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Neurobiology of Disease
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Prenatal exposure to maternal smoking has been linked to cognitive and auditory processing deficits in offspring. Preclinical studies have
demonstrated that exposure to nicotine disrupts neurodevelopment during gestation and adolescence, possibly by disrupting the trophic
effects of acetylcholine. Given recent clinical and preclinical work suggesting that neurocircuits that support auditory processing may be
particularly vulnerable to developmental disruption by nicotine, we examined white matter microstructure in 67 adolescent smokers and
nonsmokers with and without prenatal exposure to maternal smoking. The groups did not differ in age, educational attainment, IQ, years
of parent education, or symptoms of inattention. Diffusion tensor anisotropy and anatomical magnetic resonance images were acquired,
and auditory attention was assessed, in all subjects. Both prenatal exposure and adolescent exposure to tobacco smoke was associated
with increased fractional anisotropy (FA) in anterior cortical white matter. Adolescent smoking was also associated with increased FA of
regions of the internal capsule that contain auditory thalamocortical and corticofugal fibers. FA of the posterior limb of the left internal
capsule was positively correlated with reaction time during performance of an auditory attention task in smokers but not in nonsmokers.
Development of anterior cortical and internal capsule fibers may be particularly vulnerable to disruption in cholinergic signaling induced
by nicotine in tobacco smoke. Nicotine-induced disruption of the development of auditory corticofugal fibers may interfere with the
ability of these fibers to modulate ascending auditory signals, leading to greater noise and reduced efficiency of neurocircuitry that
supports auditory processing.
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Introduction
Clinical studies have linked maternal smoking during pregnancy
with deficits in auditory processing and general intellectual function, and with attention deficit hyperactivity disorder in offspring
(McCartney et al., 1994; Romano et al., 2006). Nicotine binds to
nicotinic acetylcholine receptors (nAChRs), which, when stimulated by endogenous acetylcholine, regulate brain development
(Slotkin, 2004). Stimulation of nAChRs by nicotine during gestation disrupts neurodevelopment, possibly by disrupting the
trophic actions of acetylcholine (Navarro et al., 1989; Slotkin,
2004). Nicotine administration during the early postnatal period
in the rodent disrupts auditory learning and nicotinic regulation
of primary auditory cortex (Hsieh et al., 2002; Liang et al., 2006).
High-affinity nAChRs expressed on corticothalamic efferents
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during development are critical for normal passive avoidance
learning (King et al., 2003). Stimulation of nAChRs by nicotine
may also alter timing of the switch in action of GABA from excitation to inhibition, which may disrupt circuit development (Liu
et al., 2006).
Nicotine is also disruptive to adolescent brain development
(Abreu-Villaca et al., 2003). Animals exposed to nicotine during
both prenatal and adolescent development, demonstrate effects
on cholinergic neurotransmission, cell signaling, and serotonin
receptor expression that are more prominent than those observed after exposure during either prenatal or adolescent development alone, particularly in females (Slotkin et al., 2007). Parallel work in humans demonstrated that female adolescents with
combined prenatal and adolescent exposure to tobacco smoke
had greater impairments of both auditory and visual attention
than females with exposure during either prenatal or adolescent
development alone, whereas male adolescents with combined exposure had prominent impairments in auditory attention (Jacobsen et al., 2007). Exposure to tobacco smoke during prenatal
and/or adolescent development was associated with reduced efficiency of neurocircuits activated during auditory attention, including primary auditory cortex (Jacobsen et al., 2007).
Auditory signals travel from the cochlea through brainstem,
midbrain, and the medial geniculate body (MGB) of the thala-
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Table 1. Demographic, clinical, and cognitive characteristics of 33 adolescents with and 34 adolescents without prenatal exposure to active maternal smoking

Characteristic

Smokers, prenatally
exposed (N ⫽ 25)

Smokers, no
prenatal exposure
(N ⫽ 14)

Age (years)
Gender (M/F)
Education (years)
Parent education (years)
Cigarettes smoked/day
Age at onset of smoking
Years of daily smoking
Estimated plasma nicotine (7:30 P.M.)
FTNDa scoreb
Weeks prenatal exposure to tobacco
Weeks prenatal exposure to environmental tobacco smokec
Birth weight (kg)
KBITd composite score
WJR Word Attack SSe
Beck Depression Scoref,g
Connersh Score
Rate of alcohol consumption (drinks/week)i
Lifetime episodes of cannabis usej

16.3 ⫾ 1.1
7/18
9.2 ⫾ 1.4
15.5 ⫾ 5.3
11.6 ⫾ 6.5
12.5 ⫾ 2.2
2.6 ⫾ 1.7
13.1 ⫾ 8.7
4.6 ⫾ 1.8
32.4 ⫾ 11.7
21.5 ⫾ 20.2
3.22 ⫾ 0.40
97.4 ⫾ 8.9
108.7 ⫾ 16.3
6.5 ⫾ 6.8
20.7 ⫾ 13.2
1.7 ⫾ 2.4
194.0 ⫾ 286.8

17.0 ⫾ 0.7
7/7
9.9 ⫾ 1.1
14.1 ⫾ 2.8
9.8 ⫾ 6.9
13.1 ⫾ 1.8
3.1 ⫾ 1.8
12.5 ⫾ 7.3
3.1 ⫾ 1.8
0.0
19.8 ⫾ 20.6
3.35 ⫾ 0.48
99.5 ⫾ 9.8
108.4 ⫾ 14.7
7.2 ⫾ 6.9
17.8 ⫾ 7.6
3.1 ⫾ 3.7
339.9 ⫾ 442.5

Nonsmokers,
prenatally exposed
(N ⫽ 8)

Nonsmokers, no
prenatal exposure
(N ⫽ 20)

16.2 ⫾ 1.4
4/4
9.4 ⫾ 1.5
13.1 ⫾ 1.9

16.3 ⫾ 1.2
8/12
9.6 ⫾ 1.2
15.0 ⫾ 2.2

22.3 ⫾ 16.1
30.1 ⫾ 18.6
3.28 ⫾ 0.42
98.5 ⫾ 13.2
106.2 ⫾ 16.0
2.9 ⫾ 3.8
16.4 ⫾ 11.5
0.1 ⫾ 0.2
0.5 ⫾ 0.8

0.0
12.4 ⫾ 18.2
3.35 ⫾ 0.52
104.5 ⫾ 13.0
107.3 ⫾ 18.0
2.3 ⫾ 3.2
15.0 ⫾ 7.6
0.4 ⫾ 0.8
47.5 ⫾ 134.5

Data are presented as mean ⫾ SD, unless otherwise specified.
a
Fagerstrom Test for Nicotine Dependence (Heatherton et al., 1991).
b
Prentally exposed ⬎ no prenatal exposure: ␤ ⫽ 1.5, t ⫽ 2.5, p ⬍ 0.05.
c
Prentally exposed ⬎ no prenatal exposure: ␤ ⫽ 17.7, t ⫽ 2.2, p ⬍ 0.05.
d
Kaufman Brief Intelligence Test (Bowers and Pantle, 1998).
e
Woodcock–Johnson Revised Test of Achievement Word Attack subtest standard scores.
f
Beck et al., 1961.
g
Smokers ⬎ nonsmokers: ␤ ⫽ 4.9, t ⫽ 2.5, p ⬍ 0.05.
h
Conners Adolescent Self Report Scale (Conners, 1998).
i
Smokers ⬎ nonsmokers: ␤ ⫽ 2.7, t ⫽ 3.4, p ⬍ 0.01.
j
Smokers ⬎ nonsmokers: ␤ ⫽ 337.4, t ⫽ 3.3, p ⬍ 0.01.

mus before reaching primary auditory cortex. Auditory cortex
neurons project back to the ipsilateral MGB, thalamic reticular
nucleus, and bilateral inferior colliculi (Ehret and Romand, 1997;
He, 2003). These descending fibers form the corticofugal projections and, together with corticothalamic fibers, pass through the
internal capsule (Parent, 1996). We tested for evidence of alternations in white matter microstructure associated with prenatal
and adolescent exposure to tobacco smoke using diffusion tensor
imaging (DTI). DTI provides quantitative measures of the diffusion of water within tissue (Beaulieu, 2002). Directionality [fractional anisotropy (FA)] of water diffusion increases with increasing age in children and adolescents across white matter pathways
(Barnea-Goraly et al., 2005b), and correlates with developmental
changes in cognitive abilities (Mabbott et al., 2006). Given that
nicotine may disrupt the trophic actions of acetylcholine at
nAChRs, we hypothesized that prenatal and/or adolescent exposure to tobacco smoke would be associated with increases in FA of
the internal capsule and that, among subjects with developmental
exposure to tobacco smoke, increased internal capsule FA would
be correlated with impairments in auditory attention. Because
the internal capsule also includes corticospinal fibers, we examined the relationship between internal capsule FA and motor
speed to test the specificity of the effect of tobacco smoke exposure on auditory corticothalamic and corticofugal fibers.

Materials and Methods
Participants. Thirty-three adolescents with prenatal exposure to active
maternal smoking were compared with 34 adolescents with no prenatal
exposure to active maternal smoking. Prenatally exposed subjects included 25 current daily tobacco smokers and 8 nonsmokers (defined as
having a lifetime history of smoking no more than two cigarettes),

whereas subjects with no prenatal exposure to maternal smoking included 14 current daily tobacco smokers and 20 nonsmokers. Participants were 13–18 years of age and were recruited from the community by
advertisement. All subjects were free of medical and psychiatric illness
and substance abuse or dependence disorders, other than nicotine dependence, as determined by physical exam and structured clinical interview (Sobell and Sobell, 1992; Meyers et al., 1995; Kaufman et al., 1997).
Detailed drug use history was obtained using semistructured interviews
and the Comprehensive Addiction Severity Index for Adolescents (Meyers et al., 1995). Abstinence from substance use during the week before
assessment was confirmed by urine toxicology screen.
At initial screening, general intelligence was estimated using the Kaufman Brief Intelligence Test (Bowers and Pantle, 1998), reading achievement was estimated using the Word Attack subtest of the Woodcock–
Johnson Revised Test of Achievement, and self-reported symptoms of
depression and inattention were assessed using the Beck Depression
Scale (Beck et al., 1961) and the Conners Adolescent Self Report Scale
(Conners, 1998), respectively. Prenatal exposure was assessed by semistructured interview of the parents regarding the average number of
cigarettes smoked per day by the mother during each trimester of her
pregnancy with the subject. The mother’s consumption of other substances and alcohol during the pregnancy, and the rate of smoking by
other persons living in the home during the pregnancy (prenatal environmental exposure), were also assessed during this interview. Demographic, clinical, and cognitive characteristics of both groups are presented in Table 1.
The groups did not differ in age, gender, symptoms of inattention,
years of education, years of parent education, or birth weight. Smokers
reported significantly more symptoms of depression at screening (␤ ⫽
4.9; t ⫽ 2.5; p ⬍ 0.05), and greater history of alcohol (␤ ⫽ 2.7; t ⫽ 3.4; p ⬍
0.01) and cannabis (␤ ⫽ 337.4; t ⫽ 3.3; p ⬍ 0.01) consumption. These
effects of adolescent smoking were not significantly modified by prenatal
exposure to maternal smoking. Adolescents with prenatal exposure to
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maternal smoking had more environmental tobacco smoke exposure
during gestation (persons other than the mother smoking in the home
during gestation of the subject; ␤ ⫽ 17.7; t ⫽ 2.2; p ⬍ 0.05). This effect of
prenatal exposure was not significantly modified by smoking status.
Consistent with previous evidence that maternal smoking during pregnancy increases risk of smoking in offspring (Kandel et al., 1994; Griesler
et al., 1998; Cornelius et al., 2000; Buka et al., 2003), smokers with prenatal exposure to maternal smoking reported more symptoms of nicotine dependence, as measured by the Fagerstrom Test for Nicotine Dependence (Heatherton et al., 1991) (␤ ⫽ 1.5; t ⫽ 2.5; p ⬍ 0.05). Effects of
prenatal exposure to maternal smoking on age at onset of smoking, years
of daily smoking, and number of cigarettes smoked per day were not
significant.
Among the adolescents with prenatal exposure to maternal smoking,
exposure was restricted to the first trimester in 7, whereas 6 were exposed
through two trimesters, and 20 were exposed throughout gestation. Reported maternal use of other drugs during pregnancy was as follows:
among mothers of smokers with prenatal exposure to maternal smoking,
six consumed alcohol, two consumed cannabis, and two consumed cocaine during the index pregnancy. Among mothers of smokers without
prenatal exposure to maternal smoking, two consumed alcohol, none
consumed cannabis, and one consumed cocaine during the pregnancy.
Among mothers of nonsmokers with prenatal exposure to maternal
smoking, two consumed alcohol, one consumed cannabis, and one consumed cocaine during the pregnancy. Among mothers of nonsmokers
without prenatal exposure to maternal smoking, none consumed alcohol, cannabis, or cocaine during the pregnancy. No subject in the sample
was exposed to opiates, amphetamine, hallucinogens, sedativehypnotics, or inhalants during gestation. Adolescents with prenatal exposure to active maternal smoking also had more prenatal exposure to
alcohol (␤ ⫽ 0.4; t ⫽ 2.5; p ⬍ 0.05). This effect was not significantly
modified by smoking status. Rates of prenatal exposure to cannabis or
cocaine did not significantly differ across the groups.
Seven smokers with prenatal exposure to maternal smoking had experimented with illicit substances other than cannabis; four had tried
cocaine, one had tried amphetamine, four had tried oral opiates, two had
tried sedative-hypnotics, and four had tried hallucinogens. Five smokers
with no prenatal exposure to maternal smoking had experimented with
illicit substances other than cannabis; four had tried cocaine, one had
tried amphetamine, two had tried oral opiates, one had tried sedativehypnotics, and one had tried hallucinogens. Nonsmokers with and without prenatal exposure to maternal smoking denied previous use of cocaine, amphetamine, opiates, sedative hypnotics, and hallucinogens, and
all subjects denied previous use of methylenedioxymethamphetamine
(ecstasy), inhalants, anabolic steroids, and injected drugs.
Parental consent was obtained for subjects 17 years of age and
younger. This study was approved by the Yale University School of Medicine Human Investigation Committee (Yale HIC 12230). Subjects provided written assent or, for 18 year olds, consent for study participation.
Assessment of attention and motor speed. As previously described (Jacobsen et al., 2007), subjects performed a modified version of a computerized word recognition task involving progressively more demanding
manipulations of attention (Shaywitz et al., 2001; Shafritz et al., 2004).
Trials within each task were 5 s long and began with a 500 ms visual cue,
depicting an eye or an ear, prompting subjects to attend to the visual or
auditory modality, respectively. After a 500 ms pause, a word or nonword
was presented in the cued modality. Subjects then made a word/nonword
discrimination (lexical decision) with a button press. In the simple condition, word or nonword stimuli were presented only in the attended
modality, whereas nonlinguistic stimuli (four diagonal lines or a tone
stimulus) were presented in the unattended modality. In the selective
attention condition, a linguistic stimulus (word or nonword) was simultaneously presented in the unattended modality, thereby placing greater
demand on neurocircuits mediating perceptual selectivity.
Motor speed was assessed using a computerized version of the Finger
Tapping Test (Western Psychological Services, Los Angeles, CA), in
which average tapping rate for each hand was computed from five 10 s
trials. In addition, all subjects completed the Grooved Pegboard Test
(Lafayette Instruments, Lafayette, IN), in which 25 ridged pegs are placed
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in a 5 ⫻ 5 matrix of grooved holes in a prescribed order. The score for
each hand was the time required to complete the task (Ruff and Parker,
1993; Schmidt et al., 2000).
Image acquisition. Subjects were scanned using a 3.0 tesla Siemens
(Erlangen, Germany) Trio magnetic resonance imaging (MRI) system
and received a three-dimensional, high-resolution T1-weighted anatomic scan using a sagittal magnetization-prepared rapid acquisition
with gradient-echo (MPRAGE) pulse sequence: echo time (TE), 3.66 ms;
repetition time (TR), 2530 ms; flip angle, 7°; field of view (FOV), 256 ⫻
256 pixels; slice thickness, 1 mm; 176 slices; 0 skip. A standard quadrature
head coil was used for both radio frequency transmission and magnetic
resonance signal reception. Axial DTI images were acquired using a single shot echoplanar sequence (TE, 84 ms; TR, 7500 ms; FOV, 320 mm;
matrix, 128 ⫻ 128; slice thickness, 2.5 mm; 56 slices; 0 skip; b ⫽ 1000
s/mm 2). Diffusion was measured along six noncollinear directions. For
each of these six gradient directions, two acquisitions were averaged. Two
acquisitions without diffusion weighting (b ⫽ 0 s/mm 2) were also averaged. Thus, seven DTI volumes were obtained in total.
Data analysis. Image processing was performed using locally developed software written in Matlab (MathWorks, Natick, MA). Voxelwise
FA maps were calculated from the diffusion tensor within BioImage Suite
(www.bioimagesuite.org; New Haven, CT) (Basser and Pierpaoli, 1996).
Before across-subjects comparisons, DTI data were spatially normalized
to standard stereotactic space as follows. First, the high-resolution anatomic (MPRAGE) scan was stripped of skull tissue using the brain extraction tool (BET) (Smith, 2002) within FSL (www.fmrib.ox.ac.uk/fsl),
and the rigid alignment of the subject’s T2-weighted b ⫽ 0 s/mm 2 image
to his/her stripped high resolution anatomic image was determined.
Then, the subject’s high-resolution anatomic scan was normalized to
standard stereotactic space (Montreal Neurologic Institute Colin Template: http://www.bic.mni.mcgill.ca/brainweb) using nonlinear spatial
normalization (Collins et al., 1998; Holmes et al., 1998; Ashburner and
Friston, 1999; Papademetris et al., 2003). Before analysis, images were
smoothed using a 4 mm full width at half-maximum (FWHM) Gaussian
filter. A 4 mm FWHM filter was chosen on the basis of previous DTI
studies in adolescent populations (Barnea-Goraly et al., 2005a,b). Finally, a white matter mask was created from the spatially normalized
MNI Colin brain and applied to the DTI images to restrict analyses to
data acquired from white matter.
Effects of prenatal exposure to maternal smoking and adolescent
smoking status on FA were assessed at each white matter voxel using
mixed-model repeated-measures ANOVA (Woods, 1996), with prenatal
exposure and smoking status as between-subjects variables, and subject
treated as a random effect within each group. Voxelwise correlation analyses were conducted to examine the relationships between white matter
FA and the number of weeks of prenatal exposure to maternal smoking,
magnitude of tobacco use during adolescence (pack-years), speed (reaction time) and accuracy (proportion correct) of auditory attention task
performance, and measures of motor speed. A univariate voxel threshold
of p ⬍ 0.01, corrected for mapwise false discovery rate (FDR) (Genovese
et al., 2002), was used, with an additional cluster threshold of 10 contiguous significant voxels. Location of peak group differences in FA were
converted to Talairach and Tournoux coordinate space (Talairach and
Tournoux, 1988), using the nonlinear transformation by Brett (www.
mrc-cbu.cam.ac.uk/Imaging/Common/mnispace.shtml).

Results
Effects of prenatal exposure to maternal smoking and
adolescent smoking on white matter fractional anisotropy
Significant group differences in FA observed by voxelwise
repeated-measures ANOVA are presented in Figure 1, where
results of the comparison of nonsmokers with prenatal exposure to maternal smoking (exposed nonsmokers) to nonsmokers with no prenatal exposure (nonexposed nonsmokers) are presented in the left panel, results of the comparison of
smokers with no prenatal exposure (nonexposed smokers) to
nonexposed nonsmokers are presented in the middle panel,
and results of the comparison of smokers with prenatal expo-
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sure to maternal smoking (exposed
smokers) to nonexposed nonsmokers
are presented in the right panel. Images
are displayed per radiological convention, with the right side of the brain on
the left side of the figure. Regions where
prenatal and/or adolescent exposure to
tobacco smoke was associated with significant increases in FA are shown in
red/yellow, whereas regions where exposure was associated with significant decreases in fractional anisotropy are
shown in blue/purple. Talairach coordinates of regions showing significant effects of prenatal and/or adolescent exposure to tobacco smoke on FA are
provided
in
Table 2.
Prenatal exposure to maternal smoking alone was associated with increased
FA in right and left frontal regions and in
the genu of the corpus callosum (Fig. 1,
left). Adolescent smoking in the absence
of prenatal exposure was associated with
increased FA in a larger number of frontal regions, the genu and splenium of the
Figure 1. Results of voxelwise repeated-measures ANOVA assessments of the effects of prenatal and adolescent exposure to
corpus callosum, the left inferior longi- tobacco smoke on white matter FA. Left panel, Results of the comparison of nonsmokers with prenatal exposure to maternal
tudinal fasciculus, and in the anterior smoking (Exposed NS) to nonsmokers with no prenatal exposure to maternal smoking (NonExposed NS). Middle panel, Results of
limb of the right internal capsule (Fig. 1, the comparison of smokers with no prenatal exposure (NonExposed S) to nonexposed NS. Right panel, Results of the comparison
middle). Prenatal exposure to maternal of smokers with prenatal exposure to maternal smoking (Exposed S) to nonexposed NS.
smoking combined with adolescent
smoking was associated with increased
FA in a larger volume of regions relative
to the other two exposure groups, including the genu of the corpus callosum,
left frontal white matter, the right superior longitudinal fasciculus, and the anterior limb of the right internal capsule.
All regions showing increased FA among
subjects with prenatal and/or adolescent
exposure to tobacco smoke relative to
nonexposed nonsmokers remained significant after controlling for potential
confounding variables, including baseline symptoms of depression (Beck
score), gender, alcohol use, lifetime episodes of cannabis use, prenatal exposure Figure 2. Left, Results of voxelwise correlation analysis examining the relationship between white matter FA and magnitude
to environmental tobacco smoke, and of tobacco smoke exposure during adolescence (pack-years), showing a significant positive correlation between FA of the genu of
prenatal exposure to maternal alcohol the corpus callosum and pack-years among smokers. Right, Plot of FA values from the region of the genu of the corpus callosum
consumption. Decreased FA was ob- showing a significant positive correlation with pack-years.
served in one region of the left external
Relationships between measures of prenatal and adolescent
capsule among subjects with combined prenatal and adolesexposure to tobacco smoke, auditory attention, motor speed,
cent exposure relative to nonexposed nonsmokers. However,
and white matter fractional anisotropy
this difference did not remain significant after controlling for
Among subjects with prenatal exposure to maternal smoking, the
potential confounding variables.
number of weeks of prenatal exposure was not significantly correDirect comparison of adolescent smokers with and without
lated with white matter FA. Among smokers, pack-years was signifprenatal exposure revealed no significant differences in regional
icantly positively correlated with FA at the genu of the corpus calloFA. However, direct comparison of adolescent smokers with no
sum (Talairach coordinates: x ⫽ ⫺4, y ⫽ 5, z ⫽ 22; volume, 408
prenatal exposure to prenatally exposed nonsmokers revealed
mm 2) (Fig. 2). FA data were extracted from the region of the genu
that FA was significantly greater in adolescent smokers with no
showing a significant correlation with pack-years and were submitprenatal exposure in the anterior limb of the right internal capted to regression analysis. Analysis revealed that the relationship besule (Talairach coordinates: x ⫽ 38, y ⫽ 24, z ⫽ 12; volume, 352
tween genu FA and pack-years remained significant after controlling
mm 3).
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Table 2. Regions demonstrating significant effects of prenatal exposure to maternal smoking and adolescent smoking on FA
Talairach coordinates
Structure

x

Structures with increased FA in prenatally exposed NS relative to nonexposed NS
R frontal short association fibers
40
L frontal white matter
⫺20
R genu, corpus callosum
12
Structures with increased FA in nonexposed S relative to nonexposed NS
L inferior longitudinal fasciculus
⫺24
R forceps minor, corpus callosum
14
R internal capsule, anterior limb
24
R frontal association fibers
16
L splenium, corpus callosum
⫺8
L forceps minor, corpus callosum
⫺18
R genu, corpus callosum
12
R superior longitudinal fasciculus
28
R frontal short association fibers
16
Structures with increased FA in exposed S relative to nonexposed NS
R internal capsule, anterior limb
15
R genu, corpus callosum
10
L frontal white matter
⫺22
R genu, corpus callosum
12
R superior longitudinal fasciculus
24
L forceps minor, corpus callosum
⫺16
Structures with decreased FA in exposed S relative to nonexposed NS
L external capsule
⫺30

y

z

Volume (mm3)

Peak p valuea

45
32
22

1
13
14

88
160
80

0.0002
0.002
0.002

⫺85
30
16
45
⫺34
18
9
7
32

4
12
14
14
15
18
24
26
24

120
328
456
192
384
520
792
200
80

0.0008
0.0001
⬍0.0001
⬍0.0001
0.001
⬍0.0001
0.0001
0.0001
0.0008

10
27
28
3
3
5

4
4
12
26
26
26

2608
2528
1544
128
96
96

⬍0.0001
0.0001
⬍0.0001
0.0009
0.001
0.0007

⫺13

12

1064

0.0003

Voxel threshold: ␣ ⫽ 0.01, FDR corrected; cluster threshold: 10 contiguous significant voxels. R, Right; L, left. x, y, and z are Talairach coordinates of the peak difference in FA.
a
p value of peak group difference in FA.

relationship between auditory attention
task performance (accuracy and reaction
time) and FA within the internal capsule,
where these fibers are located (Parent,
1996; Mori et al., 2005). Because effects of
adolescent exposure to tobacco smoke on
white matter FA were prominent, analyses
were conducted within smokers and nonsmokers. FA of the internal capsule was
not significantly correlated with accuracy
of auditory attention task performance for
either smokers or nonsmokers. Among
smokers, reaction time during the auditory attention task was significantly positively correlated with FA of the posterior
limb of the left internal capsule (Talairach
coordinates: x ⫽ ⫺10, y ⫽ ⫺2, z ⫽ 0; volume, 192 mm 2) (Fig. 3, left), and with FA
of the white matter of the left temporal
lobe (Talairach coordinates: x ⫽ ⫺42, y ⫽
⫺27, z ⫽ 0; volume, 168 mm 2) (supplemental Fig. 1, available at www.jneurosci.org as
supplemental material). The weak inverse
relationship between FA of the internal capFigure 3. Left, Results of voxelwise correlation analysis examining the relationship between FA of the internal capsule and sule and auditory attention task reaction
reaction time during auditory attention task performance among smokers. Right, Plot of auditory attention task reaction time and time among nonsmokers was not signifiFA values from the region of the left posterior internal capsule showing a significant positive correlation with auditory attention cant. Regression analysis of FA data extask reaction time among smokers (top plot) but not among nonsmokers (bottom plot) (adolescent smoking by FA of left posterior tracted from the region of the left posterior
internal capsule interaction effect: ␤ ⫽ 2632.8, t ⫽ 2.2, p ⫽ 0.03).
internal capsule showing a significant correlation with auditory attention task reaction
time among smokers demonstrated that this
for potential confounding variables and was not significantly modirelationship remained significant after controlling for potential confied by prenatal exposure to maternal smoking.
founding variables and was not significantly modified by prenatal
Our a priori hypothesis was that effects of developmental exexposure to maternal smoking (adolescent smoking by FA of left
posure to tobacco smoke on thalamocortical and corticothalamic
posterior internal capsule interaction effect: ␤ ⫽ 2632.8, t ⫽ 2.2, p ⫽
fibers may contribute to tobacco smoke exposure-related deficits
0.03) (Fig. 3, right).
in auditory attention. We tested this hypothesis by examining the
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Effects of prenatal exposure to maternal smoking and adolescent smoking on tapping rate during the Finger Tapping Test and
on time to complete the Grooved Pegboard Test were not significant. Neither Finger Tapping Test nor Grooved Pegboard Test
measures of motor speed were significantly correlated with internal capsule FA within the sample as a whole, or within smokers
and nonsmokers.

Discussion
In the present study, exposure to tobacco smoke during prenatal
development alone, adolescent development alone, or during
both developmental epochs was associated with significant increases in regional white matter FA, primarily in anterior cortical
and subcortical regions. In addition to myelination, FA increases
reflect maturational increases in cell packing density, fiber diameter, and directional coherence (Beaulieu and Allen, 1994; Shimony et al., 1999; Beaulieu, 2002). Thus, observed group differences are consistent with previous evidence that stimulation of
nAChRs by nicotine may disrupt neurodevelopment by disrupting the trophic actions of acetylcholine (Slotkin, 1998; Oncken et
al., 2003). FA increases were most extensive in adolescent smokers with and without prenatal exposure. Furthermore, increased
right anterior internal capsule FA was observed in adolescent
smokers without prenatal exposure relative to prenatally exposed
nonsmokers. This pattern suggests that white matter maturation
may be somewhat affected by prenatal nicotine exposure, but is
particularly vulnerable to the disruptive effects of nicotine during
adolescence, perhaps because of the prominent developmental
changes in cortical and subcortical white matter that occur during this period (Giedd et al., 1999; Paus et al., 1999; BarneaGoraly et al., 2005b; Ashtari et al., 2007).
The significant positive correlation between the magnitude of
tobacco exposure during adolescence and FA of the genu of the
corpus callosum, further supports the notion that effects of nicotine on white matter maturation may be particularly significant
during adolescence. nAChRs are expressed on oligodendrocyte
precursors (Rogers et al., 2001), and thus the effect of adolescent
tobacco exposure on white matter FA may reflect a greater effect
of nicotine on these precursors during adolescence. Direct comparison of adolescent smokers with and without prenatal exposure to maternal smoking showed no significant differences in
FA, suggesting that the effect of adolescent exposure to tobacco
smoke on white matter microstructure is not significantly magnified by prenatal exposure to maternal smoking. Thus, although
there may be a small contribution of nicotine exposure during
prenatal development to changes in FA, effects on this pathway
would not be additive with adolescent exposure, perhaps because
nicotine acts on similar mechanisms during the prenatal and
adolescent period, and thus the effect of prenatal exposure is
occluded in individuals with both prenatal and adolescent
exposure.
FA of regions of anterior cortical white matter, including the
genu of the corpus callosum and fibers that project into the frontal lobes from the corpus callosum, the thalamus, and the superior longitudinal fasciculus, was increased in all three exposure
groups. Adolescent tobacco use, both with and without prenatal
exposure to maternal smoking, was further associated with increased FA of the anterior limb of the right internal capsule. In
addition to corticospinal and corticopontine fibers, the internal
capsule contains thalamocortical and corticofugal fibers (Parent,
1996; Mori et al., 2005). Although thalamocortical projections
are restricted to the posterior limb of the internal capsule, corticofugal projections, which comprise a larger proportion of inter-
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nal capsule fibers than thalamocortical projections, are present in
both anterior and posterior limbs of the internal capsule
(Andersen et al., 1980; Parent, 1996; Winer et al., 2001; Mori et
al., 2005). Convergent lines of evidence have shown that corticofugal fibers modulate acoustic information ascending through
auditory pathways (Suga et al., 2002; Perrot et al., 2006; Winer,
2006; Sun et al., 2007;), permitting top– down control and optimization of auditory signal processing (Suga et al., 2002; Perrot et
al., 2006; Sun et al., 2007). Human postmortem work has shown
that thalamic and basal telencephalic fibers extending to the fetal
auditory cortex contain cholinergic markers throughout development of central auditory neurocircuitry and are detectable as
early as 10.5 weeks of gestation (Krmpotic-Nemanic et al.,
1983a,b). Cholinergic markers appear in synaptic layers of auditory cortex at 24 –26 weeks of gestation, likely reflecting thalamic
innervation of the auditory cortex (Krmpotic-Nemanic et al.,
1980). Studies in fetal cat suggest that efferent projections extending from auditory cortex are detectable by midgestation and
reach the thalamus during the third trimester (Payne et al., 1988;
Payne, 1992). Longitudinal structural MRI and diffusion tensor
imaging studies have provided evidence of ongoing maturation
of internal capsule fibers during adolescence, reflected by increases in white matter density and FA during this period (Paus et
al., 1999; Ashtari et al., 2007).
Work in rodents has demonstrated evidence that nicotine exposure during the neonatal period, which corresponds to the
third trimester in humans, disrupts synaptic development in auditory cortex, producing deficits in auditory learning (Aramakis
et al., 2000; Liang et al., 2006). In addition, expression of highaffinity nAChRs in corticothalamic projections during development is necessary for correct performance of an aversive learning
task in mice, suggesting that development of this pathway is particularly vulnerable to disruptions in cholinergic signaling (King
et al., 2003). We recently reported evidence that, in humans,
vulnerability to disrupting effects of nicotine in tobacco smoke
on the development of auditory neurocircuitry extends into adolescence, producing deficits in auditory attention and reduced
efficiency of neurocircuitry that supports auditory attention (Jacobsen et al., 2007). In the present study, reaction time during
performance of an auditory attention task was positively correlated with increasing FA of the posterior limb of the left internal
capsule in smokers but weakly inversely related to FA of this
region in nonsmokers. Although causality cannot be inferred
from these associations, these observations are consistent with
our hypothesis that developmental exposure to tobacco smoke
disrupts the development of auditory thalamocortical and corticofugal fibers possibly by disrupting the trophic effects of acetylcholine at nAChRs. In particular, nicotine induced maldevelopment of corticofugal fibers may interfere with the ability of these
fibers to modulate ascending auditory signals, leading to greater
noise and reduced efficiency of the circuit (Suga et al., 2002; He,
2003; Sun et al., 2007). The lack of a significant correlation between finger tapping and grooved pegboard measures of motor
speed and internal capsule FA among smokers or nonsmokers
further supports the specificity of the effect of tobacco smoke
exposure on development of thalamocortical and corticofugal
fibers and suggests that corticopontine and corticospinal fibers
may be less vulnerable to developmental disruption resulting
from tobacco smoke exposure.
The possibility that the group differences in cortical and subcortical white matter FA observed in the present study stem from
factors unrelated to prenatal or adolescent exposure to nicotine
in tobacco smoke cannot be excluded. However, the fact that
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regional increases in white matter FA associated with prenatal
and/or adolescent exposure to tobacco smoke remained significant after group matching and statistical controls for potential
confounding variables, including cannabis and alcohol use and
maternal use of alcohol, argues against this possibility, as does the
congruence of many of our conclusions with the findings from
rodent models of exposure to nicotine alone. Sample size did not
permit evaluation of the degree to which gender modifies the
effect of prenatal and adolescent exposure to tobacco smoke on
white matter microstructure. Other limitations include the measurement of prenatal exposure by retrospective self-report. Work
comparing prospectively and retrospectively collected data about
pregnancy has supported the accuracy of pregnancy data collected by retrospective self-report (Jacobson et al., 1991; Buka et
al., 2004). Similarly, comparison of serum cotinine concentrations and self-reported smoking behavior during pregnancy has
yielded evidence of significant agreement between these measures (Buka et al., 2003). Finally, the possibility that genetic factors shared by mothers and their offspring may mediate both
increased risk for smoking and alterations in white matter microstructure cannot be excluded.
In summary, the present findings suggest that exposure to
tobacco smoke during prenatal and adolescent developmental
epochs disrupts the development of white matter microstructure,
particularly in anterior cortical regions and in the internal capsule. This effect of exposure to tobacco smoke on development of
white matter microstructure may result from nicotine in tobacco
smoke disrupting the trophic effects of acetylcholine at nAChRs.
Effects of tobacco smoke exposure were pronounced when exposure occurred during adolescence, raising the possibility that the
extensive maturational changes that occur in white matter during
adolescence may confer vulnerability to developmental disruption by nicotine (Giedd et al., 1999; Paus et al., 1999; BarneaGoraly et al., 2005b; Ashtari et al., 2007). FA of the posterior limb
of the left internal capsule was positively correlated with reaction
time during auditory attention task performance in smokers but
was only weakly inversely related to speed of auditory attention in
nonsmokers, supporting the notion that nicotine-induced disruption of the development of auditory thalamocortical and corticofugal may reduce the efficiency of this neurocircuit. Together
with previous human evidence linking developmental exposure
to tobacco smoke with auditory processing deficits and reduced
efficiency of neurocircuitry that supports auditory processing
(McCartney et al., 1994; Jacobsen et al., 2007), and rodent data
demonstrating that developmental exposure to nicotine disrupts
the development of synapses in auditory cortex and corticothalamic projections (Aramakis et al., 2000; King et al., 2003; Liang et
al., 2006), the present findings suggest that development of auditory thalamocortical and corticofugal pathways is particularly
vulnerable to disruptions in cholinergic signaling induced by nicotine in tobacco smoke.
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