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Abstract 

Little is known about the impact of the blood-nerve barrier (BNB) on drug 

distribution into peripheral nerves. In this study, we examined the peripheral nerve 

penetration of 11 small molecule drugs possessing diverse physicochemical and 

transport properties and ProTx-II, a tarantula venom peptide with molecular weight of 

3826 daltons, in rats. Each drug was administered as constant rate intravenous 

infusion for 6 h (small molecules) or 24 h (ProTx-II). Blood and tissues including 

brain, spinal cord, sciatic nerve, and dorsal root ganglion (DRG) were collected for 

drug concentration measurements. Unbound fractions of a set of compounds were 

determined by equilibrium dialysis method in rat blood, brain, spinal cord, sciatic 

nerve, and DRG. The influence of GF120918, a P-gp and BCRP inhibitor, on 

peripheral nerve and central nervous system (CNS) tissue penetration of imatinib was 

also investigated. The results are summarized as follows: 1) the unbound fraction in 

brain tissue homogenate highly correlates with that in spinal cord, sciatic nerve, and 

DRG for a set of compounds and thus provides a good surrogate for spinal cord and 

peripheral nerve tissues; 2) small molecule drugs investigated can penetrate DRG and 

sciatic nerve; 3) P-gp and BCRP have a limited impact on the distribution of small 

molecule drugs into peripheral nerve; 4) DRG is permeable to ProTx-II, but its 

distribution into sciatic nerve and CNS tissues is restricted. These results demonstrate 

that small molecule drugs investigated can penetrate peripheral nerve tissues and P-

gp/BCRP may not be a limiting factor at BNB. Biologics as large as ProTx-II can 

access DRG but not sciatic nerve and CNS tissues.   
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Introduction 

Peripheral nerves transmit impulse signals from the periphery to the central nervous 

system (CNS) or from the CNS to the periphery, which is crucial for normal human 

sensory and motor function. To ensure the proper function of peripheral nerves, 

maintainance of homeostasis is required for the endoneurial environment, which is 

endowed by the presence of blood-nerve barrier (BNB). The BNB is located at the 

innermost layer of the investing perineurium and at the endoneurial microvessels 

within the nerve fascicles in the peripheral nerve system (Bell and Weddell, 1984; 

Kanda, 2013; Weerasuriya and Mizisin, 2011). Tight junctions between endothelial 

cells and between pericytes in endoneurial vasculature isolate the endoneurium from 

the blood, thus preventing uncontrollable leakage of molecules and ions from the 

circulatory system to the peripheral nerves (Peltonen et al., 2013). In addition, there 

exists a diffusion barrier within the perineurium formed by tight junctions between the 

neighboring perineurial cells and basement membranes surrounding each perineurial 

cell layer. Evidence from various physiological and morphological studies indicates 

that blood-nerve substance exchange occurs predominantly through endoneurial 

capillaries and that perineurial passage constitutes a minor route (Rechthand et al., 

1988; Weerasuriya and Mizisin, 2011). The two restrictive barriers separate the 

endoneurial extracellular environment of peripheral nerves from both the epineurial 

perifascicular space and the systemic circulation, thus protecting the endoneurial 

microenvironment from drastic concentration changes in the vascular and other 

extracellular spaces.  

For drug targets located in peripheral nerves, the BNB can be problematic because of 

the potential to restrict or prevent drugs from reaching their site of action, thus 

negatively affecting drug efficacy. Previous studies indicate that the distal trunks of 
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peripheral nerves (e.g., sciatic nerve) are relatively impermeable to hydrophilic small 

molecules such as sucrose (Rechthand et al., 1987), fluorescein (Abram et al., 2006) 

and also large molecules (Poduslo et al., 1994), due to the limited intercellular 

diffusion. In addition, transporter expression profiles in peripheral nerves can be very 

different from those in CNS (Allt and Lawrenson, 2000). For instance, P-glycoprotein 

(P-gp) and breast cancer resistance protein (BCRP) do not have an appreciable impact 

on drug distribution into sciatic nerves, as indicated by the comparable sciatic nerve to 

plasma concentration ratios between wild-type and transgenic knockout rats for 

several P-gp and/or BCRP substrates  (Huang et al., 2015). This is distinct from CNS 

where P-gp and BCRP are two key “gatekeepers” preventing drug distribution into the 

brain (Liu et al., 2017; Schinkel et al., 1996). Interestingly, drug passage into the cell 

body-rich dorsal root ganglion (DRG), which is part of the peripheral nerve, appears 

unlimited for small and large molecule tracers, such as fluorescein (Abram et al., 

2006), albumin (Olsson, 1971), horseradish peroxidase (Jacobs et al., 1976), and 

antibody IgG (Seitz et al., 1985). This has been attributed to a lack of tight junctions 

in the endothelium of microvessels in the DRG.  

Despite these advances, a systematic and quantitative evaluation of the distribution of 

small molecule drugs into peripheral nerve is still absent. In analogy to brain 

penetration, the extent of peripheral nerve penetration, as reflected by peripheral 

nerve-to-blood unbound concentration ratio, is a most relevant parameter governing 

drug action (Hammarlund-Udenaes et al., 2008). The goal of this study was to 

examine the penetration of small molecule drugs across a diverse range of 

physicochemical and transport properties into peripheral nerves (i.e., DRG and sciatic 

nerve) employing male Sprague-Dawley rats under constant-rate intravenous infusion 

condition. These results were then compared to the distribution into the CNS (i.e., 
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brain and spinal cord penetration). Unbound fractions were also measured for a set of 

small molecules in rat blood, brain, spinal cord, DRG, and sciatic nerve. From these 

results, the tissue-to-blood unbound concentration ratios (Kp,uu) for 11 small molecule 

drugs were calculated for comparison between peripheral nerve and CNS tissues in 

rats. Imatinib is a substrate of both P-gp and BCRP (Kodaira et al., 2010; Liu et al., 

2017). The influence of GF120918, a P-gp and BCRP inhibitor (Matsson, et al., 2009), 

on the penetration of imatinib into the peripheral nerve and CNS tissues in rats was 

also examined. Finally, we investigated the peripheral nerve and CNS tissue 

penetration of ProTx-II, a tarantula venom peptide with molecular weight of 3826 

daltons, in rats at steady state. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 6, 2018 as DOI: 10.1124/jpet.117.245613

 at A
SPE

T
 Journals on A

pril 18, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #245613 

 

7 
 

  

Materials and Methods 

Materials 

Amantidine, amitriptyline hydrochloride, atenolol, citalopram hydrobromide, 

clozapine, dantrolene sodium salt, fluphenazine dihydrochloride, granisetron 

hydrochloride, haloperidol, loxapine succinate salt, maprotiline hydrochloride, 

mesoridazine, nortriptyline hydrochloride, prazosin hydrochloride, ranitidine 

hydrochloride, resperidone were obtained from Sigma (St. Louis, MO). 

Carbamazepine was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, 

Japan). Loperamide hydrochloride was procured from Fluka (Buchs, Switzerland); 

minoxidil from the National Institute for the Control of Pharmaceutical and Biological 

Products (Beijing, China); cyclosporine A from Wako (Osaka, Japan); imatinib 

tosylate from Far Top Limited Co., Ltd. (Nanjing, Jiangsu, China). ProTx-II was 

purchased from Alomone Labs (Jerusalem, Israel). Ralfinamide and GF120918 were 

obtained from GlaxoSmithKline compound library. All other reagents used were of 

bioanalytical grade or higher. 

Animals. 

The male Sprague-Dawley rats were housed under standard environmental conditions 

(ambient temperature 21°C, humidity 60%, 12:12-h light/dark cycle) with ad libitum 

access to food and water. All studies were conducted in accordance with the GSK 

Policy on the Care, Welfare and Treatment of Laboratory Animals and were reviewed 

the Institutional Animal Care and Use Committee either at GSK or by the ethical 

review process at the institution where the work was performed. 

In Vivo Studies to Determine Peripheral Nerve and CNS Tissue Distribution for 

Small Molecule Drugs in Rats. 
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The brain-to-blood concentration ratio (Kp,br), spinal cord-to-blood concentration ratio 

(Kp,sc), dorsal root ganglion (DRG)-to-blood concentration ratio (Kp,drg), and sciatic 

nerve-to-blood concentration ratio (Kp,sn) of small molecule drugs were determined in 

male Sprague-Dawley rats. Rats were intravenously infused with carbamazepine (5.81 

µmol/kg/h), haloperidol (1.34 µmol/kg/h), ralfinamide (3.87 µmol/kg/h), ranitidine 

(4.28 µmol/kg/h), atenolol (5.35 µmol/kg/h), minoxidil (5.17 µmol/kg/h), dantrolene 

(0.987 µmol/kg/h), loperamide (1.59 µmol/kg/h), mesoridazine (1.72 µmol/kg/h), 

imatinib (1.42 µmol/kg/h), or cyclosporine A (0.180 µmol/kg/h) for 6 hr at an 

infusion rate of 4 mL/kg/h (2 mL/kg/h used for imatinib). Four rats were used for each 

drug. The dose solutions were prepared in DMSO:10% hydroxypropyl-β-cyclodextrin 

(v/v, 1:99) for all small molecule drugs except cyclosporine A, which was formulated 

in DMSO:15% hydroxypropyl-β-cyclodextrin:polysorbate 20 (v/v/v, 1:98:1). Blood 

samples were collected in EDTA-pretreated tubes at 1, 2, 3, 4, 5, and 6 h postdose. 

Tissues including brain, spinal cord, DRG, and sciatic nerves were harvested at a 

terminal time point (6 h). The blood and tissue samples were stored at −80
o
C prior to 

bioanalysis. 

 Influence of GF120918 on Peripheral Nerve and CNS Tissue Distribution of 

Imatinib. 

In a separate study, four rats were received 22.2 µmol/kg GF120918 intraperitoneally 

(5 mL/kg) 30 min before a constant intravenous infusion of imatinib. The GF120918 

was formulated in 1% methylcellulose as a suspension. The imatinib was solubilized 

in DMSO:10% hydroxypropyl-β-cyclodextrin (v/v, 1:99) and intravenously infused 

into rats at 1.42 µmol/kg/h for 6 h at an infusion rate of 2 mL/kg/h. Blood and tissues 

including brain, spinal cord, DRG, and sciatic nerves were collected 6 h after the 

imatinib dose and stored at −80
o
C prior to bioanalysis. 
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In Vivo Study to Determine Peripheral Nerve and CNS Tissue Distribution for 

ProTx-II in Rats. 

ProTx-II was prepared in saline containing 0.1% polysorbate 20 and intravenously 

infused to four rats at 9.80 nmol/kg/h for 24 h at an infusion rate of 1 mL/kg/h. Blood 

was sampled in EDTA-pretreated tubes at 21, 22, 23, and 24 h postdose. At a terminal 

time point (24 h postdose of ProTx-II), brain, spinal cord, DRG, and sciatic nerves 

were collected. Plasma was harvested following centrifugation, and plasma and tissue 

samples were stored at −80
o
C before bioanalysis. 

Measurement of Unbound Fractions in Blood and Tissues for Small Molecules 

Compounds. 

The unbound fractions of small molecule compounds in rat blood, brain, spinal cord, 

DRG, and sciatic nerve were determined using Rapid Equilibrium Dialysis device 

(RED, Pierce Biotechnology, ThermoFisher Scientific, Waltham, MA). Phosphate-

buffered saline (PBS; pH 7.4) containing 10 mM phosphate buffer, 2.7 mM potassium 

chloride, and 137 mM sodium chloride was obtained from Sigma (St. Louis, MO). 

Fresh male Sprague-Dawley rat blood, brain, and spinal cord were obtained on the 

day of experiment, whereas DRG and sciatic nerve were collected beforehand and 

stored in freezer. Brain, spinal cord, DRG, and sciatic nerve tissues were 

homogenized with a shear homogenizer with 2, 2, 6, and 5 volumes of PBS (w/v), 

respectively. Blood was diluted with the same volume of PBS before dialysis. The 

drug was added to blood and tissue homogenate to achieve a final concentration of 2 

µM. Spiked blood and tissue homogenates (100-200 µL) were placed into the sample 

chamber (indicated by the red ring) and dialyzed against an appropriate volume (300-

350 µL) of PBS buffer according to manufacturer’s specification. The RED apparatus 

was sealed with a self-adhesive lid and incubated for 4 h in a 130-rpm shaking air 
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bath maintained at 37
o
C. After 4 h, aliquots (10-50 µL) were removed from each side 

of the insert and dispensed into a 96-well plate. An equal volume of blank matrix or 

PBS was added to the corresponding wells to generate analytically identical sample 

matrices (matrix matching, brain homogenate used as blank matrix for spinal cord, 

DRG, and sciatic nerve). These matrix-matched samples were processed by protein 

precipitation by adding 300 µL of acetonitrile containing an appropriate internal 

standard. The samples were then vortexed, centrifuged, and the supernatant was 

stored at −80
o
C prior to bioanalysis. 

The unbound fractions in undiluted blood (fu,bl), brain (fu,br), spinal cord (fu,sc), DRG 

(fu,drg), and sciatic nerve (fu,sn) were calculated by the following equation: 

fu=

1

D

(
1

fu,measured
−1)+

1

D

                                                              (1) 

where D represents the fold dilution of blood (D = 2), brain (D = 3), spinal cord (D = 

3), DRG (D = 7), and sciatic nerve (D = 6), and fu,measured is the ratio of mass 

spectrometric response of test compound determined from the buffer and blood or 

tissue homogenate samples. 

Analysis of In Vitro and In Vivo Samples for Small Molecule Compounds. 

Quantification of small molecules compounds in the in vitro and in vivo samples was 

performed by Waters ACQUITY UPLC™ system coupled with AB Sciex 4000 Q-

Trap mass spectrometer (AB Sciex, Foster City, CA). Samples were processed by 

deproteination with the appropriate volumes of acetonitrile containing an appropriate 

internal standard. Brain blank matrix was used to construct standard curves to 

quantify drug concentrations in spinal cord, DRG, and sciatic nerve samples from 

animal studies. The chromatographic separation was achieved on a Waters ACQUITY 

UPLC™ BEH C18, 2.1 × 50 mm, 1.7 μm, UPLC HSS T3 1.8 μm, 100 mm, or UPLC 
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BEH Protein C4, 2.1 × 100 mm, 300Å Pore  size, 1.7 μm, (Waters, Milford, MA) 

analytical column at 40°C, using a gradient of aqueous (solvent A: 1 mM ammonia 

acetate in water) and organic (solvent B: CH3CN-CH3OH with or without 0.1% FA 

(4:1, v/v)) mobile phase at a flow rate of 450-600 µL/min. Run time for each 

compound was in the range of 2.0-4.0 min. Key chromatographic and mass 

spectrometric settings were optimized to yield best sensitivity for each test compound 

and detailed in Supplemental Table 1.  

Quantification of ProTx-II in Rat Plasma and Tissue Samples 

Quantification of ProTx-II in the in vivo samples was performed by Waters 

ACQUITY UPLC™ system coupled with API 5000 triple-quadruple mass 

spectrometer (AB Sciex, Foster City, CA). Rat tissue samples were homogenized with 

3 volumes of PBS for brain and spinal cord and 10 volumes of PBS for DRG and 

sciatic nerve. Brain blank matrix was used to construct standard curves to quantify 

ProTx-II concentrations in spinal cord, DRG, and sciatic nerve. The plasma and 

homogenized tissue samples were processed by solid phase extraction (Oasis µ-

elution HLB). An aliquot of the reconstituted plasma (10 L) or tissue extract (20 L) 

was injected onto the column (ACQUITY UPLC BEH Protein C4, 2.1 × 100 mm, 

300Å Pore size, 1.7 μm). A mobile phase consisting of water containing 0.5% acetic 

acid (A) and acetonitrile-methanol (1:1, v/v) containing 0.5% acetic acid (B) was 

employed. A flow rate of 0.6 mL/min was used. The elution gradient for plasma, brain 

and DRG was: 0-0.5 min held at 15% B; 0.5-2.2 min ramped to 40% B; 2.2-2.25 min 

further ramped to 90% B; 2.25-2.8 min maintained at 90% B; 2.8-2.85 min down to 

10% B; 2.85-3.3 min held at 10% B; 3.3-3.35 min ramped to 90% B; 3.35-3.8 min 

maintained at 90% B; 3.8-3.85 min returned to 15% B; and 3.85-5 min held at 15% B. 

The elution gradient for spinal cord and sciatic nerve was: 0-0.2 min held at 15% B; 
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0.2-3.0 min ramped to 35% B; 3.0-3.05 min further ramped to 90% B; 3.05-3.5 min 

maintained at 90%; 3.5-3.55 min down to 15% B; 3.55-4.0 min held at 15% B; 4.0-

4.05 min ramped to 90% B; 4.05-4.5 min maintained at 90% B; 4.5-4.55 min returned 

to 15% B; and 4.55-5.7 min held at 15% B. Tandem mass spectrometric analysis of 

ProTx-II was performed in positive electrospray ionization mode by monitoring the 

ion transition (638.8 to 188.1) using an optimized cone voltage and collision energy. 

The low limit of quantification for ProTx-II was 0.78 nM for plasma and 6.3 nM for 

rat tissues. The assay relative accuracy was between 80 and 120%. 

The Kp and Kp,uu Value Calculation 

The Kp,br, Kp,sc, Kp,drg, and Kp,sn values for each rat were calculated by the following 

equation: 

Kp=
Ctissue

Cblood or plasma
                                         (2) 

where Ctissue represents the measured drug concentration in brain, spinal cord, DRG, 

or sciatic nerve at a designated terminal time point (6 h or 24 h); Cblood or plasma is the 

measured drug concentration in blood or plasma from the same rat. 

The tissue-to-blood unbound concentration ratios in brain (Kp,uu,br), spinal cord 

(Kp,uu,sc), DRG (Kp,uu,drg), and sciatic nerve (Kp,uu,sn) for small molecule drugs was 

determined by below equation: 

Kp,uu=Kp ×
fu,tissue

fu,blood
                                         (3) 

where Kp represents the mean values the Kp,br, Kp,sc, Kp,drg, or Kp,sn value at a 

designated terminal time point; fu,tissue is the corresponding mean fu,br, fu,sc, fu,drg, or fu,sn; 

fu,blood is the mean unbound fraction in blood. 
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The standard deviation (S.D.) of the Kp,uu value (S.D.Kp,uu) was calculated according 

to the following the law of propagation of error: 

S.D.Kp,uu
=Kp,uu√(

S.D.Kp

Kp
)

2

+ (
S.D.fu,br

fu,br
)

2

+ (
S.D.fu,bl

fu,bl
)

2

                     (4) 

where the Kp,uu, Kp, fu,br, and fu,bl are the mean values of tissue-to-blood unbound 

concentration ratio, tissue-to-blood concentration ratio, brain unbound fraction, and 

blood unbound fraction, respectively; the S.D.Kp, S.D.fu,br, and S.D.fu,bl are the 

standard deviation of Kp, fu,br, and fu,bl, respectively. 

Statistical Analysis. 

All data are presented as mean ± S.D. of technical or experimental replicates. Linear 

regression analysis was performed with Microsoft Excel 2007. In all cases, p < 0.05 

was considered to be statistically significant. 
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Results 

Drug Selection for Evaluation of Peripheral Nerve and CNS Tissue Distribution  

Eleven small molecule drugs with a wide range of physicochemical properties were 

selected for peripheral nerve and CNS tissue distribution studies in Sprague-Dawley 

rats. The physicochemical and transport properties of the selected drugs are 

summarized in Table 1. The small molecule drugs show diverse physicochemical 

properties with cLogP ranging from -2.1 to 14.0, molecular weight from 209 to 1202 

daltons, and topological polar surface area from 41 to 279 Å
2
. The drug set covers a 

broad range of passive permeability spanning from 7.5 to 652 nm/s. Some of the 

drugs are recognized by two major efflux transporters including P-gp, BCRP, or both. 

A tarantula venom peptide ProTx-II with a high molecular weight (3826 daltons) was 

also included in the study. 

Unbound Fractions of Small Molecule Compounds in Blood, Brain, Spinal Cord, 

DRG, and Sciatic Nerve  

The unbound fractions for the 22 small molecule compounds were determined using 

equilibrium dialysis with diluted rat blood (2×), diluted rat brain (3×), spinal cord (3×), 

DRG (7×), and sciatic nerve (6×) tissue homogenates, and the results are shown in 

Table 2. Aside from those selected in peripheral nerve tissue penetration studies (11 

compounds in Table 1), another 11 compounds were also included to expand the 

chemical space so that broader conclusions were allowed to be generated. The 

compound set is shown to cover a wide range of unbound fractions spanning 5 log 

units from 0.001% to 100%. We examined the concordance of the unbound fractions 

in rat brain with those in rat blood, spinal cord, sciatic nerve, and DRG. The results 

showed that the unbound fraction in brain (fu,br) for 22 small molecule compounds 

was highly correlated with that in spinal cord (fu,sc), DRG (fu,drg), and sciatic nerve 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 6, 2018 as DOI: 10.1124/jpet.117.245613

 at A
SPE

T
 Journals on A

pril 18, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #245613 

 

15 
 

(fu,sn) with the correlation coefficient (R
2
) ranging from 0.97 to 0.99 (Fig. 1). This is 

likely due to the similarity of binding constituents in the CNS and peripheral nerve 

tissues. This suggests that the fu,br value can serve as a surrogate for the fu,sc, fu,drg, and 

fu,sn value. The amount of DRG (~20 mg) and sciatic nerve (~80 mg) that can be 

excised from an adult rat is small as compared to brain (~1.8 g) (Davies and Morris, 

1993). Direct measurement of the fu,drg or fu,sn values for discovery compounds, which 

are required to determine the extent of peripheral nerve penetration, would result in 

the use of lots of animals. Use of the fu,br value as a surrogate for the fu,sc, fu,drg, or fu,sn 

has the potential to reduce the numbers of animal usage in matrix collection for 

peripheral nerve tissue binding studies. Weaker correlation between fu,br and fu,bl (R
2
 = 

0.82) was observed than that between fu,br and fu,sc, fu,drg, or fu,sn (Fig. 1). This has been 

observed previously and it is due to the very different binding constituents between 

brain tissue and blood (Di et al., 2011; Summerfield et al., 2008).  

Distribution of Small Molecule Drugs into Peripheral Nerves and CNS Tissues  

Eleven compounds were dosed individually to rats (n = 4) for 6 h by constant rate, 

continuous intravenous infusion. The concentrations in blood samples were 

determined during the infusion and reached a plateau at 6 h for all compounds except 

carbamazepine and imatinib (Fig.2). The concentrations of the test compounds in the 

brain, spinal cord, DRG, and sciatic nerve were determined at 6 h and used to 

calculate the Kp,br, Kp,sc, Kp,sn, and Kp,drg values (Table 3). With the availability of the 

fu and Kp values, the Kp,uu,br, Kp,uu,sc, Kp,uu,sn, and Kp,uu,drg values and standard deviation 

(S.D.) for each drug can be calculated according to eq.3 and eq.4, respectively, and 

are shown in Table 4. As reported in a previous study, the experimental variability of 

the Kp,uu values is notable and the Kp,uu value of 0.2 (i.e., 5-fold different than unity) 

should be used to distinguish compounds with significantly reduced tissue penetration 
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(Dolgikh et al., 2016). Thereafter in this study, five-fold difference from unity is 

considered to be significant in reduced or enhanced tissue penetration. 

For drugs with high passive permeability and not being transported by P-gp such as 

carbamazepine, haloperidol, and ralfinamide, no significant difference in peripheral 

nerve (Kp,uu,drg and Kp,uu,sn) and CNS (Kp,uu,br and Kp,uu,sc) tissue penetration was 

observed (Table 4). In line with their passive diffusion transport mechanism, the Kp,uu 

values of the three drugs across different tissues were generally within 5-fold of unity. 

The Kp,uu values of haloperidol were generally higher than unity (2.34-6.42) likely due 

to experimental variability. The steady-state Kp,uu,br value of haloperidol was reported 

previously to be 1.77 in rats (Summerfield et al, 2016). 

For drugs with low to moderate passive permeability and not being or only weakly 

recognized by P-gp such as ranitidine, atenolol, and minoxidil, the rank order in the 

tissue Kp,uu values was DRG > sciatic nerve > spinal cord > brain (Table 4 and Fig.3). 

This indicated higher peripheral nerve tissue penetration as compared to CNS 

penetration for this class of drugs. In addition, the Kp,uu,drg values of ranitidine, 

atenolol, and minoxidil ranged from 1.41 to 1.54 and the Kp,uu,sn values spanned from 

0.308 to 0.807, which were not significantly deviated from unity, indicating no or 

limited diffusion barrier in peripheral nerve tissues (Table 4). In contrast, the Kp,uu,sc 

and Kp,uu,br values of ranitidine, atenolol, and minoxidil were below 0.228, which 

suggested permeability-limited restriction in CNS penetration. 

For drugs with high passive permeability and interacting with P-gp, BCRP, or both 

including dantrolene, loperamide, mesoridazine, and imatinib, the rank order in the 

tissue Kp,uu values was DRG > sciatic nerve > spinal cord > brain (Table 4 and Fig.3), 

suggesting higher peripheral nerve than CNS tissue penetration for these efflux 

transporter substrates. The Kp,uu,drg values of dantrolene, loperamide, mesoridazine, 
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and imatinib ranged from 0.617 to 1.45, which were slightly higher than the Kp,uu,sn 

values (0.230-0.570), implying no or limited diffusion barrier in peripheral nerve 

tissues. Consistent with their transport mechanisms across BBB and blood-spinal cord 

barrier (BSCB), the Kp,uu,br and Kp,uu,sc values of dantrolene, loperamide, mesoridazine, 

and imatinib were significantly lower than unity (0.032-0.170), indicating efflux 

transporter-mediated restriction in CNS penetration. 

For cyclosporine A having moderate passive permeability and interacting with P-gp, 

the Kp,uu,drg and Kp,uu,sn values were 0.154 and 0.218, respectively, indicating limited 

diffusion barrier in peripheral nerve tissues. In alignment with its CNS transport 

mechanism, the Kp,uu,br and Kp,uu,sc values were below 0.006. 

Influence of GF120918 on Distribution of Imatinib into Peripheral Nerves and 

CNS Tissues 

GF120918 was dosed intraperitoneally to rats at 22.2 µmol/kg 30 min prior to 

intravenous infusion of imatinib. The rat blood concentration-time profile of imatinib 

in the presence of GF120918 was similar to that in the absence of GF120918 (Fig.4A). 

The rat blood and tissue concentrations of GF120918 were variable after 

intraperitoneal administration at 22.2 µmol/kg (Fig 4B-F). This allowed us to explore 

the GF120918 concentration-dependent increase in peripheral nerve and CNS tissue 

penetration of imatinib (Fig 4C-F). The highest blood and tissue concentrations of 

GF120918 were observed in Rat #1, which corresponded to largest increase in the 

Kp,br (12.6-fold) and Kp,sc (6.3-fold) values as compared to rats in the absence of 

GF120918. The extent of the Kp,br increase for imatinib was comparable to those 

observed in Mdr1a/1b(−/−)/Bcrp(−/−) mice (12.6-63.6 folds) but higher than those in 

Mdr1a/1b(−/−) (1.0-4.46 folds) and Bcrp(−/−) (0.86-1.0 folds) mice relative to wild-

type mice (Kodaira et al., 2010), suggesting that the blood and tissue concentrations 
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of GF120918 achieved in Rat #1 were sufficient to modulate P-gp and BCRP 

activities. Under this circumstance, the Kp,sn value of imatinib was only slightly 

enhanced by 2-fold and the Kp,drg value was unchanged in Rat #1. No change in the 

Kp,br, Kp,sc, Kp,sn, and Kp,drg values of imatinib (0.75-1.1 fold) was observed in Rat #3, 

which was consistent with the lowest blood and tissue concentrations of GF120918. 

These results imply that, in contrast to their restrictive role in CNS penetration, P-gp 

and BCRP have a limited impact on drug distribution of small molecule drugs into 

peripheral nerve tissues. 

Distribution of ProTx-II into Peripheral Nerves and CNS Tissues 

Rats were dosed with the peptide ProTx-II by constant intravenous infusion at 37.5 

µg/h/kg for 24 h and the plasma concentration of ProTx-II reached a steady state (Fig. 

5A). The DRG-to-plasma concentration ratio of ProTx-II was 10.5 ± 1.0 at steady 

state, whereas sciatic nerve-, spinal cord-, and brain-to-plasma concentration ratios 

were below 0.23 (Fig. 5B). These results indicate that DRG is permeable to ProTx-II 

whereas the distribution of ProTx-II into sciatic nerve is restricted.  
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Discussion 

In tissues with protective barriers such as BBB and BNB, the systemic unbound 

concentration may not be a reliable surrogate for the tissue unbound concentration of 

drugs. The equilibration between a compound’s tissue and systemic unbound 

concentrations is described by the Kp,uu value, which can be either below or above 

unity. The transport mechanisms of compounds across tissue barriers can be inferred 

from the Kp,uu values at steady state. The compounds’ Kp,uu values below 1 suggest 

carrier-mediated efflux and/or low passive permeability and above 1 indicate active 

influx, whereas the Kp,uu values equal to unity represent passive permeability and/or 

balanced active efflux/influx processes (Hammarlund-Udenaes et al., 2008; Rankovic, 

2015; Summerfield et al., 2016). As compared with BBB penetration, the 

physicochemical and transport properties governing the drug distribution into 

peripheral nerve remain largely unexplored. In this study, we systematically evaluated 

the peripheral nerve penetration for drugs with diverse physicochemical and transport 

properties administered to rats under constant intravenous infusion and compared this 

to their CNS penetration. The results offer insights not only to the characteristics of 

drugs, but also to the relevance of P-gp and BCRP transport with regard to drug 

distribution into peripheral nerves such as DRG and sciatic nerve.  

The DRG contains the cell bodies of sensory neurons and is located between the 

dorsal root and the peripheral nerve. The DRG has been proposed as an important 

therapeutic target for neurologic diseases such as neuropathic pain (Liem et al., 2016; 

Sapunar et al., 2012). There appears to be no diffusion barrier at the DRG for drugs 

with very different physicochemical and transport properties, as indicated by the 

Kp,uu,drg values greater than 0.5 for all small molecules investigated except 

cyclosporine A. Cyclosporine A has an extremely low unbound fraction in blood and 
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peripheral nerve tissues (0.01-0.04%). Therefore, caution should be exercised to the 

calculated Kp,uu,drg value as the inherent challenge exists for accurate determination of 

unbound fractions for highly bound compounds (Riccardi et al, 2015). The efflux 

transporters P-gp and BCRP do not have any impact on DRG penetration for their 

substrates. This conclusion is supported by two facts: 1) the Kp,uu,drg values of P-gp 

and/or BCRP substrates are all above 0.5 except cyclosporine A; 2) GF120918 does 

not have any appreciable influence on DRG penetration of imatinib. The leakiness of 

DRG is corroborated by high Kp,drg value for ProTx-II, a peptide with high molecular 

weight. This can be explained by DRG possessing microvessels with fenestrated 

endothelia and a permeable connective tissue capsule (Abram et al., 2006; Arvidson, 

1979). These results demonstrate that small molecule drugs can be easily delivered to 

DRG without any appreciable diffusion barrier.  

In fiber-rich nerve trunks such as sciatic nerve, BNB is present to maintain the 

homeostasis of endoneurial milieu. In the present study, we found that the sciatic 

nerve is permeable to small molecule drugs with large structural diversity, as indicated 

by the Kp,uu,sn values greater than 0.2 for all small molecule drugs investigated. In 

analogy to the kinetics of BBB penetration, low tissue permeability will negatively 

affect the Kp,uu value and require longer time to achieve equilibrium (Liu et al., 2009). 

Passive permeability as low as ~10 nm/s does not significantly decrease BNB 

penetration but clearly breaches CNS penetration, as demonstrated by the difference 

in Kp,uu,sn and Kp,uu,br values for ranitidine and atenolol. The lower permeability cut-off 

required for BNB penetration likely reflects lower endoneurial fluid turnover and 

more permeable endoneurial microvasculature as compared with brain and spinal cord 

(Rechthand et al., 1988; Weerasuriya and Mizisin, 2011). Limited BNB penetration 

was observed for ProTx-II, which is expected to have a much lower permeability 
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based on its physicochemical properties. Other than this, we have not further 

investigated whether substances with permeability far lower than 10 nm/s (e.g. solutes, 

ions, antibody etc.) would have impaired BNB penetration. In theory, this is very 

likely if the permeability clearance of substances across BNB is approaching or even 

below the sciatic nerve endoneurial fluid bulk flow in a situation analogous to BBB 

penetration kinetics of hydrophilic compounds (Liu et al., 2009). Supportive evidence 

comes from the reported diffusion restriction across BNB for very hydrophilic small 

molecules (e.g. sucrose) and macromolecules (Poduslo et al., 1994; Rechthand et al., 

1987), which are all expected to have very low permeability.  

 

Specialized transport systems are expected to be expressed on restrictive BNB to 

facilitate directional substance exchange between endoneurial space and systemic 

circulation. In fact, expression of a number of nutrient and xenobiotic transporters on 

primary and immortalized human endoneurial endothelial cells has been demonstrated 

(Abe et al., 2012; Yosef and Ubogu, 2013; Yosef et al., 2010). The functional role of 

P-gp or BCRP in affecting drug distribution into the peripheral nerve was particularly 

investigated. Slightly higher accumulation of P-gp substrate drugs vinblastine (2.3-4.4 

folds) and doxorubicin (1.5 folds) but not cisplatin (0.87-1.1 folds) was observed in 

the sciatic nerve in Mdr1a(−/−) mice as compared with wild-type mice (Saito et al., 

2001). The impact of P-gp and BCRP on distribution of their substrates into sciatic 

nerve was not demonstrated in rats (Huang et al., 2015). In concordance with these 

observations, we conclude that P-gp and BCRP have a limited impact on BNB 

penetration. This conclusion is supported by two lines of evidence: 1) the Kp,uu,sn 

values for efflux transporter substrates are in the range of 0.22-0.57; 2) GF120918 can 

only enhance the Kp,uu,sn value of imatinib by 2 folds at a concentration which can 
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drastically increase the Kp,uu,br and Kp,uu,sc of imatinib.  

High passive permeability and low P-gp efflux potential are known to be required for 

good CNS penetrants (Di et al., 2013; Mahar Doan et al., 2002). The Kp,uu,br and 

Kp,uu,sc values for drugs with low-to-moderate passive permeability or P-gp/BCRP 

substrates were much lower than the Kp,uu,sn and Kp,uu,drg values, clearly indicating a 

more restrictive nature of BBB and BSCB. The Kp,uu,sc values are similar to the Kp,uu,br 

values (within 3-fold) for the majority of compounds investigated. Despite this, there 

is a trend that the Kp,uu,sc values are slightly greater than those of the Kp,uu,br values for 

low-to-moderate permeable compounds or P-gp/BCRP substrates likely due to 

increased permeability and reduced expression of efflux transporters in BSCB as 

compared with BBB (Bartanusz et al., 2011). 

Breakdown of BNB was reported in many disorders of the peripheral nervous system 

including Guillain–Barré syndrome, chronic inflammatory demyelinating 

polyneuropathy, and diabetic neuropathy. Morphological abnormalities of endothelial 

cells constituting the BNB in these neuropathies include fenestration of endoneurial 

microvessels, gaps between adjacent endothelial cells, and the disappearance of tight 

junctions (Kanda, 2013). The impact of BNB dysfunction in diseases on drug 

distribution into the peripheral nerve remains to be explored. Despite this, based on 

the knowledge obtained from this study, we could reasonably believe that BNB 

breakdown will only have a limited impact on peripheral nerve penetration of small 

molecule therapeutics, but it is likely to have a more profound influence on peripheral 

nerve penetration of very hydrophilic small molecules, ions, and biologics when 

active transport mechanisms are minimal or lacking for these substances with very 

low membrane permeability.  

In conclusion, we have shown that the peripheral nerve is permeable to the small 
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molecule drugs investigated and P-gp and BCRP have a limited impact on drug 

penetration into peripheral nerve. For biologics as large as ProTx-II, penetration into 

DRG was demonstrated but its distribution into sciatic nerve and CNS tissues is 

restricted. To our knowledge, this is the first study that systematically and 

quantitatively evaluates the peripheral nerve penetration of small molecule drugs with 

diverse physicochemical and transport properties. These findings further our 

understanding in molecular mechanisms governing BNB penetration, which should 

help identify compounds to treat diseases with targets located at peripheral nerve.  
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Figure Legends: 

Fig. 1. Correlation between fu,br and fu,bl (A), fu,sc (B), fu,sn (C), and fu,drg (D) for 22 

small molecule compounds. 

Fig. 2. The blood concentration-time profiles of eleven small molecule drugs in rats 

receiving constant intravenous infusion for 6 hr. Four rats were used for each drug. 

The dose for each drug was described in Materials and Methods. 

Fig. 3. The tissue-to-blood unbound concentration ratios for small molecule drugs 

with low-to-moderate passive permeability and not being or only weakly transported 

by P-gp (ranitidine, atenolol, minoxidil), with high passive permeability and 

interacting with P-gp (loperamide, mesoridazine), BCRP (dantrolene), or both 

(imatinib), and with moderate permeability and being recognized by P-gp 

(cyclosporine A). 

Fig. 4. The influence of GF120918 on peripheral nerve and CNS tissue distribution of 

imatinib. A: the blood concentration-time profiles of imatinib in rats (n = 4) receiving 

constant intravenous infusion for 6 hr in the absence and presence of GF120918 dose. 

B: the blood concentration-time profiles of GF120918 in rats receiving 22.2 µmol/kg 

GF120918 intraperitoneally 30 min before imatinib dose. The time shown on the x-

axis was started from the administration of imatinib. C-F: the brain-, spinal cord-, 

sciatic nerve-, and DRG-to-blood concentration ratio of imatinib at 6 h in rats 

receiving constant intravenous infusion of imatinib in the absence (triangle) and 

presence (circle) of GF120918 dose. Numbers (#1-#4) in Fig. 4B-4F represent an 

induvial rat receiving a constant intravenous infusion of imatinib in the presence of 

GF120918 dose. 
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Fig. 5. The plasma concentration-time profile (A) and steady-state tissue-to-plasma 

concentration ratio at 24 h (B) of ProTx-II in rats (n = 4) receiving constant rate 

intravenous infusion at 9.80 nmol/kg/h.  
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TABLE 1 

Physicochemical and transport properties of small molecule drugs and the peptide ProTx-II employed in peripheral nerve and CNS tissue 

distribution studies 

Drugs 
MW 

(dantons)
 a

 
cLogP

 a
 TPSA (Å

2
)
 a
 

Passive 

Permeability 

(nm/s) 

Permeability classification
 b
 

P-gp and/or BCRP 

substrate
 b

 

Carbamazepine 236 2.4 46 652
 c
 High passive permeability, CNS drug

 c
 Not a P-gp substrate

 c
 

Haloperidol 375 3.8 41 286
 c
 High passive permeability, CNS drug

 c
 Not a P-gp substrate

 c
 

Ralfinamide 302 2.5 64 355
 d
 High passive permeability

 d 
 Not a P-gp substrate

 d
 

Ranitidine 314 0.67 86 7.5
 c
 Low passive permeability

 c
 Weak P-gp substrate

 c
 

Atenolol 266 -0.11 85 12
 c
 Moderate passive permeability

 c
 Not a P-gp substrate

 c
 

Minoxidil 209 -2.1 91 26
 c
 Moderate passive permeability

 c
 Not a P-gp substrate

 c
 

Dantrolene 314 1.6 124 453
 e
 High passive permeability

 e
 BCRP specific substrate

 e
 

Loperamide 477 4.7 44 456
 c
 High passive permeability

 c
 P-gp substrate

 c
 

Mesorizadine 386 4.6 24 149
 c
 High passive permeability, CNS drug

 c
 P-gp substrate

 c
 

Imatinib 493 4.4 86 201
 e
 High passive permeability

 e
 P-gp and BCRP substrate

 e
 

Cyclosporine A 1202 14 279 62.6
 f
 Moderate passive permeability

 f
 P-gp substrate

 g
 

ProTx-II 3826 
Not 

calculated 

Not 

calculated 
Not measured 

Likely very low for a peptide with 

high MW 
Not measured 

a 
MW was molecular weight; cLogP was calculated by Biobyte v4.3; topological polar surface area (TPSA) was calculated by the method developed by Ertl et al., 2000. 

b 
Passive permeability is arbitrarily classified as follows: < 10 nm/s, low passive permeability; 10-100 nm/s, moderate passive permeability; > 100 nm/s, high passive 

permeability; MW > 1000 is defined as high MW; ranitidine is defined as a weak P-gp substrate because efflux ratio in the absence of GF120918 in MDCKII-MDR1 cells is 

1.6, whereas other P-gp/BCRP substrates have reported efflux ratios greater than 2. 

c 
Passive permeability was measured in MDCKII-MDR1 cells obtained from The Netherlands Cancer Institute in the presence of GF120918 (2 µM) at pH 7.4 (Mahar Doan et 
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al., 2002; Thiel-Demby et al., 2009) or National Institutes of Health in the presence of GF120918 (2 µM) at pH 7.4 (Summerfield et al., 2007).  

d 
Artificial membrane permeability was reported herein (unpublished data). The compound not being recognized by P-gp was inferred from the Kp,uu,br value in rats.  

 e 
Passive permeability was measured in MDCKII-BCRP cells in the presence of 0.2 µM of Ko143 and 1 µM of LY335979 at pH 7.4 (Liu et al., 2017).  

f 
Passive permeability was measured in Caco-2 cells obtained from the American Type Culture Collection in the presence of 1 μM GF120198 (von Richter et al., 2009). 

g
Cyclosporine A transported by P-gp was reported by Polli et al., 2001.
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TABLE 2 

The percent unbound fractions of small molecule drugs in blood, brain, spinal cord, 

sciatic nerve, and DRG 

Drugs fu,bl (%)
 a
 fu,br (%)

 a
 fu,sc (%)

 a
 fu,sn (%)

 a
 fu,drg (%)

 a
 

Carbamazepine 26.6 ± 1.7 13.5 ± 0.6 13.8 ± 0.6 10.2 ± 1.0 15.8 ± 1.9 

Haloperidol
 b

 9.71 ± 1.26 1.32 ± 0.22 0.89 ± 0.33 0.68 ± 0.09 1.19 ± 0.28 

Ralfinamide 13.8 ± 0.3 2.36 ± 0.17 1.32 ± 0.07 2.25 ± 0.30 4.59 ± 0.57 

Ranitidine 47.3 ± 4.1 85.3 ± 52.5 62.7 ± 20.9 20.5 ± 6.2 46.8 ± 7.6 

Atenolol 41.5 ± 1.3 59.9 ± 6.7 71.3 ± 12.2 39.6 ± 9.3 42.9 ± 13.5 

Minoxidil 64.0 ± 7.0 65.8 ± 30.0 50.1 ± 5.9 56.7 ± 13.4 100 ± 0 
c
 

Dantrolene 3.08 ± 0.58 4.63 ± 0.88 3.32 ± 0.31 2.39 ± 0.88 7.74 ± 2.79 

Loperamide 2.99 ± 0.08 0.58 ± 0.01 0.44 ± 0.06 0.22 ± 0.02 0.46 ± 0.10 

Mesorizadine 9.66 ± 0.74 1.70 ± 0.02 1.62 ± 0.32 0.86 ± 0.08 1.66 ± 0.33 

Imatinib 4.20 ± 0.51 2.15 ± 0.14 1.84 ± 0.50 1.18 ± 0.10 2.17 ± 0.24 

Cyclosporine 

A 

0.042 ± 

0.010 

0.011 ± 

0.000 

0.018 ± 

0.010 

0.031 ± 

0.036 

0.033 ± 

0.007 

GF120918 
0.015 ± 

0.002 

0.011 ± 

0.002 

0.0069 ± 

0.0004 

0.0064 ± 

0.0010 

0.0037 ± 

0.0002 

Amantidine 89.9 ± 10.4 16.0 ± 1.8 8.47 ± 1.25 10.6 ± 0.9 18.5 ± 3.3 

Amitriptylline 5.90 ± 0.56 0.38 ± 0.07 0.28 ± 0.03 0.30 ± 0.02 0.51 ± 0.04 

Citalopram 18.5 ± 1.6 2.06 ± 0.09 1.23 ± 0.22 1.98 ± 0.11 3.57 ± 0.37 

Clozapine 6.04 ± 0.25 0.94 ± 0.15 0.46 ± 0.06 0.55 ± 0.04 0.97 ± 0.22 

Fluphenazine 0.75 ± 0.10 0.069 ± 

0.006 

0.037 ± 

0.003 

0.036 ± 

0.002 

0.060 ± 

0.006 

Granisetron 42.3 ± 6.1 12.1 ± 1.9 9.85 ± 1.20 12.3 ± 1.4 17.1 ± 1.6 

Loxapine 3.10 ± 0.26 0.36 ± 0.04 0.28 ± 0.02 0.19 ± 0.01 0.48 ± 0.02 

Maprotiline 4.08 ± 0.31 0.23 ± 0.09 0.14 ± 0.02 0.14 ± 0.01 0.27 ± 0.02 

Nortriptylline 4.12 ± 0.28 0.27 ± 0.04 0.15 ± 0.01 0.19 ± 0.01 0.35 ± 0.01 

Resperidone 11.8 ± 2.9 7.61 ± 0.40 5.78 ± 0.42 6.97 ± 0.69 10.9 ± 2.2 
a
 Data were presented as mean ± S.D. from three independent measurements unless otherwise 

indicated. 

b
 Data were presented as mean ± S.D. from six independent measurements. 

c 
Concentrations in receiver compartment were similar to or exceeded slightly those in donor 

compartment. Thus, unbound fraction in DRG was taken as 100%.  
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TABLE 3 

The blood and tissue concentrations and tissue-to-blood concentration ratios of small molecule drugs in brain, spinal cord, sciatic nerve, and 

DRG at 6 h in rats receiving constant intravenous infusion. 

Drugs
 a

 Cbl (nM) Cbr (nM) Kp,br Csc (nM) Kp,sc Csn (nM) Kp,sn Cdrg (nM) Kp,drg 

Carbamazepine 5455 ± 625 6785 ± 904 1.25 ± 0.21 9818 ± 961 1.82 ± 0.31 9098 ± 1540 1.70 ± 0.44 11190 ± 1137 2.05 ± 0.06 

Haloperidol 134 ± 30 4423 ± 259 34.5 ± 9.1 4400 ± 415 34.0 ± 7.0 4235 ± 548 33.5 ± 11.5 6560 ± 1133 52.5 ± 21.7 

Ralfinamide 694 ± 85 6665 ± 1021 9.79 ± 2.23 6260 ± 398 9.09 ± 0.85 9305 ± 440 13.6 ± 2.3 10360 ± 2402 15.0 ± 3.1 

Ranitidine 1056 ± 186 < 30.0 < 0.029 49.1 ± 8.4 0.047 ± 0.010 749 ± 149 0.710 ± 0.076 1513 ± 73 1.46 ± 0.22 

Atenolol 2647 ± 92 62.0 ± 12.2 0.023 ± 0.005 171 ± 36 0.064 ± 0.013 1855 ± 225 0.701 ± 0.087 3613 ± 224 1.37 ± 0.12 

Minoxidil 1658 ± 541 266 ± 19 0.170 ± 0.040 439 ± 93 0.291 ± 0.121 1473 ± 91 0.911 ± 0.285 1573 ± 279 0.987 ± 0.185 

Dantrolene 697 ± 269 62.6 ± 11.7 0.077 ± 0.006 118 ± 1 0.148 ± 0.026 341 ± 137 0.493 ± 0.081 403 ± 159 0.575 ± 0.093 

Loperamide 142 ± 47 43.0 ± 9.5 0.327 ± 0.147 154 ± 115 1.16 ± 0.95 1022 ± 157 7.63 ± 2.26 1278 ± 312 9.20 ± 1.29 

Mesorizadine 391 ± 104 224 ± 11 0.598 ± 0.126 326 ± 30 0.873 ± 0.199 954 ± 78 2.59 ± 0.80 1353 ± 113 3.59 ± 0.69 

Imatinib 1785 ± 171 112 ± 4 0.063 ± 0.006 172 ± 30 0.096 ± 0.009 1580 ± 113 0.891 ± 0.099 2475 ± 287 1.39 ± 0.08 

Cyclosporine A 327 ± 53 < 6.46 < 0.020 < 4.80 < 0.015 97.4 ± 24.0 0.299 ± 0.066 62.8 ± 9.0 0.194 ± 0.033 

a
 The dose for each drug was described in Materials and Methods. Four rats were used for each drug. 
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TABLE 4 

The tissue-to-blood unbound concentration ratio of small molecule drugs in brain, spinal 

cord, sciatic nerve, and DRG  

Drugs Kp,uu,br Kp,uu,sc Kp,uu,sn Kp,uu,drg 

Carbamazepine 0.636 ± 0.117 0.948 ± 0.176 0.655 ± 0.186 1.22 ± 0.17 

Haloperidol 4.68 ± 1.59 3.10 ± 1.39 2.34 ± 0.91 6.42 ± 3.18 

Ralfinamide 1.67 ± 0.40 0.871 ± 0.097 2.21 ± 0.48 4.97 ± 1.21 

Ranitidine < 0.05 0.063 ± 0.025 0.308 ± 0.102 1.44 ± 0.35 

Atenolol 0.034 ± 0.008 0.111 ± 0.030 0.670 ± 0.179 1.41 ± 0.46 

Minoxidil 0.175 ± 0.092 0.228 ± 0.102 0.807 ± 0.328 1.54 ± 0.33 

Dantrolene 0.115 ± 0.032 0.160 ± 0.044 0.383 ± 0.170 1.45 ± 0.63 

Loperamide 0.063 ± 0.029 0.170 ± 0.142 0.573 ± 0.176 1.40 ± 0.37 

Mesorizadine 0.105 ± 0.024 0.146 ± 0.046 0.230 ± 0.076 0.617 ± 0.176 

Imatinib 0.032 ± 0.006 0.042 ± 0.013 0.251 ± 0.046 0.715 ± 0.125 

Cyclosporine A < 0.005 < 0.006 0.218 ± 0.267 0.154 ± 0.057 
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Figure 1  
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Figure 2  
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Figure 3 
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Figure 4  
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Figure 5 
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