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ABSTRACT 

 

Permethrin (PER), a Type I pyrethroid, is the most widely used insecticide in 

domestic settings in the U.S.  The overall objective of this study was to assess the 

efficiency of the blood-brain barrier (BBB) as an obstacle to the cis (CIS) and trans 

(TRANS) isomers of PER, and to determine whether its barrier function changes during 

maturation of the rat.  Experiments were conducted to quantify brain uptake of CIS and 

TRANS in postnatal day (PND) 14, 21 and 90 Sprague-Dawley rats.  The common 

carotid artery of anesthetized rats was perfused for 2 or 4 min with 1, 10 or 50 µM 14C-

CIS or 14C-TRANS in 4% albumin.  Brain deposition of each isomer was inversely 

related to age, with levels in the youngest animals >5 times those in adults.  Brain 

uptake was linear over the 50-fold range of pyrethroid concentrations, indicative of 

passive, non-saturable BBB permeation.  The extent of uptake of toxicologically-

relevant concentrations of CIS and TRANS was quite similar.  Thus, dissimilar BBB 

permeation does not contribute to the greater acute neurotoxic potency of CIS, but 

greater permeability of the immature BBB to CIS and TRANS may contribute to the 

increased susceptibility of pre-weanling rodents to the insecticides. 
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INTRODUCTION 

 Sales of pyrethroid insecticides have increased substantially worldwide due to 

their effectiveness and restrictions on the use of organophosphates (Williams, 2008).  A 

variety of pyrethroids are widely used agriculturally and in households for pest control.   

Studies of general populations reveal that a large proportion of those surveyed have 

been exposed to permethrin (PER) and several other pyrethroids (Morgan et al., 2012; 

Saillenfait et al., 2015). Children often exhibit higher urinary pyrethroid metabolite levels 

than adults, apparently due largely to ingestion from hand-to-mouth activities involving 

contaminated surfaces. PER, commonly sold as a mixture of its cis (CIS) and trans 

(TRANS) isomers, is the most widely utilized insecticide in the U.S. for residential use.  

PER is also often the treatment of choice for infestation of pets and children with lice 

and other parasites (Anadon et al., 2009; Frankouski and Bocchini, 2010). 

 High doses of pyrethroids can be acutely neurotoxic, although their potency 

differs substantially (Wolansky et al., 2006).  Sufficient doses of Type I   pyrethroids 

elicit tremors and sensitivity to external stimuli.  Type II pyrethroids can produce 

salivation, hyperexcitability and choreoathetosis.  The parent compounds are the 

proximate neurotoxic entities.  They produce stimulus-dependent depolarization block, 

primarily by interference with voltage–sensitive sodium channels (VSSC) (Cao et al., 

2011; Soderlund, 2012).  Disturbance of VSSC may result in residual impairment of the 

maturing nervous system (Shafer et al., 2005).  Several recent epidemiology studies 

have found an association between long-term pyrethroid exposure and neurobehavioral 

disorders in children (Richardson et al., 2015; van Wendel de Joode et al., 2016; Viel et 

al., 2015; Wagner-Schumann et al., 2015). Other researchers failed to find an 
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association between prenatal or postnatal PER exposure and neurodevelopmental 

problems (Horton et al., 2011; Quiros-Alcala et al., 2014). 

 It has been recognized for 25 years that immature rodents are more susceptible 

to high-dose pyrethroid neurotoxicity than adults. PER, a Type I pyrethroid, as well as 

cypermethrin and deltamethrin (DLM), Type II pyrethroids, were found to be much more 

acutely toxic to neonatal than to adult rats (Cantalamessa, 1993; Sheets et al., 1994). 

Kim et al. (2010) subsequently observed that DLM levels in plasma, brain and other 

tissues were inversely proportional to rats’ stage of development.  Deficient metabolic 

detoxification and systemic clearance by liver cytochrome P450s (CYPs) and 

carboxylesterases (CaEs) and plasma CaEs in the immature animals were reported to 

be a cause of this phenomenon (Anand et al., 2006).  Low adipose tissue content in 

neonatal and preweanling rats was observed to promote enhanced deposition of the 

highly lipophilic pyrethroids in the CNS (Amaraneni et al., 2017a). Postnatal day (PND) 

15 and 21 rats with plasma DLM levels comparable to adults have recently been 

observed to exhibit significantly higher brain levels, suggesting that the immature blood-

brain barrier (BBB) is relatively permeable to the chemical (Mortuza et al., 2018).  An in 

situ experiment revealed that brain uptake of DLM was inversely related to the age of 

rats (Amaraneni et al., 2017b).  A goal of the current investigation was to determine 

whether this was also true for PER, the insecticide to which children are most frequently 

exposed in the U.S.   

 The pharmacokinetics (PK), as well as the acute neurotoxic potency of CIS and 

TRANS, are quite different. Pilot PK experiments revealed that rats of different ages can 

tolerate substantially higher single oral doses of TRANS. TRANS is eliminated more 
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rapidly from the blood and brain of rats than CIS (Tornero-Velez et al., 2012; Willemin et 

al., 2016).  CIS is metabolized solely by CYPs, while TRANS is oxidized by CYPs and 

extensively hydrolyzed by CaEs in rats (Scollon et al., 2009).  The ester linkage of the 

TRANS configuration of PER is quite labile to CaE-catalyzed hydrolysis (Hosokawa, 

2008).  It is also possible that CIS is more potent than TRANS, because CIS penetrates 

the immature BBB more readily. 

MATERIALS AND METHODS 

 14 C-cis-permethrin (CIS) and 14 C-trans-permethrin (TRANS) (each of 99.9% 

radiochemical purity) were provided by Moravic Inc.  (Brea, CA).  Hanks’ balanced salt 

solution (HBSS) was obtained from Mediatech (Manassas, VA).  Human serum albumin 

(HSA) was purchased from Golden West Biologicals (Temecula, CA).   Ecolite 

scintillation cocktail was obtained from MP Biochemicals (Solon, OH), while glycerol 

formal (GF) was purchased from Sigma Aldrich (St. Louis, MO). 

 Adult males (~300g), dams with ~10 pups, and pregnant female rats (gestation 

day 17-19) were purchased from Charles River Labs (Raleigh, NC). The Sprague-

Dawley rats were delivered to and housed at the AAALAC-accredited University of 

Georgia (UGA) Life Sciences Animal Care Facility. The animals were acclimated to a 

12-h light/dark cycle (light 0700 -1900 h) in a temperature (25°C)- and humidity (40%)-

controlled room for at least 1 week prior to use.  Tap water and Purina Rat Chow # 5001 

were provided ad libitum.    Adult male rats were housed 4 per solid–bottom 

polycarbonate cage. Dams with pups and pregnant females were housed singly in the 

cages with corncob bedding.  The pregnant rats’ delivery date was defined as postnatal 

day (PND) 0 for their pups.  Pups were maintained with their mother until PND 15 or 21.  
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Groups of 4 adults and 3-5 unsexed pups were used for each experiment according to 

the research protocol approved by the UGA Animal Care and Use Committee.  The 

study was conducted in accordance with the NIH Guide for the Care and Use of 

Laboratory Animals.  

 The initial activity of both 14C-CIS and 14C-TRANS was 61 mCi/mmol.  A stock 

solution of each was prepared by dissolving 6.4 mg in 2 ml of GF.  Aliquots of stock 

were used to make working solutions of 10, 100 and 500 µM of each isomer in GF.  200 

µl of working solution were added to 1800 µl of 4% HSA in HBSS to obtain final 

concentrations of 1, 10 and 50 µM for infusion. 

 Adult rats were anesthetized by i.m. injection of 0.1 ml/100 g bw of a “cocktail” 

consisting of ketamine HCI (100 mg/ml), acepromazine maleate (10 mg/ml) and 

xylazine (20 mg/ml) (3:2:1, v/v/v). PND 15 and 21 rats received the same dose i.p.  The 

common carotid artery of adults was exposed and cannulated with a 23G needle 

attached to PE-50 tubing.  It was necessary to use a 30G needle affixed to PE-10 tubing 

to cannulate PND 15 and 21 pups.   Each animal’s cardiac ventricles were then cut to 

stop the flow of blood to the brain before infusion was begun, as well as to allow 

drainage of the perfusate.  Two ml (for adults) or 0.5 ml (for pups) of saline were then 

slowly injected into the cannula to flush as much blood as possible from the brain’s 

vasculature.  Dosing solutions were incubated at 37°C in an orbital shaker for 15 min 

prior to injection.  A Harvard syringe pump was used to infuse dosing solutions into the 

left brain of each rat at a rate of 500 µl/min for 4 min in adults and 250 µl/min for 2 min 

in pups.  After the infusions were completed, 2 ml (for adults) or 0.5 ml (for pups) of 

saline were slowly perfused through the cannula to flush unabsorbed test compound 
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from the vasculature. In situ brain perfusion is reported to be one of the most sensitive 

and reliable techniques for estimating CNS uptake of xenobiotics (Bickel, 2005). 

 The left half of the brain was removed after perfusion and processed for 

measurement of the two isomers.  Portions of brain were homogenized in 2 volumes of 

ice-cold distilled water with a Tekmar Tissuemizer.  One ml of brain homogenate was 

added to 4 ml of Ecolite scintillation cocktail, and each isomer quantified by liquid 

scintillation counting with a Beckman Coulter LS 6500 and normalized for tissue weight.  

 Data were analyzed and expressed as mean ± S.D. by use of Microsoft Excel 

(Microsoft Co., Redmond, WA.).  The statistical significance of differences between 

groups was assessed by one-way ANOVA, followed by Tukey’s multiple comparison 

test, with a significance level of p< 0.05, using GraphPad Prism 5.01 (GraphPad 

Software, Inc., San Diego, CA). 

 

RESULTS AND DISCUSSION 

 Maturation of the BBB had a pronounced effect on penetration by both CIS and 

TRANS in situ.  Brain uptake of each of the three infused concentrations of CIS and 

TRANS was significantly greater in the PND 15 than in the PND 21 or PND 90 rats 

(Table 1).  The extent of CNS deposition of 1 µM of each isomer, a toxicologically-

relevant concentration, was significantly different in all three age-groups.  Brain uptake 

of 10 and 50 µM CIS and TRANS consistently appeared to be slightly higher in PND 21 

weanlings than adults, but the apparent differences were not sufficient to be statistically 

significant. The magnitude of difference in pyrethroid permeation, as a function of stage 
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of BBB maturation, is included in parentheses in the table.  Interestingly, uptake of 1 µM 

of each isomer decreases by ~50% with each stage of maturation. 

 Relatively little information was found in the literature on changes in BBB 

permeability to xenobiotics during development of rodents or humans.  The BBB of PND 

10 – 11 rats was reported to be more permeable than that of adults to the lipophilic 

corticosteroid triamcinolone (Arya et al., 2006).  Cerebral deposition of inulin 

progressively decreased from PND 4 – 26 in rats (Ferguson and Woodbury, 1969).  

Structural integrity of the BBB was reported to be achieved by PND 21, the time of 

weaning of rats (Schulze and Firth, 1992).  Tightening of endothelial junctions occurred 

in conjunction with increasing thickness of the basement membrane and envelopment 

by pericytes.  Pericyte, astrocyte and basement membrane signaling were reported to 

maintain integrity of the tight cell junctions (Liebner et al., 2011).  Pediatric studies 

involving iv drug injection and cerebrospinal fluid (CSF) monitoring have not provided 

definitive information on the progression of permeability changes in the BBB or chorid 

plexus of humans.  Most investigations have been limited to neonatal and adult 

subjects.  The most definitive data have been obtained from measurements of CSF 

protein levels and dye penetration.  CSF protein levels decrease rapidly during the first 

6 months of life (Wong et al., 2005), with the highest levels measured 2 – 4 weeks after 

birth (Shah et al., 2011).  Misra et al. (1987) reported an inverse relationship between 

entry of Fluorescein into the CSF and age up to 6 months, with the largest drop in CSF 

fluorescein levels during the first 2 weeks.  It might be assumed from the foregoing that 

reasonably effective BBB function is achieved within 2 to 4 weeks of parturition in both 
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rodents and humans.  The immature rat thus appears to be a reasonable animal model 

with which to forecast CNS dosimetry in infants and children (Semple et al., 2013). 

 The magnitude of age-dependent differences in pyrethroid permeation, as a 

function of the stage of BBB maturation, is included in parentheses in Table 1, which 

includes measured brain concentrations. BBB permeability varied with the concentration 

of infused CIS and TRANS in rats in the current investigation. Uptake of 1 µM CIS and 

TRANS is 5.4- to 5.5-fold greater in the brain of the least mature pups than in the adult 

brain (Table 1).  The disparity in brain levels between pups and adults was less 

pronounced at the two highest CIS and TRANS concentrations.  Saturation of an active 

influx process with limited capacity in immature rats may be responsible for this 

phenomenon.  A low affinity influx transporter was described for DLM, CIS and TRANS 

uptake by caco-2 cells,  as well as DLM uptake by hCMEC/D3 (human brain 

microvascular endothelial) cells (Zastre et al., 2013; Amaraneni et al., 2016). 

 The isomer appeared to have little effect on the extent of CNS deposition of CIS 

and TRANS in any age group in the present study.  Very similar levels of the two 

isomers were measured in the brain of animals infused with 1 µM (Table 1). CIS 

concentrations consistently appeared to slightly exceed TRANS concentrations for the 

10 and 50 µM infusions.  The apparent prominence of CIS increased with infused 

concentration and animal age, although CIS deposition was significantly higher only in 

adults perfused with 50 µM.   

 Brain uptake of both CIS and TRANS was linear in all three age-groups of rats 

over the 50-fold range of concentrations (Fig. 1).  R2 values for all ages of animals 

exceeded 0.999.  Amaraneni et al. (2017b) also found brain uptake of DLM to be linear.  
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In vitro experiments with CMEC/D3 cells revealed uptake of DLM to be a passive, non-

saturable process (Amaraneni et al., 2016).  BBB penetration by xenobiotics has been 

observed to increase with lipophilicity up to a point, beyond which higher Log P values 

result in diminishing permeation (Banks, 2009). DLM’s Log P and molecular weight are 

6.1 and 505.2 (ATSDR, 2003). The similarly high Log P (6.5) and molecular mass 

(391.3) of permethrin satisfy two of Lipinski et al’s. (2001) criteria for poor membrane 

permeability.  Lipid partitioning, coupled with hydrophobic bonding, serve to reduce the 

flux of large, highly lipophilic chemicals such as pyrethroids through the BBB, virtually 

trapping them there in membranes (Liu et al., 2011; Waterhouse, 2003).  The 

magnitude and the age-dependency of brain uptake of DLM in rats in situ (Amaraneni et 

al., 2017b) were strikingly similar to CIS and TRANS in the current study.  Comparable 

brain uptake of CIS and TRANS indicate that dissimilar BBB permeation does not 

contribute to the greater acute neurotoxic potency of CIS in rats.  Although the 

permeability of the BBB to pyrethroids in limited, it appears likely that increased 

permeability of the immature BBB contributes to the elevated target organ dosimetry 

manifest in this age-group (Kim, et al., 2010; Mortuza, et al., 2018), possibly resulting in 

enhanced neurological effects of the insecticides during early development. 

  

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on December 6, 2018 as DOI: 10.1124/dmd.118.084822

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #84822 

11 
 

AUTHORSHIP CONTRIBUTIONS 

Participated in the research design: Mortuza, Edwards, White, Cummings and Bruckner 

Conducted experiments: Mortuza, Edwards and Patel 

Contributed new reagents or analytical tools: NA 

Performed data analysis: Mortuza, White, Patel and Cummings 

Wrote or contributed to writing the manuscript: Mortuza and Bruckner 

 

 

 

 

 

 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on December 6, 2018 as DOI: 10.1124/dmd.118.084822

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #84822 

12 
 

REFERENCES 

Amaraneni M, Pang J, Bruckner JV, Muralidhara S, Mortuza TB, Gullick D, Hooshfar S, 
White CA, and Cummings BS (2017a) Influence of maturation on in vivo tissue to 
plasma partition coefficients for cis- and trans-permethrin. J Pharm Sci 106: 2144-2151. 

Amaraneni, M, Pang J, Mortuza TB, Muralidhara S, Cummings, BS, White CA, Vorhees 
CV, Zastre J, and Bruckner JV (2017b) Brain uptake of deltamethrin in rats as a function 
of plasma protein binding and blood-brain barrier maturation. Neurotoxicology 62:24-29. 

Amaraneni M, Sharma A, Pang J, Muralidhara S, Cummings BS, White CA, Bruckner 
JV, and Zastre J (2016) Plasma protein binding limits the blood brain barrier permeation 
of the pyrethroid insecticide, deltamethrin. Toxicol Lett 250-251: 21-28. 

Anadon A, Martinez-Larranaga MR, and Martinez MA (2009) Use and abuse of 
pyrethrins and synthetic pyrethroids in veterinary medicine. Vet J 182: 7-20. 

Anand SS, Kim KB, Padilla S, Muralidhara S, Kim, HJ, Fisher JW, and  Bruckner JV 
(2006) Ontogeny of the hepatic and plasma metabolism of deltamethrin in vitro: Role in 
age-dependent acute neurotoxicity. Drug Metab Dispos 34:389-397. 

Arya V, Demarco VG, Issar M, and Hochhaus G (2006) Contrary to adult, neonatal rats 
show pronounced brain uptake of corticosteroids. Drug Metab Dispos 34: 939-942. 

ATSDR (2003). Toxicological Profile for Pyrethins and Pyrethroids. Agency for Toxic 
Substances and Disease Registry. Atlanta, GA. 

Banks WA (2009) Characteristics of compounds that cross the blood-brain barrier. BMC 
Neurol 9: 1-5. 

Bickel U (2005) How to measure drug transport across the blood-brain barrier. NeuroRx 
2: 15-26. 

Cantalamessa F (1993) Acute toxicity of 2 pyrethroids, permethrin and cypermethrin, in 
neonatal and adult rats. Arch Toxicol 67:510-513. 

Cao Z, Shafer T, and Murray TF (2011) Mechanisms of pyrethroid insecticide-induced 
stimulation of calcium influx in neocortical neurons. J Pharmacol Exp Therap. 336: 197-
205. 

Ferguson RK, and Woodbury DM (1969) Penetration of 14C-inulin and 14C-sucrose into 
brain, cerebrospinal fluid and skeletal muscle of developing rats. Exp Brain Res 7:181-
194 

Frankowski BL, and Bocchini JA (2010) Clinical report-Head lice. Pediatrics 126: 392-
403. 

Horton MK, Rundle A, Camann DE, Barr DB, Rauh VA, and Whyatt RM (2011) Impact 
of prenatal exposure to piperonyl butoxide and permethrin on 36-month 
neurodevelopment. Pediatrics 127:699-706. 

Hosokaya M (2008) Structure and catalytic properties of carboxylesterase isozymes 
involved in metabolic activation of prodrugs. Molecules 13: 412-431 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on December 6, 2018 as DOI: 10.1124/dmd.118.084822

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #84822 

13 
 

Kim KB, Anand SS, Kim HJ, White CA, Fisher, JW, Toreno-Velez R, and Bruckner JV 
(2010) Age, dose-, and time-dependence of plasma and tissue distribution of 
deltamethrin in immature rats. Toxicol Sci 115:354-368. 

Liebner S, Czupalla CJ, and Wolburg H (2011) Current concepts of blood-brain barrier 
development. Int J Dev Biol 55:467-476. 

Lipinski CA, Lombardo F, Dominy BW, and Feeney FJ (2001) Experimental and 
computational approaches to estimate solubility and permeability in drug discovery and 
development setting. Adv Drug Del Rev 46:3-26. 

Liu X, Testa B, Fahr A (2011) Lipophilicity and its relationship with passive drug 
permeation. Pharm Res 28: 962-977. 

Misra PK, Gulati A, Mahesh AK, Sharma B, Malik GK, and Dhawan KN (1987) Maturity 
of blood brain barrier in children.  Indian J Med Res 85: 401-403. 

Morgan MK (2012) Children’s exposure to pyrethroid insecticides at home: A review of 
data collected in published exposure measurement studies conducted in the United 
States. Int J Res Public Health 9: 2964-2985. 

Mortuza T, Chen C, White CA, Cummings BS, Muralidhara S, Gullick D, and Bruckner 
JV (2018) Toxicokinetics of deltamethrin: Dosage dependency, vehicle effects, and low-
dose age-equivalent dosimetry in rats. Toxicol Sci 162: 327-336. 

Quiros-Alcala L, Mehta S, and Eskenazi B (2014) Pyrethroid pesticide exposure and 
parental report of learning disability and attention deficit/hyperactivity disorder in U.S. 
children: NHANES 1999-2002. Environ Health Perspect 122: 1336-1342. 

Richardson JR, Taylor MM, Shalat SL, Guillot TS, Caudle WM, Hossain MM, Mathews 
TA, Jones SR, Cory-Slechta DA, and Miller GW (2015) Developmental pesticide 
exposure reproduces features of attention deficit hyperactivity disorder. FASEB J 29: 
1960-1972. 

Saillenfait AM, Ndiaye D, and Sabate JP (2015) Pyrethroids: Exposure and health 
effect-an update. Int J Hyg Environ Health 218: 281-292. 

Schulze C, and Firth JA (1992) Interendothelial junctions during blood-brain barrier 
development in the rat: Morphological changes at the level of the individual tight 
junctional contacts. Dev Brain Res 6: 85-95. 

Scollon EJ, Starr JM, Godin SJ, DeVito MJ, Hughes MD (2009) In vitro metabolism of 
pyrethroid pesticides by rat and human hepatic microsomers and cytochrome P450 
isoforms.  Drug Metab. Disos 37:221-228. 

Semple BD, Blomgren K, Gimlin K, Ferriero DM, and Noble-Haeusslein LJ (2013) Brain 
development in rodents and humans: Identifying benchmarks of maturation and 
vulnerability to injury across species.  Prog Neurobiol 106-107: 1-16. 

Shah SS, Ebberson J, Kestenbaum LA, Hondinka RL, and Zorc JJ (2011) Age-specific 
reference values for cerebrospinal fluid protein concentration in neonates and young 
infants.  J Hosp Med 6: 22-27. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on December 6, 2018 as DOI: 10.1124/dmd.118.084822

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #84822 

14 
 

Shafer TJ, Meyer DA, and Crofton KM (2005) Developmental neurotoxicity of pyrethroid 
insecticides: Critical review and future research needs. Environ Health Perspect 113: 
123-136. 

Sheets LP, Doherty JD, Law MW, Reiter LW, and Crofton KM (1994) Age-dependent 
differences in the susceptibility of rats to deltamethrin. Toxicol Appl Pharmacol 126: 
186-190. 

Soderlund DM (2012) Molecular mechanisms of pyrethroid insecticide neurotoxicity: 
Recent advances. Arch Toxicol 86: 165-181. 

Tornero-Velez R, David J, Scollon E, Starr JM, Setzer RW, Goldsmith MR, Chang DT, 
Xue J, Zartarian V, DeVito MJ, et al. (2012) A pharmacokinetic model of cis- and trans-
permethrin disposition in rats and humans with aggregate exposure application. Toxicol 
Sci 130: 33-47. 

Van Wendel de Joode B, Mora AM, Lindh CH, Hernandez-Bonilla D, Cardoba L, 
Wessling C, Hoppin JA, and Mergler D (2016) Pesticide exposure and 
neurodevelopment in children aged 6-9 years in Talmanca, Costa Rica. Cortex. 85: 137-
150. 

Viel JF, Warembourg C, Le Maner-Idrissi GL, Lacroix A, Limon G, Rouget F, Monfort C, 
Durand G, Cordier S, and Chevrier C (2015) Pyrethroid insecticide exposure and 
cognitive developmental disabilities in children: The PELAGIE mother-child cohort. 
Environ Int 82: 69-75. 

Wagner-Schuman M, Richardson JR, Auinger P, Braun JM, Lanphear BP, Epstein JN, 
Yolton K, and Froehlich TE (2015) Association of pyrethroid pesticide exposure with 
attention-deficit/hyperactivity disorder in a nationally representative sample of US 
children. Environ Health 14:9. 

Waterhouse RN (2003) Determination of lipophilicity and its use as a predictor of blood-
brain penetration of molecular imaging agents. Mol Imag Biol 5: 376-389. 

Willemin M-E, Desmots S, Le Grand R, Lestremau F, Zeman FA, Leclerc E, Moesch C, 
and Brochot C (2016) PBPK modeling of the cis- and trans-permethrin isomers and their 
major urinary metabolites in rats. Toxicol Appl Pharmacol 294: 65-77. 

Williams MK, Rundle A, Holmes D, Reyes M, Hoepner LA, Barr DB, Camann DE, 
Perera FP, and Whyatt RM (2008) Changes in pest infestation levels, self-reported 
pesticide use, and permethrin exposure during pregnancy after 2000-2001 U.S. 
Environmental Protection Agency restriction on organophosphates. Environ Health 
Perspect 116: 1681-1688. 

Wolansky MJ, Gennings C, and Crofton K (2006) Relative potencies for acute effects of 
pyrethroids on motor function in rats.Toxicol Sci 89: 271-277. 

Wong M, Schlagger BL, Buller RS, Starch GA, and Landt M (2005) Cerebrospinal fluid 
protein concentration in pediatric patients.  Arch Pediatr Adolesc Med 154: 827-831. 

Zastre J, Dowd C, Bruckner J, and Popovici A (2013) Lack of P-glycoprotein-mediated 
efflux and the potential involvement of an influx transport process contributing to the 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on December 6, 2018 as DOI: 10.1124/dmd.118.084822

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #84822 

15 
 

intestinal uptake of deltamethrin, cis-permethrin, and trans-permethrin. Toxicol Sci 136: 
284-293. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on December 6, 2018 as DOI: 10.1124/dmd.118.084822

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #84822 

16 
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Figure Legends 

Figure 1: Concentration-dependent brain uptake of CIS (A) and TRANS (B) by PND 15, 

21, and 90 rats infused with 1, 10, or 50 µM CIS or TRANS. Linear regression was 

conducted by GraphPad Prism. R2 values > 0.999 were obtained for each group. Each 

point represents mean ± S.D. (n = 3-5). 
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       TABLE 1 

Age-dependency of brain uptake of CIS and TRANS 

Uptake is represented as pmol CIS or TRANS/g brain. Data are expressed as mean  

± S.D. (n=3-5). 

Isomer µM PND 15 PND 21 PND 90 

CIS 1 53 ± 6*# (5.4) 23 ± 5* (2.4) 10 ± 1 

CIS 10 498 ± 70*# (3.7) 188 ± 24 (1.4) 136 ± 22 

CIS 50 2044 ± 415*# (3.1) 900 ± 218 (1.4) 666 ± 55 

TRANS 1 52 ± 15*# (5.5) 24 ± 5 (2.5) 10 ± 1 

TRANS 10 405 ± 65*# (3.7) 146 ± 16 (1.3) 110 ± 9 

TRANS 50 1918 ± 632*# (3.8) 754 ± 146 (1.5) 510 ± 80 

*Denotes significant difference from adults (P<0.05). 

 #Denotes significant difference from PND 21 animals (P< 0.05). 

 Values in parentheses are multiples of PND 90 values. 
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