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[bookmark: _GoBack]Abstract
Local anesthetics are one of the most widely used drug classes in clinical practice. Like many other biological molecules, their properties are altered depending on their protonation status, which is dependent on the pH of the environment. We studied the transport energetics of seven local anesthetics from extracellular fluid across biological membrane to the axoplasm in order to understand the effect of pH value on their efficacy and other pharmaco-dynamic properties. In this we applied three different methods of solvent reaction field in conjunction with quantum chemical calculations to reproduce experimental values of n-octanol/water partition coefficients for both neutral and protonated forms. Only the SMD method of Cramer and Truhlar was able to reproduce experimental partition coefficient values. Results are discussed in terms of function of local anesthetics under physiological conditions and in the case of local acidosis.
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Introduction	
Local anaesthetics are a class of compounds, developed from cocaine to expand its use as a numbing agent, while diminishing its unwanted side effects (e.g. disturbances in heart rhythm and heart attacks, neurological effects). They are currently the only drug class able to provide safe and effective local anaesthesia and are widely used in medical and dental practice for pain control during surgical procedures and postoperative treatment.1,2 
Most local anesthetics are weak bases with the acid dissociation constant (pKa) of 7 to 10. This suggests that at physiological pH of 7.4, both the protonated and neutral forms of the local anesthetics molecules are present, the protonated form being more prevalent at lower pH.3 Local anesthetics inhibit the voltage-dependent sodium channels and therefore block the transduction of the action potential along the neuron axon.4 The binding site for local anesthetics molecules is around the middle of the voltage-dependent sodium channel pore.5 Experiments with quaternary compounds show that in order to efficiently inhibit the channel, it is necessary for local anesthetics to first cross biological membrane in their neutral form, diffuse to the receptor site and reprotonate before binding to the channel.6 It should be emphasized that experimental techniques involving local anesthetic equilibrium properties and transport across the neuron membrane are extremely demanding and provide only a fraction of necessary data. In this respect, n-octanol is a good approximation of neuron membrane, and n-octanol/water partition coefficient is an established property of a drug acting on the central nervous system to pass the hematoencephalic barrier.7
While procedures done under local anesthesia are safer than general anesthesia, there remain possible complications, including the cardiotoxicity and neurotoxicity of certain local anesthetics.1 The success rate of the procedure is also substantially dependent on the skill level of the medical provider.8 Broadening the therapeutic window, reducing the toxicity and fine-tuning the thermodynamic properties of local anesthetics are a few of the main goals that can be achieved by designing a novel local anesthetic compound. An established approach in drug design is to use computational models, using quantum chemical calculations, to predict physiochemical and pharmacological properties of novel compounds in silico.9,10 Understanding transport dynamics between aqueous and lipophilic environments could also provide new insight into mechanisms of slow release local anesthetics formulations, which appear to be less neurotoxic in animal models.11
The aim of this article is to calculate n-octanol/water partition coefficients for a few representative local anesthetics in their neutral and protonated forms and critically compare them with the experimental values. We calculated the free energy of transfer using the experimentally determined partition coefficients, provided by Strichartz et al.3 We compared experimental values to the calculated values by using quantum chemical calculations and various solvent reaction field methods. The results are discussed in terms of their transport from extracellular fluid to the axoplasm and in the opposite direction. The former determines onset of action and the latter defines the duration of action. The role of Schwann cells is also discussed. 



Experimental
Quantum chemical calculations
We performed quantum chemical calculations of local anesthetics along with various solvent reaction field methods. Structures of all local anesthetics and their protonated analogs were built using the Molden v5.8 software package.12 Calculations were performed with the Gaussian 16 software package.13 The initial geometries of structures were optimized at the M06-2X/6-31+G(d,p) level, which is a good compromise between computational cost and  reliability of results. The effects of solvation were considered by applying various solvent reaction field methods including integral equation formalism variant (IEFPCM)14, conductor-like polarizable continuum model (CPCM)15 and universal solvation model, based on density (SMD).16 Please note that parameters of  the SMD solvation models were obtained by fitting to reproduce solvation free energies for a large number of organic solutes in various solvents including octanol.16 In the present study two solvents were considered: water with a dielectric constant of 78.30 and n-octanol with a dielectric constant of 9.86. The latter is an established model for biological membrane.17,18 All structures were optimized by including the solvent reaction field.19 By inclusion of the solvent reaction field, the Born–Oppenheimer surface obtains meaning of a free energy surface. For all minimized structures, a vibrational analysis was performed in the harmonic approximation. Calculated frequencies allowed for thermodynamic corrections of free energies at 298.15 K. 

Distribution coefficient of local anesthetics between octanol and water 
Because local anesthetics are weak bases with pKa values between 7 and 10, their protonation states are pH dependent. Since protonated species have much more favorable solvation energy in water than in octanol, it is anticipated that at acidic pH values, local anesthetics prefer to stay in aqueous phase, while at neutral and basic pH values they show a higher tendency to stay in the octanol phase. Stricharz et al.3 performed measurements of local anesthetic partition between octanol and water buffer at extremely acidic pH and extremely basic pH, providing partition coefficients data for protonated local anesthetics [LA+] and neutral local anesthetics [LA0], respectively.  For the pH values between the two extreme cases, that provided an analytical expression of distribution coefficients Q that is pH and pKa dependent.
Distribution coefficient [Q] is an equilibrium constant and a measure of free energy. It is defined as a ratio of concentrations of local anesthetics in water and in octanol, both protonated [LA+] and neutral [LA0]:

	(1)

where [LA0]o stands for concentration of neutral form of local anesthetic in n-octanol, [LA0]w for its concentration in the aqueous solution, [LA+]o is the concentration of the protonated form of local anesthetic in n-octanol, and [LA+]w is the concentration in the aqueous solution. 
If we expand the nominator and denominator on the right side of the equation by a factor of 1/[LA0]w, we obtain: 
	(2)

Partition coefficient of neutral species [P0] is the ratio of neutral local anesthetic in n-octanol and water; [LA0]o/[LA0]w. Similarly, the partition coefficient of protonated species [P+] is the ratio of protonated local anesthetic in n-octanol and water; [LA+]o/[LA+]w. When we introduce these variables, we get the compact form of the equation:

		(3)

By considering the relation ln(x) = ln(10)log(x) and introducing a new variable log β = pH – pKa, it is possible to write an equation for local anesthetic distribution coefficient as a function of pH and pKa.
	(4)


Since distribution coefficient is an equilibrium constant, we can calculate the corresponding difference in free energy of transfer from aqueous solution with certain pH value to the membrane, which is also the difference between the two energies of solvation. The equation reads:

 	(5)



Results
Experimental pKa values, n-octanol/water partition coefficients and calculated free energy differences for studied local anesthetics are collected in Table 1. Please note that all experimental values are from the article of Stricharz et al.3

Table 1: Experimental pKa (acid dissociation constant) values, n-octanol/water partition coefficients and calculated free energy differences for studied local anesthetics. pKaexp values refer to the experimentally calculated acid dissociation constants and were determined by the spectrophotometrical method. All experiments were performed at 25 °C. P0 is the n-octanol/water partition coefficient for the neutral form of local anesthetic, P+ is the protonated form. ΔGwo0 refers to free energy for transfer of unprotonated local anesthetics from water to n-octanol, while ΔGwo+ is the corresponding value for protonated species.

	
Local anesthetic
	Type
	pKaexp
	P0
	P+
	ΔGwo0
(kcal mol-1)
	ΔGwo+
(kcal mol-1)

	Procaine
	ester
	9.06
	81
	0.002
	-2.60
	3.68

	2-chloroprocaine
	ester
	9.30
	720
	0.026
	-3.90
	2.16

	Lidocaine
	amide
	8.19
	304
	0.06
	-3.38
	1.66

	Bupivacaine
	amide
	8.21
	2565
	1.5
	-4.65
	-0.24

	Etidocaine
	amide
	8.11
	4900
	0.48
	-5.03
	0.43

	Mepivacaine
	amide
	7.92
	90
	0.09
	-2.66
	1.43

	Ropivacaine
	amide
	8.16
	775
	0.46
	-3.94
	0.46



Neutral local anesthetics generally prefer membrane environment, whereas their protonated counterparts generally prefer water. Neutral etidocaine is 4900 times more likely to be in octanol than in water, while this number is only 304 for lidocaine. For protonated species, the situation is basically reversed as they prefer aqueous environment. Protonated lidocaine is 16.7 times more likely to be in water than in octanol, while protonated etidocaine is 2.1 times more likely to be in water than in octanol. An exception is protonated bupivacaine, which still prefers membrane environment. Ester linked local anesthetics share the same attributes with amide-linked ones. Neutral procaine and neutral 2-chloroprocaine are 81 and 720 times more likely to be found in the membrane than in aqueous environment, respectively. Protonated procaine is 500 times more likely to be in water than in octanol, while protonated 2-chloroprocaine is 38 times more likely to be in water than in octanol.
Calculated free energies for transfer of neutral and protonated local anesthetics from water to n-octanol, calculated with three solvent reaction field methods, IEFPCM, CPCM and SMD, are collected in Table 2. Free energies for transfer from water to octanol, calculated from experimental results of Strichartz are added for comparison. 

Table 2: Calculated free energies for transfer of neutral and protonated local anesthetics from water to n-octanol. Three solvent reaction field methods were used. ΔGwo0 and ΔGwo+ refer to calculated free energies for transfer of neutral and protonated local anesthetics from water to n-octanol. Experimental free energy values for transfer of local anesthetics in their neutral and protonated form from water to n-octanol (ΔGwo0(exp) and ΔGwo+(exp), respectively) are calculated from experimental n-octanol/water partition coefficients.3 All values are given in kcal mol-1. 
	
	Solvent Reaction Field Method
	
	

	
	M06-2X/6-31+G(d,p)
IEFPCM
	M06-2X/6-31+G(d,p)
CPCM
	M06-2X/6-31+G(d,p)
SMD
	
	

	Local Anesthetic
	ΔGwo0
	ΔGwo+
	ΔGwo0
	ΔGwo+
	ΔGwo0
	ΔGwo+
	ΔGwo0(exp)
	ΔGwo+(exp)

	Procaine
	1.71
	5.73
	1.18
	4.73
	-1.78
	1.08
	-2.60
	3.68

	2-chloroprocaine
	1.47
	6.50
	1.25
	4.92
	-0.94
	-0.09
	-3.90
	2.16

	Lidocaine
	1.37
	5.94
	1.34
	5.28
	-4.14
	1.69
	-3.38
	1.66

	Bupivacaine
	1.81
	4.95
	1.96
	4.47
	-3.68
	-2.05
	-4.65
	-0.24

	Etidocaine
	1.21
	5.62
	0.79
	4.93
	-5.19
	1.38
	-5.03
	0.43

	Mepivacaine
	1.09
	6.11
	0.50
	4.94
	-3.62
	-3.72
	-2.66
	1.43

	Ropivacaine
	2.18
	5.32
	1.21
	4.95
	-3.61
	-1.36
	-3.94
	0.46


The range of difference between experimental results and the results from IEFPCM method is between 4.31 and 6.46 kcal mol-1 for neutral from and between 2.05 and 5.19 kcal mol-1 for protonated from. The range of difference for CPCM method is between 3.16 and 6.61 kcal mol-1 for neutral from and between 1.05 and 4.71 kcal mol-1 for protonated from. The range of difference for SMD method is between 0.16 and 2.96 kcal mol-1 for neutral from and between 0.03 and 5.15 kcal mol-1 for protonated from. 



Discussion
Our comparison of free energies of solvation, calculated by three different solvation methods implemented in Gaussian 16, and free energies calculated from experimental results of Strichartz et al., show that the best solvation model for predicting partition coefficients is the SMD method of Cramer and Truhlar. 
Experimental data (Table 1) clearly demonstrate that all local anesthetics in their neutral form strongly prefer octanol over water. Therefore, at physiological conditions, the membrane does not represent a barrier for transfer of local anesthetics from extracellular liquid to axoplasm since their population in the membrane is increased rather than decreased. 
Local anesthetics are less effective when applied to inflamed tissue.20–22 Under inflammatory conditions, the pH of the extracellular fluid is lowered by 0.5 to 1 pH unit giving rise to shifted equilibrium for local anesthetics between the extracellular fluid and axoplasm.23 Concomitantly, intracellular pH does not change significantly, but stays at a pH value of around 7.1.24,25 This results in the storage capacity of the membrane and Schwann cells constituting myelin sheath and hydrophobic parts of other cells in the vicinity being significantly decreased. Preliminary calculations reveal that the storage capacity is decreased by a factor of about 3.5 relative to the physiological value. This is a plausible explanation for why local anesthetics are significantly less effective when applied to inflamed tissue. This concept is supported by the clinical application of co-administration of sodium bicarbonate that elevates the extracellular pH and allows for increase in storage capacity of surrounding tissue.26–28 The body reacts to inflammation by vasodilation, increasing blood flow through the affected area, removing more local anesthetic molecules from target tissue, which could provide an additional explanation for diminished efficacy and duration of action.29  
We performed the calculations with three solvent reaction field methods, namely IEFPCM, CPCM and SMD. The applied DFT method M06-2X was designed to reproduce thermochemical data including stabilities and barrier heights for chemical reactions. In conjunction with the flexible basis set 6-31+G(d,p), the applied quantum level of theory should faithfully reproduce the charge distribution as a necessary input for solvation model. All three methods correctly assume that the neutral form has a lower free energy of transfer from water to octanol, compared to the protonated counterpart, as seen in Table 2. The IEFPCM method and CPCM method both predict that all the differences in free energy are positive, which conflicts with the experimental results. The SMD method aligns better with experimental results but overstates the partitioning of protonated local anesthetics in octanol, e.g. the differences in free energy are in three cases negative, whereas according to experimental results, they are positive. 
Our results indicate that only the SMD solvation model reasonably reproduces experimental free energies of transfer from aqueous solution to octanol. For most local anesthetics, SMD deviates less than 2 kcal mol-1 from the experimental values. In contrast, both IEFPCM and CPCM failed significantly since they did not even qualitatively reproduce the experimental values i.e. preference for water versus octanol. Note that calculation of partition coefficients requires very accurate solvation models where two solvation free energies are subtracted from each other. Only SMD model was properly parametrized for this demanding task since solvation parameters were adjusted to reproduce solvation free energy in several solvents including octanol. When determining the properties of other small organic compounds, the SMD model has proven to be the most precise solvation method as well.30–32 In this respect, we recommend application of the SMD solvation model in the process of designing novel local anesthetics. The COSMO-RS solvation model that also proved to yield comparably reliable n-octanol/water partition coefficients is unfortunately not implemented in Gaussian 16.30
The ultimate approach for modeling local anesthetics distribution between various parts of a neuron that include extracellular fluid, membrane, axoplasm and myelin sheath and voltage-gated sodium channel is molecular simulation with atomic resolution. Contributions by Lyubrartsev and coworkers represent a precious starting point.33,34 van der Spoel et al. developed a calculation protocol for determining n-octanol/water partition coefficients for a series of potential toxins by using molecular dynamics simulation.30 It remains a challenge for the future to apply this approach to the studied local anesthetics. Structure of the voltage-gated sodium channel has been solved by cryo-electron microscopy with the resolution of 3.80 Å.35 It remains a major challenge to model binding of local anesthetics to the sodium channel binding site, therewith associated conformational changes and decreased permeability for sodium ions. We are aware that correlation times for such conformational changes are long, which would require very long simulation time.
In conclusion, our study represents a small step forward towards understanding the local anesthetic function on a molecular level. We showed that the rate limiting step in the transport of local anesthetics from the point of bolus administration to the axoplasm is the macroscopic diffusion to and from the membrane, not the membrane crossing itself. Future challenges will include development of more sophisticated mathematical models of the process as well as clarification of the relevance of Schwann cells and other cells as lipid reservoirs and how they influence local anesthetic pharmacokinetics. The final goal is understanding the relation between the structure of local anesthetics and their pharmacodynamic properties in order to design novel local anesthetics with desired properties.

Conclusions
We demonstrated that local anesthetics flow from the compartment with a higher pH value to the compartment with a lower pH value since protonated local anesthetics have a more favorable solvation energy than their neutral counterparts. This is consistent with clinical experience, i.e. in tissue acidosis, local anesthetics are less effective. Experimental data show that all local anesthetics in their neutral form strongly prefer octanol over water, whereas the protonated form mostly prefers the aqueous environment. In quantum chemical calculations, only the SMD solvent reaction field method could predict the same behavior and seems to be the best model for prediction of n-octanol/water partition coefficient.
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