 

S1). Beyond such short distances, we found that the PC functions decayed 

exponentially (Figure 1d,e). This indicates organization of AQP3 in clusters. The 

correlation length found from the exponential correlation functions was 37 nm on 

average. To evaluate if nano-scale organization was altered by cAMP, we applied 

the same analysis to cells treated with forskolin (to induce cAMP elevation), 

untreated cells and cells treated with DMSO (as a control for possible effects of 

the forskolin treatment’s vehicle). The PC functions for DMSO-treated cells were 
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strikingly identical to those for untreated cells (Figure 1d,e). While the PC 

functions for forskolin-treated cells appeared different from the other groups, there 

was no significant change in the correlation length, and thus the size of molecular 

clusters, between control, DMSO- and forskolin-treated cells (Figure 1d,e). Thus, 

cAMP does not seem to regulate clustering of AQP3 in cells. Finally, note that the 

increase in amplitude observed in the PC functions for some forskolin-treated 

cells is likely due to an increase in the protein density in those clusters (Figure 

1d,e). 

 

spt-PALM reveals confined diffusion of AQP3-mEos3 in the plasma 

membrane  

In order to further investigate the nanoscale organization and dynamics of AQP3 

in the cell membrane, we applied spt-PALM to live cells. Thus, we imaged MDCK 

cells transiently expressing AQP3-mEos3 as time-lapse movies at ~19 Hz. In 

each frame, we identified fluorescing AQP3 molecules that were sufficiently 

isolated from other fluorescing molecules. Those molecules we localized with nm-

precision by applying localization analysis to their isolated spots25. Then, we 

identified single-molecule trajectories by connecting such localizations through 

consecutive frames. The lengths of such trajectories were limited by the blinking 

frequency of mEos3 and/or possible proximity of other molecules. Figure 2a 
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shows the positions in the cell membrane of all single-molecule trajectories from 

a single cell. We detected single-molecule trajectories with lengths between 7 and 

19. Such trajectories were sufficiently long for the present purposes, as 

demonstrated below. The distribution of trajectory lengths was geometric/discrete 

exponential (Figure S2), as expected when the probability for terminating a 

trajectory between two frames is constant in time. From those trajectories, we 

calculated the mobile fraction of molecules (Figure 2b). To this end, a molecule 

was classified as immobile, if its positions scattered randomly around their 

centroid with the variance expected from the localization analysis25. This 

procedure robustly discriminates between mobile and immobile molecules, even 

for short trajectories (Figure S3). Figure 2c shows representative steps of 

trajectories for mobile molecules in temporal color modes, while Figure 2d shows 

all trajectories after translation of their time-averaged position to the origin. For 

this particular cell, we observed that the majority of the trajectories were confined 

within a zone with radius ~170 nm (Figure 2d). This suggests that the diffusion is 

confined, indicating a nano-domain organization of AQP3. To analyze the motility 

data from single molecules, initially, we assumed the simplest possible model: 

normal, free diffusion in the two dimensions of the cell membrane. Thus, we 

determined the diffusion coefficient for individual molecules along each 

coordinate axis using the near-optimal covariance-based estimator26, 27 (black 

points, Figure 3a,b). The limited length of trajectories resulted in large 
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uncertainties for individual estimates (Figure 3a,b). Additionally, displacements 

were normally distributed (Figure 3c,d), as expected for such diffusion. 

Consequently, we could not reject the hypothesis that all molecules diffuse 

identically and that the observed variation simply is due to finite statistics (Figure 

3a,b). Comparison, of experimental and theoretical power-spectra for 

displacements26, 27, however, demonstrated that this did not explain our data 

(Figure 3e,f): the experimental power-spectral values are skewed to lower values 

relative to what is expected from identical, free, and normal diffusion by all 

molecules. Thus, we resorted to a calculation of the 2D mean squared 

displacement (MSD) by averaging over all trajectories from each cell (Figure 3g). 

The MSDs deviated systematically from the straight line expected from normal, 

free diffusion of AQP3 in the plasma membrane (Figure 3g). Note that a 

population of molecules exhibiting free, normal diffusion with a heterogenous 

distribution of coefficients still gives rise to a linear MSD with a slope given by the 

population averaged diffusion coefficient (Figure S4). Therefore, the distribution 

of observed diffusion coefficients (Figure 3a,b) cannot explain the deviation from 

linearity (Figure 3g). In contrast, data were near-perfectly described by the fit of a 

model for normal diffusion in a circular confinement (Figure 3g and Figures S5, 

and S6. For the example shown in Figure 3g, we found a diffusion coefficient of 

𝐷 = 	0.06	µm2/s, for diffusion in a circular confinement with a radius of 176 nm. In 

conclusion, mobile AQP3 are confined to nanodomains with a domain size that is 
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comparable to values in the literature for other molecules28-30. Note finally that 

detection of immobile molecules, discrimination between normal, free diffusion 

and alternative modes of motion, and determination of diffusion coefficients from 

MSDs based on individual trajectories29 is ill-advised, when the trajectories are 

short, due to the correlations in the MSD values for different lag times (Figures S7 

and S8).  

 

spt-PALM reveals that confined diffusion of AQP3-mEos3 is regulated by 

elevation of cAMP 

To test if the mobility of AQP3 is regulated upon cAMP increase, we compared 

the mobile fraction, diffusion coefficients and confinement radii of untreated, 

DMSO-treated, and forskolin-treated cells. For each cell, we determined the 

mobile fraction (Figure 4a) and cell-averaged values for the diffusion coefficient 

and the confinement radius as above (Figure 4b,c). We found that treatment of 

cells with either forskolin or DMSO increased the mobile fraction of molecules 

relative to controls from 80 % to 87 % (p<0.001, Fisher’s exact test), while no 

significant difference was found between treatments with forskolin and DMSO. 

This suggests that the forskolin vehicle, but not cAMP stimulation, increased the 

mobile fraction of molecules. The population-averaged diffusion coefficient did not 

increase significantly upon treatment with forskolin, 𝐷 = 0.066 ± 0.006 µm2/s, 
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relative to controls, 𝐷 = 0.056 ± 0.005	µm2/s (Figure 4b), but interestingly, the 

confinement radius did (Figure 4c). Forskolin treatment resulted in a confinement 

radius of 200 ± 10 nm which was significantly higher (p<0.001, Student’s t-test) 

than for untreated controls (149 ± 6 nm). DMSO treatment also resulted in an 

increase in confinement radius (173 ± 7 nm) compared to controls (p<0.05, 

Student’s t-test), but not sufficiently so to explain the difference in confinement 

radius due to cAMP elevation through forskolin treatment. The observed 

differences in confinement radii thus demonstrates a short-term cAMP-mediated 

nano-scale regulation of AQP3 in the plasma membrane.  

We note that trajectories of lengths between 5-6 frames, when analyzed 

separately, showed the same trend in terms of increased confinement radii upon 

forskolin stimulation, however, while the difference between forskolin and 

untreated cells was significant (p<0.001), the difference between forskolin and 

DMSO treated cells was not (data not shown). 

In summary, using a combination of single-molecule detection enabled by PALM 

imaging with, respectively, pair correlation and single-molecule analysis, we have 

(i) measured the nanoscale organization and dynamics of the water channel 

AQP3, and (ii) determined how those properties of AQP3 are regulated upon 

short-term cAMP elevation.  
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The PC analysis of fixed-cell PALM data revealed that AQP3 tend to cluster, with 

unchanged cluster size upon elevation of cAMP. Analysis of single-molecule 

dynamics measured using live-cell PALM showed that AQP3 is not diffusing freely 

in the plasma membrane. Rather, data was consistent with diffusion in nano-sized 

domains, which demonstrates a compartmentalized organization of AQP3 in the 

cell membrane. We found that the sizes of the confining nano-domains increase 

at elevated cAMP levels, for sufficiently long trajectories.  

Using both EGFP fusion proteins and quantum dot tagged proteins with 

subsequent analysis by k-space image correlation spectroscopy, we previously 

performed bulk measurements of diffusion coefficients of different AQPs, and 

found that cAMP stimulation changes diffusion of both AQP319 and AQP521. 

Moreover, we found that the degree of serine 256 phosphorylation of AQP2 17 and 

threonine 259 phosphorylation of AQP5 also influenced diffusion behavior21. 

Using spt-PALM, we were not able to observe differences in the plasma 

membrane diffusion coefficient. This may be due to the length of trajectories 

analyzed by spt-PALM, where only a limited number of time-lags could be 

observed due to blinking/bleaching of the fluorophores, which might prevent 

observation of inter-compartment diffusion on longer time-scales with a higher 

diffusion coefficient. However, one critical advantage of the analysis of single 

molecules is that we could calculate confinement radii, which we were not able to 
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do using the previous bulk measurements. We note that the change in 

confinement radius provides an alternative explanation for the change in diffusion 

coefficients observed previously: If ignored, an increased confinement radius 

could lead to artificially high diffusion coefficients. This explanation is also 

consistent with the fact that the previously measured diffusion coefficients were 

lower than measured here. In the future, obtaining longer trajectories of individual 

molecules could also shed further light on possible heterogeneities in the AQP3 

population.  

Other membrane proteins have been shown to organize in membrane nano-

domains. Opioid receptors localize in cholesterol enriched nano-domains31 and 

AMPA receptors also localize in nano domains22. It can be speculated that this 

may be general membrane effect of membrane proteins to organize into nano-

domains that can be regulated by different cellular stimuli. 

The actin meshwork can have a structural effect on nano-domain organization, 

and form barriers that might function as boundaries for the nano-domain formation 

in the mammalian plasma membrane32. Changes in diffusion coefficients and 

confinement radius may be due to changes in such barriers, protein-protein 

interactions, proteins-lipid interactions or in other conformational changes; which 

needs to be clarified for AQP3.  
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For AQP3, future studies are also needed to clarify the physiological role of cAMP 

mediated nanoscale regulation of AQP3. This is highly relevant in for example 

vasopressin mediated short-term urine concentration, where vasopressin 

stimulation induces elevated cAMP and increased transcellular water flow, 

essential for regulation of body water homeostasis.  

 

Methods 

Cell cultures: MDCK GII cells33, 34 and MDCK GII stably expressing AQP3-

PAGFP35 were cultured in Dulbecco’s Modified Eagle Medium (DMEM) low (1 g/L 

glucose) (Gibco, Thermo Fischer Scientific, Waltham, MA) supplemented with 10 

% FBS (Gibco) and 1X PSK (0.5 U/ml Penicillin G sodium salt (Sigma-Aldrich, St. 

Louis, MO), 0.5 mg/ml streptomycin sulfate (Gibco), and 1 mg/ml kanamycin 

sulfate (Gibco)). Cells were kept at 37°C under 5% CO2.  

 

Sample preparation for PALM imaging: Coverslips (# 1.5) were cleaned in 2 % 

Helmanex III (Fisher Scientific) for 3 hours and then dipped in MilliQ water 10 

times followed by sterilization in 99 % Ethanol for 20 minutes. For PALM imaging, 

MDCK GII cells stably expressing AQP3-PAGFP were seeded on cleaned 

coverslips coated with rat-tail collagen two days before imaging and grown to 30 

% confluence. On the day of imaging, cells were washed at room temperature in 

phosphate-buffered saline (PBS) followed by 30 min fixation in 4 % 
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paraformaldehyde (PFA) (Electron Microscopy Sciences) and 0,1 % 

glutaraldehyde (Electron Microscopy Sciences) in PBS. Fluorescence from PFA 

was quenched with 50 mM glycine (Sigma) in PBS twice for 5 min. Sonicated 0.1 

µm TetraSpeck beads (Invitrogen) diluted 1:2000 in PBS were added to the 

sample and left for 5 min, imaging was performed in PBS. 

PALM Imaging: Fixed PALM was performed on a Nikon Ti Eclipse, automated 

Total Internal Reflection Fluorescence setup equipped with an Andor EMCCD 

camera and 405 nm and 488 nm lasers. After 600 frames of pre-bleaching with 

the 488 laser, 7400 image frames were acquired with the 488 nm laser with 

continuously low level of photoactivation of PAGFP with the 405 nm laser.  

Exposure time was 70 ms.  

Live PALM: For live PALM MDCK cells transiently expressing AQP3-mEos3 were 

grown on clean glass coated with collagen, treated with DMSO / forskolin and 

subsequently imaged. Live PALM was performed on a Zeiss Elyra S automated 

TIRF system equipped with an Andor EMCCD using 52 ms integration time and 

405/561 nm lasers for photoconversion/acquisition. Image sequences of 9000 

frames were used. The effective pixel size was 160 nm. 

Pair Correlation analysis: Peaks were localized using Peak Selector36 written in 

IDL (Research Systems). Peaks identified in each frame were fitted using a 2D-

Gaussian point spread function. Peaks were assigned to the same molecule, if 
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their localizations were proximate in space and time36. We found an average 

localization precision of σloc =	7 nm (Eq. (6) in Ref. 25 corrected for excess noise). 

Spatial arrangement of peaks was assessed by the pair correlation (PC) function 

𝑔(𝑟), which can be interpreted as the ratio of the mean number of peaks at 

distance 𝑟 from a randomly chosen peak to the number that would be expected if 

the peaks were localized independently of each other. Clustering of peaks at 

distance 𝑟 leads to values 𝑔(𝑟) > 1. The PC function can be used to fit appropriate 

statistical models for clustered peaks31 (see also Figure 1d,e). The PC functions 

shown in Figure 1b were calculated using the R-package spatstat32. Resulting PC 

curves were averaged within each treatment group (Figure 1e). Although the 

average PC curve for the forskolin-treated cells appears very differently from the 

two other groups, the differences were not statistically significant in a 

nonparametric permutation test34. 

 

Detection and localization of fluorescent molecules and their trajectories: Initially, 

in each frame of each live-cell PALM time-lapse recording, we crudely localized 

molecules labeled by a fluorophore in its active state. To this end, we identified 

them as local fluorescent peaks, essentially using differences between minimum- 

and maximum-filtered images37, 38. Then, we formed approximate molecule 

trajectories by pairing localizations in consecutive frames. Specifically, we 

connected localization in consecutive frames, if (i) the distance between a 
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localization in frame	𝑛 and the nearest localization in frame 𝑛 + 1	was less than 3 

pixel widths; and (ii) the distance between a localization in frame	𝑛 and the next-

nearest localization in frame 𝑛 + 1		was greater than 6 pixel widths. This (i) 

ensured that trajectories were formed from consecutive localizations of the same 

molecule in the presence of photo-bleaching and blinking; and (ii) that trajectories 

were sufficiently isolated from each other nearby molecule labeled with a 

fluorophore in the active state. Those factors, however, limited the length of 

trajectories. We considered trajectories consisting of 𝑁 ≥ 7 frames for further 

analysis.  

 

High-precision localization of individual molecules: To localize molecules in 2D 

with high precision, we used unweighted least-squares in conjunction with a 2D-

Gaussian point spread function 25. Compared to the optimal solution, i.e. 

maximum likelihood estimation, this alternative provides speed at the cost of 

some precision25. The uncertainty σloc	of each coordinate in such a position 

estimate is a known function of the number of photons forming the image 25. The 

latter was also determined in this localization analysis.  

 

Calibration of the EMCCD camera: An EMCCD camera does not output photons, 

however, but rather arbitrary signal values. Such a signal value is the result of the 

EMCCD’s stochastic amplification process, but on average it relates to the 
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incident photon number by a multiplicative gain and an additive signal-offset. 

Thus, to determine those calibration constants, we fitted the theoretical output-

signal distribution39 to the output-signals of 20 consecutive frames of a 20 x 20 

pixel region of constant background containing no cells. Doing that, we found a 

gain of 80 and a signal-offset of 1600. The stochastic amplification process gives 

rise to so-called excess noise, which inflates all derived variances with a factor of 

two25, 39. We corrected the uncertainties of the localization analysis accordingly. 

 

Determination of mobile fraction of single molecules: For each molecule, we 

classified it as immobile if the positions in its trajectory were scattered around the 

position centroid with a coordinate-wise variance consistent with the localization 

variance (see above). This variance is a lower bound on the variance of molecule 

positions, since any motion will add variation. Thus, under the null-hypothesis that 

the molecule is immobile, its sample position variance has a Pearson type III 

distribution40. To calculate the p-value, the probability that at least this variance 

occurred by chance, we integrated said distribution from the value of the sample 

position variance to infinity. We classified a molecule as mobile if p<0.025 for 

either coordinate. See Figure S3 for a demonstration using Monte Carlo simulated 

data. 
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Analysis of single molecule diffusion: Initially, we assumed that molecules diffused 

freely and normally. Due to the limited length of trajectories, we used a 

covariance-based estimator to estimate the diffusion coefficients of each 

individual molecule along each coordinate axis26, 27. This procedure considers the 

integration time of the detection and the localization uncertainty, and is, under the 

present circumstances, practically optimal26, 27. In this analysis, we used the 

localization uncertainties determined from the localization analysis. The 

uncertainty of an estimate of a diffusion coefficient is a known function of the 

trajectory length, the exposure time, the localization uncertainty, and the diffusion 

coefficient itself26. The resulting uncertainties were, however, so large that we 

could not initially reject the hypothesis that all molecules diffused normally with 

identical diffusion coefficients (Figure 3a,b). Under this assumption, all 

displacements from all molecules in each cell are statistically identical. Thus, for 

each cell, we proceeded to calculate the experimental power spectrum 

(periodogram) of each trajectory and compared that to the theoretical power 

spectrum for free, normal diffusion with parameters equal to the population-

averaged diffusion coefficient and localization uncertainty26, 27 (Figure 3e,f). The 

distribution of experimental power-spectral values, however, was not consistent 

with the theory26 for a population of identically, normally, and freely diffusing 

molecules (Figure 3e,f). We thus rejected this hypothesis. 

 



20 

 

Analysis of cell-averaged diffusion based on single molecules: Instead, we 

assumed that all molecules in each cell were diffusing identically but not 

necessarily normal and/or freely. For each molecule, we measured its mean 

squared displacement (MSD) in 2D, 

𝑟=>??? =
@

AB=
∑ (𝑥EF= − 𝑥E)> + (𝑦EF= − 𝑦E)>AB=
EI@ 	    Eq.(1) 

Then we averaged that quantity over all molecules in the cell, to reduce noise 

(Figure 3g). For normal diffusion with coefficient 𝐷	in an isotropic medium, its 

expected value is proportional to the elapsed time	𝑡= = 𝑛∆𝑡, specifically 〈𝑟=>???〉 =

4𝐷𝑡=. If, on the other hand, the diffusion is confined to a circular domain of radius 

𝑟conf in 2D, its expected value is41, 

R𝑟=>???S = 𝑟conf> T1 − 8∑ exp V−𝛼X>
YZ
[
\]

XI@
@

^_` (^_` B@)
a    Eq.(2) 

where	𝛼X is the 𝑚’th positive root of 𝐽@d(	𝛼X) = 0 with 𝐽@ denoting the first order 

Bessel function of the first kind. The expected value approaches 4𝐷𝑡= for short 

times, i.e. when 𝑡= ≪ 𝜏 ≡ hconf`

i
, and it approaches 𝑟conf> for long times, i.e. for 𝑡= ≫

𝜏. To consider localization uncertainty and open camera shutter during recordings 

of trajectories, we offset Eq. (2) with	4(𝜎loc> − 2𝐷Δ𝑡/6). We note that the latter term 

in this correction is strictly valid only for unconfined diffusion26, 27 but sufficient for 

our present purposes, simulations showed (Supporting Information, Figures S5 

and S6). Thus, we used said analytical formula in conjunction with weighted least-

squares to determine simultaneously the diffusion coefficient and the confinement 
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radius from experimental cell-averaged MSDs (Figure 3g). We first averaged over 

the MSDs for each lag for each molecule, to avoid correlations in the calculation 

of errors on individual MSD values. Then, we calculated the population-averaged 

MSD with an SEM. This makes each error bar correct, however, MSDs are 

correlated for different lag times, since MSDs for each molecule are. We restricted 

the fit to the first 5 non-zero data points on the MSD curve, to allow sensitivity to 

both parameters of interest, the diffusion coefficient and the confinement radius, 

while limiting the sensitivity to correlations in the MSDs.  

 

Analysis for cell-averaged diffusion properties for cell groups: For each cell in 

each group, we determined the mobile fraction (Figure 4a). We used Fisher’s 

exact test between groups to test for differences in mobile fraction. The diffusion 

coefficient (Figure 4b) and the confinement radius (Figure 4c) were extracted from 

a cell-specific number of individual molecules with varying trajectory length (see 

above). However, as most of the variation between data points is due to cell-to-

cell variation, not statistical errors, we proceeded to calculate simple average 

values of 𝐷, respectively 𝑟conf without weights (Figure 4cb,c). For the same 

reason, we obtained the SEM on such averages from the sample variance (Figure 

4b,c). Assuming normal distributions of such cell-averaged estimates, we used a 

two-sided Student’s t-test to assess differences between treatment groups. We 

considered 𝑝 < 0.05 significant (Figure 4b,c). 
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Figure 1. Analysis of fixed PALM microscopy data. (a) Representative example 

of an image of localized AQP3 positions from fixed PALM microscopy of a single 

untreated MDCK cell stably expressing AQP3-PAGFP. Scale bar is 10 µm. (b) 

Crop corresponding to red square in (a). Scale bar is 1 µm. (c) Crop 

corresponding to red square in (b). Scale bar is 100 nm. (d) Pair correlation 

functions obtained from analysis of identified peaks from individual cells as in (a). 

Eight untreated (black), five DMSO-treated (blue), and five forskolin-treated cells 

(red) were analyzed. Deviation from unity indicates clustering of molecules. Inset 

d

a b c

e
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shows the same data offset by unity and with logarithmic second axis. An 

exponential correlation function with correlation length equal to 35 nm (dashed 

line) describes the spatial dependence of data well beyond the contributions at 

short distance that are likely due to repeated localizations of the same molecule 

not accounted for in the data pre-processing. (e) Same as (d) for averages of pair 

correlation functions for cells in each treatment group.  

Figure 2. 

 

Figure 2. Trajectories of individual AQP3 molecules extracted from live-cell PALM 

recordings. (a) PALM of a single untreated MDCK cell (edge of cell roughly 

indicated with solid white line) transiently expressing AQP3-mEos3 allowed 

extraction of trajectories of individual AQP3 molecules (various colors). Scale bar 

is 10 µm. (b) Among such trajectories, we determined the mobile fraction of 

molecules (Figure S3). Here, the mobile fraction was 86 %. (c) Temporal color 

mode representation of 10 trajectories of diffusing molecules from (a,b) recorded 

as a time-lapse movie. The time-lapse between frames in the movie was Δ𝑡 = 52 

ms. (d) All trajectories from mobile molecules in (a,b) translated such that their 
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centroid coincides with the origin (lines, various colors). A circular domain of 

radius ~170 nm is indicated for guidance (gray). 

Figure 3. 
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Figure 3. Diffusion parameters obtained from single AQP3 molecules in individual 

cells. (a,b) From short, isolated trajectories, we determined the diffusion 

coefficient of 398 individual molecules (black points) along the x- (a) and y-axis 

(b), respectively, assuming normal, free diffusion. Error bars on each estimate 

were found by assuming finite statistics as only source of error. Data appear 

consistent with a model in which all molecules diffuse identically with a common 

diffusion coefficient (red, dashed line shows the average value), due to the limited 

trajectory length. (c,d) Displacements of molecules follow a normal distribution for 

both the x- (c) and the y-coordinate (d), as one would expect for normal, free 

diffusion. (e,f) Normalized power-spectra of displacements along the x- (e) and y-

axis (f) reject this hypothesis: Specifically, we obtained the experimental power-

spectrum of each series of displacements from each molecule and divided that 

with the theoretical power-spectrum evaluated with population-averaged values 

of parameters. Histograms show all such normalized values combined across all 

molecules. Theory predicts a gamma distribution with shape and scale 

parameters equal to, respectively, ½ and 2 (black curve). Significant discrepancy 

between histogram and theory demonstrates that the diffusion is not free, normal, 

and identical for all molecules. (g) Mean squared displacements (MSD) in 2D 

averaged over all molecules in the cell (black points). Error bars indicate SEM. 

The classical, linear dependency of the MSD on the lag time for free, normal 

diffusion, with coefficient equal to the average of those found in (a) and (b), is 
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indicated (red, dashed line).  Data points do not fall on that line but are perfectly 

described by the fit of a model for normal diffusion in a circular confinement (black 

curve). Here, we found a diffusion coefficient of 0.06	µ𝑚>/s and a confinement 

radius of 176 nm. 
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Figure 4. 
 

 
 
Figure 4. Cell-averaged diffusion parameters demonstrate cAMP-regulation of 

nanodomains. Separately, for 19 untreated (black), 13 forskolin-treated (red), and  

17 DMSO-treated (blue) cells, we recorded the number of mobile 

(colored)/immobile (gray) molecules (a) and measured the cell-averaged diffusion 

coefficient (b) and the confinement radius (c) for individual cells. Population-

averaged values of each parameter are indicated (dashed lines in b and c) along 

with the SEM of each value (shaded regions in b and c). For comparison, 𝑝 < 0.05 

was considered statistically significant (* indicates p<0.05 and *** indicates 

p<0.001). 

*

*
***

***

***
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Supporting Note: Monte Carlo simulations

1 True particle positions in Brownian motion

In order to benchmark our protocol for analysis of spt-PALM data, we used Monte Carlo
simulations of single-molecule trajectories as they were observed in our experiments. To this
end, we followed previous reports on the subject1,2, but we provide a brief summary here
for convenience.

In Einstein’s model for normal, free Brownian motion, each coordinate of the true position

x
(true)
0 , . . . , x

(true)
N of the particle recorded with constant time-lapse ∆t obeys

x
(true)
n+1 = x(true)n + ∆xn , (S1)

where the displacements are Gaussian random variables with

〈∆xn〉 = 0 (S2)

〈∆xn∆xm〉 = 2D∆t δn,m (S3)

for all n,m and δn,m is the Kronecker delta-function. Thus, one may simulate the true posi-
tion of a particle undergoing normal, free Brownian motion by drawing normally distributed
random numbers for the displacements of each coordinate in accordance with Eqs. (S2) and
(S3). This is valid as long as ∆t is much longer than the inertial time scale.

2 Finite shutter time and motion blur

Since the photons from the fluorophore-labeled particle that form the images in our spt-
PALM experiments are emitted at random points in time, the position from which a photon
originates is exactly the true position of the particle at that time point. This causes motion
blur1,2, which we account for in our analysis of experimental trajectories (Methods). We
modeled the emission of photons as a Poisson process, since the photons are emitted inde-
pendently of each other with a constant rate r. Consequently, the waiting times δt between
photon emission events are exponentially distributed,

p(δt) = re−rδt . (S4)

Since photon emission events and particle motion are independent, we initially used this
distribution to simulate a list of waiting times {δti}i=1,2,... between photon emission events
during the entire trajectory of the particle. The time point tj of emission of the j’th photon
is thus given by

tj =

j∑
i=1

δti . (S5)

We assumed open camera shutter for the duration of each frame of recordings at constant
time-lapse ∆t. Therefore, if tj falls within duration of a frame, the j’th photon was recorded
in that frame. The waiting times thus simulated should sum to minimum the duration of the

entire trajectory Tmsr. The particle’s true position x
(true)
j at time tj is given by its previous

position x
(true)
j−1 plus a normally distributed random displacement drawn in accordance with

Eqs. (S2) and (S3) replacing ∆t with δtj in the latter equation. Note that the number of
photons N recorded during each frame of the recording is Poisson distributed with expected
value 〈N〉 = r∆t.

3 Diffraction limited observation of photons

Diffraction cause photons to impinge on the camera with a spatial probability density given
by the point spread function (PSF) of the microscope. For the PSF, we used the commonly

2



employed, accurate 2D-Gaussian approximation to it3,

pPSF(~r|~µ, σ2
PSF) =

1

2πσ2
PSF

e−(~r−~µ)2/2σ2
PSF , (S6)

where ~r is the position on the camera, ~µ is the emitter position, and σ2
PSF is the spatial

variance of the PSF. In the case of a moving emitter, the j’th photon is detected at position
~r with probability density

p(~r|~µj , σ2
PSF) =

1

2πσ2
PSF

e−(~r−~µj)
2/2σ2

PSF . (S7)

where ~µj = (x
(true)
j , y

(true)
j ) is the true position of the emitter at the time of emission of

the j’th photon. To simulate the detected position of the j’th photon, one draws for each
coordinate a random number with 1D normal distribution with variance σ2

PSF and centered

on, respectively, the true position of each coordinate x
(true)
j and y

(true)
j .

For each frame, such photon positions are then arranged into a 2D histogram with
bins equal to the square pixels of the detector (Methods). Subsequently, to account for
background fluorescence with constant spatial density, for each pixel on the detector, we
simulated the number of background photons as a Poisson-distributed random number with
expected value 〈b〉.

4 Confined Brownian motion

To account for spatial confinement in simulations of Brownian motion, we assumed that the
motion of a particle is hindered sterically in a circular confinement with radius rconf . In
order to simulate the true positions of a confined Brownian particle, we followed a previous
report4 and implemented this with reflecting boundaries. Briefly, for each displacement, we
simulated a trial step of normal Brownian motion, as described above. If this displacement
resulted in a true emitter position within the confinement area, we accepted that step. If it
did not, we reflected this step in the tangent to the boundary at the point where the line
connecting the position and the trial position crosses the boundary.

This approach is valid if trial displacements are much smaller than rconf , since then (i)
the particle effectively experiences only one boundary at the time and (ii) that boundary
may be approximated by its tangent. In any case, one may choose sufficiently short time
steps in the simulation to meet this assumption.

In our simulations, we assumed that the initial position ~r0 of each particle is uniformly
distributed over the area of the confinement. (We positioned the center of the confining
circle at the origin, without loss of generality.) To this end, we simulated a uniformly
distributed number for each of the two coordinates between [−rconf , rconf ] and accepted ~r0
if |~r0| < rconf and re-sampled otherwise. Note that this choice of initial position agrees with
the assumptions leading to Eq. (2) in the main paper. It also agrees with our experimental
reality in which the confinement perimeter is not visible to us for lack of fluorescent markers
and/or long particle trajectories.

5 Simulation parameters

For the simulations below, we used parameters that matched those of our experiments.
Thus, unless other parameters are specified below, we assumed a diffusion coefficient of
D = 0.05µm2/s, a confinement radius of rconf = 150 nm, and a constant time-lapse of
∆t = 50 ms. We used an effective pixel size of 160 nm. For simplicity, we used photon
statistics instead of EMCCD camera output statistics3,5. To account for the excess noise
from the EMCCD camera3,5, we halved the rate of photons emitted by each fluorophore
relative to the typical rate in our live-PALM experiments. Thus, we used a rate of r = 8000
photons/s, which amounts to an expected photon count of 〈N〉 = 400 in a single image of a
fluorophore with the chosen ∆t. Additionally, we used an expected number of background

3



photons per pixel of 〈b〉 = 20. Note that these values for parameters result in a mean
waiting time between source photon emissions of 〈δt〉 = 1/r = 1.25 · 10−4 s. The typical 1D
displacement between photon events is thus

√
2D〈δt〉 ≈ 4 nm which is negligible compared

to rconf = 150 nm.
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a b c

Figure S1. Fixed PALM microscopy data (a) Additional example of an image of local-
ized AQP3 positions from fixed PALM microscopy of a single MDCK cell stably expressing
AQP3-PAGFP. Scale bar is 10 µm. (b) Crop corresponding to red square in a. Scale bar is
1 µm. (c) Crop corresponding to red square in b. Scale bar is 100 nm. See also Figure 1
in the main paper.
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Figure S2. Distribution of lengths of experimental spt-PALM trajectories. Dis-
tribution of trajectory lengths from all 4724 trajectories from all cells used in Figure 4.
Data is consistent with a geometric (discrete exponential) distribution, as expected if the
probability for terminating a trajectory between two frames is constant in time.
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Figure S3. Detection of mobile trajectories. We simulated 1000 immobile trajectories,
i.e. with D = 0, each consisting of seven data points. For each of the two spatial coordinates,
we tested the null hypothesis that the particle is immobile (Methods). (a) Distribution of
p-values for the x-coordinate. The distribution’s consistency with a uniform distribution
on the unit interval demonstrates that the test is robust. (b) Same for the y-coordinate.
Consequently, one expects a false-negative rate equal to the significance level. We used a
significance level of 0.025 for each coordinate and found that 54 trajectories were falsely
classified as mobile, which is consistent with an expected number of 50. Note that the false-
positive rate is very low even for short trajectories with the mobility observed in the present
work (Figure S5)
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Figure S4. Analysis of a population of normally diffusing molecules with different
diffusion coefficients. (a) We simulated 398 trajectories with true diffusion coefficients
(black dots) equal to the coordinate-averaged diffusion coefficients measured for molecules
in Figure 3. For simplicity, we assumed that each trajectory consisted of seven data points.
(b) Mean squared displacement (MSD, black dots) obtained by averaging over the individual
MSDs for the individual trajectories simulated in a. A weighted least-squares fit of Eq. (2)
offset to account for localization uncertainty and motion blur (Methods) resulted in a straight
line (black), as expected for normally diffusing particles (see main paper for discussion). For
comparison, the expected MSD for a freely diffusing particle with a diffusion coefficient equal
to the average of diffusion coefficients in a is indicated (red dashed line). So is the expected
MSD for a particle diffusing normally in a circular confinement of radius rconf = 175 nm,
similar to the rconf measured for the cell in Figure 3, and with a diffusion coefficient equal
to the population average of the diffusion coefficients in a (black dotted curve).
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Figure S5. spt-PALM analysis extracts the diffusion coefficient and the con-
finement radius of a population of molecules with accuracy. We simulated 1,000
trajectories each consisting of seven data points of particles diffusing normally with coeffi-
cient D = 0.05µm/s2 in a circular confinement with radius rconf = 150 nm. Descriptions
of panel contents are identical to those of Figure 3 in the main paper. Note the near-
perfect agreement between the fit of Eq. (2) offset to account for localization uncertainty
and motion blur and the population-averaged MSD (g). The fit resulted in parameter values
of D = 0.0586µm/s2 and rconf = 152 nm. Thus, the confinement radius was determined
with less than 1% error while the diffusion coefficient was determined within 20% error.
Note, furthermore, that just two of the simulated trajectories were (erroneously) classified
as immobile using our test for mobility (Methods).
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Figure S6. spt-PALM analysis extracts the diffusion coefficient and the confine-
ment radius of a population of molecules with precision. In each of 200 repetitions,
we simulated 50 trajectories each consisting of seven data points of particles that were dif-
fusing in a circular confinement. We used D = 0.05µm/s2 and rconf = 175 nm. (a) In
each repetition, we used a fit of Eq. (2) offset to account for localization uncertainty and
motion blur to determine simultaneously D and rconf (black dots). (b) Histogram of values
for D determined in a. We found D = 0.0577 ± 0.0006µm/s2 (mean ± SEM), which is
within ∼15% of the true value. (c) Histogram of values for rconf determined in a. We found
rconf = 174 ± 1 nm (mean ± SEM), which is consistent with the true value. (d-f) Same as
a-c for simulations with rconf = 200 nm. In e we found D = 0.0564 ± 0.0005µm/s2 (mean
± SEM), which is within 15% of the true value. In f we found rconf = 199± 2 nm (mean ±
SEM), which is consistent with the true value.
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Figure S7. Analysis of individual, short trajectories of normally diffusing par-
ticles. We simulated 100 trajectories each consisting of seven data points of particles dif-
fusing normally as described above (Supporting Note). (a) Mean squared displacement
(MSD) for each trajectory (connected dots in various colors). They scatter broadly around
the expected linear MSD for normal diffusion, which is indicated (black full curve). For
comparison, the expected MSD for normal diffusion in a circular confinement of radius
rconf = 150 nm is also indicated (black dotted curve). Notice the large variation in indi-
vidual MSD curves. Each individual MSD was fitted with a model for confined diffusion,
i.e. Eq. (2) offset to account for localization uncertainty and motion blur (Methods), which
determined simultaneously D and rconf for individual particles. (b) Fitted values of D for
48 particles that resulted in reasonable D < 1µm2/s. The other 52 particles resulted in
D > 1µm2/s, occasionally much larger, and are not shown here. (c) Fitted values of rconf
of 27 particles that appeared as if confined by yielding rconf < 1000 nm. The remaining 73
particles that resulted in fits consistent with free diffusion, i.e. with rconf > 1000 nm, are not
shown here. (d) The population-averaged MSD (black dots) was fitted with the same model
(black dashed curve). This fit agrees well with the expected MSD (black full curve). For
comparison, the expected MSD for confined diffusion (black dotted curve) is shown. Both
expected MSD curves are identical to those in a.
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Figure S8. Analysis of individual, short trajectories of normally diffusing parti-
cles in confinement. We simulated 100 trajectories each consisting of seven data points
of particles diffusing normally in a circular confinement as described above (Supporting
Note). (a) MSDs for each trajectory (connected dots in various colors). The expected
MSD for normal diffusion in a circular confinement of radius rconf = 150 nm accounting for
localization uncertainty and motion blur is indicated (black full curve). For comparison,
the expected MSD for normal diffusion is also indicated (black dotted line). Notice the
large variation in individual MSD curves. Each individual MSD was fitted with a model
for confined diffusion, i.e. Eq. (2) offset to account for localization uncertainty and mo-
tion blur (Methods), which determined simultaneously D and rconf for individual particles.
(b) Fitted values of D for 49 molecules that resulted in reasonable D < 1µm2/s. The
other 51 molecules resulted in D > 1µm2/s, occasionally much larger, and are not shown
here. (c) Fitted values of rconf of 38 particles that appeared to be confined by yielding
rconf < 1000 nm. The remaining 62 particles resulted in fits consistent with free diffusion,
i.e. with rconf > 1000 nm, are not shown here. (d) The population-averaged MSD (black
dots) was fitted with the same model (black dashed curve). This fit agrees well with the
expected MSD (full, black curve). For comparison, the expected MSD for normal diffusion
(black dotted curve) is shown. Both expected MSD curves are identical to those in a.
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