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Chronic ciguatoxin poisoning causes emotional
and cognitive dysfunctions in rats

Jun Wang,a,b Bing Cao,a,b Xiangwei Yang,a,b Jiajun Wu,c,d Leo Lai Chana,c,d and
Ying Li*a,b

Ciguatoxins are marine biotoxins that induce the human poisoning syndrome known as ciguatera fish poi-

soning (CFP). In humans, different kinds of neurological symptoms have been reported after CFP, includ-

ing anxiety, depression and memory loss. Repetitive exposures to sub-threshold levels of ciguatera toxins

may cause irreversible sub-clinical damage, and eventually cause more severe illness. Our previous study

has shown that an acute single dose of Pacific ciguatoxin-1 (P-CTX-1) induced synaptic facilitation and

blockage of the induction of electrical stimulation-induced long-term potentiation in the medial thala-

mus–anterior cingulate cortex pathway. Reactive astrogliosis was detected in acute ciguatera poisoning.

Despite the reports of complex and prolonged neurological symptoms in patients, few studies have been

conducted in animal models to investigate the emotional and cognitive deficits after chronic exposure to

ciguatoxin. In the present study, using a rat model with repeated exposures to low dosage of P-CTX-1, we

observed development of anxiety-like behavior by open field test and elevated plus maze test, and learn-

ing and memory deficits by the Morris water maze; further, decision-making impairment was determined

in the chronic P-CTX-1-treated rats by the rats gambling task. We conclude that chronic ciguatera poi-

soning leads to anxiety, and to impairment of spatial reference memory and decision-making behavior.

Introduction

Ciguatera fish poisoning (CFP) is a common seafood-borne
illness caused by consumption of reef fishes. In humans, the
risk of fish poisoning is broadly recognized by resident popu-
lations in endemic regions in remote island nations and terri-
tories of the Pacific.1 Symptoms of CFP have long been
recognized as indicative of central and peripheral nervous
system injury, and a wide range of neurobehavioral and neuro-
psychological symptoms were reported following ciguatera poi-
soning, including cold allodynia,2 visceral pain,3 fatigue,
anxiety, depression, memory disturbance and mental ineffi-
ciency.1,4 Additionally, repeated exposure to ciguatoxin (CTX)
results in more severe clinical signs than observed in patients
experiencing ciguatera for the first time.5,6 Persons who have
previously had ciguatera may suffer a recurrence of typical

ciguatera symptoms after eating fish that do not cause symp-
toms in other persons. Such sensitization can occur many
months or even years after the attack of ciguatera;5,7 and a
residual/cumulative toxic effect was considered as an under-
lying mechanism of this sensitization.6 There is a cumulative
effect with repeated exposures inasmuch as lengthy persist-
ence of CTX was previously reported in mice blood,8 in cardiac
tissue, and in the rat brain.9 However, it is not known whether
repeated exposures to sub-threshold levels of CTX, which
cause unobvious general physiological symptoms as well as a
generalized reticence to report illness, will affect emotional
and cognitive functions in the long term.

The primary mechanism by which the CTX causes neuro-
toxicity is related to its interaction with voltage-gated sodium
channels.10 Previously, using isolated and purified Pacific
ciguatoxin (P-CTX-1) (State Key Laboratory of Marine Pollution
in the City University of Hong Kong) we were the first group to
study the neurotoxic effects of CTX in the brain by in vivo
electrophysiology.3 Our published data provided direct in vivo
evidence showing that a single dose of P-CTX-1 induced visc-
eral pain,3 and anterior cingulate cortex (ACC) synaptic plas-
ticity, and furthermore blocked the induction of electrical
stimulation-induced long-term potentiation (LTP) in the
medial thalamus (MT)–ACC pathway.3 Reactive astrogliosis was
identified, supporting the concept that neuron and astroglia
signals may play roles in acute ciguatera poisoning.3 The ACC
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is a major cortical component of the limbic loop system, and
its functional relationship to sensory, emotional and motiva-
tional responses as well as cognitive functions has been well
described.11–14 Recently, our published data of animal be-
havioral and electrophysiological studies suggested the role of
ACC circuitry in anxiety-like behavior and memory loss in
different disease models. We reported that neuronal damage
and impairment of synaptic plasticity in the ACC circuitry may
result in various neuropsychological signs in animals.15,16

Therefore, in the current study, a rat model with repetitive low
dosage of ciguatera poisoning was established; we hypo-
thesized that repeated exposures to low doses of P-CTX-1 cause
a wide range of neurobehavioral signs including emotional
and cognitive dysfunctions in rats.

Cognition refers to a set of mental processes, including
attention, memory, evaluation, decision-making, etc. Making a
decision under complicated and uncertain conditions is a
basic cognitive process for adaption. In humans, decision-
making has been accurately modeled using the Iowa gambling
task (IGT) in the laboratory.17–19 In behavioral tasks for
animals, the rat gambling task (RGT) based on the same prin-
ciple has been developed to investigate the neurobiological
mechanisms underlying IGT-like decision-making behav-
ior.14,20,21 Recently, we have characterized decision-making
deficits in different animal disease models by the RGT.15,16

However, no human or animal models have been developed to
examine the effects of P-CTX-1 on decision-making behavior.
In the current study we evaluated the effects of repeated
exposures to low doses of P-CTX-1 on decision-making behav-
ior using the RGT. No significant differences of food intake
and overall motivation were detected between sham-treated
and P-CTX-1 rats, whereas P-CTX-1 administration caused
decreases in the proportion of good decision-makers and
increases in the proportion of poor decision makers,
suggesting impairment of decision-making in rats. In
addition, open field and elevated plus maze tests were per-
formed to evaluate rats’ anxiety-like behavior, and a water
maze was used to detect learning and spatial memory
capacities in rats following chronic CTX treatment. Rats
showed no significant change in locomotor functions;
however, development of anxiety-like behavior was clearly
detected after chronic CTX treatment. Further, spatial learning
and memory deficits were characterized in rats after 5–6 weeks
of toxin poisoning. To the best of our knowledge, this is the
first study using an animal model of chronic ciguatera poison-
ing mimicking clinically prolonged repetitive CFP to explore
changes of emotions, learning and memory, and decision-
making functions caused by chronic CFP.

Materials and methods
Animals

Adult male Sprague–Dawley rats (280–300 g) were used in the
present study. Before experiments, rats were kept in plastic
cages in groups with a supply of food and water ad libitum.

The animal holding room was maintained in 12:12 h light and
dark cycle with a constant room temperature of 25 °C. All the
experimental procedures were approved by the Committee on
the Use and Care of Animals at City University of Hong Kong
and the Department of Health of Hong Kong [reference no.
(14-42) in DH/HA&P/8/2/5 Pt.2] and all methods were carried
out in accordance with the approved guidelines.

Chronic ciguatoxin treatment

Pacific ciguatoxin-1 (P-CTX-1, purity ≥95%22) was isolated and
purified from the viscera of moray eels collected from the
Republic of Kiribati using methods described previously.22

Rats were weighed and randomly divided into a chronic
P-CTX-1 group and a control group. P-CTX-1 was dissolved in
saline with 1% Tween 60. An initial dosage of P-CTX-1
(0.26 ng g−1) was delivered to the rats intragastrically via gavage.
This dosage has been used for acute ciguatera studies by our
own group and others.3,9 Then, the P-CTX-1 rats were further
treated with chronic repeated toxin exposure with one-quarter of
the initial dosage (0.065 ng g−1) every 72 hours for 8 weeks. This
low dosage was chosen because it did not affect the average
food intake per unit body weight and the average body weight
increase (Fig. 1C and D). The control group was treated with
saline containing 1% Tween 60 of the same dosage and at the
same time points as the chronic P-CTX-1 group. Body weight
and food intake were monitored and reported every week. Be-
havioral tests were performed between week 5 and week 8
during chronic ciguatoxin exposure.

Fig. 1 Body weight and food intake in control and chronic P-CTX-1
rats. (A) Body weight measured every week during chronic low dosage
of P-CTX-1 or sham treatment. (B) Food intake measured every week
during the treatment. (C) Average body weight (BW) increase per week.
(D) Average food intake per unit body weight for 8 weeks. Chronic
P-CTX-1 rats showed decreased body weight and food intake compared
with control rats. However, no obvious difference was found in the
average food intake per unit body weight and average body weight
increase per week between the two groups. Data are presented as mean
± SEM. NS, no significance; *p < 0.05, **p < 0.01, ***p < 0.001; n = 5 for
control rats, and n = 5 for chronic P-CTX-1 rats.
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Open field test

The open field test is a typical rodent behavioral test that
assesses locomotor function and anxiety-like exploratory be-
havior. It was performed in chronic P-CTX-1 rats and control
rats at week 5 of the treatment. An area of 40 cm × 40 cm
inside an 80 cm × 80 cm × 40 cm (L × W × H) square plastic box
was defined as the center region while the peripheral area was
defined as the marginal region. Rodents tend to stay close to
walls (thigmotaxis) when first exposed to an open field, and the
tendency should decrease gradually with time; the degree of
thigmotaxis during this period of decrease can be considered as
the anxiety index of rodents. The test was started by placing the
rat in a corner of the box in a dim room, and allowing it to
explore the field freely for 5 min. The maze was cleaned
between rats using 70% ethanol. A CCD camera was set above
the chamber to track the movement. The horizontal activity of
the rats was recorded to measure (1) total distance travelled, (2)
mean speed, (3) time spent in center area, and (4) center entry
times, using ANY-maze software (SD instrument Co., US).

Elevated plus maze

The elevated plus maze is a widely used behavioral test for
anxiety-like behavior and is thought to result from natural aver-
sion of rats to explore elevated and open areas.23 The appar-
atus was made of brown acrylic plastic with two sets of
opposing arms (open arms: 50 × 10 cm; closed arms: 50 × 10 ×
40 cm), 50 cm from the ground. Rats were placed individually
and then allowed to start exploring the maze freely from the
junction of the two sets of arms (10 × 10 cm), facing one open
arm, in a 5-minute test. The maze was cleaned between rats
using 70% ethanol. Time spent in each arm was recorded
using the ANY-maze software with entry being defined as 85%
of the area of the animal being present in the area entered.
Time spent in open arms, especially the percentage of open
arm time versus closed arm time, was evaluated to assess
anxiety.

Morris water maze

The Morris water maze test is a classical behavioral assessment
to test the spatial learning and reference memory ability of
rodents. It was performed in chronic P-CTX-1 rats and control
rats during week 6 of the treatment. A circular tank (diameter
1.5 m) was used as the swimming pool. The temperature of the
water was maintained at 22–25 °C to reduce the stress
response of the rats to cold water during training. Visual cues
of different shapes were placed on the walls around the swim-
ming pool. In this study, the whole procedure was divided into
two parts: hidden platform training and probe test. First, rats
were consecutively trained for 3 days (2 trails per session and
2 sessions per day) to find a submerged (2.5 cm) platform
located at a constant position in one of the quadrants of the
pool using the distal spatial cues provided. In each trail, the
rat was placed in the water facing the wall at the start position
and given 60 s to find the platform. Then the rat was forced to
stay on the platform for 15 s. The start position was randomly

designed in each trail. The time that each rat spent to find the
platform in each trail was measured as escape latency. A probe
test was performed 24 hours after the last hidden platform
training trail. In the probe test, the platform was removed and
the rat was allowed to swim to search the tank freely for 1 min.
The percentage of the time the rat spent searching in the
target quadrant and the percentage of the time the rat spent in
the removed platform region in the probe test were measured.
Data were collected and analyzed by ANY-maze software.

Rat gambling task

The rat gambling task (RGT) was conducted during week 7 to 8
of the chronic P-CTX-1 or sham treatment to detect decision-
making behavior. Detailed training and test procedures were
described in our previous publications.15,16 Briefly, the RGT
was performed in a polyvalent conditioning box (28 × 30 ×
34 cm) with 4 nose-poke holes on the front curved wall and a
food dispenser at the back wall (Imetronic, Pessac, France),
with a transparent central opening partition (7 × 7 cm) divid-
ing the box into two chambers at the middle. Infrared detec-
tors were in the holes detected the nose-pokes and were
connected to the food dispenser.

Before the training session, food was restricted for 3 days
following 1 day fasting. Simultaneously, 50 food pellets (45 mg
per pellet; Test Diet, USA) per rat were put inside the cage
every day to make sure the rats became habituated to their
taste. During the training phase, daily food was restricted for
each rat to maintain its body weight at 90% of free feeding
weight, and rats usually spent 5–7 days making the association
between nose-pokes in illuminated holes and food rewards in
the food dispenser. In order to guarantee that the selection of
the nose-poke was a conscious choice, the rats were trained to
associate a single nose-poke with one food pellet delivery
according to a criterion of at least 100 pellets obtained within
a 30-min session, followed by two consecutive nose-pokes with
one food pellet delivery with the same criterion. Two final
5-min training sessions were conducted to habituate the rats
with the quantity of pellets that could be obtained during the
test. The first session was set by two nose-pokes with two
pellets at a time (maximum 30 pellets) after making a choice
and the other with one pellet (maximum 15 pellets).

The 60-min test was performed one day after the training
session. Rats were free to make choices among the four holes
(A–D). However, different choices triggered different outcomes:
choices A or B related to two pellets each time as immediate
reward, but had separately 1/2 probability of triggering a long
penalty time-out (222 s) or 1/4 probability for a very long
penalty time-out (444 s), during which period no pellet could
be obtained; choices C or D were associated with one pellet
immediate reward, and smaller penalty (1/4 chance for 12 s
time-out, or 1/2 chance for 6 s time-out). Although the
immediate reward of choices A and B was twice that of choices
C and D, in the long run choice C or D would allow rats to
obtain more food reward than choice A or B. Thus, choices
C and D are defined as advantageous choices, while choices
A and B are disadvantageous choices. The percentage of advan-
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tageous choices (number of nose-pokes (C + D)/number of
nose-pokes (A + B + C + D) × 100%) was used as a criterion to
distinguish the good (>70% preference of advantageous
choices during the last 20 minutes of RGT test), undecided
(30%–70% preference) and poor (<30% preference) decision-
makers.

Ciguatoxicity quantification

Rats were sacrificed at different time intervals (24 h, 48 h and
72 h) after the final exposure to the low dosage of P-CTX-1 at
week 8. Blood and brain were collected and stored at −80 °C
for further toxin analysis. The blood and brain were treated
according to the published method.24 Briefly, whole blood and
brain were sonicated in an ultrasonic water bath for 15 min at
room temperature with acetonitrile, then stored at −20 °C for
15 min and centrifuged for 15 min at 4 °C. Supernatants were
collected and the extraction procedure was repeated twice. All
supernatants were pooled together and dried using rotary
evaporation.

The ciguatoxicity of the extracts was quantified by mouse
neuroblastoma (Neuro-2a) assay according to the methods
described previously.22 Neuro-2a cells (ATCC CCL131; ATCC,
Manassas, VA, USA) were cultured in Roswell Park Memorial
Institute (RPMI)-1640 medium (Gibco, Life Technologies,
Carlsbad, CA, USA) at 37 °C in 5% CO2. The RPMI-1640 was
supplemented with 10% fetal bovine serum (BD Biosciences,
San Jose, CA, USA), 2 g L−1 Na2CO3 and antibiotic solution
(50 units per ml penicillin, 50 μg ml−1 streptomycin and 2.5
μg ml−1 Fungizone® (Gibco, Life Technologies, Carlsbad, CA,
USA)). Cells were seeded at a density of 2.5 × 105 cells per mL
in 96-well plates. After 24 h, medium was renewed with com-
plete RPMI-1640 containing 0.1 mM ouabain and 0.01 mM
veratridine. Cells were dosed with 10 μL per well P-CTX-1
standards and extracts in three replicates. Cell proliferation
was measured by MTT [3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide] assay after 18 h incubation. Absorbance
was measured using a microplate reader (Molecular
Devices Spectra Max 340 PC) at 595 nm with a reference wave-
length of 655 nm. The optical density acquired for each well
was then normalized to the MTT blank. The toxicity of the
extracts was determined based on the standard curve of
P-CTX-1, which was plotted at seven concentrations ranging
from 9.77 pg mL−1 to 312.5 pg mL−1. The assays were con-
ducted twice, and the toxicity results are reported as mean
P-CTX-1 equivalents between the two assays.

Statistical analysis

All data in the results are presented as mean ± SEM. Statistical
comparisons were performed in SPSS v19.0 (SPSS, Chicago, IL,
USA) or Prism 5.0 (GraphPad, La Jolla, CA). Comparisons
between control and chronic P-CTX-1-treated rats were ana-
lyzed with unpaired Student’s t-test or two-way ANOVA followed
by Bonferroni’s post-tests where appropriate. Comparisons of
changes of proportions of decision-makers between the two
groups were treated as a single ordinal contingency table and
the nonparametric Mann-Whitney U test was used. Differences

between values were considered statistically significant when
p < 0.05.

Results
Normal body weight increase and food intake during chronic
low dosage ciguatoxin exposure

The body weight and food intake of chronic P-CTX-1 rats were
markedly decreased after the initial dosage (0.26 ng g−1) of
toxin administration compared with those of sham-treated
rats, which were consistent with our previous report.3 The
body weight gradually increased when the higher dose was
changed to low dosage P-CTX-1 exposure (0.065 ng g−1). Then,
the rats gained weight consistently during the 8-week chronic
repeated low dosage P-CTX-1 treatment (Fig. 1A). Similar
trends of food intake were observed in the chronic P-CTX-1
rats (Fig. 1B). However, owing to the significant drops in food
intake and body weight during the first week, the animals were
unable to fully recover and reach the control levels. The
average food intake per unit body weight was not significantly
different between the two groups (0.066 ± 0.002 vs. 0.067 ±
0.001 in control and chronic P-CTX-1 rats, respectively; p >
0.05; Fig. 1D). Also, no significant difference was found in
average body weight increase per week between the two groups
(15.53 ± 0.50 vs. 14.09 ± 0.55 in control and chronic P-CTX-1
rats, respectively; p > 0.05; Fig. 1C). These data indicate that
chronic exposure of low dosage of P-CTX-1 did not obviously
affect the general status of the rats as regards body weight
increase and food intake.

Chronic P-CTX-1 rats showed similar locomotor activity in the
open field test

In the open field test, the locomotor function of rats was exam-
ined by the total distance moved and mean speed. The total
distance moved was similar between control and chronic
P-CTX-1 rats (19.73 ± 0.74 vs. 21.15 ± 0.69 m in control and
chronic P-CTX-1 rats, respectively; p > 0.05; Fig. 2A). Also, no
difference was found in mean speed between the two groups
(0.066 ± 0.003 vs. 0.071 ± 0.004 m s−1 in control and chronic
P-CTX-1 rats, respectively; p > 0.05; Fig. 2B). Spontaneous
exploratory activity in chronic P-CTX-1-treated rats was sup-
pressed compared with control rats, as indicated by a reduced
time spent in the center area (23.95 ± 2.43 vs. 13.31 ± 2.26; p <
0.01; Fig. 2C), and a decreased number of entries into the
center area (10.25 ± 0.91 vs. 7.50 ± 1.24; p < 0.05; Fig. 2D)
during the open field test. These results indicate that chronic
low dosage P-CTX-1 exposure did not affect the locomotor
function of rats; however, the decreases in the center entry
times and center duration in chronic P-CTX-1 rats compared
with control rats suggest that chronic low dosage P-CTX-1
exposure leads to increased anxiety-like behavior in rats.

Anxiety-like behavior following chronic ciguatoxin exposure

A more specific test for evaluating anxiety-related behavior, the
elevated plus maze, was further used in the current study.
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Chronic P-CTX-1-treated rats exhibited normal locomotor
activity in the elevated plus maze compared with control rats,
as indicated by the total distance travelled (6.89 ± 0.62 vs. 6.83
± 0.45; p > 0.05; Fig. 3A) and mean speed (0.023 ± 0.002 vs.
0.023 ± 0.002; p > 0.05; Fig. 3B) during the 5 min testing
session. However, the chronic P-CTX-1-treated rats spent less
time in the open arms (25.84 ± 4.85 vs. 7.92 ± 2.88; p < 0.01,
Fig. 3C) and made fewer entries into the open arms (3.17 ±
0.50 vs. 1.85 ± 0.39; p < 0.05, Fig. 3D) compared with the con-
trols. Furthermore, the percentage of time spent in open arms/
closed arms (13.10 ± 1.67 vs. 5.79 ± 2.01; p < 0.05; Fig. 3E) and
the percentage of entries into open arms/closed arms (25.74 ±
5.17 vs. 6.15 ± 1.23; p < 0.001; Fig. 3F) were reduced in chronic
P-CTX-1-exposed rats. These observations indicate that an
increase in anxiety-like behavior existed in the chronic low
dosage P-CTX-1-treated rats.

Chronic P-CTX-1 rats showed impaired spatial learning and
reference memory in the Morris water maze

Spatial learning and reference memory were assessed in the
Morris water maze in chronic P-CTX-1 rats and control rats at
week 6 during the treatment. Both groups of rats showed
gradually decreased escape latency during 3-day hidden plat-
form training. However, chronic P-CTX-1 rats showed longer
escape latency than control rats during the training process
(F(1, 35) = 4.74; p < 0.05; Fig. 4A), suggesting spatial learning
ability was affected in these rats. Furthermore, in the probe
test, chronic P-CTX-1 rats showed significantly shorter dur-
ation in the target quadrant (39.57 ± 3.46 vs. 23.46 ± 3.01 s; p <
0.01; Fig. 4B) and shorter duration in the platform region (2.76

± 0.51 vs. 1.40 ± 0.34 s; p < 0.05; Fig. 4C) compared with
control rats. These results suggest that chronic low dosage
P-CTX-1 exposure impaired spatial learning and reference
memory in rats.

Decision-making deficit in chronic P-CTX-1-treated rats

In the rats gambling task, two control rats and two P-CTX-1
rats developed a spatial preference behavior for apertures on
one side during training without sampling the different
options, and maintained this side preference for the whole
60 min test. These rats were discarded from final analysis as
their preferred choices in the test were not dependent on the
decision-making process based on the different outcomes.

The performances of sham- and chronic P-CTX-1-treated
rats during the RGT test are shown in Fig. 5A. Three types of
decision-making behaviors were identified in both groups.
Good decision-makers were those that first chose randomly
and then progressively orientated their preference toward the
more advantageous options, and ended up making more than
70% advantageous choices during the last 20 min of the test.
Undecided rats did not show any stable preference for either
option across the whole test. Poor decision-makers sampled

Fig. 2 Chronic P-CTX-1 rats showed normal locomotor function in
open field test. (A) Total distance travelled in the open field was similar
between control and chronic P-CTX-1 rats. (B) No difference was found
in the mean speed between the two groups. (C) Chronic P-CTX-1 rats
showed decreased center duration compared with control rats. (D)
Chronic P-CTX-1 rats showed a decrease in the number of times they
entered the center area compared with control rats. Data are presented
as mean ± SEM. Comparison between the two groups was made by
means of Student’s t-test. NS, no significance, *p < 0.05, **p < 0.01; n =
20 for control rats, and n = 17 for chronic P-CTX-1 rats.

Fig. 3 Anxiety-like behavior of chronic P-CTX-1-treated rats in the
elevated plus maze. (A) Total distance travelled in the elevated plus
maze was similar between control and chronic P-CTX-1 rats. (B) No
difference was found in the mean speed between the two groups. (C)
Chronic P-CTX-1 rats showed a decrease of time spent in the open arms
compared with control rats. (D) Numbers of entries into open arms were
decreased in the chronic P-CTX-1 group. (E) Percentage of time spent
into open arms versus closed arms. (F) Percentage of the number of
times that the rats entered the open arms versus closed arms was also
reduced in chronic P-CTX-1 rats. Data are presented as mean ± SEM.
Comparison between the two groups was made by Student’s t-test. NS,
no significance, *p < 0.05, **p < 0.01, ***p < 0.001; n = 20 for control
rats, and n = 17 for chronic P-CTX-1 rats.
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the different options early, and then developed a stable prefer-
ence for the adverse options. They made fewer than 30%
advantageous selections during the last 20 min of the test.
These types of decision-making performance have been
described and defined in previous studies.14–16 In rats, after
chronic low dosage P-CTX-1 treatment, the proportion of good
decision-makers decreased (65.0% vs. 41.2%), and the pro-
portion of poor decision-makers increased (15.0% vs. 41.2%)
compared with controls. Similar results in the proportion of
undecided rats were detected between the two groups (20.0%
vs. 17.6%; Table 1). The difference in the proportions of the
three types of decision-making behaviors between the two
groups was significant (Mann-Whitney U test, U = 102.5; p <
0.05; Fig. 5C). The mean food reward obtained during the RGT
by CTX rats was significantly lower than controls (159.6 ± 18.3
vs. 109.3 ± 12.0; p < 0.05, Fig. 5D). Moreover, no difference was

detected in the general activity (numbers of nose-pokes per
minute) (11.69 ± 0.44 vs. 11.54 ± 0.51; p > 0.05; Fig. 5B)
between the two groups. These data indicate that rats devel-
oped a decision-making deficit after chronic low dosage
P-CTX-1 treatment.

Fig. 4 Chronic P-CTX-1 rats showed impaired spatial reference memory in the Morris water maze. (A) Escape latency in the hidden platform training
measured at week 6. The chronic P-CTX-1 rats showed longer escape latency, suggesting impairment of spatial learning. (B) Time spent in the target
quadrant in the probe test. (C) Time spent in the removed platform region in the probe test. Total time spent in the target quadrant and in the
removed platform region in the probe test was shorter in the chronic P-CTX-1 rats compared with control rats, suggesting impaired spatial reference
memory. Data are presented as mean ± SEM. Comparison between the two groups was made by Student’s t-test. NS, no significance, *p < 0.05,
**p < 0.01; n = 20 for control rats, and n = 17 for chronic P-CTX-1 rats.

Fig. 5 Deficit of decision-making behavior in chronic P-CTX-1 rats. (A) The ratios of advantageous choices across the 60 min test identify three
types of decision-makers both in sham- and in chronic P-CTX-1-treated rats. (B) The general activity (number of nose-pokes in the four holes per
minute in the last training session) showed no difference between control and chronic P-CTX-1 rats. (C) The different proportions of three types of
decision-makers in control and chronic P-CTX-1 rats. (D) The number of food pellets obtained during the test in control and chronic P-CTX-1 rats.
NS, no significance, *p < 0.05; n = 20 for control group, n = 17 for chronic P-CTX-1 group.

Table 1 Number and percentage of subjects in the RGT for control and
chronic P-CTX-1 groups

Number of subjects
Control group
(n = 20) n (%)

P-CTX-1 group
(n = 17) n (%)

Good decision-makers 13 (65%) 7 (41.2%)
Undecided decision-makers 3 (15%) 3 (17.6%)
Poor decision-makers 4 (20%) 7 (41.2%)
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P-CTX-1 concentrations in blood and brain samples of
chronically poisoned rats

To determine quantity of P-CTX-1 present in blood and brain
of rats after chronic repetitive administration of the toxin,
toxicokinetic analysis was conducted by ciguatoxicity quantifi-
cation. As a result of prolonged repetitive treatment of low
dosage P-CTX-1, the P-CTX-1 concentration in blood samples
ranged from 0.0065 to 0.015 ng mL−1 at 24 h, 48 h and 72 h
after the final exposure to the toxin at week 8, and no differ-
ence was detected among these three time points (F = 2.72, p >
0.05, n = 4 rats for each time point). Higher concentrations
were detected in the brain samples of rats after repetitive
administration of P-CTX-1 (0.034 ± 0.010, 0.030 ± 0.009 and
0.035 ± 0.005 ng g−1 brain sample at 24 h, 48 h and 72 h,
respectively). No difference was detected among these three
time points (F = 0.11, p > 0.05, n = 4 rats for each time point).
In contrast, there was no detectable P-CTX-1 concentration in
either blood or brain samples of rats after the control treat-
ment. Notably, in our experimental protocol repetitive low
dosage P-CTX-1 was administrated every 72 h; thus the toxin
level at 72 h was the baseline concentration for the next toxin
administration. These data suggest that accumulative quan-
tities of the toxin are present in the brain and blood of rats as
a result of chronic low dose P-CTX-1 treatment, and the per-
sistent level of toxin remaining during our behavioral testing
period may play a causative role in the emotional and cognitive
declines observed in the present study.

Discussion

Using a rat model of chronic low dosage P-CTX-1 poisoning, in
this study we thoroughly investigated neurobehavioral features
of prolonged low doses of ciguatera toxin. The noteworthy
observations in the present study are as follows. The general
activities were similar in rats after chronic low dosage of
P-CTX-1 treatment compared with controls; however, the devel-
opment of anxiety-like behavior was seen in open field and
elevated plus maze tests. Further, learning and memory defi-
cits were detected by the Morris water maze and decision-
making impairment was observed using a rats gambling task
in rats after chronic exposure to sub-clinical doses of P-CTX-1.
Notably, rats were treated with a single sublethal dose of
P-CTX-1 followed by repeated low dosage P-CTX-1 to mimic
clinical recurrence of the poisoning in endemic regions which
may induce irreversible sub-clinical damage, and may even-
tually cause more severe clinical illness because of the cumu-
lative effect.1,6,9,25 Consistent with previous studies, we found
that the body weight and food intake of rats were markedly
decreased after the initial sublethal dosage P-CTX-1 adminis-
tration compared with sham-treated rats;3,9 however, rats
gained weight and food intake increased consistently during
the 8-week prolonged low dosage P-CTX-1 exposure, suggesting
that the behavioral alterations observed are not due to changes
of basic physiological states of rats. Thus we called the cigua-
toxin poisoning in the current study chronic sub-clinical (or

low dosage) to distinguish it from the acutely sublethal dose of
P-CTX-1 poisoning rat model used in our previous study.3

CFP has been ranked by worldwide public health insti-
tutions as one of the most common food-borne illnesses and
adversely affects an estimated 50 000–500 000 people globally
on an annual basis.26,27 Consumption of coral reef fishes con-
taining ciguatoxin levels >0.01 ng may result in human cigua-
tera fish poisoning.4,28 Moreover, ciguatoxins are heat/acid-
stable; therefore, normal food preparation does not allow
them to be detected or eliminate them. In humans, CFP is
associated with gastrointestinal (GI), cardiovascular, neurologi-
cal and neuropsychiatric symptoms and signs.1,28,29 Neuro-
psychiatric symptoms may include anxiety,30 depression and
memory loss,4 which generally appear within the first few days
in CFP, often becoming prominent after the GI symptoms.
Clinical studies suggested that symptoms are rarely chronic in
a single-dosage CFP case.28,30 Repetitive exposure to sub-
threshold levels of ciguatera toxins may cause irreversible sub-
clinical damage,28 and eventually cause more severe
illness.6,9,25 Our previously published animal study showed
that treatment with a single sublethal dose of P-CTX-1t
induced visceral pain response, facilitation of synaptic trans-
mission, impairment of LTP in the MT-ACC synapse, and
astrogliosis in the ACC region; however, all these observed
phenomena had gone at day 7 after P-CTX-1 treatment.3

Further, toxicokinetic data also showed that P-CTX-1 was mea-
surable in blood and brain samples of rats after chronic low
dosage P-CTX-1 treatment, whereas it was undetectable at day
7 after a single dose treatment. Thus, it appears that the
neuropsychiatric declines observed in the current study may
be the prolonged cumulative effect of P-CTX-1 instead of long-
term effects of the initial single dosage administration.

Using cultured neural cells, a large body of research has elu-
cidated the primary mechanism by which CTX causes neuro-
toxicity as activation of voltage-gated sodium channels,10

elevation of intracellular calcium levels,31 and blockade of
voltage-gated potassium channels,32 which result in oscil-
lations in membrane potential and alter action potential
firing, and are believed to be the potential cause of the array of
neurological signs. As we reported previously, P-CTX-1 directly
causes damage in both neurons and astrocytes in the ACC.3

The ACC is a major cortical area of the limbic loop system,
integrating emotion and cognition. Recently attention has
been given to a causal role of ACC in anxiety-like behavior in
both human and animal studies.33–35 In humans, brain
imaging studies have revealed an increase of ACC neuronal
activity in patients with anxiety disorders,36 and pharmacologi-
cal inactivation or surgical lesions of the ACC produced anxio-
lytic effects in humans37 and animals.38 However, it is
absolutely unclear whether ACC functional disturbances
induced by P-CTX-1 poisoning cause emotional and cognitive
outcomes in animal models. Thus in the present study a series
of behavioral experiments were designed to investigate
changes of emotion and cognition induced by chronic low
dosage P-CTX-1 treatment. In both open field and elevated
plus maze tests, general activity as represented by travelled dis-
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tance and mean speed was similar in rats after chronic
P-CTX-1 treatment compared with controls, suggesting
undetectable changes of basic physiological status of these
rats. However, the development of anxiety-like behavior was
characterized by less time spent in and number of entries into
the center area in the open field test as well as open arms in
the elevated plus maze test. These results indicate emotional
signs occurred in chronic low dosage P-CTX-1-poisoned rats.

Using a visceral hypersensitive rat model our series of
investigations have demonstrated that ACC hypersensitivity
can be observed up to 7 weeks after the initiation of colonic
anaphylaxis independently of mucosal inflammation,
suggesting triggering of pain memory in the ACC neuronal
circuitry.11,12,39–41 Recently, we also showed that ACC neuronal
activities play a key role in aversive memory processing by
employing a conditional place avoidance test.13 Despite the
hippocampus having been believed to play a critical role in
spatial memory formation, a growing body of evidence has
demonstrated the important contribution of the ACC to
expression of spatial memory.42,43 In the present study, the
chronic P-CTX-1-treated rats showed longer escape latency in
their search for the hidden platform during 6 trials of training
session in the water maze test compared with control rats,
suggesting a learning deficit in week 6. Further, the P-CTX-1 rats
spent less time in the platform quadrant compared with control
rats, suggesting impaired spatial reference memory. These
observations suggest chronic low dosage P-CTX-1 treatment
causes interruptions of learning and spatial reference memory.

Decision-making has recently emerged as a central theme
in neurophysiological studies of cognition. Impaired decision-
making has been demonstrated to represent a key symptom in
many mental disorders,44,45 and results in an inability to make
profitable long-term decisions that incorporate expectations of
future outcomes.20 In humans, decision-making has been
investigated by the Iowa gambling task (IGT) in the laboratory
setting,17,19 which is used to model everyday life choices
through a conflict between immediate gratification and long-
term outcomes.20 Rodents are individuals that can exhibit
human-like cognitive characteristics; thus, the RGT was
designed to test decision-making behavior. It is particularly
valuable as experimental conditions can be controlled to inves-
tigate the neurobiological mechanisms underlying IGT-like
decision-making.14,21 In the present study the RGT was per-
formed on the rats after chronic low dosage P-CTX-1 treatment.
We observed that all three kinds of decision-making behaviors
were detected by the RGT in both control and chronic P-CTX-1-
treated rats, supporting the idea that a continuum may be
present across these two groups of rats. However, our data
showed that chronic ciguatera poisoning induced behavioral
changes in decision-making. Chronic P-CTX-1 significantly
reduced the proportion of good decision-makers compared
with sham-treated rats, and significantly increased the poor
decision-maker population. Further, the mean food reward
obtained during the RGT test by chronic P-CTX-1-treated rats
was significantly less than that of controls. Notice that chronic
P-CTX-1-treated rats showed no general effect on the motiv-

ation to actively retrieve a food reward (duration of the last
training session before reaching the criterion). Also, no differ-
ence was detected in the general activity (total number of nose-
pokes in the four holes in the last training session). These
observations suggested that chronic low dosage P-CTX-1 treat-
ment-induced impairment of decision-making behavior was
not due to a direct effect on the motivational processes and
general status of rats.

In summary: this study, using a rat model of chronic low
dosage P-CTX-1 poisoning, demonstrated that chronic low
dosage CTX treatment did not alter basic physiological status
and general activity in rats; whereas emotional and cognitive
dysfunctions were clearly present in chronic P-CTX-1-poisoned
rats. The clinical significance of these findings is compelling.
These data provide, we believe, the first evidence in animals
that repetitive exposure to sub-threshold levels of P-CTX-1 may
cause irreversible sub-clinical damage, and eventually cause
more severe illness characterized by cognitive deficits.
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