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BURGESS, I. W. Chronic exposure to caffeine during early development modifies spatial behavior in juvenilejewelfish 
schools. PHARMAC. BIOCHEM. BEHAV. 17(l) 137-140, 1982.-Thirty sibling African jewel fish (Hemichromis 
bimaculatus) were either chronically exposed to caffeine between 50 to 100 days of age (at a concentration of 14 mg/l) or 
reared without drug in a control environment. After caffeine was withdrawn, fish in each group were videotaped for 30 
minutes while schooling in a large tank. From the video record, mean distances and coefficients of variation of spacing were 
computed for each fish and its 1st to 9th nearest neighbors in all observations. Spacing distances were nearly identical for 
the two groups, but the caffeine fish exhibited much more variability in their spacing behavior (p<O.OOOOl). This study 
demonstrates an effect on behavior of moderate caffeine levels present throughout the early developmental period, and 
illustrates a quantitative method to test for such effects. 

Jewel fish Caffeine Spatial behavior Early development 

PREVIOUS studies have demonstrated that the presence of 
large doses of caffeine during development can cause birth 
defects [5, 19, 30, 351, fetal resorbtion [21] and increased 
mutation rates in cell culture [43]; but little is known about 
caffeine’s effects on the development of behavior or the cen- 
tral nervous system in general. In this study we illustrate 
effects on a species-specific spatial behavior of chronic 
doses of caffeine administered during early development. 

In order to avoid the use of large drug doses and to test for 
subtle drug effects, we tried to choose a sensitive measure of 
behavioral development. The locomotor behavior of fish is 
commonly used in assaying the toxicological effects of chem- 
ical agents [ 1, 2, 15, 29, 31, 40, 481 and environmental con- 
taminants [2, 18, 25, 32, 341. The species-specific geometri- 
cal patterns of fish schools, which result from synchronous 
locomotion and spacing responses, seem particularly sensi- 
tive to physiological manipulation in adult fish [16, 20, 381. 

METHOD 

Thirty jewel fish (Hemichromis bimaculatus Gill) from 
two spawns were reared with parents in standard 1.5liter 
aquaria. At 50 days of age, 15 fry (standard length=2.09 cm 
20.55 SD) were placed into each of two 3.6-liter experi- 
mental aquaria where they remained for 50 days. These 
groups were maintained in aerated and filtered water at 27 
degrees C, in a long-day (16:s hr) light cycle, and provided 
twice daily with frozen brine shrimp for ad lib feeding. 

The drug group was administered caffeine, U.S.P., at a 
dose level of 14 mg/liter, dissolved in aquarium water. This 

approximates the caffeine concentration in human plasma 
after about 4 cups of coffee (350 mg caffeine produces a 
plasma concentration of about 14 pg/ml; see [22]). A chronic, 
early dosage was used in order to model the worst expected 
condition of fetal exposure (see Discussion). The drug solu- 
tion was changed every two days for the duration of the 
experiment. 

Behavioral observations were noted during the course of 
the experiment. At 108 days of age (standard length=3.02 cm 
+0.30 SD), fish from both groups were taken from the exper- 
imental aquaria and permitted to equilibrate for 24 hours in 
test aquaria containing 1000 liters of fresh water (aquarium 
dimensions=150 cm diameter x 57 cm). At that time, fish 
were videotaped from overhead for 30 minutes. Afterwards, 
the videotape was sampled at l-minute intervals and the 
position of each individually identified fish was traced from 
the monitor onto a map of the test aquarium (see 18-14, 161). 

Measurement 

Distances were measured between each individual and its 
lst, 2nd, 3rd, 4th, 5th, 6th, 7th, 8th and 9th nearest neighbors 
on the paper maps of each observation. Animal positions 
were entered with a digitizing magnetic tablet (Texas In- 
struments Hi-Pad) into a microcomputer (Apple II) which 
calculated distances with the help of a computer program 
(available on request). The measuring precision of the tablet 
was 0.01 cm; overall error in the method was estimated to be 
less than 3% from measurements of a calibration grid. 

IThis research was conducted while the author held a position at the Department of Psychology, University of California, Davis, CA. 
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Analysis 

Two behavioral variables were analyzed. As a measure of 
species-specific spacing, mean distances maintained by each 
animal to its 1st through 9th nearest neighbors were com- 
puted for every observation. These were averaged to provide 
one score for each animal. As a measure of individual spac- 
ing variability during the testing session, coefficients of var- 
iation (CV) of 1st to 9th nearest neighbor distances were 
calculated from the observations of each animal (coefficient 
of variation=SD/mean x 100, [39]). These provide a measure 
of variability that is independent of the magnitude of a measure 
(e.g., a CV= 10 would demonstrate little variability, regard- 
less of the quantity measured). Coefficients of variation were 
averaged to provide one score for each animal. Mean dis- 
tances and coefficients of variation were compared by 
2-factor repeated-measures analyses of variance (drug x 
Ist-9th neighbors, [7]). 

RESULTS 

The mean distances maintained by the caffeine and con- 
trol groups to their 1st through 9th nearest neighbors were 
virtually identical (Fig. 1); F(1,20)=0.746; p=O.40. How- 
ever, the spacing variability of the caffeine group, measured 
by coefficients of variation, far exceeded the controls for all 
1st through 9th nearest neighbor distances (Fig. 2); 
F(1,20)=126.817; p<O.OOOOl. Moreover, the coefficients of 
variation differed across 1st to 9th nearest neighbor dis- 
tances, F(8,160)=3.15;p=0.002, with the greatest variability 
shown in 1st nearest neighbor distance. 

Behavioral observations made during the experiment re- 
vealed expected acute caffeine responses in the drug group 
including increased respiration rate and extreme avoidance 
of the experimenter during feeding and tank cleaning 
periods; this persisted throughout the study. Both groups fed 
consistently; although the control fish grew slightly longer 
than the caffeine fish, subsequent measures of tectal 
thickness revealed no differences in the size of their brains, 
F( 1,X)=0.14; p =0.72, nor in the relative thickness of layers 
within the brain (Burgess and Monachello, in press). More- 
over, because the caffeine animals were allowed to acclimate 
and feed normally in the absence of caffeine before behav- 
ioral testing, it is unlikely that our behavioral results could 
stem from transient drug effects on activity or appetite. 

DISCUSSION 

Chronic adult effects of many pharmacological agents 
have been successfully evaluated by behavioral assays using 
complex, innate or species-specific behaviors in many 
animals (see reviews in [27, 36, 461). However, even high, 
chronic doses of chemical agents may be remarkably non- 
toxic to the adult but highly dangerous for the developing 
organism (as witnessed in the thalidomide disaster of the 
1960’s [44]). Most of our information on developmental tox- 
icity comes from animal screening studies, particularly those 
using behavioral assays [26]. Here we present such a tech- 
nique, based on a species-specific behavior in fish, which 
was used to test for effects of moderate doses of caffeine 
administered during development. 

Our results show that the variability of juvenile schooling 
behavior (measured by coefficients of variation of 1st 
through 9th nearest neighbor distances), increased after 
chronic administration of caffeine during the period of cen- 
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FIG. 1. Distance (cm) between fish and their 1st through 9th nearest 
neighbors while schooling in a large tank. In one group, 15 fish were 
exposed to caffeine (14 mg/l) between 50 to 100 days of age (dotted 
line), while fish in the other groups were controls reared without 
caffeine (solid line). Note the characteristic species-specific spacing 
distances exhibited by both groups. 
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FIG. 2. Spacing variability (measured by coefficients of variation: 
%C.V.) between 1st through 9th nearest neighbors in drugged and 
control fish groups, corresponding to the distance measures in Fig. 
1. Note that the fish exposed to caffeine during early development 
(dotted line) exhibit much more behavioral variability than the nor- 
mal controls (solid line). These differences are statistically signiti- 
cant (*=p<O.Ol, Tukey’s all pairs test). 

tral nervous system development, although no drug was 
present at the time of the test. These behavioral measures, 
along with parallel evidence of changes in the maturation of 
brain neurons (Burgess and Monachello, in press), offer evi- 
dence that caffeine can alter the expression of early behaviors 
in at least this vertebrate species. 

In this experiment we test for effects of chronic caffeine 
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exposure on the spatial behavior of juvenile fish during de- 
velopment. This method offers several advantages for the 
experimenter, since many fish mature rapidly, are conven- 
ient to house and maintain, and develop externally in con- 
stant contact with chemical agents dissolved in their en- 
vironment. Schooling behavior occurs in 80% of known fish 
species under natural conditions and spacing relationships 
within schools are quite predictable and characteristic for 
each schooling species (see reviews in [12, 13, 16,381). Simi- 
lar behavioral measures from a variety of other vertebrate 
species including primates are also available for comparison 
(e.g., [8-11, 14, 28, 421). 

Our measures of species-typical spacing behavior reflect 
many complex locomotor, orientation, and attentional re- 
sponses. In this species, early spacing initially takes the form 
of aggregated schooling, first centering around the parents 
and later among siblings. In previous studies we have docu- 
mented progressive changes in our distance measures during 
development [ 161 and as a result of early biological stressors 
like crowding or social deprivation [13,16]. These experi- 
mental manipulations changed the form of the spacing re- 
sponse, but not its variability; while caffeine changed varia- 
bility but not spatial pattern. These studies suggest that caf- 
feine effects are something quite different from biologically 
relevant changes in the rate of schooling development, which 
may reflect inabilities of the fish to execute the schooling 
behavioral program. 

Our technique is not without its limitations. Fish are 
evolutionarily distant from most mammalian pharmacologi- 
cal subjects, and extrapolation to other species is difficult. 
Nevertheless, characteristic patterns of spacing to succes- 
sive nearest neighbors are also known in primates, rodents, 
and bird [8, 9, 28, 41, 421, and spacing behavior has been 
found in other species to change in response to drugs. For 
example, when members of rhesus monkey troops received 
acute doses of THC, the daily variability of 1st nearest 
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neighbor distances in the troop increased 1141. Chronic ex- 
posure to the drug, however, resulted in a decrease in daily 
variability of both distances to 1st nearest neighbors and 
mean distances between all neighbors. Acute doses of chlor- 
promazine, adrenaline or methamphetamine have also been 
found to decrease distances between nearest neighbors in 
rats [28,41], but variability of spacing was not measured in 
these studies. 

The early effects of methylxanthines, including caffeine, 
theophylline and aminophylline, are of particular interest 
since these drugs are so commonly available to the central 
nervous system of the human during development. Caffeine 
can readily cross the placental barrier from the mother [23], 
in whom plasma levels may be as high as 3-30 pm/ml from 
the consumption of caffeinated beverages [22]. Moreover, 
methylxanthines (typically theophylline or aminophylline) 
are commonly administered to premature infants to combat 
episodes of respiratory failure (preterm apnea), thought 
possibly related to sudden infant death syndrome [6, 17, 33, 
371. The presence of caffeine may be more important in 
young children since they eliminate methylxanthines slower 
than do adults; for example, caffeine’s half-life may be 
10-40 times greater in preterm infants [4,24] than in adults. 
Thus, methylxanthines are seen to be present in significant 
amounts during early human development. Combined with 
previous evidence of developmental teratogeny of caffeine in 
large doses [5, 19, 21, 24, 3.5, 43, 451, our study indicates a 
need to know more about the effects of caffeine on biological 
processes during the critical developmental period. 
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