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Abstract: Serotonin, an important signaling molecule in

humans, has an unexpectedly high lipid membrane affinity.

The significance of this finding has evoked considerable
speculation. Here we show that membrane binding by sero-
tonin can directly modulate membrane properties and cellu-
lar function, providing an activity pathway completely inde-

pendent of serotonin receptors. Atomic force microscopy
shows that serotonin makes artificial lipid bilayers softer, and

induces nucleation of liquid disordered domains inside the
raft-like liquid-ordered domains. Solid-state NMR spectrosco-

py corroborates this data at the atomic level, revealing a ho-

mogeneous decrease in the order parameter of the lipid

chains in the presence of serotonin. In the RN46A immortal-
ized serotonergic neuronal cell line, extracellular serotonin
enhances transferrin receptor endocytosis, even in the pres-
ence of broad-spectrum serotonin receptor and transporter

inhibitors. Similarly, it increases the membrane binding and
internalization of oligomeric peptides. Our results uncover a

mode of serotonin–membrane interaction that can potenti-
ate key cellular processes in a receptor-independent fashion.

Introduction

The neurotransmitter serotonin, in addition to its directed

action through synaptic signalling, has an indirect neuro-mod-
ulatory role.[1–6] A significant amount of serotonin is released

from extra-synaptic areas, including from the cell body, away
from the site of post-synaptic receptor densities.[7–11] Even
when they are released at the synapses, a large fraction diffus-
es away from the synaptic cleft.[12] This temporally and spatially

diffuse “volume neurotransmission”[8, 9, 13–15] appears to be a
somewhat wasteful attempt to reach far-away targets. Howev-
er, a recent discovery of the high affinity of serotonin for lipid
bilayers[16, 17] suggests that the lipid membrane may be a ubiq-
uitously present target for such release. Indeed, it has been

speculated that attachment and two-dimensional diffusion of
serotonin in the lipid membrane may facilitate distal receptor
binding.[18, 19] Here, we hypothesize and demonstrate that pas-

sive serotonin-membrane interaction can give rise to an entire-
ly receptor-independent pathway for modulating specific cell

functions. This pathway is mediated through a modulation of
the mechanical properties of the membrane.

Cholesterol is a classic example of a molecule altering the
mechanical properties of the membrane, with very significant

biological consequences. It has been recently shown that cho-

lesterol can change the bending rigidity of both the ordered
and disordered regions of a lipid bilayer membrane.[20] Small
amphipathic molecules, for example, specific anesthetics, are
known to alter the physical properties of the membrane, such
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as membrane fluidity.[21–25] It has also been shown that isother-
mal compressibility of lipid monolayers can be altered by small

serotonin-related molecules (such as melatonin) at &1 mm
concentration, and even by serotonin at higher concentra-

tions.[26] Furthermore, serotonin binding to raft-like mixed
model membranes was shown to alter domain size.[27, 28] If sero-
tonin also changes the mechanical properties of the bilayer,
then that in turn can affect cellular functions, including mem-
brane protein function, membrane affinity of other molecules

as a prerequisite for subsequent receptor binding, and key cel-
lular processes such as exocytosis and endocytosis.

In this work, we set out to resolve an important question:
do receptor independent changes of the physical properties of
the membrane, induced by local serotonin concentrations,
affect the cellular response? We used a broad array of biophys-

ical tools to probe whether binding of serotonin affects mem-
brane mechanical properties and the degree of local molecular
order. We then examine the effect of such modulation on live
cells. We probe membrane binding by proteins known to be
co-secreted with serotonin and also measure the rate of con-

stitutive endocytosis. We show that passive binding of seroto-
nin to the membrane does indeed modulate cellular function

independent of the receptors, uncovering a novel manner in

which this neurotransmitter can also influence biological func-
tion.

Results

Effect of serotonin on mono- and biphasic lipid bilayers

Serotonin interacts with model lipid membranes

We measure the binding of serotonin to small unilamellar lipid

vesicles (SUVs) of two different lipid compositions: a zwitter-
ionic mix of DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine):

egg sphingomyelin: cholesterol, molar ratio 2:2:1 (DEC221),

and a negatively charged mix of POPC (1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine): POPG (1-palmitoyl-2-oleoyl-sn-glyc-

ero-3-phospho-rac-(1’-glycerol) : cholesterol, molar ratio 1:1:1
(PPC111). We note that the identity of the lipids and mem-

brane electrostatics appears to be important for serotonin
binding.[16, 17] We test the degree of membrane-binding of sero-
tonin using a dialysis retention assay described earlier.[29] Both
SUV dispersions of PPC111 and DEC221 at 2.5 mg mL@1 were in-

cubated with 4.1 mm serotonin for 1 h, and then dialyzed
against deionized water using a 100 kDa molecular weight cut
off (MWCO) membrane permeable for serotonin (but not for

the SUVs) for 18 hrs. Vesicle-bound serotonin would not diffuse
out of the dialysis tubing, but free serotonin would. A control

sample contains only 4.1 mm serotonin (no SUVs). Fluores-
cence signal (excitation 270 nm, emission 300 @500 nm) from

the dialyzed solution yields the concentration of the serotonin

remaining in the dialysis tube. Excess serotonin fluorescence
compared to the control sample provides the amount of mem-

brane-attached serotonin (supplementary Figure S1 A). The
concentration of serotonin remaining after dialysis is deter-

mined from a calibration curve obtained from known concen-
trations of serotonin (supplementary Figure S1 B). We observe

that 0.24 % of serotonin remains in the DEC221 solution,
3.53 % is retained in the PPC111 solution, and only a trace

amount (&0.005 %) is retained in the solution without vesicles.
This implies that serotonin binds strongly to the lipid mem-

brane, and binding was dependent on the lipid charge. Assum-
ing no lipid losses during the whole process, the partition coef-

ficient of serotonin is calculated to be 90 and 1500 in DEC221
and PPC111, respectively. This is in reasonable agreement with

the reported values.[16]

We used fluorescence microscopy to verify whether seroto-
nin also binds to supported lipid bilayers (SLB). Serotonin can
be visualized directly using three-photon microscopy,[30] or by
using conventional fluorescence microscopy with a fluorogenic

compound. The effectiveness of OPA (ortho-phthalaldehyde) in
fluorogenically detecting serotonin was demonstrated recent-

ly.[31] At room temperature, the DEC221 bilayer exhibits two dif-

ferent coexisting phases.[32] The phase enriched with SM and
cholesterol is more ordered and is known as the Liquid Or-

dered (Lo) phase.[33] The other phase is more disordered and is
dominated by DOPC known as the Liquid Disordered (Ld)

phase. A 100 mm serotonin solution is incubated with biphasic
SLBs of DEC 221, which are characterized by the co-existence

of Lo and Ld domains for 30 minutes and then washed with

water to remove unbound serotonin. 100 mm of OPA is then
added to this SLB and incubated further for 30 mins. The

sample is imaged in a confocal microscope (excitation at
488 nm, and collection from 500 to 650 nm, see supplementary

Figure S2 B). The fluorescence image of a control solution,
identical in all respects except that serotonin is absent, is

shown in supplementary Figure S2 A. The image clearly shows

that serotonin strongly binds to the SLB. It is apparent from
the image that serotonin preferably binds to the disordered

domain (also confirmed by simultaneous AFM-confocal micros-
copy measurement) compared to the ordered domain (supple-

mentary Figure S2 D,E). The ratio of serotonin bound to the dis-
ordered vs. the ordered domain is approximately 4 (supple-

mentary Figure S2 C). We next ask the question: does serotonin

binding promote disorder and induce the formation of the dis-
ordered domains?

Serotonin binding reduces the force of indentation in
membranes

We perform AFM measurements on the SLBs to probe whether
serotonin binding has an effect on the mechanical properties
of the membrane. We measure membrane stiffness by deter-
mining the force of indentation, i.e. , the force needed to rup-
ture the bilayer (a representative force curve is shown in Fig-

ure 1 A with an arrow marking the point of indentation). In the
rest of this manuscript, “stiffness” implies the force of indenta-

tion. This is first determined in water in the absence of seroto-
nin, and again after incubating the same bilayer with 4.1 mm
serotonin for 60 min. For the monophasic PPC111 bilayer, the

results are presented as a histogram (Figure 1 B, n = 1410 force
curves), and the average force is shown in Figure 1 C. Serotonin

reduces the indentation force by 58:19 %. As a control experi-
ment, we perform similar measurements in the absence and in
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the presence of 4.1 mm glutamate, an excitatory neurotrans-

mitter (supplementary Figure S3). In contrast to the effect of
serotonin, glutamate does not cause any observable alterations

in the force of indentation. It is likely that the charged gluta-
mate molecule does not even attach to the lipid membrane,

but it shows that not all neurotransmitters change membrane

properties. The pH inside an intracellular neurotransmitter vesi-
cle is about 5.5, while that on the plasma membrane is 7.4. We

also tested whether serotonin could change the pH of the so-
lution and whether just a change of pH could affect the force

of indentation. We found these effects to be minimal, as de-
scribed in supporting Figures S4 and S5.

Local membrane order and lateral organization can be an

important parameters determining cell signaling, and so we
probe the effect of serotonin on the phase separation of lipid

bilayers. Sphingomyelin and cholesterol are frequently in-
volved in creating local membrane domains.[34] AFM imaging

characterizes the co-existence of the two phases in the
DEC221 bilayer (as described in methods). We obtain ordered

lipid domains with diameters on the order of a few mm. The
height difference between Lo and Ld matches well with the
previously reported values (from &0.8 nm to 1.0 nm[35]). For in-

dentation measurements on this biphasic bilayer, we first map
the individual Lo and Ld domains and then collect traces from

the AFM images. The resulting histograms are shown in Fig-
ure 1 D (for ordered domains) and Figure 1 E (disordered do-

mains). The resulting force distribution is shown in Figure 1 F.

We see that in the absence of serotonin, the Lo domains in the
bilayer are stiffer (i.e. the indentation force is higher) compared

to the Ld domains, as is expected. In the presence of serotonin,
the force of indentation decreases in both the domains, but

the decrease is much higher for the ordered domains. The
force in the Lo domain decreases by 52.0:8.3 % while that in

the Ld domain decreases by 32.0:10.3 % (n = 5508 force
curves from 2 different bilayers).

Serotonin shrinks ordered domains in phase-separated
bilayers

Biological cell membranes display a transient domain structure

that is believed to play a major role in protein trafficking, in

the interaction of the membrane with the cytoskeleton, and in
cell signalling.[36–38] Our observation that the indentation force

of the Lo domains of DEC221 decreases drastically may suggest
that serotonin can have an effect on the relative stability of

the ordered and disordered domains. We characterized the
area and the perimeter of the Lo and Ld domains before and

after incubation with serotonin. We observe that serotonin in-

duces nucleation of disordered domains within the ordered
domains (Figure 2, see insets, which show magnified images of

a representative area marked with dashed borders in the main
Figure). There is an overall decrease of the area of the ordered
domain. A control sample shows no such changes over the
same amount of time (supplementary Figure S6). We also

obtain a measure of the surface tension at the domain inter-
face. The area of the interface between two domains is equal
to the perimeter times the thickness of the bilayer, while the
volume is given by the lateral area times the thickness. Since a
higher surface tension implies smaller interface area per unit

volume, the ratio of these two quantities, that is, the perimeter
divided by the lateral area, provides a measure of the surface

tension.
We find that the surface tension decreases by 34.0:2.1 % in

the presence of serotonin (n = 133). A lower surface tension is

consistent with the decrease of the force of indentation found
earlier.

Figure 1. Probing the stiffness of membrane lipid bilayers by AFM force in-
dentation measurements. (A) A typical indentation force curve obtained
from supported POPC/POPG/cholesterol (1:1:1) lipid bilayer on mica. The
force applied by the cantilever is plotted as a function of the z-piezo dis-
placement. The discontinuity in the force curve marks the point of indenta-
tion (red arrow). Inset: magnified image shows an indentation force of
2.2 nn. (B) Representative histogram of indentation forces before (black) and
after (red) serotonin incubation on a negatively charged (PPC111) bilayer.
(C) Average values of force histograms. (D), (E) representative histograms of
indentation forces measured on the ordered and disordered domains, re-
spectively on a neutral biphasic (DEC221) bilayer. (F) Average values of force
histograms before (black) and after (red) serotonin incubation.

Figure 2. AFM images displaying time-dependent nucleation of disordered
domains within the ordered domains in phase separated lipid bilayers
(DEC221) (A) 0 min (B) 20 min, (C) 120 min, and (D) 300 min after incubation
with 4.1 mm of serotonin. Insets : magnified images of the region with white
dashed border, showing growth of disordered domain inside ordered do-
mains. Scale bar 0.5 mm. Height is false color coded. Color bar indicates the
relative height.
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Serotonin promotes lipid chain disorder

Solid-state NMR can probe the molecular order along lipid
chains. 2H NMR has an intrinsic timescale on the order of 10 ms

allowing to detect spatial lipid heterogeneities with a radius
larger than &25 nm due to lipid translational exchange and

diffusion.[39–41] We perform solid-state NMR experiments on
multilamellar PPC111 vesicles containing serotonin and deter-
mine the order parameters of the lipid protons. We record the
2H NMR spectra of either deuterated POPC-d31 or POPG-d31 in
the mixture in the presence of 0, 10, and 25 mol % serotonin
(supplementary Figure S7). From the NMR spectra, order pa-
rameter plots for each deuterated lipid at 25 and 37 8C are de-

termined and are shown in supplementary Figure S8. We ob-
serve that in the presence of serotonin, lipid chain order is ho-

mogeneously decreased along the entire sn-1 chain of both

POPC and POPG. Overall, the presence of serotonin decreases
the average chain order parameter by 3 to 19 %. At 25 8C,

10 mol % serotonin does not alter the order parameter profile
of POPC-d31 significantly. However, a drastic decrease in chain

order is observed in the presence of 25 mol % serotonin. At
37 8C, the chain order decrease is identical for both serotonin

concentrations. POPG-d31 responds more drastically to the

presence of serotonin at both temperatures, but only minor
differences are observed between the two serotonin concen-

trations probed here (shown in Figure 3 A). The decrease in
lipid chain order leads to a decrease in the average chain

length of the lipids. These serotonin-induced lipid chain length
alterations can be precisely calculated for both phospholipids

of the mixture using the mean torque model.[42] The average

chain lengths of both POPC and POPG of the mixture in the
absence and in the presence of serotonin is plotted in Fig-

ure 3 B. Serotonin causes the lipid chains to decrease in length
by DL, where DL is between 0.3 and 0.9 a. This decrease in the

lipid chain length is due to a serotonin-induced increase in the
number of gauche conformers in the chains.

We then probe the average location of serotonin in POPC

membranes using 1H NOESY NMR. This technique is well-suited
to localize a small lipophilic molecule in the membrane and to
determine its distribution parallel to the membrane normal.[43]

However, the experiment has a much longer intrinsic timescale
comparable to the 1H spin-lattice relaxation time of lipids,
which is on the order of 0.25 s. In this time, lipids typically

visits an area with a radius of &1 mm by diffusion.[39] The cross-
relaxation rates represent the contact probability between the
individual protons of serotonin with the respective lipid seg-

ments.[43] Our results show that the ring system of serotonin is
broadly distributed within the membrane with a maximum

found in the glycerol region, which is at the lipid-water inter-
face of the membrane (Figure 3 C–F). The molecular basis of

the disordering effect of serotonin on lipid acyl chains can be

understood from these results. Serotonin inserts into the lipid
membrane and intercalates between neighboring lipid mole-

cules in the glycerol region. This creates free volume in the
acyl chain region of the membrane, which is occupied by

larger amplitude motions of the chains, resulting in the ob-
served lowering of the chain order parameters.[27, 28] The NMR

results corroborate the decrease in the force of indentation of
the membranes observed by AFM. We note that this effect
may depend on the nature of the lipid, since serotonin may

distribute differently in bilayers of different compositions.[17]

Effect of serotonin on cell membranes

Serotonin increases membrane binding of amyloid oligomers

We hypothesize that the observed alterations in the mechani-
cal properties of the membrane may contribute to the action
of serotonin on cells. An increase of membrane disorder may

facilitate the binding of small extracellular molecules and pep-
tides to the membrane, and this may have physiological conse-
quences. Furthermore, membrane protein function is strongly
related to the elastic properties of the bilayer,[44, 45] and lipids

can allosterically regulate membrane protein activity.[46] We
probe the affinity of IAPP oligomers to the membrane of live

cells in the presence of extracellular serotonin. IAPP is an amy-

loidogenic peptide that is co-secreted with serotonin from
pancreatic beta cells, and its membrane interaction has been

linked to type II diabetes.[47–49] We have already shown that the
oligomeric form of this peptide has a large membrane affinity,

which may partly explain its biologically toxic role.[50] It is plau-
sible that membrane stiffness will affect the insertion of a pro-

Figure 3. Probing the distribution and the effect of serotonin in lipid bilayer
by solid-state NMR. (A) Average lipid chain length of POPC-d31: POPG:choles-
terol (1:1:1) and POPC:POPG-d31:cholesterol (1:1:1) with 0, 10, 25 mol % of se-
rotonin at (i) 25 8C and (ii) 37 8C. (B) 2H NMR average order parameters of the
above mentioned membrane composition. (C) schematic representation of
serotonin interaction with POPC lipid chain segment. (D,E,F) are the 1H
NOESY NMR cross-relaxation rates representing the contact probability be-
tween the individual protons of serotonin labelled in (C) with the respective
lipid segments.
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tein, such as the IAPP oligomer. We therefore examine whether
IAPP binding to the cell membrane and its uptake is modulat-

ed by serotonin. However, most mammalian cells have recep-
tors for serotonin, so serotonin can, in principle, also modulate

this process via a receptor-mediated pathway. Here we have
used the RN46A cells, which is an immortalized serotonergic

cell line derived from rat raphe nuclei.[51]

With the help of polymerase chain reaction (PCR), we deter-
mine that the major serotonergic receptors present in the

RN46A cells are the serotonin 5-HT1A and 5-HT2C (supplementa-
ry Figure S9). mRNA expression levels of other 5-HT receptors
(5-HT1B, 5-HT3, 5-HT4, and 5-HT7 receptors) are not significant.
To block 5-HT1A and 5-HT2C receptors, as well as the serotonin

transporters (SERTs), we pre-treat the cells with WAY100 635[52]

(10 mm), Methysergide (10 mm), Ketanserin[53] (10 mm) and

Fluoxetine (10 mm) in all cell experiments. The cells are then

washed with fresh Thomson’s buffer (TB) and incubated with
200 nm of rhodamine-labeled IAPP oligomers for 30 min. The

cells are washed again with fresh TB and imaged in TB using a
confocal microscope (Zeiss 880, Germany). The average fluores-

cence intensity of the cell region is analyzed after subtraction
of the non-cell background, using ImageJ software,[54] and re-

ports the extent of IAPP binding. The results are depicted in

Figure 4 A and 4B. We see that IAPP binding increases by
32.0:10.6 % (p<0.05) when the cells are incubated with

0.5 mm serotonin. We use a 10 times lower concentration of
serotonin compared to the bilayer experiments, as we do not

want to cause the large changes of membrane stiffness ob-
served in those studies. Cells treated with just the blocking

agents do not exhibit any change in intensity (supplementary

Figure S10 C). We note that serotonin also quenches rhoda-
mine fluorescence. Therefore, the actual increase, which is

measured by the increase of fluorescence at the membrane
and inside the cell, is likely larger than the measured increase.

Supporting Figure S11 describes a separate experiment which
characterizes the quenching of PPC111 lipid membrane-bound

Rh-IAPP by serotonin. The extent of quenching at the concen-

tration level used in these biological experiments is 49 %. So
we estimate that the actual level of increase of IAPP binding

can be 2.6:0.3 times. Collectively these experiments show
that serotonin binding can strongly alter the affinity of cell
membranes to extracellular proteins and peptides.

Serotonin enhances endocytosis

We also probe whether serotonin modulation of the mem-
brane properties affects the process of endocytosis. Endocyto-
sis requires the generation of large membrane curvatures,

which should be facilitated by the decrease of the membrane
stiffness. So the rate of endocytosis may be expected to be en-

hanced by serotonin. We use a constitutive endocytosis pro-
cess, not known to be related to serotonin signaling, as a mea-
sure for the modulation of cellular endocytosis rates. We

follow the rate of endocytosis of the transferrin (Tf) receptor
using a fluorescent transferrin conjugate (Alexa Fluor488-trans-

ferrin). The experiments are similar to those described for IAPP
binding and are also performed in the presence of the seroto-

nin transporter inhibitor (fluoxetine) and receptor antagonists

(Way100635, methysergide, and ketanserin). The integrated
brightness of the cell after 15 min of incubation with Alxa488-

Tf is used as a measure of the rate of endocytosis. The images
are recorded with a confocal microscope using 488 nm Argon

laser excitation. The total intracellular intensity is calculated by
z-projecting the image stacks and subsequently delineating

the cell boundaries manually. We observe that the level of

transferrin internalization goes up by a factor of 26.0 % :7.1 %
(p<0.05) in the presence of serotonin, as shown in Figure 4 C

and D. This indicates that serotonin-membrane interaction can
affect membrane proteins unrelated to serotonin, potentially

providing a membrane-mediated pathway for modulating the
physiological states of cells. However, we note that it is difficult
to establish that alteration of membrane mechanics is the sole

cause behind this observed effect.

Discussion

Serotonin is water-soluble up to >2 m concentration, yet it at-
taches to lipid membranes with a partition coefficient of up to

Figure 4. Effect of serotonin on the interaction of RN46A cells with amylin
(IAPP) and transferrin. (A,B) Confocal images of the binding and internaliza-
tion of Rhodamine (Rh)-labelled IAPP oligomers to RN46A cells in the absen-
ce (A) and in the presence (B) of serotonin. (C,D) Confocal images of transfer-
rin receptor internalization by RN46A cells showing AlexaFluor488-transferrin
distribution in absence (C) and in presence (D) of serotonin. (E) analysis of
the extent of binding of different probes in absence (black) and in presence
(red) of serotonin. Cells are pre-treated with 5-HT1A receptor antagonist,
WAY100635 (10 mm), 5-HT2 receptor antagonists Methysergide (10 mm) and
Ketanserin (10 mm), and SERT inhibitor Fluoxetine (10 mm).
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1500. Vesicular membranes and plasma membranes near sero-
tonin release sites are therefore expected to contain a consid-

erable concentration of serotonin. Here we address whether
this large amount of membrane-incorporated serotonin has

any direct effect on the membrane properties. This question
assumes significance because any change of membrane prop-

erties will likely affect fundamental cellular processes that are
mediated by the membrane, such as endo- and exocytosis,

local membrane organization, and dynamics of membrane pro-

teins.
High membrane partitioning of serotonin has been reported

in DMPC and DOPC vesicles.[16] This also leads to a decrease in
lipid chain order and a restructuring of the domain size in raft

model mixtures.[27, 28] Here we show that high membrane parti-
tioning is also true for multicomponent membranes containing

zwitterionic (DEC221) and negatively charged lipids (PPC111),

and also bilayers containing sphingomyelin and cholesterol
(Figure S1). The molar serotonin-to-lipid ratio in vesicles ex-

posed to 4.1 mm serotonin is 0.7 % for the zwitterionic lipid
vesicles, while it is 11 % for the negatively charged vesicles.

Thus, a substantial quantity of serotonin is present in the
membrane, and depending on their location, they can be ex-

pected to have significant effects on membrane properties.

Two of the major properties of a membrane are its stiffness
and local order. These parameters can influence the membrane

traffic and also the functioning of membrane proteins, espe-
cially those molecules which undergo large conformational

changes during their function. We measure the influence of se-
rotonin on both of these properties. In principle, the effect of

membrane insertion by a small molecule such as serotonin will

depend on the nature of the headgroup, the type of alkyl
chains present in the lipids, and the location of the molecule

in the lipid bilayer. The negatively charged PPC111 membrane
shows a profound lowering of the indentation force, going

from an average of 2.5:0.2 nn to 1.1:0.1 nn (Figure 1 C). The
area of the interface between two domains is equal to the pe-

rimeter. The zwitterionic biphasic DEC221 bilayer also shows a

decrease, but mostly in the stiffness of the ordered domains.
Though Figure S2 shows that serotonin has higher affinity to

the disordered domains, it still binds substantially to the or-
dered domain, and alters its properties. Significantly, serotonin
decreases the area of the ordered domains (Figure 2), and nu-
cleates disordered phases within the ordered ones. The surface
tension at the interface between the two phases reduces by

34.0:2.1 %, clearly indicating that serotonin has a strong
effect on the ordered phase. We note that our measure of the
surface tension is different from the line tension that can be
obtained from the analysis of the indentation force distribu-
tions, which is a measure of the surface tension between the
lipid and the aqueous phases.[55, 56] These cholesterol- and

sphingomyelin-rich ordered domains are representative of raft-

like structures on the cell membrane, which are important for
cellular signaling processes.[36, 38, 57, 58] Serotonin-induced reduc-

tion of the fractional area of the ordered domain can, there-
fore, have significant consequences for cell signaling.

Molecules, such as cholesterol or anesthetics,[2, 32, 59] can
change membrane properties, depending on the location of

the molecule in the lipid bilayer. Molecular dynamic simula-
tions suggest that serotonin primarily localizes in the upper
half of each leaflet of the membrane.[16, 28] Our solid-state NMR
spectroscopy results show that serotonin can be distributed

throughout the membrane, but its average location is close to
the glycerol group of the phospholipids. The order parameter

measurement reveals that the disorder of the lipid chains
indeed increases considerably (Figure 3), and the lipid chain ef-

fectively shortens by about 0.5 a. These results are clearly in

agreement with the increase of disorder observed in our AFM
force measurements. Changes in membrane stiffness, local

membrane heterogeneity and effective chain lengths of the
lipids may transduce the presence of serotonin and modulate

membrane traffic and protein binding, and also allosterically
regulate membrane protein behavior. However, it is not
straightforward to exclusively measure the membrane-mediat-

ed effects of serotonin. Most neurons, and indeed, most cell
types in the human body have serotonin receptors,[60] so the

effects will be dominated by serotonin receptor-driven signal-
ing. We determine the types of serotonin receptors present in

the RN46A serotonergic neuronal cell line used for our study
and carry out all our cellular measurements under adequate

concentrations of antagonists for these serotonergic receptors

(as well as the serotonin transporters). An increase in mem-
brane disorder can be expected to facilitate the insertion of

molecules with high membrane affinity. We observe that bind-
ing and uptake of IAPP oligomers (associated with type II dia-

betes) by the cells are indeed enhanced in the presence of
0.5 mm of serotonin (Figure 4 A and B). It is interesting to note

that serotonin is co-secreted by the pancreatic beta cells to-

gether with IAPP,[49, 61–63] so the effect of serotonin on the
degree of membrane attachment of IAPP could be physiologi-

cally significant. A reduction in stiffness should also promote
exo- and endocytosis, by allowing the formation of larger cur-

vatures in the membrane. We investigate the effect of seroto-
nin binding on the rate of endocytosis by measuring the inter-

nalization of transferrin receptors. The transferrin receptors

have no known interactions with serotonin, yet we observe a
considerable increase in their endocytosis in the presence of

serotonin (Figure 4 C,D). Thus two important membrane-medi-
ated processes, that is, protein binding and the rate of endocy-
tosis, are both strongly modulated by serotonin. This indicates
that critical cellular processes may respond to serotonin via

membrane-mediated effects, independent of the more tradi-
tional receptor-mediated signaling pathways.

It may be asked whether the concentrations of serotonin
used in our experiments (4.1 mm for the studies on artificial bi-
layers, 0.5 mm for cell experiments) are physiologically relevant.

The serotonergic vesicles are known to contain >250 mm of
serotonin,[64, 65] much more than the concentrations used here.

So the vesicular membrane will be saturated with serotonin,

and during exocytosis, these will provide serotonin-rich mem-
brane patches for mediating activity on the plasma membrane.

However, a substantial amount of serotonin is also directly
available to the plasma membrane, at least transiently, near

the site of vesicular release. Model calculations suggest that
the release of a single small monoaminergic synaptic vesicle
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can elevate the extracellular concentration of monoamines to
several mm for &ms time scales.[66] However, cell soma can per-

form a sustained release of hundreds of vesicles of much
larger size (with diameters >100 nm compared to the &40 nm

typical synaptic vesicles).[64, 65, 67] Given that serotonin strongly
partitions into the membrane, such sustained release may

have a cumulative effect on the membrane serotonin availabili-
ty. Therefore, a &mm serotonin concentration may not be un-
usually high for the plasma membrane near the release sites.

So the biophysical and cellular effects observed here may also
be expected to occur in vivo.

Conclusion

Overall, our experiments show that serotonin, at concentration
levels relevant in vivo, can interact with the cell membrane, in-

crease membrane disorder, and profoundly change the mem-
brane modulated properties of cells. The membrane provides a

ubiquitously present effector for serotonin, through which it
can directly influence cellular physiology, in keeping with other

receptor-independent roles of serotonin such as serotonylation

of target proteins.[63, 68] This membrane-mediated pathway may
be secondary to the conventional receptor-mediated path-

ways, but it will be rather important in situations, for example,
where those receptors are inhibited by pharmaceutical agents.

Its influence on membrane processes can also become an im-
portant consideration when the extracellular serotonin is main-

tained at an elevated level by serotonin transporter blockers.

Therefore, a comprehensive understanding of serotonin biol-
ogy and pharmacology needs to take this novel membrane-

mediated pathway into account.

Experimental Section

Materials and Methods

Materials : The lipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-rac-(1’-
glycerol) (POPG), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
N-hexadecanoyl-d-erythro-sphingosylphosphorylcholine (egg SM)
as well as the in the sn-1 chain per-deuterated versions POPC-d31

and POPG-d31 were purchased as powder from Avanti Polar Lipids
(Alabaster, AL), cholesterol and ortho-phthalaldehyde (OPA),
Way100 635 maleate, Methysergide maleate and Ketanserin tartrate
were purchased from Sigma (St. Louis, MO). Serotonin-hydrochlo-
ride was purchased from Merck (Darmstadt, Germany). Chloroform
and methanol AR graded were purchased from S. D. Fine-Chemi-
cals Ltd. (India), and Milli-Q water (Millipore, Merck), deionized to a
resistivity of 18.2 MW·cm@1, were used for all experiments. Lipid ex-
truding kit and Nucleopore Track-etched polycarbonate membrane
of 50 nm pore diameter were bought from Avanti Polar Lipids
(Alabaster, AL). Biotech CE Tubing: 100 kDa MWCO dialysis mem-
brane was purchased from Spectrum Laboratories, Inc. (MA, USA).
Fluoxetine hydrochloride was purchased from Tocris Bioscience
(Minneapolis, MN). Alexa Fluor488-transferrin was purchased from
Molecular Probes (Eugene, OR).

Preparation of planar supported lipid bilayers : Planar supported
lipid bilayers were prepared by the vesicle fusion method.[69] To
prepare POPC/POPG/cholesterol in 1/1/1 molar ratio (PPC111), the

required amount of lipids was dissolved in chloroform. For DOPC/
egg SM/cholesterol in 2/2/1 molar ratio (DEC221), the required
amount of lipids was dissolved in 1:1 (by volume) methanol:
chloroform. The solvent was evaporated under a flux of extra pure
Argon and then subjected to a vacuum for 24 hours for complete
removal of organic solvents. The lipid films were rehydrated in
water to a final concentration of 2.5 mg mL@1. The lipid suspension
was then vortexed vigorously and extruded using 50 nm pore di-
ameter polycarbonate membrane at 60 8C. After extrusion, 40 mL of
100 mm CaCl2 C 2H2O, 50 mL of extruded lipid solution and 210 mL
of Milli-Q water were deposited sequentially on freshly cleaved
mica previously glued on to a glass coverslip affixed to a liquid in-
cubated for 1 h at 60 8C in a water bath and slowly cooled down
to room temperature. The samples were rinsed extensively with
deionized water to remove non-fused vesicles. The presence of bi-
layers was confirmed using AFM. AFM contact mode imaging
shows that the ternary mixture containing DOPC, egg SM, and cho-
lesterol (2:2:1) forms a continuous biphasic bilayer with &1 nm
height difference between the two phases. The PPC111 bilayer has
no phase separation and no image contrast. However, force inden-
tation by AFM confirms the presence of the bilayer in the sample.

AFM imaging and force indentation : All AFM measurements were
carried out using the NanoWizard II system (JPK Instruments,
Berlin, Germany) which is mounted on an Axiovert Inverted Micro-
scope (Zeiss, Germany). AFM topographic images were obtained in
contact mode, using silicon nitride cantilevers (Bruker, Camarillo,
CA) with a nominal spring constant of 0.01 N m@1 and a tip radius
of 20 nm. The force during imaging was kept as low as possible,
and the scan rate was kept at 1 Hz. Height, vertical and lateral de-
flection error signals were simultaneously recorded for both trace
and retrace. All the AFM images were analyzed using JPK image
processing software, and the images were plane fitted with a 1st

order polynomial.

Force measurement was performed after the calibration of sensitiv-
ity, resonance frequencies (both in air and in water), and the spring
constant, using the thermal noise method.[70] The cantilever used
for all force experiments has a resonance frequency of 10–20 kHz
and a spring constant of 0.03 N m@1. Sensitivity and spring constant
measurements were performed after each experiment. The sensi-
tivity values before and after the experiments remained the same
within errors. All the AFM experiments were performed on mica
glued to coverslip glass in a liquid cell. The bilayer was hydrated
until the end of the experiment. The force indentation experiments
on phase-separated DEC221 bilayers were preceded by imaging of
the bilayer, which located the Lo and Ld domains. The indentation
forces were measured then by selecting a small area inside both
the Lo and Ld domains. For the PPC111 bilayer, the total Z piezo dis-
placement was 1.0 mm. The piezo velocity both for approach and
retraction was kept at 0.5 mm s@1. For the DEC221 bilayer, the total
Z piezo displacement was kept at 5.85 mm. The piezo velocity both
for approach and retraction was kept at 2.0 mm s@1. In the non-con-
tact region, the AFM tip first approaches the top surface of the bi-
layer during which the force remains constant. As it hit the bilayer
surface at the contact point, the force increases. At some point,
the tip started indenting the bilayer, which was followed by a
sudden breakthrough, which appeared as a ‘kink’ in the smooth
approaching force-distance curve (shown in Figure 1 A). This force
is known as the indentation force. It was followed by the tip reach-
ing the solid mica support. All the experiments were carried out at
different positions on both DEC221 and PPC111 bilayer under simi-
lar conditions. The images and batches of indentation force curves
were analyzed using JPK Data Processing software. Forces of in-
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dentation were extracted from each approach curve to build the
histogram.

Solid-state NMR spectroscopy : Lipids and serotonin, dissolved in
organic solvents, were mixed and evaporated at 40 8C in a rotary
evaporator. The molar ratios of all components were POPC/POPG/
cholesterol/serotonin 1/1/1/0; 3/3/3/1 or 1/1/1/1 for 2H NMR, and
POPC/serotonin 3/1 for 1H NOESY NMR measurements. After evap-
oration of the solvent, samples were re-dissolved in cyclohexane
and converted into a fluffy powder by lyophilization overnight at
high vacuum. The samples were hydrated with 50 %wt K2PO4

buffer (20 mm K2PO4, 100 mm NaCl, 0.1 mm EGTA pH 7.4) in Milli-Q
water (2H NMR) or D2O (1H NOESY NMR). After hydration, samples
were freeze-thawed 10 times with gentle centrifugation for equili-
bration and finally transferred to 5 mm glass vials (2H NMR) and
4 mm NMR rotors (1H NOESY NMR).
2H NMR measurements were acquired on a Bruker 750 NMR
Avance I spectrometer (Bruker Biospin GmbH, Rheinstetten, Germa-
ny) at a resonance frequency of 115.1 MHz for 2H. The two p/2
pulses were 2.35–2.5 ms, the relaxations delay 1 s, and the delay
between the pulses 30 ms. A single-channel solids probe equipped
with a 5 mm solenoid coil was used. The Pake doublets in the
2H NMR spectra were assigned assuming a continuous order de-
crease from the glycerol towards the acyl chain ends. Order param-
eter profiles were calculated after de-Pakeing the spectra accord-
ing to Huster et. al.[39] and projected chain length was calculated
according to the mean torque model.[42]

For the 1H MAS NMR measurements, a Bruker Avance III 600 MHz
NMR spectrometer equipped with a 4 mm high resolution MAS
probe was used. The p/2 pulse length was 4 ms and 6 kHz was
used as MAS frequency. 2H lock was used for field stability. The
chemical shift of the methyl group was calibrated relative to TMS
at 0.885 ppm for the 1H NMR spectra calibration. 1H MAS NOESY
NMR spectra using five mixing times of 0.1, 100, 200, 300, and
500 ms were acquired. The Bruker Topspin software 4 was used for
assigning and integrating the volumes of the diagonal and cross
peaks. Nonlinear regression curve fitter in Origin 2015 (OriginLab
Cooperation, Northampton, MA, U.S.A.) was used to fit the experi-
mental cross peaks at the different mixing times. From the fit the
cross-relaxation times could be calculated, according to the spin-
pair model.[43]

Cell culture : RN46A cells (a rat serotonergic neuronal cell line)
were cultured in Dulbecco’s modified Eagle’s media-F12 (1:1)
(Gibco, USA) media supplemented with 10 % heat-inactivated fetal
bovine serum (Gibco, USA), 50 units mL@1 Penicillin and 50 mg mL@1

Streptomycin (HiMedia, India) in T-25 canted neck flasks. Cultures
were maintained in a humidified atmosphere at 37 8C with 5 %
CO2. Media were changed every 48 hours. For confocal imaging ex-
periments, the cells were plated on poly-l-lysine (Sigma, St. Louis,
MO, 0.1 mg mL@1) coated coverslips and used the following day.
Cells were imaged in Thomson’s buffer (TB, consisting of 20 mm
sodium HEPES, 146 mm NaCl, 5.4 mm KCl, 1.8 mm CaCl2, 0.8 mm
MgSO4, 0.4 mm KH2PO4, 0.3 mm Na2HPO4, and 5 mm d-glucose; pH
adjusted to 7.4).

Quantitative real-time polymerase chain reaction (qPCR) analy-
sis : RNA was extracted from RN46A cells using the commercially
available Trizol reagent (Invitrogen, USA). 2 mg of RNA was reverse
transcribed to complementary DNA (cDNA), using a cDNA synthe-
sis kit (PrimeScript 1st strand cDNA Synthesis Kit, Takara Bio), ac-
cording to the manufacturer’s instructions. cDNA was then diluted
and subjected to quantitative real-time PCR, using gene-specific
primers and KAPA SYBR (KAPA Biosystems), on a Bio-Rad CFX96
real-time PCR machine. 18S ribosomal RNA was used as a house-
keeping gene to normalize gene expression levels, and relative ex-

pression levels were calculated by the DDCt method, as described
previously.[71]

Confocal microscopy : Confocal fluorescence microscopy on both
bilayers and RN46A cells was performed on LSM 880 (Zeiss, Germa-
ny). For confocal imaging of bilayers and RN46A, 488 nm and
543 nm, 633 nm excitation light were taken from Ar + + and He-
Ne laser, respectively, which were reflected by a dichroic mirror
(MBS 488/543/633) and focused through a Zeiss C-Apochromat
40x, NA 1.2, water immersion objective onto the sample. The fluo-
rescence emission was collected by the same objective and sent to
a GaAsP detector.
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