
Abstract 
 
LANGDALE, CHRISTOPHER LAWRENCE.  Lactational Exposure of Atrazine and 
the role of Prolactin in the Development of the Adult Male TIDA Neuronal System.  
(Under the guidance of Dr. Kenneth Adler and Dr. Ralph Cooper) 
 

Previous studies by Stoker et al., (1999b) and Shyr et al., (1986) examined 

the role of the rat dam’s prolactin (Prl) during lactation on subsequent development 

on the offspring.  Shyr identified a critical role for milk-derived Prl in postnatal 

development of tuberoinfundibular dopamanergic neurons (TIDA) by dosing lactating 

dams with bromocriptine, a dopamine (DA) agonist, on postnatal day (PND) 2-5, and 

PND 9-12 to block the release of maternal Prl in the milk.  Offspring deprived of milk 

Prl from PND 2-5 showed a decrease in DA concentration and turnover rate in the 

median eminence on PND 33-35, demonstrating the importance of Prl to normal 

TIDA development.  Furthermore, this decrease in DA was associated with 

hyperprolactinemia in male offspring when serum concentrations were measured on 

PND 30-32.  However, no disruption of the TIDA development was observed in 

dams dosed from PND 9-12, suggesting that PND 2-5 was a sensitive time point for 

normal development of TIDA neurons.  Stoker et al., (1999b) found that exposure of 

the dam to atrazine during the first 4 days of lactation suppressed maternal suckling-

induced prolactin release.  Interestingly, this treatment also led to an increased 

incidence of lateral prostate inflammation in adult offspring.  However, prostate 

inflammation was absent in the male offspring when the atrazine-treated dam was 

co-treated with ovine prolactin.  These observations have led to the hypothesis that 

decreased maternal prolactin (following atrazine or bromocriptine exposure) will lead 

to impaired TIDA development and elevated levels of prolactin in the juvenile male 



offspring (as shown by Shyr et al., 1986 and Stoker et al., 1999b).  The two basic 

assumptions of this hypothesis have yet to be examined and are the focus of this 

study.  First, can an increase in the concentration of serum Prl be determined in 

male offspring of dams treated with atrazine during early lactation; and second, is 

there evidence of a decrease in TIDA neuronal activity (DA concentration and 

turnover) following atrazine exposure?  The potential of this herbicide to affect 

hormones normally present in milk and transiently alter development of the human 

offspring may be of concern to human health.  Lactating females were dosed from 

PND 1-9, twice a day with 12.5, 25, or 50 mg/kg atrazine or 0.209 mg/kg 

bromocritine (PND 1-5).   Male pups were selected and killed two hours before lights 

were turned off (14:10 light cycle).  Serum Prl and TIDA neuronal development 

results supported both basic assumptions.  An increase in serum Prl in male 

offspring of both atrazine 12.5 mg/kg and bromocriptine-treated dams were identified 

on PND 12 and 35, which was also consistent with prior reports by Shyr et al. 

(1986).  The increase in serum Prl also coincided with decreased TIDA neuronal 

activity on PND 35.  However, a non-linear dose response was observed following 

atrazine exposure to the dam in both brain aminergic and serum Prl concentrations 

in the offspring.  Also, both compounds caused significant changes in the 

developmental profiles of dopamine and dopaminergic activity in all three brain 

areas tested.  Although the atrazine data revealed a non-linear dose response in the 

offspring, the fact that the lowest dose of this herbicide produced changes that were 

similar to the positive control suggests that indeed this complex mode of action is 



affected by atrazine-treatment.  Due to the complexity of the maternal-neonatal unit, 

subsequent studies examining the offspring at a later age will be required.     
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Introduction 
 

Early development is marked by a number of so-called “critical periods” or 

rapidly changing anatomical or biochemical events that must occur in the proper 

sequence to allow smooth transition into the next developmental stage.  If these 

processes are altered by either the presence or absence of certain key chemicals, 

permanent anatomical or functional changes will ensue and the developing 

organism’s physiology may be permanently modified leading to conditions that, in 

the adult, may be expressed as frank disorders or increased susceptibility to 

disease.   One well-known example is the role of naturally occurring sex steroid 

hormones in the sexual differentiation of the brain.  In the rat, the developing brain is 

phenotypically female in both genetic male and female fetuses.  However, just prior 

to birth, the male’s testes become active and secrete appreciable amounts of 

testosterone.   As a result, the undifferentiated brain is masculinized or undergoes a 

number of anatomical and neurochemical changes that make it distinctly male.   In 

addition to certain distinct morphological differences between male and female 

brains, several key functional differences have been identified, such as the 

regulation of anterior pituitary hormone secretion in the adult rat.  As a result, the 

female brain is capable of maintaining regular ovarian cycles, pregnancy, maternal 

behavior and lactation.   

Steroid hormones are not the only agents that can bring about developmental 

changes in the reproductive processes.  Gestational and neonatal exposure to 

peptide hormones may also play key roles in normal development.  For example, it 

is now well-established that the development of certain hypothalamic neuronal 
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populations, specifically the tuberoinfundibular dopaminergic neurons (TIDA), 

requires perinatal exposure to maternally derived prolactin (Prl).  In this case, Prl 

from the dam’s milk enters the pup’s general circulation, and eventually reaches the 

TIDA neurons and influences their maturation.  A lack of maternally derived prolactin 

during this period results in the disappearance of this important dopaminergic 

system.  Evidence for this interaction between maternal prolactin and TIDA neuronal 

development is described in further detail below.   

Figure 1 depicts the TIDA neuronal perikarya, which are located in the 

dorsomedial part of the arcuate nucleus and project to the external zone of the 

median eminence.  Here dopamine (DA) is released into the perivascular space 

surrounding the capillary loops of the hypothalamo-hypophyseal portal system, the 

fine capillary network connecting the base of the brain to the pituitary.  DA released 

into the portal system is transported to the anterior pituitary where it then binds to 

the lactotrophs or prolactin (Prl) secreting cells (Freeman et al., 2000, Ben-Jonathan 

et al., 2001).  The Prl-secreting cells in the anterior pituitary have DA receptors (D2).  

Which, when activated by DA, will tonically inhibit the release of Prl (Hagino. et al., 

1986, Thomas et al., 1999, Melnikova et al., 1999).  TIDA neurons have Prl 

receptors and are activated by circulating Prl that binds to TIDA neurons, which, in 

turn, increase their firing rate and the amount of dopamine released.  This form of 

regulation is a prime example of the classic negative feedback loop.  The TIDA 

neurons are also unique, because they do not synapse with other neurons, and 

because they have different morphological and functional characteristics than other 

DA neurons in the brain, such as the nigrostriatal or mesolimbic DA neurons.  



 
 

 3

Particular characteristics of the TIDA neurons include delayed expression of 

enzymes of DA synthesis in ontogenesis, a low level of DA catabolism, and the 

absence of DA uptake and auto-regulatory mechanisms in adults (Melnikova et al., 

1999).  Importantly, very early in postnatal life the TIDA neurons are sensitive to 

circulating maternal Prl stimulation (i.e. they require Prl for normal development) 

(Thomas et al., 1999).        

 Prl is a ubiquitous peptide hormone that has been cited in the literature to be 

important for the normal development of lactotroph function (Nusser and Frawley et 

al., 1997), reproduction, lactation, intermediary metabolism, pregnancy, immune 

function (Royster et al., 1995), and neuroendocrine function (Shyr et al., 1986).  Rat 

pups exhibit a high Prl bioactivity detectable in the serum on postnatal days (PND) 

2-5 of life (Kacsoh et al., 1993).  However, endogenous production of Prl synthesis 

and release in the developing rat’s pituitary does not occur until PND 5 of life 

(Hoeffler et al., 1985).  Since the pituitary does not secrete an appreciable amount of 

Prl until PND 5, the pups require an alternate source to compensate for the lack of 

endogenous Prl.  Also, it has been reported that Prl accumulates rapidly in the milk 

of lactating rats, approximately 200-400 ng/ml, and that 16% of the milk Prl ingested 

by rat pups passes into their systemic circulation (Shyr et al., 1986).  Thus, the 

mother’s milk provides a primary source of Prl during PND 1-5 of development, 

overcoming the Prl shortage in the neonatal pup.   

Shyr et al. (1986) identified a critical role for milk derived Prl in the postnatal 

development of TIDA neurons.  Lactating dams were injected with bromocriptine, a 

DA agonist that inhibits Prl release, on PND 2-5, and PND 9-12 to block the release 
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of maternal Prl into the milk.  Offspring deprived of milk Prl showed a decrease in DA 

concentration and turnover rate in the median eminence when evaluated on 

postnatal days 33-35, demonstrating the importance of Prl to normal TIDA 

development.  Furthermore, this decrease in DA was associated with 

hyperprolactinemia in the male offspring when serum concentrations were measured 

on PND 30-32.  If the dams were treated on PND 9-12, the pups showed no 

apparent disruption of TIDA activity.  This suggested that PND 2-5 was a sensitive 

time point for normal development of the TIDA neurons.  This critical period 

coincides with the early postnatal period when the neonate’s pituitary does not 

produce sufficient prolactin by itself. 

Other studies demonstrated that the organization of TIDA neurons occurs 

within the first two weeks of postnatal development and are comparable to adult 

numbers (Park et al., 2000).  The loss of TIDA function causes a disregulation of Prl 

and results in hyperprolactinemia, as observed by Shyr et al. (1986).  Further 

evidence is provided by Phelps et al. (2000), who investigated TIDA neuron 

differentiation in Prl null mice offspring (due to mutation in the Prl gene).  

Homozygous Prl null males were crossed with heterozygous Prl females.  The 

resulting homozygous Prl null offspring showed a decrease in TIDA neuronal 

function evidenced by lowered DA concentrations in both sexes; however, the TIDA 

neuronal number was comparable to that of normal siblings (Phelps et al., 2000).  

Phelp’s investigation showed that mutations in the Prl gene decreased TIDA 

neuronal function but had no direct effect on the TIDA maturational process, even 
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though TIDA neurons need Prl to survive.  These data support the idea that an 

external source of Prl via the mother’s milk will affect TIDA maturation.        

Further studies in rats provide evidence that prepubertal hyperprolactinemia 

can lead to adverse effects in adulthood.  It is well known that prolactin stimulates 

the proliferation and differentiation of prostate cells (Reiter et al., 1999) and these 

cells may become a target during hyperprolactinemia.  In fact, lateral prostate 

inflammation has been shown to be induced by increased levels of Prl in the adult 

rat (Tangbanleukal and Robinette, 1993).  Tangbanleukal and Robinette reported 

that Prl is essential for E2 ( estradiol-17β)-induced inflammation of the prostate.  

Also, they indicated that elevated E2 induces rapid hyperprolactinemia in rats.  

However, if the males are co-treated with estradiol and bromocriptine (to lower 

serum Prl) there is no evidence of prostatitis.  These investigators also found a 

dose-response relationship between injection of exogenous Prl and the severity of 

the inflammation that was induced.   

Many environmental agents have been shown to alter the secretion of Prl by 

various mechanisms (Stoker et al., 1999a).  Prepubertal rats (PND 20-30) exposed 

to compounds such as pimozide, a DA receptor blocker, will increase Prl secretion 

as well as increase the incidence of lateral prostate inflammation.  Stoker et al. 

(1999a) dosed male Wistar rats for 8 days with pimozide, estradiol, and bisphenol A, 

all of which induced hyperprolactinemia (on PND 9).   When the adults were 

examined (120 days), the males were found to have a greater incidence of 

prostatitis.  However, no inflammation was found in rats co-treated with estradiol and 

bromocriptine (to block the E2-induced hyperprolactinemia).  This supports the 



 
 

 6

hypothesis that inflammation appears to be a direct effect of elevated prolactin 

(Stoker et al., 1999a, and Tangbanleukal and Robinette, 1993).  The widely used 

chlorotriazine herbicide atrazine has also been shown to alter Prl secretion.  Cooper 

et al. (2000) have shown that exposure to atrazine by gavage (75-300 mg/kg) led to  

rapid disruption of ovarian cycling in Long-Evans hooded females.  Similar treatment 

of ovariectamized, E-primed females causes a dose-dependent release of luteinizing 

hormone (LH) and Prl by altering hypothalamic control of these hormones.   

Other studies suggest that atrazine enhances TIDA neuronal activity and, like 

bromocriptine, leads to a decrease in Prl secretion.  Stoker et al. (1999b) 

investigated the effects of atrazine during lactation.  These investigators found that 

exposure to atrazine during the first 4 days of lactation suppresses maternal 

suckling-induced prolactin release.  Interestingly, this treatment also leads to an 

increased incidence of lateral prostate inflammation in the adult offspring. However, 

prostate inflammation was absent in the male offspring when the dam was co-

treated with atrazine and ovine Prl (Stoker et al., 1999b).  These observations led to 

the hypothesis that decreased maternal Prl (following atrazine or bromocriptine 

exposure) will lead to impaired TIDA development and elevated levels of Prl in the 

juvenile male offspring (as shown by Shyer et al., 1986, and Stoker et al., 1999b).  

The two basic assumptions of this hypothesis have yet to be examined and are the 

focus of the present study.  First, can an increase in the concentration of serum Prl 

be identified in the male offspring of the dams treated with atrazine during early 

lactation, and second, is there evidence for a decrease in TIDA neuronal activity 
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(dopamine (DA), 4-dihydroxyphenylacetic acid (DOPAC), DOPAC/DA ratio) following 

atrazine exposure.   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 8

Materials and Methods 
 
Animals: Timed-pregnant Wistar rats were obtained from Charles River Breeders, 

Raleigh, NC.  The dams were shipped on gestation day 13 and housed one per 

cage in NHEERL’s AAALAC-approved animal care facility prior to study onset.  Until 

delivery they were maintained on Purina 5006 chow and water ad libitum.  The room 

was maintained on a 14 h light: 10 h dark cycle (on at 12 midnight and off at 2 pm 

EST at 22 °C ± 2 °C).  The day of delivery was designated as postnatal day (PND) 0.  

On PND 1, the litters were culled to ten pups to maximize the number of males in 

each litter.  The pups were weaned on PND 21 and housed one per cage with 

Purina 5001 chow and water ad libitum.  Beginning on PND 1, body weight was 

recorded at either 2 or 3 day intervals (depending on the specific experiment) until 

the rats were killed. 

Chemical and treatment:  Lactating females were dosed from PND 1-9 by gavage 

or subcutaneous injection with atrazine and bromocriptine respectively.  Atrazine 

(Syngenta, Greensboro, NC 97.5 % purity, verified by Donna M. Davis Senior 

Analytical Chemist) was administered by oral gavage at a volume of 0.5 cc per 100 g 

body weight.   Atrazine was administered at 12.5, 25, and 50 mg/kg body weight in a 

suspension of 1 % methyl cellulose (Sigma Chemical, St. Louis, MO).  The controls 

received 1 % methyl cellulose only.  Bromocriptine (2-Bromo-α-Ergocryptine 

Methane Sulfonate; Sigma Chemical, St. Louis, MO; a positive control) was 

administered by subcutaneous injection at the nape of the neck at a volume of 0.1 cc 

per 100 g body weight during PND 1-5.  The dose of bromocriptine used was 0.209 

mg/kg body weight dissolved in 90 % saline/10 % ethanol solution; which was a 



 
 

 9

sufficient dose to suppress prolactin, as observed by Stoker et al. (1999b).  The 

chemicals were administered twice daily, the first between 1200-1300 h and the 

second between 2000-2100 h. 

Experiment 1: Pubertal development study:  To characterize the developmental 

serum Prl concentration and TIDA activity, lactating females were dosed from PND 

1-9, twice a day with 12.5, 25, or 50 mg/kg atrazine or 0.209 mg/kg bromocriptine 

(PND 1-5) as described above between 1200-1300 h and between 2000-2100 h.   

Pups, 2 per litter, were selected and killed on PND 2, 5, 9, 12, 15, 20, 25, 30, 35, 

and 40.  24 hours prior to necropsy, pups were moved to a holding room (maintained 

at the same light cycle) adjacent to the necropsy room.  All males were killed by 

decapitation within 15 seconds of removal from their home cage starting at 1700 h to 

1800 h (approximately 2 hours before lights out).  The trunk blood was collected, 

clotted, and centrifuged at 3000 rpm at 4 °C for 15 minutes.  Serum was then stored 

at  -80 °C until assayed for prolactin.  The brain and pituitary were removed and 

placed on dry ice immediately, and stored at -80 °C until assayed.  

Experiment 2: Pubertal and cyclicity evaluation:  Lactating females were dosed 

from PND 1-9, twice a day with 12.5, 25, or 50 mg/kg atrazine or 0.209 mg/kg 

bromocriptine (PND 1-5) as described above between 1200-1300 h and between 

2000-2100 h.   The pups were weaned on PND 21 and housed one per cage.  

Thereafter, the pups were examined daily and the day of preputial separation and 

vaginal opening recorded.  Beginning at 35 days of age, the cycle of each female 

was monitored for two weeks by taking daily vaginal lavages as described by 

Cooper et al. (1999). 
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Radioimmunoassays:   Serum and anterior pituitary prolactin were quantified by 

radioimmunoassay using materials supplied by the National Hormone and Pituitary 

Program (a division of the National Institute of Diabetes and Digestive and Kidney 

Diseases (NIDDK)): Iodination preparation rPRL I-6, antiserum rPRL S-9, and the 

reference preparation rPrl RP-3.  Radioactive material 125 I was purchased from 

Perkin Elmer Life Sciences, INC. ( Boston, MA). The Iodination material was 

radiolabeled with 125 I by a modification of the chloramine-T method of Greenwood et 

al. (1963).  Labeled prolactin was separated from unreacted iodide by gel filtration 

chromatography (Goldman et al., 1986).  Serum and pituitary samples were pipetted 

with appropriate dilutions in duplicate to a final assay volume of 500 µl with 100 mM 

phosphate buffer (PB) containing 1 % bovine serum albumin (BSA).  The stock vial 

of Rat PRL Reference prep RP-3  was serially diluted for standards of 0.39 through 

100 ng/ml.  The standards were pipetted in triplicate with 100 µl of each standard to 

a final volume of 500 µl with 100 mM PB with 1 % BSA.  200 µl of Rat PRL 

Antiserum with a dilution of 1:437,500 in 100 mM PB containing 0.05 M EDTA and 3 

% normal rabbit serum were pipetted into all assay tubes except total count tubes, 

and vortexed.  Next, 100 µl of 125 I-PRL was added to all assay tubes at a count of 

20,000 per 100 µl, vortexed and incubated at 4 ºC for 24 hours.  The second 

antibody, Goat Anti-Rabbit Gamma Globulin, at a dilution of 10 units/ml with 100 mM 

phosphate buffer was added to each assay tube except total count tubes at a 

volume of 200 µl, vortexed and incubated at 4 ºC for 24 hours.  The samples were 

centrifuged at 2800 rpm at 4 °C for 30 minutes and the supernatant aspirated from 

each tube.  The sample tubes with pellet were counted on a LKB Clinigamma 
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counter for 90 seconds each.  The intra-assay coefficient of variation for prolactin 

was 3.5 %.  

Brain Tissue Dissection:  Each frozen brain was placed onto a large weigh boat, 

ventral surface facing up, on a cold plate and allowed about 0.5 to 1.5 minutes to 

thaw significantly for cutting.  Figure 2 shows the orientation of the rat brain and 

where the AH and PH sections are located.  The anterior hypothalamus/medial 

preoptic area (AH) was dissected using a razor blade and/or scalpel.  The first cut 

was a full coronal section 1 mm rostral to the anterior margin of the optic chiasm.  A 

second coronal cut was then made immediately caudal to the optic chiasm and the 

section placed flat on the cold plate.  The borders of the AH were then trimmed.  The 

dorsal surface was defined by a horizontal cut immediately at the ventral margin of 

the anterior commissure.  The two lateral AH borders were then made by cutting on 

either side at the most lateral margins of the optic chiasm.  The mylinated optic 

chiasm was trimmed from the section prior to weighing and immediately placed in a 

1.7 ml Eppendorf tube (PGC Scientific, catalogue number: 505-201) and stored on 

dry ice until frozen at -80 ºC.  The caudate (CAU) tissue was obtained from the same 

coronal section.  A horizontal cut immediately below the corpus callosum was made, 

which is the dorsal border.  The lateral borders were defined as 2 mm and 4 mm 

from the lateral ventral (taking either the left or right CAU).  The ventral border was 

cut immediately above the anterior commisure. The tissue was then weighed and 

immediately and placed in a 1.7 ml Eppendorf tube and stored on dry ice until frozen 

at -80 ºC.  The medial basal hypothalamus/median eminence region (posterior 

hypothalamus, PH) was defined by a coronal cut at the level of the mammillary 
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bodies.  The dorsal margins of the PH were also defined by a horizontal cut at the 

ventral margin of the anterior commisure.  The lateral margins were defined by a cut 

at the later hypothalamic sulci.  The tissue section was then weighed and 

immediately placed in a 1.7 ml Eppendorf tube and stored on dry ice until frozen at -

80 ºC. 

High Performance Liquid Chromatography-Electrochemical detection (HPLC-

EC):  AH, PH, and CAU were thawed, homogenized with mobile phase (10 µl/mg 

tissue containing 0.1 mg/ml DHBA as an internal standard), and sonicated.  

Immediately after sonication, 10 µl of homogenate was removed for protein assay.  

The remaining sample was centrifuge for 15 minutes at 13,000 rpm at 4 °C.  The 

AH, PH and CAU samples were diluted appropriately (1:1.67 for AH and PH and 1:5 

for CA) and filtered through a 0.20 µm syringe filter (Gelman LC) into auto sampler 

vials.  The concentrations of norepinepherine (NE), DA, and DOPAC in each sample 

were measured by reverse phase HPLC-EC.  15 µl of each sample was injected by 

an auto sampler (Waters 717 plus auto sampler).  Mobile phase consisting of 57 mM 

sodium phosphate dibasic, 94 µM EDTA, and 1.47 mM 1-heptanesulphonic acid 

sodium salt, 1-hydrate, HPLC grade (Kodac-10583), and 8 % acetonitrile titrated to 

pH 3.10 with phosphoric acid was delivered by a Waters 515 HPLC Pump at a rate 

of 1.5 ml/min.  Catecholamines were separated on a reverse phase c18 column 

(µBondpak w12291p 035, dimensions 3.9 x 300 mm, Waters Corp.), oxidized on a 

conditioning cell (E: 300 mV, ESA conditioning cell 5021, ESA Inc.), and then 

reduced on an analytical cell (E1: 200 mV, E2: -350 mV, ESA high performance 

analytical cell 5014, ESA Inc.).  The change in current on the second electrode was 
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measured by a coulametric detector (ESA CoulochemII, ESA Inc.) and recorded 

using Waters HPLC Millennium computer software.  NE, DA, and DOPAC were 

identified on their respective peak retention times (RT= 2.7, 4.5, AND 6.5 min).  The 

amount of catecholamine in each sample was determined by comparison of the area 

under each peak compared to that created by known amounts of each 

catecholamine.  Dihydroxybenxylamine HBr (DBHA) was used as an internal 

standard, as well as a means to identify recovery of the catecholamines after 

sonication.  The intra- and interassay coefficients of variation were 7.9 and 8.2, 

respectively.  

Statistics:  Body weight, pituitary weight, pituitary weight relative to body weight, 

serum and pituitary Prl were analyzed for statistical significance for each time point 

of PND 2-40 first by analysis of variance (ANOVA) and secondly by comparison 

among treatments by Dunnetts t test.  The cumulative average of serum and 

pituitary Prl was also analyzed first by ANOVA and secondly by comparison among 

treatments by LS MEANS by treatment, age, and treatment x age.  The DA, 

DOPAC, NE, and DOPAC/DA Ratio was analyzed first by ANOVA and secondly by 

comparison among treatments by LS MEANS by treatment. The program used was 

SAS (SAS Institute Inc, Cary NC).  Results of the female cyclicity study were 

analyzed for statistical significance by Chi-Squared test for independence and Chi-

Square test for trend.  Results for the male and female pubertal study was analyzed 

for statistical significance by ANOVA and secondly by comparison among treatments 

by Dunnetts t test.  The program used for the cyclicity and pubertal studies was 

InSTAT (San Diego, CA). 
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Results 

 
Experiment 1: Pubertal development study 

Body and Pituitary Weights:  Table 1 shows the body weight of the offspring of the 

control, atrazine-treated, and bromocriptine-treated dams.  Body weight among the 

control and atrazine-treated groups was not different on any of the postnatal days 

with the exception of PND 5, when the mean body weight of the offspring from dams 

receiving the two higher doses of atrazine (25 and 50 mg/kg) was significantly lower 

than controls.  The offspring of the dams receiving bromocriptine (0.209 mg/kg) 

weighed significantly less than the control offspring on PND 2, 5, 9, 12, and 15, 

thereafter the body weights of the two groups did not differ (Table 1).  Table 2 

depicts the pituitary weights in the control, atrazine-treated, and bromocriptine-

treated females.  Neither pituitary weight nor pituitary weight relative to body weight 

(Table 3) was different in the control offspring vs. any of the offspring from the three 

atrazine-treated groups. The pituitary weight in the offspring of the bromocriptine-

treated dams was significantly decreased on PND 5 and 15 (Table 2).  However, this 

difference was not significant when the tissue weights relative to body weight were 

compared as shown in Table 3.    

Hormones:  Figure 3 shows the serum Prl profiles from PND 2 through PND 40.  In 

the control offspring, serum Prl concentrations were low (< 2.0 ng/ml) from PND 2 

through PND 20.  Thereafter there was generally a steady increase in the serum 

concentrations of this hormone.  The serum Prl concentrations in the 50 mg/kg 

atrazine group were not different from controls on any of the postnatal days 

examined.  Similarly the serum Prl levels present in the offspring of the 25 mg/kg 
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dams were not different from controls throughout the observation period, with the 

exception of PND 12, at which time this group’s Prl was significantly greater than 

controls.  However, the concentration of this hormone in the offspring of the dams 

receiving 12.5 ng/mg atrazine was generally increased above the control and other 

treatment groups from PND 12 through PND 40 and significantly increased on PND 

12 and 35 (Figure 3).  Table 4 depicts the cumulative average estimate of the 

atrazine-treatment effect and shows that the average cumulative amount of serum 

Prl in the offspring of dams dosed with 12.5 mg/kg atrazine was significantly greater 

than the control or other two atrazine dose groups (p>0.01) with serum values at 

36.80±1.9 ng/ml and 26.00±2.00 ng/ml respectively.  Comparison of the Prl 

concentrations on each individual postnatal day revealed that only on PND 12 and 

35 were Prl concentrations statistically different from control (Figure 3).  A 

comparison of serum Prl concentrations in the offspring of the bromocriptine-treated 

dams on each postnatal day (Figure 4) revealed that this hormone was significantly 

greater in the bromocriptine offspring than controls on PND 12 and 35.  However, 

there was no difference in the cumulative average estimate of serum Prl 

concentration between control and bromocriptine pups (Table 4).   

 The developmental profile of pituitary Prl concentration in control animals is 

shown in Figure 5.  As with serum Prl, the concentration of this hormone in all 

groups was relatively low (5 ng/mg) from PND 2-PND15, thereafter the 

concentration of this hormone increased considerably at each time point through 

PND 40.   Pituitary Prl concentrations in the offspring of atrazine-treated females 

were not different from control on any of the PND days tested.  Pituitary Prl 
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concentrations in the offspring of the bromocriptine-treated rats were significantly 

lower than control on PND 2, and significantly greater than control on PND 12 and 

20 (Figure 6).  Also, the pituitary Prl concentration of the bromocriptine-treated group 

was significantly higher than that of controls when comparing the average 

cumulative estimate of treatment compared to control with values of 1805.00±91.70 

and 1527.60±93.3 ng/mg tissue respectively (Table 4). 

Posterior Hypothalamus:   

PH DA:  The concentration of DA in the control pups PH ranged between 0.14 

ng/mg tissue and 0.24 ng/mg tissue on the postnatal days examined and did not 

vary significantly throughout this time period.  Figure 7 (top left panel) shows that the 

concentration of DA in the PH in the atrazine-treated groups varied significantly on 

PND 20 and 30.  Interestingly, the differences were not consistent from day-to-day 

without a clear dose-response pattern across the development period.   The PH DA 

concentration in the atrazine 25 mg/kg offspring was significantly increased on PND 

20.  On PND 25, DA concentration appeared lower in the PH of all three atrazine-

treatment groups but the decrease in none of the groups achieved statistical 

significance.  On PND 30 the PH DA concentration was significantly less than 

control in all three treatment groups.  Figure 8 (top left panel) shows the DA 

concentration in the PH in the offspring of the bromocriptine treated animals had 

generally low levels of DA compared with controls showing decreased DA, but were 

not significantly different (with the exception of PND 35). 

PH DOPAC:   The concentration of DOPAC in the PH of control offspring is shown 

in Figure 7 (top right panel).  In the control offspring, this DA metabolite increased 
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from PND 20 to 25 and then decreased from PND 25 to 35.  A similar developmental 

change in PH DOPAC was observed in the offspring of the 50 mg/kg offspring of the 

atrazine-treated dams and this did not differ from controls on any of the days 

observed.  However, this was not the case for the two lower doses of atrazine in 

which the DOPAC concentration was generally less than control and this decrease 

was significant in the 12.5 mg/kg offspring on PND 20, 25, and 30, and in the 25 

mg/kg offspring on PND 25.   

PH DOPAC/DA Ratio:  The DOPAC/DA ratio in the PH of the control offspring did 

not differ during the observation period (Figure 7, bottom left panel).  Likewise, the 

DOPAC/DA ratio of the 50 mg/kg offspring remained constant during the observation 

period and did not differ from control.  However, the DOPAC/DA ratio in the PH was 

significantly lower in the offspring of the atrazine 12.5 and 25 mg/kg dose groups on 

PND 20, 25, and 35.  Figure 8 (bottom left panel) shows that the offspring of the 

bromocriptine treated animals significantly increased the DOPAC/DA ratio on PND 

20 and significantly decreased the DOPAC/DA ratio on PND 35. 

PH NE:  The concentration of NE in the PH of control animals revealed a general 

increase between PND 20-30 and a subsequent decline on PND 35 (Figure 7, 

bottom right panel).  The concentration of NE in the offspring of all the atrazine-

treated dams was significantly lower than control on PND 30.  Figure 8 (bottom right 

panel) showed no observed effect in the bromocriptine treated group. 

Anterior Hypothalamus: 

AH DA:  The concentration of DA in the AH of the control dams averaged below 0.2 

ng/mg tissue and did not vary significantly throughout the time period examined as 
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shown in Figure 9 (top left panel).  In contrast, DA concentration in the AH in the 

offspring of the atrazine-treated groups had significant variations that appeared 

across the development period.  The DA concentration in the offspring of the 

atrazine 12.5 and 25 mg/kg treated groups in the AH were generally higher than 

control with significant increases on PND 20 (atrazine 12.5 mg/kg) and PND 30 

(atrazine 12.5 and 25 mg/kg).  Bromocriptine treated DA concentration in the AH of 

the offspring was significantly lower on PND 20 and 30 (Figure 10, top left panel). 

AH DOPAC:  The concentration of DOPAC in the AH of the control group averaged 

approximately 0.1 ng/mg tissue with a rise in concentration on PND 35 to 0.3 ng/mg 

tissue (Figure 9,top right panel).  The offspring of the 12.5 and 25 mg/kg atrazine-

treated dams had significantly higher levels of DOPAC on PND 20 and 30.  Figure 

10 (top right panel) shows that the bromocriptine treated group also had significantly 

increased DOPAC concentration in the AH on PND 25.  All three atrazine doses and 

the bromocriptine group had significantly lower DOPAC levels on PND 35. 

AH DOPAC/DA Ratio:  The DOPAC/DA ratio in the AH of the control offspring is 

shown in Figure 9 (bottom left panel).  The DOPAC/DA ratios in the AH of the 

offspring of the 12.5 and 25 mg/kg doses were significantly greater on PND 20 and 

significantly lower on PND 35, while again there was no effect in the high dose 

group.  The bromocriptine-treated group significantly increased the DOPAC/DA ratio 

on PND 20, 25, and 30 and significantly decreased the DOPAC/DA ratio on PND 35 

(Figure 10, bottom left panel). 

AH NE:  The concentration of NE in the AH of control offspring on PND 20 was at 

3.16±0.087 ng/mg tissue and increased to 4.57±0.49 ng/mg tissue on PND 25 and 
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continued to stay within the range of 4.303±0.292 to 4.57±0.49 ng/mg tissue (Figure 

9, bottom right panel).  NE concentration in the AH was significantly decreased on 

PND 20 and 30 in the offspring of both atrazine 12.5 and 25 mg/kg dose groups, and 

no effect was observed in response to the group receiving a high dose of atrazine.  

Also, no effect was observed in the bromocriptine treated group, as shown in Figure 

10 (bottom right panel). 

Caudate: 

CAU DA:  The CAU DA concentration in the control offspring was approximately 6 

ng/mg tissue throughout the time period examined (Figure 11, top left panel).  In 

contrast, DA concentration in CAU of the atrazine-treated groups had significant 

variations during this same time.  The CAU DA in the offspring of the Atrazine 12.5 

mg/kg was significantly greater on PND 25, and that of the 25 mg/kg dose group 

was greater than control on PND 25, and 35.  However, DA concentration on PND 

20 of the atrazine 25 mg/kg was significantly decreased compared to control.  

Offspring of the bromocriptine treated group showed generally lower levels of CAU 

DA compared to control with significantly decreased CAU DA concentrations on 

PND 25 and 30 (Figure 12, top left panel).     

CAU DOPAC:  The concentration of DOPAC in the CAU was stable within the range 

of 1.93 ± 0.304 and 2.79 ± 0.289 ng/mg tissue as shown in Figure 11 (top right 

panel).  The offspring of the atrazine 12.5 and 25 mg/kg treated groups had 

significantly higher CAU DOPAC on PND 20 and 30, as well as the atrazine 50 

mg/kg dose on PND 25 and 30.  No effect on CAU DOPAC concentration was 

observed in the bromocriptine treated group (Figure 12, top right panel). 
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CAU DOPAC/DA Ratio:  The DOPAC/DA ratio of control offspring in the CAU was 

stable within the range of 0.434±.018 to 0.539±.048 (Figure 11, bottom left panel).  

The same ratio in atrazine 12.5 and 25 mg/kg treated groups had significantly higher 

CAU DOPAC/DA on PND 20 and lower on PND 25.  The bromocriptine treated 

group significantly increased the DOPAC/DA ratio on PND 20, 25, 30, and 35 in the 

CAU, as shown in Figure 12 (bottom left panel). 

CAU NE:  CAU NE concentration in control was within the range of 0.539±.048 to 

0.624±0.098 ng/mg tissue, with the exception of PND 30 where the concentration 

increased to 0.941±0.124 ng/mg tissue (Figure 11, bottom right panel).  The 

concentration of CAU NE was significantly increased in the offspring of the atrazine 

50 mg/kg dose on PND 30 with no effect in the lower two atrazine treated groups.  

Also, no effect on the CAU NE concentration  was observed in the bromocriptine 

treated group (Figure 12, bottom right panel).  

Experiment 2: Pubertal and Cyclicity Evaluation 

Puberty:  There were no differences in the age of puberty in either male or female 

pups.  Table 5 shows the average age for preputial separation and vaginal opening.  

No advance or delay was observed.   

Cyclicity:  Table 6 shows the number of regular, possible regular, and irregular 

ovarian cycles present in the females for each dose.  There was no difference 

among the groups in the female ovarian cycles.     
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Discussion 

Previous studies by Shyr et al. (1986) and Stoker et al. (1999b) have lead to 

the hypothesis that decreased maternal prolactin (following atrazine or bromocriptine 

exposure) will lead to impaired TIDA development and elevated levels of Prl in 

juvenile male offspring.  The purpose of this study was to test the two basic 

assumptions of this hypothesis.  First, whether or not the concentration of serum Prl 

is increased above control in the male offspring of atrazine-treated dams. Second, 

whether a change in hypothalamic dopamine or in the activity of dopamine neurons 

is present in the offspring of atrazine-treated dams.  The experiments conducted in 

the present study characterized the concentrations of serum prolactin in the 

developing male from birth to PND 40, as well as changes in CNS dopamine from 

PND 20-35.  Furthermore, the data from the males of treated dams revealed 

significant differences from control males on PND 12 and 35.  However, this change 

in both Prl and catecholamines revealed a complex dose response.  

Data that would suggest that development of the dopaminergic neurons in the 

hypothalamus of the males from atrazine- or bromocriptine- treated males was 

altered would be evidenced by significant changes in the medial basal and anterior 

hypothalamic tissues.  Likewise, the altered turnover of dopamine as estimated by 

the concentration of hypothalamic DOPAC would also indicate that the normal 

development of the dopaminergic neurons within the hypothalamus was impaired.  

However, these changes were only observed following treatment with the lower 

concentrations of atrazine.  There was no difference between the control and high 
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dose atrazine group in any of the serum hormone or brain dopamine measures 

obtained.  These observations are discussed in detail below.  

Body weights and clinical observations:  With the exception of PND 5, at which time 

the body weight of the 25 and 50 mg/kg atrazine groups was lower, the body and 

pituitary weight of the male pups were not different in the offspring of the atrazine-

treated dams and did not differ significantly on any of the postnatal days examined.  

The mean body weight of the male offspring of the bromocriptine-treated dams was 

statistically decreased on PND 2, 5, 9, 12, and 15.  Thus, any decrease in the body 

weight in the atrazine groups was observed only during the dosing period (PND 1-9), 

whereas the decreased body weight in the bromocriptine-group was present during 

the dosing period (PND 1-5) as well as after dosing was stopped (PND 9, 12, and 

15).  The pituitary weight also showed a similar linear pattern that increased over 

time. There was no effect on the pituitary weight in the atrazine-treated groups and 

the weight of this tissue was only different on PND 5 and 15 in the bromocriptine 

group.  When examining the pituitary weight relative to the body weight, the pituitary 

weight differences observed in the bromocriptine-treated group were no longer 

present, and thus developmentally not different.  The overall viability of the animals 

appeared normal and there were no apparent behavioral or clinical symptoms (i.e. 

general unkempt appearance, lack of grooming, piloerection, diarrhea, etc.). 

Serum and pituitary prolactin:  The pattern of serum Prl observed in control animals 

started below 1.5 ng/ml and linearly increased over time with significant increases at 

PND 20 (2.56 ng/ml) and PND 40 (6.82 ng/ml).  The observed developmental 

pattern is in agreement with Damasia  Becú-Villalobos et al. (1992), who reported 
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that serum Prl levels are low during the first 20 days of life and gradually increase 

toward puberty in both male and female.  Others also report a similar pattern, in 

which Prl was low and gradually increased toward puberty in Sprague-Dawley and 

Wistar rats (Döhler and Wuttke 1975, Yamamuro et al., 1999).  Pituitary Prl also 

increased linearly over time.  Very early in life, pituitary Prl concentration was below 

5 ng/mg tissue and increased at PND 12 and continued to increase through PND 40 

(427.7 ng/mg tissue).  Yamamuro et al. (1999) reported similar results, and for 

pituitary Prl concentrations in pups between PND 0-20 in Wistar rats.  Pituitary Prl 

was low during the first seven days and increased rapidly from PND 12 to 20.  The 

absolute Prl concentration reported by Yamamuro is higher, but this is probably due 

to a combination of strain and reference prep differences.    

Relative to control, serum Prl concentration of this hormone in the 

bromocriptine-treated offspring was higher on PND 12 and 35.  The observation on 

PND 12 may be spurious, as the Prl in the control serum was slightly lower than the 

other time points.  On the other hand, this difference between bromocriptine and 

control may actually reflect an effect of treatment as a similar increase in serum Prl 

was also noted in the atrazine treated rats.  The increase in the serum Prl in the 

males of the bromocriptine-treated dams on PND 35 was consistent with previous 

results from Shyr et al. (1986), which showed increased plasma Prl in Sprague 

Dawley pups 30-32 days of age after administration of bromocriptine in the dam.  

Serum Prl concentration in the bromocriptine-treated rats was not significantly 

different from controls when comparing the cumulative average estimate across age.  

This is most likely due to the fact that the rise in serum Prl was not observed until 
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PND 35.  The fact that the last two observation days revealed a significant difference 

suggests that,had older pups (i.e. 45-60) been included in this experiment, the effect 

of bromocriptine may have been more robust.  Pituitary Prl concentration in the 

bromocriptine group was significantly decreased on PND 2 and increased on PND 

12 and 20.  Interestingly, when comparing the cumulative average estimate across 

age for pituitary prolactin concentration, there is a significant increase in the 

bromocriptine-treated group relative to control.   

 A significant increase in serum Prl was observed in atrazine 12.5 mg/kg dose 

on PND 12 and 35.  Increased serum Prl on PND 35 was consistent with what was 

reported by Shyr et al. (1986), as stated earlier.  Examination of the overall serum 

Prl pattern indicated that the atrazine 12.5 mg/kg dose was higher than control; in 

fact, when comparing the cumulative average serum Prl concentration from PND 2-

40, atrazine 12.5 mg/kg dose group was significantly increased relative to control.  

However, the cumulative average of Prl in the two higher atrazine dose groups was 

similar to control males.  Thus a non-linear dose response was present.  Alternately, 

the Prl concentration in the serum of the two higher atrazine dose groups may also 

be increased if the rats were examined later such as PND 45 and 50.  Pituitary Prl 

concentration of the atrazine treated rats was not significantly different from controls 

when compared on the individual PNDs.  Likewise, the cumulative average 

comparison was similar in the control and all atrazine dose groups.   

There is also evidence that Prl plays a role in puberty and  Prl treatment has 

been associated with advanced puberty (Voogt et al., 1969).  Ramaley (1981) 

describes a prepubertal rise in serum Prl on PND 28 in both males and females, but 
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this peak could not be directly associated with sexual maturation.  However, she 

does suggest that a slowly rising titer in Prl concentration may be associated with 

precocious puberty.  Prepubertal males reared in constant light had increasing 

higher Prl levels compared to control and exposure to constant light led to 

precocious puberty.  The results of the current study revealed a slow rising increase 

in serum Prl from PND 2 to 40 in the atrazine 12.5 mg/kg dose group, and are 

consistent with Vooght et al. (1969) and Ramaley’s (1981) observation that 

increased availability of Prl may induce precocious puberty.  In the present study we 

found no difference in the age at puberty in either sex, nor was there a change in the 

cyclicity in the females.  From the present results, the increase in serum Prl in the 

12.5 mg/kg dose group is not enough to alter puberty.  

 The results of this study support the first basic assumption of the hypothesis 

that decreased maternal prolactin (following atrazine or bromocriptine exposure) will 

lead to impaired TIDA development and elevated levels of prolactin in the juvenile 

male offspring (as shown by Shyr et al., 1986, and Stoker et al., 1999b).  An 

increase in the concentration of serum Prl was determined in the male offspring of 

the dams treated with 12.5 mg/kg atrazine and bromocriptine during early lactation. 

Both the 12.5 mg/kg atrazine and bromocriptine serum Prl was increased on PND 12 

and 35, and that the significant increase on PND 35 was consistent with previous 

results by Shyr et al. (1986), who reported increased serum Prl on PND 30-32 in 

Sprague Dawley rats after administration of bromocriptine to lactating dams.  The 

results of the atrazine groups were not as expected in that a non-linear dose 
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response relationship was observed with the lowest dose affecting serum Prl 

concentration, which makes it difficult to discern a clear pattern.   

Brain catecholamine measures:  The second purpose of this study was to evaluate 

the TIDA neuronal activity by measuring dopamine (DA), 3, 4-dihydroxyphenylacetic 

acid (DOPAC), norepinepherine (NE), and the DOPAC/DA ratio in the anterior 

hypothalamus (AH), posterior hypothalamus (PH), and caudate (CAU).   Use of the 

DOPAC/DA ratio as a means to describe the activity of the TIDA neurons has been 

reported in the literature and is an accepted measurement (Castro et al., 2000, 

Santana et al., 1992, Demaria et al., 2000a, Demaria et al., 1999, Demaria et al., 

2000b). The concentration of the catecholamines within the hypothalamus and 

caudate and the pattern of change observed during development as observed in the 

present study are in agreement with those reported elsewhere (Castro et al., 2000, 

Pletnikov et al., 2000, Leret et al., 2002, Vathy et al., 1995).  In contrast, the 

concentration of DA and DA turnover, as estimated by DOPAC and the DOPAC/DA 

ratio, was markedly different in the bromocriptine and atrazine groups.  In the 

bromocriptine group, PH-DA was generally lower throughout the observation period; 

however, a significant increase on PND 35 was present.  The DA/DOPAC ratio in 

the bromocriptine males was significantly higher than controls during the early PND 

day measured (PND 20) but the activity of these neurons fell dramatically on PND 

35.  This fall in the bromocriptine-treated male offspring was coincident with a 

significant rise in this group serum Prl.  A similar pattern of change in the DA activity 

was observed in the AH.  However, the activity of the CAU dopaminergic neurons of 
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the bromocriptine-treated rats was significantly increased compared to that observed 

in the control offspring.   

Within the PH of the atrazine-treated offspring, the activity of the 

dopaminergic neurons was generally lower than control throughout the observation 

period in the two lowest dose groups, but not in the highest dose group.  Also, a 

significant reduction in the DA concentration (PND 30) and DOPAC/DA activity (PND 

20, 25, and 35) of the PH-DA neurons was present.  This decrease in the activity in 

the male offspring was coincident with a rise in the 12.5 mg/kg atrazine serum Prl.  A 

non-linear dose response was observed and was consistent with the serum Prl dose 

response pattern.  AH DA content and turnover was also different in the atrazine-

treated offspring.  In general, within this area of the brain, the observed increase in 

activity in the DA neurons was followed by a significant decrease in DOPAC levels 

and the DOPAC/DA ratio.  The activity of these neurons were the lowest in the low-

dose atrazine group on PND 35 (when serum Prl levels were the highest).  

The CAU showed significant changes in the concentration and activity in the 

dopaminergic neurons.  It is interesting that the pattern observed in the atrazine-

treated groups revealed that the two low dose groups appeared to be affected the 

most.  The DA and DOPAC concentration was generally higher than control (with 

significance on PND 25 (DA) and PND 20 and 30 (DOPAC)).  The high dose 

atrazine group only altered DOPAC concentrations on PND 25 and 30.  Despite the 

changes in DA and DOPAC in the atrazine-treated groups, there was no apparent 

effect in the activity throughout the observation period in the CAU.  The DA 

concentration and DOPAC/DA activity in the PH and AH support the second basic 
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assumption the hypothesis that there is evidence for a decrease in the TIDA 

neuronal activity following atrazine or bromocriptine exposure.  TIDA neuronal 

activity in male offspring of bromocriptine-treated dams were also decreased on 

PND 35 in both PH and AH regions.  Also, the lower two doses of atrazine 

significantly reduced TIDA activity on PND 20, 25, and 35 in PH region, as well as 

PND 35 in AH region.  The decrease in the activity in male offspring in both PH and 

AH was also coincident with a rise in the 12.5 mg/kg atrazine serum Prl on PND 35.   

Shape of the dose response for Prl and brain catecholamines:  There were obvious 

differences in both Prl and hypothalamic dopaminergic activity, i.e. DA, DOPAC, and 

DOPAC/DA ratio.  However, the non-linear dose response makes it extremely 

difficult to completely characterize the effects observed.  The lowest dose (12.5 

mg/kg atrazine) affected both serum Prl and hypothalamic dopaminergic activity that 

supports the hypothesis that there was a general increase in Prl and a decrease in 

dopaminergic neuronal activity.   However, the increase in the dose of atrazine 

appeared to attenuate the changes that were observed at the lowest dose, thus 

providing a non-linear dose response in the serum Prl and catecholamine 

measurements.  Until a NOEL is established and replicated, it is extremely difficult to 

explain the basis of this pattern.   

There are a few proposed reasons for this pattern. The first is that exposure 

to the lower doses of atrazine did result in impaired suckling-induced prolactin 

release in the dams and damage to the TIDA neurons in the offspring as 

hypothesized.  At these doses, there may be no accumulation of atrazine or its 

metabolites in the brain of the offspring.  However, the higher doses of atrazine may 
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actually result in the accumulation of sufficient atrazine or its metabolite within the 

TIDA neurons of the offspring to cause physiological effects that counter the 

proposed maternally mediated mechanism.  There is some evidence to support this 

argument.  In the adult rat, it has been demonstrated that atrazine increases the 

dopamine turnover, presumably by a direct effect of the compound on neurons (Das 

and Cooper 2000, Das and Cooper 2001, Das and Cooper in press).  In this 

situation, the 12.5 and 25 mg/kg dose to the dam would not produce sufficient 

amounts of atrazine in the TIDA neurons to have a direct effect on their 

development.  Thus, with reduced prolactin in the dam and no atrazine accumulation 

in the brain, the TIDA neurons fail to survive.  However, the high dose may produce 

an appreciable accumulation of atrazine or its metabolites in the pup’s TIDA neurons 

and enhance their activity to the point that this stimulation overcomes the lack of Prl 

stimulation and rescues them.  This argument would be supported by Thomas et al. 

(1999), who demonstrated very early in postnatal life that TIDA neurons are 

sensitive to circulating maternal feedback, and that these neurons need Prl for 

normal development.  Shyr et al. (1986), further support this claim and identified a 

critical role for milk derived Prl in the postnatal development of the TIDA neurons, 

and showed that the dam provides the primary source of Prl during postnatal days 1-

5.  Prl stimulates DA neuronal activity (Hentschel et al., 2000), and like Prl, atrazine 

at high doses may provide the stimulation needed during impaired suckling-induced 

Prl release.  Bromocriptine, the positive control, is a dopamine agonist and acts 

directly on the Prl secreting cells in the dam to impair suckling induced Prl secretion 

(Stoker et al., 1999b).  Also, the effects of bromocriptine are very similar to the lower 
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doses of atrazine in the AH and PH, and it is possible that the amount of 

bromocriptine accumulating in the pups is not enough to affect Prl secretion.  Shyr et 

al. (1986) have evidence to support this hypothesis.  They demonstrated that 

bromocriptine-treatment to the dams did not alter the secretion of Prl by the pup’s 

pituitary.  

Stress is another reason that could explain the effects observed. During the 

dosing of the dam, the lack of Prl present in the milk of the high dose dams could 

cause the pups to become stressed.  Stress hormones, Prl, growth hormone (GH), 

and possibly others could increase enough in the pups to compensate for the lack of 

effect of the high dose.   It has been reported that the differentiation of prolactin 

inhibiting dopaminergic (DA) neurons is supported not only by Prl, but also by 

human GH, which is lactogenic in rodents (Phelps and Hurley 1999).  GH was not 

evaluated in this study and may play a role not only in TIDA neuronal activity, but 

also in the development of prostatitis.  Thus, a stress-induced change in any of the 

factors may have contributed to the unusual dose response relationship observed in 

the present study. 

Future directions of interest would be to first replicate the results of this study, 

and then to establish a NOEL by including 6.25 and possibly 2 mg/kg doses of 

atrazine.  Also, the data from the present study demonstrate a delay in the increase 

in serum Prl in the bromocriptine group and a decrease in the activity of the TIDA 

neurons beginning on PND 35.  Thus, continuing to observe these endpoints 

through later ages (i.e. through PND 60 [or even further]) may provide a clearer 

picture of treatment effects and help explain the non-linear dose response.  Ramaley 
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(1981) reports that there is a Prl peak that occurs only on PND 28 of age in male 

rats.  She suggests that this peak is a marker for functional development of the 

brain-pituitary axis, which is not related directly to sexual maturation.  It would be 

interesting to see if impaired suckling-induced Prl release abolishes this peak.  As 

stated earlier, atrazine accumulation in the pups may be directly playing a role in the 

effects observed and needs to be evaluated.  Finally, evaluation of the prostate 

during development in the early stages of life during the dosing period as well as the 

hyperprolactinemic period needs to be addressed.  Also, possibly looking at IL-2 

levels and other immune functions and chemotaxic responses related to Prl may be 

the key to unlocking the link between prolactin and its role in prostatitis. 

In summary, the purpose of this study was to evaluate the hypothesis that 

decreased maternal Prl (following atrazine or bromocriptine exposure) will lead to 

impaired TIDA development and elevated levels of Prl in juvenile male offspring (as 

shown by Shyer et al., 1986, and Stoker et al., 1999b).  Two basic assumptions 

were tested, first, can an increase in concentration of serum Prl be identified in male 

offspring of dams treated with atrazine and bromocriptine during early lactation, and 

second, is there evidence for a decrease in TIDA neuronal activity following atrazine 

and bromocriptine exposure.  Serum Prl and TIDA neuronal development results 

supported both basic assumptions.  An increase in serum Prl in male offspring of 

both atrazine 12.5 mg/kg and bromocriptine-treated dams were identified on PND 12 

and 35, which was also consistent with prior reports by Shyr et al. (1986).  The 

increase in serum Prl also coincided with decreased TIDA neuronal activity on PND 

35.  However, a non-linear dose response was observed following atrazine exposure 
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to the dam in both brain aminergic and serum Prl concentrations in the offspring.  

Also, both compounds did cause significant changes in the developmental profiles of 

dopamine and dopaminergic activity in all three brain areas tested.  Although the 

atrazine data revealed a non-linear dose response in the offspring, the fact that the 

lowest dose of this herbicide produced changes that were similar to the positive 

control suggests that indeed this complex mode of action is affected by atrazine-

treatment.  Due to the complexity of the maternal-neonatal unit, subsequent studies 

examining the offspring at a later age will be required.     
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PND 40 

190.74 
±3.31 

202.01 
±7.26 

203.46 
±3.70 

175.55 
±4.15 

187.17 
±5.73 

PND 35 

155.19 
±5.99 

168.02 
±5.23 

152.47 
±3.15 

144.37 
±7.82 

140.90 
±5.92 

PND 30 

113.84 
±5.25 

114.02 
±3.73 

105.70 
±7.12 

113.83 
±5.04 

106.44 
±3.47 

PND 25 

76.54 
±2.99 

80.49 
±5.23 

75.67 
±2.73 

75.07 
±2.89 

70.59 
±3.47 

PND 20 

54.96 
±1.99 

48.85 
±2.16 

50.62 
±2.53 

50.50 
±3.48 

52.88 
±1.07 

PND 15 

38.18 
±1.89 

37.66 
±1.41 

34.46 
±1.94 

33.38 
±1.78 

32.91* 
±1.34 

PND 12 

31.53 
±1.06 

28.87 
±1.32 

28.86 
±1.15 

29.21 
±1.19 

24.65* 
±1.14 

PND 9 

22.51 
±1.18 

20.60 
±1.61 

20.38 
±1.10 

19.74 
±0.88 

18.89* 
±0.65 

PND 5 

14.23 
±0.41 

13.53 
±0.53 

12.59* 
±0.30 

11.60* 
±0.54 

10.35* 
±0.46 

PND 2 

8.79 
±0.15 

8.22 
±0.31 

8.24 
±0.21 

7.82 
±0.24 

7.53* 
±0.16 

 

Control 

Atrazine 
12.5mg/k
g
Atrazine 
25mg/kg 

Atrazine 
50mg/kg 

Positive 
Control 

Table 1. Experiment 1 Male Offspring Mean Body Weights on PND 2, 5, 9, 12, 15, 20, 25, 30, 35, 
and 40 of Atrazine-treated and Bromocriptine-treated Dams  

Values are mean ± SEM. 
*P<0.05 when compared to control values. 
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PND 40 

7.68 
±0.37 

7.38 
±0.25 

7.88 
±0.59 

7.07 
±0.32 

6.97 
±0.29 

PND 35 

6.57 
±0.41 

6.53 
±0.37 

6.37 
±0.12 

5.43 
±0.35 

5.93 
±0.23 

PND 30 

4.80 
±0.28 

4.97 
±0.13 

4.94 
±0.33 

5.18 
±0.29 

4.19 
±0.26 

PND 25 

3.26 
±0.18 

3.36 
±0.21 

3.17 
±0.13 

3.50 
±0.21 

3.05 
±0.08 

PND 20 

2.49 
±0.13 

2.35 
±0.12 

2.59 
±0.12 

2.36 
±0.14 

2.36 
±0.07 

PND 15 

2.28 
±0.11 

2.01 
±0.09 

2.12 
±0.12 

2.03 
±0.09 

1.72* 
±0.12 

PND 12 

2.23 
±0.31 

1.90 
±0.10 

1.72 
±0.08 

1.85 
±0.11 

1.69 
±0.16 

PND 9 

1.49 
±0.06 

1.40 
±0.18 

1.32 
±0.08 

1.32 
±0.14 

1.45 
±0.11 

PND 5 

1.17 
±0.04 

1.28 
±0.14 

1.12 
±0.10 

0.95 
±0.06 

0.83* 
±0.06 

PND 2 

1.00 
±0.15 

0.87 
±0.11 

0.94 
±0.169 

0.81 
±0.11 

0.84 
±0.09 

 

Control 

Atrazine 
12.5mg/k
g
Atrazine 
25mg/kg 

Atrazine 
50mg/kg 

Positive 
Control 

Table 2. Experiment 1 Male Offspring Mean Pituitary Weights on PND 2, 5, 9, 12, 15, 20, 25, 30, 
35, and 40 of Atrazine-treated and Bromocriptine-treated Dams 

Values are mean ± SEM. 
*P<0.05 when compared to control values. 
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PND 40 

0.040 
±0.002 

0.036 
±0.001 

0.038 
±0.002 

0.040 
±0.001 

0.037 
±0.001 

PND 35 

0.042 
±0.002 

0.038 
±0.001 

0.041 
±0.001 

0.037 
±0.002 

0.042 
±0.001 

PND 30 

0.042 
±0.001 

0.043 
±0.001 

0.040 
±0.003 

0.045 
±0.001 

0.039 
±0.002 

PND 25 

0.043 
±0.003 

0.042 
±0.001 

0.042 
±0.001 

0.046 
±0.002 

0.043 
±0.002 

PND 20 

0.045 
±0.002 

0.048 
±0.002 

0.052 
±0.003 

0.047 
±0.002 

0.044 
±0.001 

PND 15 

0.061 
±0.006 

0.054 
±0.003 

0.063 
±0.005 

0.062 
±0.004 

0.054 
±0.004 

PND 12 

0.073 
±0.009 

0.065 
±0.001 

0.060 
±0.003 

0.063 
±0.002 

0.068 
±0.005 

PND 9 

0.067 
±0.003 

0.075 
±0.009 

0.066 
±0.005 

0.067 
±0.007 

0.076 
±0.004 

PND 5 

0.082 
±0.003 

0.095 
±0.011 

0.088 
±0.007 

0.082 
±0.006 

0.080 
±0.005 

PND 2 

0.114 
±0.018 

0.105 
±0.013 

0.116 
±0.021 

0.103 
±0.013 

0.113 
±0.013 

 

Control 

Atrazine 
12.5mg/kg 

Atrazine 
25mg/kg 

Atrazine 
50mg/kg 

Positive 
Control 

Table 3. Experiment 1 Male Offspring Mean Pituitary Weight Relative to Mean Body Weight on PND 
2, 5, 9, 12, 15, 20, 25, 30, 35, and 40 of Atrazine-treated and Bromocriptine-treated Dams 

Values are mean ± SEM. 
*P<0.05 when compared to control values. 
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Table 4. Experiment 1 Male Offspring Cumulative Average Estimate of Serum and 
Pituitary Prolactin Concentration of Atrazine-treated and Bromocriptine-treated 
Dams.    

 
 Serum Prolactin  

(ng/ml) 
Pituitary Prolactin (ng/mg 
pit) 

Control 26.00±2.00 1527.60±126.00 
Atrazine  12.5mg/kg 36.08±1.9** 1827.50±125.60 
Atrazine 25mg/kg 24.05±2.00 1520.60±126.10 
Atrazine 50mg/kg 25.00±2.10 1704.90±128.90 
Positive Control 29.70±2.10 1805.00±91.70* 
 
Values are mean ± SEM. 
*P<0.05 compared to control values. 
**P<0.01 compared to control values. 
 
 
Table 5. Experiment 2 Male and Female Offspring Mean Age at Puberty of 
Atrazine-treated and Bromocriptine-treated Dams. 
 
 Age of Males  at PPS Age of Females at VO 
Control 42.16±0.50 34.39±0.32 
Atrazine 12.5mg/kg 41.16±0.60 34.03±0.71 
Atrazine 25mg/kg 42.44±0.85 34.89±0.45 
Atrazine 50mg/kg 40.05±0.91 34.00±0.83 
Positive Control 41.97±0.63 34.20±0.56 
 
Values are mean ± SEM. 
PPS= preputial separation, and VO= vaginal opening. 
 
 
Table 6. Experiment 2 Female Offspring Estrous Cycle Evaluation of Atrazine-
treated and Bromocriptine-treated Dams. 
 
 Number of 

Regular Cycling 
Rats 

Number of 
Possible Regular 
Cycling Rats 

Number of 
Irregular Cycling 
Rats 

Control 9 6 1 
Atrazine 12.5mg/kg 9 6 1 
Atrazine 25mg/kg 9 6 1 
Atrazine 50mg/kg 10 6 0 
Positive Control 8 5 2 
 
Values are mean ± SEM. Regular Cycling rats= 4 or 5 day cycles. 
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Figure 1: Diagram of the hypothalamic dopaminergic systems that regulate Prl 
Ben-Jonathan, N., and Hnasko, R. Dopamine as a prolactin inhibitor. Endocrine Reviews 22 (6): 724-763, 2001.
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Figure 2: Diagram of the rat brain orientation and AH and PH location  
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Figure 3: Mean Serum Prolactin of Male offspring of Atrazine-treated and Control Dams **P<0.05 compared to control. 
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Figure 4: Mean Serum Prolactin of Male offspring of Bromocriptine-treated and Control Dams **P<0.05 compared to control. 
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Figure 5: Mean Pituitary Prolactin of Male offspring of Atrazine-treated and Control Dams **P<0.05 compared to control. 
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Figure 6: Mean Pituitary Prolactin of Male offspring of Bromocriptine-treated and Control Dams **P<0.05 compared to control. 
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Figure 7: Mean PH Catecholamines of Male offspring of Atrazine-treated and Control Dams. Top left: PH DA vs PND Day, 
Top right: PH DOPAC vs PND Day, Bottom left: PH DOPAC/DA Ratio vs PND Day, Bottom right: PH NE vs PND Day. 
**P<0.05 compared to control. 
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Figure 8: Mean PH Catecholamines of Male offspring of Bromocriptine-treated and Control Dams. Top left: PH DA vs PND Day, 
Top right: PH DOPAC vs PND Day, Bottom left: PH DOPAC/DA Ratio vs PND Day, Bottom right: PH NE vs PND Day. 
**P<0.05 compared to control. 
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Figure 9: Mean AH Catecholamines of Male offspring of Atrazine-treated and Control Dams. Top left: AH DA vs PND Day, 
Top right: AH DOPAC vs PND Day, Bottom left: AH DOPAC/DA Ratio vs PND Day, Bottom right: AH NE vs PND Day. 
**P<0.05 compared to control. 
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Figure 10: Mean AH Catecholamines of Male offspring of Bromocriptine-treated and Control Dams. Top left: AH DA vs PND Day,
Top right: AH DOPAC vs PND Day, Bottom left: AH DOPAC/DA Ratio vs PND Day, Bottom right: AH NE vs PND Day. 
**P<0.05 compared to control. 
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Figure 11: Mean CA Catecholamines of Male offspring of Atrazine-treated and Control Dams. Top left: CA DA vs PND Day, 
Top right: CA DOPAC vs PND Day, Bottom left: CA DOPAC/DA Ratio vs PND Day, Bottom right: CA NE vs PND Day. 
**P<0.05 compared to control. 
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Figure 12: Mean CA Catecholamines of Male offspring of Bromocriptine-treated and Control Dams. Top left: CA DA vs PND Day,
Top right: CA DOPAC vs PND Day, Bottom left: CA DOPAC/DA Ratio vs PND Day, Bottom right: CA NE vs PND Day. 
**P<0.05 compared to control. 
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