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A B S T R A C T   

Although widely used clinically, the mechanism underlying the action of local anesthetics remains elusive. Direct 
interaction of anesthetics with membrane proteins and modulation of membrane physical properties by anes-
thetics are plausible mechanisms proposed, although a combination of these two mechanisms cannot be ruled 
out. In this context, the role of G protein-coupled receptors (GPCRs) in local anesthetic action is a relatively new 
area of research. We show here that representative tertiary amine local anesthetics induce a reduction in two- 
dimensional diffusion coefficient of the serotonin1A receptor, an important neurotransmitter GPCR. The corre-
sponding change in mobile fraction is varied, with tetracaine exhibiting the maximum reduction in mobile 
fraction, whereas the change in mobile fraction for other local anesthetics was not appreciable. These results are 
supported by quantitation of cellular F-actin, using a confocal microscopic approach previously developed by us, 
which showed that a pronounced increase in F-actin level was induced by tetracaine. These results provide a 
novel perspective on the action of local anesthetics in terms of GPCR lateral diffusion and actin cytoskeleton 
reorganization.   

1. Introduction 

Local anesthetics are a group of amphiphilic compounds, which act 
by blocking the transmission of nerve impulse, leading to suppression 
and reduction of pain in a specific part of the body. In spite of wide-
spread clinical use of local anesthetics, the fundamental molecular 
mechanism behind their action remains elusive. The inherent structural 
as well as chemical diversity of local anesthetics makes it challenging to 
identify probable mechanisms of their action. Two predominant hy-
potheses have been proposed to explain the mechanism behind the ac-
tion of local anesthetics. The protein hypothesis suggests that the 
specific interaction of membrane proteins with local anesthetics could 
modulate protein function and form the basis for anesthetic action 
[1–3]. On the contrary, the lipid hypothesis states that anesthesia occurs 
due to interaction of anesthetics with membranes that modulates 
membrane physical properties [4–6]. It is possible that a combination of 
protein and lipid-mediated effects are involved in the generation of local 
anesthesia since dissecting their individual contribution is not trivial 

[7,8]. 
A common target of local anesthetics is ligand-gated ion channels [9] 

which belong to the family of four transmembrane domain proteins 
[10]. Nevertheless, the role of other membrane proteins such as G 
protein-coupled receptors (GPCRs) in local anesthesia has been reported 
[11]. GPCRs represent the largest superfamily of membrane proteins in 
higher eukaryotes, are hugely diverse, and are characterized by a clas-
sical seven transmembrane domain architecture [12–14]. They are 
major signaling hubs in cells and upon activation by a wide range of 
stimuli undergo concerted structural rearrangements in their trans-
membrane region, resulting in signal transduction to intracellular 
effector molecules [15,16]. GPCRs play a key role in the regulation of 
many vital physiological processes including metabolism, cell differen-
tiation, neurotransmission, immune responses and pathogen entry. Due 
to this reason, GPCRs are potential candidates for developing new drugs 
[17–19] and comprise ~40% of commercially available drugs in all 
clinical areas [20]. 

GPCR function could be modulated by its dynamics which could, in 
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turn, regulate its interaction with membranes and act as a determinant 
for the efficiency of signal transduction process [21–26]. Lateral diffu-
sion of membrane proteins and lipids controls the dynamics of protein- 
protein and lipid-protein interactions [27–29]. The constrained lateral 
diffusion of proteins and lipids has often been associated with the for-
mation of heterogeneous composition-specific domains in membranes 
over a range of spatiotemporal scales [30,31]. An important source of 
constrained lateral diffusion in biological membranes is the intricate 
meshwork of actin cytoskeleton below the plasma membrane [32–34]. 
Actin is one of the most abundantly present cytosolic proteins in 
eukaryotic cells and exists in a dynamic equilibrium between mono-
meric (globular or G-actin) and polymeric (filamentous or F-actin) forms 
[35,36]. The maintenance of such dynamic equilibrium between F- and 
G-actin serves as a mechanism for modulating crucial downstream signal 
transduction pathways [37]. Previous work has shown that lateral 
diffusion of GPCRs is significantly affected by the actin cytoskeleton 
[25,38]. In this context, how local anesthetics could modulate the actin 
cytoskeleton and lateral diffusion of GPCRs represents an interesting 
question. 

The serotonin1A receptor is an extensively studied neurotransmitter 
receptor in the GPCR family and facilitates multiple behavioral, neuro-
logical, and cognitive functions [39–44]. As a consequence, it has 
emerged as a key drug target in the development of therapeutics for 
diverse conditions such as neuropsychiatric disorders including anxiety 
and depression to even cancer [45,46]. We have previously shown that 
local anesthetics, including tertiary amine local anesthetics, inhibit the 
function of the serotonin1A receptor [47,48] as well as modulate the 
organization and dynamics of neuronal membranes [49]. To obtain 
further insight into the role of GPCRs in the mechanism of action of local 
anesthetics, in the present work, we monitored membrane dynamics of 
the serotonin1A receptor and actin cytoskeleton organization in the 
presence of representative tertiary amine local anesthetics (see Fig. 1) by 

utilizing approaches based on confocal fluorescence microscopy. Fluo-
rescence recovery after photobleaching (FRAP) measurements reveal 
that diffusion coefficient of the serotonin1A receptor exhibits reduction 
in the presence of local anesthetics, whereas mobile fraction is not 
affected in a major way, except in the case of tetracaine. Interestingly, 
actin cytoskeleton polymerization exhibits an increase in the presence of 
tetracaine. These results provide a new perspective to the action of local 
anesthetics in terms of receptor diffusion and actin organization. 

2. Materials and methods 

2.1. Materials 

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide 
(MTT), dibucaine, dimethyl sulfoxide (DMSO), gentamycin sulfate, 
lidocaine, penicillin, poly-L-lysine, procaine, sodium bicarbonate, 
streptomycin, tetracaine and Triton X-100 were obtained from Sigma 
Chemical Co. (St. Louis, MO). Formaldehyde solution (~37–41% (w/v)) 
was purchased from Merck (Darmstadt, Germany). DMEM/F-12 [Dul-
becco’s modified Eagle’s medium/nutrient mixture F-12 (Ham) (1:1)], 
fetal calf serum (FCS) and geneticin (G418) were from Invitrogen/Life 
Technologies (Grand Island, NY). Alexa Fluor 546 phalloidin was ob-
tained from Molecular Probes/Invitrogen (Eugene, OR). All other 
chemicals used were of the highest available purity. Water was purified 
through a Millipore (Bedford, MA) Milli-Q system and used throughout. 

2.2. Methods 

2.2.1. Cell culture 
Chinese Hamster Ovary (CHO) cells stably expressing the serotonin1A 

receptor tagged to EYFP at the C-terminus (termed as CHO-5-HT1AR- 
EYFP) were maintained in DMEM/F-12 (1:1) medium supplemented 
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Fig. 1. Chemical structures of tertiary amine local anesthetics. (a) Chemical structures of two representative class of local anesthetics clinically used: amino esters 
and amino amides (the ester and amide linkages are highlighted). (b) Procaine and (c) tetracaine are representative amino ester anesthetics, whereas (d) lidocaine 
and (e) dibucaine are representative amino amide anesthetics. See text for other details. 
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with 2.4 g/l of sodium bicarbonate, 10% fetal calf serum, 60 μg/ml 
penicillin, 50 μg/ml streptomycin, 50 μg/ml gentamycin sulfate (com-
plete medium), and 0.3 mg/ml G418 in a humidified atmosphere with 
5% CO2 at 37 ◦C. 

2.2.2. Treatment of cells with local anesthetics 
CHO-5-HT1AR-EYFP cells were treated with specific concentrations 

of local anesthetics. Briefly, 5 mM stock solutions of local anesthetics 
were prepared in water and working stocks were made upon diluting the 
stocks in serum-free DMEM/F-12 medium. Cells were grown in complete 
medium for 3 days and subsequently incubated in serum-free DMEM/F- 
12 medium for 3 h. Cells were treated with different concentrations of 
the local anesthetics in serum-free DMEM/F-12 medium for 1 h at 37 ◦C. 

2.2.3. MTT viability assay 
The viability of CHO-5-HT1AR-EYFP cells upon treatment with local 

anesthetics was assessed using MTT assay as described previously [50]. 
Briefly, ~104 cells were plated in poly-L-lysine coated 96-well plates and 
treated with a range of concentrations of the local anesthetics. Following 
this, cells were washed with PBS and incubated with MTT dissolved in 
serum-free DMEM/F-12 medium at a final concentration of 0.4 mg/ml at 
37 ◦C for 1 h. The reduction of MTT salt by mitochondrial enzymes in 
live cells [51] led to formation of formazan crystals which were dis-
solved in DMSO and the color obtained was measured by absorbance at 
540 nm in an EnSpire Multimode plate reader (Perkin Elmer, Waltham, 
MA). 

2.2.4. FRAP measurements using confocal microscopy 
Confocal imaging was carried out on an inverted Zeiss LSM 880 

confocal microscope (Jena, Germany) with a Plan-Apochromat 63×/1.4 
NA oil immersion objective using the 514 nm line of an argon laser [52]. 
Fluorescence emission was collected using the 517–606 nm bandpass 
with pinhole under 1 airy condition. FRAP measurements were per-
formed at room temperature (~23 ◦C) on CHO-5-HT1AR-EYFP cells 
treated with local anesthetics in serum-free DMEM/F-12 medium at 
37 ◦C. The basal surface of cells that represents the plasma membrane 
was selected for bleaching and monitoring recovery of fluorescence, 
using a region of interest (ROI) of 1 μm radius. The ROI was irreversibly 
bleached using the highest intensity of the laser and fluorescence re-
covery due to diffusion into the bleached region was monitored using 
low-intensity of the scanning laser. Data on diffusion coefficient (D) and 
mobile fraction (Mf) were calculated from quantitative FRAP experi-
ments where the bleached region was scanned to achieve improved 
temporal resolution. The bleach time point was estimated as the mid- 
point of the bleach duration resulting in the first post-bleach time 
point starting from a time t > 0. The bleaching time duration was ~215 
ms and the time interval between successive scans was 200 ms. Data 
representing the mean fluorescence intensity in the membrane region 
(obtained using the Zen software (version 2.3)) within the bleached spot 
were corrected for background and analyzed. For a two-dimension 
diffusion model, FRAP data were fit to the following equation to 
determine the characteristic diffusion time (τd) [23]: 

F(t) = [F(∞) − F(0) ][exp( − 2τd/t)(I0(2τd/t)+ (I1(2τd/t) )]+ F(0) (1)  

where F(t) is the mean background-corrected and normalized fluores-
cence intensity at time t in the membrane region within the bleached 
spot, F(∞) is the recovered fluorescence at time t→∞, and F(0) is the 
bleached fluorescence intensity at time t→0. I0 and I1 are modified 
Bessel functions. The effective two-dimensional diffusion coefficient (D) 
was determined from the equation [53]: 

D = ω2/4τd (2)  

where ω is the radius of the bleached spot. Mobile fraction (Mf) was 
calculated according to the equation: 

Mf = [F(∞) − F(0) ]
/
[F(p) − F(0) ] (3)  

where F(p) is the mean background-corrected and normalized pre- 
bleach fluorescence intensity. Non-linear curve fitting of fluorescence 
recovery data to Eq. (1) was carried out using the GraphPad Prism 
software version 4.0 (San Diego, CA). 

2.2.5. F-actin labeling of cells 
F-actin labeling in CHO-5-HT1AR-EYFP cells treated with local an-

esthetics was performed as described previously [37]. Following treat-
ment with anesthetics, cells were washed with PBS and fixed with 
~3.5% (w/v) formaldehyde for 10 min. Fixed cells were permeabilized 
in PBS containing 0.5% (v/v) Triton X-100 for 6 min. Cells were then 
washed with PBS, stained with 0.3 μM Alexa Fluor 546 phalloidin for 60 
min at room temperature, and subsequently mounted on glass slides. 

2.2.6. Quantification of F-actin 
F-actin cytoskeleton was imaged on an inverted Zeiss LSM 880 

confocal microscope (Jena, Germany). Imaging of F-actin was per-
formed by exciting Alexa Fluor 546 phalloidin using a 543 nm laser, and 
emission was collected using a bandpass of 550–650 nm. Control ex-
periments showed that excitation of EYFP using a 543 nm laser did not 
result in appearance of any significant signal in the Alexa Fluor 546 
channel (i.e., 550–650 nm), thereby allowing clear separation of EYFP 
and Alexa Fluor 546 signal (data not shown). F-actin level was estimated 
using a quantitative high-resolution confocal microscopic technique 
previously developed by us [37]. Briefly, z-section images were acquired 
using a 63×/1.4 NA oil immersion objective with a fixed z-step size of 
0.32 μm under 1 airy condition. Maximal intensity projections of 11 z- 
sections (corresponding to ~3.5 μm from the base into the cell) were 
obtained, and area of the projected images was calculated using the Zen 
software provided with the microscope. A 30% threshold intensity of the 
average fluorescence intensity calculated from the maximum intensity 
projections was used for the generation of iso-surface images. Iso- 
surfaces (defined as voxel contours of equal fluorescence intensity) 
were generated from the z-sections using Imaris 8.0.0 (Bitplane, Zurich, 
Switzerland) after thresholding the fluorescence intensity of z-sections, 
followed by application of a Gaussian filter. The estimated volumes of F- 
actin cytoskeleton enclosed by iso-surfaces were normalized to the 
projected total area of cells in a given field. 

2.2.7. Statistical analysis 
Significance levels were estimated using Student’s two-tailed un-

paired t-test using GraphPad Prism version 4.0 (San Diego, CA). Plots 
were generated using Microcal Origin version 9.7.0 (OriginLab, North-
ampton, MA). 

3. Results 

3.1. Cell viability in the presence of local anesthetics 

Tertiary amine local anesthetics represent a class of commonly used 
local anesthetics which are characterized by an aromatic and an amine 
group, with an intermediate chain in between. These anesthetics could 
be broadly classified into two different groups, amino esters and amino 
amides (see Fig. 1a). The first group, commonly referred to as amino 
esters, is comprised of local anesthetics with an ester link between the 
aromatic part and the intermediate chain (shown as R1 in Fig. 1a). 
Procaine and tetracaine belong to this group (Fig. 1b, c). The other group 
(amino amides) consists of local anesthetics that have an amide link 
between the aromatic part and the intermediate chain (R2 in Fig. 1a). 
Lidocaine and dibucaine are members of this group (Fig. 1d, e). The ester 
and amide anesthetics differ in their stability and metabolism in the 
body [54]. Ester anesthetics are easily hydrolyzed and not very stable in 
solution, whereas amide anesthetics are relatively more stable. The ester 
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compounds are hydrolyzed by the enzyme cholinesterase in the plasma, 
whereas amide anesthetics are subjected to enzymatic degradation in 
the liver [54]. 

Owing to the different physicochemical properties of ester and amide 
anesthetics, we explored the effect of local anesthetics belonging to 
these two groups on lateral dynamics of a representative GPCR (i.e., the 
serotonin1A receptor) and actin cytoskeleton organization. In order to 
determine the concentration of anesthetics to be used for subsequent 
experiments, we estimated cell viability of CHO-5-HT1AR-EYFP cells in 
the presence of local anesthetics spanning a range of concentrations. We 
used highest concentration of the individual anesthetics at which cell 
viability was comparable to control cells and these results are shown in 
Fig. 2. The concentrations of procaine, tetracaine, lidocaine and dibu-
caine used in subsequent studies were 1, 0.5, 2 and 0.04 mM, respec-
tively. It is noteworthy that the concentrations of local anesthetics used 
in this work are within the range of clinical concentrations necessary for 
blocking the transmission of nerve impulse [55]. 

3.2. Modulation of serotonin1A receptor mobility monitored by FRAP 
measurements 

Fluorescence recovery after photobleaching (FRAP) is an extensively 
used approach to monitor lateral diffusion of an ensemble of molecules 
such as lipids and proteins in biological membranes [52,56–58]. FRAP 
measurements involve generating a concentration gradient of fluores-
cent molecules by inducing irreversible photobleaching of a fraction of 
fluorophores in a specific area referred as the region of interest (ROI). 
This concentration gradient gets dissipated with time as a consequence 
of diffusion of fluorophores from the unbleached regions into the 
bleached region in the membrane. Analysis of the fluorescence recovery 
into the bleached region yields two important parameters, diffusion 
coefficient (D) and mobile fraction (Mf), which collectively describe 
receptor lateral diffusion. Diffusion coefficient is estimated from the rate 
at which fluorescence recovery occurs, while mobile fraction is deter-
mined from the extent of fluorescence recovery in FRAP timescale. 

We have previously shown that the function of the serotonin1A re-
ceptor is compromised in the presence of tertiary amine local anesthetics 
[47]. In order to probe whether receptor mobility could be one of the 
factors responsible for the modulation in receptor function, we 

monitored lateral diffusion of the serotonin1A receptor (tagged with 
EYFP as a reporter) utilizing FRAP measurements. Representative plots 
depicting the kinetics of fluorescence recovery in CHO-5-HT1AR-EYFP 
cells treated with local anesthetics (along with control) are shown in 
Fig. 3. In all cases, the pattern of fluorescence recovery was altered upon 
treatment of cells with local anesthetics. We estimated the two- 
dimensional diffusion coefficient of the serotonin1A receptor using Eq. 
(2) and values obtained are shown in Fig. 4a and Table 1. The figure 
shows that the diffusion coefficient of the serotonin1A receptor in control 
cell membranes was 0.09 μm2 s− 1, in agreement with our previous re-
sults [23]. As evident from the figure, diffusion coefficient exhibited a 
significant reduction in the presence of local anesthetics in all cases. We 
observed a reduction of ~30%, 47%, 39% and 37% in diffusion coeffi-
cient relative to control in presence of procaine, tetracaine, lidocaine 
and dibucaine, respectively (see Fig. 4a). To the best of our knowledge, 
these results constitute one of the first reports describing modulation of 
receptor lateral diffusion induced by local anesthetics. We note that the 
highest extent of reduction in diffusion coefficient was observed with 
tetracaine (also see below). 

As part of FRAP measurements, we estimated the mobile fraction of 
serotonin1A receptors in the presence of local anesthetics using Eq. (3) 
and the values obtained are shown in Fig. 4b and Table 1. The mobile 
fraction is indicative of the fraction of the receptor population that is 
mobile in FRAP timescale and often acts as a useful indicator of con-
strained receptor dynamics [25]. The figure shows that the mobile 
fraction of the serotonin1A receptor in control membranes was ~82%, 
again in agreement with our previous results [23]. Fig. 4b shows the 
varying effects of local anesthetics on receptor mobile fraction. For 
example, whereas we observed a modest decrease in mobile fraction in 
presence of lidocaine (~8%) and dibucaine (~16%), the mobile fraction 
of the receptor remained essentially unchanged in presence of procaine. 
In contrast, the mobile fraction change was maximum (~57%) in case of 
tetracaine. When viewed along with the change in diffusion coefficient 
(see above), it appears that tetracaine was able to induce a drastic dy-
namic change in the receptor environment. 

3.3. Effect of local anesthetics on organization of actin cytoskeleton 

The above results clearly bring out environmental changes experi-
enced by the serotonin1A receptor in the presence of local anesthetics, 
thereby modulating receptor lateral dynamics, particularly in the case of 
tetracaine. Although FRAP is an excellent tool for providing a ‘dynamic 
window’ for measuring receptor dynamics (lateral diffusion), a limita-
tion of FRAP measurements is that it lacks the information to identify the 
molecular players responsible for such changes in receptor dynamics. 
We therefore chose to examine this further and explored organizational 
changes at the actin cytoskeleton level which is known to control re-
ceptor dynamics [25,33]. 

From a dynamic perspective, cellular signaling could be viewed as a 
consequence of the differential mobility characteristics of interacting 
components in membranes. Lateral diffusion of membrane lipids and 
proteins can undergo modulation upon perturbation of cytoskeletal 
proteins. The meshwork of actin cytoskeleton is coupled to the plasma 
membrane and facilitates the formation of heterogeneous membrane 
domains which results in confined diffusion of membrane components 
and could trigger diverse signaling responses [59,60]. In this context, 
lateral diffusion of receptors in membranes could be a major determi-
nant of the efficiency of signal transduction processes [61]. We have 
previously shown that actin cytoskeleton dependent dynamics of the 
serotonin1A receptor exhibits close correlation with intracellular 
signaling by the receptor [25]. 

In order to assess whether altered dynamics of the serotonin1A re-
ceptor could be due to actin cytoskeleton reorganization induced by 
local anesthetics, we quantified F-actin by a confocal fluorescence mi-
croscopy based approach previously developed by us [37]. For this, we 
treated CHO-5-HT1AR-EYFP cells with local anesthetics, followed by F- 

0

25

50

75

100)
%(

ytilibaivlle
C

Fig. 2. MTT viability assay in the presence of local anesthetics. MTT viability 
assays carried out upon treatment of CHO-5-HT1AR-EYFP cells with local an-
esthetics at the concentrations used in this study. The concentrations used were 
1, 0.5, 2 and 0.04 mM for procaine, tetracaine, lidocaine and dibucaine, 
respectively. Values are expressed as percentages of viability of treated cells 
normalized to control cells. Data represent means ± S.E. of three independent 
measurements. See Materials and methods for more details. 
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actin labeling with phalloidin and quantification of F-actin. The orga-
nization of the actin cytoskeleton in presence of local anesthetics is 
shown in Fig. 5 (left panel). The figure shows confocal images of the 
actin cytoskeleton (labeled with Alexa Fluor 546 phalloidin) of cells 
treated with local anesthetics. Iso-surface images corresponding to the 
projected images are shown in Fig. 5 (right panel). In order to estimate F- 
actin in a quantitative manner, the volumes enclosed by the iso-surfaces 
were normalized to the projected area of cells in each case. Fig. 6 shows 
the content of F-actin upon treatment with local anesthetics quantitated 
this way. The figure shows that the effect of local anesthetics on actin 
cytoskeleton organization was negligible in all cases (as apparent from 
F-actin levels), except in the case of tetracaine. Interestingly, treatment 
with tetracaine resulted in a significant increase (~20%) in F-actin level 
relative to control cells, possibly due to enhanced F-actin polymerization 
under this condition. We attribute the large reduction in the mobile 
fraction of the serotonin1A receptor in the presence of tetracaine 
(Fig. 4b) to considerable reorganization in the actin cytoskeletal 
network. 

4. Discussion 

The role of GPCRs in local anesthetic action is an emerging area of 
research motivated by the fact that the mechanism underlying the action 
of local anesthetics is still not well understood [62], even after more 
than a century of its discovery [63]. As mentioned above, direct effects 
(via specific interaction with membrane proteins) [1–3] or indirect ef-
fects (via modulation of bulk membrane physical properties) [4–6,64] 
have been implicated in anesthetic action. Yet another mechanism for 
anesthetic action could be a combination of direct and indirect effects. In 
this work, we show that tertiary amine local anesthetics reduce the two- 
dimensional diffusion coefficient of the serotonin1A receptor in CHO-K1 

cells. The effect of local anesthetics on the mobile fraction of the re-
ceptor is more interesting. Tetracaine showed the maximum reduction 
in the receptor mobile fraction, whereas other local anesthetics exhibi-
ted either modest change or no significant change. Taken together, we 
conclude that tetracaine is unique in its ability to induce maximum 
change in receptor dynamics. These results are reinforced by confocal 
microscopic quantitation of F-actin content since tetracaine resulted in 
the most pronounced increase in F-actin level. 

Tetracaine has earlier been shown to induce distinct structural 
changes in brain spectrin [65] and destabilize phase-separated mem-
branes, resulting in membrane fluidization in model membranes [66]. In 
addition, tetracaine has been shown to induce membrane interdigita-
tion, curvature changes and solubilization of membranes [67,68], and 
reduce line tension at the boundary of liquid ordered/liquid disordered 
domains in ternary model membranes [69]. In a previous study, tetra-
caine was found to affect the integrity of mitochondrial membranes 
[70]. Importantly, tetracaine has been shown to possess stronger anes-
thetic action in comparison with other tertiary amine local anesthetics 
[70]. 

Our results show that tetracaine leads to dynamic reorganization of 
the actin cytoskeleton, as apparent from a pronounced increase in F- 
actin level (Fig. 6) which could play a major role in constrained dy-
namics of the serotonin1A receptor (Fig. 4). A close look at earlier 
literature revealed that there are reports describing the ability of tetra-
caine to perturb cellular cytoskeleton. For example, tetracaine was re-
ported to alter cell morphology and induce reorganization of the actin 
cytoskeleton [71], although no quantitative information was provided 
due to lack of an assay that could quantitate actin. Differential effect of 
local anesthetics on receptor mobility in fibroblasts and lymphocytes 
was also hypothesized to be a consequence of the action of anesthetics 
on membrane-associated microtubules and microfilaments [72]. 
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Fig. 3. Fluorescence recovery from FRAP 
measurements. Representative fluorescence 
recovery curves showing the rate of recov-
ery in CHO-5-HT1AR-EYFP cells treated with 
the corresponding local anesthetics (red): 
(a) procaine, (b) tetracaine, (c) lidocaine 
and (d) dibucaine, along with control con-
dition (blue) in all cases. The curves shown 
are non-linear regression fits of the experi-
mental data obtained using Eq. (1). Shaded 
areas represent the regions encompassed by 
error bars from individual data points in all 
plots. The concentrations of the local anes-
thetics were the same as in Fig. 2. Data 
represent means ± S.E. from at least four 
independent experiments. See Materials and 
methods for other details. (For interpreta-
tion of the references to color in this figure 
legend, the reader is referred to the web 
version of this article.)   
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Lateral diffusion of membrane proteins and its modulation play an 
important role in cellular signaling [21,22,25,73]. In this context, by 
utilizing FRAP analysis of the serotonin1A receptor, we previously 
showed that destabilization of the actin cytoskeleton results in an 

Fig. 4. Receptor mobility parameters in presence of local anesthetics. (a) 
Diffusion coefficient (D) of the serotonin1A receptor in CHO-5-HT1AR-EYFP cells 
in presence of various local anesthetics estimated using Eq. (2). Modulation in D 
value (means ± S.E.) averaged over ~50 independent measurements from at 
least four experiments (*** corresponds to significant (p < 0.001) difference in 
D in the presence of local anesthetics relative to control cells). (b) Mobile 
fraction (Mf) of the receptor upon treatment with the local anesthetics calcu-
lated using Eq. (3). Modulation in Mf value (means ± S.E.) averaged over ~50 
independent measurements from at least four experiments (** corresponds to 
significant (p < 0.01) difference in Mf in case of lidocaine, whereas *** corre-
sponds to significant (p < 0.001) difference in Mf in presence of tetracaine and 
dibucaine, relative to control condition). See Materials and methods for 
other details. 

Table 1 
Diffusion coefficients (D) and mobile fractions (Mf) of serotonin1A receptors in 
presence of tertiary amine local anesthetics.  

Experimental condition D (μm2 s− 1) 
mean ± S.E. 

Mf (%) 
mean ± S.E. 

Na 

Control 0.091 (±0.006) 82.1 (±1.4)  47 
Procaine 0.063 (±0.004) 84.1 (±1.0)  47 
Tetracaine 0.049 (±0.004) 34.9 (±1.8)  48 
Lidocaine 0.056 (±0.003) 75.1 (±1.5)  70 
Dibucaine 0.057 (±0.004) 69.4 (±2.0)  58  

a N represents the number of independent measurements. See Materials and 
methods for other details. 
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Fig. 5. Change in the actin cytoskeleton upon treatment with local anesthetics. 
Organization of actin cytoskeleton in CHO-5-HT1AR-EYFP cells treated with 
specific concentration of tertiary amine local anesthetics. The concentrations of 
the local anesthetics were the same as in Fig. 2. The actin cytoskeleton was 
labeled with Alexa Fluor 546 phalloidin. The figure shows projections of 11 
sections from the base of the coverslip (~3.5 μm from the base into the cell). 
Representative projected images (maximum intensity projection) for control 
cells and cells treated with local anesthetics are shown in the left panel. The 
scale bar represents 10 μm. Iso-surface of the sections corresponding to the 
maximum intensity projections were generated using the iso-surface tool in 
Imaris. The respective iso-surface for control cells and cells treated with local 
anesthetics are shown in the right panel. See Materials and methods for 
other details. 
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increase in mobile fraction of the receptor [25]. Interestingly, the in-
crease in mobile fraction exhibited a tight correlation with the efficiency 
in ligand-mediated signaling, suggesting that signaling by the seroto-
nin1A receptor is regulated by the actin cytoskeleton, possibly by the 
regulation of receptor mobility. In a recent work, we measured lateral 
diffusion of the serotonin1A receptor using single particle tracking (SPT) 
under control and actin-destabilized conditions [73]. Our analysis 
showed that actin destabilization led to alteration in receptor diffusion, 
which is manifested as an increase in functional readouts (ligand bind-
ing and cAMP signaling) of the receptor. In a recent elegant work, high 
plasticity in GPCR dynamics was shown to be important for receptor 
trafficking and regulation of receptor activity [26]. A temperature- 
dependent correlation between mobile fraction of a GPCR and signal 
transduction has also been previously reported [74]. In another work, 
lateral diffusion of a GPCR has been shown to be modulated upon 
cholesterol depletion which resulted in increased fluidity of the hydro-
phobic membrane region and impaired G-protein coupling [75]. We 
conclude that receptor dynamics and its interplay with the actin cyto-
skeleton could emerge as relevant factors in the mechanism of action of 
local anesthetics. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

This work was supported by SERB Distinguished Fellowship grant 
(Department of Science and Technology, Govt. of India) to A.C. and core 
support from CSIR-Centre for Cellular and Molecular Biology. B.D.R. and 
P.S. thank the University Grants Commission and Council of Scientific 
and Industrial Research for the award of Senior Research Fellowship and 
Shyama Prasad Mukherjee Fellowship, respectively. We thank members 
of the Chattopadhyay laboratory for critically reading the manuscript. 

References 

[1] H.R. Arias, Role of local anesthetics on both cholinergic and serotonergic 
ionotropic receptors, Neurosci. Biobehav. Rev. 23 (1999) 817–843. 

[2] N.P. Franks, W.R. Lieb, Seeing the light. Protein theories of general anesthesia, 
Anesthesiology 101 (2004) 235–237. 

[3] J.F. Butterworth, G.R. Strichartz, Molecular mechanisms of local anesthesia: a 
review, Anesthesiology 72 (1990) 711–734. 

[4] D. Papahadjopoulos, Studies on the mechanism of action of local anesthetics with 
phospholipid model membranes, Biochim. Biophys. Acta 265 (1972) 169–186. 

[5] B. Rehberg, B.W. Urban, D.S. Duch, The membrane lipid cholesterol modulates 
anesthetic actions on a human brain ion channel, Anesthesiology 82 (1995) 
749–758. 

[6] M.A. Pavel, E.N. Petersen, H. Wang, R.A. Lerner, S.B. Hansen, Studies on the 
mechanism of general anesthesia, Proc. Natl. Acad. Sci. U. S. A. 117 (2020) 
13757–13766. 

[7] E. de-Paula, S. Schreier, Molecular and physicochemical aspects of local anesthetic- 
membrane interaction, Braz. J. Med. Biol. Res. 29 (1996) 877–894. 

[8] P. Lirk, M.W. Hollmann, G. Strichartz, The science of local anesthesia: basic 
research, clinical application, and future directions, Anesth. Analg. 126 (2018) 
1381–1392. 

[9] L. Coyne, G. Lees, Ligand gated ion channels: crucial targets for anaesthetics? Curr. 
Anaesth. Critic. Care 13 (2002) 334–342. 

[10] M.O. Ortells, G.G. Lunt, Evolutionary history of the ligand-gated ion channel 
superfamily of receptors, Trends Neurosci. 18 (1995) 121–127. 

[11] K. Minami, Y. Uezono, Gq protein-coupled receptors as targets for anesthetics, 
Curr. Pharm. Des. 12 (2006) 1931–1937. 

[12] D.M. Rosenbaum, S.G.F. Rasmussen, B.K. Kobilka, The structure and function of G- 
protein-coupled receptors, Nature 459 (2009) 356–363. 

[13] V. Katritch, V. Cherezov, R.C. Stevens, Structure-function of the G protein-coupled 
receptor superfamily, Annu. Rev. Pharmacol. Toxicol. 53 (2013) 531–556. 

[14] A. Chattopadhyay, GPCRs: lipid-dependent membrane receptors that act as drug 
targets, Adv. Biol. 2014 (2014), 143023. 

[15] W.I. Weis, B.K. Kobilka, The molecular basis of G protein-coupled receptor 
activation, Annu. Rev. Biochem. 87 (2018) 897–919. 

[16] S.C. Erlandson, C. McMahon, A.C. Kruse, Structural basis for G protein-coupled 
receptor signaling, Annu. Rev. Biophys. 47 (2018) 9.1–9.18. 

[17] K.A. Jacobson, New paradigms in GPCR drug discovery, Biochem. Pharmacol. 98 
(2015) 541–555. 

[18] R.M. Cooke, A.J.H. Brown, F.H. Marshall, J.S. Mason, Structures of G protein- 
coupled receptors reveal new opportunities for drug discovery, Drug Discov. Today 
20 (2015) 1355–1364. 

[19] A.S. Hauser, M.M. Attwood, M. Rask-Andersen, H.B. Schiöth, D.E. Gloriam, Trends 
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