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Abstract

Background—Given that nicotine modulates amino acid neurotransmission, we sought to
examine the impact of nicotine on cortical y-aminobutyric acid (GABA) levels in male and female
smokers.

Methods—Healthy nicotine-dependent men (n = 10) and women (n = 6) underwent proton
magnetic resonance spectroscopy (1H-MRS) to measure occipital cortex GABA concentrations. A
subset of the smoking men (n = 5) underwent 1H-MRS scans before and after 48 hours of smoking
abstinence, whereas each of the women were scheduled to undergo pre- and postabstinence scans
during the follicular and luteal phases of one menstrual cycle. Healthy nonsmoking men (n = 7)
and women (n = 13) underwent 1H-MRSfor comparison.

Results—Short-term abstinence had no significant effect on cortical GABA concentrations in
either men or women. There was, however, a significant effect of sex, diagnosis (smoker/
nonsmoker), and menstrual cycle phase on cortical GABA levels, such that female smokers
experienced a significant reduction in cortical GABA levels during the follicular phase and no
cyclicity in GABA levels across the menstrual cycle, whereas cortical GABA levels were similar
in smoking and nonsmoking men.

Conclusions—Taken together with previous 1H-MRS data showing abnormalities in occipital
cortex GABA concentrations in several affective disorders, our preliminary finding that nicotine
modulation of GABA levels varies by sex provides a further rationale for investigating the impact
of nicotine on central GABAergic function as a potential risk factor for women to experience
depressive symptoms during smoking cessation.
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There are several noteworthy differences between men and women with regard to smoking
behavior, but ultimately none are as worrisome as the disparity in ability to quit smoking.
Many explanations as to why women are less successful in their abstinence attempts have
been proffered; however, the observation that women are more likely to experience the
emergence of depressive symptoms during smoking cessation (Killen et al 2003; Levine et
al 2003; Smith et al 2003), a known risk factor for smoking relapse (Benowitz and
Hatsukami 1998; Glassman et al 1990; Murphy et al 2003; Pomerleau et al 2001), might be
a critical contributor to this sex-specific recidivism.

Although nicotine has pronounced effects on a number of neurotransmitter systems (for
review, see Mansvelder and McGehee 2002), recent findings that y-aminobutyric acid
(GABA) neuronal dysregulation might play a role in the pathogenesis of several affective
disorders, including major depression (melancholic sub-type) and premenstrual dysphoric
disorder (PMDD) (Epperson et al 2002; Sanacora et al 1999, 2002), suggest that nicotinic
modulation of GABAergic function might mediate, albeit in part, nicotine's effects on mood.

Nicotine modulation of nicotinic acetylcholine receptors on GABAergic interneurons
induces GABA release (Fuxe et al 1989), which could lead to downstream alterations in
GABA synthesis and/or GABA, receptor activity. Nicotine, at high doses, also enhances
neurosteroidogenesis in rodents, leading to increased production of the potent GABAA
receptor agonist allopregnanolone (ALLO) (Porcu et al 2003). Chronic exposure to ALLO
results in downregulation and desensitization of the GABAA receptor (Smith et al 1998).
Finally, nicotine alters metabolism of the ovarian hormone estradiol (Irwin et al 1994),
which has excitatory effects in the central nervous system (Mellon and Griffin 2002).

Therefore, we sought to determine the impact of nicotine and a brief period of smoking
abstinence on central GABAergic function, using proton magnetic resonance spectroscopy
(IHMRS) to measure occipital GABA concentrations in a group of healthy smoking men
and women. Given that women experience menstrual cycle-related fluctuations in cortical
GABA levels and have greater peripheral sources of progesterone for conversion to ALLO
(Epperson et al 2002), we studied women across the menstrual cycle and anticipated that
female smokers would be more vulnerable to potential nicotine-induced alterations in
cortical GABA levels than male smokers.

Methods and Materials

Subjects

Ten men (aged 37 £ 18 years [mean + SD]) and six women (aged 35 + 13 years) who
smoked 20-40 cigarettes daily for at least 1 year and who had no present or past history of
psychiatric or substance (excepting nicotine) abuse/dependence disorders according to the
Structured Clinical Interview for Diagnosis—Nonpatient version (SCID-NP; Spitzer et al
1990) were enrolled. Subjects were recruited through paid advertisements and gave written
informed consent for participation, using forms and procedures approved by the medical
school's Human Investigation Committee. Of the 16 subjects, 13 were Caucasian, 2 were
Hispanic, and 1 was African American. The age of onset of smoking was similar between
men (19.4 + 4.2 years) and women (17.2 + 2.9 years). The mean score for the entire group
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on the Fagerstrom Test of Nicotine Dependence was 4.69 + 2.0 and on the Clinical
Epidemiology Scale for Depression was 3.6 = 3.5. Mean baseline cotinine levels were 227.5
ng/mL.

A group of healthy nonsmoking men (n = 7) underwent 1H-MRS concurrent with the
smokers, whereas for women, GABA data collected from a historical sample of nonsmoking
women (n = 13) with identical MRS techniques was used for comparison. The healthy
nonsmoking men and women were aged 33.8 + 5.9 years and 30.8 + 5.9 years, respectively.
Healthy subjects had no personal or family history (first-degree relatives) of psychiatric or
substance abuse disorders, according to a structured clinical interview with the SCID-NP
and per subject report, respectively.

Timing of 1H-MRS Scans

Magnetic resonance spectroscopy scans were conducted before and after 48 hours of
smoking abstinence (confirmed by expired CO level of <10 ppm, tested three times per day,
and cotinine levels of <60 ng/mL, measured at the time of scanning). In order to examine the
impact of smoking abstinence by menstrual cycle phase, women smokers underwent
abstinence twice, once during the follicular phase (days 3-7; with first day of menstrual flow
designated as day 1) and the midluteal phase (days 19-24; 5-9 days after ovulation as
determined by urine lutenizing hormone test kit [Answer; Church and Dwight, Princeton,
New Jersey]). Thus, female smokers were scheduled for four scans (once pre and post
abstinence in the follicular and mid-luteal phases), and 5 of the 10 smoking men were, who
were recruited to undergo abstinence, were scheduled for two scans (once pre and post
abstinence). The remaining 5 male smokers and the 7 male nonsmokers underwent one 1H-
MRS scan. Female nonsmokers from the historical sample were scanned in both the
follicular and mid-luteal phases. Scan scheduling for the female smokers was
counterbalanced with respect to menstrual cycle phase.

1H-MRS Methods

Proton MRS studies were performed with a 2.1-T magnet (Oxford Magnetic Technology,
Oxford, England) with a 1-m bore and a Bruker Avance spectrometer (Bruker Instruments,
Billerica, Massachusetts). Subjects lay supine with the occipital cortex against a 7-cm
surface coil tuned to the 1H-MRS frequency of 89.67 MHz. Gradient-echo scout images of
the subject's brain were obtained for subject positioning, and a 1.5 x 3 x 3-cm? voxel
centered on the midline of the occipital cortex, 2 cm deep from the dura, was chosen for
MRS (Figure 1).

Automated first- and second-order shimming was applied in the volume of interest.
Detection of the 3.0-ppm GABA C4 resonance was performed for 20 min with J-editing
(Rothman et al 1993). Briefly, pairs of subspectra were obtained, one with a frequency-
selective inversion pulse applied to the GABA C3 resonance, and one without the inversion
pulse. The subspectra were subtracted to obtain difference spectra that contained GABA
(total), which is the combined measure of GABA and the GABA-containing dipeptide
homocarnosine. Localization was achieved with selective excitation, three-dimensional,
image-selected, in vivo spectroscopy, outer volume suppression, and a surface spoiler coil.
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The spectral acquisition parameters were as follows: repetition time = 3.39 sec; echo time =
68 msec; sweep width = 15,000 Hz; and acquisition time = 510 msec. The free induction
decay was zero-filled to 32 K, processed with 3-Hz Lorentzian broadening, and Fourier-
transformed. The GABA signal was then integrated over a .30-ppm bandwidth at 3.00 ppm,
and the creatine signal was integrated over a .20-ppm bandwidth at 3.00 ppm in the GABA-
inverted spectrum. The GABA concentration was calculated by comparison of the GABA
and creatine resonance areas, adjusting for differences in the efficiency of detection.

Steroid and Cotinine Measurements

Serum estradiol and progesterone levels were measured on each scan day to confirm
menstrual cycle phase in all smoking and nonsmoking women. Estradiol and progesterone
were assayed in a commercial laboratory by competitive immunoassay with a
chemiluminescent substrate in a commercially available kit provided by Diagnostic Products
(Los Angeles, California). Blood was obtained to measure cotinine, a major metabolite of
nicotine, on each scan day. Exposure to nicotine is the major determinant of plasma or
serum cotinine concentration. Because cotinine has a much longer half-life than nicotine,
plasma cotinine concentrations are used as a measure of chronic nicotine exposure and less
exactly to quantify smoking history. Cotinine levels were assayed with reversed-phase high-
performance liquid chromatography. Between-day coefficients of variation, in routine use, at
concentrations of 20 pg/L and 200 pg/L, were 11.6% and 6.6%, respectively.

Statistical Analysis

Results

The impact of abstinence on GABA levels was assessed by paired t test, with pre—post
differences for all subjects (male and female) combined. Gamma-aminobutyric acid data
were analyzed to determine between sex differences by two-way analysis of variance
(ANOVA) with smoking and sex as between-subject factors. To examine the differences in
GABA levels between smoking and nonsmoking women across the menstrual cycle, we
used a mixed-effects model with smoking as a between-subject factor, phase (follicular,
midluteal) as a within-subject factor, and a subject random effect. Mixed-effects analysis
allows for use of all available data on each subject (Brown and Prescott 1999).

Impact of Abstinence on Cortical GABA Levels

Gamma-aminobutyric acid levels, expressed as millimoles per kilogram of brain tissue, were
1.13 + .23 before abstinence and 1.15 + .27 after abstinence in the five men who underwent
smoking abstinence. Of the six smoking women enrolled in the study, GABA measurements
were obtained from the follicular-phase preabstinence scans in three women (.97 + .04) and
from postabstinence scans in four women (.88 + .13). Luteal-phase GABA levels were
measured in all six women both before (1.01 £ .07) and after (1.07 £ .2) abstinence;
however, luteal-phase GABA data from one woman had to be dropped because her
progesterone level of .78 ng/mL indicated that she had not successfully ovulated. There was
no significant difference between GABA levels before and after 48 hours of abstinence in
men and women [t (10) = .15, p = .88]. Mixed-model analysis also confirmed that there were
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no differences pre- versus post-abstinence within each sex and when controlling for phase of
menstrual cycle in women.

Impact of Sex on Cortical GABA Concentration

For these analyses, GABA levels from pre- and postabstinence scans were averaged for
those individuals with data from both scans and either the pre- or postabstinence data were
used when subject movement limited the ability to quantify GABA levels during one of the
scans (Figure 2). In the two-way ANOVA of sex and smoking effects on GABA levels,
there was a statistically significant sex x smoking interaction [F(1,29) = 23.37, p < .0001]. If
we test for simple effects of sex among smokers and nonsmokers, we see that GABA levels
in smoking women are significantly lower than in smoking men [t (29) = 2.56, p < .02],
whereas for nonsmokers it is the reverse [t (29) = —4.55, p = .0001]. Post hoc comparisons
showed that follicular-phase GABA levels were significantly higher in nonsmoking women
(n=13; 1.67 = .25) than in smoking women (n =4; .90 £ .32) [t (29) = 6.4, p < .0001] and
that GABA levels were similar between smoking (n = 10; 1.22 + .22) and nonsmoking men
(n=7;1.23%.14) [t (29) = .1, p=.92] (Figure 3).

There was a significant interactive effect of sex and smoking [F(1,27) = 16.6, p = .0004]
with respect to percentage of tissue in the voxel (% tissue). Female smokers had
significantly lower x tissue (89.4% + 2.2%) than female nonsmokers [94.7% + 3.0; t (27) =
-3.3, p=.003]. Conversely, male smokers (89.2% + 2.5%) had significantly higher x tissue
in the voxel than male nonsmokers [84.9% + 3.6%; t (27) = -2.5, p = .02]. With respect to
percentage of gray matter (% GM), there was a significant main effect of smoking [F(1,27)
=11.8, p =.002], with significantly lower % GM in smokers (47.5% = 3.6%) than in
nonsmokers (55.1% + 5.5%). As expected given the % GM differences, there was
significant sex x smoking interaction for percentage of white matter (% white matter) also
[F(1,27) = 7.3, p = .01]. Male smokers (42.4% =* 4.4%) had significantly higher x white
matter than male nonsmokers [30.5% + 5.7%; t (27) = 4.0, p = .0004], whereas female
smokers (40.1% =+ 4.6%) were not significantly different from female nonsmokers [39.4% +
5.3%;t(27)=.3,p=.8].

Impact of Menstrual Cycle Phase on Cortical GABA Concentrations

Menstrual cycle phase was confirmed by serum estradiol and progesterone levels measured
on the day of each 1H-MRS scan. For the four women with GABA data in the follicular
phase, mean estradiol and progesterone levels were 26.1 + 5.8 pg/mL and .47 £ .06 ng/mL,
respectively. For the five of the six women with successful GABA measurements during the
luteal phase, mean estradiol and progesterone levels were 68.2 + 38.7 pg/mL and 7.6 + 4.4
ng/mL, respectively. In the mixed-model analysis, there was a statistically significant phase
of menstrual cycle x smoking status interaction [F(1,9.5) = 12.9, p = .005]. Follicular-phase
occipital cortex GABA concentrations (.90 + .12) were similar to luteal-phase levels (.97 + .
16) [t (9.3) = .45, p = .67] in healthy smoking women. Healthy nonsmoking women,
however, experienced a significant decline in cortical GABA levels from the follicular (1.67
+.25) to the midluteal (1.15 + .32) phase [t (10) = 5.70, p = .0002].
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There were significant main effects of smoking for % tissue [F(1,18.5) = 22.5, p =.0002] in
the voxel and for % GM [F(1,18.6) = 4.4, p = .05]. The interactions between phase and
smoking were not significant [F(1,14.4) = .01, p=.93 and F(1,13.1) = .23, p = .64,
respectively]. Smoking women had significantly lower % tissue in the voxel (90.2% + 1.9%)
than nonsmoking women (95.2% =+ 2.7%) and significantly lower % GM (49.6% =+ 4.2%)
than nonsmoking women (54.9% = 6.3%) across the menstrual cycle.

Cotinine Levels and GABA

Cotinine levels in men were 193 + 75 ng/mL, whereas in the follicular and luteal phases they
were 323 + 164 ng/mL and 282 + 196 ng/mL, respectively. Baseline cotinine levels were not
significantly different between men and women in the follicular phase [two-sample unequal
variances t test: t (4.01) = 1.46, p = .22] or luteal phase. Cortical GABA levels were not
correlated with plasma cotinine levels in men or women (Spearman'’s correlation coefficient
=.53,p=.22).

Discussion

Although 48 hours of smoking abstinence had no significant impact on GABA levels in the
occipital cortex, baseline differences in GABA levels between smoking men and women
were striking even in this small sample. During the follicular phase, when hormonal
conditions are most like those found in men, cortical GABA levels were reduced in female
smokers compared with male smokers. Although the preliminary nature of these findings
warrants caution, the difference between smoking men and women compared with their sex-
matched, nonsmoking counterparts is intriguing.

Compared with nonsmoking men, nicotine-dependent men did not seem to experience a
change in cortical GABA concentrations secondary to nicotine dependence. In contrast,
female smokers experienced a dramatic reduction in cortical GABA concentration,
particularly in the follicular phase, and exhibited a complete loss of menstrual cycle
cyclicity in cortical GABA concentrations. Because there was no sex difference in the
number of cigarettes smoked per day, duration of nicotine addiction, or severity of
depressive symptoms at baseline, these factors are unlikely to have contributed significantly
to these findings. Furthermore, our confirmation of menstrual cycle phase by serum estradiol
and progesterone levels concurrent with GABA measurements suggests that failure to detect
changes in cortical GABA levels across the menstrual cycle in smoking women can not be
attributed to a lack of hormonal cyclicity in that group.

Our finding of differences in % tissue in the voxel and % GM between smokers and
nonsmokers could suggest that chronic nicotine exposure has an impact on the integrity of
brain tissue; however, the relationship between male and female smokers and their
nonsmoking counterparts with respect to % tissue was in the opposite direction for men and
women, which makes the findings of tissue composition difficult to interpret. Although
GABA concentrations are low in white matter (.05 mmol/kg) (Perry et al 1990), and creatine
and phosphocreatine concentrations differ between grey and white matter (Hetherington et al
1994; Kreis et al 1993; Michaelis et al 1993; Petroff et al 1989; Pfefferbaum et al 1990),
there were no menstrual cycle phase differences in the % tissue composition, % GM, or %
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white matter in the voxel of interest, which could explain the lack of menstrual cycle
cyclicity in GABA levels in female smokers. In addition, the sum of creatine and
phosphocreatine has been shown to remain constant even after death (Pontén et al 1973).
Thus, it is highly unlikely that nicotine would change creatine levels (our chosen reference
point for GABA) by 40% in one phase of the menstrual cycle and not another.

Several potential mechanisms for nicotine-induced alterations in GABA levels and cyclicity
in female smokers could include alteration of estradiol metabolism (Irwin et al 1994) and/or
induction of neurosteroidogenesis, with a resultant increase in ALLO levels (Porcu et al
2003). Regarding the latter, it is conceivable that women are more susceptible to nicotine's
effects on neurosteroid production than men secondary to luteal-phase increases in the
substrate (progesterone) for conversion to ALLO. That acute benzodiazepine administration
(Goddard et al, in press) and luteal-phase increases in ALLO (Epperson et al 2002) are
associated with reductions in cortical GABA levels, as measured by 1H-MRS in healthy
subjects, suggests that agonist modulation of the GABA receptor is likely to result in a
downregulation of GABA synthesis.

Similar to our previous report of cortical GABA levels in women with PMDD, female
smokers differ from control subjects most dramatically in the follicular phase. However,
women who smoke do not experience an increase in GABA levels from the follicular to
luteal phases. That only one of the PMDD subjects in our previous report was a light smoker
(5-7 cigarettes per day), and none of the smoking women reported significant premenstrual
mood changes (retrospectively or prospectively) suggests that the follicular-phase reductions
in GABA seen in women with PMDD and female smokers can not be attributed to nicotine
dependence or PMDD, respectively.

Although the mechanism for potential sex differences in nicotine modulation of cortical
GABA levels cannot be determined by 1H-MRS alone, these data provide the rationale for
future investigations examining the impact of sex and menstrual cycle phase on the
relationship between nicotine dependence and central GABAergic function. Although it is
not usually considered in mood disorders or substance dependence, the occipital cortex has
been seen to be affected by many conditions, including nicotine administration (Domino et
al 2000; Ghatan et al 1998), depression (Kumar et al 1993), and cocaine abuse
(Hetherington et al 1999). Thus, as 1H-MRS techniques for sequential measurement of
GABA levels are advanced, they should be applied to other brain areas known to be
modulated by nicotine administration. Given that our period of abstinence was insufficient
to determine the impact of smoking cessation on mood and/or GABA concentrations, future
studies should include not only a larger subject pool, with healthy control subjects scanned
concurrently, but also a longer period of smoking abstinence to further elucidate the
relationship between nicotine, depression, and sex-specific recidivism.
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Figure 1.
Scout image of voxel in occipital cortex. Gradient-echo scout images of the subject's brain

were obtained for subject positioning, and a 1.5 x 3 x 3-cm?3 voxel centered on the midline
of the occipital cortex, 2 cm deep from the dura, was chosen for magnetic resonance
spectroscopy.
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Figure 2.
Occipital cortex y-aminobutyric acid (GABA) levels measured by proton magnetic

resonance spectroscopy in male and female smokers and nonsmokers. Cortical GABA levels
were obtained from 10 men. GABA levels from 5 of the 10 men with pre- and
postabstinence scans were averaged. Follicular- and luteal-phase GABA levels for 6 female
smokers represent the average of the pre- and postabstinence scans. GABA levels were
obtained in 4 of the 6 women during the follicular phase and from 5 of the 6 women during
the luteal phase. Two-way analysis of variance of sex and smoking effects on GABA levels
revealed a significant sex x smoking interaction (p < .0001). Cortical GABA levels did not
differ significantly between smoking and nonsmoking men (p = .2). Mixed-model analysis
showed a significant menstrual cycle phase x smoking interaction (p = .0001).
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Figure 3.
Representative y-aminobutyric acid (GABA) spectra in smoking and honsmoking women.

Representative spectra from a nonsmoking woman (left) and a smoking woman (right), for
comparison of GABA in the follicular phase (top) and the midluteal phase (bottom). For
each phase of the menstrual cycle, a subspectrum from the J-editing sequence is shown so
that the creatine (Cr) resonance can be compared with the GABA resonance at 3.0 ppm,
which is shaded grey. Cho, choline.
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