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We study how zwitterionic and anionic biomembrane models interact with neurotransmitters (NTs) and anes-
thetics (ATs) in the presence of Ca®>™ and different pH conditions. As NTs we used acetylcholine (ACh), y-
aminobutyric acid (GABA), and L-glutamic acid (LGlu). As ATs, tetracaine (TC), and pentobarbital (PB) were
employed. By using differential scanning calorimetry (DSC), we analyzed the changes such molecules produce
in the thermal properties of the membranes. We found that calcium and pH play important roles in the interac-
tions of NTs and ATs with the anionic lipid membranes. Changes in pH promote deprotonation of the phosphate

g;}égzgisympses groups in anionic phospholipids inducing electrostatic interactions between them and NTs; but if Ca>* ions are in
Anesthesia the system, these act as bridges. Such interactions impact the physical properties of the membranes in a similar
Calorimetry manner that anesthetics do. Beyond the usual biochemical approach, we claim that these effects should be taken
Lipid membrane into account to understand the excitatory-inhibitory orchestrated balance in the nervous system.

Calcium © 2016 Elsevier B.V. All rights reserved.
Protons

1. Introduction Synaptic transmission takes place when an electric pulse (action po-

Interneuronal communication through synapses shares nearly the
same molecular mechanism involved in the anesthesia phenomenon:
chemical or electrical stimuli produce conformational changes in pro-
teins to enhance or decrease the transmission of a given signal [1-3].

Such electrophysiological events, that ultimately yield nervous
transmission [4,5], are induced by molecules known as neurotransmit-
ters and can be modified by the anesthetic action. Neurotransmitters
and anesthetics are molecularly diverse. Small molecules (acetylcholine,
adenosine, anandamide), monoamines (dopamine, norepinephrine,
epinephrine, serotonin and melatonin), amino acids (glutamate, aspar-
tate, serine, y-aminobutyric acid), and short peptides are important
neurotransmitters [6,7]; whereas alkanes, alcohols, ethers, esters, am-
ides, phenols, benzodiacepines, barbiturates, and even inert gases are
anesthetics [8].

Abbreviations: Cp, specific heat capacity at constant pressure; DPPC, 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine; DPPA, 1,2-dipalmitoyl-sn-glycero-3-phosphate (sodium
salt); DPPG, 1,2-dihexadecanoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (sodium salt);
DMPS, 1,2-ditetradecanoyl-sn-glycero-3-phospho-L-serine (sodium salt); SM, N-
octadecanoyl-p-erythro-sphingosylphosphorylcholine; ACh, acetylcholine; GABA, y-
aminobutyric acid; LGlu, L-glutamic acid; TC, tetracaine; PB, pentobarbital; SUV, sonicated
unilamellar vesicles; T,,, phase transition temperature.
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tential) is transmitted by neurotransmitters from presynaptic to postsyn-
aptic terminals. Though this mechanism has been vastly investigated,
essential questions like the role of calcium and pH at synapses remain
puzzling [9-15].

In the synaptic process, calcium acts as a triggering agent: in exocy-
tosis fusion and the subsequent NTs release; as a second messenger to
start signalling cascades; or as a metabolite to be sensed by proteins
[16-19]. Although this divalent atom plays an important role to release
and uptake neurotransmitters mediated by SNAREs (soluble NSF (N-
ethylmaleimide) attachment protein receptor) and synaptotagmins,
the orchestrated docking, zippering, triggering, fusion, recycling inter-
neuron mechanism is not well understood. [12-14,19]. Similarly, al-
though protons have been proposed as neurotransmitters [15], their
levels and fluctuations at synapses give rise to electrostatic effects on
the membrane no completely known.

Anesthesia, on the other hand, is the process whereby the communi-
cation between neurons is disturbed. Two mechanisms have been pro-
posed to explain it: the first one is unspecific (the action is on lipids), the
second one specific and the targets are proteins [1,20-23]. Despite the
overwhelming endorsement of the second option, some reports support
the idea that entropic changes in lipid rafts, where proteins seem to an-
chor, may drive anesthetic action [24]. Therefore, the crucial role of
lipids in neural structure and function demands that we maintain
them as viable subjects of further research [25].

Heimburg et al. developed a thermodynamic theory about general
and local anesthesia, where they proposed a daring model about the
nervous impulse. They consider that this has its origin in the changes
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of the elastic and thermodynamic properties of the membrane [23,
26-28]. Moreover, Cantor suggests that changes in the lateral pressure
of the membrane produced by anesthetics trigger receptor desensitiza-
tion [29]. He also discusses how neurotransmitters, seen as endogenous
anesthetics in living organisms, diffuse into the postsynaptic membrane
affecting their physical properties by promoting a conformational dis-
equilibrium of receptors, i.e. desensitization [30]. This hypothesis has
been tested more recently by Jerabek et al. by using X-ray diffraction
and molecular dynamic simulations [31].

The idea that the plasma membrane is relevant in neural transmis-
sion is very plausible for the following reason: it has domains with neg-
ative charges due to the prevalence of anionic phospholipids [32-34]
that regulate diverse physiological processes through electrostatic in-
teractions [33,35-40], in which the phosphatidic acid plays an impor-
tant role in the signalling events [41].

Pure lipid membranes are well established biological models to
study mechanical, thermodynamic and electrostatic properties associat-
ed with real biological membranes [42-44]. For instance, the phase
transition temperature (T,,,), at which the ordered phase(Ls) changes
to the fluid phase (L), is a property vastly studied in membrane
models to depict functional processes of the cell [45]. Beyond the ac-
cepted model where NTs are seen as specific ligands, unspecific NTs-
bilayer binding mechanisms are currently emerging. By using atomistic
molecular dynamics simulations, Orlowski et al. observed strong bind-
ing of dopamine and L-dopa with bilayers containing anionic lipids
(phosphatidylserine), sphingomieline, and cholesterol. They conclude
that these interactions depend on the H-bonds and charge pairs with
the polar groups of the lipids [6]. They also estimated the surface pres-
sure changes of the DOPC-DOPE-DOPS monolayers. In addition,
using calorimetry tools, Piorecka et al. reported the first experimen-
tal evidences about the preponderant role of negative charge in the
interaction of dopamine with an anionic biomembrane model
(DMPC/DMPG) [46], concluding that hydrophobic forces are weaker
than electrostatic ones. Furthermore, Drolle et al. carried out small-
angle neutron scattering and diffraction experiments, together
with molecular dynamics simulations, to demonstrate that melato-
nin (another neurotransmitter) fluidizes DPPC and DOPC bilayers,
decreasing their thickness with an increment of the head group
area [47]. Choi et al. confirmed the disorder of the lipid membranes
caused by melatonin using a Langmuir-Blodgett film technique.
They showed that the hydrophobic interactions are the main way
melatonin interacts with cholesterol and phospholipids without a
specific target [48]. Recently, essential clues about the interplay
between NTs and a lipid membrane were reported (again using mo-
lecular dynamics simulations), demonstrating that NTs do not perme-
ate into membranes but show only reversible adhesion [49]. The
authors claim that if the receptor is buried in the lipid bilayer, the inter-
action is membrane-dependent where anionic lipids and ions are cru-
cial. Interestingly, acetylcholine follows such proposed mechanism.

In a similar fashion, the effect produced by monovalent and diva-
lents cations in lipid membranes have been investigated experimen-
tally. Divalent cations (e.g., Ca®*, Mg?™) can interact strongly with
both zwitterionic and anionic lipids [50,51], but the interactions
with anionic lipids (e.g., DMPS, DPPA) is rather remarkable [50],
resulting in cochleation events governed by dehydration and chela-
tion of head-group lipids [50,52]. In contrast, although monovalent
cations (i.e.,, Na™) penetrate deeply into a membrane and bind spe-
cifically to carbonyl oxygens of phospholipids, they slightly affect
the physical properties of DOPC, even at high concentrations [53].

In this context, we aim to combine all these efforts in a broader pic-
ture to understand how neurotransmitters and anesthetics interact
with lipid (zwitterionic and anionic) bilayers in the presence of calcium
and different pH conditions. Our results teach us that neurotransmitters
and anesthetics can produce similar effects in lipid bilayers: depression
of the transition temperature T,,,. Moreover, we find that Ca’* and H
are preponderant players in these interactions.

2. Methods
2.1. Reagents

1,2-dipalmitoyl-sn-glycero-3-phosphocholine, 1,2-dipalmitoyl-sn-
glycero-3-phosphate (sodium salt), 1,2-dihexadecanoyl-sn-glycero-3-
phospho-(1’-rac-glycerol) (sodium salt), 1,2-ditetradecanoyl-sn-
glycero-3-phospho-L-serine (sodium salt) and N-octadecanoyl-p-
erythro-sphingosylphosphorylcholine (brain porcine) were purchased
from Avanti Polar Lipids, Birmingham, AL. Calcium chloride, 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid, 2-amino-2-methyl-
1,3-propanediol, citric acid, trisodium citrate dihydrate, acetylcholine
chloride, y-aminobutyric acid, L-glutamic acid (monosodium salt
monohydrate) and tetracaine hydrochloride were purchased from
Sigma-Aldrich. Pentobarbital (sodium salt) was purchased from
Cheminova. All chemistry reagents were used without further
purification.

2.2. Liposomes and sample preparations

Multilamellar vesicles (MLV) were generated using a thin film of a
suspension made of DPPC:SM, DPPC:DPPA, DPPC:DPPG or DPPC:DMPS.
To prepare the DPPC:SM vesicles, DPPC and SM were dissolved in chlo-
roform. For the three others, each lipid was dissolved in a mixture of
methanol and chloroform 1:1 (v/v). The organic solutions were softly
vortexed to homogenize them, and the solvents were evaporated by ro-
tatory evaporation. Then, the lipid films were kept in a vacuum chamber
for 3 h to eliminate solvent traces. The films were hydrated with the fol-
lowing solutions: pH 5.0, citric acid-sodium citrate buffer 10 mM,;
pH 7.4, HEPES (4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid)
10 mM; pH 9.0, AMPD (2-amino-2-methyl-1.3-propanediol) 10 mM;
uncontrolled pH (4-6), Milli-Q-water, 18.2 M V cm at 60 "C. For all the
suspensions we apply stirring at 1000 rpm for 60 min. For experiments
with calcium, the films were hydrated with a CaCl ; solution (10 mM, or
2 mM, previously dissolved in the buffer solution or water) at 7 °C,
1000 rpm for 60 min.

To prepare small unilamellar vesicles (SUV), 0.820 ml of the MLV sus-
pension were sonicated for 30 min at 50 °C in a water-bath ultrasonicator
(60 W). Thereafter, a solution with neurotransmitters or anesthetics was
added to the SUV dispersion at 25 °C, homogenized by vortexing for 1 min
and degassed in a Degassin Station Model 6326 (TA Instruments) for
10 min at 600 mm Hg at 25°C while stirring at 400 rpm. The final concen-
trations used in each experiment were 5 mM of lipid mixture (at 1:1 M
ratio), and 25 mM for neurotransmitters and anesthetics.

2.3. Calorimetric analysis

Calorimetric measurements were done in a microcalorimeter
NanoDSC (TA Instruments). Heat capacity profiles were recorded at a
constant pressure (3 atm) and constant scan rate of 1 °C/min (the high-
sensitivity power-compensation of the instrument allows us to use fast
scan rates) [54,55]. After loading the samples into the DSC cell and before
the scans started, these were equilibrated for 5 min. Each sample was
scanned in a heating mode three times and, due to the high reproducibil-
ity, the measurements were repeated only two times. To acquire the data,
the calorimeter was interfaced into a PC. Data were analyzed using the
software provided with the equipment.

3. Results and discussion

3.1. Ca®*, pH, and neurotransmitters change the thermal properties of an-
ionic membranes

While Ca?™ and localized proton fluctuations in the synaptic clefts
are relevant to the orchestrated process of neural transmissions, there
are still many unanswered questions regarding the specific role they
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play [15]. For instance, little has been explored about the thermody-
namic changes in synaptic terminals due to the influence of such ions.
To assess these aspects we measure calorimetric profiles of lipid mem-
branes in the presence of three neurotransmitters, ACh, GABA, and
LGlu with different ion conditions.

Moreover, to mimic the electrostatic aspects of real membranes, sev-
eral lipids are used: zwitterionics (DPPC and SM) and anionics (DPPA,
DPPG, DMPS). We explored four different combinations: DPPC:SM,
DPPC:DPPA, DPPC:DPPG and DPPC:DMPS; all of them at 1:1 M ratios.
As previously mentioned, the concentration employed for the neuro-
transmitters was 25 mM. We would like to comment that despite this
concentration could be considered quite high, the fact is it is not. Con-
centrations inside carrying vesicles are around 250 mM [30], warranting
transients of high concentrations liberated in the synaptic clefts [56].

Fig. 1 shows the calorimetric profiles of DPPC:SM and DPPC:DPPA
vesicles interacting with ACh and LGlu (excitatory neurotransmitters)
and GABA (an inhibitory neurotransmitter). In the first case, we evalu-
ated the effects of Ca®> " (10 mM) at pH 7.4. In the second case, for the
anionic vesicles, we measured such effects at fluctuating pH conditions
that mimic the real situation in synaptic processes [15].

Firstly, the zwitterionic membranes do not show any relevant inter-
action with the three neurotransmitters. Indeed, all the transition tem-
peratures are the same as the T,, of the control, which is 38.3 °C. The
transition enthalpies (AH) are around 40 kJ/mol (see Supplementary
Fig. S1). These values were obtained regardless if calcium is present or
not. We must remark that infrared spectroscopy has revealed the exis-
tence of calcium binding with a zwitterionic phospholipid, involving
the carbonyl and phosphodiester groups [51]; however, for low molec-
ular cooperativities (obtained when two or more lipids are used to form
the bilayer), such binding is non-existent or rather small [57].

Secondly, in the case of the DPPC:DPPA vesicles at buffer conditions
(pH 7.4), ACh and LGlu substantially change the calorimetric profiles. As
a matter of fact, while the T;;, and AH of the pure membranes are 58.1 +
0.6'Cand AH 30.4 4 2.2 kJ/mol (see Supplementary Fig. S1), respective-
ly, upon the addition of the neurotransmitters they change: ACh reduces
T and AH to 54.94-0.5" and 29.4 4 1.2 kJ/mol, respectively, and LGlu
does it to 54.54+0.6°C and 23.7 £ 2.4 k]/mol. Note that GABA does not
alter Ty, at all, although AH is reduced to 23.1 + 1.1 kJ/mol. Calcium pro-
motes a substantial influence in the lipid cooperativity, remarkably re-
ducing T, and thus the cohesion of the vesicles. Furthermore, three
peaks show up in the heat capacity profile of the membrane, suggesting
the coexistence of three domains produced by the separation and aggre-
gation of vesicles induced by calcium as reported decades ago [50]:
i) membranes plenty of DPPC (whose transition is around 43 °C); ii) a

mixture of DPPC:DPPA near to 46 °C; and iii) membranes where DPPA
is dominant, around 52 °C. In each case, the total AH is 20 kJ/mol.
Note that GABA and LGlu debilitate such domains.

If the electrostatic effect produced by calcium is already patent in the
thermometric signatures of the studied vesicles (central panels of
Fig. 1), the screening of the polar lipid heads is even more notorious
when pH is not buffered. Indeed, the calorimetric profiles of the anionic
DPPC:DPPA membranes with all three neurotransmitters are different
(upper right panel of Fig. 1). If Ca?™ is now added to the medium, the
fusion of membranes is arrested and the effect of neurotransmitters is
even more stronger depending on which one is employed; LGlu and
GABA being the more influencing molecules in the loss of cooperative
strength (see lower right panel of Fig. 1).

Overall, calcium and unbuffered pH influence the cooperativity of
vesicles and the formation of lipid domains, suggesting the relevant
role of electrostatics in modifying the surface pressure, thickness and
curvature of the membrane [58]. Our results suggest that neurotrans-
mitters interact with anionic lipid membranes through an electrostatic
mechanism [59,60] mediated by Ca?* and H*. ACh, in the absence of
calcium lessens the cohesion of the membrane, but this effect is re-
versed when calcium and protons are in the medium (due to a compet-
itive mechanism between Ca?* and ACh, which has a positive charge on
the trimethylammonium cation, or due to an electrostatic repulsion be-
tween the DPPA-Ca complex and ACh). On the contrary, GABA lessens
the cohesion with calcium, likely by interactions of ions and counterions
similarly to a model of electrical double layer, [61] where Ca®* acts as a
zippering between the negative surface of the membrane and the car-
boxylate group of GABA (which is a zwitterionic molecule). This behav-
ior may be related with the excitatory effect of ACh and the inhibitory
effect of GABA in the neural system [7]. LGlu interacts with lipid mem-
branes stronger than GABA because LGlu has two carboxylate groups.

To evaluate the influence of calcium and protons at physiologically
relevant concentrations, and taking into account the chemical nature
of the charges composing the membrane, we measured calorimetric
profiles of DPPC:DPPA, DPPC:DPPG, DPPC:DMPS with ACh, GABA, and
LGlu. Despite these lipids are amphiphilic, the hydrophilic heads have
different compositions: DPPC has a choline group bonded to a phos-
phate; DPPA has a phosphatidic acid, DPPG bonds to second glycerol
group, and DMPS has a serine group bonded to phosphate.

Fig. 2 compares the DSC analysis of such anionic membranes. The
curves of DPPC:DPPA, with 2 mM of calcium at a pH of 7.4, indicate
the tendency towards the formation of domains, similarly to the results
obtained at a higher concentration (10 mM of calcium). However, at
2 mM the effect of ACh, GABA, and LGlu are less noticeable (see
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Fig. 1. Calorimetric profiles of zwitterionic SUVs of DPPC:SM (1:1 M ratio) and anionic SUVs of DPPC:DPPA (1:1 M ratio), and their interactions with three neurotransmitters, ACh (25 mM),
GABA (25 mM) and LGlu (25 mM), in the absence and presence of Ca?>* (10 mM). DPPC:DPPA experiments were developed at pH 7.4 (10 mM HEPES) and under H fluctuations (H,0
milliQ). SUVs without neurotransmitters were used as controls (dashed line marks main transition of controls).
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Fig. 2. Calorimetric profiles of anionic SUVs at 1:1 M ratio of DPPC:DPPA, DPPC:DPPG, and DPPC:DMPS. Interacting with ACh (25 mM), GABA (25 mM) and LGlu (25 mM), under the
influence of 2 mM Ca®*. All experiments were developed at pH 7.4 (10 mM HEPES) and under H* fluctuations (H,0 milliQ). SUVs without neurotransmitters were used as controls

(dashed line marks main transition of controls).

Supplementary Fig. S2). At these conditions, the control has three peaks
in the heat capacity. While the calorimetric profile of the vesicles with
GABA is similar to the profile of the control (with three peaks and
22.54 0.8 kJ/mol for AH), membranes with ACh only display two tran-
sitions (at 54.640.8"C and 61.240.2 °C). Membranes with LGlu dis-
plays also two peaks, but these are shifted to lower temperatures and
the total enthalpy is lower. In contrast, when pH fluctuates, the T,, for
DPPC:DPPA/Ca/neurotransmitter shifts to higher temperatures. Vesicles
with GABA or LGlu exhibit also two transitions.

DPPC:DPPG vesicles with neurotransmitters display higher
cooperativity in both conditions, pH 7.4 and unbuffered pH, but the T;,
in the first case has a lower value than the second one. The calorimetric
profiles obtained for the third anionic system (DPPC:DMPS) show again
two transitions, due to the presence of domains. However, the transition
temperatures are all similar.

The classical mechanism of transmission at chemical synapses states
that NTs reach their respective binding sites by a random diffusion in
the bulk water without adhering to the lipid membrane. But in this en-
vironment all components are subject to non-specific interactions. In-
deed, Wang et al. analyzed the affinity of neurotransmitters with a
pure lipid membrane model [62]. They found, by dialysis in equilibrium,
that neurotransmitters interact weakly with anionic membranes. They

suggest that coulombic forces and specific polar interactions govern
neurotransmitter binding. Also, Peters et al. performed molecular dy-
namic simulations to study the effect of serotonin with a lipid mem-
brane [63]. In addition, atomistic molecular dynamic simulations have
recently revealed that NTs aggregate on the membrane before diffusing
to reach buried binding sites [49]. Such process is influenced by anionic
lipids, which promote the partitioning of NTs. All in all, our results seem
to be in agreement with the idea that anionic membranes play an im-
portant role during the interaction with neurotransmitters, highlighting
the phosphatidic acid as the electrostatic sensor. In this interplay, calci-
um and protons moderate such interactions.

3.2. Ca®* and pH modify the effects that tetracaine and pentobarbital pro-
duce on lipid membranes

Fig. 3 shows calorimetric scans of DPPC:SM and DPPC:DPPA mem-
branes under the action of tetracaine and pentobarbital with and with-
out calcium. In the DPPC:SM case, we measured the heat capacity at a
pH of 7.4; in the DPPC:DPPA case, the value of pH was not controlled.
Clearly, calcium and protons influence much more the thermal behavior
of the anionic membranes in the presence of anesthetics (see also Sup-
plementary Fig. S3). We have mentioned before that neurotransmitters
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Fig. 3. DSC profiles of DPPC:SM and DPPC:DPPA SUVs (1:1 M ratio), and the effects produced by two anesthetics: TC (25 mM) and PB (25 mM), in the absence and presence of Ca®*
(10 mM). DPPC:DPPA experiments were developed at pH 7.4 (10 mM HEPES) and under H™ fluctuations (H,0 milliQ). SUVs without anesthetics were used as controls (dashed lines

show main transitions).
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have been catalogued as endogenous anesthetics in living systems [30],
and it is a well known fact that anesthetics depress transition phases of
lipid membranes [64-69]. Therefore, our results imply the existence of
such similarity: depending on the calcium and proton conditions, neu-
rotransmitters produce in lipid membranes the same effect anesthetics
do.

Similarly to what we did with neurotransmitters (see Fig. 2), we ob-
tained now calorimetric profiles of three anionic membranes
(DPPC:DPPA, DPPC:DPPG, and DPPC:DMPS) interacting with TC and
PB under the influence of calcium (2 mM) and unbuffered pH (see
Figs. 4 and S4). In a first glance, we observe a clear feature: TC and PB
depress T,, irrespectively of the type of vesicle. However, in the
DPPC:DPPG case, TC produces a larger shift of the main transition in
both environments, at pH 7.4, and uncontrolled pH. This may be ex-
plained easily: being TC a weak base, it interacts with the anionic surface
of the membrane and thereafter with the aliphatic tails, resulting in a
major lowering of T, than those produced by hydrophobic molecules
like PB, which only participates in hydrophobic interactions.

Our previous results demonstrate that calcium and protons mediate
the interactions of anionic lipid bilayers with NTs and ATs. All ampho-
teric molecules have one or several values of pK , and the proximity of
the pH to them determines their equilibrium conditions (where
deprotonated and protonated species exist equally). This equilibrium
plays a crucial role in the succession of events leading to the interactions
we are studying here. To support our findings, where unbuffered condi-
tions change the interaction dynamics of NTs and ATs whether calcium
is present or not, we now control the pH below and above 7.4. According
to Fig. 5, buffered conditions do affect the calorimetric profiles, indicat-
ing that an excess (reduction) of protons blockade (enhance) the effect
of calcium. Indeed, in the first case (pH = 5) the membrane remains al-
most unaltered and the presence of ACh does not change the state. Only
the hydrophobic species of TC are able to interact with the bilayer,
shifting T,,, about 30 °C (see the corresponding panel in Fig. 5). In the
case of pH = 9, calcium broadens and flattens the profile indicating
the loss of cooperativity. ACh and TC are able to modify this situation:
i) ACh recovers the cooperativty due to the fact there is a competitive in-
teraction between the positive charges of calcium and ACh; and ii) TC
also recovers the lost of cooperativity because at this pH it is fully hydro-
phobic, increasing the cohesion of the membrane.

Fig. 6 displays a summary of our results for the interaction of
DPPC:DPPA model with neurotransmitters. At the bottom we show
the calorimetric behavior induced by ACh, GABA, and LGlu at different
conditions of pH and Ca?*. At the top we display the possible molecular
mechanism involved: electrostatic interactions among phosphatidic
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acid, Ca®™, protons, and neurotransmitters. It is known that vesicles
formed with DPPC-DPPA (or other anionic lipids) stack when calcium
is incorporated to the medium. However, this occurs only when such
vesicles are already formed and the concentration of calcium is not in
equilibrium (their inner part is free of calcium) producing a destabiliza-
tion of the membranes [50]. However, when calcium is inside and out-
side of the vesicles, and therefore in equilibrium (lipids are hydrated
when calcium is already in the system, as we do in these experiments),
the stacks do not form and we observe low temperature transitions. We
suggest that protons interact with the phosphatidic acid that compete in
the interaction of DPPA-Ca, which enables the possibility for the neuro-
transmitters to interact with the system. When there is no buffer to con-
trol the pH, one oxygen of the phosphatidic acid is protonated and
therefore the interaction occurs only between the deprotonated hy-
droxyl and GABA or LGlu, with calcium as a bridge. Consequently, the
DSC profiles are shifted to lower temperature as the above case. Since
ACh is positively charged, the interaction with the phosphatidic acid
screened with calcium is now repulsive, there is no cohesive interaction
and the profile is almost the same as the control. Similar mechanisms
have been previously discussed to explain the interactions between an-
ionic phospholipids, divalent cations and protons [59,60,46,70].

4. Conclusion

We performed a calorimetric study to understand how NTs (ACh,
GABA, LGlu) and ATs (TC, PB) affect the thermal properties of zwitter-
ionic and anionic model membranes in the presence of calcium at differ-
ent pH conditions. Our study has revealed that anionic lipids interact
strongly with NTs. Despite the classical mechanism of transmission at
chemical synapses states that neurotransmitters interact with specific
receptors in the plasma membrane, our results suggest that unspecific
electrostatic interactions between neurotransmitters and anionic lipids
could induce mechanical and thermal changes in real membranes, re-
sembling the effects that anesthetics produce. These effects can be mod-
ified with Ca>* and H*. Indeed, at different pH conditions the chemical
equilibrium of anionic lipids gives either charged or uncharged species,
enabling Ca®™* to act as a bridge between lipids and neurotransmitters.
The thermal results of the excitatory NTs (ACh) demonstrate that this
molecule shifts the transition temperature to higher values contrary to
the effect observed with anesthetics, which lower the transition tem-
perature. This behavior could be related to the excitatory-inhibitory bal-
ance in the neural system. Within this perspective, such mechanical and
thermal changes produced in the membrane are important to be
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Fig. 4. Calorimetric profiles of the action of TC and PB (both at 25 mM) on anionic DPPC:DPPA, DPPC:DPPG, and DPPC:DMPS SUVs at 1:1 M ratio, under the influence of 2 mM of Ca®*. All
experiments were carried out at pH 7.4 (10 mM HEPES) and also under H* fluctuation conditions (H,0 milliQ). SUVs with no anesthetics were used as controls (dashed lines mark the

temperature transitions).
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Fig. 5. Changes of calorimetric profiles of the DPPC:DPPA membranes caused by ACh, and TC under different conditions of pH with zero and 2 mM of Ca?*. Equilibrium reactions of DPPC,
DPPA, and TC. ACh is not affected by pH.
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Appendix A. Supplementary data
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