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The environmental pollutant endosulfan disrupts cerebral cortical function
at low doses
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A B S T R A C T

Endosulfan can induce convulsions that could lead to brain damage. The variability and lack of specificity

of neurological signs and symptoms in the pre-convulsive stages makes early diagnosis difficult. We

sought to determine if electrophysiological exploration of the cerebral cortex could yield objective signs

of endosulfan intoxication at levels that do not elicit convulsions. Endosulfan was administered

intravenously to Sprague–Dawley adult rats under urethane anesthesia at doses from 0.5 to 4 mg/kg.

EEG power and the evoked potentials (EP) to forepaw electrical stimulation were studied over the

contralateral (S1CL) and homolateral (S1HL) cortical somatosensory areas and the contralateral visual

area (V1CL). At each area, five EP waves were measured. Arterial blood pressure, heart rate and body

temperature were also recorded. Endosulfan induced a dose-related increase in EPs at all sites. At S1CL,

EP peak amplitude was greater than baseline at 1, 2 and 4 mg/kg for the first negative, second positive

and third negative waves, and at 2 and 4 mg/kg for the first and third positive waves. Similar but less

marked trends were observed at S1HL and V1CL. A shift of EEG power to higher frequencies (alpha and

beta EEG bands) was only present at 4 mg/kg. In conclusion, endosulfan induced a large increase of

cortical evoked potentials amplitudes at doses that did not elicit convulsions. These responses could be

used as a non-invasive diagnostic tool to detect low-level endosulfan intoxication in humans and to help

establish the NOAEL and LOAEL levels of this pollutant.

Published by Elsevier Inc.
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1. Introduction

Endosulfan (6,7,8,9,10,10-hexacloro-1,5,5a,6,9,9a-hexahydro-
6,9-methano-2,4,3-benzodioxathiepin-3-oxide), an organochlo-
rine compound of the cyclodiene group is an insecticide of
widespread use in agriculture, in spite of partial restrictions to its
use in the European Union and other areas. In Argentina alone,
approximately two thousand metric tons of this compound are
imported each year and are used on various commodity crops and
fruits, grains and vegetables of local consumption (SENASA, 2009).
Abbreviations: S1CL, primary somatosensory contralateral area; S1HL, primary

somatosensory homolateral area; V1CL, primary visual contralateral area; ms,

milliseconds; mV, millivolts; ED50, effective dose 50%; NOAEL, No Observed

Adverse Effect Level; LOAEL, lowest Observed Adverse Effect Level; GABA, gamma

amino butyric acid; EEG, electroencephalogram; MABP, mean arterial blood

pressure; HR, heart rate; TEMP, rectal temperature; ANOVA, analysis of variance.
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Atmospheric spread of this toxicant has reached cities and areas far
removed from sites of application, including the Arctic (Liu et al.,
2009; Weber et al., 2006; Evans et al., 2005; Hageman et al., 2006;
Stern et al., 2005; Jantunen and Bidleman, 1998; Pozo et al., 2009)
and is found in body fluids and tissues of animals including
humans within and outside of agricultural areas (Nag and Raikwar,
2008; Cerrillo et al., 2005; Ramesh and Vijayalakshmi, 2002;
Maitre et al., 1994; Beck et al., 1966; Jergentz et al., 2004; Jofre
et al., 2008; Cid et al., 2007; Lanfranchi et al., 2006).

Neurotoxicity of endosulfan has been studied experimentally in
tissue cultures (Sunol et al., 2008; Wozniak et al., 2005),
invertebrates (Ghiasuddin and Matsumura, 1982; Chen et al.,
2006; Bloomquist, 1993) and vertebrates including mammals
(Brunelli et al., 2009; Ballesteros et al., 2009; Paul et al., 1992;
Cabaleiro et al., 2008; Banerjee and Hussain, 1986). In addition, a
wide array of molecular targets of this insecticide have been
discovered in the endocrine (Wozniak et al., 2005) and immuno-
logical systems (Aggarwal et al., 2008). The mechanism of
neurotoxicity of endosulfan appears to be dominated by its
capacity to inhibit non-competitively the GABA-A type of receptors
(Cole and Casida, 1986; Chen et al., 2006) although other targets

http://dx.doi.org/10.1016/j.neuro.2010.12.001
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are believed to exist (Sunol et al., 2008; Paul et al., 1994; Vale et al.,
2003). GABA-A receptors are pentameric proteins formed by
various combinations of 19 receptor subunits in mammals, each
attributed to a different gene (Simon et al., 2004). These proteins
function as chloride channels with the capacity to hyperpolarize
and inhibit neurons in the central nervous system. The major
subtype expressed in the adult brain has a (a1)2(b2)2(g2)1
stoichiometry. Receptor diversity is generated predominantly by a
or b variant receptors or by the replacement of the g-subunit, and
each subtype has characteristic functional and pharmacological
properties (Olsen and Sieghart, 2008).

GABA-A receptors have been shown to be involved in both
phasic, inhibitory synaptic transmission and tonic, perisynaptic
inhibition (Macdonald et al., 2004). The GABA-A receptors have
been involved in epileptogenesis both in animals and humans.
Mutations in the g2 subunit of this receptor were found in families
where the main phenotype was febrile seizures (Baulac et al.,
2001) and in the a1 subunit in a common form of juvenile epilepsy
(Cossette et al., 2002).

Great strides have been made in the characterization of the
interactions of endosulfan with GABA-A receptors in vitro in
cultures of cortical neurons (Sunol et al., 2008). Intracellular
recordings from neurons in tissue slices maintained viable in vitro

have established in detail the effects of GABA on cellular
excitability (McCormick, 1989). Studies of neurotoxicity in vivo

in mammals have addressed the threshold for convulsive activity
and lethal dose 50% (LD50) or observations of open field behavior
and locomotion (Paul et al., 1993; Castillo et al., 2002) but few have
been focused on electrophysiological variables (Anand et al., 1986).

Clinical short term endosulfan toxicity is dominated by the
potential of this pesticide to induce convulsions and other central
nervous system signs and symptoms (Durukan et al., 2009; Karatas
et al., 2006). Permanent neurological damage has been reported
following endosulfan-induced convulsions (Brandt et al., 2001;
Aleksandrowicz, 1979). Clinical manifestations of endosulfan
poisoning are difficult to detect in the absence of convulsions,
which may only appear 24–48 h after exposure (Reigart and
Roberts, 1999). The non-specific nature of signs and symptoms
induced by endosulfan make diagnosis difficult during pre-
convulsive stages. Availability of non-invasive clinical tools to
detect the central nervous system abnormalities in this condition
would be helpful in order to treat the intoxication before
convulsions start.

The present work was designed to describe the electrophysio-
logical events that exist at low levels of endosulfan toxicity and to
provide early objective signs of sub-clinical stages of endosulfan
intoxication, possibly translating in the future to non-invasive
evaluation of this condition. Experiments were conducted under
anesthesia to avoid restraint stress and discomfort that would have
resulted by recording somatosensory evoked potentials with
electrical stimulation over several hours in non-anesthesized
animals. The ED50 for endosulfan convulsions was determined in
animals anesthetized with urethane without instrumentation, and
incremental doses below the convulsive ED50 were administered
to animals under the same anesthesia instrumented for recording
of cerebral cortical electrical activity and peripheral (forepaw)
electrical stimulation.

2. Materials and methods

Male Sprague–Dawley adult rats, 300–350 g body mass were
used. All procedures were approved by the Bioethics Committee
and complied with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals (NIH Pub. No. 85-23, Revised
1996). Animals were anesthetized with urethane (1.5 g/kg by
intraperitoneal route). One femoral artery and vein were cannu-
lated for arterial blood pressure recording and drug infusion
respectively. Two platinum needles were inserted into the right
forepaw and connected to an Accupulser Signal Generator and
A385 Stimulus Isolator (World Precision Instruments, Inc.,
Sarasota, FL). The skull surface was exposed through a skin
incision and the galea was dissected away. Three Ag–AgCl
electrodes were positioned with micromanipulators touching
the bone surface and were paired with Ag–AgCl electrodes in
the subcutaneous space of the head. A small drop of conductive
medium (OmniPrep, D.O. Weaver & Co., Aurora, CO, USA) on each
electrode was used to facilitate electrical contact with bone.
Cranial electrodes were positioned at the projections of forepaw
primary somatosensory area on the left (S1CL, Bregma 0 mm, Left
Lateral 4 mm) and right cortex (S1HL, Bregma 0 mm, Right Lateral
4 mm) and the primary visual area on the left cortex (V1CL, Bregma
�5 mm, Left Lateral 4 mm) (Paxinos and Watson, 1998).

The right forepaw was stimulated with 0.3 ms duration and
0.5 Hz frequency pulses, supramaximal for elicitation of the S1
contralateral evoked response. The electro-cortical activity during
the 500 ms that followed the stimulation pulse was amplified with
an Iso-4 low noise amplifier (World Precision Instruments, Inc.,
Sarasota, FL) and digitized at 1 kHz with a PowerLab data acquisition
system (ADInstruments, Inc., Colorado Springs, CO). Epochs contain-
ing evoked cortical activity were processed with MATLAB scripts to
obtain averaged evoked potentials of 30 consecutive samples.

EEG power spectrum for the EEG frequencies 1–30 Hz was
obtained from 1 min segments of recording in the absence of
forepaw stimulation using a Cosine-Bell windowing function and
1024 window size with 50% overlap (Labchart 7 Spectrum Module,
AD-Instruments). EEG power was computed in the following
frequency bands: delta, 1–4 Hz; theta, 4–8 Hz; alpha, 8–14 Hz, and
beta, 14–30 Hz. The data was normalized by dividing power in
each frequency band by the sum of the powers of all four frequency
bands for each animal and endosulfan dose (Fractional Power).

Arterial blood pressure was continuously sampled from the
arterial catheter with a carrier amplifier and transducer (World
Precision Instruments, Inc., Sarasota, FL). Mean arterial blood
pressure (MABP) and heart rate (HR) were calculated on line from
the arterial blood pressure recordings by Labchart 7 software
(ADInstruments, Inc., Colorado Springs, CO). Rectal temperature
TEMP was recorded with a T-type thermocouple thermometer (BAT
12 Electronic Thermometer, Physitemp Instruments, Clifton, NJ).

Endosulfan (Thiodan�, CHEM SERVICE, Inc., West Chester, PA) of
purity: I (alpha) 67%; II (beta) 33%, was dissolved in propylene glycol
and administered intravenously through a cannulated femoral vein
with total volume infused between 0.05 and 0.1 ml. These doses of
propylene glycol did not induce changes in the variables under study
(data not shown). Endosulfan was administered at 0.5, 1, 2, and
4 mg/kg with an interval of 2 h between doses.

The up and down method (Dixon, 1965) was used to estimate
the endosulfan ED50 for convulsions under urethane anesthesia in
experiments without instrumentation. A convulsion was defined
as tonic–clonic limb and trunk contractions continuing for 15 min
after which period animals were euthanized with an overdose of
urethane.

2.1. Data analysis

The peak latencies from the trigger pulse (ms) and amplitudes
(mV) of the following cortical electrical activity stimulus-evoked
waves were recorded: first positive (P1), first negative (N1), second
positive (P2), second negative (N2) and third positive (P3). Latency
and amplitude of evoked potentials waves were analyzed by
ANOVA with factor endosulfan dose (0.5, 1, 2, and 4 mg/kg) and
compared, if the ANOVA F-ratio was statistically significant
(P < 0.05) to the control condition (no endosulfan) by post hoc



Table 1
Means� S.E. peak latencies (ms) of waves in cortical evoked potentials elicited by

forepaw stimulation in the somatosensory contralateral (S1CL) or homolateral (S1HL)

S1 areas and the visual contralateral (V1CL) area (n = 8).

Waves Dose (mg/kg)

0 0.5 1 2 4

S1CLP1 14.3� 0.6 14.2�0.4 14.2� 0.4 13.8�0.5 15.2� 0.3

S1CLN1 22.1�1.8 21.9�0.8 22.1� 0.8 21.4�0.6 24.4� 0.9

S1CLP2 33.7�4.0 38.3�3.4 46.1�3.8 47.4�1.4y 52.2�1.6y

S1CLN2 98.5�18.7 94.8�8.1 108.9�12.7 117.5�6.1 124.7�4.7

S1CLP3 203.9�18.4 212.2�10.3 224.6�22.2 219.2�11.9 221.2�12.5

S1HLP1 17.9�1.6 19.0�1.1 18.8�1.3 17.4�2.4 22.2� 0.5

S1HLN1 31.3�2.7 31.8�0.5 29.6� 0.9 31.3�1.4 35.3�1.6

S1HLP2 55.6�4.2 51.9�3.0 50.5�3.8 57.7�2.1 59.7�1.6

S1HLN2 173.0�39.1 104.3�8.0 106.6�11.5 119.2�6.8 131.2�12.5

S1HLP3 265.7�44.8 220.3�9.4 227.1�21.2 217.7�16.0 257.4�24.2

V1CLP1 14.0�4.1 16.5�7.8 10.6�2.5 12.3�2.2 15.4�3.3

V1CLN1 32.3�6.2 35.9�5.3 28.2�3.2 32.1�3.7 34.4�2.1

V1CLP2 58.1�10.1 58.1�5.6 53.4�6.4 60.4�5.9 60.1�5.1

V1CLN2 108.7�10.9 104.6�17.5 97.9�11.2 118.9�6.1 114.5�4.4

V1CLP3 183.2�27.5 169.8�30.2 173.3�30.8 206.6�20.4 209.9�20.2

The last 2 characters in the abbreviations refer to the first positive (P1), first

negative (N1), second positive (P2), second negative (N2), and third positive (P3)

waves. Values represent the average over the 2 h observation period that followed

endosulfan pulse administration. Significance of peak latency differences of each

dose level from the control condition (dose = 0) was tested for every wave by

ANOVA followed, if significant, by Dunnet’s t tests.
y P<0.05.
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Dunnet’s multiple comparisons tests. The same statistical analysis
was performed for Fractional Power, MABP, HR and TEMP data.

3. Results

3.1. ED50 for endosulfan induced convulsions

Convulsive activity on a separate group of anesthetized animals
without instrumentation was usually initiated by trunk and tail
brief tonic dorsiflexion, followed by tonic–clonic convulsions
affecting trunk and limbs. This convulsive activity continued
unabated until euthanasia, which was performed after 15 min of
initiation. Salivary hypersecretion was also observed during this
period.

ED50 for convulsions calculated with the up and down method
(Dixon, 1965) was 5.7 mg/kg (n = 6).

3.2. Cortical evoked potentials

Following i.v. injection of endosulfan, a rapid increase in
amplitude of evoked potential waves was observed that peaked
within the first hour of observation (Fig. 1) declining slowly
thereafter to reach levels close to those recorded prior to drug
administration at the low doses. In the first analysis, the average
latency and amplitude of the evoked potential waves over the 2 h
observation period for every dose was recorded (Tables 1 and 2).
The potential evoked by stimulation of the contralateral forepaw in
the absence of endosulfan consisted of a positive deflection
(S1CLP1) with an average peak latency of (mean � S.E.)
14.3 � 0.6 ms, followed by a negative deflection (S1CLN1) with a
latency of 22.1 � 1.8 ms (Table 1). Amplitude of the S1CLN1 wave
(�0.06 � 0.01) was smaller than the S1CLP1 wave (0.15 � 0.01 mV).
Peak latency and average amplitude of the slower waves are
described in Tables 1 and 2 respectively. The most notable change
observed after administration of 0.5 mg/kg of endosulfan i.v. was an
increase in the amplitude of S1CLN1 that grew as a function of dose to
achieve a maximum at the 4 mg/kg dose (Table 2). A dose-related
increase, although of a lesser magnitude, was also observed in the first
positive wave (S1CLP1) and the second negative wave (S1CLN2). No
statistically significant changes in wave peak latencies were
observed, except for an increase in the second positive wave
(S1CLP2) at 2 and 4 mg/kg.

A second analysis performed using the maximal value of waves
amplitudes recorded for every dose is presented in Fig. 2. A dose-
related trend was found in the S1CL area, with statistical
significance difference from control values achieved at 2 and
4 mg/kg for the S1CLP1 and S1CLP3 waves and 1, 2 and 4 mg/kg for[()TD$FIG]
Fig. 1. Representative results of an experiment with baseline recording during 20 min, foll

wave represents the average of 30 consecutive sweeps. The right forepaw was stimulated

was recorded from the skull surface overlying the contralateral forepaw primary soma
the rest of the waves. Similar trends were observed for the EPs in
S1HL and V1CL areas (Fig. 2).

3.3. Power spectrum analysis

An increase in Fractional Power in the alpha and beta bands was
found in all areas at 4 mg/kg. There was a trend for a decrease in the
delta band at doses greater than 1 mg/kg that was not statistical
significant until a dose of 4 mg/kg was reached. EEG theta bands
did not show significant differences from controls at any dose
(Fig. 3).

3.4. Muscular manifestations

There was no muscle activity observed at the doses of 0.5 and
1 mg/kg. At 2 mg/kg, out of eight animals, only one showed
twitching of vibrissae and ear muscles 13 min after endosulfan
administration that ceased 35 min later while two animals showed
only transient vibrissa movements 22 and 30 min after drug
administration. At 4 mg/kg all eight animals showed vibrissae
twitching between 3 and 13 min and ear twitching between 13 and
owed by 60 min of recording after a single i.v. injection of 2 mg/kg endosulfan. Every

with 0.3 ms, supramaximal pulses at 0.5 Hz frequency. The cortical evoked activity

tosensory area of the cerebral cortex.



Table 2
Means� S.E. amplitude (mV) of waves during the 2-h observation period in cortical

evoked potentials elicited by forepaw stimulation in the somatosensory contralateral

(S1CL) or homolateral (S1HL) S1 areas and the visual contralateral (V1CL) area (n = 8).

Waves Dose (mg/kg)

0 0.5 1 2 4

S1CLP1 0.15� 0.01 0.18� 0.02 0.25� 0.05 0.31� 0.05y 0.46� 0.08y

S1CLN1 �0.06� 0.01 �0.12� 0.07 �0.52� 0.17y �0.58� 0.13y �0.73� 0.16y

S1CLP2 0.10� 0.02 0.11� 0.02 0.17� 0.03 0.15� 0.02 0.13� 0.03

S1CLN2 �0.09� 0.02 �0.16� 0.04 �0.22� 0.04y �0.20� 0.02y �0.24� 0.05y

S1CLP3 0.11� 0.02 0.14� 0.03 0.19� 0.04 0.20� 0.02 0.21� 0.05

S1HLP1 0.03� 0.01 0.04� 0.01 0.05� 0.02 0.07� 0.04 0.19� 0.05y

S1HLN1 �0.02� 0.01 �0.02� 0.01 �0.03� 0.01 �0.15� 0.11 �0.24� 0.12

S1HLP2 0.05� 0.01 0.07� 0.03 0.11� 0.05 0.09� 0.03 0.10� 0.03

S1HLN2 �0.03� 0.01 �0.05� 0.02 �0.16� 0.05y �0.11� 0.03 �0.18� 0.04y

S1HLP3 0.03� 0.01 0.07� 0.01 0.11� 0.04 0.10� 0.03 0.15� 0.02y

V1CLP1 0.02� 0.02 0.04� 0.03 0.01� 0.01 0.03� 0.01 0.03� 0.01

V1CLN1 �0.03� 0.02 �0.04� 0.03 �0.03� 0.02 �0.09� 0.03 �0.15� 0.09

V1CLP2 0.05� 0.03 0.06� 0.05 0.06� 0.03 0.07� 0.03 0.06� 0.02

V1CLN2 �0.05� 0.02 �0.07� 0.04 �0.08� 0.04 �0.13� 0.04 �0.12� 0.05

V1CLP3 0.03� 0.02 0.05� 0.03 0.07� 0.04 0.11� 0.03 0.09� 0.03

The last 2 characters in the abbreviations refer to the first positive (P1), first

negative (N1), second positive (P2), second negative (N2) and third positive (P3)

waves. Values represent the average over the 2 h observation period that followed

endosulfan pulse administration. Significance of latency differences of each dose

level from the control condition (dose = 0) was tested for every wave by ANOVA

followed, if significant, by Dunnet’s t tests
y P<0.05.
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Fig. 2. Peak amplitude of contralateral S1 (solid circles, full lines) homolateral S1

(open circles, full lines) and contralateral V1 (open triangles, dashed lines) cortical

evoked activity (average of 30 consecutive samples) obtained during the 2-h

observation period at each dose level of endosulfan. Circles in the evoked potential

inserts at the top left corner of each panel were drawn to indicate the wave from

which values were obtained. From top to bottom, first positive, first negative,

second positive, second negative and third positive waves. *Significantly different

from the control condition (dose = 0) by ANOVA and Dunnet’s multiple comparison

tests, P < 0.05, n = 8.
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29 min of endosulfan administration with two animals progressing
to clonic trunk movements.

3.5. Physiological variables

Mean arterial blood pressure increased as a function of dose,
reaching values significantly different from baseline at 2 and 4 mg/
kg. No significant changes from baseline were found for heart rate
and rectal temperature (Table 3).

4. Discussion

To our knowledge, this is the first study that characterized the
cerebral cortex electrophysiological changes associated with low,
subconvulsive doses of endosulfan using time and frequency
domain techniques. The short latency somatosensory cortical
evoked response (first positive (P1) and first negative (N1) waves
in the present recordings) show considerable analogy between rats
and primates (Allison and Hume, 1981). There is consensus that
the positive short latency wave represents depolarization of
pyramidal neurons in layer IV and deep layer III of the cerebral
cortex, while the following negative deflection corresponds to the
apical dendritic depolarization of the same cells (Jellema et al.,
2004). Thus, the balance between the two waves is related to the
extent of depolarization of pyramidal cells. The large increase in
the amplitude of the short latency negative wave (N1) induced by
endosulfan argues for a facilitation of the spread of activation
towards the superficial layers of the cerebral cortex. It is
noteworthy that a significant increase in amplitude of most
somatosensory EP waves was present at 1 mg/kg, which represents
0.18 ED50 for convulsions to a single dose of endosulfan. In the
experiments with incremental doses of this agent, clonic move-
ments first appeared at 4 mg/kg, possibly due to some effect
summation, since the EP waves amplitudes did not return to
baseline two hours after the 2 mg/kg dose when the 4 mg/kg dose
was administered (data not shown).

Activation of the contralateral visual cortex in response to
forepaw stimulation was barely detectable in the absence of
endosulfan and grew progressively in amplitude as doses were
increased. The evoked electrical activity in the homolateral
representation of the forepaw was minimal in the absence of
endosulfan in the present experiments. This phenomenon is in line
with recent fMRI observations that while detecting activation of
the cerebral cortex in the same contralateral area to the stimulated
side used by us for recording of evoked potentials, did not show
activation of the homolateral area with forepaw (Peeters et al.,
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Fig. 3. EEG frequency bands relative powers of contralateral S1 (solid circles, full

lines) homolateral S1 (open circles, full lines) and contralateral V1 (open triangles,

dashed lines) as a function of endosulfan dose. From top to bottom, delta band (1–

4 Hz), theta band (4–8 Hz), alpha band (8–14 Hz) and beta band (14–30 Hz).

*Significantly different from the control condition (dose = 0) by ANOVA and

Dunnet’s multiple comparison tests, P < 0.05, n = 8.

Table 3
Means� S.E. peak values of heart rate (HRATE), mean arterial blood pressure (MABP) an

administration as a single pulse (n = 8).

Dose (mg/kg)

0 0.5

HRATE (bpm) 378.4�8.8 388.9�11.2

MABP (mm Hg) 86.7�2.8 86.6�2.0

TEMP. (8C) 37.0�0.1 37.3�0.1

Significance against the control condition (dose = 0) was tested by ANOVA followed, if
y P<0.05.
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1999) or radial nerve stimulation (Cho et al., 2007). The
enhancement of the homolateral cortical evoked response induced
by endosulfan was most likely mediated by the transcallosal route
that is prominent in this region of the cerebral cortex (Akers and
Killackey, 1978). This idea is supported by the finding that the
homolateral first positive wave (S1HLP1) peak latency was delayed
with regards to the contralateral response (S1CLP1) (Table 2) by
approximately the latency of the transcallosal response (Okuyama
and Aihara, 1988). The participation of homolateral talamo-
cortical projections in this phenomenon cannot be discarded
however, since it is known that some cells in the somatosensory
area have bilateral receptive fields (Iwamura, 2000). Elucidation of
this point will require further experimentation with measure-
ments of the effect of endosulfan on the transcallosal evoked
potentials.

The role of GABA in the causation of motor phenomena
associated with cyclodienes actions has been known since
Ghiasuddin and Matsumura described the blockade by heptachlor
epoxide and g-hexachlorocyclohexane of the enhanced 36Cl�

permeability induced by GABA in the coaxal muscle of the
American cockroach (Ghiasuddin and Matsumura, 1982). Later
studies have supported this interpretation for endosulfan in
particular (Sunol et al., 2008). Glycine receptors, which also
mediate neuronal inhibition, are known to be inhibited non-
competitively by endosulfan but with one order of magnitude less
potency than GABA-A receptors (Vale et al., 2003). GABA is
considered the main inhibitory transmitter in the forebrain of
mammals, although glycine receptors have also been described in
many areas, including the cerebral cortex (Hernandes and
Troncone, 2009). Antagonism of GABA-A receptors with iontopho-
retic local application of bicuculline enhanced receptor fields in rat
barrel cortex (Li et al., 2002) and cat somatosensory cortex (Hicks
et al., 1986). The GABAergic influences on the cat visual cortex
appear to be region specific (Jirmann et al., 2009). Intracellular
studies in human cerebral cortex slices have indicated that fast
inhibitory synaptic potentials are blocked by the GABA-A
antagonist bicuculline, are sensitive to Cl� ions injections and
are mimicked by the GABA-A agonist muscimol (McCormick,
1989). Thus, antagonism of GABA-A receptors by cyclodienes is a
plausible hypothesis for the causation of the enhancement of
somatosensory evoked activity reported here.

Regarding the localization of the GABA-A receptors associated
with these effects, we cannot reach any conclusions from the
available data. These effects could take place at the cortical level
where, as discussed above, the substratum exists for such actions
but they could also take place at sub-cortical levels, such as the
thalamus.

It is important to note that the significant increase of evoked
potential activity described in this work first occurred at 1 mg/kg
(with a trend already at 0.5 mg/kg) in the absence of any motor
manifestations and well below the ED50 for convulsive activity
(5.7 mg/kg). It is then tempting to associate these phenomena with
symptoms reported by patients prior to or in the absence of motor
signs and convulsions, such as hyperactivity and anxiety (Durukan
et al., 2009) (Reigart and Roberts, 1999). Decreased cortical
d rectal temperature (TEMP.) recorded at each dose level of intravenous endosulfan

1 2 4

388.8�20.3 408.2�10.6 405.6�14.3

98.5�2.3 105.6�5.0y 127.3�5.4y

37.2� 0.1 37.5� 0.1 37.6�0.3

significant, by Dunnet’s t tests.
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inhibition correlates with anxiety, as demonstrated with tran-
scranial magnetic stimulation (Wassermann et al., 2001). The
findings with cortical evoked potentials in anxiety are not uniform
and appear to be related to the conditions eliciting this behavioral
state (Clark et al., 2009).

The distribution of power among EEG bands was considerably
less sensitive to endosulfan, with a shift to higher frequencies
observed only at 4 mg/kg.

The fact that arterial blood pressure was sensitive to endosulfan
suggests that this variable might be helpful in recognizing early
events induced by this agent.

Regulatory agencies establish reference doses and tolerances
for the various exposure risks of endosulfan based on the No
Observed Adverse Effect Level (NOAEL) and Lowest Observed
Adverse Effect Level (LOAEL) for this toxicant. The endpoints used
for NOAEL and LOAEL threshold are incidence of convulsions seen
in female rats for acute dietary exposure and reduced body weight
gain, enlarged kidneys, increased incidences of marked progressive
glomerulonephrosis and blood vessel aneurysms in male rats (US
Environmental Protection Agency, 2007). In light of the present
observations, it might be worthwhile to add cortical evoked
potentials as an endpoint for neurotoxicity in the establishment of
NOAEL and LOAEL thresholds. The NOELs from studies considered
in the EPA risk assessment range from 0.7 mg/kg to greater than
2.0 mg/kg. While the current NOEL of 0.5 mg/kg is lower,
suggesting that cortical evoked potentials might be a more
sensitive indicator of endosulfan toxicity than the ones currently
used, further studies using oral, dermal and inhalation routes
preferably in animals without anesthesia will be necessary to
confirm this concept.

Non-invasive recording of cortical evoked potentials is a
standard clinical neurophysiology technique used in human
subjects for diagnostic purposes of peripheral and central
neurological pathology. The current results do suggest that evoked
potentials may be useful in characterizing effects of low dose
longer term exposure and thus they do warrant characterization of
effects of subchronic and chronic exposure (e.g. oral route of
exposure) to endosulfan. The extension of this technique to the
assessment of suspected endosulfan toxicity could be a useful tool
in epidemiological studies of this neurotoxicant.

5. Conclusions

We found that the dose-related increases in the amplitude of
somatosensory evoked potentials are sensitive indices of low level
endosulfan intoxication. These measurements could be imple-
mented non-invasively in human subjects and help in the
diagnosis of low level intoxication with this agent or of the initial
(pre-convulsive) stages in more severe cases.

Cortical evoked potentials could be used as an endpoint for
neurotoxicity in the establishment of NOAEL and LOAEL thresholds
when more information becomes available regarding other routes
of administration and chronic or subchronic exposure. Further
investigation of other modalities of cerebral evoked activity in
conscious animals (e.g. auditory and photic) during acute and
chronic endosulfan administration seems warranted.
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