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Lead is a potent neurotoxin affecting brain levels of a 
number of vertebrate neurotransmitters. Reports on 
these effects are, however, not consistent either among 
or within species. For example, with lead-intoxicated 
rats there are reports of decreased acetylcholine (ACh) 
release and decreased ACh brain levels as well as 
reports of increased levels or no change in levels. 
Also, with rats there are reports of increased levels, 
decreased levels, or no change in brain catecholamines, 
with lead producing similar changes in both 
norephinephrine (NE) and dopamine (DA) in some cases 
and differences in response between the two in others. 
Although most early reports dealt with whole brain 
levels, reports on neurotransmitter levels in specific 
brain regions can be equally conflicting (for 
references see: Shih and Hanin 1978, Winder 1982, 
Shellenberger 1984). Similar sorts of discrepancies 
exist among studies with fishes (Katti and Sathyanesan 
1986, Weber et al. 1991). 

Much of the variation among studies on lead effects on 
neurotransmitters is, no doubt, due to differences 
among the studies in variables such as: species, age, 
dosage and duration, route of administration. However, 
lead can apparently affect circadian locomotor rhythms 
of both rats and fishes (Collins et al. 1984, 
Shafig-ur-Rehman et al. 1986, Weber et al. 1991). 
Therefore, another possible cause for the variation 
among studies is that there is an interaction among 
dosage, sampling time and endogenous rhythms. A 
lead-produced phase shift or disruption in endogenous 
neurotransmitter rhythms could in turn elicit a host 
of varying results and interpretations depending on the 
circadian time of sampling (Spieler 1992). We elected 
to examine this possibility in the fathead minnow, 
Pimephales promelas, a freshwater species widely used 
for toxicity studies. 
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MATERIALS AND METHODS 

Fathead minnows of mixed sexes (2-3 years old) were 
obtained from a commercial dealer and placed in 16 60-L 
aquaria, 15-18 fish per aquarium. The aquaria were 
divided into two treatment groups of eight. One group 
received no lead (control) and the other was dosed with 
a stock solution of lead acetate so that the final 
concentration of lead in each aquarium was 1.0 ppm. 
Lead concentrations in both control (not detectable) 
and dosed aquaria were confirmed by atomic absorption 
spectrophotometry. Once a week the aquaria received a 
10% water renewal and were dosed appropriately to 
reestablish the proper Pb concentration. The 
photoperiod was maintained at LD 12:12 with light onset 
at 0600 CST; water temperature was held at 15~ The 
fish were fed once daily a commercial flake food 
(TetraMin SLM). Although the feeding time was not 
randomized per se, feedings were spaced throughout the 
light period to avoid entrainment by a fixed feeding 
time (Spieler and Noeske 1984). There were no deaths 
in either group during the period of treatment. 

After 28 days of continuous dosing the fish were 
sampled at one of six times of day: i000, 1400, 1800, 
2200, 0200, 0600. Replicate aquaria for each time 
point were not feasible due to limited holding 
facilities. Two sets of replicate aquaria were, 
however, sampled at 2200 and at 1000 (the 1000 
replicate was taken 24 hr after the first i000 sample). 
At each sampling interval all the fish from a single 
aquarium were netted, with a single sweep of a dip net, 
and placed in an ice bath. Brains from eight fish were 
rapidly removed, weighed and immediately placed into 
capped tubes containing i00 ~i 0.05 M perchloric acid, 
to prevent oxidation of the neurotransmitters, and 
frozen (-800C) until later HPLC analysis. Total elapsed 
time, for each group of eight fish, was less then 5 min 
from initial disturbance to freezing. Serotonin (5-HT), 
dopamine (DA), norephinephrine (NE), hydroxyindole- 
acetic acid (5-HIAA), dihydroxyphenylacetic acid 
(DOPAC), homovanillic acid (HVA) and vanillylmandelic 
acid (VMA) were determined chromatographically (HPLC) 
with a two channel electrochemical detector (Saltzman 
et al. 1985). The limits of detection for this method 
are approximately 10-15 pg per sample. Due to holding 
facility and sample size limitations, brain lead 
levels were not determined. Neurotransmitters and 
metabolite levels were converted to per gram wet 
brain-weight for statistical analysis (there was no 
significant difference in brain-weights between 
treatments: control fish 19.8+/-0.5 mg, lead-exposed 
20.8+/-0.6). Data analysis was aided by Statistical 
Analysis System (SAS)(Cary, NC) TTEST and GLM programs. 
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Figure 1. Brain levels (X -+ SE) of norepinephrine(graph A), and VMA(B) of fathead 
minnows held in water containing 0 (nd.,O) or 1 ppm lead ( A )  and sampled at 
one of six times of day. Asterisks indicate times of day when lead treated and 
control means differed (t- test, P<0.05). 

RESULTS AND DISCUSSION 

Initial statistics consisted of testing for differences 
between replicate aquaria sampled at I000 vs. 24 h 
later and between replicate aquaria sampled at 2200. 
There was no significant difference (P>0.05, Bonferroni 
modified t-test) for any of the variables between 
replicate tanks (tanks receiving the same treatment and 
sampled at the same time-of-day) and the replicates 
were combined for further statistical analysis. 

414 



180 

160 

140 

120 

z 35 
iv- 
tn 

25 

C 
15 

40 

3O 

20 

tO 

! i I I I i 

I i ~ I I I 

_ 

L I  
I000 

I I i - -  I 
1400 1800 ?.200 0200 0600 

TIME OF DAY 

Figure 2. Brainlevels (X + SE) of dopamine (graph A), DOPAC (B) and HVA (C) of 
fathead minnows held in water containing0 (nd.,O) or 1 ppm lead (A) and sampled 
at one of six times of day. (* - t-test, P<0.05). 

Although none of the neurotransmitters had a 
significant circadian variation among the six 
sampling times on either treatment (ANOVA, P>0.05), 
some of the metabolites did. Control fish exhibited a 
significant circadian variation of VMA and HVA; with 
lead-exposed fish 5-HIAA also varied (ANOVA, P<0.05) 
(Fig. 1-3). The fact that replicate aquaria were not 
different supports the conclusions that the variations 
noted are dependent on the time of sampling (not due to 
between tank differences - i000 and 2200 replicates) 
and that these variations are circadian, eg. 
reproducible from day to day (i000 replicate). 
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Figure3. Brain levels (X +-+- SE) of serotonin (graph A), and 5 -HIAA (B) of fathead 
minnows held in water containing 0 (nd ,O)  or 1 ppm lead ( A )  and sampled at 
one of six times of day. (* = t-test, P<0.05). 

There was no difference in daily mean levels (mean of 
all samples throughout the day) between treatments. In 
contrast to the results with daily means, however, 
there were a number of times during the day when one or 
more of the variables differed between treatments 
(t-Test, P<0.05): 1800, VMA; 2200, VMA, HVA; 0200 NE, 
VMA, 5-HIAA (Fig 1-3). 

The results of this study clearly demonstrate that lead 
does affect circadian variations of some 
neurotransmitters and their metabolites. Our 
experimental design, with a four hour interval between 
samples, was not intended to fully define the pattern 
of circadian changes in any of the variables we 
examined. Thus, we can not determine if the effects we 
noted are restricted to a certain portion of the 
day or if they represent full phase shifts in 



endogenous rhythms. The possibility that these changes 
may be restricted to some times of day does, however, 
receive support from a visual examination of the 
skeletal outline provided by the six sampling times. 

There does not appear to be an overall phase shift in 
any rhythm and the differences between treatments all 
occurred during one aspect of the photoperiod, the 
scotophase. Also, in a preliminary study with 
goldfish, lead produced increased activity during 
the scotophase (authors, unpublished). 

The circadian effects of lead, noted in this study, may 
be responsible, in part, for the extreme variation 
noted among studies on lead effects on the CNS 
of vertebrates (see introduction). Researchers sampling 
at a single time of day could reach different 
conclusions on the effects of lead depending on the 
time of sampling. For example, with VMA, despite the 
fact that there was no significant differences in mean 
levels throughout the day, lead would appear to cause 
an increase if the sampling time was at 0200, and a 
decrease at 1800 or 2200. Similar conflicting 
conclusions could be reached with NE, HVA, and 5-HIAA 
(see Figs. 1-3). 

In conclusion, the results of our study obviously 
highlight the need to take into account potential 
circadian changes when examining the effects of lead on 
neurotransmitter systems (and, by extension, on other 
variables affected by these neurotransmitters). We 
caution, however, in addition to lead, there are a 
multitude of aquatic contaminants that are both 
established neurotoxins as well as dyschronogens on a 
variety of rhythms outside the CNS. These compounds 
include other heavy metals, as well as solvents, 
pesticides, and herbicides. (Bengtsson and Larson 
1981, Ikeda et al. 1981, Arito et al. 1982, Nicolau 
1983a, b). A conservative assumption would be that 
these materials also affect neurotransmitter 
rhythms. Researchers working with such materials are 
counseled to take circadian variations and potential 
changes in these variations into account in their 
experimental designs. 
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