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Abstract
Dopaminergic innervation of the frontal cortex in adults is important for a variety of cognitive
functions and behavioral control. However, the role of frontal cortical dopaminergic innervation for
neurobehavioral development has received little attention. In the current study, rats were given
dopaminergic lesions in the frontal cortex with local micro-infusions of 6-hydroxydopamine (6-
OHDA) at one week of age. The long-term behavioral effects of neonatal frontal cortical 6-OHDA
lesions were assessed in a series of tests of locomotor activity, spatial learning and memory, and
intravenous (IV) nicotine self-administration. In addition, neurochemical indices were assessed with
tissue homogenization and HPLC in the frontal cortex, striatum, and nucleus accumbens of neonatal
and adult rats after neonatal 6-OHDA lesions. In neonatal rats, frontal 6-OHDA lesions as intended
caused a significant reduction in frontal cortical dopamine without effects on frontal cortical
serotonin and norepinephrine. The frontal cortical dopamine depletion increased serotonin and
norepinephrine levels in the nucleus accumbens. Locomotor activity assessment during adulthood
in the Figure-8 maze showed that lesioned male rats were hyperactive relative to sham lesioned males.
Locomotor activity of female rats was not significantly affected by the neonatal frontal 6-OHDA
lesion. Learning and memory in the radial-arm maze was also affected by neonatal frontal 6-OHDA
lesions. There was a general trend toward impaired performance in early maze acquisition and a
paradoxical improvement at the end of cognitive testing. Nicotine self-administration showed
significant lesion × sex interactions. The sex difference in nicotine self-administration with females
self-administering significantly more nicotine than males was reversed by neonatal 6-OHDA frontal
cortical lesions. Neurochemical studies in adult rats showed that frontal cortical dopamine and
DOPAC levels significantly correlated with nicotine self-administration in the 6-OHDA lesioned
animals but not in the controls. Frontal cortical serotonin and 5HIAA showed inverse correlations
with nicotine self-administration in the 6-OHDA lesioned animals but not in the controls. These
results show that interfering with normal dopamine innervation of the frontal cortex during early
postnatal development has persisting behavioral effects, which are sex-specific.
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Introduction
Nicotine addiction varies considerably across population subgroups. Nicotine addiction rate
in patients with psychiatric illness and concurrent addiction to other drugs are of particular
interest. Schizophrenics and alcoholics have smoking rates triple that of the general population
(Hughes et al., 1986, Hughes, 1995). Not only do these subpopulations have higher rates of
nicotine addiction, but they also have a heightened inability to achieve nicotine cessation. This
raises the possibility that patients in these psychiatric subpopulations have different
neurobehavioral mechanisms underlying their nicotine addiction, which are recalcitrant to
standard smoking cessation methods. Defects in both dopaminergic and serotonergic systems
have been implicated in these clinical populations. Both dopaminergic (DA) and serotonergic
innervations of the nucleus accumbens have been shown to be important in the process of
nicotine addiction. However, DA also functions in a variety of other brain areas that are
involved in nicotine addiction. Especially important are those regions involved in the processes
of learning and memory (Robbins and Everitt, 2002). In particular, DA innervation of the
frontal cortex and limbic system appears to be important for the associative and learning aspects
of addiction (Volkow et al., 2002a). These areas are also important for behavioral inhibition,
which may be critical for preventing relapse after cessation.

Frontal cortical systems have descending glutamatergic projections with nicotinic α7 receptors
on their endings (Schilstrom et al., 2000). These neurons provide feedback control over ventral
tegmental area (VTA), which signal reward (Kalivas, 1993). Frontal cortical feedback to the
VTA is a critical mechanism in providing control over the aversive vs. rewarding effects of
nicotine (Laviolette and van der Kooy, 2004). The current study was conducted to determine
the persisting impact of neonatal lesions of frontal cortical dopamine innervation on locomotor
activity, learning and memory, and nicotine reinforcement. The dopaminergic innervation of
the frontal cortex originates from cell bodies of A9 and A10 mesencephalaic dopaminergic
neurons and influences cognition. We hypothesize that neonatal lesions of frontal cortical
dopamine would cause long-term disruptions in frontal dopamine activity which may lead to
persisting cognitive defects and make rats more susceptible to nicotine addiction. Cognitive
functions (learning and memory) will be determined by spatial discrimination in the 8 arm
radial maze. Susceptibility to nicotine addiction will be determined with the duel lever self-
administration task. The dependence producing effects of nicotine have been successfully
modeled in this rat self-administration procedure (Corrigall and Coen, 1989, Corrigall, 1991,
Corrigall, 1992, Corrigall et al., 1994, Corrigall et al., 2000; Donny et al., 1995, Shoaib et al.,
1997, Donny et al., 1998, Levin et al., 2003). Additionally, tissue homogenization and HPLC
will be used to determine neurochemical changes and underlying mechanisms that result from
neonatal 6-OHDA lesioning in both neonatal and adult rats.

Materials and Methods
Subjects

The procedures used in this study were approved by the Duke University Animal Care and Use
Committee. Male and female Sprague-Dawley albino rats (Taconic Farms, Gemantown, NY,
USA) were housed in groups of three under approved standard laboratory protocols. To
minimize stress induced by transportation, the rats were housed in a vivarium facility near the
behavioral testing rooms. The day-night cycle was reversed cycle (lights on 18:00-6:00) so
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that the rats were in their active phase during behavioral testing. All rats had ad lib access to
water and were fed the same rodent chow once daily.

Drug Preparation
Solutions of 6-OHDA was prepared fresh 1 min before the infusion in artificial cerebral spinal
fluid (ACSF) containing 0.2 % ascorbic acid. An ACSF solution containing 0.2 % ascorbic
acid was used as a control solution for the sham group. Solutions of desipramine and citalopram
were prepared in sterilized isotonic saline and injected in a volume of 2 ml/kg. Solutions of
nicotine bitartrate for nicotine IV self-administration were prepared weekly in pyrogen-free
glassware in sterilized isotonic saline. All drugs and chemicals were purchased from Sigma,
St Louis, MO, USA. The doses of nicotine used were calculated as a function of the nicotine
base weight. The pH of the nicotine solution was adjusted to 7.0 using NaOH and then the
solution was passed through a 0.22 µm Nalgene filter (Nalgene Nunc International, Rochester,
NY) for sterilization. Nicotine solutions were kept refrigerated in the dark between
experiments.

Neonatal 6-OHDA Lesions
Newborn pups derived from seven litters were randomly assigned to treatment or sham groups.
Pups from any given litter were assigned to both sham and lesioned treatment groups. Toe
clipping technique was used to identify rats during adulthood. Seven days after birth, the pups
were anesthetized via hypothermia by laying the pups on an ice-cold plate covered with cloth.
Once anesthetized, the pups were given bilateral microinjection of 6-OHDA (4 µg base/side)
into the frontal cortex (1 µl/side over a 2 min period) using a 10 µl Hamilton syringe with a
30-gague needle. The sham group received equal volumes of ACSF into the frontal cortex. The
coordinates for 6-OHDA infusions into the frontal cortex were A/P: 1 mm, M/L: 1 mm, D/V:
1 mm from the skull (Paxinox et al., 1994). To prevent the degeneration of noradrenergic and
serotonergic neurons, pups were pretreated (SC) with 25 mg/kg desipramine and 5 mg/kg
citalopram (IP). Desipramine and citalopram were injected 30 and 20 min before the surgery,
respectively (Yoshimoto et al., 1999, Rex and Fink, 2004). After the surgery, pups were placed
on a heating pad until they resumed their normal activity. After recovery the pups were returned
to their home cage with their littermates and moms. At 25 days of age, the rats (n=36) were
weaned and housed 3 rats per cage under standard lab conditions. When the rats were adults,
their locomotor activity, learning and memory and their propensity for nicotine self-
administration were assessed.

Verification of the Infusion Site
A small sample of pups (n=4) were infused with toluidine dye to verify the location of the
infusion site. Seven days after birth the pups were anesthetized via hypothermia by laying the
pups on an ice-cold plate covered with cloth. Once anesthetized the pups were given unilateral
infusion of toluidine dye (1 µl) using a 10 ml Hamilton syringe with a 30-gague needle. The
coordinated were +1.0 mm A/P, ±1.0 mm M/L, and −1.0 mm D/V.

Locomotor Activity
Locomotion and its habituation were assessed when rats were approximately 2 months old.
Measurements of locomotor activity were assessed in an automated Figure-8 apparatus for a
period of 60 min. The rat’s locomotor activity was detected by motion detectors located inside
the Figure 8 apparatus and transmitted to a computer for analysis. This test has been widely
shown to be sensitive to the behavioral effects of environmental toxicants and psychoactive
drugs. The linear and quadratic trends across twelve 5-min blocks in the 1-hour test session
were used. The average activity counts across the 1-hour session served as a measure of
locomotor activity.
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Spatial Learning and Memory
Spatial learning and memory was assessed in an 8-arm radial maze. Training began at about
80 days of age. The black-painted wood maze is at a height of 30 cm from the floor with a
central platform of diameter of 50 cm and eight arms, each 10 × 60 cm, projecting radially
outward from the central platform; each arm contains a food cup 2 cm from the distal end. The
test area was soundproof and contained numerous visual cues. To begin the test, rats were first
placed in a large, opaque cylinder on the platform of the maze, given food reinforcement (halves
of a sugar-coated cereal, Froot Loops®), and allowed 5 min to eat.

All eight arms were baited once at the beginning of every session to test working memory.
Rats were placed in an opaque cylinder on the start platform for 10 sec to allow for orientation
and thus to avoid unbiased arm entry. The rats were then allowed to enter any arm for up to 5
min or until all 8 baited arms were entered. Arms were baited only once and a repeated entry
into a formerly baited arm was counted as a working memory error. Latency (seconds per arm
entry) was recorded as the total number of arms entered, divided by total session time in
seconds. Choice accuracy was recorded as the number of errors. The animals were trained for
18 sessions on the maze, approximately twice per week. Rats were on restricted diet during
the radial-arm maze test.

Nicotine Self-Administration
Rats were hand-trained to press the levers for food pellet reinforcers. They were given two 15-
min sessions daily, for four days. During these tutor sessions, correct responses were rewarded
by the trainer pressing a button, which caused immediate delivery of one 45-mg food pellet
and activation of the feedback tone for 0.5 sec. Half the animals were reinforced for responding
on the right lever, and half for responding on the left. The cue light over the correct lever was
illuminated while the light over the incorrect lever was covered (under the tutor program, both
lights are turned on, but only one cue light is uncovered, to show which lever is correct.). These
tutor sessions were followed by 3 daily pellet sessions on a FR-1 schedule, with feedback tone,
lasting 45 minutes. This program activated the correct lever and only the cue light above that
lever was illuminated. After three training sessions with food reinforcement, rats had catheters
and ports (Instech-Solomon, Plymouth Meeting, PA) surgically implanted into the jugular vein
to enable them to receive nicotine infusions., The anesthesia was a mixture of ketamine (60
mg/kg) and domitor (15 mg/kg) injected ip (Levin et al., 2007).

The catheters were connected to the port, which was sutured subcutaneously on their backs for
easy access to the tether delivery line. They were flushed daily with a 0.3 ml solution containing
100 units/ml heparinized saline (Baxter Health Corporation, Deerfield, IL) and 8 mg/ml
Gentamicin (American Pharmaceutical Partners, Shaumburg, IL) as an antibiotic. Following
recovery from the surgery, rats were placed in dual lever test chambers for nicotine self-
administration. Each chamber was equipped with a tone generator, house light, cue light above
each lever (Med Associates, Vermont, USA), and a stainless steel tether to cover and protect
the drug delivery line (Instech-Solomon Plymouth Meeting, PA). A Pentium computer
programmed with MED-PC software controlled experimental events and data collection. Each
catheter and port was connected to a High Speed Micro-Liter Syringe Pump (MED-Associates,
Georgia, VT) with polyethylene tubing for drug delivery. The tubing tether set had a huber
needle on one end to access the port (Instech-Solomon, Plymouth Meeting, PA). During each
session, the rats wore Covance infusion harnesses connected to the stainless steel tethers. The
sequence of testing was as follows: 3 sessions of lever pressing for food reinforcement, and
then 20 sessions of nicotine reinforcement alone over a period of 4 weeks. During the nicotine
sessions, a lever press on the active side resulted in the activation of the feedback tone for 0.5
sec, and the immediate delivery of one 50-µl infusion of nicotine in less than 1 sec. Each
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infusion was immediately followed by a one-minute timeout in which the cue lights went out
and responses were recorded but not reinforced.

Neurochemical Analysis
The levels of dopamine, serotonin, norepinephrine, and their major metabolites in the frontal
cortex, striatum, and nucleus accumbens were assayed using tissue homogenization and
standard HPLC-EC methods. For tissue homogenization, rats were euthanized by decapitation
and the brains were rapidly excised. For brain dissection, the anterior and posterior boundaries
of the frontal cortex were defined as the tissue extending from the frontal pole caudally to the
bregma (7 mm in the adults and 3 mm in the pups) (Paxinos et al., 1994). The dorsal and ventral
boundaries were the dorsal surface of the cortex ventrally to the dorsal surface of the corpus
callosum. The lateral boundaries were determined by a horizontal slice just above the most
dorsal surface of the corpus callosum and extended laterally in a planar fashion to the sides of
the brain. This region encompassed the area indicated by stained samples.

The adult brains were further dissected into eight regions: left and right (midline being the
divider), medial and lateral (lateral boundary starting 2.5 mm from the midline), and anterior
and posterior (posterior section beginning 4 mm from the frontal pole). This yielded the
following sections: left medial anterior, left medial posterior, left lateral anterior, left lateral
posterior, right medial anterior, right medial posterior, right lateral anterior, and right lateral
posterior.

Once dissected, the brain regions were homogenized with an ultrasonic tissue homogenizer in
a 0.1N Perchloric Acid/100 mM EDTA solution (10X volume/tissue weight). After column
purification, to remove solid cellular particulate, the homogenate was diluted 25X with purified
water and dopamine and serotonin concentrations were determined with HPLC.

The HPLC system consisted of an isocratic pump (model LC1120, GBC Separations), a
Rheodyne injector (model 7725i) with a 20 µl PEEK loop, and an INTRO amperometric
detector (Antec Leyden). The electrochemical flow cell (model VT 03, Antec Leyden) has a
3mm glassy carbon working electrode with a 25 µm spacer, and an Ag/AgCl reference
electrode. The cell potential was set at 700 mV. The signal was filtered with a low pass in-line
noise killer, LINK (Antec Leyden) set at a 14 s peak width and a cut off frequency of 0.086
Hz. The signal was integrated using the EZChrom elite chromatography software (Scientific
Software Inc.). The injector, flow cell, and analytical column were placed in the Faraday-
shielded compartment of the detector where the temperature was maintained at 30°C. The
stationary phase was a reverse phase BDS Hypersil C18 column 100 mm × 2.1 mm, with 5 µm
particle size and 120 Å pore size (Keystone Scientific). The mobile phase was 50 mM H3PO4,
50 mM citric acid, 100 mg/L 1-octanesulfonic acid (sodium salt), 40 mg/L EDTA (disodium
salt dihydrate), 2mM KCl and 3% methanol, corrected to pH 3.0 with NaOH. The mobile phase
was continually degassed with a Degasys Populaire on-line degasser (Sanwa Tsusho Co. Ltd.)
and delivered at a flow rate of 0.26 ml/min.

Statistical Analysis
The self-administration data were assessed by analysis of variance. An alpha level of p<0.05
was used as a cutoff for statistical significance. The between subjects factor was 6-OHDA, sex
and cohort and the repeated measure was repeated testing. The dependent measures were
photobeam breaks for the locomotor activity test, entries to repeat (number of correct entries
before the first error) for the spatial learning and memory test and number of infusions per
session for the nicotine self-administration test. As recommended by Snedecor and Cochran,
(Snedecor and Cochran, 1967) interactions with p-values less than 0.10 were followed-up by
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tests of the simple main effects. In all cases the final threshold for statistical significance was
p<0.05, two-tailed.

Results
Neurochemistry (Rat Pups)

A small sample of rat pups was analyzed for the extent to which the 1 µl infusion would
disperse. To accomplish this toluidine blue dye was infused at the exact coordinates as 6-OHDA
infusion, the pups were euthanized via cervical dislocation, and the brains were dissected and
examined. The site of infusion was confirmed to be in the intended region of the medial frontal
cortex.

To determine if 6-OHDA infusion successfully depleted DA levels, a subset of rat pups derived
from 4 litters were euthanized ten days after 6-OHDA (4 µg of the base weight of 6-OHDA/
side) or ACSF infusion into their frontal cortex and neurochemical concentrations were
determined in the frontal cortex, dorsal striatum, and nucleus accumbens. Bilateral
microinfusion of 6-OHDA significantly (F(1,14)=10.46, p<0.01) reduced the concentration of
dopamine in the frontal cortexes of the rat pups. These values were 0.72±0.22 and 1.96±0.31
pg/20µl of the frontal cortex tissue for the 6-OHDA and sham-treated pups, respectively (Fig.
1A). As intended, the other monoamines in the frontal cortex were not significantly affected
(Fig. 1A). No significant lesion effects were seen with the monoamines in the dorsal striatum
(data not shown). Bilateral 6-OHDA lesioning of dopamine terminals of the frontal cortex
caused significant increases in norepinephrine (F(1,14)=5.08, p<0.05) and serotonin (F(1,14)
=9.57, p<0.01) levels in the nucleus accumbens (Fig. 1B). The serotonin metabolite 5-HIAA
was also significantly (F(1,14)=9.93, p<0.01) increased in the nucleus accumbens
(Control=3.06±0/16, Lesioned=4.06±0.28).

Locomotion
In the Figure-8 locomotor activity apparatus, there was a sex-selective effect of neonatal 6-
OHDA treatment. To follow up the treatment × sex interaction (F(1,37)=3.48, p<0.07), 6-
OHDA treated male and female rats were compared to same-sexed controls. Males with
neonatal 6-OHDA treatment were significantly (p<0.05) hyperactive relative to sham-operated
control males (Figs. 2A and 2B). Females were not significantly affected by 6-OHDA in terms
of locomotor activity in that there was no significant differences between 6-OHDA and sham
lesioned females. There was a significant main effect of sex (F(1,37)=11.13, p<0.005) with
females showing the typical more activity than males. The 6-OHDA effect in males made them
more like females in this regard (Fig. 2B).

Learning and Memory
There was a significant 6-OHDA×session block interaction (F(2,66)=4.84, p<0.025) in the
radial-arm maze. Tests of the simple main effects of neonatal 6-OHDA at each session block
showed a nearly significant (p<0.08) 6-OHDA-induced impairment during the first block and
a significant (p<0.05) 6-OHDA-induced improvement in accuracy relative to sham-operated
controls during the final session block (Fig. 3). No interactions of treatment by sex were
observed. Overall, at the end of 18 training sessions, the 6-OHDA-treated animals performed
with fewer errors than the sham-operated animal (Fig. 3).

Nicotine Self-Administration
Nicotine self-administration was significantly affected by neonatal 6-OHDA lesions with a
significant (F (1,28)=5.67, p<0.025) main effect of 6-OHDA lesion decreasing nicotine self-
administration (Fig. 4). The 6-OHDA lesion × sex interaction was also significant (F(1,28)
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=16.62, p<0.0005). Tests of the simple main effects showed that in the sham-lesioned rats,
there was a significant (F(1,28)=11.66, p<0.005) sex difference with the females self-
administering more nicotine than males (Fig. 4). In the 6-OHDA lesioned rats, the opposite
was the case with the males self-administering significantly (F(1,28)=5.51, p<0.05) more
nicotine than the 6-OHDA lesioned females. Male nicotine self-administration was slightly
though not significantly increased by the 6-OHDA lesion. However, nicotine self-
administration in the females was significantly (F(1,28)=19.94, p<0.0005) decreased by the 6-
OHDA lesion (Fig. 4). There was a significant (F(3, 84)=3.57, p<0.025) main effect of week
of self-administration. A trend analysis of the change in nicotine self-administration over four
weeks showed an initial increase in self-administration followed by a plateau in performance
and a tapering off during the final week with no significant interaction with sex of the subjects.
This was evidenced by a significant (F(1,84)=10.53, p<0.005) quadratic trend over the weeks.

To determine if nicotine self-administration in the female rats was dependent on the estrous
cycle, the nicotine injections per session were determined with respect to the stage in the estrous
cycle. The estrus cycle stage in the female rats did not significantly affect the rate of nicotine
self-administration. The nicotine self-administration rates in the different stages of the estrus
cycle were: metestrus 3.2±1.3; diestrus 3.0±0.6; proestrus 2.3±0.4; and estrus 2.8±0.7
infusions/session.

Neurochemistry (Adult Rats)
After completion of the behavioral tasks the adult rats were euthanized and neurochemical
levels were determined in the frontal cortex, striatum, and nucleus accumbens. The frontal
cortex was divided into eight sections to analyze the long-term effects of 6-OHDA on DA
levels at the site of infusion and to examine the possibility that local infusion into the anterior
frontal cortex could have effects on adjoining regions such the sensory motor cortex in more
posterior portions of our dissection. There were no significant differences in neurochemical
levels detected in the frontal cortex in any of the regions that were sampled (data not shown).
Additionally, there were no significant differences of neurochemical levels in the striatum, or
nucleus accumbens of 6-OHDA or sham lesioned rats (data not shown).

However, frontal cortical dopamine levels significantly correlated (p<0.025, R2=0.34) with
the average nicotine self-administration for all the sessions (1–20) for the rats given the neonatal
frontal cortical 6-OHDA lesions (Fig. 5 lower panel). This relationship was reinforced by the
further finding of a significant correlation (p<0.05, R2=0.32) of frontal cortical levels of the
dopamine metabolite DOPAC with average nicotine self-administration (Fig, 5 lower panel).
In contrast, neither DA (p=0.77, R2=0.005) nor DOPAC (p=0.54, R2=0.03) had any hint of
correlation with average nicotine self-administration in sham-operated rats (Fig. 5 upper panel).
Thus, both frontal cortical dopamine and its metabolite DOPAC showed significantly increased
levels with increased nicotine self-administration in lesioned but not sham-operated rats.

As shown in Figure 6, the correlation between nicotine self-administration and cortical DA
(r2 =0.61) and DOPAC (r2 =0.65) in lesioned male rats was significant (p<0.025 for DA and
p<0.05 for DOPAC). No correlation was found for these variables in the frontal cortex of
lesioned female rats.

The correlation of frontal cortical serotonin levels and the average nicotine self-administration
for all the sessions (1–20) for the rats given the neonatal frontal cortical 6-OHDA lesions were
nearly inversely significant (p=0.058, R2=0.23) (Fig. 7 lower panel). A stronger relationship
was seen with a significant correlation (p<0.025, R2=0.31) of frontal cortical levels of the
serotonergic metabolite 5-HIAA with average nicotine self-administration (Fig, 7 lower panel).
In contrast, neither serotonin (p=0.54, R2=0.02) nor 5-HIAA (p=0.47, R2=0.03) had any hint
of correlation with average nicotine self-administration in sham operated rats (Fig. 7 upper

Rezvani et al. Page 7

Neuroscience. Author manuscript; available in PMC 2009 June 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



panel). Thus, frontal cortical 5-HIAA showed significantly decreased levels with increased
nicotine self-administration in lesioned, but not control rats. Frontal cortical serotonin levels
showed a nearly significant trend in the same inverse direction in the lesioned animals with no
hint of a relationship in controls.

As illustrated in Figure 8, although there was a trend for an inverse correlation between nicotine
self administration and cortical serotonin and 5-HIAA in male rats, it did not reach to the level
statistical significance. No correlation was found for these variables in the frontal cortex of
lesioned female rats.

Discussion
Our results demonstrated that neonatal 6-OHDA lesioning of the frontal cortex significantly
reduced dopamine levels in the frontal cortex while significantly increasing serotonin, 5-HIAA
and norepinephrine concentrations in the nucleus accumbens. This neurochemical effect of
neonatal 6-OHDA lesioning was absent in the adult rats indicating a recovery of the initial
neurochemical defect. Furthermore, our findings showed that neonatal lesions of frontal
cortical dopamine innervation by 6-OHDA had lasting impacts on neurobehavioral function.
The effects were seen in locomotor activity, learning and memory, and nicotine self-
administration during adulthood.

Our findings showed that male rats treated with neonatal 6-OHDA were significantly
hyperactive compared to sham lesioned males. Dopaminergic lesioning via 6-OHDA treatment
have been shown to cause locomotor defects in a number of animal models. Neonatal ICV 6-
OHDA infusion causes considerable and long-lasting locomotor activity in juvenile and adult
rats (Shaywitz et al., 1976, Miller et al., 1981, Archer et al., 1988). Lesioning of dopaminergic
systems by ICV injection of 6-OHDA or MPTP also causes both catalepsia and bradykinesia
in adult rats and monkeys (Zigmond and Stricker, 1973, Deumens et al., 2002). These studies
along with the current data suggest an essential role for dopaminergic innervation in locomotor
activity (Zigmond and Stricker, 1973, Archer et al., 1988, Deumens et al., 2002). Serotonin
also has been implicated in locomotion (Geyer, 1996, Jacobs and Fornal, 1997). Increased
levels of serotonin in the brain have been associated with hyperactivity in mice (Chia et al.,
1999, Brocco et al., 2002). Recently, it has been shown that increased striatal 5-HT that follows
neonatal DA depletion is involved in hyperlocomotor behavior in mice (Avale et al., 2004). In
the current study we also observed increased ventral striatal 5-HT and increased
hyperlocomotion. These studies highlight the importance of frontal DA and striatal 5-HT
systems in locomotion.

In the present study only male rats exhibited hyperactivity after 6-OHDA lesioning. It is
possible that male sex hormones exacerbate the effect of 6-OHDA lesioning. The lack of effect
of 6-OHDA lesion on the locomotor activity in female rats may be the result of sex-specific
effects of 6-OHDA lesioning. However, it is important to note that we did not observe
significant differences in frontal DA levels between neonatal male and female rats treated with
6-OHDA.

Neonatal 6-OHDA lesioning of the frontal cortex cause a moderate but significant
improvement in 8-arm radial maze performance. This effect was not sex specific in that both
adult male and female rats showed increased maze acquisition in the later sessions. This finding
contradicts data from other studies. Other investigators have shown that 6-OHDA-treated rats
exhibit a retarded acquisition of running responses to acquire food pellets in a modified version
of the Olton radial arm maze (Archer et al., 1988). Furthermore, 6-OHDA-treated rats also
have been shown to be drastically impaired in the swim maze task compared with controls
(Archer et al., 1988). There might be several methodological reasons for the discrepancy
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between our findings and these results. First, we used local infusions, which were limited to
the frontal cortex while Archer’s group used an anatomically-nonspecific bilateral ICV
infusion. ICV infusions are likely to have pronounced effects on dopaminergic functioning in
several regions of the brain including the frontal cortex, nucleus accumbens, septum, striatum
and the amygdala. Secondly, our rats were treated once on Day 7 while Archer et al. treated
their animals twice, on Day 3 and Day 6. Lastly, we used a standard 8-arm radial maze task
with 18 sessions of training while Archer’s group used a modified version of the Olton radial
arm maze which required one session to acquire food pellets. We did observed a general trend
toward retarded maze acquisition in the early training sessions which may coincide with the
impairments observed in other studies. It is also plausible that decreases in frontal cortical
dopamine activity actually improve memory related processes. Some antipsychotics, which
block DA receptors and lower dopaminergic activity, actually improve deficits in cognition
and executive functioning (Harvey et al., 2005, Wagner et al., 2005).

Neonatal 6-OHDA lesions of the frontal cortex significantly affected nicotine self-
administration during adulthood. The 6-OHDA lesion × sex interaction was also significant.
There was a significant sex difference in the sham lesioned rats, with the female self-
administering more nicotine than their male counterparts. Neonatal 6-OHDA lesioned rats
exhibited the opposite effect with lesioned male rats self-administering significantly more
nicotine than lesioned female rats. It is difficult speculate on mechanisms that account for the
sex-difference in nicotine self-administration and the possible role of estrogen in mediating
these effects in that there were no significant differences in nicotine self-administration and
estrous cycle. We can only hypothesize that the 6-OHDA lesioning has sex-specific effects in
the rodent brain and that female rat brain may be is protected from the 6-OHDA insult (Dluzen,
1996, Dluzen et al., 1996b, Dluzen et al., 1996a, Disshon and Dluzen, 2000, Dluzen and
Horstink, 2003).

The data showed a direct link between the rate of nicotine self-administration and dopamine
and DOPAC in 6-OHDA treated rats. This effect was absent in sham lesioned rats. Opposite
to cortical DA, frontal serotonin levels were nearly significantly correlated with the rate of
nicotine self-administration in 6-OHDA lesioned rats. Serotonin’s primary metabolite, 5-
HIAA, was found to be significantly correlated with nicotine self-administration in 6-OHDA
lesioned rats. This finding may suggest a role for the cortical serotonin in nicotine addiction.
Even though 6-OHDA rats were not more prone to increased nicotine self-administration, there
was still a significant interaction between increased dopamine levels in the frontal cortex and
the number of nicotine infusion per session. It is possible that the lesion disrupted the reward
and reinforcing behavior of nicotine in the animals but the underlying mechanism is preserved.

It is also possible that the rat frontal cortex is not as important for mediating addictive behavior.
There was no significant interaction between frontal DA levels and nicotine self-administration
in the control animals. However, it is important to note that we are sampling transit levels of
DA and not actual levels at the time of nicotine self-administration. Determining DA levels in
response to nicotine exposure would give us a much better indication of nicotine responsiveness
and the contribution of frontal DA to nicotine seeking behavior in control and 6-OHDA
lesioned animals.

Evidence from both laboratory animals and human studies implicates dopamine as one of the
major neurotransmitter being involved in drug self-administration and addiction (Piazza et al.,
1991, Rezvani et al., 1992, Mason et al., 1997, Di Chiara, 1999, Volkow et al., 1999, Rezvani
et al., 2000, Goldstein and Volkow, 2002, Volkow et al., 2002b, Kalivas and Volkow, 2005,
Nader and Czoty, 2005). In addition to the mesolimbic dopaminergic system, several other
neurotransmitter systems including the serotonergic system have been suggested to be involved
in drug self-administration (Rezvani et al., 1990, Rezvani and Grady, 1994, Volkow and Li,
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2004, Koob, 2000). It appears that lesioning of the neonatal cortical dopamine innervation
makes nicotine more aversive and/or less rewarding during adulthood in female rats. The
important role of serotonin within the limbic system and its functional interaction with
dopaminergic systems in the brain should also be considered in interpretation of these data. It
has been shown previously that neonatal DA depletion in the rat is followed by an increase of
striatal serotonin (Snyder et al., 1986) that appears as a consequence of an extensive
serotonergic hyperinnervation in this area (Descarries et al., 1992, Molina-Holgado et al.,
1994, Zhang et al., 2002). Our data demonstrate an increase in serotonin levels in the nucleus
accumbens in neonatal rats following frontal 6-OHDA lesioning. The nucleus accumbens plays
a paramount role in limbic neuronal circuits that are responsible for behaviors such as
compulsive drug seeking (Morgane et al., 2005). Thus, it is possible that increase in serotonin
in this part of the reward pathway may lead to a decline in nicotine self-administration.
However, functionally, there is considerable overlap within and interactions between
dopamine, serotonin, glutamate, GABA and other neurotransmitters in relation to cognition
and drug seeking behavior. Considering the complexity of the system and the fact that drug
seeking behavior and cognition are not unitary phenomena more extensive research is needed
to better understand these functions.

In the present study, we observed behavioral defect in adult rats that received 6-OHDA lesions
as neonates. Several mechanisms could explain these long-term behavioral changes. One
explanation could be that neonatal lesioning has profound effects on receptor profiles in the
frontal cortex. Studies have shown the one consequence of neuronal lesioning is the expression
of supersensitive receptors. Depleting dopamine levels in the striatum leads to the expression
of supersensitive D1 dopamine receptors (Gerfen et al., 2002). The presence of supersensitive
D1 receptors in adult rats could explain long-term behavioral defect even though there was a
complete recovery of cortical dopamine levels. If this recovery of dopaminergic innervation
happened in the presence of the expression of hypersensitive receptors, then behavioral changes
may be expected.

Alternatively, in addition to depleting dopamine levels, 6-OHDA lesions have been shown to
effect the expression of genes that are important for proper neuron structure and
morphogenesis. Most important was the up-regulation of genes involved in the repulsion of
axon guidance and genes that inhibit the growth of dendrites and microtubule formation
(Krasnova et al 2007). In addition, genes necessary for tubulin and actin folding were found
to be down-regulated (Krasnova et al. 2007). In the context of this model, it is possible that
while there is a full recovery of relative dopamine levels, there are altered morphological and
structural defects in adulthood. It is possible that while there are relatively the same number
of dopaminergic neurons in control and 6-OHDA-treated rats, 6-OHDA-treated rats do not
have the proper synapse structure for normal functioning. This is supported by anatomical
changes observed in the adult mouse brain after neonatal 6-OHDA lesioning (Krasnova et al.
2007). Lastly, a combination of these two models could account for the long-term effects of
6-OHDA lesioning. However, much more research is needed to distinguish between the two
possibilities.

In summary, the neonatal 6-OHDA lesion of the frontal cortex caused a long-lasting
neurobehavioral effects during adulthood in rats suggesting the critical role of the neonatal
cortical dopamine in locomotor, learning and memory and nicotine addiction. Some of these
effects are sex-specific. These data suggest that neonatal frontal cortical dopamine lesion can
cause overstimulation of limbic sites and cause long lasting impairments in neurobehavioral
functioning.
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Figure 1.
Effects of neonatal 6-OHDA lesion of the frontal cortex on levels of dopamine, norepinepherine
and serotonin in the frontal cortex (Panel A), and dopamine, norepinepherine and serotonin in
the nucleus accumbens (Panel B) 10 days following lesioning (mean±sem). The figure depicts
pooled data from both male and female rats. Control animals were infused with artificial an
equal volume of artificial cerebral spinal fluid. N=8 for all neurotransmitters in both treatment
conditions except for the cortical norepinephrine in the sham group which is 7.
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Figure 2.
Effects of neonatal 6-OHDA lesion of the frontal cortex on locomotor activity in the Figure-8
maze during adulthood in male and female rats. (A) Figure 2A shows photobeam breaks per
five-minute time block over the course of a 1-hour session (mean±sem). (B) Figure 2B shows
average photobeam breaks per five-minute time block over the course of a 1-hour session (mean
±sem). N=12 for control males and 11 for lesioned males. For control females N=13 and for
lesioned females N=9.
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Figure 3.
Effects of neonatal 6-OHDA lesion of the frontal cortex on choice accuracy (spatial learning
and memory) during adulthood in the radial-arm maze. Data show the number of correct entries
before the first error (i.e. entries to repeat) Data represent mean±sem. N= the same as Fig. 2.
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Figure 4.
Effects of neonatal 6-OHDA lesion of the frontal cortex on nicotine IV self-administration
(0.03 mg/kg/infusion) during adulthood. Data show numbers of infusion/session during 4
weeks trial (mean±sem). N=10 for control males and 9 for lesioned males. For control females
N=8 and for lesioned females N=9.
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Figure 5.
Correlation of nicotine self-administration (sessions 1–20) with frontal cortical dopamine and
DOPAC levels in rats with neonatal 6-OHDA and sham operated rats. For the sham group
N=19 for cortical dopamine and 17 for cortical DOPAC. For the lesioned group N=17 for
dopamine and 15 for DOPAC.
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Figure 6.
Correlation of nicotine self-administration (sessions 1–20) with frontal cortical dopamine
(upper panel) and DOPAC (lower panel) in male and female rats with neonatal 6-OHDA lesion.
N=8 for frontal cortical dopamine and DOPAC in females and 9 and 7 for frontal cortical
dopamine and DOPAC in males, respectively.
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Figure 7.
Correlation of nicotine self-administration (sessions 1–20) with frontal cortical serotonin and
5-HIAA levels in rats with neonatal 6-OHDA and sham operated rats. For the sham group
N=19 for cortical serotonin and 18 for cortical 5-HIAA. For the lesioned group N= 17 for
serotonin and 16 for 5-HIAA.
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Figure 8.
Correlation of nicotine self-administration (sessions 1–20) with frontal cortical serotonin
(upper panel) and 5-HIAA (lower panel) in male and female rats with neonatal 6-OHDA lesion.
N=8 for all transmitters except for cortical serotonin in males which is 9.
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