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ABSTRACT

Pyrethroids are synthetic insecticides that act acutely on voltage gated sodium channels to prolong channel opening and
depolarization. Epidemiological studies find that exposure to pyrethroids are associated with neurological and developmental
abnormalities in children. The long-term effects of type II pyrethroids, such as deltamethrin (DLM), on development have
received little attention. We exposed Sprague-Dawley rats to DLM by gavage at doses of 0, 0.25, 0.5, and 1.0 mg/kg/day from
postnatal day (P) 3–20 in a split-litter design. Following behavioral testing as adults, monoamine levels, release, and mRNA were
assessed via high performance liquid chromatography, microdialysis, and qPCR, respectively. Long-term potentiation (LTP) was
assessed at P25–35. Developmental DLM exposure resulted in deficits in allocentric and egocentric learning and memory,
increased startle reactivity, reduced conditioned contextual freezing, and attenuated MK-801 induced hyperactivity compared
with controls. Startle and egocentric learning were preferentially affected in males. Deltamethrin-treated rats exhibited
increased CA1 hippocampal LTP, decreased extracellular dopamine release by microdialysis, reduced dopamine D1 receptor
mRNA expression in neostriatum, and decreased norepinephrine levels in the hippocampus. The data indicate that neonatal
DLM exposure has adverse long-term effects on learning, memory, startle, glutamatergic function, LTP, and norepinephrine.
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Pyrethroids are synthetic analogs of pyrethrins derived from
chrysanthemums. Pyrethroids bind to voltage gated sodium
channels (VGSCs), slowing activation and inactivation that
results in prolonged depolarization (Soderlund, 2012). There are
two classes of pyrethroids: type I and type II (Soderlund, 2012).
Both types prolong VGSC opening leading to repetitive action
potentials, but type II pyrethroids prolong this effect compared
with type I pyrethroids (Costa, 2013). This results in persistent
depolarization, repetitive firing (Bradberry et al., 2005), and ac-
tion potential blockade.

Pyrethroids are used in agriculture, households, lawns,
schools, and parks, as well as directly on children for head lice,

on pets for ticks and fleas, and on furniture for bedbugs. The
United States Environmental Protection Agency restrictions on
residential organophosphate pesticide use resulted in increased
use of pyrethroids (Power and Sudakin, 2007; Williams et al.,
2008). This increase is a concern for children as they are more
susceptible to the effects of these compounds than adults
(Landrigan et al., 1993); however, studies examining the effect of
exposure to pyrethroids on brain development and behavior are
limited. Neurodevelopmental and behavioral outcomes in chil-
dren are altered after pyrethroid exposure as assessed by uri-
nary pyrethroid metabolite levels, such as 3-phenoxybenzoic
acid (3-PBA). A study in 1-year-old Chinese infants showed an
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inverse association between cognition, social adaptation, and
motor function with 3-PBA levels collected from prenatal urine
from the pregnant mothers (Xue et al., 2013). A positive associa-
tion was reported between residential proximity to where pyr-
ethroids were used before and during gestation and diagnosis of
autism spectrum disorder or delayed cognitive and adaptive de-
velopment in children (Shelton et al., 2014). Urinary 3-PBA levels
in children identified from the National Health and Nutrition
Examination Survey data were associated with higher preva-
lence of attention deficit hyperactivity disorder (Richardson
et al., 2015) and increased hyperactive-impulsive symptoms in
boys (Wagner-Schuman et al., 2015). Associations between pyre-
throid metabolites in children and psychopathological disorders
were also seen in a Canadian Health Measures Survey (Oulhote
and Bouchard, 2013 ).

Rodent studies indicate that developmental exposure from
embryonic day 0–21 to the type II pyrethroid deltamethrin
(DLM) increases dopamine (DA) transporter and DA D1 receptor
(DRD1) levels in the nucleus accumbens, while decreasing extra-
cellular DA release in the striatum of adult mice (Richardson
et al., 2015). In addition to alterations in DA biomarkers,
Richardson et al. (2015) observed deficits in learning, memory,
attention, and impulsivity, and increased open-field (OF) activ-
ity. By contrast, in adult rats, DLM alters serotonin as well as DA
(Hossain et al., 2006, 2013). Gestational DLM exposure in rats
causes deficits in learning and memory (L&M) when tested at 6–
12 weeks of age, alters cholinergic circuitry, increases striatal 3,
4-dihydroxyphenylacetic acid (DOPAC) levels, alters OF activity
and rearing, and reduces cytochrome P450s (Aziz et al., 2001;
Johri et al., 2006; Lazarini et al., 2001). Deltamethrin exposure
from postnatal day 10–16 alters muscarinic and nicotinic densi-
ties in hippocampus and cerebral cortex and increases sponta-
neous motor activity in mice (Eriksson and Fredriksson, 1991;
Eriksson and Nordberg, 1990).

However, there are no data on developmental DLM exposure
on striatal or hippocampal mediated L&M and other behaviors.
Accordingly, the present study investigated the long-term
effects of developmental exposure to DLM by gavage on postna-
tal days 3–20 for effects on L&M, anxiety, OF activity, startle,
conditioned freezing, and activity after drug challenge.

MATERIALS AND METHODS

Animals. The protocol was approved by the Institutional Animal
Care and Use Committee of Cincinnati Children’s Research
Foundation and adhered to guidelines on the care and use of
animals in research by the U.S. National Institutes of Health.
Male and nulliparous female Sprague-Dawley rats (175–200 g
upon arrival, CD IGS; strain No. 001, Charles River, Raleigh,
North Carolina) were maintained on a freely available NIH-07
diet (LabDiet, Richmond, Indiana) and reverse osmosis filtered/
UV sterilized water. Rats were acclimated to the AAALAC
International accredited vivarium for 1–3 weeks before breeding.
The vivarium was maintained on a 14–10 h light-dark cycle
(lights on at 600 h) with controlled temperature (19�C 6 1�C) and
humidity (50% 6 10%). Females were paired with males in wire
bottom cages. The day a sperm plug was found was designated
embryonic day 0, and females were placed in individual cages
with standard bedding and stainless steel enclosure for enrich-
ment (Vorhees et al., 2008). Day of birth was designated postna-
tal day 0 (P0). On P3 litters were culled to 4 males and 4 females
using a random number table. On P7 rats were numbered using
ear punches. Dams were weighed when offspring were P3 and
weekly from P7 to the end of the experiment. Offspring were

housed 2/cage of the same sex starting on P28 when separated
from dams.

Treatment groups. Pups were randomly assigned to 4 treatment
groups and given: 0 (corn oil [CO]), 0.25, 0.5, or 1.0 mg/kg DLM
(Bayer Crop Science, Frankfurt, Germany > 99.9% pure).
Deltamethrin was dissolved in corn oil (Acros Organics, Geel,
Belgium) in a dosing volume of 5 ml/kg and administered once
per day by gavage from P3–20. This period is roughly equivalent
to third trimester to early postnatal development in humans
and P7–10 approximates birth (Semple et al., 2013). Thirty-two
litters were used for behavior and another 20 litters for long-
term potentiation (LTP; P25–35). Ten of the former litters were
used for high performance liquid chromatograph (HPLC) neuro-
transmitter determinations or DRD1 mRNA expression by qPCR
and 12 litters for DA release by microdialysis (see Table 1).

Behavioral testing. Testing began on P60. All behaviorally tested
rats received all tests in the following order: (1) open-field (OF), (2)
elevated zero maze (EZM), (3) straight channel swimming, (4)
Morris water maze (MWM), (5) Cincinnati water maze (CWM), (6)
acoustic and tactile startle (ASR/TSR), (7) pre-pulse inhibition of
acoustic startle (PPI), (8) conditioned freezing, (9) OF with amphet-
amine (AMPH) challenge, and (10) OF with MK-801 challenge.

Open-field. On P60 rats were tested for locomotor activity in poly-
carbonate arenas (41� 41� 38 cm high, PAS system, San Diego
Instruments, San Diego, California). Each arena had infrared
photocells positioned in the X and Y coordinates spaced 2.5 cm
apart. Rats were tested for 1 h, and data analyzed in 5-min inter-
vals. For all tests except water mazes, the apparatus was
cleaned between rats with EPA-approved, nontoxic, denaturing,
antimicrobial agent Process NPD (Steris Corp, St Louis,
Missouri).

Elevated zero maze. Elevated zero maze was conducted on P61.
The apparatus was a circular runway constructed of gray tex-
tured aluminum with opposing closed and open quadrants. The
runway is 10 cm wide, 100 cm i.d., 30 cm tall walls (infrared
transparent walls on the inside) for the closed quadrants, 1.3 cm
clear acrylic high curb for the open quadrants, and elevated
50 cm above the floor (Stoelting Co, Wood Dale, Illinois). Rats
were placed in an enclosed quadrant and allowed to explore for
5 min. Movement was tracked through a camera mounted
above the maze using Any-Maze software (Stoelting Co). Time
spent in open and closed quadrants, latency to first open entry,
and number of quadrants entered was analyzed.

Straight channel. Straight channel testing was conducted on P62.
The apparatus was a 244 cm long� 15 cm wide� 50 cm deep
channel filled halfway with water with a submerged platform at
one end. Time to swim from one end to the other was recorded
on 4 consecutive trials. Rats learn from this how to escape; la-
tency to reach the goal is used to evaluate swimming ability,
motivation, and swim speed.

Table 1. Sample Size: Rats/Treatment/Sex

Treatment (mg/kg DLM) Males Females

CO 25 30
0.25 26 25
0.5 24 28
1.0 20 25
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Morris water maze. Rats began MWM testing on P63 (Vorhees and
Williams, 2006, 2014, 2016). The apparatus is a circular pool
(244 cm diameter� 51 cm deep) made of laminated black poly-
ethylene with a conical bottom filled halfway with water (25 cm
depth). On the walls surrounding the maze were distinctive dis-
tal cues (posters and geometric shapes). Rats were tested in 4
phases: acquisition, reversal, shift, and cued-random. The first
3 phases consisted of 4 trials/day for 6 days to find a hidden
platform with a probe trial on day 7. The inter-trial interval (ITI)
was 10–15 s. Rats not finding the platform within 2 min were
placed on it for the ITI. The platform was positioned equidistant
between the wall and the center and submerged approximately
2 cm below the surface. The platform position for acquisition
was in the SW quadrant, for reversal in the NE quadrant, and
for shift in the NW quadrant. Platform sizes were 10, 7, and 5 cm
in diameter for acquisition, reversal, and shift, respectively.
Probe trials lasted 45 s. Performance was tracked using Any-
Maze. Latency, distance traveled, path efficiency, swim speed,
and average heading error were analyzed on platform trials. On
probe trials, average distance to reach the location where the
platform used to be, swim speed, and average heading error
were analyzed. After shift, rats were given cued-random testing.
For this, black curtains were closed around the maze to block
distal cues. Testing consisted of 4 trials/day for 2 days. The plat-
form (10 cm) was marked with a yellow ball mounted on a stain-
less steel rod that extended 10 cm above the water. Platform
and start positions were randomized on every trial during this
phase and latency recorded.

Cincinnati water maze. Testing began the day following MWM on
P86. The apparatus is a 10-unit multiple T water maze with
dead-end T-shaped cul-de-sacs branching from a central path
extending from the start to the goal where a submerged plat-
form provided escape (Braun et al., 2015, 2016; Vorhees, 1987,
2008; Vorhees and Williams, 2016). Testing was conducted un-
der infrared light using an infrared-sensitive camera mounted
on the ceiling. The camera was connected to a monitor in an ad-
jacent room where the experimenter counted errors. Rats were
acclimated to the dark for no less than 5 min and were tested
for 18 days, 2 trials/day (limit 5 min/trial). Rats not finding the
platform within 5 min on trial-1 were rested for 5–10 min before
trial-2 in a cage with absorbent towels. Rats reaching the goal
on trial-1 received trial-2 immediately. Latency and errors (head
and shoulder entries into the stem or arm of a T) were analyzed
(Vorhees and Williams, 2016). Water was maintained at
21�C 6 1�C.

Acoustic and tactile startle and pre-pulse inhibition. Acoustic and
tactile startle and pre-pulse inhibition were assessed for 2 days
(P104–5). Testing was in SR-LAB apparatus (San Diego
Instruments). Rats were placed in acrylic cylindrical holders
(size large) mounted on a flat base plate and positioned inside a
sound-attenuating cabinet with fan and light. Base plates have
piezoelectric accelerometers attached to the underside to detect
deflections. On P104, the ASR/TSR session consisted of 50 acous-
tic trials followed by 50 tactile trials. The tactile stimulus was a
20 ms, 60 psi air puff directed to the dorsum of the rat. The
acoustic stimulus was a 20 ms, 120 dB SPL mixed frequency
white noise burst (rise time 1.5 ms). On P105, rats were tested
for PPI. Rats were given 100 trials in a 5� 5 Latin square se-
quence of 25 trials repeated 4 times with pre-pulses of 0, 73, 77,
or 82 dB. Pre-pulses preceded pulses by 70 ms from onset to on-
set and each stimulus lasted 20 ms. Maximum startle amplitude
in mV (Vmax) was analyzed. The recording window was 100 ms

and the ITI was 20 s. Testing began with a 5 min acclimation pe-
riod prior to the start of trials.

Conditioned freezing. Testing was from P106–108. The test con-
sisted of conditioning on day 1, assessing contextual memory
on day 2, and cued memory on day 3. On day 1, rats were placed
in an acrylic chamber 25� 25 cm (San Diego Instruments) with a
metal grid floor, LED light on the lid, and photocells to record
movement. Test chambers were situated in sound-attenuating
cabinets. Day 1 lasted 12 min and consisted of 6 min of acclima-
tion followed by 6 min with an 82 dB 30 s tone paired with a
0.9 mA, 1 s foot-shock that occurred during the last 1 s of tone.
Tone-shock pairing was repeated 3 times spaced 180 s apart. On
day 2, rats were placed in the same apparatus for 6 min with no
tone or foot-shock. On day 3, the rat was placed in a different,
smaller, triangular black box for 6 min. For the first 3 min there
was no stimulus; but for the last 3 min the tone was presented
without foot-shock.

Amphetamine challenge. On P109 rats were tested for AMPH-
induced locomotor activity in the OF apparatus. Rats were first
given 30 min of habituation, followed by injection with physio-
logical saline (3 ml/kg, sc) and tested for another 30 min. Rats
were then administered (þ)-AMPH sulfate (1.0 mg/kg in 3 ml/kg,
sc, free base > 99% pure; Sigma-Aldrich, St Louis, Missouri) and
placed back in the apparatus for 120 min. Dependent measures
were total activity counts (successive beam breaks) and center
time analyzed in 5 min intervals.

MK-801 challenge. One week following AMPH, rats were tested
for MK-801 induced activity using the same procedure. Rats
were first given 30 min to re-habituate, followed by 30 min after
saline injection, and then 120 min following MK-801 injections
(0.2 mg/kg in 3 ml/kg, sc, Sigma-Aldrich).

Neurotransmitters. One to two weeks following MK-801, rats were
decapitated, brains removed and neostriatum and hippocam-
pus dissected over ice, and stored at �80�C (Williams et al.,
2007). For monoamines, tissues were weighed, sonicated in a
0.1 N perchloric acid (PCA), and centrifuged at 2100� g for
13 min at 4�C; the collected supernatant (20 ml/sample) was
loaded onto a Dionex UltiMate 3000 analytical autosampler
(ThermoScientific) for injection into a HPLC with an electro-
chemical detector (ECD). The HPLC-ECD system consisted of an
ESA 5840 pump, an ESA 5020 Guard Cell, a Supelco Supelcosil
LC-18 column (15 cm� 4.6 mm, 3 lm; Sigma-Aldrich Co), and a
Coulochem III ECD (ThermoScientific). The pump flow rate was
0.5 ml/min at 28�C. The guard cell potential was þ 350 mV and
the potential of the Coulochem III was �150 mV for E1 and
þ 250 mV for E2. Commercially available MD-TM mobile phase
(ThermoFisher Scientific) was used that consisted of 89% water,
10% acetonitrile, and 1% sodium phosphate monobasic (mono-
hydrate). Monoamine standards for norepinephrine (NE), DA,
serotonin (5-HT) DOPAC, 5-hydroxyindoleacetic acid (5-HIAA),
and homovanillic acid (HVA) were prepared in a solution of
0.1 N PCA. Monoamine standards were run individually as well
as on a single chromatogram for peak verification. For a stan-
dard curve, chromatograms of all neurotransmitter standards
were run at different concentrations.

qPCR. Tissue was collected as above. RNA was isolated from
neostriatum and hippocampus of 10 control and 10 1.0 mg/kg
DLM male rats. To extract hippocampal RNA, tissue was homog-
enized in 1 ml of TRIzol per 50–100 mg of tissue; 0.2 ml of
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chloroform per 1 ml of TRIzol reagent was added to the homoge-
nate, vortexed, and incubated for 2–3 min then centrifuged at
12 000� g for 15 min at 2�C–8�C. The RNA precipitate was isolated
and 0.5 ml of isopropyl alcohol added, then incubated for 10 min
at room temperature, and centrifuged for 10 min at 12 000� g at
2�C–4�C. The supernatant was removed and the RNA pellet
washed twice with 1 ml of 75% ethanol and centrifuged at
7500� g for 5 min. The RNA pellet was dried and dissolved in
autoclaved water. For neostriatum, RNA isolation was completed
using the RNAqueous-Micro Kit filter for smaller tissue samples.
RNA was quantified by Nanodrop (ThermoScientific, St Louis,
Missouri). Reverse transcription (RT) reactions were performed
using iScript RT supermix (Bio-Rad Laboratories, Inc.) combined
with diluted RNA template (neostriatum concentration¼ 0.5 ng;
hippocampal concentration¼ 2.0 ng) for a total volume of 20 ll.
Reactions were carried out in a thermal cycler as follows: 5 min
at 25�C, 20 min at 46�C, and 1 min at 95�C. qPCR contained 4ml of
cDNA, 2ml of each primer (forward and reverse), and 10ml SYBR
Green Master Mix (Qiagen) in a 20ml volume. The mixture was
placed in 96-well plates and qPCR performed on an ABI Prism
7900HT analyzer (Applied Biosystems) using the following proto-
col: 50�C for 2 min, 95�C for 10 min, 50 cycles at 95�C for 15 s, and
60�C for 1 min. Primers were from Integrated DNA Technologies
and selected based on primer efficiency determined to be 95%–
100%. Rat primer sequences are shown in Table S1. Negative
controls included qPCR in the absence of template. Ct values
were determined using Applied Biosystems 7500 System
Sequence detection software with a threshold set at 0.5. The de-
naturation curve showed a single peak, representative of a single
PCR product. The average Ct values from quadruplicate repeats
were calculated. These were averaged with values obtained from
2 independent qPCR experiments. Changes in mRNA were quan-
tified using the DDCt method with actin as reference (Livak and
Schmittgen, 2001).

Long-term potentiation. Between P25–35, male and female rats pre-
viously treated with 1 mg/kg DLM or CO and not behaviorally
tested were decapitated and brains dissected and placed in ice-
cold artificial cerebrospinal fluid (aCSF: 124 mM NaCl, 3 mM KCl,
1.25 mM NaH2PO4/H2O, 1 mM MgCl2/6H2O, 10 mM glucose, 2 mM
CaCl2, 26 mM NaHCO3) saturated with 95% O2/5% CO2 as de-
scribed (Amos-Kroohs et al., 2017). Sections were chilled for 1–
2 min, trimmed, and mounted on a vibratome (Vibratome 1500,
Warner Instruments, Hamden, Connecticut) using super glue.
Ice-cold, oxygenated aCSF was added to the stage containing tis-
sue. Parasagittal hippocampal sections (350mm) were cut and
placed in a bath of oxygenated aCSF at 32�C. Slices rested for at
least 1 h. Long-term potentiation was measured in CA1 using a
MED64 multielectrode system (Alpha Med Sciences, Kadoma,
Japan) with an 8� 8 array of contacts. Electrode arrays were
50� 50mm and spaced 150mm apart (Shimono et al., 2002). Pulses
were delivered dorsally, and excitatory postsynaptic potentials
(EPSPs) downstream were obtained until a stable baseline was
obtained that lasted at least 10 min. Once a stable baseline was
achieved, a theta burst [tetanus¼ 100 Hz in 10 bursts (4 pulses/
burst) delivered at a frequency of 5 Hz for 2 s] was applied and
field EPSPs and EPSP slopes were recorded for 90 min. The mean
baseline value was calculated and percent change from baseline
after the theta burst were the data analyzed.

Microdialysis. A subset of male rats (> P60) were used to examine
AMPH stimulated DA release in the N. accumbens via microdial-
ysis. Rats were implanted with a stainless steel guide cannula
under isoflurane (2%–4%; IsoThesia; Butler Animal Health

Supply, Dublin, Ohio) anesthesia 72 h prior to the insertion of a
dialysis probe. On the morning of the dialysis experiment, a
concentric style dialysis probe was inserted through the guide
cannula into the N. accumbens such that the tip of the probe
was located at the following coordinates: A/P, 1.2 mm relative to
bregma; L, 0.8 mm; V, �8.4 mm (Paxinos et al., 1985). The probes
are connected to an infusion pump set to deliver Dulbecco’s
phosphate buffered saline (2 ml/min) and an acclimation period
of 3 h followed. Four baseline samples were then obtained prior
to the administration of AMPH (2 mg/kg, ip, dissolved in saline
in a dosing volume of 1 ml/kg). Dopamine in dialysis samples
was quantified by HPLC similar to those described (Nair and
Gudelsky, 2004 ). Placement of dialysis probes were verified in
post mortem coronal sections.

Data analyses. Some developmental effects of DLM were
reported previously (Hossain et al., 2013, 2015; Richardson et al.,
2015), therefore, we hypothesized deficits for these outcomes.
These data were analyzed using a priori methods. Pre-planned
comparisons used Dunnett’s test to compare each DLM group
with CO. For these Dunnett p-values are given, not F-ratios.
However, to test for interactions, mixed linear ANOVAs were
used (SAS Proc Mixed, SAS Institute 9.3, Cary, North Carolina).
To control for litter, litter was a random factor in these models.
For models with a repeated measure factor, the autoregressive-
1 covariance structure was used. First-order Kenward-Roger
degrees of freedom were calculated. Mortality was analyzed by
Chi-square. Parametric data are presented as least square (LS)
mean 6 SEM. Statistical significance was set at p< .05.

RESULTS

Mortality and Body Weight
Deltamethrin did not increase mortality. Deltamethrin de-
creased growth as reflected in body weight in the 1.0 mg/kg
(p< .0001) and 0.5 mg/kg (p< .0001) DLM groups during dosing,
regardless of sex (Figure 1A). These weight differences in the 1.0
and 0.5 mg/kg DLM groups persisted into adulthood compared
with the CO group (Figure 1B). There was a treatment�age in-
teraction on body weight during treatment: P3–20 [F(51,
3538)¼ 16.85, p< .001] and afterward: P21–119 [F(42, 2568)¼ 2.85,
p< .001]. Differences in body weight between treated and con-
trol rats emerged around P7 (p< .01) and increased from P8–20
(p< .0001) (Figure 1A). Differences continued for the remainder
of the experiment in the 1.0 and 0.5 mg/kg DLM groups until the
end of the study at P119 (p< .0001) (Figure 1B). The 0.25 mg/kg
DLM group did not differ from CO controls. In addition to
treatment-related effects on body weight, sex main effects [P3–
20: F(1, 190)¼ 7.16, p< .001; P21–119: F(1, 186)¼ 1121.49, p< .0001]
were observed during and following dosing, with females hav-
ing lower body weights than males. Sex� treatment [F(3,
186)¼ 6.98, p< .001], sex�age [F(14, 2533)¼ 126.27, p< .0001],
and sex� treatment�age [F(42, 2568)¼ 1.76, p< .001] interac-
tions were also observed from P21–119. Further analyses of the
sex� treatment�age interaction showed decreased body
weights for the male and female 0.5 and 1.0 mg/kg groups at all
ages with the exception that on P21 there were no differences in
males or in the 0.5 mg/kg female group compared with the fe-
male CO group.

Open-Field and EZM
Deltamethrin-exposed rats, regardless of dose, displayed re-
duced OF activity [treatment: F(3, 298)¼ 3.15, p< .05] (Figure 2A);
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there were also main effects of interval [F(11, 2051)¼ 165.78,
p< .0001] and sex [F(1, 294)¼ 5.75, p< .05] and an interval� sex
interaction [F(11, 2051)¼ 2.97, p< .001], with females more active
than males. In the EZM, there was no effect of treatment on la-
tency to first quadrant entry, number of arm entries, or percent
time in open quadrants (Figure 2B).

Straight channel swimming. No significant differences in swim la-
tency were found [Control: 16.3 6 0.9 s (n¼ 55); 0.25 mg/kg:
16.4 6 1.0 s (n¼ 51); 0.5 mg/kg: 17.2 6 0.9 s (n¼ 52); 1.0 mg/kg:
17.9 6 1.0 s (n¼ 45)] suggesting no motor or motivation differen-
ces among the groups.

Morris Water Maze
There was no main effect of DLM on MWM acquisition for la-
tency, swim speed, or path efficiency (Figs. 3A, 3B, and 3D, re-
spectively) or average heading error (not shown). In reversal,
both the 1.0 mg/kg (p< .05) and 0.5 mg/kg (p< .05) DLM groups
had reduced path efficiency compared with CO controls
(Figure 3E); also, the 1.0 mg/kg (p< .05) and 0.5 mg/kg (p< .05)
dose groups had increased average heading error compared
with CO controls (not shown). In addition, there was a sex main
effect [path efficiency: F(1, 280)¼ 55.71, p< .0001; average head-
ing error: F(1, 274)¼ 63.56, p< .0001] and a sex�day interaction
[path efficiency: F(5, 939)¼ 3.63, p< .01; average heading error:
F(5, 938)¼ 5.19, p< .0001]. Path efficiency and average heading

error were also affected during shift. For path efficiency, the
1.0 mg/kg DLM group had reduced path efficiency (p< .05) com-
pared with CO controls (Figure 3F); there was also a sex main ef-
fect [F(1, 270)¼ 117.05, p< .0001], treatment� sex interaction
[F(3, 270)¼ 2.72, p< .05], and sex�day interaction [F(5,
929)¼ 3.76, p< .01]. Slice-effect ANOVAs showed, the treat-
ment� sex interaction was in 1.0 mg/kg DLM-treated males
(p< .01) compared with CO males. For heading error, there was
a sex main effect [F(1, 268)¼ 142.46, p< .0001], treatment� sex
interaction [F(3, 268)¼ 3.05, p< .05)] and a sex�day interaction
[F(5, 935)¼ 4.65, p< .001]. The treatment� sex interaction was
attributable to the 1.0-mg/kg (p< .05) and 0.25-mg/kg-treated
males (p< .05) having greater average heading errors compared
with CO males. No effects were observed on probe trials (not
shown) or cued-random trials (Figure 3C).

Cincinnati Water Maze
The learning curves for errors and latency are shown (Figs. 4A
and 4B, respectively). No main effects were found, however,
both latency and errors had significant main effects of sex [la-
tency: F(1, 427)¼ 22.61, p< .0001; errors: F(1, 441)¼ 16.99,
p< .0001] with males performing worse than females. There
were, however, treatment� sex interactions [latency: F(3,
427)¼ 3.65, p< .01; errors: F(3, 441)¼ 3.73, p< .01]. Male 1 mg/kg
DLM rats had increased errors (p< .05; Figure 4C) and latency
(p< .01; Figure 4D) compared with CO males. Females showed
no significant differences (Figs. 4D and 4F).

Startle
For ASR/TSR, 1.0 mg/kg (p< .01) and 0.5 mg/kg (p< .05) DLM-
treated rats displayed increased startle compared with CO con-
trols. However, there was a treatment� sex [F(3, 138)¼ 3.23,
p< .05] interaction. Males had increased startle responses [F(3,
138.5)¼ 5.92, p< .001] that were significant in the 0.5 mg/kg
(p< .05) and 1.0 mg/kg (p< .001) DLM groups compared with CO
males (Figure 5); there were no differences for females. There
was also a main effect of stimulus type [F(1, 161)¼ 643.24,
p< .0001] and a trend for stimulus type� treatment interaction
[F(3, 161)¼ 2.64, p< .06]; no trend was seen on ASR trails. There
were no main effects or interactions for PPI (not shown).

Conditioned Freezing
On day 1, there was no main effect of DLM, but there was a
main effect for sex [F(1, 148)¼ 29.29, p< .0001] and interval [F(1,
174)¼ 895.01, p< .0001] and a treatment� sex interaction [F(3,
148)¼ 3.10, p< .05]. For the latter, 1.0 mg/kg DLM-treated males
exhibited more freezing (p< .05) compared with CO controls
(Figure 6A); there were no differences for females (Figure 6B). On
day 2, the 1.0 and 0.25 mg/kg DLM groups showed reduced con-
textual memory compared with CO controls, regardless of sex
(p< .04; Figure 6C). There were no effects on cued memory
(Figure 6D).

Drug Challenge
Amphetamine. There were no treatment-related effects on OF ac-
tivity during habituation or after saline. After AMPH, all groups
increased activity, with an interval main effect [F(23,
3825)¼ 11.75, p< .0001] (Figure 7A). Although the high and low
dose DLM groups trended higher than CO controls the effect
was not significant (Figure 7A).

MK-801. After a 1-week washout period, rats were tested after
MK-801 challenge. There were no group differences prior to
drug administration during habituation or saline (Figure 7B).

Figure 1. Body weight. A, Average daily body weight during dosing from P3–20

(corn oil, CO: n¼60 total, 29 males, 31 females; 0.25 mg/kg DLM: n¼53 total, 27

males, 26 females; 0.5 mg/kg DLM: n¼54 total, 25 males, 29 females; 1.0 mg/kg

DLM: n¼51 total, 24 males, 27 females). B, Average weekly body weight follow-

ing dosing from P21–119 (corn oil, CO: n¼57 total, 28 males, 29 females; 0.25 mg/

kg DLM: n¼53 total, 27 males, 26 females; 0.5 mg/kg DLM: n¼50 total, 23 males,

27 females; 1.0 mg/kg DLM: n¼45 total, 20 males, 25 females). ****p< .0001 com-

pared with its respective control group. DLM, deltamethrin.
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MK-801 induced increased activity and in all groups (interval
main effect [F(23, 4490)¼ 78.49, p< .0001]). Rats in the 1.0 mg/kg
DLM group showed less drug-induced hyperactivity compared
with CO control (treatment main effect: [F(3, 277)¼ 4.38, p< .01]);
there were no differences in other groups. There was also a
treatment� interval interaction [F(69, 4554)¼ 1.58, p< .01;
Figure 7B]; this was attributable to the higher activity at 30 min
in the 0.25 mg/kg DLM group than the other groups that had
similar activity as CO controls. In addition, the 1.0 mg/kg DLM-
treated rats exhibited lower levels of activity compared with CO
controls by 30 min after MK-801 administration with 0.5 mg/kg
DLM-treated rats in between.

mRNA and monoamine analysis. For neostriatum and hippocam-
pus there were no effects on brain levels of DA, DOPAC, HVA, 5-
HT, or 5-HIAA. In the hippocampus, there was a decrease in NE
in the 0.5 mg/kg (p< .05) and 1.0 mg/kg (p< .05) DLM groups com-
pared with CO controls (Figure 8A). In addition DLM 1.0-mg/kg-

treated males had reduced Drd1 mRNA expression in the neo-
striatum compared with controls [t(17)¼ 2.33, p< .05; Figure 8B].
No other mRNA changes detailed in Table S1 were observed.

Microdialysis
No treatment-related differences were found for basal DA re-
lease. After an acute dose of AMPH (2 mg/kg), there were main
effects of treatment [F(1, 27.3)¼ 6.94, p< .05] and time [F(8,
95.1)¼ 27.73, p< .0001], and a treatment� time interaction [F(8,
95.1)¼ 3.15, p< .01]. Dopamine release was significantly de-
creased in 1.0 mg/kg DLM-treated males compared with CO
males at 30 (p< .001), 60 (p< .001), and 90 min (p< .05) following
AMPH (Figure 8C).

Long-Term Potentiation
1.0 mg/kg DLM-treated rats showed increased LTP after a teta-
nizing stimulation compared with CO controls (Figure 8D)

Figure 3. Morris water maze (MWM). A, Acquisition latency across 6 days of testing (4 trials/day). B, Acquisition swim speed average for each treatment tested. C, Cued test-

ing average latency. D–F, Acquisition, reversal, and shift average path efficiency for each treatment. (Corn oil, CO: n¼55 total, 25 males, 30 females; 0.25 mg/kg DLM: n¼51

total, 26 males, 25 females; 0.5mg/kg DLM: n¼52 total, 24 males, 28 females; 1.0 mg/kg DLM: n¼45 total, 20 males, 25 females.) *p< .05; compared with CO. DLM,

deltamethrin.

Figure 2. Open-field (OF) locomotor activity and elevated zero maze (EZM). A, Average activity for 60 min OF test (corn oil, CO: n¼55 total, 25 males, 30 females;

0.25 mg/kg DLM: n¼51 total, 26 males, 25 females; 0.5 mg/kg DLM: n¼52 total, 24 males, 28 females; 1.0 mg/kg DLM: n¼45 total, 20 males, 25 females). B, Percent of

time spent in the open arm of EZM (corn oil, CO: n¼55 total, 25 males, 30 females; 0.25 mg/kg DLM: n¼51 total, 26 males, 25 females; 0.5 mg/kg DLM: n¼ 52 total, 24

males, 28 females; 1.0 mg/kg DLM: n¼ 45 total, 20 males, 25 females). *p< .05; **p< .01 compared with CO. DLM, deltamethrin.
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[treatment: F(1, 38.7)¼ 47.35, p< .0001]. No differences were
found prior to the tetanizing stimulus.

DISCUSSION

Pyrethroids, such as DLM, affect VGSC acutely, however the
long-term consequences of developmental exposure are poorly
characterized. This is the case despite the fact that exposed
children are found to have neuropsychological disorders in epi-
demiological studies, and mice developmentally exposed have
long-term physiological and behavioral changes (Aziz et al.,
2001; Oulhote and Bouchard, 2013; Richardson et al., 2015;
Shelton et al., 2014; Wagner-Schuman et al., 2015; Xue et al.,

2013). The present study builds on recent mouse developmental
studies to include assessment of cognitive effects in rats.

The data show that developmental DLM results in cognitive
and other behavioral deficits, several of which were sexually di-
morphic. Most of the effects were seen at the highest dose
(1 mg/kg), fewer at the mid dose (0.5 mg/kg), and the least at the
lowest dose (0.25 mg/kg). The exposure period (P3–20) was
designed to span the human equivalent of third trimester in
utero brain development in humans extending into the early
postnatal period. This is when the cortex reaches maximum
growth (Bockhorst et al., 2008; Dobbing and Sands, 1979; Gottlieb
et al., 1977; Herschkowitz et al., 1997; Khazipov et al., 2001;
Kretschmann et al., 1986), when synaptogenesis (Levitt, 2003;

Figure 4. Cincinnati water maze (CWM). A, Average errors made by each treatment across 18 days of testing (2 trials/day), males and females combined. B, Latency to

find platform by each treatment across 18 days of testing (2 trials/day), males and females combined. C, Average errors made by treatment for males, D, for females. E,

Average latency to find the platform for each treatment for males, F, for females. (Corn oil, CO: n¼ 55 total, 25 males, 30 females; 0.25 mg/kg DLM: n¼49 total, 24 males,

25 females; 0.5 mg/kg DLM: n¼49 total, 22 males, 27 females; 1.0 mg/kg DLM: n¼44 total, 20 males, 24 females.) *p< .05; **p< .01 compared with CO. DLM, deltamethrin.
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Zagon and McLaughlin, 1977) and gliogenesis (Catalani et al.,
2002; Kriegstein and Alvarez-Buylla, 2009) plateau, axonal and
dendritic arborization increase (Baloch et al., 2009; Bockhorst
et al., 2008; Cowan, 1979), and neurotransmitter and receptor
systems become established (Hedner et al., 1986; Romijn et al.,
1991). We administered DLM orally for consistency with other

studies (Aziz et al., 2001; Hossain et al., 2015; Johri et al., 2006;
Richardson et al., 2015) and because ingestion is the major route
by which pregnant women and children are exposed.

Although DLM exposure reduced growth, it did not affect
swim latency in the straight water channel test or swim speed
in the MWM, hence, it was not a factor in the L&M deficits seen
on egocentric learning in the CWM or spatial L&M in the MWM.
Unlike these tests where performance and learning can be sepa-
rated, we cannot rule out possible body weight effects on other
outcomes, however, the weight differences at the time of test-
ing for the 1 mg/kg group relative to the CO controls were small
(Males: 16.8% and 12.9%, Females 12.7% and 8.6% at the begin-
ning and end of testing, respectively). Moreover, for conditioned
freezing there were differential effects of DLM on contextual (af-
fected) versus cued memory (not affected) even though body
weight differences were the same throughout this test; hence,
body weight differences cannot account this outcome.
Moreover, body weight differences cannot explain the effects of
DLM on OF because all DLM groups were equally affected (re-
duced) on this test whereas body weight differences were dose-
dependent. Similarly, during drug challenge, all DLM groups
started out equally active despite body weight differences. After
AMPH or MK-801 was given, activity changes were bidirectional
(exaggerated after AMPH and attenuated after MK-801) whereas
body weight changes were unidirectional (reduced). Although
body weight reductions are common in developmental neuro-
toxicity studies, they rarely correlate with behavioral effects
and the present study reinforces that dissociation.

Figure 5. Acoustic and tactile startle response (ASR/TSR). A, Average startle re-

sponse (both acoustic and tactile) made by each treatment for both males and

females (corn oil, CO: n¼55 total, 25 males, 30 females; 0.25 mg/kg DLM: n¼51

total, 26 males, 25 females; 0.5 mg/kg DLM: n¼ 52 total, 24 males, 28 females;

1.0 mg/kg DLM: n¼45 total, 20 males, 25 females). *p< .05; ***p< .01; compared

with CO. DLM, deltamethrin.

Figure 6. Conditioned freezing. A, Day 1, male average freezing behavior for both pre- and post-conditioned stimulus freezing. B, Day 1, female average freezing behav-

ior for both pre- and post-conditioned stimulus freezing. C, Day 2, male and female rats were returned to the same test chamber to assess contextual freezing. D, Day

3, male and female rats were placed in a new chamber for 3 min with no stimulus (Pre) and remained in the chamber for 3 more minutes in presence of the tone (Post)

to assess cued freezing. Note: scale of day 3 is different because the test chamber was half the size as that used on days 1 and 2 (corn oil, CO: n¼51 total, 23 males, 28

females; 0.25 mg/kg DLM: n¼47 total, 24 males, 23 females; 0.5 mg/kg DLM: n¼48 total, 22 males, 26 females; 1.0 mg/kg DLM: n¼43 total, 20 males, 23 females). *p< .05

compared with vehicle. DLM, deltamethrin.
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We found that 1.0 and 0.5 mg/kg DLM-exposed rats have im-
paired allocentric reversal learning in the MWM. Impairments
in the MWM are indicative of hippocampal dysfunction (Morris
et al., 1982). These effects were selective: spatial acquisition was
spared but deficits emerged during reversal and shift. Reversal
reflects cognitive flexibility and the DLM-exposed rats were im-
paired at adjusting to the new platform location and on shift tri-
als as retrograde interference increased. These deficits may
reflect perseveration on previous habits in which they had diffi-
culty extinguishing previously learned habits (Vorhees and
Williams, 2006). Impaired cognitive flexibility may also reflect
inhibitory control deficits, because part of switching to a new
goal is inhibiting the impulse to go to the previous goal location.
Hippocampal endoplasmic reticulum stress and learning defi-
cits in the MWM were reported after DLM exposure (Hossain
et al., 2015), however, ours is the first study to report deficits in

cognitive flexibility. Also, in the Hossain et al. (2015) study, the
dose of DLM was higher (3 mg/kg) than here and was in adult
mice in which testing was done immediately following treat-
ment (Hossain et al., 2015), whereas here there was > 30 days be-
tween exposure and testing. For conditioned freezing, we found
contextual deficits in the 1.0 and 0.5 mg/kg DLM-treated groups,
which is also a hippocampal mediated type of learning (Curzon
et al., 2009).

Deltamethrin-treated rats also had altered LTP (1 mg/kg
DLM). Long-term potentiation is a cellular substrate of spatial
L&M (Bannerman et al., 1995; Bliss and Collingridge, 1993;
Herring and Nicoll, 2016; Morris et al., 1986; Moser et al.,
1998; Nicoll, 2017). In brain slices, after a tetanizing stimulus,
DLM-treated rats showed increased LTP compared with CO con-
trols. At first glance this may appear paradoxical. Most studies
find diminished LTP in conjunction with memory impairment,
whereas our data show increased LTP with impaired memory in
the MWM. However, our study is not the first to show such
effects. Studies examining mice deficient in a-amino-3-hy-
droxy-5-methyl-4-isoxazolepropionic acid (AMPA) Glu receptor
2 (GluR2) (Jia et al., 1996), reduced post synaptic density protein
(PSD-95) (Migaud et al., 1998), reduced phosphodiesterase 4 D
(Pde4d�/�) (Rutten et al., 2008), and disrupted Fmr2 (Gu et al.,
2002) show increased LTP in conjunction with impaired mem-
ory in MWM, conditioned fear, and/or novel object recognition.
As with many biological phenomena, too little or too much de-
viation from homeostasis leads to dysfunction. To better under-
stand the effects of DLM on spatial L&M and LTP, in future
studies we will assess CA1 LTP in rats at the same age we found
spatial deficits to ensure that these effects coincide. Also, we
plan to assess proteins involved in the LTP, including N-methyl-
D-aspartate and AMPA receptors. We will also determine gluta-
mate release in the hippocampus by microdialysis.

The 1.0-mg/kg-treated rats under-responded to the
hyperactivity-inducing effects of MK-801 compared with CO
controls. MK-801 is often used to examine hippocampal LTP-
related behavior (Abraham and Mason, 1988; Coan et al., 1987;
Gilbert and Mack, 1990). In an OF, MK-801 causes hyperactivity.
The reduced activating effects of MK-801 in the 1.0 mg/kg DLM
group suggest glutamatergic signaling dysregulation.

Deltamethrin administration from E0-P21 in mice increased
DAT and DRD1 protein expression in the offspring (Richardson
et al., 2015). Based on this we predicted that DLM would lead to
CWM learning deficits because performance on this task
depends on striatal DA (Braun et al., 2015, 2016; Vorhees and
Williams, 2016). As predicted, increased latencies and errors
were found and they were sexually dimorphic, with males af-
fected. The reason for this male-specific effect is not known, but
is consistent with male effects on dopaminergic markers and
memory following developmental DLM exposure in mice
(Richardson et al., 2015). We also found male-specific effects of
DLM on ASR and TSR.

Deltamethrin-treated rats had decreased extracellular
AMPH-stimulated DA release by microdialysis in the N. accum-
bens, a result similar to that found in mice developmentally
treated with DLM (Richardson et al., 2015). In addition, DLM-
treated rats had decreased Drd1 mRNA compared with CO con-
trols, whereas increased DRD1 protein levels in DLM-treated
male mice were seen previously (Richardson et al., 2015).
Although not significant we observed a trend toward increased
locomotor activity following AMPH administration in the 1.0
and 0.25 mg/kg DLM groups, a pattern consistent with changes
in DRD1. This should be tested further using selective dopami-
nergic agonists, such as SKF-82958. Additional studies are also

Figure 7. Drug challenges. A, Amphetamine (AMPH) challenge, rats were placed

into locomotor chamber for a total of 3 h and examined for activity. Saline and

AMPH (1.0 mg/kg in 3 ml/kg, sc) administration are noted by arrows for time of

injection (corn oil, CO: n¼50 total, 22 males, 28 females; 0.25 mg/kg DLM: n¼46

total, 24 males, 22 females; 0.5 mg/kg DLM: n¼ 50 total, 23 males, 27 females;

1.0 mg/kg DLM: n¼ 42 total, 18 males, 24 females). B, MK-801 challenge, using a

similar protocol to the AMPH challenge, rats were placed into locomotor cham-

bers for a total of 3 h and examined for activity. Saline and MK-801 (0.2 mg/kg in

3 ml/kg, sc) administration are noted by arrows for time of injection (corn oil,

CO: n¼55 total, 25 males, 30 females; 0.25 mg/kg DLM: n¼ 51 total, 26 males, 25

females; 0.5 mg/kg DLM: n¼51 total, 24 males, 27 females; 1.0 mg/kg DLM: n¼45

total, 20 males, 25 females. Activity is measured in beam breaks. *p< .05 com-

pared with CO. DLM, deltamethrin.
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needed to understand the impact of DLM on other DA bio-
markers. As for differences between our data and those of
Richardson et al. (2015), we note there are differences in timing,
dose, species, and measures (mRNA vs protein) that may ex-
plain or partially explain the different outcomes. To resolve
this, we plan to assess additional DA protein biomarkers in our
model. It may also be worth testing stimulated DA release in
striatum and prefrontal cortex to see if DA effects that were
found in the N. accumbens occur in other DA-rich regions.

Deltamethrin-exposed rats were less active in a novel envi-
ronment (first OF test). This is similar to what Johri et al. (2006)
reported after DLM, however, their exposure was prenatal. In
mice given DLM throughout gestation and lactation, increased
OF activity was seen but only in males (Richardson et al., 2015).
The reason for differences between studies is not clear, but we
note that Johri et al. (2006) and Richardson et al. (2015) exposed
prenatally and/or both prenatally and postnatally whereas we
exposed only postnatally.

Voltage gated sodium channels mediate the initial effects of
DLM (Soderlund, 2012). Male mice exposed to 3 mg/kg DLM
throughout gestation and lactation exhibit decreased VGSC sub-
unit mRNA expression measured when they were adults
(Magby and Richardson, 2017). We did not see similar

alterations in VGSC gene expression by qPCR, suggesting that
species may account for this difference in outcome.

The study also has limitations: (1) DLM doses were higher
than the human reference dose (0.01 mg/kg) (Goodis, 2017).
However, the doses are similar to those in the literature (Aziz
et al., 2001; Hossain et al., 2015; Johri et al., 2006; Richardson et al.,
2015), and below the LD50 for P11 rats of 5.1 mg/kg (Sheets et al.,
1994). Pharmacokinetic modeling suggests that humans would
have higher peak DLM brain concentrations compared to rats at
comparable doses (Kim et al., 2010) including in young rats (Kim
et al., 2010; Williams et al., 2019) which is relevant given that chil-
dren clear pyrethroids slower than adults (Crow et al., 2007), how-
ever, more research is needed on dose comparability. (2) Our
exposure was during the first 3 weeks after birth but there are no
pharmacokinetic or pharmacodynamic data with this dosing reg-
imen to help understand the internal level of exposure. (3)
Biochemical assays were performed following behavior; the effect
of this experience on neurochemical markers has yet to be deter-
mined. It is known that exercise and handling can affect mono-
amine levels in the hippocampus and striatum (Rabelo et al.,
2015; Wang et al., 2013), but whether or how the tests used here
affected biomarkers will require additional experiments.
Nevertheless, all rats had the same tests and therefore were

Figure 8. mRNA expression, monoamines, LTP and microdialysis: Norepinephrine concentrations in the hippocampus (A) measured by HPLC-ECD. (Corn oil, CO: n¼17

total, 8 males, 9 females; 0.25 mg/kg DLM: n¼ 17 total, 8 males, 9 females; 0.5 mg/kg DLM: n¼17 total, 8 males, 9 females; 1.0 mg/kg DLM: n¼14 total, 7 males, 7 females.)

Only males treated with the highest dose of DLM or corn oil were assessed for mRNA expression (B), microdialysis (C), and males and females for LTP (D). Drd1 mRNA

expression in the neostriatum of male rats treated with 1 mg/kg DLM or corn oil (B). (Corn oil, CO: n¼10 males; 1.0 mg/kg DLM: n¼9 males.) Amphetamine (AMPH;

2 mg/kg, ip) stimulated DA release in the N. accumbens in control and 1 mg/kg DLM-treated male rats (C). (Corn oil, CO: n¼7 males; 1.0 mg/kg DLM: n¼8 males.) LTP

results for 1 mg/kg DLM-treated rats and corn oil treated rats over time (D). EPSP recordings presented as a percentage of the baseline. The tetanizing stimulus (arrow;

tetanus¼100 Hz in 10 bursts [4 pulses/burst] delivered at a frequency of 5 Hz for 2 s) was delivered after 10 min of stable baseline, and then recorded for 90 min follow-

ing stimulation. (Corn oil, CO: n¼16 total, 8 males, 8 females; 1.0 mg/kg DLM: n¼16 total, 8 males, 8 females.) *p< .05; **p< .01; ***p< .01; ****p< .0001 compared with ve-

hicle. Abbreviations: DA, dopamine; DLM, deltamethrin; ECD, electrochemical detector; EPSP, excitatory postsynaptic potential; HPLC, high performance liquid

chromatograph; LTP, long-term potentiation; N. accumbens, nucleus accumbens.
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matched and our focus was on relative differences rather than
absolute differences. Overall, the results indicate that develop-
mental DLM causes long-term changes in behavior, cognition,
LTP, some dopaminergic markers, and glutamatergic function.
Further research to identify site(s) of CNS injury from this expo-
sure is still needed. Disruption of dopaminergic pathways is one
emerging aspect of the developmental effects of DLM, but there
are likely to be others uncovered in future studies.
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