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    Chapter 1   

 Methods for Studying Ciliary Import Mechanisms                     

     Daisuke     Takao     and     Kristen     J.     Verhey      

  Abstract 

   Cilia and fl agella are microtubule-based organelles that play important roles in human health by contribut-
ing to cellular motility as well as sensing and responding to environmental cues. Defects in cilia formation 
and function cause a broad class of human genetic diseases called ciliopathies. To carry out their specialized 
functions, cilia contain a unique complement of proteins that must be imported into the ciliary compart-
ment. In this chapter, we describe methods to measure the permeability barrier of the ciliary gate by 
microinjection of fl uorescent proteins and dextrans of different sizes into ciliated cells. We also describe a 
fl uorescence recovery after photobleaching (FRAP) assay to measure the entry of ciliary proteins into the 
ciliary compartment. These assays can be used to determine the molecular mechanisms that regulate the 
formation and function of cilia in mammalian cells.  
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1      Introduction 

 Cilia (and  fl agella        ) are microtubule-based organelles that project 
from the surface of cells and serve both motile and sensory func-
tions. As organelles, cilia contain a unique complement of protein 
and lipid (reviews [ 1 ,  2 ]). Furthermore, the ciliary localization of 
signaling factors can be dynamic and change in response to ligand 
stimulation (e.g., in Hedgehog  signaling   [ 3 ,  4 ]). Thus, understand-
ing the mechanisms that regulate selective entry into the ciliary com-
partment is important for both cell and developmental biology. 

 As an organelle, the cilium is not completely enclosed by a 
membrane barrier. Rather, the ciliary  membrane      is continuous 
with the plasma membrane, and the intraciliary space is continuous 
with the cytosol. Selective entry of both membrane and cytosolic 
proteins thus requires mechanisms that operate where the ciliary 
compartment meets these neighboring regions. Indeed, the base 
of the cilium contains several unique structures that can be observed 
by  electron microscopy   (transition fi bers and  Y-links     ) and/or are 
the locale for some cilia-specifi c proteins (the transition zone) 
(reviewed in [ 5 – 7 ]). 
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 Understanding the mechanisms that regulate entry of ciliary 
proteins requires assays that specifi cally measure the transit of pro-
teins from an adjacent compartment (the plasma membrane or the 
cytosol) into the ciliary compartment. In systems that are both 
genetically and biochemically tractable, such as the unicellular alga 
 Chlamydomonas    reinhardtii      , the effects of loss of transition zone 
protein function can be ascertained by analysis of the protein con-
tent of isolated fl agella (e.g., [ 8 ,  9 ]). However, these assays are not 
optimal for measuring the dynamics of protein import/export; 
rather, fl uorescence microscopy provides the temporal and spatial 
resolution for measuring protein import/export. This chapter pro-
vides detailed experimental approaches to study passive and active 
transport of molecules into the ciliary compartment using fl uores-
cence microscopy in cultured mammalian cells. 

 A major detriment to imaging ciliary import in mammalian 
cells is their small size (~0.25 μm wide × 3–10 μm long) such that 
many details of ciliary structure and localization are at or below the 
resolution limit of the fl uorescence microscope. Furthermore, most 
cilia are assembled on the top surface of cultured cells, and thus, the 
presence of probes within the ciliary compartment is diffi cult to 
spatially resolve from those in the cell body using epifl uorescence 
 microscopy  . To date, researchers have used several approaches to 
get around these diffi culties and directly measure the movement of 
 fl uorescent probes   within the cilium or between the cilium and 
adjacent compartments, including (a) probes that accumulate to 
very high levels within cilia due to protein-protein interactions or 
chemical induction of such interactions [ 10 ,  11 ], (b) imaging of 
cilia that are spatially separated from the cell body due to natural 
variation in ciliary position and/or manipulation of cellular orienta-
tion (e.g., [ 12 – 17 ]), or (c)  fl uorescence recovery after photobleach-
ing (FRAP)      in which bleaching the fl uorescent molecules in a select 
area gives rise to a strong signal that is readily distinguished from 
the background and can be monitored quantitatively in real time. 

 FRAP exploits the ability of laser scanning confocal microscopes 
to rapidly and irreversibly photobleach fl uorescently tagged mole-
cules within a specifi c region of the cell. Fluorescence recovers in the 
bleached region due to the movement of non-bleached fl uorescent 
molecules from adjacent regions into the bleached area. Provided 
that the fl uorescently tagged proteins are in equilibrium between 
the bleached and unbleached areas ( see   Note    1  ), the rate of infl ux 
of the non-bleached fl uorescent proteins provides information 
about the dynamics and mobility of the protein population. In terms 
of ciliary localization, FRAP has been used to measure the dynamics 
of both membrane and cytosolic proteins (e.g., [ 15 ,  18 – 29 ]). 

 Imaging ciliary proteins in mammalian cells requires transfect-
ing the cells with plasmids that drive the expression of fl uorescently 
tagged protein(s) of interest. The transfection can result in transient 
expression (e.g., 1–2 days) of the protein from the plasmid or 
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long-term expression if the plasmid is stably integrated into the 
genome. In either case, it is imperative to analyze cells with low to 
moderate levels of expression that, as much as possible, mimic the 
protein’s normal expression level and localization pattern ( see   Note    2  ). 
In addition, it is useful to image cells in populations where the 
majority of the cells have a primary cilium present on the cell sur-
face. Many cultured cell lines generate  primary cilia   in the G0 or G1 
phases of the cell cycle, and the percentage of ciliated cells in the 
population can often be increased by serum starvation. Widely 
utilized in the fi eld are telomerase-immortalized human retinal pig-
ment epithelial (hTERT- RPE1     ) cells, NIH 3T3 cells, mouse inner 
medullary collecting duct (IMCD3), and canine Madin- Darby 
kidney (MDCK) epithelial cells.  

2    Materials 

       1.    hTERT-RPE and/or  NIH      3T3 cells (ATCC).   
   2.    35 mm glass-bottom cell culture dishes (MatTek) ( see   Note    3  ).   
   3.    DMEM/F12 for RPE cells or DMEM for NIH 3T3 cells.   
   4.    DMEM/F12 phenol red-free or DMEM phenol red-free.   
   5.     L -Glutamine [or GlutaMax (Gibco 35050)].   
   6.    Fetal bovine serum (FBS) for RPE cells or bovine calf serum 

(CS) for NIH 3T3 cells ( see   Note    4  ).   
   7.    Penicillin-streptomycin (optional).   
   8.    Hygromycin B.   
   9.    Trypsin/EDTA solution: 0.25 % (w/v) Trypsin + 0.01 % EDTA.   
   10.    TransIT-LT1 (Mirus MIR2305).   
   11.    Opti-MEM (Gibco 31985).   
   12.    Plasmids for expression of fl uorescently tagged ciliary markers 

as well as the ciliary protein(s) of interest ( see   Note    5  ).   
   13.    Leibovitz L-15 medium, phenol red-free ( see   Note    6  ).      

       1.    Reconstitution Buffer: 25 mM Hepes/KOH pH 7.4, 115 mM 
KOAc, 5 mM NaOAc, 5 mM MgCl 2 , 0.5 mM EDTA, 1 mM 
GTP, and 1 mM ATP.   

   2.    Phosphate-buffered saline (PBS).      

       1.    Fluorescently labeled dextrans (Molecular Probes™). 
Reconstitute at 10 mg/ml in reconstitution buffer. Aliquot 
into 10 μl portions and store at −20 °C.   

   2.    Recombinant proteins of different sizes: nonfl uorescent 
 proteins [e.g., α-lactalbumin (Sigma L5385), BSA (Sigma 
A9647), protein A (Prospec PRO-774)] should be brought to 
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1 mg/ml with PBS and then labeled using the Alexa Fluor 
488 Microscale Protein Labeling Kit following the manufac-
turer’s protocol. Recombinant  GFP      can be used at 1 mg/ml 
without labeling.
    (a)    Bring recombinant proteins to 1 mg/ml in PBS if needed.   
   (b)    Incubate protein with Alexa Fluor 488 dye according to 

manufacturer’s directions. The labeling reaction will pro-
ceed spontaneously.   

   (c)    Separate the labeled protein from free dye using spin fi l-
ters included in the kit.   

   (d)    Aliquot into 10 μl portions and store at −20 °C.    
      3.    Inverted wide-fi eld microscope. Our system consists of a 

Nikon TE2000-E with  DIC   and fl uorescence optics, 
40 × 0.75 N.A. objective, 1.5× Optivar, and Photometrics 
CoolSNAP ES2 camera.   

   4.    Micromanipulator. Our system utilizes an Eppendorf 
InjectMan N1 2 micromanipulator, a motorized system con-
taining a control board with joystick. Simple mechanical 
micromanipulators can also be used.   

   5.    Microinjector ( see   Note    7  ). The micromanipulator is con-
nected to a semiautomated Eppendorf FemtoJet microinjec-
tor system, which provides control over the injection motion, 
time, and pressure and thus allows for consistency between 
different  injections  . To ensure that medium does not fl ow into 
the micropipette through capillary suction, a continuous com-
pensation pressure is set to allow slight fl ow out of liquid from 
the tip. The injection pressure is the pressure applied by the 
microinjector during the injection. The volume injected into a 
cell depends on the injection pressure and time. Appropriate 
values for injection pressure, injection time, and compensation 
pressure vary with micropipettes and are determined by test-
ing using a fl uorescent dye.   

   6.    Micropipettes. We use pre-pulled micropipettes (Femtotips, 
Eppendorf 930000035). Micropipettes can also be fabricated 
from glass capillaries using a micropipette puller.      

       1.    Confocal microscope. We use a Nikon A1 confocal system on a 
Nikon Eclipse Ti microscope equipped with a live-cell 
temperature- controlled chamber (Tokai Hit) with CO 2  supply 
and a Perfect Focus System. A 60×/1.2 N.A. water immersion 
objective equipped with an objective heater is used for imaging. 
Image size is set at 512 × 512 pixels with a unidirectional scan 
speed of one frame per second. A fast imaging speed is impor-
tant to minimize  photobleaching   of the sample while collecting 
pre- and post-bleach images. Imaging of mCitrine/EGFP and 
mCherry channels is performed sequentially to minimize 

2.4   FRAP  
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channel- to-channel signal bleed-through. Laser power for 
imaging is typically held at 2 % for a 488 nm line (Spectra- 
Physics air-cooled argon ion laser, 40 mW run at 50 % power) 
and 30 % for a 543 nm line (Melles Griot HeNe laser, 5 mW). 
Photodetector voltage is adjusted on a cell-to-cell basis.       

3    Methods 

       1.    Plate hTERT-RPE cells on 35 mm glass-bottom cell culture 
dishes at 1.5 × 10 5  cells/dish in DMEM/F12 supplemented 
with 10 % fetal bovine serum, 1 % Pen-Strep, and 0.01 mg/ml 
Hygromycin B. Return dish to incubator and incubate for 16 h.   

   2.    To express a fl uorescently tagged ciliary marker, transfect cells 
with 1 μg of plasmid/dish using 3 μl of TransIT-LT1 and 
100 μl Opti-MEM, following the manufacturer’s protocol.   

   3.    At 5 h post-transfection, wash cells two times with serum-free 
DMEM/F12 media then leave cells in serum-free media and 
return to the incubator for 48 h to allow cells to arrest in G1 
and generate  primary cilia     .   

   4.    Thaw aliquots of fl uorescent dextrans and/or proteins on ice. 
Spin in a microcentrifuge for 5 min at 10,000 ×  g  at 4 °C to 
remove any aggregates. Keep thawed aliquot on ice while in 
use.   

   5.    Replace cell media with warmed (37 °C) phenol red-free 
Leibovitz L-15 medium plus  L -glutamine ( see   Note    8  ), and 
place the dish on the stage of an inverted wide-fi eld 
microscope.   

   6.    Load 2 μl of the desired fl uorescent dextran or protein into a 
micropipette capillary. Flick the capillary to force solution 
down to the tip of the capillary.   

   7.    Check that the micromanipulator is at the middle position for 
all three axes and not positioned at the lowest or highest  x -,  y -, 
 z -limit, thus allowing fl exibility in the range of movement.   

   8.    Insert the micropipette into the micropipette holder, making 
sure that the micropipette tip does not touch anything and 
break.   

   9.    Position the micropipette at the center of the dish and slowly 
bring the tip down into the media.   

   10.    Focus on the cells using  DIC      optics at a low magnifi cation, 
preferably using a 4× or 10× objective lens. Using the micro-
manipulator joystick, bring the micropipette tip to the center 
of fi eld of view. At this point, the tip will be blurry and out of 
focus. Slowly adjust the position of the micropipette along the 
 Z -axis, bringing the tip closer to the cells but still slightly out 

3.1  Analysis 
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of focus. It is important to keep the focal plane in the same 
position throughout this step, as movement of the objective 
lens may inadvertently lift the plate of cells toward the micro-
pipette and damage the injection tip.   

   11.    Change to the 40× objective and continue to slowly lower the 
micropipette tip using the micromanipulator, bringing the tip 
closer to the cell surface but keeping it centered in the fi eld of 
view. Be sure that the micropipette tip remains in a  Z  position 
above the cells so that the dish can be moved in the  x – y  axes 
without scraping the cells with the tip.   

   12.    Switch to fl uorescence imaging, and, using low-intensity exci-
tation light, scan the dish for cells that are positive for the cili-
ary marker and have their cilium protruding off the side of the 
cell into empty dish space. Finding an appropriate cell for 
microinjection may be facilitated by capturing an image of the 
fl uorescently tagged marker and a DIC image and overlaying 
these images.   

   13.    Once a target cell has been identifi ed, switch back to DIC 
imaging mode for the microinjection. Slowly lower the micro-
pipette tip toward the cell using the micromanipulator joy-
stick. With the FemtoJet microinjector system, a  Z  limit has to 
be defi ned before the automated injection. To do this, manu-
ally lower the micropipette so that the tip lightly presses against 
the cell surface, then press the “limit” key to set the  Z  limit. 
Manually raise the tip above the cell, and then activate the 
injection function by pressing the joystick button. The micro-
pipette will begin a predetermined injection sequence in which 
the injector tip will enter the cell, apply an injection pressure, 
and then return to its original position. 

 If using a nonautomated microinjector system, lower the 
micropipette tip close to the cell surface and move the joystick 
to penetrate the cell while simultaneously activating the injec-
tion by pressing the foot switch of the microinjector.   

   14.    Following injection, capture fl uorescence images in two chan-
nels, the marker and the dextran/protein, at different time 
points (Fig.  1 ).

       15.    Import images into ImageJ.   
   16.    Use the signal of the ciliary marker projecting off the cell body 

to defi ne a ciliary region of interest (ROI). Switch to the dex-
tran/protein channel and measure the average fl uorescence in 
the ciliary ROI.   

   17.    In the dextran/protein channel, measure the average  fl uores-
cence   intensity in the cytoplasmic region half the distance 
between the nuclear envelope and cell periphery by moving 
the ROI to this area.   
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   18.    In the dextran/protein channel, measure the background fl u-
orescence by moving the ROI to a region next to the cell and 
measuring the average fl uorescence.   

   19.    Subtract the background fl uorescence from that of the ciliary 
region and the cytoplasmic region.   

   20.    Repeat for as many cells as possible and then determine the 
average background-corrected fl uorescence for the ciliary 
region and the average background-corrected fl uorescence for 
the cytoplasmic region.   

   21.    Calculate the Diffusion Barrier Index as the ratio of mean fl u-
orescence intensity in the ciliary region versus the cytoplasmic 
region.      

       1.    Plate  NIH   3T3 cells on 35 mm glass-bottom cell culture 
dishes at 1.5 × 10 5  cells per dish in DMEM supplemented with 
10 % FetalClone III, 1 % GlutaMax, and 1 % Pen-Strep.   

   2.    After 24 h (or after ~4 h when cells have adhered to the bot-
tom of the dish), promote ciliogenesis by replacing growth 
media with serum-free DMEM plus 1 % GlutaMax.   

3.2  Analysis 
of Ciliary Import 
by  Fluorescence 
Recovery After 
Photobleaching (FRAP)     

  Fig. 1    Microinjection to measure protein entry into the primary cilium. hTERT-RPE cells expressing the ciliary 
marker  Arl13b  -mCherry ( red ) were scanned to identify cells with their cilium protruding off the side of the cell. 
The selected cell was microinjected with a fl uorescent protein of interest, recombinant GFP (rGFP), and images 
were taken at various time points post-injection. Shown are images of Arl13b-mCherry ( red ) and rGFP ( green ) 
at ( a ) 1 min and ( b ) 20 min after microinjection. Far right images are higher magnifi cation images of the cilium 
in the yellow boxed areas. At 1 min after microinjection, the rGFP has not entered the nuclear or ciliary com-
partments, but by 20 min after microinjection, the rGFP has entered both compartments. N, nucleus. White 
dotted line, periphery of cell. Arrow, cilium. Scale bar, 5 μm       
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   3.    Immediately transfect cells with 1–1.5 μg of total expression 
plasmids (ciliary marker and ciliary protein of interest,  see  
 Note    5  ) using TransIT-LT1 in Opti-MEM media according 
to manufacturer’s instructions.   

   4.    After 24–48 h, turn on microscope system and set imaging 
chamber to 37 °C and 5 % CO 2 . Wash cells 2× and then leave 
in warmed phenol red-free and serum-free DMEM media 
(optional; to rid or minimize population of dead or fl oating 
cells). Transfer dish to the live- cell   imaging chamber with min-
imal time at room temperature.   

   5.    Confi gure the microscope in epifl uorescence mode and use 
low-intensity excitation light to search for cells with moderate 
levels of expression of the fl uorescently tagged protein of 
interest as well as a ciliary position that facilitates  photobleach-
ing      and imaging (Fig.  2a, d ).

       6.    Once a cell is chosen, confi gure the microscope in confocal 
imaging mode. Focus on the cilium and adjust the photode-
tector voltage and image offset to ensure that an appropriate 
dynamic range of fl uorescence output is obtained.   

   7.    Due to the tendency of cilia to move (and thus the cilium tip 
to drift in and out of focus), we have developed two different 
photobleaching protocols to maintain the cilium within the 
analysis  region  .
    (a)    One protocol involves opening the confocal pinhole to a 

relatively wide diameter (4–7 AU which corresponds to 
2.2–5.4 μm) to increase the optical section thickness. This 
results in a higher level of background fl uorescence but 
allows one to image the cilium tip within a larger z area.   

   (b)    The other protocol allows for a thinner optical section to 
be used by taking multiple z-stacks for pre- and post-
bleach images. While this setup minimizes background 
signal from the cell body, it also decreases the temporal 
resolution of recovery analysis and increases photobleach-
ing of the sample.    

      8.    Collect several pre-bleach images or z-stacks. Taking several 
pre-bleach images is needed to calculate an average pre-bleach 
intensity (Fig.  2b, e ).   

   9.    Draw a region of interest (ROI) around the desired area to 
be photobleached (Fig.  2b, e ). Expose this region to 50 % 
laser power (e.g., using the 488 nm line to photobleach EGFP- 
or mCit-tagged ciliary proteins) for a 2 s bleaching step 
( see   Note    9  ).   

   10.    Collect a series of post-bleach images or z-stacks. The time 
interval between images and total duration of recording will 
depend on the fl uorescence recovery rate which varies between 
proteins. For a ciliary protein like the  kinesin-2      motor  KIF17   
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  Fig. 2     FRAP   to measure protein entry into the primary cilium. ( a – c ) FRAP of an  NIH   3T3 cell co-expressing the 
ciliary marker Arl13b-mCherry and the cytosolic  kinesin-2   motor KIF17-mCit. ( a ) Whole cell images showing 
KIF17-mCit ( lower left ) and Arl13b-mCherry ( lower right ) expression and the merged channels ( top ). ( b ) KIF17-
mCit fl uorescence in the ciliary compartment was photobleached with high laser power, and fl uorescence 
recovery was measured every minute for 30 min.  Dashed white line , ROI for  photobleaching  . ( c ) Quantifi cation 
of the fl uorescence recovery of KIF17-mCit in the distal tips of cilia (mean ± standard deviation).  N  = 12 cells. 
As a cytosolic protein and kinesin motor, the accumulation of new fl uorescent  KIF17   molecules at the tip of the 
cilium refl ects their entry into the compartment and their movement along the  doublet   microtubules to the tip. 
( d – f ) FRAP of an  NIH   3T3 cell co-expressing the ciliary marker Arl13b-mCherry and the peripheral membrane 
protein RP2-EGFP. ( d ) Whole cell images of RP2-EGFP ( lower left ) and  Arl13b  -mCherry ( lower right ) expression 
and the merged channels ( top ). ( e ) RP2-EGFP in the ciliary compartment was photobleached with high laser 
power, and fl uorescence recovery was measured every 10 s for 3 min.  Dashed white line , ROI for  photobleach-
ing  . ( e ) Quantifi cation of the fl uorescence recovery of RP2-EGFP in cilia (mean ± standard deviation).  N  = 11 
cells. Scale bar, 5 μm. As a peripheral membrane protein, the recovery of RP2-EGFP fl uorescence in the cilium 
refl ects the entry of new RP2-EGFP into the compartment       
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with a relatively slow recovery rate [ 29 ], both methods described 
in  step  7a, b can be used. When imaging using a wide diameter 
pinhole ( step 7a ), images are typically collected every 1 min for 
30 min after photobleaching (Fig.  2b, c ). When taking z-stacks 
( step 7b ), images are typically collected less frequently, for 
example, every 5–10 min, which is still adequate for determin-
ing total levels of KIF17-mCit entering the primary cilium 
(data not shown). For a ciliary protein with a much faster fl uo-
rescence recovery rate, for example, the membrane- associated 
protein PalmPalm-mCit [ 29 ], the wide diameter pinhole imag-
ing ( step 7a ) method should be used, and images are typically 
collected every 10 s for 5 min after photobleaching (Fig.  2e, f ). 
In the following steps, we use KIF17-mCit and PalmPalm-
mCit as example ciliary proteins of  interest   ( see   Note    5  ).   

   11.    During the recovery imaging, images of the ciliary marker are 
obtained at the same time to verify that the cilium remains 
within the imaging area in each time frame ( see   Note    10  ). The 
strong beam at 488 nm for photobleaching can also partially 
photobleach the fl uorescence signal from the ciliary marker, 
but the signal can be observed in most cases ( see   Note    11  ).   

   12.    Import images into ImageJ (NIH) or MetaMorph (Molecular 
Devices). For analysis of data collected as z-stacks ( step 7b  
above), either each stack can be fl attened into a single image 
or measurements can be made from only the z-slice containing 
the greatest ciliary fl uorescence.   

   13.    Determine the average KIF17-mCit or PalmPalm-EGFP fl uo-
rescence intensity for the pre-bleach images. Draw a region of 
interest (ROI) around the ciliary region in the fi rst pre-bleach 
image and measure the mean pixel intensity. Determine the 
background fl uorescence by moving the ROI to a region of 
the image in which there are no cells or debris, and again mea-
sure the mean pixel intensity. Subtract the background from 
the measured fl uorescence. Repeat for the next two pre-bleach 
images and then determine the average fl uorescence for the 
three pre-bleach images. The intensity values are copied and 
pasted into an Excel sheet for further calculations such as 
background subtraction and normalization.   

   14.    Repeat this process to obtain the mean pixel intensity measure-
ments for the ciliary region post-bleach and throughout the 
recovery. For images where there is little or no KIF17- mCit or 
PalmPalm-EGFP fl uorescence, the  Arl13b  -mCherry signal 
should be used to guide placement of the ROI at the  cilium     .   

   15.    Normalize the resulting intensities by dividing the post-bleach 
and recovery values by the pre-bleach value. The pre-bleach 
intensity will have a normalized value of 1.   

   16.    Average several datasets together to produce fi nal recovery 
curves (Fig.  2c, f ).       
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4                 Notes 

     1.    A key consideration for  FRAP   is that there is a suffi cient pool 
of fl uorescent molecules available to move into the bleached 
region for fl uorescence recovery. For example, if FRAP is per-
formed with a protein enriched in cilia with little to no pool of 
cytoplasmic or plasma membrane molecules, an absence of 
fl uorescence recovery may be incorrectly interpreted as immo-
bility of the protein.   

   2.    A prerequisite for use of any epitope-tagged protein (FP or 
other) is that the tagged protein must be functional. In genetic 
organisms such as  C. elegans , functionality can be tested by 
determining whether the tagged protein rescues a deletion or 
mutant phenotype. In mammalian cells, functionality is often 
tested by determining that the tagged protein displays the 
same subcellular localization, activity, and interactions as the 
native protein. Another concern is that overexpression of 
the protein of interest alters its subcellular traffi cking, dynam-
ics, or localization. Taking care to study cells expressing low to 
moderate levels of protein expression is often suffi cient to 
alleviate such concerns.   

   3.    There are a variety of commercially available glass slides, cul-
ture dishes, and coverslips that are suitable for live-cell  imag-
ing      as alternatives to the MatTek glass-bottom culture dishes 
(e.g., Nunc Lab-Tek). Generally, the glass component should 
be #1.5 or 0.17 mm in thickness for optimal resolution with 
high NA objectives.   

   4.    Some cell lines grow well with less-costly FBS alternatives. For 
example, we routinely culture  NIH 3T3 cells   in FetalClone III 
(HyClone SH30109).   

   5.    Both microinjection and  FRAP   experiments require expres-
sion of a marker of the primary cilium in live cells. Widely 
utilized probes in the fi eld include the peripheral membrane 
protein  Arl13b   [ 30 – 32 ] and the transmembrane proteins 
somatostatin receptor  Sstr3   and serotonin receptor Htr6 
[ 33 – 35 ]. FRAP experiments also require expression of the 
ciliary protein of interest. The dynamics of both membrane 
and cytosolic proteins in the ciliary compartment have mea-
sured by FRAP. Membrane proteins include Arl13b [ 25 ], 
 Sstr3   [ 21 ,  25 – 27 ], Htr6 [ 21 ,  26 ], a cyclic nucleotide-gated 
channel [ 18 ],  Smoothened   [ 19 ,  21 ], kidney injury mole-
cule-1 (Kim-1 [ 19 ]), polycystin 2 [ 22 ], Crumbs3 [ 22 ], reti-
nitis pigmentosa 2 (RP2 [ 29 ]), podocalyxin/gp135 [ 23 ], 
and membrane- targeted (myristoylated and/or palmi-
toylated) fl uorescent protein mCitrine [ 29 ,  36 ]. Cytosolic 
proteins include end- binding protein 1 (EB1 [ 19 ]),  kinesin      
KIF17 [ 15 ,  20 ,  29 ], intrafl agellar  transport   proteins  IFT88   
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and  IFT20   [ 21 ,  25 ,  29 ], transcription factor Gli2 [ 29 ], 
Tsga14 [ 29 ], Gtl3 [ 29 ],  tubulin   [ 24 ], and Bardet-Biedl syn-
drome 1 (BBS1 [ 28 ]).   

   6.    Although the phenol red indicator dye is essential for routine 
cell culture, it should be avoided in live-cell  imaging      experi-
ments as it can cause undesirable background fl uorescence and 
its excitation can result in  phototoxicity  .   

   7.    There are different micromanipulators and microinjection sys-
tems available, and the specifi c methods for microinjection will 
need to be optimized for other systems.   

   8.    Virtually all culture media utilize sodium bicarbonate as a buf-
fer system to regulate pH in atmosphere containing CO 2  (usu-
ally 5–7 %). For live-cell imaging on the microscope, a stage-top 
or other microscope chamber system is optimal to maintain 
temperature and CO 2  conditions for cell viability. However, 
such imaging chambers are not always available or may not be 
feasible with specifi c microscope accessories (e.g., the microin-
jection apparatus). In these cases, Leibovitz L-15 medium is 
favored for live-cell imaging. Leibovitz L-15 is buffered by 
phosphates and freebase amino acids and thus enables the cul-
turing of cells in the absence of bicarbonate buffer (and CO 2 ). 
Although not optimal, an alternative is to supplement the cul-
ture media with 10–25 mM HEPES buffer to control pH 
within the physiological range in the absence of CO 2 . HEPES 
does not eliminate the CO 2  requirement; it only slows the rate 
of pH changes and may thus be suffi cient for short-term imag-
ing experiments.   

   9.    The  photobleaching   step will likely need to be optimized 
depending on the imaging system being used as well as the 
laser power and protein expression level. Insuffi cient photo-
bleaching can result from suboptimal parameters for laser 
intensity and exposure timing or from too bright of a fl uores-
cence signal (too many FP-tagged proteins). This will adversely 
affect the data analysis and result in an underestimation of the 
percent recovery and mobile fraction. On the other hand, 
excessive laser power and prolonged duration of photobleach-
ing can result in  phototoxicity   to the cells, again causing an 
underestimation of the parameters revealed by quantitative 
analysis of the recovery phase.   

   10.    If the cilium starts to move away from the focal plane, the 
microscope can be refocused during an interval of the image 
acquisition. Do not refocus many times to avoid photobleach-
ing. Typically, once or twice in 30 min observation period is 
suffi cient, and it is typically not necessary in a 5 min observa-
tion period.   
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   11.     Photobleaching   can cause photodamage to other molecules and 
 phototoxicity   to the cell due to reaction of the excited  fl uoro-
phore      with dissolved oxygen and the release of reactive oxygen 
species (ROS). Although the use of oxygen scavenging systems 
can decrease such effects, it is best to minimize the amount of 
excitation light and maximize the light collection effi ciency.         
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