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Abstract

Nicotine and chlorpyrifos are developmental neurotoxicants that target serotonin systems. We 

examined whether prenatal nicotine exposure alters the subsequent response to chlorpyrifos given 

postnatally. Pregnant rats received nicotine throughout gestation at 3 mg/kg/day, a regimen 

designed to achieve plasma levels seen in smokers; chlorpyrifos was given to pups on postnatal 

days (PN) 1–4 at 1 mg/kg, just above the detection threshold for brain cholinesterase inhibition. 

We assessed long-term effects from adolescence (PN30) through full adulthood (PN150), 

measuring the expression of serotonin receptors and serotonin turnover (index of presynaptic 

impulse activity) in cerebrocortical brain regions encompassing the projections that are known 

targets for nicotine and chlorpyrifos. Nicotine or chlorpyrifos individually increased the 

expression of serotonin receptors, with greater effects on males than on females and with distinct 

temporal and regional patterns indicative of adaptive synaptic changes rather than simply an 

extension of initial injury. This interpretation was confirmed by our finding an increase in 

serotonin turnover, connoting presynaptic serotonergic hyperactivity. Animals receiving the 

combined treatment showed a reduction in these adaptive effects on receptor binding and turnover 

relative to the individual agents, or even an effect in the opposite direction; further, normal sex 

differences in serotonin receptor concentrations were dissipated or reversed, an effect that was 

confirmed by behavioral evaluations in the Novel Objection Recognition Test. In addition to the 

known liabilities associated with maternal smoking during pregnancy, our results point to 
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additional costs in the form of heightened vulnerability to neurotoxic chemicals encountered later 

in life.
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INTRODUCTION

Although maternal smoking rates in U.S. have declined to 10–15%, more than 400,000 

babies are born to active smokers each year, with a larger proportion exposed via second-

hand smoke (U.S. Surgeon General, 2014). Exposure rates may actually be higher because 

of deception about self-reported tobacco use (Dietz et al., 2010b) and any progress in 

smoking cessation seen in economically advanced countries, is offset worldwide by the 

sharp increase in smoking among women in less economically-developed regions (World 

Health Organization, 1997). Thus, smoking remains the most preventable cause of perinatal 

morbidity and mortality (Dietz et al., 2010a). Beyond the immediate perinatal period, fetal 

tobacco exposure damages the developing brain, leading to a wide variety of 

neurodevelopmental disorders, including Sudden Infant Death Syndrome, attention deficit/

hyperactivity disorder, learning disabilities and conduct disorders, all at enormous cost to 

individuals, families and society (Clifford et al., 2012; Cornelius and Day, 2009; DiFranza 

and Lew, 1995; Ernst et al., 2001; Herrmann et al., 2008; Pauly and Slotkin, 2008; Slotkin, 

2008). Nicotine contributes in large measure to the developmental neurotoxicity of tobacco 

smoke exposure by interfering with trophic signals that control neuronal cell replication, 

differentiation, synaptic connectivity and neural circuits underlying behavioral function 

(Dwyer et al., 2008; Slotkin, 2004, 2008). Consequently, tobacco cessation strategies that 

utilize nicotine replacement may not avoid neurodevelopmental damage to the fetus (Ginzel 

et al., 2007; Pauly and Slotkin, 2008; Slotkin, 2008) and the increasing popularity of 

recreational nicotine delivery products, such as e-cigarettes, may soon reverse the recent 

progress in reducing fetal nicotine exposure (Ginzel et al., 2007).

In addition to its direct impact on fetal brain development, nicotine can alter the response to 

subsequently chemical exposures. We recently showed that, when prenatal nicotine 

exposure was followed by dexamethasone treatment as used in the management of preterm 

labor, there was greater net damage to cholinergic and serotonergic circuits and their 

dependent behaviors, than with either agent alone (Levin et al., 2014; Slotkin et al., 2013, 

2014); many of the effects could be recapitulated with neuronotypic cells undergoing 

differentiation in culture, indicating a direct interaction on developmental processes rather 

than indirect effects on maternal-fetal physiology (Slotkin et al., 2012). Further, we found 

that nicotine also augmented the effects of postnatal exposure to chlorpyrifos directed 

toward acetylcholine systems (Slotkin and Seidler, 2015). Chlorpyrifos is a widely-used 

organophosphate pesticide, with virtually ubiquitous exposure of the human population 

(Casida and Quistad, 2004). In the adult, nicotine enhances chlorpyrifos catabolism, leading 

to lower levels and a smaller degree of cholinesterase inhibition by the pesticide (Lee et al., 
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2010); however, we found that prenatal nicotine treatment actually increased the ability of 

chlorpyrifos to inhibit brain cholinesterase in newborn rats (Slotkin and Seidler, 2015), 

pointing to a unique developmental sensitivity.

An interaction between nicotine and chlorpyrifos directed toward acetylcholine systems is 

logical, given that both agents enhance net cholinergic stimulation (Slotkin, 1999, 2004). 

However, the more general disruption of brain development by either agent also 

encompasses other neurotransmitters, notably serotonin (5-hydroxytryptamine, 5HT) 

(Aldridge et al., 2003. 2004. 2005a, 2005b; Muneoka et al., 1997; Slikker et al., 2005; 

Slotkin et al., 2006b, 2009a, 2009b; Slotkin and Seidler, 2005, 2010; Timofeeva et al., 2008; 

Xu et al., 2001). This may be an important contributor to the increased risk of depression 

associated with smoking or organophosphate exposure (Beseler et al., 2006, 2008; Chen et 

al., 2011; Goodman and Capitman, 2000; Jaga and Dharmani, 2007; Lee et al., 2007; 

Schuetze and Eiden, 2007; Upadhyaya et al., 2002; Wu and Anthony, 1999). Accordingly, in 

the current study, we examined whether prenatal exposure to nicotine alters the subsequent 

developmental neurotoxicity of chlorpyrifos directed toward 5HT synaptic function. As in 

our earlier study with this combination (Slotkin and Seidler, 2015), we used well-established 

treatment paradigms for both agents. Nicotine was given throughout gestation via implanted 

osmotic minipump, at a dose (3 mg/kg/day) that produces nicotine plasma levels similar to 

those in moderate smokers (Lichtensteiger et al., 1988; Murrin et al., 1987; Trauth et al., 

2000). Chlorpyrifos was then given to pups daily on postnatal days (PN) 1–4 at 1 mg/kg, a 

regimen that produces just-detectable inhibition of brain cholinesterase and that disrupts 

neurobehavioral development, but that is not systemically toxic (Slotkin, 1999, 2004, 2005; 

Song et al., 1997). This exposure model successfully predicts both the neurobehavioral 

deficits and abnormalities of brain structure seen in children exposed prenatally to 

chlorpyrifos (Bouchard et al., 2011; Engel et al., 2011; Rauh et al., 2006, 2011, 2012). Our 

study thus encompassed four treatment groups: control, nicotine alone, chlorpyrifos alone, 

and nicotine followed by chlorpyrifos. In addition, we evaluated sex differences, which are 

known to be important in the developmental neurotoxicity of both agents.

Our evaluations were conducted in cerebrocortical regions possessing major 5HT 

projections (frontal/parietal cortex, temporal/occipital cortex), studied throughout 

development from adolescence, to young adulthood and then to full adulthood, as the 

persistent effects of both nicotine and chlorpyrifos on 5HT systems emerge over these stages 

(Aldridge et al., 2003, 2004, 2005a, 2005b; Slotkin et al., 2006c, 2007b; Slotkin and Seidler, 

2005, 2010; Xu et al., 2001). First, we focused on 5HT1A and 5HT2 receptors, the subtypes 

that are known to be major targets for effects of nicotine and chlorpyrifos (Aldridge et al., 

2003, 2004, 2005a, 2005b; Slotkin et al., 2006c 2007b; Slotkin and Seidler, 2005, 2010; Xu 

et al., 2001), and that play major roles in 5HT-related mental disorders, including depression 

(Arango et al., 2001; Fujita et al., 2000; Yatham et al., 1999, 2000). Then, at two stages in 

adulthood, we assessed cerebrocortical 5HT presynaptic activity by measuring 

concentrations of 5HT and its principal metabolite, 5-hydroxyindoleacetic acid (5HIAA), 

calculating transmitter utilization (turnover) as the 5HIAA/5HT ratio. Further, we 

established whether persistent effects on 5HT receptors extended to other regions containing 

5HT projections (hippocampus, striatum) or 5HT cell bodies (midbrain, brainstem). Finally, 

we assessed the effect of these treatments on behavioral performance in the Novel Object 
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Recognition Test. We chose this test because of its dependence on 5HT1A and 5HT2 

receptor function (Meltzer et al., 2011) and because its sex-selectivity is highly dependent 

on 5HT systems (Sutcliffe et al., 2007).

MATERIALS AND METHODS

Animal treatments

All experiments were carried out humanely and with regard for alleviation of suffering, with 

protocols approved by the Duke University Animal Care and Use Committee and in 

accordance with all federal and state guidelines. Timed-pregnant Sprague-Dawley rats were 

shipped on the second day of gestation by climate-controlled truck (total transit time < 1 h), 

housed individually and allowed free access to food and water. There were four treatment 

groups, each comprising 10–12 litters: controls (prenatal vehicle infusion + postnatal vehicle 

injections), nicotine treatment alone (prenatal nicotine infusion + postnatal vehicle 

injections), chlorpyrifos treatment alone (prenatal vehicle infusion + postnatal chlorpyrifos 

injections), and those receiving the combined treatment (prenatal nicotine infusion + 

postnatal chlorpyrifos injections). On gestational day 4, before implantation of the embryo 

in the uterine wall, each animal was quickly anesthetized with ether, a small area on the 

back was shaved, and an incision made to permit s.c. insertion of a Model 2ML2 Alzet 

minipump, after which the incision was closed with wound clips. The pumps contained 

nicotine bitartrate dissolved in bacteriostatic water so as to deliver 3 mg/kg/day of nicotine 

free base, with the dosage determined by the initial body weights of the dams (215 ± 2 g); 

control pumps contained bacteriostatic water and equivalent concentrations of sodium 

bitartrate. Because weights increased with gestation, the dose rate fell accordingly to 2 

mg/kg/day by the end of the infusion period, but the dose rates remained well within the 

range that produces nicotine plasma levels similar to those in moderate smokers (Fewell et 

al., 2001; Trauth et al., 2000). It should be noted that the pump, marketed as a two week 

infusion device, actually takes approximately 17 days to be exhausted completely 

(information supplied by the manufacturer) and thus the nicotine infusion terminates on the 

21st day of gestation; in earlier work, we confirmed the termination of nicotine delivery 

coinciding with the calculated values (Trauth et al., 2000). Parturition occurred during 

gestational day 22, which was also taken as PN0.

After birth, pups were randomized within treatment groups and litter sizes were culled to 10 

(5 males and 5 females) to ensure standard nutrition. Control and nicotine-treated litters 

were then assigned to either the vehicle or chlorpyrifos postnatal treatment groups. 

Chlorpyrifos was dissolved in dimethylsulfoxide to provide consistent absorption (Whitney 

et al., 1995) and pups were injected subcutaneously at a dose of 1 mg/kg in a volume of 1 

ml/kg once daily on postnatal days 1–4; control pups received equivalent injections of the 

dimethylsulfoxide vehicle. This regimen has been shown previously to produce 

developmental neurotoxicity, including robust effects on 5HT systems, without eliciting 

growth retardation or any other signs of systemic toxicity (Aldridge et al., 2003. 2004. 

2005a, 2005b). Pups were weighed, litters were re-randomized within treatment groups and 

dams were rotated among litters within treatment groups every few days to distribute 

differential effects of maternal caretaking equally among all litters, making sure that all the 
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pups in a given litter were from the same treatment group to avoid the possibility that the 

dams might distinguish among pups with different treatments; cross-fostering, by itself, has 

no discernible impact on pup development (Nyirenda et al., 2001). Offspring were weaned 

on PN21. Subsequently, on PN30, 60, 100 and 150, animals were decapitated and brain 

regions were dissected into frontal/parietal cortex, temporal/occipital cortex, hippocampus, 

striatum, midbrain and brainstem. The two cortical regions were sectioned at the midline and 

the right half used for the current determinations. The left halves of the cortical regions were 

reserved for other studies, along with the cerebellum, which is sparse in 5HT projections; 

likewise, the hippocampus, striatum, midbrain and brainstem samples obtained on PN30 and 

PN60 were committed to other studies, whereas those from PN100 and PN150 were used 

here. Tissues were frozen in liquid nitrogen and stored at −80°C until assayed. For every set 

of determinations, each treatment group comprised 12 animals at each age point, equally 

divided into males and females, with each final litter assignment contributing no more than 

one male and one female to any of the treatment groups. Assays were conducted on each 

individual tissue, so that each determination represented a value from the corresponding 

brain region of one animal.

5HT receptors

All of the ligand binding methodologies used in this study have appeared in previous papers 

(Aldridge et al., 2004; Slotkin et al., 2006a; Slotkin and Seidler, 2005, 2007), so only brief 

descriptions will be provided here. Tissues were thawed and homogenized (Polytron, 

Brinkmann Instruments, Westbury, NY) in ice-cold 50 mM Tris (pH 7.4), and the 

homogenates were sedimented at 40,000 × g for 15 min. The pellets were washed by 

resuspension (Polytron) in homogenization buffer followed by resedimentation, and were 

then dispersed with a homogenizer (smooth glass fitted with Teflon pestle) in the same 

buffer. An aliquot was assayed for measurement of membrane protein (Smith et al., 1985). 

Two radioligands were used to determine 5HT receptor binding: 1 nM [3H]8-hydroxy-2-(di-

n-propylamino)tetralin for 5HT1A receptors, and 0.4 nM [3H]ketanserin for 5HT2 receptors. 

For 5HT1A receptors, specific binding was displaced by addition of 100 μM 5HT; for 5HT2 

receptors, we used 10 μM methylsergide for displacement.

5HT and 5HIAA

Tissues were thawed and homogenized in ice-cold 0.1 M perchloric acid and sedimented for 

20 min at 40,000 × g. The supernatant solution was collected and aliquots were used for 

analysis of 5HT and 5HIAA by high-performance liquid chromatography with 

electrochemical detection (Xu et al., 2001). Concurrently-run standards were used to 

calculate the regional concentrations. Transmitter turnover was calculated as the 

5HIAA/5HT ratio.

Novel Object Recognition Test

During the ninth postnatal week, 8–9 animals of each sex from each treatment group were 

assessed. First, the animals were habituated to the apparatus for a 10 min session on two 

consecutive days. Testing began on the third day with a 10 min information session with 

identical objects, followed by a 15 min, 1 hr, or 6 hr delay period. This was followed by a 
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subsequent 10 min session with dissimilar objects (one novel object and one object that had 

been used in the information session). Time spent with either object was recorded.

Data analysis

The initial statistical comparisons were conducted by a global ANOVA (data log-

transformed because of heterogeneous variance among regions, measures and ages) 

incorporating all the variables and measurements in a single test so as to avoid an increased 

probability of type 1 errors that might otherwise result from multiple tests of the same data 

set. The variables in the global test were prenatal treatment (vehicle, nicotine), postnatal 

treatment (DMSO vehicle, chlorpyrifos), brain region, age and sex, with multiple dependent 

measures (5HT1A receptor and 5HT2 receptor; 5HT and 5HIAA for the HPLC 

determinations); in both cases, the dependent measures were treated as repeated measures, 

since multiple determinations were derived from the same sample. Where we identified 

interactions of treatment with the other variables, data were then subdivided for lower-order 

ANOVAs to evaluate treatments that differed from the corresponding control. As permitted 

by the interaction terms, individual treatments that differed from control were identified with 

Fisher’s Protected Least Significant Difference Test. Where treatment effects were not 

interactive with other variables, we report only the main treatment effects without 

performing lower-order analyses of individual values. Significance was assumed at the level 

of p < 0.05.

Data were compiled as means and standard errors. To enable ready visualization of 

treatment effects across different regions, ages and measures, the results are given as the 

percent change from control values. Statistical procedures were always conducted on the 

original data, with log transforms because of heterogeneous variance as noted above. In 

addition, the log-transform evaluates the treatment differences as a proportion to control 

values, rather than as an arithmetic difference. This was important because of technical 

limitations: on any single day, we could conduct assays for all treatment groups and both 

sexes, but only for one region at one age point. Accordingly, representing the data as 

proportional differences (percent control) enables a full comparison of treatment effects and 

treatment interactions with all the other variables, even though absolute values for the 

controls cannot be compared across regions and ages. Graphs were scaled to encompass the 

different dynamic ranges of the changes in the various parameters. The absolute values for 

each set of determinations appear in the Supplemental Tables.

There were two separate issues addressed in the data analysis. First, we determined whether 

the effects of nicotine, chlorpyrifos, or the combination, differed from control values and 

from each other. Second, we wanted to assess whether the effects of the combination were 

additive (sum of individual effects of nicotine and chlorpyrifos), or non-additive 

(synergistic, less-than-additive or antagonistic). The first issue required an ANOVA 

regarding the four treatment groups as one factor (“treatment”), followed by post-hoc 

comparisons for intergroup differences. The second issue required that the nicotine and 

chlorpyrifos treatments be considered as two separate factors, with the interaction term 

(nicotine × chlorpyrifos) thus testing for additivity (not significant if additive, significant if 

non-additive).
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Materials

Animals were purchased from Charles River Laboratories (Raleigh, NC, USA) and 

chlorpyrifos was obtained from Chem Service (West Chester, PA, USA). PerkinElmer Life 

Sciences (Boston, MA, USA) was the source for [3H]8-hydroxy-2-(di-n-

propylamino)tetralin (specific activity, 135 Ci/mmol) and [3H]ketanserin (63 Ci/mmol). 

Methylsergide was obtained from Sandoz Pharmaceuticals (E. Hanover, NJ, USA) and all 

other chemicals came from Sigma Chemical Co. (St. Louis, MO, USA).

RESULTS

Maternal, litter and growth effects

The animals used in this study were littermates of those used for our earlier study of 

acetylcholine systems and the effects on litter characteristics and growth were presented 

previously (Slotkin and Seidler, 2015). Prenatal nicotine treatment reduced body weights in 

the pregnant dams by about 3% but there were no significant effects on the proportion of 

dams giving birth, litter size, birth weight or sex ratio. None of the treatment groups showed 

any growth impairment, nor were there deficits in brain region weights.

Cerebrocortical 5HT receptors

We first conducted a global ANOVA encompassing the factors of treatment, age, brain 

region and sex, and the dependent measures of the two receptor subtypes (considered as a 

repeated measure, since both were evaluated from the same samples). There was a main 

effect of treatment (p < 0.0001), reflecting significant differences between the control and 

nicotine groups (p < 0.0001), between the control and chlorpyrifos groups (p < 0.0001), 

between the nicotine group and the group receiving nicotine + chlorpyrifos (p < 0.005), and 

between the group receiving chlorpyrifos and the group receiving nicotine + chlorpyrifos (p 

< 0.05). The treatment effects interacted with the other factors (p < 0.0003 for treatment × 

age, p < 0.02 for treatment × sex, p < 0.02 for treatment × age × sex, p < 0.003 for treatment 

× age × region) and also were distinct for the two different receptor measures (p < 0.05 for 

treatment × measure, p < 0.0001 for treatment × age × measure, p < 0.04 for treatment × age 

× measure, p < 0.05 for treatment × age × sex × measure, p < 0.002 for treatment × age × 

region × measure). In light of these interactions, the data were subdivided so as to evaluate 

the two receptor subtypes individually for each treatment group, evaluating main treatment 

effects and interactions of treatment with the remaining variables (age, region, sex).

In addition to analyses where the treatment was considered as a single ANOVA variable 

with four categories (control, nicotine, chlorpyrifos, nicotine + chlorpyrifos), we also 

examined a global test where the treatments were regarded as two separate factors (prenatal 

treatment, postnatal treatment) so as to detect interactions between nicotine and chlorpyrifos 

treatments that would indicate synergistic, less-than additive or antagonistic effects. We 

found a significant interaction of nicotine × chlorpyrifos (p < 0.0001), reflecting the fact that 

the group receiving combined treatment had lower values across both receptor subtypes than 

would have been expected from summation of the individual effects of nicotine and 

chlorpyrifos. This interaction also depended on the other variables: nicotine × chlorpyrifos × 

age (p < 0.03), nicotine ×chlorpyrifos × measure (p < 0.03). Accordingly, we performed 
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similar analyses for each of the lower-order groupings to look for interactions between the 

nicotine and chlorpyrifos treatments.

For 5HT1A receptors, ANOVA encompassing all four treatment groups identified a main 

effect of treatment (p < 0.05) and interactions of treatment × age (p < 0.0001), treatment × 

age ×sex (p < 0.02), and treatment × age × region (p < 0.0001). Regarding the prenatal and 

postnatal treatments as two separate factors in the analysis, we also found a significant 

nicotine ×chlorpyrifos interaction (p < 0.05), indicative of effects that could not be 

accounted for by simple summation of the individual effects of each agent; the two 

treatment factors also interacted with age (nicotine × chlorpyrifos × age, p < 0.009) but not 

region or sex.

By itself, prenatal nicotine exposure elicited upregulation of cerebrocortical 5HT1A 

receptors that was selective for males (Figure 1A). Superimposed on this main treatment 

effect, there were age and regional differences (interactions of treatment × age and treatment 

× region). Values were elevated in adolescence and early adulthood but eventually reversed, 

showing deficits by PN150. The initial increases were greater and more persistent in the 

temporal/occipital cortex compared to the frontal/parietal cortex. A similar pattern was seen 

in the group receiving just postnatal chlorpyrifos (Figure 1B), with initial increases in 

5HT1A receptors, evolving to eventual deficits. Likewise, chlorpyrifos showed more rapid 

reversion in the frontal/parietal cortex as compared to temporal/occipital cortex. However, 

unlike nicotine, the effects of chlorpyrifos extended to females, albeit that the effects in 

males were still substantially greater. The group receiving both nicotine and chlorpyrifos 

showed a pattern qualitatively similar to those of the individual agents (Figure 1C). 5HT1A 

receptor binding was significantly elevated in males on PN30 and PN60, becoming 

subnormal in later adulthood, and with the decline emerging first in the frontal/parietal 

cortex.

To illustrate the differences in the main treatment effects among the three groups, we 

calculated the mean values for 5HT1A receptor binding, collapsed across the interactive 

variables (Fig. 1D). This simplified picture dilutes the effects seen for specific regions or 

ages by averaging them with data points for which there was no effect or an opposite effect, 

so that the absolute magnitude becomes smaller. Despite these limitations, there was an 

obvious overall pattern: the group receiving the combined exposure had lower values than 

those predicted from summation of the individual effects of nicotine and chlorpyrifos. This 

was verified by ANOVA treating nicotine and chlorpyrifos as two separate factors (nicotine 

× chlorpyrifos interaction, p < 0.05), indicative of an outcome that differed significantly 

from simple summation of the individual effects.

For 5HT2 receptors, ANOVA encompassing all four treatment groups again identified a 

main effect of treatment and interactions of treatment with the other variables: p < 0.0001 

for treatment, p < 0.009 for treatment × age, p < 0.0002 for treatment × sex, p < 0.05 for 

treatment × region. Regarding the prenatal and postnatal treatments as two separate factors, 

we also identified a significant nicotine × chlorpyrifos interaction (p < 0.0001), pointing to 

less-than-additive effects of the two agents; this was interactive with region (nicotine × 

chlorpyrifos × region, p < 0.05), although both cerebrocortical regions maintained a 
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significant interaction after subdivision of the data (nicotine × chlorpyrifos, p < 0.0001 for 

both frontal/parietal cortex and temporal/occipital cortex).

The group receiving just prenatal nicotine showed significant elevations in cerebrocortical 

5HT2 receptors, with a greater effect in males than in females (Figure 2A); unlike the 

situation seen for 5HT1A receptors, the increase in 5HT2 receptors did not reverse in late 

adulthood. Again, the main treatment effects of chlorpyrifos were similar to those of 

nicotine, with significant increases in 5HT2 receptors that were preferentially greater in 

males (Figure 2B). When prenatal nicotine treatment was followed by postnatal 

chlorpyrifos, there were the same overall increases in males but in contrast, the effects were 

no longer significant in females (Figure 2C). These differences were further apparent when 

the treatment effects were collapsed across ages and regions (Figure 2D). In males, the 

group receiving combined exposure exhibited smaller increases than those seen with either 

agent alone, and clearly much less than would have been expected from summation of the 

individual effects; in females, there were increases with either agent alone, smaller than 

those seen in males, but the combined treatment actually produced a slight reduction in 

5HT2 receptors instead of the larger increase that would have been predicted from additive 

effects. These differences were reflected in a significant nicotine × chlorpyrifos interaction 

(p < 0.0001).

Finally, we noted that the sex-selective effects of the various treatments were superimposed 

on underlying, normal sex differences in 5HT receptors, which showed a characteristically 

higher value in females than in males (Supplementary Tables 1 and 2). Accordingly, we 

compared the sex differences under each of the treatment conditions (ANOVA separated by 

treatment, with factors of sex, region and age). The controls showed a significant main effect 

of sex for both 5HT1A and 5HT2 receptors (female > male, p < 0.05 and p < 0.0001, 

respectively). These sex differences were eliminated (no main effect of sex) by nicotine 

treatment, chlorpyrifos treatment, or the combined exposure.

Cerebrocortical 5HT and 5HIAA levels

The global ANOVA, encompassing all the factors (treatment, age, brain region, sex) with 

the two dependent measures of 5HT and 5HIAA (repeated measures) identified a main 

effect of treatment (p < 0.004) and an interaction of treatment × measure (p < 0.005). 

Accordingly, we separated the data for the two measures and performed lower-order tests 

for treatment effects and interactions with the remaining variables. Regarding the treatments 

as two separate factors, we found a significant interaction of nicotine × chlorpyrifos × 

measure (p < 0.002) and therefore made the same comparisons separately for 5HT and 

5HIAA.

Analysis of 5HT levels for all four treatments identified a significant main treatment effect 

(p < 0.02) but no interactions of treatment with other variables, so values were separated for 

the individual treatments and reexamined for main treatment effects individually. We did not 

see any statistically significant changes in cerebrocortical 5HT levels with either prenatal 

nicotine (Figure 3A) or postnatal chlorpyrifos (Figure 3B), although there was a trend 

toward increased values in the latter group. Notably, though, the group receiving the 

combined treatment uniquely showed significant overall increases (Figure 3C). These 
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differences were more apparent when the values were collapsed across sex, age and region 

to illustrate the main treatment effects (Figure 3D). Nicotine had little or no overall effect, 

chlorpyrifos caused a small increase, but the combination caused a much larger increase, 

significantly greater than would have been expected from the summation of the individual 

effects (nicotine × chlorpyrifos, p < 0.05).

Just as for 5HT, cerebrocortical 5HIAA levels evaluated for all four treatment groups 

showed a main effect of treatment (p < 0.02) without interactions of treatment with the other 

variables. For the group receiving nicotine alone, there was a significant overall elevation in 

5HIAA (Figure 4A). By itself, chlorpyrifos had very similar effects (Figure 4B) as did the 

group receiving combined treatment (Figure 4C). Analysis of the main treatment effects 

collapsed across sex, region and age showed the increases from each individual agent, and 

an effect of the combination that was not substantially greater than the individual treatments, 

but that was significantly smaller than would have been expected if the effects had been 

additive (nicotine × chlorpyrifos, p < 0.05).

In light of the opposite directions obtained for nicotine × chlorpyrifos interactions for 5HT 

(synergistic) and 5HIAA (less than additive), we used the 5HT and 5HIAA values to 

calculate cerebrocortical 5HT turnover, determined by the 5HT/5HIAA ratio. The global 

ANOVA for turnover found a main treatment effect (p < 0.005). The turnover ratio was 

elevated by either nicotine (Figure 5A) or chlorpyrifos (Figure 5B) alone but the effect was 

less evident in the group receiving the combined treatment (Figure 5C). The values 

collapsed across sex, age and region (Figure 5D) showed a substantial main effect of 

nicotine, a slightly smaller effect of chlorpyrifos, and an even smaller effect in the group 

given both nicotine and chlorpyrifos that was clearly distinguishable from summation of the 

individual effects (nicotine × chlorpyrifos, p < 0.002).

5HT receptors in other regions

To determine whether the treatment effects seen in the cerebral cortex were shared by other 

brain regions, we conducted additional studies on PN100 and PN150, encompassing regions 

with 5HT nerve terminals (striatum, hippocampus) and cell bodies (midbrain, brainstem). 

Global ANOVA encompassing all factors (all treatments, age, brain region, sex) and both 

dependent measures (5HT1A and 5HT2 receptors; repeated measure) identified treatment 

interactions with all the variables: p < 0.04 for treatment × age, p < 0.05 for treatment × sex, 

p < 0.03 for treatment × region, p < 0.05 for treatment × sex × region, p < 0.001 for 

treatment × age × measure, p < 0.0001 for treatment × age × region × measure, and p < 0.05 

for treatment × age × sex × region × measure. Regarding the nicotine and chlorpyrifos 

treatments as two separate factors, we found significant interactions of the two treatments 

with the other measures: p < 0.02 for nicotine × chlorpyrifos × age, p < 0.02 for nicotine × 

chlorpyrifos × age × measure, p < 0.05 for nicotine × chlorpyrifos × sex × measure, p < 

0.0001 for nicotine × chlorpyrifos × age × region × measure, and p < 0.03 for nicotine × 

chlorpyrifos × age × sex × region × measure. Accordingly, results were separated into the 

individual treatments and receptor subtypes for further analyses.

Analysis of treatment effects on 5HT1A receptors in the four brain regions showed 

significant interactions of treatment with the other variables: p < 0.002 for treatment × age, p 
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< 0.02 for treatment × sex, and p < 0.05 for treatment × age × region. By itself, prenatal 

nicotine treatment evoked significant upregulation of 5HT1A receptors that was preferential 

for males, was largest in the striatum and waned between PN100 and PN150 (Figure 6A). 

Postnatal chlorpyrifos exposure evoked a similar pattern (Figure 6B), as did the combined 

exposure to both nicotine and chlorpyrifos (Figure 6C). Importantly, the effects in the latter 

group were no larger than those seen with nicotine alone, so that the net effect was 

significantly less than would have been expected from additivity of the two individual 

agents. Accordingly, when nicotine and chlorpyrifos were treated as two separate factors, 

there was: (1) a nicotine × chlorpyrifos × age interaction (p < 0.004), reflecting the fact that 

the less-than-additive response involved primarily the PN100 age point (nicotine × 

chlorpyrifos, p < 0.005); (2) a nicotine × chlorpyrifos × sex interaction, reflecting the greater 

impact on males (nicotine × chlorpyrifos, p < 0.006) than females (not significant); and (3) a 

nicotine × chlorpyrifos × age × region interaction (p < 0.008), reflecting the fact that the 

predominant effect was in the striatum, with a more prominent interaction on PN100 

(nicotine × chlorpyrifos, p < 0.009) than on PN150 (nicotine × chlorpyrifos, p < 0.05). To 

illustrate these interactions, we collapsed the main treatment effects across regions for 

PN100, the age point showing the significant overall nicotine × chlorpyrifos interaction 

(Figure 6D). Both nicotine and chlorpyrifos by themselves evoked robust overall increases 

in 5HT1A receptors in males, with a much smaller effect in females. The group receiving the 

combination treatment showed lower values than with either agent alone, well below the 

values expected from additive effects of nicotine and chlorpyrifos.

For 5HT2 receptors, the overall ANOVA found that treatment effects depended on the 

factors of region and sex, but not age: p < 0.007 for treatment × region, and p < 0.02 for 

treatment × region × sex. For nicotine treatment, there was an overall upregulation of 5HT2 

receptors (main treatment effect) that was regionally-dependent, with significant increases in 

hippocampus, midbrain and brainstem (Figure 7A); we did not detect any sex-preference (no 

significant treatment × sex interaction). In contrast, chlorpyrifos specifically affected the 

male striatum, whereas effects in females or in other regions were more variable (Figure 

7B). For the group receiving combined treatment, we found a significant sex difference 

(treatment × sex, p < 0.02), with preferential upregulation in males (Figure 7C); again, 

though, the upregulation was no larger than that seen for the individual agents, pointing to 

less-than-additive effects. Treating nicotine and chlorpyrifos as two separate treatment 

factors, we found a significant interaction that depended on sex and region (nicotine × 

chlorpyrifos × sex × region, p < 0.03). After subdivision of the data by those two variables, 

we found a nicotine × chlorpyrifos interaction in the male midbrain (p < 0.05) and the 

female hippocampus (p < 0.02). As shown in Figure 7D, these interactions once again 

reflected clearly less-than-additive effect of the combination treatment and indeed, for 

females, the combination had a far lower effect than for either individual agent.

Like the cerebrocortical regions, control values for 5HT receptors in the other four regions 

showed higher values in females than males (main effect of sex, p < 0.006 for 5HT1A, p < 

0.03 for 5HT2; Supplementary Tables 1 and 2). Again, these sex differences were no longer 

apparent in any of the three treatment groups.

Slotkin et al. Page 11

Brain Res Bull. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Novel Object Recognition Test

Treatment effects on performance in the novel object recognition test were highly sex-

dependent (Figure 8). Whereas controls showed the typical pattern of females spending 

more time spent with the novel object than males, this preference was reversed in the groups 

exposed either to nicotine or chlorpyrifos alone (treatment × sex interaction, p < 0.002 and p 

< 0.02, respectively). Nicotine raised the value in males while suppressing it in females; 

chlorpyrifos reduced the value in females while leaving males unchanged. The group 

receiving combined exposure showed a slight (nonsignificant) increase in time spent with 

the novel object in males, and a small (nonsignificant) decrease in females; nevertheless, 

these trends reduced the sex difference normally seen for this test, and the effects were 

significantly non-additive for each sex (nicotine × chlorpyrifos × sex, p < 0.0009) and in the 

opposite direction from the effects of nicotine alone (treatment × sex, p < 0.02).

DISCUSSION

In our earlier work, we showed that postnatal chlorpyrifos exposure leads to upregulation of 

5HT receptors preferentially in males, comprising both direct effects on 5HT synaptic 

development and adaptive responses to injury (Aldridge et al., 2004, 2005b; Slotkin et al., 

2014; Slotkin and Seidler, 2005). In particular, 5HT hyperactivity served to replace lost 

cholinergic function, leading to situations where responses normally mediated by 

acetylcholine instead became dependent on 5HT (Aldridge et al., 2005a). In the current 

study, we found that prenatal nicotine exposure likewise led to later-life upregulation of 

5HT receptors, again, preferentially in males; for both nicotine and chlorpyrifos 

individually, the effects on receptor expression showed distinct temporal and regional 

patterns, compatible with adaptive change rather than just an extension of the initial injury. 

It was thus surprising that when the two exposure paradigms were combined, we did not 

find an augmented effect and instead, actually observed a much smaller degree of 

upregulation than would be expected from summation, and often less than with either agent 

alone. There are two possibilities: either nicotine is protecting the developing nervous 

system from the subsequent effects of chlorpyrifos, or the combination is suppressing the 

emergence of adaptive responses to the initial injury. As shall be presented below, the latter 

is more likely.

Nicotine can provide protection against a variety of neurotoxic insults, in part by promoting 

neurotrophic activity (Belluardo et al., 2000; Ferrea and Winterer, 2009; Kawamata and 

Shimohama, 2011). Indeed, we previously found that nicotine can protect neuronotypic cells 

in culture from the direct antimitotic and oxidative effects of chlorpyrifos (Qiao et al., 2003, 

2005; Slotkin et al., 2007a). Nevertheless, using the same in vivo treatment model as in the 

present study, we found that prolonged prenatal nicotine exposure actually worsened the 

impact of chlorpyrifos on the development of cholinergic synaptic function (Slotkin and 

Seidler, 2015), reflecting the fact that nicotine itself is a developmental neurotoxicant 

(Slotkin, 2008). Thus, the question is whether the present results, a smaller-than-expected 

upregulation of cerebrocortical 5HT receptors from combined exposure relative to the 

predicted, additive actions of the two agents, is a reflection of neuroprotection. If nicotine is 

serving solely as a neuroprotectant, then the net effect of combined exposure should be no 
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different from that of nicotine alone. Instead, though, we found that receptor expression in 

animals given both nicotine and chlorpyrifos was lower than that of nicotine, and typically 

lower than that of chlorpyrifos as well. Indeed, for females, the combined exposure 

produced a net reduction in cerebrocortical 5HT2 receptor expression, whereas each agent 

alone elicited an increase. This pattern of smaller upregulation repeated itself in the other 

brain regions as well, showing that the unexpected interaction is occurring in 5HT 

projections throughout the brain.

Sequential exposure to nicotine followed by chlorpyrifos thus produces a unique suppression 

of 5HT receptor expression relative to that achieved by the individual agents. Since many of 

the effects of chlorpyrifos on 5HT systems represent adaptations to the initial injury 

(Aldridge et al., 2004, 2005a, 2005b; Slotkin et al., 2014; Slotkin and Seidler, 2005), we 

next pursued the issue of whether a reduced effect on 5HT receptor expression was a 

reaction to enhanced 5HT presynaptic activity, which would be expected to downregulate 

5HT receptors; if this were the explanation for the lowered effect of combined treatment, 

then we would expect to see a greater activation of 5HT presynaptic input, reflected in 

higher transmitter turnover, but in fact, we found the opposite (reduced turnover). The group 

receiving combined exposure did have higher 5HT concentrations than seen with just 

nicotine or chlorpyrifos individually, which could reflect either an increased density of 

innervation, or a reduction in 5HT turnover, leading to accumulation of 5HT in presynaptic 

terminals. The latter conclusion was substantiated: there was no corresponding increase in 

5HIAA in the combined exposure group compared to individual treatments, and the turnover 

(5HIAA/5HT ratio) was substantially lower than with nicotine or chlorpyrifos alone, 

indicating a reduction in the amount of 5HT actually entering the synaptic cleft. The 

combined treatment thus produced a situation where presynaptic activity was lowered, and 

instead of evoking a further compensatory increase in 5HT receptor expression, the 

receptors were likewise reduced relative to the values of the individual agents. The net effect 

is thus an impairment of the adaptive responses of 5HT synapses to chlorpyrifos-induced 

injury. This conclusion is reinforced by similar findings in our previous work with the 

combination of prenatal dexamethasone and postnatal chlorpyrifos, which likewise found 

interference with compensatory adaptations, thus worsening the outcomes for synaptic and 

behavioral performance (Levin et al., 2014; Slotkin et al., 2013, 2014).

The Novel Object Recognition Test provided an opportunity to test the conclusion that 

nicotine did not simply protect the developing brain from the adverse effects of chlorpyrifos. 

This test normally shows distinct sex differences that are dependent on 5HT systems, with 

females showing greater time with the novel object compared to males (Meltzer et al., 2011; 

Sutcliffe et al., 2007). Accordingly, we made our assessment during the period of peak 

effects on 5HT receptors. Nicotine alone reversed the sex preference by increasing 

performance in males and decreasing it in females; in contrast, chlorpyrifos had little effect 

on males but lowered values substantially in females, thus eliminating the sex difference. 

The group receiving both agents showed slightly higher values in males and slightly lower 

values in females, with neither effect individually significant, but the combined effects still 

lowered the sex difference to the point of nonsignificance. There was a mechanistic 

connection of these behavioral findings to the 5HT receptor measurements: normal sex 
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differences in receptor expression were eliminated by the same treatments. Although the 

Results section provides the statistical outcomes supporting the loss of sex differences for 

each receptor subtype separately for cerebrocortical and other regions, to illustrate this 

conclusion more clearly, we collapsed the values across all brain regions, all time points and 

both receptor subtypes (Figure 9); in the control group, receptor binding was highly 

significantly greater in females than in males (p < 0.003), whereas there were no significant 

differences in the groups receiving nicotine, chlorpyrifos, or the combined treatment.

Finally, our results, showing an evolving pattern of changes in 5HT function over the 

lifespan, reinforce the concept that neurogenesis and formation of synaptic circuits, 

ordinarily considered to be primarily “developmental” events, actually continue into 

adulthood and senescence; in the present study, this was evident in the progressive changes 

in 5HT receptors and 5HT turnover occurring between adolescence, young adulthood, and 

full adulthood. In general, 5HT function and associated neurochemical markers achieve 

adult values by three months of age in the rat, but then show marked declines beginning at 

about six months, just past the final age point that we evaluated here (Nyakas et al., 1997; 

Slotkin et al., 2007b). It would be extremely important to evaluate in future studies, whether 

nicotine, chlorpyrifos, or the combined exposure accelerates the age-related decline in 5HT 

function. We have already shown such an effect after early-life exposure to another 

organophosphate pesticide, parathion (Levin et al., 2010).

The present results thus show that prenatal nicotine treatment changes the response of 5HT 

systems to subsequent chlorpyrifos exposure, specifically leading to impairment of adaptive 

increases in 5HT receptors and presynaptic activity; hence the combined treatment produces 

a global interference with 5HT synaptic function not seen with either agent alone. Because 

the unique effect is superimposed on the direct actions of each toxicant, the smaller 

upregulation of 5HT receptors could be mistaken for partial neuroprotection by nicotine, but 

evaluation of presynaptic activity and of the temporal, regional and sex-dependent patterns 

indicates otherwise. This mirrors our conclusions for the effects of nicotine on the 

developmental neurotoxicity of chlorpyrifos directed toward cholinergic pathways (Slotkin 

and Seidler, 2015) and resembles our findings for prenatal dexamethasone treatment, which 

likewise interfered with adaptive responses to chlorpyrifos, thus augmenting the 

deterioration of synaptic function and behavioral performance (Levin et al., 2014; Slotkin et 

al., 2013, 2014). In addition to the known liabilities associated with maternal smoking 

during pregnancy, our results point to additional costs in the form of heightened 

vulnerability to neurotoxic chemicals encountered later in life.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

5HIAA 5-hydroxydindoleacetic acid

5HT 5-hydroxytryptamine, serotonin

ANOVA analysis of variance

GD gestational day

PN postnatal day
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• Nicotine (maternal smoking) and organophosphate pesticide coexposures are 

common

• We gave nicotine to rats prenatally, followed by neonatal chlorpyrifos

• Combined exposure uniquely suppressed indices of serotonin synaptic function

• Behavior (Novel Object Recognition Test) paralleled neurochemical effects

• Nicotine exposure may create a subpopulation that is vulnerable to 

neurotoxicants
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Figure 1. 
Effects of nicotine (A), chlorpyrifos (B), and combined treatment (C) on 5HT1A receptor 

binding in frontal/parietal cortex (f/p) and temporal/occipital cortex (t/o), shown as the 

percent change from control values (see original values in Supplementary Table 1). 

Multivariate ANOVA for each treatment appears at the top of the panels. Where there were 

interactions of treatment with age, region and/or sex, the corresponding lower order tests are 

presented within the panels; in the absence of interactions, only the main treatment effects 

are given. Panel (D) shows the simple main treatment effects for each sex, collapsed across 

regions and ages. Abbreviation: NS, not significant.
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Figure 2. 
Effects of nicotine (A), chlorpyrifos (B), and combined treatment (C) on 5HT2 receptor 

binding in frontal/parietal cortex (f/p) and temporal/occipital cortex (t/o), shown as the 

percent change from control values (see original values in Supplementary Table 2). 

Multivariate ANOVA for each treatment appears at the top of the panels. Where there were 

interactions of treatment with age, region and/or sex, the corresponding lower order tests are 

presented within the panels; in the absence of interactions, only the main treatment effects 

are given. Panel (D) shows the simple main treatment effects for each sex, collapsed across 

regions and ages. Abbreviation: NS, not significant.
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Figure 3. 
Effects of nicotine (A), chlorpyrifos (B), and combined treatment (C) on 5HT levels in 

frontal/parietal cortex (f/p) and temporal/occipital cortex (t/o), shown as the percent change 

from control values (see original values in Supplementary Table 3). Multivariate ANOVA 

for each treatment appears at the top of the panels. Because treatment did not interact with 

the other variables, only the main treatment effects are given. Panel (D) shows the simple 

main treatment effects, collapsed across regions and ages, and combined for males and 

females because of the absence of a treatment × sex interaction. Abbreviation: NS, not 

significant.
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Figure 4. 
Effects of nicotine (A), chlorpyrifos (B), and combined treatment (C) on 5HIAA levels in 

frontal/parietal cortex (f/p) and temporal/occipital cortex (t/o), shown as the percent change 

from control values (see original values in Supplementary Table 3). Multivariate ANOVA 

for each treatment appears at the top of the panels. Because treatment did not interact with 

the other variables, only the main treatment effects are given. Panel (D) shows the simple 

main treatment effects, collapsed across regions and ages, and combined for males and 

females because of the absence of a treatment × sex interaction.
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Figure 5. 
Effects of nicotine (A), chlorpyrifos (B), and combined treatment (C) on 5HT turnover 

(5HIAA/5HT ratio) in frontal/parietal cortex (f/p) and temporal/occipital cortex (t/o), shown 

as the percent change from control values (see original values in Supplementary Table 3). 

Multivariate ANOVA for each treatment appears at the top of the panels. In A and B, 

treatment did not interact with the other variables, so only the main treatment effects are 

given; in C, the significant treatment × region interaction triggered a lower-order analysis of 

individual regions, shown at the top of the panel. Panel (D) shows the simple main treatment 

effects, collapsed across regions and ages, and combined for males and females because of 

the absence of a treatment × sex interaction.
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Figure 6. 
Effects of nicotine (A), chlorpyrifos (B), and combined treatment (C) on 5HT1A receptor 

binding in striatum (st), hippocampus (hp), midbrain (mb) and brainstem (bs), shown as the 

percent change from control values (see original values in Supplementary Table 1). 

Multivariate ANOVA for each treatment appears at the top of the panels. Where there were 

interactions of treatment with age, region and/or sex, the corresponding lower order tests are 

presented within the panels; in the absence of interactions, only the main treatment effects 

are given. Panel (D) shows the simple main treatment effects for each sex, collapsed across 

regions, for PN100, the age at which there was a significant nicotine × chlorpyrifos 

interaction (p < 0.005). Abbreviation: NS, not significant.
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Figure 7. 
Effects of nicotine (A), chlorpyrifos (B), and combined treatment (C) on 5HT2 receptor 

binding in striatum (st), hippocampus (hp), midbrain (mb) and brainstem (bs), shown as the 

percent change from control values (see original values in Supplementary Table 2). 

Multivariate ANOVA for each treatment appears at the top of the panels, along with lower 

order tests for individual regions or sexes as permitted by the appropriate interaction terms.. 

Panel (D) shows the simple main treatment effects for each sex, collapsed across age, for the 

individual regions showing a significant nicotine × chlorpyrifos interaction (male midbrain, 

p < 0.05; female hippocampus, p < 0.02). Abbreviation: NS, not significant.
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Figure 8. 
Effects of nicotine, chlorpyrifos and combined treatment on performance in the Novel 

Object Recognition Test. ANOVA appears at the top of the panel and asterisks denote 

values that differ significantly from the corresponding control.
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Figure 9. 
Overall sex differences in 5HT receptor binding, collapsed across all brain regions, all age 

points and both receptor subtypes. Data are geometric means derived from the data in 

Supplemental Tables 1 and 2. The sex difference is statistically significant for controls (p < 

0.003 for main effect of sex), but not for any of the other treatment groups.
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