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Abstract-Embryos of the mummichog (Fundulus heteroclrtus) were exposed to 2, 5 ,  or 10 pg/L methylmercury (meHg) through- 
out development; these are concentrations below those which cause teratological effects in this species. After hatching, larvae 
were maintained in clean seawater and tested for prey-capture ability, using Artemia salina nauplii. Larvae that had been ex- 
posed to  10 pg/L methylmercury (and in two out of three trials, 5 pg/L) initially exhibited slower prey-capture ability than did 
the other groups. This is an indication of a subtle functional impairment due to the toxicant (“behavioral teratology”). How- 
ever, the effect was transitory, and by about l week after hatching the prey capture of these larvae equalled that of the controls 
and the other treated groups. Growth of these larvae was also comparable to  that of controls. The exposure may have caused 
retardation of neurological development, which was subsequently compensated for, and therefore no long-lasting effects were 
produced. In the field, however, embryos exposed to  toxicants would probably continue to  be exposed as larvae, and might not 
have the opportunity to  recover from the deleterious effects, but rather might have them augmented. 
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INTRODUCTION 

Exposure to pollutants can alter normal behavior, and 
toxicological modifications of specific behaviors may affect 
an organism’s ability to  deal with the environment. Neuro- 
toxic chemicals can produce behavioral changes that can al- 
ter crucial aspects of ecology. Feeding is one behavioral 
response with obvious importance to  survival. Impaired prey 
capture in laboratory experiments has been noted in fish 
after exposure to  sublethal concentrations of various pollut- 
ants [l-41. Little et al. [4] noted that the frequency of strikes 
was less sensitive than prey capture. Henry and Atchison [5] 
urged that behavioral tests be developed with clear ecologi- 
cal relevance and field verification. 

Experimental exposures of adult mummichogs (Fundu- 
lus heteroclitus) to  mercury indicated that 1 week of expo- 
sure could lead to  reduced prey-capture ability [6]. In the 
field, a population of this species living in an environment 
contaminated with mercury and other pollutants was also 
found to  have reduced prey-capture ability [7] as well as re- 
duced condition and growth. The impaired prey-capture abil- 
ity could be responsible for the reduced growth. 

Atchison et al. [S] reviewed the literature on effects of 
metals on fish behavior and noted that behavior is a much 
more sensitive response than those used in standard bioas- 
says. They noted that all studies done to  date were on juve- 
nile or adult fish, and that no studies had been reported on 
effects of metals on feeding behavior during the critical stage 
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at which fish switch from yolk to reliance on exogenous food 
sources. As fish larvae have a limited ability to withstand 
starvation, the normal development of feeding behavior is 
critical to  survival. 

Behavioral development in fish larvae occurs in associa- 
tion with the development of the sensory and locomotor sys- 
tems that gradually refine the ability to  detect and respond 
to  prey. Improvements in visual acuity should result in in- 
creased feeding success. Miller et al. [9] studied the ontoge- 
netic improvements in behavior and histological measures of 
visual acuity and found that reaction of larvae to  prey im- 
proved more slowly than the anatomical measures would in- 
dicate, indicating that while initial limitations may be visual, 
later limitations are more likely to be behavioral. Thus, along 
with the morphological aspects of development, learning can 
increase the ability to capture prey. This development is also 
accompanied by growth, which provides greater muscular 
power for attacks. The selectivity of larvae for food also im- 
proves with age and is influenced by prey abundance [lo]. 

The study of developmental defects caused by environ- 
mental contaminants has been much more focused on mam- 
mals than on aquatic organisms. In mammalian teratology 
it has become clear that functional impairment is a more 
subtle response to  toxicants than is the production of gross 
anatomical abnormalities. A considerable amount of atten- 
tion is being devoted to  “behavioral teratology,” that is, be- 
havioral abnormalities in anatomically normal animals after 
embryonic exposure to toxicants. Rodent studies have shown 
that prenatal exposure to  lead can alter long-term memory 
processes [ 1 I]. Humans exposed prenatally to  mercury in 
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the Minamata or Iraq incidents suffered from severe brain 
damage, mental retardation, and/or psychomotor retarda- 
tion [12]. 

There has been little attention paid to this aspect of de- 
velopmental responses of fish to  environmental pollutants. 
In one study [ 131, rainbow trout, exposed during late organ- 
ogenesis to benzo[u]pyrene, exhibited a decreased tendency 
to  orient themselves upstream, a response critical for sal- 
monid survival. 

The following study was undertaken to ascertain whether 
embryonic exposure to methylmercury (meHg) at levels below 
those that cause morphological abnormalities would affect 
prey-capture ability of mummichog (Fundulus heteroclitus) 
larvae. 

METHODS 

Adult specimens of E heteroclitus were collected with 
minnow traps from East Hampton, New York, during June 
and July 1993. Eggs and sperm were obtained by stripping 
the fish. Fertilized eggs were placed in glass fingerbowls with 
filtered seawater (27%0). Any eggs that did not cleave were 
discarded. Methylmercuric chloride (ICN Pharmaceuticals, 
Plainview, NY) was added from a 0.1 mg/ml stock solution 
to  expose groups of embryos to  0, 2, 5 ,  or 10 pg/L meHg. 
(Previous work [ 141 had shown that these concentrations are 
below those causing malformations - about 20 pg/L.) Three 
replicate dishes were used for each exposure. Concentrations 
were nominal, but solutions were changed daily until hatch- 
ing, which occurs about 2 weeks after fertilization. Embryos 
were maintained in an incubator at 22°C and a 14:lO-h 
light: dark cycle. After hatching, larvae were maintained in 
clean filtered seawater in fingerbowls in the same incubator 
and were fed Artemia salina nauplii daily after the initial 
prey-capture test. They were tested staring at 3 d of age, and 
at regular intervals thereafter for prey-capture ability. (Pi- 
lot studies had shown that larvae were not ready to feed un- 
til 3 d after hatching.) The exact days of testing varied among 
the different trials so as to  get a more complete picture of the 
development of this behavior. Testing always occurred at 
1000 to  1200 h. 

The test consisted of placing five newly hatched Artemiu 
nauplii in 3 ml seawater in a depression slide in which the de- 
pression was 33 mm in diameter, then adding one fish larva. 
(The newly hatched larvae are about 5 mm long, total length.) 
The time of capture of each Artemia was noted over a 5-min 
period. At least 10 mummichog larvae from each group were 
tested each time. A number of measures of prey capture were 
considered for analysis: the time to first capture, the time be- 
tween the first and second captures, the number of prey 
caught in 1 min, and the number caught in 5 min. The lengths 
of the fish at 1 month were measured in the second trial. 

Data were analyzed by one-way ANOVA, and, when the 
data were not normally distributed (as happened on occa- 
sion), they were log-transformed prior to  the analysis and 
again tested for normality. ANOVA was followed by Bon- 
ferroni t tests, and significance was set at the 0.05 level. 

RESULTS 

Three-d-old larvae, which had not encountered food pre- 
viously, often remained quite still when placed in the test 

chamber. When a brine shrimp came into its 2- to  3-mm field 
of vision and attracted its attention, the fish usually re- 
sponded by eating the brine shrimp. It was quite variable as 
to  whether or not a brine shrimp came into the fish’s field 
of vision. The measurements of time to  the first and second 
captures were therefore highly variable, ranging from a few 
seconds to  “infinity” if none were captured during the time 
period, as was sometimes the case. Thus, these measures were 
considered unsatisfactory. 

After encountering the first prey, most fish became more 
active in terms of searching for other prey and could lunge 
at brine shrimp about 1 cm away. Some fish, however, re- 
mained in the same spot. Some exhibited what appeared to 
be a “panic” reaction, moving rapidly in an uncoordinated 
way, and ignoring any prey encountered during that time. 
For the 3-d-olds in the second and third trials, the number 
of prey caught in 1 min was usually low in all groups, often 
being zero. The older larvae generally were more active and 
effective predators, and all groups consumed all prey within 
the 5-min period. Therefore, the most reliable measures for 
statistical analysis were the number captured in 5 rnin for the 
3-d-olds (except in trial l),  and the number eaten in 1 min 
for older larvae. By 11 d, some fish were seen to pick at non- 
moving particles (Artemiu chorions accidentally introduced 
into the chamber), not just the active brine shrimp. 

The first trial was with larvae from eggs fertilized in mid- 
June and exposed as embryos to either 5 or 10 pg/L meHg. 
ANOVA had 2 d.f. between, 30 d.J within. The groups that 
had been exposed to  the meHg showed considerable impair- 
ment of prey-capture ability on day 3: The number caught 
in 1 rnin was 0.5 t 0.9 for the 10 pg/L group, 1.4 t 0.9 for 
the 5 pg/L group, and 2.7 k 1.8 (SD) for controls (Fig. 1). 
Bonferroni t tests showed two groups: the controls and 
5 pg/L group, and the 5 and 10 pg/L group. This impair- 
ment was seen also in the other measurements, although only 
the data on number of Artemiu captured are presented. By 
day 5 ,  however, the exposed larvae were no longer signifi- 
cantly slower than the controls. 

The second trial was with larvae from eggs fertilized in 
early July, and exposed to  2, 5 ,  or 10 pg/L meHg as em- 
bryos. On day 3, the number captured in 1 min was very low 
in all groups, so the day-3 data presented are on the num- 
ber captured in 5 rnin rather than 1 min. The groups exposed 
to  5 and 10 pg/L were slower at capturing prey than were 
controls (0.1 t 0.3 for the 10 pg/L group, 0.3 t 0.7 for the 
5 pg/L group vs. 2.2 f 1.0 for controls in 5 min) (Fig. 2). 
ANOVA had 3 d.f. between, 36 d.f. within. Bonferroni t tests 
showed the controls and 2 pg/L group to  be significantly dif- 
ferent from the 5 and 10 pg/L groups. At 6 d these larvae 
remained significantly impaired relative to controls (1.6 t 1.3 
for the 10 pg/L group, 2.5 & 1.6 for the 5 pg/L group, and 
4.4 t 0.8 for controls in 1 rnin), but by day 11 the difference 
had disappeared. When tested again on days 15 and 19, they 
were again not different from controls. 

After 1 month, when the larvae were preserved and their 
lengths measured, there were no significant differences among 
the various groups. Controls averaged 9.83 t 0.57 mm, the 
2 pg/L meHg group averaged 10.75 t 0.35 mm, the 5 pg/L 
meHg group averaged 10.25 f 0.28 mm, and the 10 pg/L 
meHg group averaged 9.21 + 0.70 mm. 
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F. HETEROCLITUS 
EXPERIMENT 1 
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Fig. 1. Capture of Artemra (mean + SD) by larval mummichogs of 
different ages after embryonic exposure to methylmercury- 
experiment 1. *Significantly different from controls a t  0.05 level. 

The third trial was with larvae from eggs fertilized in late 
July and exposed t o  2, 5 ,  or 10 pg/L meHg as embryos. 
Again, on day 3 after hatching, the 10 pg/L group was sig- 
nificantly slower than the others (number captured in 5 min, 
2.5 k 1.7 vs. 4.3 k 1.4 for controls). ANOVA had 3 d.$ be- 
tween, 36 d.  f. within. The 5 pg/L group was not different 
from controls in this trial. On day 7 this difference was again 
seen (number captured in 1 min 2.2 & 1.9 vs. 4.3 k 0.8). 
However, by day 10, on which only the controls and the 
10 pg/L group were tested, there was no difference between 
them. 

DISCUSSION 

In general, the prey-capture rate improved with larval age. 
This is similar to  what has been reported with other species 
[I51 and is probably due to increased development of the ner- 

F. HETEROCLITUS 
EXPERIMENT 2 

“ DAY 3 (5  MIN) DAY 6 (1 MIN) 

AGE OF LARVAE 
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EMBRYONIC EXPOSURE 
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Fig. 2. Capture of Artemia (mean + SD) by larval mummichog5 of 
different ages after embryonic exposure to  methylmercury- 
experiment 2. 

vous system and to previous experience [9]. An impairment 
in initial prey-capture ability was seen in larvae exposed to  
5 or  10 pg/L meHg as embryos. This is evidence for behav- 
ioral teratology . However, this impairment was transitory, 
and by about a week after hatching, the exposed larvae were 
comparable to  controls. 

Some variation appeared in the three trials in how long 
the effect lasted and whether it was seen in groups exposed 
to  5 pg/L. Variation is not surprising since these are wild- 
caught, not inbred, fish. There was also variation in prey cap- 
ture of 3-d-olds; in trials 2 and 3, many of the fish in all 
groups captured no prey in 1 min, making for poor compar- 
isons. Therefore, 5-min data rather than 1-min data are used 
for those trials. 

As the effect was transient, the neurotoxic mechanism of 
meHg may have been a retardation of neurological develop- 
ment or a depression of neurochemical processes rather than 
a pathological effect. If development was retarded, compen- 
sation apparently took place. If neurochemistry was affected, 
it might involve the neurotransmitter serotonin. Adults from 
the population exposed to  contaminants and known to be 
poor predators [7] have significantly less brain serotonin and 
5-hydroxyindoleacetic acid, a serotonin metabolite [16], than 
fish from a reference area. 

Prenatal methylmercury exposure in mammals can have 
permanent effects, causing abnormal neuronal migration and 
differentiation, and damage to  microtubules in neurons and 
astrocytes [17]. However, the fish nervous system has exten- 
sive regenerative capacity and is much more labile than that 
of mammals, so that recovery from a pathological insult 
could be possible in young fish. 

There were no permanent effects of the early prey-capture 
deficit, and growth was not affected. These larvae were main- 
tained in clean water and had abundant food. In the “real 
world” in which food resources are not as abundant and as 
easily obtained, the behavioral deficit might have had more 
long-lasting impacts. Our maintenance feeding consisted of 
providing a high density of food into a confined container. 
The prey was Artemia, which has a jerky, conspicuous pat- 
tern of movement that may make it easier to detect than 
many types of zooplankton found in the estuary [18]. 

Furthermore, in a polluted environment, the fish, which 
are nonmigratory, would be exposed to  contaminants in 
food and water as larvae, and the effects would probably be 
augmented by this continued exposure. After hatching, the 
chorion, which can serve as a barrier to  reduce chemical ac- 
cumulation in the embryo, is gone, and the uptake and ef- 
fects of contaminants may be greater [19]. It is likely that the 
impaired prey capture of the adult mummichogs from the 
polluted area [7] is produced largely by post-hatching expo- 
sures to the toxicants in their environment. 

Functional deficiencies noted in mammals after embry- 
onic exposures can be permanent or temporary. Transitory 
neurobehavioral effects of embryonic lead exposure have 
been observed. There is evidence in children that prenatal ex- 
posure to lead can reduce cognitive functioning, but that this 
effect diminishes over time [20,21]. We have demonstrated 
that a transitory functional deficiency can be brought about 
by embryonic exposure to a neurotoxic chemical, methylmer- 
cury, in a fish species, as well. 
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