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Abstract

Terbutaline and dexamethasone are used in the management of preterm labor, often for durations 

of treatment exceeding those recommended, and both have been implicated in increased risk of 

neurodevelopmental disorders. We used a variety of cell models to establish the critical stages at 

which neurodifferentiation is vulnerable to these agents and to determine whether combined 

exposures produce a worsened outcome. Terbutaline selectively promoted the initial emergence of 

glia from embryonic neural stem cells (NSCs). The target for terbutaline shifted with 

developmental stage: at later developmental stages modeled with C6 and PC12 cells, terbutaline 

had little effect on glial differentiation (C6 cells) but impaired the differentiation of neuronotypic 

PC12 cells into neurotransmitter phenotypes. In contrast to the specificity shown by terbutaline, 

dexamethasone affected both neuronal and glial differentiation at all stages, impairing the 

emergence of both cell types in NSCs but with a much greater impairment for glia. At later stages, 

dexamethasone promoted glial cell differentiation (C6 cells), while shifting neuronal cell 

differentiation so as to distort the balance of neurotransmitter phenotypes (PC12 cells). Finally, 

terbutaline and dexamethasone interacted synergistically at the level of late stage glial cell 

differentiation, with dexamethasone boosting the ability of terbutaline to enhance indices of glial 

cell growth and neurite formation while producing further decrements in glial cell numbers. Our 

results support the conclusion that terbutaline and dexamethasone are directly-acting 

neuroteratogens, and further indicate the potential for their combined use in preterm labor to 

worsen neurodevelopmental outcomes.
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1. INTRODUCTION

Preterm delivery is a leading cause of perinatal morbidity and mortality, and of lasting 

neurobehavioral deficits. In the U.S., approximately 10% of live births occur preterm, and 

the rates are rising (Martin et al. 2017), reversing a longstanding trend. Glucocorticoids, 

notably dexamethasone, are the consensus treatment for preterm labor occurring between 24 

and 34 weeks of gestation, so as to prevent neonatal respiratory distress syndrome (Gilstrap 

et al. 1995). β-Adrenergic receptor (βAR) agonists, particularly β2AR-selective drugs like 

terbutaline, are also typically given for up to 48 hr, with the intent of inhibiting uterine 

contractions for a sufficient period to enable the glucocorticoids to act (Haas et al. 2014).

In clinical practice, both glucocorticoids and β2AR agonists are often given for much longer 

durations than those that are recommended, with dexamethasone administered in repeated 

courses (Dammann and Matthews 2001) and terbutaline given continuously over a period of 

many weeks (Elliott and Morrison 2013; Perna et al. 2014). It is increasingly clear that there 

are harmful consequences to these therapies. The developmental neurotoxicity of 

glucocorticoids is well established, as these agents disrupt neural cell replication and 

differentiation, producing synaptic deficiencies that ultimately result in neurobehavioral, 

endocrine and cardiovascular disorders (Cavalieri and Cohen 2006; Drake et al. 2007; Meyer 

1985; Moritz et al. 2005; Pryce et al. 2011; Rokyta et al. 2008; Tegethoff et al. 2009); 

adverse outcomes have now been verified in children prenatally exposed to glucocorticoids 

(Crowther et al. 2007; Hirvikoski et al. 2007; Needelman et al. 2008; Newnham 2001; 

Peltoniemi et al. 2011). However, the potential for neurobehavioral deficits resulting from 

terbutaline treatment are less well recognized. βARs, including the β2 subtype, are 

expressed prominently throughout the developing brain (Harden et al. 1977; Lorton et al. 

1988) and control the balance between neural cell replication and apoptosis (Garofolo et al. 

2003; Hodges-Savola et al. 1996; Slotkin et al. 1988; Zhu et al. 1998, 1999). In animal 

models, developmental exposure to terbutaline leads to glial activation (Rhodes et al. 2004; 

Zerrate et al. 2007), a hallmark of neurotoxicity (O’Callaghan 1993), culminating in 

abnormalities of brain structure, impaired synaptic function and behavioral deficits 

(Aldridge et al. 2005; Meyer et al. 2005; Rhodes et al. 2004; Slotkin et al. 1989; Slotkin and 

Seidler 2007; Zerrate et al. 2007). In clinical studies, prolonged use of terbutaline to prevent 

preterm delivery increases the risk of autism, learning disabilities and neuropsychiatric 

disorders in the offspring (Connors et al. 2005; Croen et al. 2011; Perna et al. 2014; Pitzer et 

al. 2001; Witter et al. 2009), particularly in individuals with β2AR polymorphisms that 

impair the ability to desensitize the receptors (Connors et al. 2005). Indeed, many of the 

structural, synaptic functional and behavioral features of autism are recapitulated by 

developmental exposure to terbutaline in animal models (Bercum et al. 2015; Slotkin 2008; 

Slotkin and Seidler 2013; Zerrate et al. 2007). In acknowledgment of these and other 

problems, and in light of the lack of efficacy of terbutaline for maintenance tocolysis, the 

U.S. Food and Drug Administration issued a “black box” warning against terbutaline use 

beyond an initial 48 hr period (U.S. Food and Drug Administration 2011a, b).

In the current study, we explored two aspects of the developmental neurotoxicity resulting 

from pharmacotherapies of preterm labor: (1) the mechanism of action and targets for 

adverse effects of terbutaline compared to dexamethasone, and (2) the effects of combination 
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therapy, specifically the potential for these two agents to produce synergistic effects on 

neural cell development. We made use of in vitro models that encompass two “decision 

nodes” that define critical stages of neurodifferentiation that are vulnerable to toxicant injury 

(Slotkin et al. 2016, 2017a). First, we used neural stem cells (NSCs) derived from rat 

neuroepithelium on embryonic day 14, when separation into neurons and glia is determined, 

so as to examine how the treatments divert neural fate toward or away from neuronal and 

glial phenotypes (Slotkin et al. 2016, 2017a). In addition to this early decision node, we also 

examined a later node after the commitment to glial or neuronal phenotypes, characterized 

by effects on neuronotypic PC12 cells or gliotypic C6 cells, both of which are derived from 

the same species (rat) as the NSCs. PC12 cells are already committed to a neuronal 

phenotype and their subsequent differentiation involves selection of one of two 

neurotransmitters, dopamine or acetylcholine (Teng and Greene 1994). C6 cells closely 

mimic later stage differentiation of astroglia, including the transition from cell replication to 

cell enlargement and neurite formation (Garcia et al. 2005).

Importantly, βARs, the target for terbutaline, are present on neural precursor cells and 

regulate their proliferation and differentiation (Ishizuka et al. 2012; Jhaveri et al. 2010, 2014; 

Masuda et al. 2012). Likewise, βARs, including the β2AR subtype, are present in both PC12 

and C6 cells (Haack et al. 2010; Jia et al. 2015; Neve and Molinoff 1986; Zhong and 

Minneman 1993). We have already used these cell models to elucidate the mechanism of 

action and critical stages of vulnerability to a variety of developmental neurotoxicants (Qiao 

et al. 2001; Slotkin et al. 2016, 2017a, b) and here, we used the same approach for 

terbutaline alone and in combination with dexamethasone.

2. MATERIALS & METHODS

2.1 NSC cultures and treatments

The techniques for NSC preparation, culturing and assays have all appeared previously 

(Slotkin et al. 2016). Primary neural stem cells (passage zero; MTI-GlobalStem, 

Gaithersburg, MD) were isolated from rat cortical neuroepithelium on embryonic day 14 and 

were frozen in DMEM/F-12 medium with N2 supplement (MTI-GlobalStem) and 10% 

dimethylsulfoxide. Cells were thawed and plated at 35,000 cells/cm2 on 12 mm coverslips 

pre-coated with poly-L-ornithine, contained in 24-well culture plates. The culture medium 

consisted of DMEM/F-12, GlutaMAX™ with N2 Supplement, 20 ng/ml human fibroblast 

growth factor and 20 ng/ml epidermal growth factor (all from MTI-GlobalStem). Cultures 

were maintained in a humidified incubator at 37° C with 5% CO2. Twenty-four hours later, 

the medium was changed to initiate spontaneous differentiation by eliminating the two 

growth factors, with the addition of 200 μM ascorbic acid and the test compounds, 

terbutaline hemisulfate, dexamethasone phosphate and d,l-propranolol HCl (all from Sigma-

Aldrich, St. Louis, MO). After 3 days, half the medium was replaced, including the 

indicated treatment agents, and the exposures were continued for another 3 days (6 days 

total exposure). Concentration ranges for all agents were chosen based on prior work with in 

vitro models (Haack et al. 2010; Jameson et al. 2006a; Jia et al. 2015; Lemmens et al. 2017; 

Markus et al. 2010; Slotkin et al. 2016; Zhong and Minneman 1993).
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2.2 NSC assays

At the end of the exposure period, the medium was removed and the coverslips washed with 

Dulbecco’s phosphate-buffered saline, fixed with 4% paraformaldehyde and washed three 

times with Dulbecco’s phosphate-buffered saline containing additional Ca2+ and Mg2+. 

Cells were permeabilized for 30 min in phosphate buffered saline containing 0.2% Triton 

X-100, washed three times with phosphate buffered saline (without Triton), followed by a 30 

min incubation in BlockAid™ solution. Cells expressing a neuronal or astroglial phenotype 

were identified by immunocytochemistry according to manufacturers’ instructions, using 

microtubule-associated protein 2 (MAP2) for neurons and glial fibrillary acidic protein 

(GFAP) for astroglia. After permeabilization, the coverslips were incubated for 1 hr at room 

temperature using rabbit anti-MAP2 (1:200) and rat anti-GFAP (1:20) in BlockAid™. 

Coverslips were rinsed four times with phosphate-buffered saline and then incubated for 1 hr 

at room temperature with the appropriate fluor-conjugated secondary antibodies (donkey 

anti-rabbit IgG Alexa Fluor 647 and goat anti-rat IgG Alexa Fluor 555) diluted 1:400 in 

BlockAid™. After an additional five rinses with phosphate buffered saline, coverslips were 

incubated for 5 min with 300 nM 4′,6-diamidino-2-phenylindole (DAPI) nucleic acid stain 

to label individual cells. Coverslips were rinsed three times with phosphate buffered saline 

and mounted onto glass slides using ProLong Diamond Antifade mountant. All reagents for 

the NSC assays were obtained from MTI-GlobalStem except for rabbit anti-MAP2 (EMD 

Millipore, Billerica MA) and antifade mountant (Thermo Fisher Scientific, Waltham, MA).

Images of 3 to 4 fields/slide (each field = 3.22 × 105 μm2) were captured using a Zeiss Axio 

Imager widefield fluorescence microscope with 200× magnification and quantified for total 

cells (DAPI-positive stain for nuclei); across the multiple fields in a given culture, thousands 

of cells were counted. Each cell was then examined to see if it expressed a neuronal 

phenotype (MAP2-positive) or a glial phenotype (GFAP-positive). A cell was counted as 

positive only when the stain for a given phenotype coincided with a DAPI-stained nucleus. 

Values were averaged across the fields to render a single value for each culture.

2.3 PC12 cells

Because of the clonal instability of the PC12 cell line (Fujita et al. 1989), the experiments 

were performed on cells that had undergone fewer than five passages. As described 

previously (Qiao et al. 2003; Song et al. 1998), PC12 cells (American Type Culture 

Collection CRL-1721, obtained from the Duke Comprehensive Cancer Center, Durham, NC) 

were seeded (3 × 106 cells) onto 100 mm poly-D-lysine-coated plates in RPMI-1640 

medium (Sigma-Aldrich) supplemented with 10% horse serum (Sigma-Aldrich), 5% fetal 

bovine serum (Sigma-Aldrich), and 50 μg/ml penicillin streptomycin (Invitrogen, Carlsbad, 

CA). Incubations were carried out with 5% CO2 at 37°C, standard conditions for PC12 cells. 

Twenty-four hours after plating, we initiated neurodifferentiation (Jameson et al. 2006b; 

Slotkin et al. 2007; Teng and Greene 1994) by changing the medium to include 50 ng/ml of 

2.5 S murine nerve growth factor (Promega Corporation, Madison, WI). Test substances 

were added simultaneously so as to be present throughout neurodifferentiation. The medium 

was changed every 48 hr with the continued inclusion of nerve growth factor and test 

substances, and continued for 6 days, parallel to the NSC studies. At the end of each study, 

the cultures were examined under a microscope to verify the outgrowth of neurites.
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Cells were harvested, washed, and analyzed for protein as described previously (Slotkin et 

al. 2007). To assess neurodifferentiation into dopamine and acetylcholine phenotypes, we 

assayed the enzymatic activities of tyrosine hydroxylase (TH) and choline acetyltransferase 

(ChAT), respectively, using established techniques (Jameson et al. 2006a, b), with values 

calculated as enzyme activity per mg protein.

2.4 C6 cells

C6 cells (American Type Culture Collection CCL-107, Duke Comprehensive Cancer Center) 

were seeded onto 100 mm polystyrene culture dishes in Kaighn’s modification of Ham’s 

F-12 medium (Thermo Fisher) supplemented with 15% horse serum (Sigma-Aldrich) and 

2.5% fetal bovine serum (Sigma-Aldrich). Incubations were carried out with 5% CO2 at 

37 °C. Forty eight hours after plating, we initiated treatments by changing the medium to 

include test substances, and the medium, including the test substances, was changed after 48 

hr.

C6 cells undergo more rapid cell division than NSCs or PC12 cells, so we conducted studies 

with different combinations of plating density and incubation time, as necessitated to prevent 

the cells from reaching confluence: 0.6 × 106 cells/dish for 96 hr, 0.75 × 106 cells/dish for 

90 hr, or 1.5 × 106 cells/dish for 72 hr. The results under all three conditions were the same, 

so these were combined for presentation.

Cells were harvested, washed, and the DNA and protein fractions were isolated and analyzed 

as described previously (Slotkin et al. 2007). Measurements of DNA, total protein and 

membrane protein were used as biomarkers for cell number, cell growth and neurite growth 

(Qiao et al. 2003; Song et al. 1998). Effects on cell number were determined by measuring 

DNA content, since each neural cell contains only a single, diploid nucleus (Winick and 

Noble 1965). DNA per cell is constant, so that cell growth entails an obligatory increase in 

total protein per cell (protein/DNA ratio) whereas neurite formation entails an additional rise 

in membrane protein per cell (membrane protein/DNA ratio).

2.5 Data analysis

Each study was performed using multiple, separate batches of cells, with 3–6 independent 

cultures for each treatment in each batch. Each batch of cells comprised a separately 

prepared, frozen and thawed preparation. Cultures within each batch were considered 

independent samples because each represented a separate plating, on a separate cover slip 

(NSCs) or culture dish (PC12 cells, C6 cells), each one individually treated and cultured. 

Results are presented as mean ± SE, with treatment comparisons carried out by analysis of 

variance (ANOVA) followed by Fisher’s Protected Least Significant Difference Test for 

post-hoc comparisons of individual treatments. The initial comparisons included factors of 

treatment and cell batch, and in each case, we found that the treatment effects for each type 

of experiment were the same across the different batches of cells, although the absolute 

values differed from batch to batch. Accordingly, we normalized the results across batches 

prior to combining them for presentation, so that multiple treatments could be compared 

readily on the same graph; however statistical comparisons were carried out on the original 
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data, retaining the batch factor, so that treatment groups would be compared only to their 

contemporaneous controls. Significance for all tests was assumed at p < 0.05 (two-tailed).

3. RESULTS

Exposure of NSCs to terbutaline produced a concentration-dependent reduction in the 

number of cells, with significant effects detected even at 0.1 μM (Figure 1A). Although there 

was no detectable change in the total proportion of cells undergoing neurodifferentiation 

(Figure 1B), terbutaline stimulated formation of glia by 50–100% (Figure 1C). Neurons, the 

majority of the differentiated cells, were unaffected (Figure 1D), and consequently, there 

was a substantial rise in the glia/neuron ratio (Figure 1E).

To determine if the effects of terbutaline on NSCs were reflective of the drug’s actions 

atβARs, we co-treated the cells with 10 μM propranolol, a concentration shown to block the 

receptor in vitro (Jia et al. 2015). Before examining the interaction of terbutaline and 

propranolol on individual parameters, we performed a repeated-measures ANOVA on the 

three main outcome measures (cell number, percent glia, percent neurons), using log-

transformed data because of heterogeneous variance among the measures. This global test 

indicated a significant interaction of terbutaline × propranolol × measurement type (p < 

0.02), justifying separation of the values with vs. without propranolol, for each of the 

dependent measures.

Propranolol completely prevented the reduction in cell numbers caused by 1 μM terbutaline 

and prevented about 2/3 of the loss caused by 10 μM terbutaline (Figure 2A). Again, 

terbutaline was ineffective in changing the overall percentage of cells undergoing 

neurodifferentiation, a situation that was unchanged by propranolol alone or in combination 

with terbutaline (Figure 2B). However, propranolol completely blocked the promotional 

effect of terbutaline on formation of glia (Figure 2C). Either drug alone or in combination 

had no effect on formation of neurons (Figure 2D). Consequently, propranolol blocked the 

rise in glia/neuron ratio evoked by terbutaline (Figure 2E).

We then evaluated the interaction of terbutaline with dexamethasone in NSCs, using 10 μM 

dexamethasone, a concentration known to suppress NSC neurodifferentiation (Slotkin et al. 

2016). Again, before examining each output variable, we performed a global, repeated-

measures ANOVA for the three main outcome measures. In this case, there was no 

interaction of terbutaline × dexamethasone, or of terbutaline × dexamethasone × 

measurement type, indicating that dexamethasone did not significantly shift the response of 

the cells to terbutaline (i.e. responses to the combination treatment were not significantly 

distinguishable from additive effects of the two individual treatments). As before, terbutaline 

alone significantly reduced cell numbers but dexamethasone had an even greater effect, 

which then masked the response to terbutaline (Figure 3A). Whereas terbutaline did not 

affect the overall percentage of cells undergoing neurodifferentiation, dexamethasone 

elicited a significant reduction, with no further effect evident with addition of terbutaline in 

the presence of dexamethasone (Figure 3B). Terbutaline and dexamethasone had opposite 

effects on formation of glia, with terbutaline causing an increase and dexamethasone a 

decrease (Figure 3C); again dexamethasone’s effects were so massive that they masked 
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those of terbutaline when the treatments were combined. Likewise, dexamethasone, but not 

terbutaline, caused a decrease in differentiation into neurons (Figure 3D), without any 

significant interaction between the two treatments. Because of these underlying differences, 

terbutaline increased the glia/neuron ratio whereas dexamethasone massively reduced the 

ratio, again obtunding the effects of additional terbutaline treatment (Figure 3E).

For studies in PC12 and C6 cells, after preliminary studies of dose-response curves to 

terbutaline and dexamethasone, we settled on a regimen of 10 μM terbutaline and 

dexamethasone concentrations ranging from 0.01–10 μM. In the PC12 cell model, global 

repeated-measures ANOVA across the two dependent measures (tyrosine hydroxylase and 

choline acetyltransferase activities) indicated a significant interaction of terbutaline × 

dexamethasone (p < 0.05), reflecting an overall reduction in the effects of terbutaline when 

dexamethasone was present. For tyrosine hydroxylase, terbutaline alone caused a small, but 

significant reduction in activity, whereas dexamethasone by itself produced a substantial 

increase (Figure 4A). Progressively higher dexamethasone concentrations eventually 

interfered with the effects of terbutaline, rendering them nonsignificant, or even shifting 

terbutaline’s effect so as to produce a slight increase over the corresponding control values. 

For choline acetyltransferase, both terbutaline and dexamethasone alone produced a 

significant reduction in activity instead of acting in opposite directions as they did for 

tyrosine hydroxylase (Figure 4B). Again, however, dexamethasone masked the effects of 

terbutaline, such that in the presence of dexamethasone, terbutaline no longer elicited any 

significant change.

In C6 cells, the global repeated-measures ANOVA indicated a significant interaction of 

terbutaline × dexamethasone × measurement type (p < 0.0005), reflecting synergistic effects 

between the two treatments and justifying separate examination of the interaction for each of 

the dependent measures. For DNA content (Figure 5A), either terbutaline or dexamethasone 

alone elicited a significant decrease, but in this case, dexamethasone enhanced the effects of 

terbutaline (terbutaline × dexamethasone interaction, p < 0.0001); in the presence of 

dexamethasone, the reduction in DNA evoked by terbutaline was doubled or tripled. The 

same synergism was seen for the two cell growth parameters, total protein/DNA (Figure 5B) 

and membrane protein/DNA (Figure 5C). For both parameters, terbutaline alone evoked a 

small, nonsignificant increase, whereas dexamethasone produced a more robust and 

statistically significant rise. In the presence of dexamethasone, the increase caused by 

terbutaline was substantially enhanced, achieving statistical significance over the 

corresponding control values (p < 0.05 for the terbutaline × dexamethasone interaction for 

either parameter).

Because of the high rate of cell division in the C6 model, we did an additional study to 

evaluate whether the drop in DNA content caused by terbutaline reflected cell loss as 

opposed to impaired cell division. In this case, we prolonged the treatment period to allow 

the cells in the control plates to grow to confluence, at which point their replication rate 

slows. If reduced DNA in the terbutaline group reflected cytotoxic cell loss, the prolonged 

treatment would have a greater effect, whereas if it represented a slowing of mitosis, the 

longer period would enable the terbutaline-exposed cultures to “catch up” to the cell number 

in the controls. We found the latter to be true — prolonging the treatment to allow the 
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control cells to grow to confluence, resulted in no significant difference between terbutaline 

and control samples (data not shown).

4. DISCUSSION

There are three main findings from our results. First, terbutaline and dexamethasone both act 

directly on neural cell differentiation, over and above any indirect effects on brain 

development that may be mediated via their myriad actions on maternal/fetal physiology, 

endocrine status, or other systemic effects. Second, the two agents target different events and 

stages of neurodifferentiation. Terbutaline specifically promotes the formation of glia from 

NSCs, but after cells are committed to the glial phenotype, their sensitivity declines, as 

characterized at the later stages by C6 cells. For the neuronal phenotype, the sensitivity to 

terbutaline is low at the NSC stage but after the commitment is made, terbutaline effectively 

impairs further neurodifferentiation into specific neurotransmitter subtypes, as characterized 

by PC12 cells. In contrast to the specificity shown by terbutaline, dexamethasone affects 

both neuronal and glial differentiation at all stages. In NSCs, dexamethasone impairs the 

emergence of both neurons and glia but with a much greater specificity for the latter cell 

type. At later stages, dexamethasone instead promotes glial cell differentiation as 

characterized in the C6 model, while shifting neuronal cell differentiation so as to distort the 

balance of neurotransmitter phenotypes (increasing the dopamine phenotype at the expense 

of the acetylcholine phenotype in the PC12 model). The third important finding is that 

terbutaline and dexamethasone interact synergistically specifically at the level of late stage 

glial cell differentiation, not for neuronal cell differentiation and not at earlier stages for 

either cell type. This indicates the potential for worsened neurodevelopmental outcomes 

when both drugs are used for inappropriately prolonged periods, a common clinical practice 

(Dammann and Matthews 2001; Elliott and Morrison 2013; Perna et al. 2014).

By itself, terbutaline decreased cell numbers in the NSC model but specifically promoted 

neurodifferentiation into the glial phenotype, effects that were partially (cell numbers) or 

completely (glial phenotype) blocked by a βAR antagonist, confirming a receptor-based 

mechanism of action. Since terbutaline promoted glial differentiation, the cell decrement is 

not likely to be reflective of cytotoxicity, which typically results in inhibition of 

neurodifferentiation into both neurons and glia (Slotkin et al. 2016). Indeed, neural precursor 

cells contain βARs that mediate the balance between mitotic activity and differentiation 

(Ishizuka et al. 2012; Jhaveri et al. 2010, 2014; Masuda et al. 2012) and β2AR stimulation is 

actually antiapoptotic in developing neural cells (Zhu et al. 1998). NSCs are still undergoing 

rapid cell replication in culture, increasing their numbers by nearly 10-fold in the 6-day 

treatment period studied here (Slotkin et al. 2016), so that even a modest impairment of 

mitotic activity or a shift toward differentiation (as found for glial cells) would be sufficient 

to reduce cell numbers (Slotkin et al. 2017b). Indeed, there was a similar reduction in cell 

numbers caused by terbutaline in the C6 model, and we demonstrated conclusively that this 

was not reflective of cytotoxicity, since the effect could be offset by prolonging the 

incubation period to allow mitotic “catch up” with the controls. At the high concentration of 

terbutaline, there was a small component of cell loss in the NSC model that was not blocked 

by propranolol, suggesting that other mechanisms may come into play; terbutaline has been 

shown to cause oxidative stress in the developing brain (Slotkin et al. 2005), an effect that 
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may rely on actions distinct from specific receptor-mediated effects. In any case, the most 

notable finding with the NSC model is that terbutaline raised the glia/neuron ratio, a result 

entirely in keeping with glial activation found in the developing brain after terbutaline 

exposure in vivo (Zerrate et al. 2007). The present findings thus reinforce the conclusion that 

terbutaline acts directly as neuroteratogen (Rhodes et al. 2004; Zerrate et al. 2007).

The sensitivity of glial cell differentiation to terbutaline fell off after the commitment to the 

glial phenotype. In contrast to the high sensitivity seen at the NSC stage (precommitment), 

this drug had little effect on C6 cells (postcommitment), other than eliciting a small decline 

in cell numbers as noted above. In contrast, terbutaline affected late-stage neuronal cell 

differentiation. Whereas differentiation into the neuronal phenotype was unaffected at the 

NSC stage, terbutaline suppressed differentiation of neuronotypic PC12 cells into both 

dopamine and acetylcholine neurotransmitter phenotypes. Terbutaline thus exhibits stage-

specific effects on development of glia vs. neurons, targeting glia primarily at the early 

decision node when NSCs differentiate into glial and neuronal phenotypes, whereas after 

that commitment, it specifically impairs further differentiation or the neuronal phenotype.

In general, the effects of dexamethasone alone were greater than those of terbutaline, but 

more importantly, differed substantially in terms of type of effect, specificity for 

developmental stage and selectivity for neurons vs. glia. In agreement with earlier studies 

with the NSC model (Slotkin et al. 2016), dexamethasone reduced cell numbers and retarded 

differentiation into the glial phenotype, the latter effect opposite to that of terbutaline. At the 

later decision node, dexamethasone enhanced neurodifferentiation of PC12 cells into the 

dopamine phenotype while suppressing emergence of the acetylcholine phenotype, as 

reported earlier (Jameson et al. 2006a); terbutaline suppressed both neurotransmitter types. 

In C6 cells, dexamethasone promoted differentiation, resulting in a decline in cell numbers 

but increases in the indices of cell growth and neurite formation. Again, the reduced cell 

numbers with dexamethasone are unlikely to reflect cytotoxicity, since this agent actually 

reduces apoptosis in this cell line (Gorman et al. 2000).

The dichotomy between the effects of terbutaline and dexamethasone is not surprising, given 

their entirely separate mechanisms of action. But what happens when the two are combined, 

as often used in preterm labor (Haas et al. 2014)? At the NSC stage, the more robust effects 

of dexamethasone masked those of terbutaline, so that the net effect of combined treatment 

was indistinguishable from that of dexamethasone alone. Likewise, our results with the 

PC12 model indicated that the effects of dexamethasone on later-stage neuronal cell 

differentiation overrode those of terbutaline, in this case showing a significant interaction 

reflecting loss of terbutaline’s effects in the presence of dexamethasone. However, for C6 

cells, we found a synergistic effect of the two agents. In the presence of dexamethasone, 

terbutaline caused a greater cell loss and significant increases in indices of cell growth and 

neurite formation. The enhanced effect of terbutaline likely reflects the fact that 

dexamethasone increases β2AR expression (Zhong and Minneman 1993). Again, our 

findings point to stage-specific effects of these drugs, focusing in this case primarily on later 

stages of glial cell differentiation.
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5. CONCLUSION

In summary, our results show that both terbutaline and dexamethasone have direct effects on 

neurodifferentiation, altering the balance between emergence of neurons and glia, and then 

further affecting later differentiation of both cell types. Terbutaline selectively promotes the 

emergence of glia from NSCs, whereas dexamethasone suppresses it. As modeled in PC12 

cells, terbutaline impairs later neuronal differentiation into specific neurotransmitter 

phenotypes, whereas dexamethasone shifts phenotypic preference toward dopamine and 

away from acetylcholine. For later stage glial cell differentiation (C6 model), terbutaline had 

only minor effects but dexamethasone robustly promoted cell differentiation at the expense 

of reduced cell numbers. Notably, at this stage, the two drugs showed a synergistic 

interaction, with dexamethasone boosting the ability of terbutaline to enhance indices of 

glial cell growth and neurite formation while producing further decrements in cell numbers. 

Our results support the conclusion that terbutaline is a directly-acting neuroteratogen, and 

further indicate the potential for the clinically-used combination of terbutaline and 

dexamethasone to worsen neurodevelopmental outcomes. These findings reinforce the 

rectitude of the U.S. Food and Drug Administration’s decision to move terbutaline from 

pregnancy category B to category C, and to issue a warning against its prolonged use in the 

management of preterm labor (U.S. Food and Drug Administration 2011a, b). Additionally, 

our results point to the need to examine the potential long-term impact of dexamethasone, 

alone or in combination with terbutaline, on neurodevelopmental outcomes in the large 

number of children exposed to these agents in the management of preterm labor.
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Figure 1. 
Effects of terbutaline on NSC differentiation: (A) numbers of cells, (B) percentage of cells 

showing differentiation into neurons or glia, (C) percentage of glia, (D) percentage of 

neurons, (E) glia/neuron ratio. Data represent means and standard errors of the number of 

determinations shown in parentheses. ANOVA appears at the top of each panel and asterisks 

denote individual values that differ from the corresponding control. Abbreviation: NS = not 

significant.
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Figure 2. 
Effects of terbutaline ± propranolol on NSC differentiation: (A) numbers of cells, (B) 

percentage of cells showing differentiation into neurons or glia, (C) percentage of glia, (D) 

percentage of neurons, (E) glia/neuron ratio. Data represent means and standard errors of the 

number of determinations shown in parentheses. ANOVA appears at the top of each panel 

and asterisks denote individual values that differ from the corresponding control. 

Abbreviation: NS = not significant.
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Figure 3. 
Effects of terbutaline ± dexamethasone on NSC differentiation: (A) numbers of cells, (B) 

percentage of cells showing differentiation into neurons or glia, (C) percentage of glia, (D) 

percentage of neurons, (E) glia/neuron ratio. Data represent means and standard errors of the 

number of determinations shown in parentheses. ANOVA appears at the top of each panel. 

Asterisks denote individual values that differ from the corresponding control and daggers 

indicate differences between control values with vs. without dexamethasone.
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Figure 4. 
Effects of terbutaline ± dexamethasone on PC12 cell differentiation: (A) tyrosine 

hydroxylase activity, (B) choline acetyltransferase activity. Data represent means and 

standard errors of the number of determinations shown in parentheses. ANOVA appears at 

the top of each panel. Asterisks denote individual values that differ from the corresponding 

control and daggers indicate differences between control values with vs. without 

dexamethasone.
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Figure 5. 
Effects of terbutaline ± dexamethasone on C6 cell differentiation: (A) DNA content, (B) 

total protein/DNA ratio, (C) membrane protein/DNA ratio. Data represent means and 

standard errors of the number of determinations shown in parentheses. ANOVA appears at 

the top of each panel. Asterisks denote individual values that differ from the corresponding 

control and daggers indicate differences between control values with vs. without 

dexamethasone.
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