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Abstract

Current therapies for attention deficit hyperactivity disorder (ADHD) have varying efficacy in

individuals with fetal alcohol spectrum disorders (FASD), suggesting that alternative therapeutics

are needed. Developmental exposure to ethanol produces changes in dopamine (DA) systems, and

DA has also been implicated in ADHD pathology. In the current study, lobeline, which interacts

with proteins in dopaminergic presynaptic terminals, was evaluated for its ability to attenuate

neonatal ethanol-induced locomotor hyperactivity and alterations in dopamine transporter (DAT)

function in striatum and prefrontal cortex (PFC). From postnatal days (PND) 1–7, male and

female rat pups were intubated twice daily with either 3 g/kg ethanol or milk, or were not

intubated (non-intubated control) as a model for “third trimester” ethanol exposure. On PND 21

and 22, pups received acute lobe-line (0, 0.3, 1, or 3 mg/kg), and locomotor activity was assessed.

On PND 23–25, pups again received an acute injection of lobeline (1 or 3 mg/kg), and DAT

kinetic parameters (Km and Vmax) were determined. Results demonstrated that neonatal ethanol

produced locomotor hyperactivity on PND 21 that was reversed by lobeline (1 and 3 mg/kg).

Although striatal DAT function was not altered by neonatal ethanol or acute lobeline, neonatal

ethanol exposure increased the Vmax for DAT in the PFC, suggesting an increase in DAT function

in PFC. Lobeline ameliorated this effect on PFC Vmax at the same doses that decreased

hyperactivity. Methylphenidate, the gold standard therapeutic for ADHD, was also evaluated for

comparison with lobeline. Methylphenidate decreased DAT Vmax and Km in PFC from ethanol-

treated pups. Thus, lobeline and methylphenidate differentially altered DAT function following

neonatal ethanol exposure. Collectively, these findings provide support that lobeline may be a

useful phar-macotherapy for some of the deficits associated with neonatal ethanol exposure.
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Exposure to ethanol (EtOH) during development is the leading preventable cause of mental

retardation in the United States (Krulewitch, 2005). Studies report the prevalence of

individuals meeting the full criteria for fetal alcohol syndrome (FAS) at 0.2–1.5 per 1000

births (Astley et al., 2002; Bertrand et al., 2004). Children diagnosed with FAS exhibit

specific clinical symptoms, including pre and/or postnatal growth retardation (Abel, 1985;

Zuckerman and Hingson, 1986), changes in craniofacial features (Sant'Anna and Tosello,

2006), and alterations in CNS structure or function (Smith and Eckardt, 1991; Welch-Carre,

2005). However, this only represents a very small proportion of children affected by ethanol

with a 3–10-fold increase in prevalence when considering the number of individuals that

meet the criteria for any fetal alcohol spectrum disorder (FASD) (Stratton et al., 1996). In

either of these conditions, some of the more common behavioral characteristics include

impulsivity, hyperactivity, and attentional problems (O'Malley and Nanson, 2002;

Kodituwakku et al., 2006; Lopez, 2006) similar to attention deficit hyper-activity disorder

(ADHD) (Nanson and Hiscock, 1990; O'Malley and Hagerman, 1998; Coles, 2001;

O'Malley and Nanson, 2002). In fact, recent estimates suggest that up to 94% of individuals

with heavy prenatal alcohol exposure have been diagnosed with ADHD (Peadon and Elliott,

2010). There is currently significant interest in determining characteristics that might

differentiate individuals with ADHD from those with an FASD (Coles et al., 1997; Crocker

et al., 2009, 2011); it is not known what proportion of children with a diagnosis of ADHD

may actually have an FASD (see Peadon and Elliott, 2010). Preclinical literature provides

further support for overlapping characteristics between prenatal ethanol exposure and

ADHD, showing that prenatal and/or neonatal exposure to ethanol results in attentional

deficits and hyperactivity (Slawecki et al., 2004; Gilbertson and Barron, 2005; Hausknecht

et al., 2005; Dursun et al., 2006).

The suggestion has been made that the hyperactivity associated with both FASDs and

ADHD is mediated, at least in part, by dysfunction of the dopaminergic neurotransmitter

system (Viggiano et al., 2004). Clinical studies demonstrate alterations in extracellular

dopamine (DA) concentration in brain regions including striatum and prefrontal cortex

(PFC), which are correlated with hyperactivity (Mehler-Wex et al., 2006; Brennan and

Arnsten, 2008; Arnsten, 2009). Preclinical evidence that extracellular DA concentrations

mediates hyperactivity includes observations that mice lacking the gene for the DA

transporter (DAT) have increased extracellular DA and display robust hyperactivity (Giros

et al., 1996; Gainetdinov et al., 1999). Ethanol increases cell surface DAT and membrane

insertion rates in human embryonic kidney (HEK-293) and neuronal SK-N-SH

neuroblastoma cell expression systems, which results in increased DA uptake (Mayfield et

al., 2001; Riherd et al., 2008; Methner and Mayfield, 2010). Findings from the cell

expression systems may prove helpful in determining underlying mechanisms of the effect

of ethanol on DAT function in brain. In adult rats, ethanol increases the number of DAT

binding sites in numerous brain regions, including olfactory tubercle, striatum,

hippocampus, ventral tegmental area, and substantia nigra (Jiao et al., 2006). In contrast,

prenatal ethanol decreases DAT binding sites in frontal cortex, striatum, ventral tegmental

area, and substantia nigra in adulthood (Druse et al., 1990; Szot et al., 1999), which may

explain the hyperactivity observed following developmental ethanol exposure.
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Clinical studies investigating the efficacy of stimulant medications, such as methylphenidate

(MPH) and amphetamine, to treat ADHD symptoms in FAS children have reported positive

results (Oesterheld et al., 1998), although other reports suggest little efficacy of these

medications in this unique population (Snyder et al., 1997). Preclinical studies show that

prenatal ethanol-induced hyperactivity may actually be increased by these stimulant

medications (Ulug and Riley, 1983; Means et al., 1984; Hannigan and Pilati, 1991),

suggesting exacerbation of the ADHD symptomology in FAS children (O'Malley and

Hagerman, 1998; Oesterheld et al., 1998). Therefore, considering the uncertain efficacy of

current ADHD medications in this special population and the negative impact on society

resulting from the diversion of ADHD medications for recreational use (Poulin, 2007), new

non-stimulant ADHD medications are needed.

Lobeline (LOB), a major alkaloid in Lobelia inflata, interacts with presynaptic proteins on

dopaminergic terminals including DAT and the vesicular monoamine transporter-2

(VMAT2), which regulate intracellular and extracellular DA concentrations (Santha et al.,

2000; Dwoskin and Crooks, 2002). In preclinical behavioral studies, lobeline has been

shown to inhibit hyperactivity induced by psychostimulants (Miller et al., 2003; Polston et

al., 2006). Importantly, lobeline does not produce hyperactivity and is not self-administered

by rats, suggesting low abuse potential (Dwoskin and Crooks, 2002; Harrod et al., 2003).

Further, lobeline is currently in phase II clinical trials as a novel therapeutic for ADHD

(National Institute of Mental Health, 2008). Efficacy of lobeline to treat ADHD-like

symptoms in FAS children has not been evaluated; preclinical evidence supporting the use

of this candidate pharmacotherapy to ameliorate ADHD-like symptoms in models of FAS

would augment further clinical evaluation.

When comparing rats with humans in terms of CNS development, gestational days 1–11

represent the “first trimester equivalent,” gestational days 12–22 represent the “second

trimester equivalent,” and postnatal days (PND) 1–10 comprise the “third trimester

equivalent” (Dobbing and Sands, 1979; Bayer et al., 1993). The third trimester equivalent,

known as the “brain growth spurt,” is a period of rapid, transient neuronal proliferation and

of extreme sensitivity to teratogenic insult (Dobbing and Sands, 1971, 1979, 1981; Bayer et

al., 1993; Eriksson, 1997). In the current study, ethanol was administered from PND 1–7, to

assess its effect during the sensitive period of the brain growth spurt. Specifically, the effects

of neonatal ethanol exposure on locomotor activity and DAT function in striatum and PFC

were determined in preadolescent rat pups. Additionally, the current study determined

whether acute lobeline attenuates neonatal ethanol-induced alterations in activity and DAT

function.

Experimental Procedures

Subjects

Male and female Sprague–Dawley rats (60–90 days of age) obtained from Harlan

Laboratories, Inc. (Indianapolis, IN, USA) were used for breeding in the facility in the

Psychology Department at the University of Kentucky. Once seminal plugs were identified,

females were individually housed in plastic cages in a light- and temperature-controlled

nursery (12-h light/dark cycle, 70°+/−2 F) with food and water available ad libitum. On the
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first day following birth (PND 1), litters were culled to 10 pups, maintaining a 1:1 sex ratio

whenever possible. Litters of less than 6 pups were not included in the studies. The number

of animals were chosen to allow for appropriate statistical analysis and suffering of the

animals was minimized. All experimental animal protocols were approved by the

Institutional Animal Care and Use Committee at the University of Kentucky.

Materials

[3H]DA (dihydroxyphenylethylamine, 3,4-[7-3H], specific activity 28.0 Ci/mM) was

purchased from PerkinElmer Life and Analytical Sciences, Inc. (Boston, MA USA).

Lobeline hemisulfate was purchased from ICN Biomedicals, Inc. (Costa Mesa, CA, USA).

3-Hydroxytyramine (DA), 1-[2-[Bis-(4-fluorophenyl)methoxy]ethyl]-4-(3-

phenylpropyl)piperazine dihydrochloride (GBR-12909), ethylenediaminetetraacetic acid

(EDTA), pargyline hydrochloride, paroxetine hydrochloride, desipramine hydrochloride,

and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) were purchased from

Sigma-Aldrich, Inc. (St. Louis, MO, USA). All other chemicals were purchased from Fisher

Scientific Corporation (Pittsburgh, PA, USA).

Drug administration

Pups were weighed daily on PND 1–7 (day of birth was PND 0) and intubated with either 6

g/kg/d ethanol or 0 g/kg/d ethanol as an intubated control. Ethanol was added to a milk-

based diet designed to mimic rat milk (West et al., 1984) and administered twice daily at

10:00 h and 14:00 h daily. Blood ethanol concentrations were not determined in these

subjects to minimize any stress associated with blood collection. However, previous studies

from our laboratory have demonstrated that this ethanol administration paradigm results in

blood ethanol concentrations of 220–240 mg/dl within 90 min of the second ethanol

administration (Lewis et al., 2007; Rubin et al., 2009). Liquid diets were administered via

oral intubation using a syringe connected to PE-50 tubing (Becton Dickinson and

Corporation, Franklin Lakes, NJ, USA) connected to a PE-10 feeding tubing. Corn oil was

used to ease passage down the esophagus into the stomach. The amount of time needed for

intubation did not exceed 15 s/pup. A non-intubated control group was also included. On

PND 21 and 22, pups from the ethanol, intubation control, and non-treated control groups

were assigned randomly to lobeline treatment groups and were administered lobeline (0.3, 1,

or 3 mg/kg, sc) or saline (1 ml/kg body weight; controls) 15 min before being placed in the

open field.

Open-Field testing

Open-field behavior was assessed on PND 21 and 22. Immediately before behavioral

testing, dams were removed from the home cage, and a portion of the home cage was placed

on a heating pad until all subjects were tested. Pups were weighed, injected with lobeline or

saline, and moved to the testing room for 10 min of habituation. Activity testing (and

habituation) was performed between 10:00 h and 15:00 h (light cycle was from 7:00 h to

19:00 h) each day under red light conditions. Each pup was tested individually in a circular

open-field apparatus (55 cm diameter), and activity was recorded for 30 min (Polytracker,

San Diego Instruments, Inc., San Diego, CA, USA). The circular maze was used to preclude
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the natural tendency to hide in corners of the maze. Activity was expressed as total distance

traveled (cm; in 10-min blocks). In addition, the number of entries into the center zone of

the test chamber (the inner 25% circle of the open field) was measured in 10-min blocks.

This measure is typically used as a measure of anxiety, as rodents have a preferential bias to

move close to the walls of an open field (thigmotaxis). After completion of testing, dams

and pups were returned to the home cage.

[3H]DA uptake assay

Kinetic parameters (Vmax and Km) of [3H]DA uptake by DAT were determined in

synaptosomes prepared from striatum and PFC using minor modifications of a previously

published method (Zhu et al., 2004). On PND 23–25, rats were administered lobeline (1 or 3

mg/kg, sc) or methylphenidate (20 mg/kg, sc), and after 15 or 60 min, respectively, striatum

or PFC was homogenized in 20 ml ice-cold sucrose solution (0.32 M sucrose and 5 mM

sodium bicarbonate, pH 7.4) with 16 passes of a Teflon pestle homogenizer. PFC from two

rats (same sex and treatment group from the same litter) was pooled to ensure that each

sample would have sufficient DAT protein for assay. Homogenates were centrifuged at

2,000×g for 10 min at 4 °C, and resulting supernatants were centrifuged at 20,000×g for 15

min at 4 °C. Resulting pellets from striatum and PFC were resuspended in 4.8 and 2.4 ml,

respectively, of ice-cold assay buffer (125 mM NaCl, 5 mM KCl, 1.5 mM MgSO4, 1.25 mM

CaCl2, 1.5 mM KH2PO4, 10 mM glucose, 25 mM HEPES, 0.1 mM EDTA, 0.1 mM

pargyline, and 0.1 mM L-ascorbic acid, saturated with 95% O2/5% CO2, pH 7.4). Non-

specific [3H]DA uptake was determined in the presence of 10 μM GBR 12909, a DAT

inhibitor. Because DA is transported by DAT, norepinephrine transporter (NET), and

serotonin transporter (SERT) in PFC, kinetic analysis of [3H]DA uptake by DAT in the PFC

was assessed in the presence of desipramine (50 nM) and paroxetine (5 nM) to prevent

[3H]DA uptake by NET and SERT, respectively (Zhu etal., 2004). Desipramine potently

(IC50= 1.2 nM) inhibits DA uptake by NET, but has a lower potency (IC50=9.3 μM)

inhibiting DA uptake by DAT (Zhu et al., 2004). Paroxetine is a potent (IC50=0.3 nM)

SERT inhibitor that has low potency inhibiting DA uptake at DAT (IC50=50 μM; Nemeroff

and Owens, 2003; Norrholm et al., 2007). Thus, the concentrations of desipramine (50 nM)

and paroxetine (5 nM) used in the current study did not inhibit DAT function.

Duplicate striatal and PFC synaptosomes (∼150 μg protein/100 μl and ∼50 μg protein/30 μl,

respectively) were incubated in a metabolic shaker for 5 min at 34 °C. Then, one of eight

[3H]DA concentrations (0.01–3.0 μM) was added to each synaptosomal sample (500-μl total

volume), and samples were incubated for 10 min at 34 °C. Incubation was terminated by the

addition of 3 ml of ice-cold assay buffer, followed by immediate filtration through Whatman

GF/B (glass fiber) filters (presoaked with 1 mM pyrocatechol for 3 h) using a cell harvester

(MP-43RS; Brandel Inc., Gaithersburg, MD, USA). Filters were washed three times with 4

ml of ice-cold Krebs' buffer containing catechol (1 μM). Radioactivity retained by the filters

was determined by liquid scintillation spectrometry (B1600 TR scintillation counter;

PerkinElmer, Inc., Waltham, MA, USA). Protein concentrations were determined by

protein-dye binding (Bradford, 1976).
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Lobeline-induced inhibition of [3H]DA uptake into rat striatal synaptosomes was also

determined. Samples (final volume of 500 μl) were incubated at 34 °C for 10 min in absence

or presence of lobeline (10–1000 nM). Then, 10 nM [3H]DA was added, and samples were

incubated for 10 min at 34 °C. Non-specific [3H]DA uptake was determined in the presence

of 10 μM GBR 12909. Assays were terminated by the addition of 3 ml of ice-cold Krebs'

buffer and rapid filtration through Whatman GF/B filters using a cell harvester.

Radioactivity retained on the filters was determined as previously described.

Data analysis

Locomotor activity was analyzed using analysis of variance (ANOVA) with SPSS statistical

software. Neonatal treatment group, lobeline treatment, and sex were between-subjects

factors with distance traveled and number of entries into the center zone (10-min blocks

nested within day [day 1, day 2]) as within-subjects repeated measures. To determine

whether lobeline selectively reduced hyperactivity following neonatal ethanol exposure,

treatment with ethanol and/or lobeline was evaluated also using a 2 (ethanol vs. 0)×4

(lobeline dose: 0, 0.3, 1, or 3 mg/kg) factorial design. Data from the intubated and non-

intubated control groups were pooled because the ANOVA revealed no differences between

these control groups. For ease of presentation, data were collapsed across sex, unless a main

effect or interaction with sex was observed.

Statistically significant three- or four-way interactions were examined by additional one- or

two-way ANOVAs to determine the nature of the interaction. To further evaluate the

interactions between ethanol and lobeline, t-tests with Bonferroni corrections were

performed. A probability value of 0.05 was considered statistically significant.

Neurochemical data are presented as mean±SEM, and n represents the number of

independent experiments for each treatment group. Specific binding and uptake were

determined by subtracting the non-specific from total binding and uptake, respectively. For

kinetic analyses, Vmax and Km were determined using one-site binding curves generated via

an iterative curve-fitting program (Prism 5.0; GraphPad Software Inc., San Diego, CA,

USA). To analyze the kinetic parameters, three-way ANOVA with neonatal treatment

(ethanol, control), sex, and drug (control, lobeline, methylphenidate) as between-groups

factors was performed on the arithmetic Vmax and log Km values. When appropriate, Tukey's

post hoc analyses were used to make pairwise comparisons. For inhibition curves,

concentrations of lobeline that produced 50% inhibition of the specific binding or uptake

(IC50 values) were determined from the concentration-effect curves (Prism 5.0; GraphPad

Software Inc., San Diego, CA, USA). IC50 values were used to calculate inhibition constants

(Ki values) using the Cheng-Prusoff equation (Cheng and Prusoff, 1973). For clarity of

presentation, data from both behavioral and neurochemical studies were collapsed across sex

unless a main effect or interaction with sex was observed. Significance was declared at

P<0.05.
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Results

Body weights

Body weights (mean±SEM) recorded on PND 22 are presented in Table 1. Subjects exposed

to neonatal ethanol weighed significantly less than non-ethanol exposed offspring

(F1,296=43.4, P<0.001). There were no differences in body weights between the two control

groups (non-treated and intubated controls), indicating that intubation with the milk diet did

not alter somatic growth. Statistical analysis revealed no effect of sex on body weight. As

expected, acute administration of lobeline on PND 22 did not alter body weight.

Lobeline attenuates neonatal ethanol-induced hyperactivity

Repeated-measures ANOVA on distance traveled revealed a lobeline×day×block interaction

(F6,592=2.43, P<0.05). To further understand this interaction, activity on PND 21 and 22

was examined using separate ANOVAs. The ethanol exposed offspring were hyperactive on

PND 21, but not on PND 22 as described below.

Activity (PND 21)—Further analysis of the activity data on PND 21 revealed an

ethanol×lobeline interaction (F3,296=3.39, P<0.05). As shown in Fig. 1 (left), the ethanol-

exposed offspring were hyperactive relative to control (F1,98=1047.15, P<0.001). The

lowest dose of lobeline (0.3 mg/kg) had no effect on activity in any of the neonatal treatment

groups, and thus, did not reduce the hyperactivity following neonatal ethanol exposure.

Although the 1.0 mg/kg dose of lobeline had no effect on activity in the control offspring,

the higher dose (3.0 mg/kg) of lobeline reduced activity in the pooled intubated and non-

treated control relative to the saline-injected group (F1,100=27.0, P<0.05). Lobeline (1.0 and

3.0 mg/kg) reduced activity in the ethanol-exposed offspring compared with controls

(F1,64=8.21, P<0.05; F1,58=10.56, P<0.05, respectively).

Activity (PND 22)—Neonatal ethanol had no effect on locomotor activity on PND 22 (Fig.

1, right). The only significant effect observed on day 2 was a main effect of lobeline

(F3,296=24.5, P<0.005), with post hoc analyses revealing a decrease in activity with the high

dose of lobeline (3 mg/kg) compared with the pooled intubated and non-intubated controls

that received saline injection before activity testing.

Neonatal ethanol increases the frequency of center zone entries—The repeated-

measures ANOVA on the number of entries into the center zone revealed a main effect of

ethanol (F1,296=13.18, P<0.01) that did not interact with either day or block within-subject

measures. Regardless of the day tested, offspring exposed neonatally to ethanol entered the

center zone more frequently than non-ethanol exposed pups (see Fig. 2). Treatment with

lobeline had no effect on this behavioral measure.

Effects of neonatal ethanol and acute lobeline on DAT function in striatum

The effect of neonatal ethanol on DAT function in striatum of preadolescent (PND 23–25)

rats was evaluated using kinetic analysis of [3H]DA uptake. Also, the acute effect of the

high dose of lobeline (3 mg/kg) on DAT function was evaluated. Separate three-way

ANOVAs revealed no main effects or interaction of neonatal ethanol, lobeline, or sex for
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either Vmax or Km values (Fig. 3). Thus, neonatal ethanol and/or acute lobeline did not alter

maximal velocity of DA uptake or affinity of DA for DAT in striatum of preadolescent rats.

Neonatal ethanol did not alter the affinity (Ki) of lobeline for DAT in striatum (Fig. 4).

Using non-linear regression, the lobeline concentration-response curve fit a single-site

model (R2=0.97 and 0.95 for control and ethanol-treated rats, respectively, P<0.05).

Lobeline-induced inhibition of [3H]DA uptake was not different between neonatal ethanol

(Ki=21.7±1.37 μM) and control (Ki=22.2±1.42 μM), indicating that ethanol did not alter the

ability of lobeline to inhibit DAT in striatum.

Lobeline attenuates the neonatal ethanol-induced increase in DAT function in PFC

To determine the effect of neonatal ethanol and/or acute lobeline (1 and 3 mg/kg) on DAT

function in PFC of preadolescent (PND 23–25) rats, kinetic analyses of [3H]DA uptake were

performed in the presence of desipramine and paroxetine, specific inhibitors of NET and

SERT, respectively. For comparison, effects of acute methylphenidate (20 mg/kg) were

determined as a positive control. Three-way ANOVA revealed only a main effect of ethanol

on Vmax (F1,49=6.50, P<0.05; Fig. 5) and a two-way ethanol×drug interaction (F1,49=11.67,

P<0.0001). Post hoc analysis revealed that each treatment (neonatal ethanol, 3 mg/kg

lobeline and 20 mg/kg methylphenidate) increased Vmax compared with control. Lobeline (1

and 3 mg/kg) and methylphenidate each attenuated the increase in Vmax induced by neonatal

ethanol, however, not back to control levels.

The effect of neonatal ethanol treatment and acute drug (i.e. lobeline or methylphenidate)

administration on Km values for DA uptake by DAT in PFC (Fig. 6) was analyzed using a

three-way ANOVA with neonatal treatment (ethanol, control), sex, and drug (control,

lobeline, methylphenidate) as between-groups factors. The three-way ANOVA revealed a

main effect of drug treatment (F3,51=5.18, P<0.01), a drug×sex interaction (F3,51 = 3.75,

P<0.01), and an ethanol×drug×sex interaction (F3,51=3.06, P<0.01). Post hoc analyses

revealed that methylphenidate (20 mg/kg) increased the Km value, when compared with all

other treatment groups. Simple effect analyses using two-way ANOVAs were performed to

identify the loci of the neonatal ethanol treatment×drug×sex interaction. In rats treated with

lobeline (1 mg/kg), a neonatal ethanol treatment×sex interaction (F1,9=15.1, P<0.01) was

found, which was the result of control males having higher Km values than females, whereas

ethanol-treated males had lower Km values than females. In rats treated with lobeline (3 mg/

kg), there was a main effect of sex (F1,10=8.96, P<0.05), with females having higher Km

values than males. No other main effects or interactions were identified. Although

statistically significant, it is unlikely that these statistical effects are biologically relevant

given that the Km values were <2-fold different between males and females.

Discussion

Dysfunction of the dopaminergic neurotransmitter system likely plays a role in mediating

hyperactivity associated with both FASD and ADHD (Nanson and Hiscock, 1990; Viggiano

et al., 2004). This study determined if lobeline reduced hyperactivity and neurochemical

deficits in a rodent model of third trimester ethanol exposure. Also, this study examined

whether neonatal ethanol exposure altered DAT function in striatum and/or PFC, two brain
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regions involved in ADHD symptomology (Prince, 2008; Arnsten, 2009). The results from

this study showed that ethanol treatment from PND 1–7 resulted in increased activity as

measured by the distance traveled on PND 21. Acute lobeline administered 15 min before

testing eliminated this hyperactivity. Of particular note, the 1 mg/kg dose reduced activity in

the ethanol exposed offspring while having no effect on activity of the control offspring. The

neurochemical studies showed that neonatal ethanol exposure also increased Vmax for DAT

in the PFC, and lobeline ameliorated this effect at the same doses that decreased

hyperactivity.

Previous preclinical research has shown that ethanol exposure during the developmental

“brain growth spurt” produces numerous behavioral deficits, including hyperactivity (West,

1986; Melcer et al., 1994; Thomas et al., 1998; Slawecki et al., 2004; Allen et al., 2005;

Gilbertson and Barron, 2005), which is consistent with our current findings. It should be

noted that hyperactivity was only observed on the first day of behavioral testing (PND 21),

although not on the second day (PND 22). The observation that hyperactivity was not

observed on the second test day was somewhat surprising because previous studies by our

laboratory and others have demonstrated neonatal ethanol-induced hyperactivity in

preadolescent rats tested across multiple days (Melcer et al., 1994; Gilbertson and Barron,

2005), including PND 23–24 (unpublished observations). These results suggest that the

hyperactivity observed here may be more related to the novelty of the first day in the test

chamber and that habituation to the test chamber on the second day was unaffected by

neonatal ethanol exposure. It should be noted that although activity levels in the alcohol-

exposed offspring were similar to controls on PND 22, alcohol-related changes in DAT

Vmax in the PFC were observed on PND 23–25. Thus, the potential role of PFC DAT

activity following neonatal ethanol exposure as an underlying mechanism for this behavioral

deficit clearly warrants further study.

Entries into the center of the open field also were increased as a function of neonatal ethanol

exposure. This increase was observed on both test days and was not reduced by lobeline. As

stated earlier, entries into the center are often used as a measure of anxiety, and prenatal/

neonatal alcohol exposure can alter response to stress (see Hellemans et al., 2010; Kelly et

al., 1991). Interpretation of entries into the center is more complicated if the organism is

hyperactive, as this behavior can also be explained by hyperactivity and/or inhibitory control

deficits, which have been associated with prenatal/neonatal alcohol exposure (Burden et al.,

2011; see Schneider et al., 2011). Factor analyses on rat activity in locomotor chambers have

shown that the majority of the variability in the open field (at least in normal rats) can be

best understood by three components; exploration, fear, and shifted activity (Markel et al.,

1989), and almost certainly, these components are mediated by different (although

overlapping) CNS circuitry. Thus, lobeline may be more effective at reducing deficits of

specific behavioral components that contribute to the complexity of hyperactivity in the

open field.

Neonatal ethanol exposure did reduce body weights measured on PND 22. Reductions in

body weight following developmental alcohol exposure is not surprising, and it should be

noted that nutritional deficits can result in reduced or increased activity in the open field (for

example, see Reyes-Castro et al., 2012). Although reduced body weight could play a role in
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the hyperactivity, it is unlikely that this alone explains the hyperactivity reported in the

current study, as rats that received neonatal ethanol exposure plus acute lobeline also had

reduced body weights, yet they were not different from controls either behaviorally or

neurochemically.

Previous studies have shown that following prenatal ethanol administration, DAT expression

was decreased in both terminal and cell body regions of the nigrostriatal pathway (Druse et

al., 1990; Szot et al., 1999). In contrast, chronic ethanol exposure in adult rats or adult

primates was reported to increase both the expression and function of striatal DAT (Budygin

et al., 2003; Carroll et al., 2006; Jiao et al., 2006). The current study reports that neonatal

ethanol exposure (PND 1–7, corresponding to the third trimester in humans and including

the brain growth spurt) did not alter striatal DAT function. Thus, ethanol-induced changes in

striatal DAT function appear to be dependent upon the developmental stage during which

ethanol is administered, suggesting a temporal window of vulnerability to ethanol.

In contrast to striatum, few studies have evaluated the effects of developmental ethanol

exposure on DAT function in PFC, a region linked to the pathology of ADHD (Prince, 2008;

Arnsten, 2009). In the current study, ethanol treatment from PND 1–7 resulted in an increase

in the maximal velocity of DA uptake in PFC, indicating enhanced DAT function in this

brain region. Developmental ethanol-induced increases in DAT function in PFC, such as

those observed in the current study, would be expected to increase DA clearance from the

extracellular compartment and decrease extracellular DA concentrations. Consistent with

this expectation, PFC DA concentrations in adult rats (PND 80–110) were reduced

following prenatal ethanol treatment (6.7% ethanol in liquid diet v/v) from gestational days

6–20 (Zimmerberg and Brown, 1998); however, DAT function was not evaluated.

Decreased extracellular DA is expected to result in reduced activation of D1 and D4

receptors in PFC, and consequently, inattention and diminished memory capabilities

(Arnsten, 2009; Stahl, 2009).

The lowest lobeline dose (0.3 mg/kg) did not alter activity in either the ethanol-treated or

control rats. A higher dose (1 mg/kg) specifically attenuated neonatal ethanol-induced

hyperactivity, without producing an effect on activity when administered to control animals.

In contrast, the 3 mg/kg dose decreased activity in both control and ethanol-treated rats. The

decrease in activity observed following lobeline (3 mg/kg) in control rats is consistent with

previous reports (Damaj et al., 1997; Miller et al., 2003; Harrod and Van Horn, 2009).

Tolerance developed to the hypoactivity upon repeated lobeline administration (Miller et al.,

2003; Harrod and Van Horn, 2009). Therefore, while lobeline specifically attenuates

neonatal ethanol-induced hyperactivity, specificity occurred only across a narrow dose

range.

The behaviorally active dose of lobeline (3 mg/kg) was evaluated for alterations of DAT

function in striatum and PFC, and results revealed no effect in striatum and an increase in

maximal velocity of DA uptake in PFC. This was surprising considering previous findings

that in vitro superfusion of striatal slices with lobeline decreased DAT function (Teng et al.,

1997). However, the decrease in striatal DAT function in vitro was observed following high

concentrations (30 μM –1 mM) of lobeline, which likely were not attained following
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administration of the low doses used in the current in vivo experiments. More surprising was

the current observation that the 3 mg/kg dose of lobeline increased DAT maximal velocity

in PFC and that the 1 mg/kg dose also tended to increase DAT function in PFC from control

rats. The opposite effects on both DAT function and activity between control and neonatal

ethanol exposed preadolescent rats are reminiscent of the antithetical effects of

psychostimulants, such as methylphenidate, in reducing hyperactivity associated with

ADHD and increasing activity in control individuals. In this regard, the current results show

that methylphenidate increased PFC DAT function in control rats and conversely decreased

PFC DAT function in neonatal ethanol-treated rats.

Conclusions

In conclusion, the current study provides evidence that acute lobeline treatment can reduce

both behavioral and neurochemical deficits associated with third trimester ethanol exposure.

Lobeline reduced hyperactivity in an open-field and reduced DAT function in the PFC at

doses that had no effect in control offspring. Clearly further work is needed with this non-

stimulant treatment to determine its efficacy at reducing other behavioral deficits following

neonatal ethanol exposure. These findings also provide evidence for an underlying

mechanism for the action of lobeline and suggest that inhibition of DAT function in PFC

may represent a novel target for the development of therapeutics for the treatment of

hyperactivity in children with an FASD and/or ADHD.
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Fig. 1.
Neonatal ethanol-mediated hyperactivity in preadolescent rats is reversed by acute administration of lobeline. Preadolescent rats

were injected with lobeline (0.3, 1, or 3 mg/kg, sc) or saline (control) 15 min before being placed in an open-field chamber on

PND 21 and 22. Activity was measured as total distance traveled (cm) measured during a 30-min test session. Data represent

mean±SEM total distance traveled (cm). + Indicates lower than control/saline group, P<0.05. * Indicates higher than control/

saline, P<0.05. n=10–19 for each treatment group. # Indicates lower than ethanol (EtOH)/saline group. The control group is

composed of the pooled data from subjects from non-treated and intubated control groups. Data are collapsed across sex.
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Fig. 2.
Neonatal ethanol exposure increased the number of entries into the center. Preadolescent rats were injected with lobeline (0.3, 1,

or 3 mg/kg, sc) or saline (control) 15 min before being placed in an open-field chamber on PND 21 and PND 22. The center was

defined as the inner 25% of the round activity chamber. Data are presented collapsed across the 30-min test session. Data

represent the frequency±SEM of the number of entries. Ethanol-exposed offspring entered the center more frequently than

controls. Lobeline had no effect on this dependent variable. The control group is composed of the pooled data from subjects

from non-treated and intubated control groups. Data are collapsed across sex. * Indicates a main effect of EtOH, P<0.05.
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Fig. 3.
Neonatal ethanol treatment does not alter DAT function in striatum of preadolescent rats. Rat pups were injected (sc) with

lobeline (3 mg/kg) or saline (controls), and striatum was obtained 20 min later. Kinetic analysis of synaptosomal [3H]DA uptake

was determined in the presence of GBR 12909 (10 μM). Vmax (picomoles per milligram per minute), and Km (nM) are expressed

as mean±SEM n=10–14 for each treatment group. The control group is composed of the pooled data from subjects from non-

treated and intubated control groups. Data are collapsed across sex.
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Fig. 4.
Lobeline inhibits specific [3H]DA uptake into rat striatal synaptosomes. Control represents [3H]DA uptake in the absence of

lobeline. Data are mean (±SEM) specific [3H]DA uptake as a percentage of control (13.7±0.82 pmol/min/mg). n=13–14 for each

group. Control group is composed of an equal number of subjects from non-treated control and intubation control groups. Data

are collapsed across sex.
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Fig. 5.
Neonatal ethanol treatment increases Vmax of [3H]DA uptake in PFC compared with control (right), which is reversed by acute

lobeline or methylphenidate in preadolescent rats. Rat pups were injected (sc) with saline, lobeline (1 or 3 mg/kg) or

methylphenidate (MPH, 20 mg/kg). PFC was obtained 20, 20, and 60 min after injection, respectively. Control represents an

equal number of subjects from non-treated control and intubated control groups. Kinetic analysis of synaptosomal [3H]DA

uptake was determined in the presence of desipramine (1 μM) and paroxetine (5 nM). Vmax (picomoles per milligram per

minute) is expressed as mean±SEM n=5–7 for each group. + Indicates significant difference from control/saline injection,

P<0.05. * Indicates significant difference from respective saline group, P<0.05. Data are collapsed across sex.
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Fig. 6.
Neonatal ethanol treatment does not alter Km of [3H]DA uptake in PFC in male (left) and female rats (right), effect of acute

lobeline or methylphenidate treatment. Rat pups were injected (sc) with saline or lobeline (1 or 3 mg/kg), methylphenidate

(MPH, 20 mg/kg). PFC was obtained 20, 20, and 60 min after injection, respectively. Control represents an equal number of

subjects from NTC and IC groups. Kinetic analysis of synaptosomal [3H]DA uptake was determined in the presence of

desipramine (1 μM) and paroxetine (5 nM). Km (nM) is expressed as mean±SEM n=3–5 males or females for each group.

Results indicate that overall, rats treated with methylphenidate (20 mg/kg) had higher Km values than rats injected with saline or

lobeline.
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Table 1
Neonatal ethanol treatment, but not preadolescent lobeline treatment, significantly
decreases mean body weight

Neonatal treatment Lobeline (mg/kg) Weight (g) n

Non-treated control 0.0 59±1.2 34

0.3 62±1.4 24

1.0 59±1.5 21

3.0 61±1.6 20

Intubated control 0.0 59±1.3 29

0.3 60±1.5 21

1.0 61±1.3 30

3.0 61±1.6 20

Ethanol 0.0 54±1.1* 32

0.3 56±1.5* 22

1.0 55±1.3* 29

3.0 54±1.6* 23

*
Indicates significant difference between rats receiving neonatal ethanol treatment when compared with control animals (non-treated control and

intubated control combined). Lobeline did not impact body weights. Data are expressed as mean±SEM * P<0.05.
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