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Effect of local anesthetics on serotonin1A receptor function
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A B S T R A C T

The fundamental mechanism behind the action of local anesthetics is still not clearly understood.
Phenylethanol (PEtOH) is a constituent of essential oils with a pleasant odor and can act as a local
anesthetic. In this work, we have explored the effect of PEtOH on the function of the hippocampal
serotonin1A receptor, a representative neurotransmitter receptor belonging to the G protein-coupled
receptor (GPCR) family. Our results show that PEtOH induces reduction in ligand binding to the
serotonin1A receptor due to lowering of binding affinity, along with a concomitant decrease in the degree
of G-protein coupling. Analysis of membrane order using the environment-sensitive fluorescent probe
DPH revealed decrease in membrane order with increasing PEtOH concentration, as evident from
reduction in rotational correlation time of the probe. Analysis of results obtained shows that the action of
local anesthetics could be attributed to the combined effects of specific interaction of the receptor with
anesthetics and alteration of membrane properties (such as membrane order). These results assume
relevance in the perspective of anesthetic action and could be helpful to achieve a better understanding of
the possible role of anesthetics in the function of membrane receptors.
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1. Introduction

Local anesthetics belong to a group of amphiphilic compounds
which curb the feeling of pain, when applied in a particular part of
the body by preventing the transmission of nerve impulse, thereby
reducing the pain in that area. In spite of a large body of work, the
molecular mechanism by which local anesthetics act is not
understood. Two predominant models have been suggested to
explain anesthetic action. The first model, the lipid hypothesis,
attributes the anesthetic effect to variations in membrane physical
properties. According to this model, changes in the physical
(global) properties of the membrane (e.g., membrane order)
modulate membrane protein function (Rehberg et al., 1995). The
second model, known as the protein hypothesis, attributes
Abbreviations: 8-OH-DPAT, 8-hydroxy-2(di-N-propylamino)tetralin; BCA,
bicinchoninic acid; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; DPH,
1,6-diphenyl-1,3,5-hexatriene; GPCR, G protein-coupled receptor; GTP-g-S, guano-
sine-50-O-(3-thiotriphosphate); PEtOH, phenylethanol; p-MPPF, 4-(20-methoxy)-
phenyl-1-[20-(N-200-pyridinyl)-p-fluorobenzamido]ethyl-piperazine; PMSF, phenyl-
methylsulfonyl fluoride.
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anesthetic effect to specific interaction of anesthetics with
membrane proteins, thereby affecting membrane protein function
(Arias, 1999). It is still not clear whether anesthetic action is an
outcome of indirect anesthetic-lipid effect or a more direct
anesthetic-protein interaction. Yet another way to understand
the basis of anesthetic effects is to explore changes in the lateral
pressure profiles in membrane bilayers due to addition of
anesthetics (Cantor, 2001). In this overall scenario, a useful
approach for understanding the molecular mechanism of local
anesthetics is to identify specific targets of anesthetics.

Phenylethanol (PEtOH) (see inset of Fig. 1) is found in a variety
of essential oils, it has a fragrant rose-like odor, and can act as a
local anesthetic (Anbazhagan et al., 2010; Gray et al., 2013). It also
possesses antibacterial activity (Corre et al., 1990). Interestingly,
PEtOH has been reported to vary membrane order by altering the
packing of lipid molecules (Anbazhagan et al., 2010; Jordi et al.,
1990; Killian et al., 1992). We have recently shown that PEtOH
causes disorder in various membrane phases (gel, fluid and liquid-
ordered), although the disorder was found to be phase-specific
(Shrivastava et al., 2016). Moreover, PEtOH has been shown to
bring about translocation of the mitochondrial precursor protein
apocytochrome c (Jordi et al., 1990), and modulate oligomerization
of membrane proteins in E. coli by perturbing helix-helix
interaction (Anbazhagan et al., 2010).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemphyslip.2016.11.001&domain=pdf
mailto:amit@ccmb.res.in
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Fig.1. Specific binding of the agonist [3H]8-OH-DPAT (*), and the antagonist [3H]p-
MPPF (~) to the serotonin1A receptor with increasing concentrations of the local
anesthetic, PEtOH. The PEtOH concentration plotted here is the actual concentration
of PEtOH partitioned into the membrane (see Table 1). Values are expressed as a
percentage of the specific ligand binding obtained in the absence of PEtOH. Data
points represent means � S.E. of duplicate points from at least three independent
experiments. The line joining the data points is provided merely as a viewing guide.
The inset shows the chemical structure of PEtOH. See Section 2 for more details.
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G protein-coupled receptors (GPCRs), which characteristically
possess seven transmembrane domains, form the largest super-
family of membrane proteins implicated in information transfer
from the extracellular region to the interior of cells (Chattopad-
hyay, 2014; Pierce et al., 2002; Rosenbaum et al., 2009). The total
number of GPCRs is close to 800 belonging to different families
(Fredriksson et al., 2003), and �5% of human genes encode them
(Zhang et al., 2006). GPCRs play a central role in mediating diverse
physiological processes and a wide array of ligands including light
are responsible for their activation. As GPCRs are implicated in
multiple physiological responses, they represent popular targets
for currently prescribed drugs in all clinical areas and are useful for
the development of novel drugs (Jacobson, 2015; Tautermann,
2014). Yet, new functions associated with GPCRs are still being
explored. Serotonin receptors are an important class of GPCRs
which bind the neurotransmitter serotonin (Nichols and Nichols,
2008). The serotonin1A receptor occupies a unique position among
members of the serotonin receptor family for a number of reasons
(Pucadyil et al., 2005). The serotonin1A receptor has emerged as a
crucial target in developing new drugs to treat a range of diseases
from anxiety and depression to cancer (Fiorino et al., 2014).

Among membrane proteins, ion channels appear to be the most
common targets of anesthetic action (Arias, 1999; Fozzard et al.,
2005; Franks and Lieb, 1997). On the other hand, involvement of
GPCRs in anesthetics action is an emerging area. Although there are
some reports on the interaction of GPCRs with anesthetics
(Hollmann et al., 2005; Ishizawa et al., 2002; Kalipatnapu and
Chattopadhyay, 2004; Matsunaga et al., 2015; Nakayama et al.,
2005; Peterlin et al., 2005; Picardi et al., 2014), detailed
information on interaction of GPCRs with local anesthetics with
respect to affinity of binding and influence on membrane order,
and their relative importance in anesthetic action, is lacking.
Keeping this in mind, we have probed the effect of the local
anesthetic PEtOH on serotonin1A receptor function. Our results
show that PEtOH induces a decrease in specific ligand binding
activity and G-protein coupling efficiency of the hippocampal
serotonin1A receptor. There is a concomitant decrease in mem-
brane order in presence of PEtOH. Our results show that both
specific interaction of the receptor with anesthetics as well as
alteration of global properties (such as membrane order) of the
lipid environment could be involved in local anesthetic action.

2. Materials and methods

2.1. Materials

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), EDTA,
EGTA, MgCl2, MnCl2, Na2HPO4, iodoacetamide, PEtOH, 4-(20-
methoxy)-phenyl-1-[20-(N-200-pyridinyl)-p-fluorobenzamido]eth-
yl-piperazine dihydrochloride (p-MPPF), PMSF, polyethylenimine,
serotonin hydrochloride, sodium azide, sucrose and Tris were
purchased from Sigma Chemical Co. (St. Louis, MO). [3H]8-
hydroxy-2(di-N-propylamino)tetralin ([3H]8-OH-DPAT) (specific
activity 187.4 Ci/mmol) and [3H]p-MPPF (specific activity 74.2 Ci/
mmol) were purchased from MP Biomedicals (Santa Ana, CA).
Bicinchoninic acid (BCA) assay reagent for protein estimation was
from Pierce (Rockford, IL). GF/B glass microfiber filters were from
Whatman International (Kent, UK). GTP-g-S (guanosine-50-O-(3-
thiotriphosphate)) was purchased from Roche Applied Science
(Mannheim, Germany). DPH was purchased from Molecular
Probes/Invitrogen (Eugene, OR). The concentration of a stock
solution of DPH prepared in methanol was calculated using its
molar extinction coefficient (e) of 88,000 M�1 cm�1 at 350 nm in
methanol. All other chemicals used were of the highest purity
available. Solvents used were of spectroscopic grade. Water was
purified through a Millipore (Bedford, MA) Milli-Q system and
used throughout. Stock solution of PEtOH (2% (v/v)) was prepared
in 50 mM Tris buffer (pH 7.4) and used for experiments. Fresh
bovine brains were procured from a local slaughterhouse within
10 min of death, and the hippocampal region was cautiously cut
out. The hippocampi were immediately flash frozen in liquid
nitrogen and stored at �80 �C till further use.

2.2. Methods

2.2.1. Preparation of native hippocampal membranes
Native hippocampal membranes were prepared as described

previously (Pucadyil and Chattopadhyay, 2004a). Briefly, hippo-
campal tissue (�50 g) was homogenized as 10% (w/v) in a polytron
homogenizer in 2.5 mM Tris, 0.32 M sucrose, 5 mM EDTA, 5 mM
EGTA, 0.02% sodium azide, 0.24 mM PMSF, 10 mM iodoacetamide,
pH 7.4 buffer. The homogenate was centrifuged at 900 � g for
10 min at 4 �C. The resultant supernatant was filtered through
three layers of cheesecloth and centrifuged at 50,000 � g for 20 min
at 4 �C. The pellet obtained was suspended in 10 vol. of 50 mM Tris,
1 mM EDTA, 0.24 mM PMSF, 10 mM iodoacetamide, pH 7.4 buffer
using a hand-held Dounce homogenizer and centrifuged at
50,000 � g for 20 min at 4 �C. This procedure was repeated until
a clear supernatant was obtained. The final pellet was suspended in
a minimum volume of 50 mM Tris (pH 7.4) buffer, homogenized
using a hand-held Dounce homogenizer, flash frozen in liquid
nitrogen and stored at �80 �C. Protein concentration was assayed
using BCA reagent with bovine serum albumin as standard (Smith
et al., 1985).

2.2.2. Radioligand binding assays
Receptor binding assays were conducted as described previ-

ously (Harikumar and Chattopadhyay, 1999; Pucadyil and Chatto-
padhyay, 2004a). Briefly, tubes in duplicate with �1 mg protein in a
total volume of 1 ml of buffer (50 mM Tris, 1 mM EDTA, 10 mM
MgCl2, 5 mM MnCl2, pH 7.4) were incubated with the radiolabeled
agonist [3H]8-OH-DPAT for 1 h at room temperature (25 �C). For
antagonist binding with [3H]-p-MPPF, the buffer did not contain
MgCl2 and MnCl2. The final concentrations of both agonist and
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antagonist in each assay tube was 0.5 nM. Nonspecific binding was
determined by conducting the assay in the presence of 10 mM
serotonin (for agonist binding) or p-MPPF (for antagonist binding).
The binding reaction was terminated by rapid filtration under
vacuum in a Millipore multiport filtration apparatus through
Whatman GF/B 2.5 cm diameter glass microfiber filters (1.0 mm
pore size) which were presoaked in 0.3% polyethylenimine for 1 h
(Bruns et al., 1983). Filters were washed three times with 3 ml of
cold water (4 �C), dried and the retained radioactivity was
measured in a Packard Tri-Carb 2900 liquid scintillation counter
using �5 ml of scintillation fluid.

2.2.3. Saturation binding assays
Saturation binding assays were performed with increasing

concentrations (0.1–12.5 nM) of the radiolabeled agonist [3H]8-
OH-DPAT as described previously (Pucadyil and Chattopadhyay,
2004a), in presence of 0.04% (v/v) PEtOH. Binding assays were
performed at room temperature (25 �C). The concentration of the
bound ligand (RL*) was calculated from:

RL* = 10�9� B/(V � SA � 2220) M (1)

where B is the bound radioactivity in disintegrations per minute
(dpm), V is the assay volume in ml, and SA is the specific activity of
the radioligand. The data could be fitted best to a one-site ligand
binding equation. The dissociation constant (Kd) and the number of
maximum binding sites (Bmax) were calculated by nonlinear
regression analysis of binding data using Graphpad Prism software,
version 4.0. Data obtained after regression analysis were used to
plot graphs with Microcal Origin software, version 6.0 (OriginLab,
Northampton, MA). The binding parameters were obtained by
averaging the results of three independent experiments, while the
saturation binding data shown in Fig. 2 is from a representative
experiment.

2.2.4. GTP-g-S sensitivity assay
To estimate the efficiency of G-protein coupling to the receptor

in presence of PEtOH, GTP-g-S sensitivity assays were carried out
as described previously (Pucadyil and Chattopadhyay, 2004a). The
concentration of PEtOH was 0.04% (v/v) and experiments were
performed at room temperature (25 �C). The concentrations of
GTP-g-S leading to 50% inhibition of specific agonist binding (IC50)
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Fig. 2. Saturation binding analysis of specific [3H]8-OH-DPAT binding to the
serotonin1A receptor in hippocampal membranes in the presence of PEtOH. The
concentration of [3H]8-OH-DPAT ranged from 0.1 to 12.5 nM whereas PEtOH
concentration used was 0.05% (v/v). Representative binding plots are shown for
native (&) and PEtOH-treated (*) membranes. The curves are nonlinear regression
fits to the experimental data. See Section 2 and Table 2 for more details.
were calculated by nonlinear regression fitting of the data to a four-
parameter logistic function (Higashijima et al., 1987):

B = a[1 + (x/I)s]�1 + b (2)

where B is the specific binding of the agonist normalized to agonist
binding at the lowest concentration of GTP-g-S, x denotes the
concentration of GTP-g-S, a is the range (ymax–ymin) of the fitted
curve on the ordinate (y-axis), I is the IC50 concentration, b is the
background of the fitted curve (ymin), and s is the slope factor. IC50

values obtained and the GTP-g-S sensitivity assay data shown in
Fig. 3 were obtained by averaging the results of three independent
experiments.

2.2.5. Estimation of inorganic phosphate
The concentration of lipid phosphate was determined subse-

quent to total digestion by perchloric acid (McClare, 1971) using
Na2HPO4 as standard. DMPC was used as an internal standard to
assess lipid digestion. Samples without perchloric acid digestion
produced negligible readings.

2.2.6. Fluorescence anisotropy measurements
Fluorescence anisotropy measurements were performed with a

Hitachi F-7000 spectrofluorometer (Tokyo, Japan) using Hitachi
Glan-Thompson polarization accessory, as described previously
(Shrivastava et al., 2016). The excitation wavelength was set at
358 nm and emission was monitored at 430 nm. Excitation and
emission slits with bandpass of 2.5 and 10 nm were used for all
measurements. The excitation slit was kept less to reduce any
photoisomerization of DPH. Fluorescence was measured with a
30 s interval between consecutive openings of the excitation
shutter to undo any photoisomerization of DPH (Chattopadhyay
and London, 1984). The samples optical density measured at
358 nm was always less than 0.15. Anisotropy values were
calculated from the equation (Lakowicz, 2006):

r ¼ IVV � GIVH
IVV þ 2GIVH

ð3Þ
Fig. 3. Effect of increasing concentrations of GTP-g-S on the specific binding of [3H]
8-OH-DPAT to the serotonin1A receptor in native (&) and PEtOH-treated (*)
hippocampal membranes. The concentration of PEtOH used was 0.05% (v/v). Values
are expressed as percentages of specific binding obtained in the presence of lowest
concentration of GTP-g-S. The curves are nonlinear regression fits to the
experimental data. Data points shown are means � S.E. of duplicate points from
three independent experiments. The respective half maximal inhibition concen-
trations (IC50) of GTP-g-S, reflecting the efficiency of G-protein coupling to the
receptor, are shown in Table 3. See Section 2 and Table 3 for more details.
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where IVV and IVH are the fluorescence intensities (after
background subtraction) measured with the excitation polarizer
oriented vertically and the emission polarizer vertically and
horizontally oriented, respectively. G is the grating factor and is
the ratio of the efficiencies of the detection system for vertically
and horizontally polarized light, and is equal to IHV/IHH. All
experiments were performed at room temperature (25 �C) with at
least three sets of samples and mean values of fluorescence
anisotropy are shown in Fig. 4.

2.2.7. Time-resolved fluorescence measurements
Fluorescence lifetimes were calculated from time-resolved

fluorescence intensity decays using IBH 5000F NanoLED equip-
ment (Horiba Jobin Yvon, Edison, NJ) with DataStation software in
the time-correlated single photon counting (TCSPC) mode, as
described previously (Shrivastava et al., 2016), except that a pulsed
light-emitting diode (LED) (NanoLED-370) was used as an
excitation source. This LED generates optical pulse at 374 nm with
pulse duration 1.2 ns and is run at 1 MHz repetition rate. All
experiments were performed at room temperature (25 �C).
Fluorescence intensity decay curves so obtained were deconvo-
luted with the instrument response function and analyzed as a sum
of exponential terms:

F(t) = Si ai exp(�t/ti) (4)

where F(t) is the fluorescence intensity at time t and ai is a pre-
exponential factor representing the fractional contribution to the
time-resolved decay of the component with a lifetime of ti such
that Siai = 1. The goodness of the fit of a given set of observed data
and the chosen function was evaluated by the x2 ratio, the
weighted residuals (Lampert et al., 1983), and the autocorrelation
function of the weighted residuals (Grinvald and Steinberg, 1974).
A fit was considered good enough when plots of the weighted
residuals and the autocorrelation function displayed random
deviation about zero with a maximum x2 value of not more than
1.5. Intensity-averaged mean lifetimes <t> for biexponential
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Fig. 4. Effect of PEtOH on fluorescence anisotropy of DPH in hippocampal
membranes. Change in membrane order was calculated by measuring fluorescence
anisotropy of DPH with increasing concentrations of PEtOH. The PEtOH
concentration plotted here is the actual concentration of PEtOH partitioned into
the membrane (see Table 1). The excitation wavelength used was 358 nm and
emission was monitored at 430 nm. Fluorescence anisotropy measurements were
carried out with membranes containing 100 nmol phospholipid at a probe to
phospholipid ratio of 1:100 (mol/mol) at room temperature (�23 �C). Data
represent means � S.E. from at least three independent experiments. The line
joining the data points is provided merely as a viewing guide. The chemical
structure of DPH is shown in the inset. See Section 2 for more details.
decays of fluorescence were calculated from the decay times
and pre-exponential factors using the equation (Lakowicz, 2006):

t
E
¼ a1t12 þ a2t22

a1t1 þ a2t2

�
ð5Þ

2.2.8. Statistical analysis
Student’s two-tailed unpaired t-test was performed to estimate

significance levels using Graphpad Prism software, version 4.0 (San
Diego, CA). The correlation between specific agonist binding of the
serotonin1A receptor with apparent rotational correlation time was
analyzed with 90% confidence interval. Plots were generated using
Microcal Origin software, version 6.0 (OriginLab, Northampton,
MA).

3. Results

3.1. Actual concentration of PEtOH partitioned into the membrane

Previous results from mutagenesis (Ho et al., 1992; Chanda
et al.,1993) and molecular modeling (Paila et al., 2011) studies have
shown that in case of the serotonin1A receptor, the ligand binding
site is localized in the transmembrane region. It is therefore crucial
to know the actual concentration of PEtOH partitioned into
hippocampal membrane with respect to effect of PEtOH on ligand
binding to the serotonin1A receptor. Actual concentrations of
PEtOH partitioning into the membrane were calculated using the
membrane/buffer partition coefficient of PEtOH. The membrane/
buffer partition coeffiecient of PEtOH is defined as:

P = CM/CB (6)

where CM and CB represent the concentrations of PEtOH in
membrane and buffer, respectively. The total (bulk) concentration
of PEtOH is given by:

CT = CM+ CB (7)

Substituting for CB (CB = CT� CM) from Eq. (7) into Eq. (6), we
obtain:

P = CM/(CT� CM) (8)

Upon rearrangement of Eq. (8), we obtain:

CM= PCT/(1 + P) (9)

Using the value of partition coefficient (4.58) of PEtOH from
literature (McCreery and Hunt, 1978), the actual concentration of
PEtOH partitioned in the membrane therefore can be calculated
(see Table 1). The concentration of PEtOH plotted in Figs. 1, 4 and 5
are actual membrane concentrations determined this way, as
shown in Table 1.
Table 1
Membrane concentrations of PEtOH from total concentrations derived using
membrane/buffer partition coefficient.a

Total concentration (CT) % (v/v) Membrane concentration (CM) % (v/v)

0.01 0.008
0.03 0.025
0.05 0.041
0.08 0.066
0.10 0.082
0.25 0.205
0.50 0.410

a Membrane/buffer partition coefficient of PEtOH (4.58) was taken from
McCreery and Hunt (1978).
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3.2. Inhibition of specific radioligand binding to the serotonin1A
receptor in the presence of PEtOH

The popularity of serotonin1A receptors among the serotonin
receptor family members stems from the early availibility of
selective agonist (8-OH-DPAT) and antagonist (p-MPPF) that
allows widespread biochemical, physiological, and pharmacologi-
cal characterization of the receptor (Gozlan et al., 1983; Kung et al.,
1996). Fig. 1 shows the effect of increasing concentrations of PEtOH
on binding of the specific agonist [3H]8-OH-DPAT, and antagonist
[3H]p-MPPF, to serotonin1A receptors in hippocampal membranes.
As evident from the figure, there is a decrease in specific binding of
both agonist and antagonist to the receptor in the presence of
PEtOH, in a concentration-dependent manner. The extent of
reduction in specific binding over the range of PEtOH concentra-
tion used for the agonist and antagonist was similar (>90%),
although the reduction in specific binding is more gradual in case
of the antagonist. The figure shows 50% inhibition in specific
binding at concentrations of 0.016% (agonist) and 0.114% (antago-
nist) (v/v). The presence of PEtOH therefore inhibited specific
ligand binding to the serotonin1A receptor.

3.3. Altered binding affinity of [3H]8-OH-DPAT to the serotonin1A
receptor in PEtOH-treated hippocampal membranes

In order to address the change in specific agonist binding, we
measured the binding affinity of the specific agonist [3H]8-OH-
DPAT to the serotonin1A receptor in the presence of PEtOH.
Saturation binding analysis for binding of the specific agonist [3H]
8-OH-DPAT to the serotonin1A receptor is shown in Fig. 2 and
corresponding binding parameters obtained upon fitting the
curves are shown in Table 2. The results obtained from saturation
binding analysis in control and PEtOH-treated membranes indicate
that the decrease in ligand binding resulted due to decreased
affinity of the agonist for the receptor, as the number of maximum
binding sites was found to be comparable in both cases. There was
a significant increase in Kd (�3 fold higher, p < 0.001) in case of
PEtOH-treated hippocampal membranes with respect to native
membranes, whereas the change in Bmax was found to be not
significant. This implies that the binding affinity of [3H]8-OH-DPAT
to serotonin1A receptors is reduced in the presence of PEtOH.

3.4. G-protein coupling efficiency of the receptor is decreased in the
presence of PEtOH

To assess whether PEtOH could affect signaling mediated by
serotonin1A receptors, we carried out GTP-g-S sensitivity assay
which provides information on receptor/G-protein coupling
(Harikumar and Chattopadhyay, 1999). G-proteins negatively
couple the serotonin1A receptor to the adenylate cyclase system
(Harikumar and Chattopadhyay, 1999; Emerit et al., 1990). Agonist
binding to GPCRs exhibits sensitivity to GTP-g-S, a non-hydrolyz-
able (strictly speaking, a very slowly hydrolyzable analogue
Table 2
Effect of PEtOH on specific [3H]8-OH-DPAT binding parameters to serotonin1A

receptors.a

Condition Kd

(nM)
Bmax

(fmol/mg of protein)

Native membrane 0.87 � 0.13 74.6 � 8.3
PEtOH-treated membrane 3.48 � 0.22b 70.1 � 3.6b

a The binding parameters shown represent means � S.E. from three independent
experiments, while saturation binding data shown in Fig. 2 is from a representative
experiment. PEtOH concentration was 0.04% (v/v). See Section 2 for more details.

b A significant increase in Kd (p < 0.001) was observed, whereas the change in
Bmax was found to be not significant.
(Eccleston et al., 2002)) of GTP, which uncouples the regular cycle
of guanine nucleotide exchange at the Ga subunit upon activation
of the receptor. We have previously reported that GTP-g-S
promotes a transition of the hippocampal serotonin1A receptor
from a high-affinity G-protein-coupled state to a low-affinity G-
protein-uncoupled state (Harikumar and Chattopadhyay, 1999).
There is a reduction in specific binding of the agonist [3H]8-OH-
DPAT with increasing concentrations of GTP-g-S (see Fig. 3) with a
half-maximal inhibition concentration (IC50) of 102.2 nM for native
hippocampal membranes (see Table 3). The inhibition curve of
PEtOH-treated hippocampal membranes exhibited a significant
(p < 0.05) shift toward higher concentrations of GTP-g-S with a
higher IC50 value of 189.7 nM (see Table 3). These results imply that
agonist binding to the serotonin1A receptor upon PEtOH treatment
is less sensitive to GTP-g-S, pointing out the effect on G-protein
coupling efficiency under these conditions. This indicates that G-
protein coupling of the receptor is decreased in the presence of
PEtOH. Membrane lipids have been reported to play a role in the
interaction of G-proteins with the membrane, which could
modulate their interaction with the receptors (Escribá et al.,
1995, 1997; Inagaki et al., 2012; Dawaliby et al., 2015; Vögler et al.,
2004). It is possible that the presence of PEtOH affects the
interaction of G-proteins with membrane lipids, which could affect
the G-protein coupling mediated by the serotonin1A receptor.

3.5. Fluorescence anisotropy of DPH in PEtOH-treated hippocampal
membranes

Local anesthetics may act through specific localized interac-
tions with GPCRs or through more global (general) lipid-mediated
effects. To probe whether PEtOH in general alters membrane order,
we measured fluorescence anisotropy of DPH in native and PEtOH-
treated hippocampal membranes. DPH has a rod-like shape and
partitions into the interior of membrane bilayers (Lentz, 1989).
Fluorescence anisotropy of membrane embedded probes such as
DPH is commonly used to monitor the rate of rotational diffusion,
as reorientation of the fluorophore is dependent on packing of acyl
chains in membrane bilayers (Lakowicz, 2006; Jameson and Ross,
2010). An advantage of using DPH in studies with natural
membranes like the hippocampal membrane is that its distribu-
tion in the membrane is independent of membrane phase (London
and Feigenson,1981). Fig. 4 shows that the fluorescence anisotropy
of DPH shows progressive reduction with increase in PEtOH
concentration. The value of DPH anisotropy (�0.23) in native
hippocampal membranes (in the absence of PEtOH) suggests
liquid-ordered nature of hippocampal membranes. In the liquid-
ordered phase, acyl chains are elongated and ordered (as seen in
the gel or ordered phase), but exhibit high translational mobility
similar to the liquid-disordered phase (Mouritsen, 2010). The
liquid-ordered nature of hippocampal membranes has also been
supported by wavelength-dependence of Laurdan generalized
polarization (GP) (Mukherjee and Chattopadhyay, 2005), and order
parameters from electron spin resonance (ESR) spectra of spin-
labeled phospholipids (Singh et al., 2012). The liquid-ordered
nature of hippocampal membranes could be attributed to high
content of cholesterol (>30 mol%) (Pucadyil and Chattopadhyay,
Table 3
Effect of PEtOH on the efficiency of G-protein coupling to serotonin1A receptors.a

Condition IC50 (nM)

Native membrane 102.2 � 20.7
PEtOH-treated membrane 189.7 � 6.1b

a The binding parameters shown represent means � S.E. from three independent
experiments. PEtOH concentration was 0.04% (v/v). See Section 2 for more details.

b The increase in the IC50 value was found to be significant (p < 0.05).
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Fig. 5. (a) Mean fluorescence lifetimes of DPH in hippocampal membranes with
increasing concentrations of PEtOH. Mean fluorescence lifetimes were calculated
using Eq. (5). The excitation wavelength used was 374 nm and emission was
monitored at 430 nm. Data shown are means � S.E. of at least three independent
measurements. All other conditions are as in Fig. 4. See Section 2 and Table 4 for
more details. (b) Apparent rotational correlation times of DPH in hippocampal
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correlation times were calculated from fluorescence anisotropy values from
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provided merely as viewing guides. The PEtOH concentration plotted in both panels
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2004b). We have recently shown that PEtOH causes disorder in
membranes depending on the specific phase of the membrane
(Shrivastava et al., 2016). The disordering observed in liquid-
ordered membranes was found to be between gel and fluid phases.
Fig. 4 shows that fluorescence anisotropy of DPH was reduced by
�12% at the highest concentration of PEtOH used. This indicates
that membrane packing is altered in PEtOH-treated membranes
and the lipid acyl chains could be more disordered in presence of
PEtOH. Such reduction in membrane order by PEtOH could
contribute to change in receptor activity.

3.6. Fluorescence lifetime and apparent rotational correlation time of
DPH in PEtOH-treated hippocampal membranes

Fluorescence lifetime is a reliable indicator of polarity changes
in the immediate surrounding environment of a fluorophore
(Prendergast, 1991). We wanted to explore changes in membrane
environment in the presence of PEtOH by fluorescence lifetime
measurements of DPH. The fluorescence lifetime of DPH is known
to be responsive to polarity changes in its surroundings (Stubbs
et al., 1995; Shrivastava et al., 2008). The fluorescence decays
obtained could be fitted well to a biexponential function. Intensity-
averaged mean fluorescence lifetimes were calculated since it does
not depend on the method of analysis and the number of
exponentials used to fit the time-resolved fluorescence decay.
The lifetimes of DPH in native and PEtOH-treated hippocampal
membranes are shown in Table 4. The mean fluorescence lifetimes
of DPH under these conditions were calculated from data shown in
Table 4 using Eq. (5), and are displayed in Fig. 5a. We observed a
modest reduction in fluorescence lifetime of DPH with increasing
concentration of PEtOH, amounting to �4% decrease in lifetime
with the highest concentration of PEtOH.

In order to ensure that DPH anisotropy values (Fig. 4) measured
were not influenced by lifetime-induced artifacts, we calculated
the apparent rotational correlation time (see Fig. 5b), as described
earlier (Saxena et al., 2015), using ro value of 0.36 (Shinitzky and
Barenholz,1974). With increasing PEtOH concentration, the change
in apparent rotational correlation time displayed a similar trend, as
observed with anisotropy change with increasing PEtOH (Fig. 4)
concentration, although the magnitude of the change was large
(�30%; see Fig. 5b).

3.7. Correlation between apparent rotational correlation time and
specific binding of the agonist

In order to obtain an insight into membrane property changes
induced by PEtOH and receptor function (activity), we generated a
plot of the specific agonist binding to the serotonin1A receptor
(taken from Fig. 1) as a function of apparent rotational correlation
time (from Fig. 5b), with increasing concentration of PEtOH. The
Table 4
Representative fluorescence lifetimes of DPH in hippocampal membranes with
increasing concentrations of PEtOH.a

% PEtOH
(v/v)

a1 t1
(ns)

a2 t2
(ns)

0 0.23 0.06 0.77 10.87
0.01 0.24 0.07 0.76 10.80
0.03 0.18 0.07 0.82 10.86
0.05 0.27 0.05 0.73 10.87
0.08 0.18 0.06 0.82 10.81
0.10 0.17 0.08 0.83 10.84
0.25 0.11 0.10 0.89 10.68
0.50 0.12 0.11 0.88 10.42

a The excitation wavelength was 374 nm and emission was monitored at 430 nm
in all cases. The ratio of DPH to total lipid was 1:100 (mol/mol). See Section 2 for
more details.
concentration of PEtOH used in each case is also shown in the
upper axis. The resultant plot is shown in Fig. 6. The plot exhibited
little change in rotational correlation time, but large change in
receptor activity at lower concentrations of PEtOH, followed by a
linear decrease in both parameters at higher concentrations of
PEtOH. This implies that PEtOH-induced modulation of receptor
activity could depend on membrane order at high anesthetic
concentration. Interestingly, at lower anesthetic concentration,
this behavior changes and receptor activity appears to be
independent of membrane order. We interpret this as receptor
activity being modulated by a combined mechanism of general
(global) membrane effect (i.e., membrane order) and specific
(direct) effect in the presence of PEtOH. Interestingly, a non-linear
regression analysis between apparent rotational correlation and
specific agonist binding time gave a correlation coefficient of (r)
�0.98. All data points were present within the 90% confidence
intervals, highlighting that the tight correlation between these two
parameters is significant.
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4. Discussion

The effects of anesthetics on GPCRs constitute an emerging area
of research (Minami and Uezono, 2013). This is because the exact
mechanism underlying anesthetics action remains elusive. In this
study, we have examined the effect of PEtOH, a local anesthetic, on
the function of the hippocampal serotonin1A receptor, an impor-
tant neurotransmitter receptor, which belongs to the GPCR
superfamily. The hippocampal membrane serves as an excellent
source for the serotonin1A receptor. We have previously estab-
lished bovine hippocampal membranes as a convenient source to
study the interaction of membrane lipids with neuronal GPCRs
such as the serotonin1A receptor (Pucadyil and Chattopadhyay,
2004a). The rich and diverse lipid composition of the nervous
system (Bozek et al., 2015; Sastry, 1985) provides a comprehensive
functional backdrop for efficient functioning of neuronal receptors.

Our results show that PEtOH induces reduction in agonist
binding to the serotonin1A receptor due to lowering of binding
affinity. In addition, a concomitant decrease in the level of G-
protein coupling is observed. Analysis of membrane environment
using the environment-sensitive fluorescent probe DPH revealed
decrease in membrane order, as apparent from reduction in
rotational correlation time, with increasing PEtOH concentration.
Interestingly, the changes in ligand binding and membrane order
exhibited tight correlation up to a certain threshold ligand
occupancy (receptor activity �30%). These results are reminiscent
of our previous observations that agonist binding of the
hippocampal serotonin1A receptor was decreased in the presence
of capsaicin, which alters membrane physical properties by
enhancing the membrane elasticity (Prasad et al., 2009). In
addition, these results agree with our recent findings of a direct
correlation between membrane viscosity (monitored using a
fluorescent molecular rotor) and receptor activity (Pal et al.,
2016), suggesting the important role of membrane physical
properties in receptor function. On the other hand, beyond the
threshold occupancy (�30%), a large change in specific agonist
binding was observed, without appreciable change in membrane
order, as reported by apparent rotational correlation time of DPH.
This points out to a lack of dependence of receptor activity on
membrane order in this occupancy regime, possibly due to specific
interaction taking over as the major determinant of receptor-ligand
interaction. Although it is tempting to speculate the molecular
basis for such a switch in the mechanism controlling receptor-
ligand interaction, it is not obvious from our data. We plan to set up
detailed molecular dynamics simulations to address this further to
arrive at a comprehensive model for such duality in receptor-
ligand interaction.

Membrane order has physiological implications in GPCR
function (Escribá et al., 2007). Several diseases where GPCR
signaling plays an essential role, such as hypertension and
Alzheimer’s disease, are characterized by change in membrane
order (Roth et al., 1995; Zicha et al., 1999). On the other hand, the
role of specific effects on receptor function has been aptly shown
from our previous work on the effect of membrane cholesterol on
serotonin1A receptor function. Earlier work from our laboratory has
comprehensively established the need of membrane cholesterol in
serotonin1A receptor function (reviewed in (Jafurulla and Chatto-
padhyay, 2013; Paila et al., 2010; Pucadyil et al., 2005; Pucadyil and
Chattopadhyay, 2006)). A large body of work has shown that the
interaction between membrane cholesterol and the serotonin1A

receptor appears to be structurally stringent, as immediate
biosynthetic precursors of cholesterol (differing with cholesterol
in just a double bond) were unable to preserve receptor function
(Paila et al., 2008; Singh et al., 2009). In further support of this
view, we previously showed that cholesterol requirement for
serotonin1A receptor function is diastereospecific, yet not enan-
tiospecific (Jafurulla et al., 2014). In addition, we showed that this
differential sterol stereospecificity for receptor function could be
related to membrane dipole potential (Bandari et al., 2014). In a
parallel work, we demonstrated using coarse-grain molecular
dynamics simulations, that membrane cholesterol has higher
occupancy in certain sites on the serotonin1A receptor (Sengupta
and Chattopadhyay, 2012). Overall, these results appear to support
a specific mechanism for receptor-ligand interaction in the
membrane. It must therefore be stated here that the role of
specific and general effects in the function of membrane proteins
and receptors continues to evolve (Lee, 2011; Paila and Chatto-
padhyay, 2009). Moreover, as shown here, the above mechanisms
may not be mutually exclusive, and could operate simultaneously,
fine-tuned by a switch such as receptor occupancy levels.

In summary, we show here that the local anesthetic PEtOH
affects ligand binding properties and G-protein coupling to the
hippocampal serotonin1A receptor. Further, we show that the
change in receptor activity is due to a combination of alteration in
membrane order induced by PEtOH and specific receptor-ligand
interaction in the presence of PEtOH. These results demonstrate
that local anesthetics influence GPCR function and this could have
implications on various physiological processes occuring during
anesthesia. We envisage that the action of local anesthetics could
involve a combination of specific interaction of the receptor with
anesthetics and modulation of properties of the membrane lipid
environment.
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