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Abstract

Rationale—Findings from animal studies and human PET imaging indicate that nicotine and
cigarette smoking affect glutamate (Glu) and related neurochemical markers in the brain, and
imply that smoking reduces extracellular Glu. As Glu release is mediated by nicotinic
acetylcholine receptors (nAChRs), which are present at high concentrations in the thalamus, we
examined effects of smoking on thalamic Glu.

Objective—To determine the effects of tobacco smoking on thalamic glutamate levels.

Methods—Thalamic Glu levels were measured in vivo in 18 smokers and 16 nonsmokers using
proton magnetic resonance spectroscopic imaging (*H MRSI) at 1.5 T.

Results—Mean Glu levels did not differ significantly between the subject groups. However,
within smokers, Glu levels were negatively correlated with self-reports of both cigarettes/day over
last 30 days (r = —0.64, p = 0.006) and pack-years of smoking (r = -0.66, p = 0.005).

Conclusions—Consistent with expectations based on preclinical studies, within smokers
cigarettes/day and pack-years are associated with reduced Glu in thalamus, a brain region rich in
nAchRs. These results encourage work on candidate glutamatergic therapies for smoking
cessation and suggest a non-invasive metric for their action in the brain.
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Introduction

Despite well-known untoward effects of smoking and the fact that the number of smoking-
attributable deaths in the Unites States has begun to decline, smoking remains a leading
cause of mortality (Rostron 2013). Tobacco dependence, an important public health
problem, is therefore a critical target for pharmacotherapy. The most useful approaches for
smoking cessation involve direct interactions with nicotinic acetylcholine receptors
(nAChRs), but dopaminergic and glutamatergic neurotransmission are also involved in
tobacco dependence (D’Souza & Markou 2011). A more thorough understanding of how
smoking interacts with these and other neurochemical systems may help identify new
treatments to facilitate smoking cessation.

Glutamate (Glu) is the major excitatory neurotransmitter in the mature mammal brain. Using
the novel positron emission tomography (PET) tracer [11C]ABP688, a ligand for
metabotropic glutamate receptor 5 (mGIuR5), Akkus et al. (2013) recently demonstrated
markedly lower distribution volume ratio throughout the cerebral cortex and in subcortical
gray-matter areas, including thalamus, in current chronic adult cigarette smokers compared
to non-smokers (p < 0.0001-0.005), using mGIuR5 binding in cerebellum as a reference
value. In a third group of participants who were ex-smokers (mean 25 weeks abstinent),
mGIuR5 binding partially recovered. This small but rigorous study offers the first dramatic
direct evidence of action of chronic smoking on central glutamatergic metabolism in living
humans. It is preceded by multiple rodent studies documenting effects of nicotine self-
administration on glutamate receptor markers in targeted brain regions. For example,
nicotine self-administration upregulates N-methyl-D-aspartate receptor (NMDAR) subunit
expression in the ventral tegmental area and the amygdala (Kenny et al. 2009), and
withdrawal from nicotine self-administration down-regulates metabotropic glutamate 2/3
receptors (MGIuR2/3) in the nucleus accumbens shell, ventral tegmental area, prefrontal
cortex, hypothalamus and hippocampus (Liechti et al. 2007).

Importantly, rats self-administering nicotine showed decreased expression of the cysteine-
glutamate exchanger (XCT) in the astrocyte membrane in the nucleus accumbens and the
ventral tegmental area, and of the excitatory amino acid transporter (EAAT2 or GLT-1) in
the nucleus accumbens (Knackstedt et al. 2009). These findings are fully analogous to
earlier results with self-administered cocaine (reviewed in Kalivas 2009). Due to the
functions of these proteins in transmembrane Glu transport, the reductions in XCT and
EAAT?2 are associated with decreased basal levels of extracellular extrasynaptic Glu during
periods of drug withdrawal or active consumption (“relapse™) relative to the drug-naive
state. A complication is that, due to action of neuronal mGIluR2/3s, extracellular synaptic
levels of Glu in contrast are elevated during withdrawal and active consumption. For the
case of cocaine (Baker et al. 2003; Madayag et al. 2007; McFarland et al. 2003), net
(synaptic+extrasynaptic) extracellular Glu levels, measured by microdialysis, are ~50%
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below normal following chronic exposure. An analogous experiment with nicotine has yet to
be done. However, in a small clinical trial, administration of the xCT activator N-acetyl-
cysteine decreased the number of cigarettes smoked by nicotine-dependent individuals
(Knackstedt et al. 2009), underlining the potential clinical relevance of glutamatergic
mechanisms to smoking cessation.

At least in coarse fashion, proton magnetic resonance spectroscopy (MRS) and its
multivoxel variant magnetic resonance spectroscopic imaging (MRSI) afford a safe, non-
invasive assay of Glu in living humans. The signal measured thereby represents all MR-
visible Glu in the voxel sampled, i.e., synaptic+extrasynaptic extracellular and intracellular
Glu in neurons, glia, and any other proximal cells. Notwithstanding this limited specificity,
it is plausible that a drop on the order of the above-mentioned 50% in the extracellular
compartment might detectably reduce the aggregate MRS Glu signal. To investigate this
question, we acquired MRSI in otherwise healthy, chronic adult smokers and healthy
nonsmoker controls. Despite its prominence in the preclinical findings, we eschewed the
nucleus accumbens as a target nucleus. Its small size and irregular geometry (Ballmaier et
al. 2004) make it challenging to interrogate with MRS. Instead, we sampled the thalamus,
which is comparatively large, smoothly ovoid in gestalt, and typically returns high-quality
MR spectra. The choice of thalamus as target was also motivated by reasons relevant to the
neurophysiology of smoking. The thalamus has a high density of nAChRs in humans (e.g.,
Horti et al. 1998), particularly a7 nAChRs (Rubboli et al. 1994ab). Agonists of a7 NnAChRs
regulate Glu release in rodent and human in vitro preparations of cerebral cortex (Rousseau
et al. 2005; Marchi et al. 2002; Livingstone et al. 2010). Nicotine stimulates the transient
release of synaptic Glu via interactions at nAChRs of multiple subtypes, including a;
(Konradsson-Geuken et al. 2009). This effect may in part account for the acute ability of
nicotine to enhance focused attention and other executive functions (Sarter et al. 2009). We
considered the possibility that ongoing frequent exposure to nicotine in cigarette smoke
might contribute to altered thalamic Glu levels in smokers.

Relatively few prior MRS investigations have examined smoking (Durazzo et al. 2004,
2006; Epperson et al. 2005; Gallinat et al. 2007; Gazdzinski et al. 2008; Mason et al. 2006;
Wang et al. 2009); and of these, only one has reported on the thalamus, but apparently
glutamatergic resonances were not included in the spectral analyses (Durazzo et al. 2004,
2006). Therefore, we used short echo-time (TE) MRSI to compare Glu levels between
smokers and nonsmokers; and within smokers, we assessed their relationships to recent
(cigarettes per day) and lifetime (pack-years) smoking. Short-TE facilitated quantitation of
Glu; the high spatial resolution of MRSI enabled us to place voxels entirely or nearly
entirely within the thalamus, to sample the thalamus bilaterally, and thus to test for
potentially lateralized effects on Glu.

Participants were recruited via local print and radio advertisements, and were designated as
smokers or nonsmokers. Participants in both groups were required to have at least moderate
intelligence (score > 85 on the Shipley Institute of Living Scale; Zachary et al. 1985), to be
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right-handed (score > 20 on modified Edinburgh Handedness Test; Oldfield 1971), and to be
taking no prescription medications or herbal products (e.g., Ginkgo biloba) expected to
affect brain function. Any current Axis | psychiatric disorder, including a substance
dependence disorder other than nicotine dependence (for smokers) was exclusionary. Past
history of Axis I disorders was not exclusionary. One smoker had a history of THC abuse;
one smoker had a lifetime diagnosis of alcohol dependence; and one nonsmoker had a
lifetime diagnosis of anorexia nervosa. Thalamic Glu levels and cigarettes/day over last 30
days and pack-years for these three participants were in the mid-range for their respective
groups. In-person screening for psychiatric disorders included the Structured Clinical
Interview for DSM-IV (SCID; First et al. 2002). To test for possible sub-syndromal
depression and/or anxiety in smokers (Peiper & Rodu 2013), the Beck Depression Inventory
(BDI; Beck et al. 1996) and the Spielberger State Trait Anxiety Inventory (Spielberger
1983) were administered. Detailed drug-use data were obtained using the Addiction Severity
Index (McClellan et al. 1980). Participants also underwent urine screening for use of
cocaine, methamphetamine, opioids, A%-tetrahydrocannabinol and benzodiazepines. All
participants with a history of notable head trauma, neurological disease, cardiovascular or
pulmonary disease, or other significant major medical conditions, such as seropositivity for
HIV, were excluded. Light marijuana consumption (< 1 joint per week) was permitted in
both groups, but positive urine for other illicit drugs-of-abuse was exclusionary. Ethanol
consumption was limited to < 14 drinks per week for both groups and did not differ
significantly between groups. After receiving a detailed explanation of the study, all subjects
gave written informed consent. The study was approved by the UCLA Office for Protection
of Human Subjects.

Assessment of tobacco use

Recent smoking was verified by carbon monoxide (CO) levels in expired air = 10 ppm
(Micro™smokerlyzer®; Bedfont Scientific Ltd, Kent, UK) and the presence of urinary
cotinine (= 200 ng/ml by Accutest® NicAlert strips; JANT Pharmacal Corporation, Encino,
CA). Nonsmokers were required to have less than 3 ppm CO and a negative test for cotinine.
Smokers were asked about duration of tobacco abuse (years of smoking) and current level of
tobacco abuse (cigarettes smoked per day over last 30 days before testing). Lifetime
exposure to tobacco was computed as pack-years (the product of packs per day and years of
smoking). Severity of current nicotine dependence was determined by the Fagerstrém Test
for Nicotine Dependence (FTND; Fagerstrom et al. 1990).

Magnetic resonance acquisition

1H MRSI and prescriptive structural MRI were acquired together in a session lasting up to 2
h. Acquisitions were performed on a 1.5-T magnetic resonance scanner (Siemens Sonata)
using a standard quadrature head coil. In addition to MRSI, scanning sequences included a
localizer scout and a high-resolution T1-weighted whole-brain MRI. Water-suppressed
PRESS 1H MRSI (TR 1500 ms, TE 30 ms, 8 averages, in-plane resolution 11 x 11 mm?2,
slab thickness 9 mm, and nominal voxel size 1.1 cc) was acquired from a two-dimensional
axial-oblique slab (Fig. 1) oriented parallel to an imaginary line connecting the genu and
splenium of the corpus callosum in the sagittal plane. This slab was centered dorsoventrally
on the thalamus as seen sagitally. The slab was followed by an identical acquisition (only 1

Psychopharmacology (Berl). Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

O’Neill et al.

Page 5

average) with water-suppression turned off. The effective voxel size is larger than the
nominal voxel size because the voxel is modestly smeared by the point-spread function of
MRSI. The effective voxel size is not trivial to calculate; using factors obtained for other
MRSI techniques (Théberge et al. 2005, Posse et al. 2007), we estimate roughly it roughly at
1.3-1.4 cc.

Magnetic resonance post-processing

The T1-weighted volume of each subject was transformed into ICBM152 stereotaxic space
(Mazziotta et al. 1995), skull-stripped, and segregated into gray-matter, white-matter, and
CSF sub-volumes using the Statistical Parametric Mapping 5 (SPM5) software suite
(Frackowiak et al. 1997). Using FSL FIRST version 2.1 (Patenaude et al. 2011), two
regions-of-interest, representing left and right thalamus, were extracted automatically from
the whole-brain T1-weighted volume, and then fine-edited by trained human operators. Each
whole-brain tissue sub-volume and region-of-interest was converted into a binary mask and
transformed back into native space.

MRSI spectra were fit automatically with LCModel (Provencher 2001), yielding fitted peaks
with absolute metabolite levels referenced to the unsuppressed water resonance and
expressed in institutional units (IU). Peaks fit included Glu as well as other metabolites,
which were not evaluated in this study, and other compounds with weaker resonances. The
MRSI Voxel Picker (MVP) software suite (Seese et al. 2011) was used for MRI/MRSI co-
processing. The T1-weighted volume, and the gray-matter, white-matter, CSF, and thalamic
binary masks were imported into MVP, as well as the MRSI raw-data file and LCModel
output. For each subject’s MRSI slab, MVP reconstructed the T1-weighted volume and
displayed it on a guided user interface (GUI) in register with the corresponding MRSI
PRESS volume in its plane-of-acquisition. MVP similarly reconstructed each mask and
performed two independent calculations of the tissue composition of each MRSI voxel. The
first calculation determined the percentage of the 1.1-cc voxel volume that was occupied by
gray matter of any kind, thalamic or otherwise (“whole-brain gray matter”), and similarly
whole-brain white matter and CSF. These endpoints are referred to as “vol%” whole-brain
gray matter, white matter, and CSF. The second calculation determined the percentage of the
voxel volume that was occupied by left thalamus and the percentage occupied by right
thalamus (vol% left thalamus, vol% right thalamus). (Note that a few midline voxels
contained both left and right thalamus.) Then MVP corrected the LCModel-derived levels of
each metabolite for voxel CSF content. Quality control of MRSI spectra was also
implemented automatically by MVP, supplemented by operator inspection. Only those
spectra that exhibited line-width < 0.1 ppm and signal-to-noise ratio > 5 were retained.
Furthermore, within each voxel, only those Glu values that were considered reliable by
LCModel (standard deviation of metabolite signal < 20%) were retained. Voxels were
selected by a blinded operator on the MVP GUI in left and right hemisphere thalamus.
Within the thalami, MVP averaged metabolite levels for all voxels that contained = 70 vol%
left and right thalamus, respectively, and that satisfied the other aforementioned quality-
control criteria. VVoxel tissue content did not differ significantly between the subject groups.
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Statistical analysis

Results

As Glu levels did not differ significantly between left and right thalamus, results were
collapsed across the two, and the average of left and right thalamus was used for analysis.

Implementation of the aforementioned quality-control criteria resulted in rejection of Glu
data from one smoker and one nonsmoker. Therefore, before analysis of metabolite levels,
the subject groups were compared for potential imbalances in sex, age, and/or MRSI voxel
tissue. Sex differences were compared using the y2-test. Age and MRSI voxel tissue
composition differences were compared using independent samples t-tests.

The potential between-group difference in thalamic Glu was assessed using univariate
analysis of covariance (ANCOVA), with participant group (smoker and nonsmoker) as the
between-subjects factor, the Glu metabolite level as the dependent measure, and age
included as a covariate. Within the smoker group, separate correlations were examined
between cigarettes per day over last 30 days and Glu and between pack-years and Glu
(partialling age).

Research participants

The final sample included 18 otherwise healthy, adult smokers and 16 healthy nonsmoker
comparison subjects. The two groups did not differ in age [nonsmokers: mean (SEM) = 33.2
years (2.6); smokers: 35.4 years (2.1); t = —-0.65, p = 0.52], sex (honsmokers: 8 males, 8
females; smokers: 11 males, 7 females; ¥2 = 0.42, p = 0.52), ethnicity [nonsmokers: 7
Caucasian, 3 African American, 4 Hispanic/Latino, 2 Asian American; smokers: 11
Caucasian, 6 African American, 1 Hispanic/Latino, 0 Asian American; 72 = 5.59, p = 0.13],
or years of education [nonsmokers: 13.8 years (0.5); smokers: 13.1 years (0.4); t=-1.2,p =
0.24]. The two groups did not differ significantly in BDI score [nonsmokers: 3.3 (1.0);
smokers: 1.4 (0.5); t = —=1.5, p = 0.14], nor in Spielberger Trait [nonsmokers: 25.9 (1.5);
smokers: 26.5 (1.6); t = 0.3, p = 0.76] or State [nonsmokers: 28.3 (1.4); smokers: 27.6 (1.4);
t=-0.4, p = 0.72] Anxiety. Within the smoker group (see Table 1), years of tobacco
smoking ranged from 4.5 - 35 years, self-report of cigarettes per day over last 30 days
ranged from 3.0 - 27.5, pack-years ranged from 0.75 - 35.0, and Fagerstrém scores ranged
from1-8.

Effect of smoking on thalamic Glu

A sample IH MRSI spectrum and fit by LCModel are shown in Fig. 2. Thalamic Glu levels
did not differ between groups significantly [nonsmokers (n = 15): mean (SEM) =7.2 IU
(0.3); smokers (n = 17): 6.89 1U (0.3); F1 29 = 0.60, p = 0.45). However, there was a
significant correlation between Glu and self-reports of cigarettes per day over last 30 days
(Spearman r = —0.64, p = 0.006; Fig. 3). There was also a significant negative correlation
between Glu and pack-years, partialling age (r = -0.66, p = 0.005; Fig. 3). Similar negative
relationships were observed between Glx (glutamate + glutamine) and cigarettes per day
over last 30 days (r = —0.51, p = 0.029) and between Glx and pack-years (r = -0.55, p=
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0.017). Age per se was not a significant predictor of thalamic Glu levels. Nor was FTND
score related to thalamic Glu levels.

Discussion

In this study, both recent and cumulative cigarette smoking were correlated negatively with
thalamic Glu level, as indexed by MRSI. When considered along with the effects of nicotine
self-administration in rodents (e.g., Liechti et al. 2007; Kenny et al., 2009; Knackstedt et al.
2009), and reduced mGIuR5 binding in the thalamus and other brain regions of smokers
(Akkus et al. 2013), these data suggest that exposure to nicotine and perhaps other agents in
cigarette smoke alters the glutamatergic biochemistry of the thalamus.

Glutamate and tobacco exposure

The negative association of thalamic Glu with recent and lifetime exposure to tobacco
smoking was statistically significant, even when metabolite levels were age-corrected. With
the exception of Mason et al. (2006) who, after adjusting for local N-acetyl-aspartate+N-
acetyl-aspartyl-glutamate levels, found higher Glx in occipital cortex in smoking compared
to non-smoking alcoholics, prior MRS investigations of smoking have not uncovered effects
on glutamatergic metabolites (Gallinat & Schubert 2007). Other studies investigated regions
such as the occipital cortex (Mason et al. 2006, Epperson et al. 2005), hippocampus
(Gallinat et al. 2006; Gallinat & Schubert 2007; Gazdzinski et al. 2008), cingulate cortex
(Gallinat & Schubert 2007), or white matter (Wang et al. 2009), where the relationship of
Glu to smoking may differ from that presently reported for the thalamus. Since Durazzo et
al. (2004, 2006) apparently did not include glutamatergic resonances in their spectral
analyses, relationships between thalamic Glu and tobacco exposure in their sample are
unknown.

Glu is a major neurotransmitter (Conti & Weinberg 1999) and endogenous excitotoxin (for
review see Schousboe & Frandsen 1995). It is also a substrate for energy metabolism
(Petroff et al. 2000) and is an osmolyte (Ross & Bliml 2001) that regulates the cell-water
byproduct of energy catabolism. Therefore, the association of lower Glu with smoking in the
present study may represent local changes in glutamatergic neurotransmission, energy
metabolism, or osmotic conditions. The present Glu-related findings join other evidence
(reviewed in Cryan et al. 2003; Jain et al. 2008) associating central glutamatergic systems, in
particular N-methyl-D-aspartate (NMDA) receptors, with smoking, and inspiring potential
pharmacotherapies that target glutamatergic neurotransmission to aid smoking cessation
(D’Souza & Markou 2011).

In particular, the thalamus is one of several brain regions in which [11C]ABP688-PET
demonstrated lower mGIuR5 binding in smokers than in nonsmokers (Akkus et al. 2013).
Our finding of diminished thalamic Glu with increased smoking is consistent with the
notable drop in extracellular Glu measured or postulated in other brain regions (Baker et al.
2003; Madayag et al. 2007; McFarland et al. 2003) in rodents self-administering cocaine or
nicotine, due to downregulation of xCT and EAAT2 (Knackstedt et al. 2009; Kalivas 2009).
Although overall Glu levels in smokers in our study were within the normal range, it is
possible that even small changes have functional significance. In order to address this
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question, a within-subject longitudinal study of involving measurements before and after
smoking cessation and/or using a pro-glutamatergic drug such as N-acetyl-cysteine
(Knackstedt et al. 2009) could determine whether increases in thalamic Glu are linked to
behavioral measures. The present findings call for further exploration of glutamatergic
mechanisms in nicotine dependence and smoking cessation.

This study is limited by a small sample size. In addition, MRSI was acquired at 1.5 T;
therefore, Glu quantitation was less reliable than at high-field strength (= 3 T). It has long
been debated whether the spectral dispersion for Glu and glutamine (Gln) at 1.5T is
sufficient to allow accurate quantitation of Glu (e.g., Hurd et al. 2004). We recently
investigated this question systematically (Zhang 2013) and found, as expected, that under
multiple pulse-sequences and conditions (including TE30 PRESS at 1.5 T), spectral fitting
was much worse for GIn than for Glu, GIn often being unfittable due to broad linewidths.
Considering that variance in GIn could translate into variance in Glx, we opted to report our
results principally in terms of Glu. We thus take a position contrary to the frequent advocacy
of GlIx as the only reliable metric of the concentration of in vivo glutamatergic metabolites.
In any case, findings were comparable for GIx and Glu. Future work at higher field strength
is encouraged. Strengths of this study, on the other hand, include use of short echo-time
MRSI to assay Glu at high spatial resolution, and determination of voxel tissue composition
to mitigate partial volume effects. The findings we report here suggest that higher
cigarettes/day and pack-years are related to lower glutamatergic neurometabolites in the
thalamus, and point to possible involvement of nAChRs.
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Fig. 1.
1H MRSI spectrum (a) acquired from right mesial thalamus of subject (PRESS, 1.5 T,

repetition time/echo-time = 1500/30 ms). Glutamate and overlapping glutamine (together
“GIx”) present as the shoulder in the 2.3-2.4 ppm range. Axial-oblique (b) and sagittal (c)
MRI of the brain depicting 9-mm thick MRS slab of 11x11-mm? voxels. The PRESS
volume (white; ~8x10 voxels) was aligned parallel to the genu-splenium line and fit to the
subject. It sampled bilateral thalamus, and environs. The blue square in (b-c) denotes voxel
yielding MR spectrum in (a).
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Fig. 2.
1H MRSI raw (light jagged black trace), LCModel fit (red), and baseline (smooth black)

spectra for a representative voxel acquired as in Fig. 1. Principal resonances are labelled for
N-acetyl-asparatate (NAA) and N-acetyl-aspartyl-glutamate (NAAG), glutamate (Glu) and
glutamine (GIn), creatine (Cr) and phosphocreatine (PCr), choline-compounds (Cho), and
myo-inositol (ml). Both Glu and GIx were fit by LCModel with < 20% standard deviation.
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Fig. 3.

Legft: Negative correlation (2-way Spearman) of glutamate (Glu) levels in thalamus (average
of left and right) with cigarettes per day over last 30 days. Note: There are data overlapping
from two participants at the points (15,7.2) and (20,6.6), each marked by “2”, for a total of
17 observations and 15 degrees-of-freedom. Right: Correlation with pack-years (2-way
Spearman, participant age partialled out). Individual smokers represented by green triangles.
Metabolite levels in Institutional Units (1U) corrected for voxel CSF content. Higher levels
of tobacco use are associated with lower thalamic Glu. Similar results were observed for GIx
(GIx = Glu + glutamine).
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Table 1

Demographics and clinical variables for the two participant groups

N(male/female)
Age, years
Ethnicity

Education, years

Beck Depression Inventory score

Spielberger Trait Anxiety
Spielberger State Anxiety

Years of Smoking

Cigarettes/day over last 30 days

Pack-years

Fagerstrom Score ©

Smokers
18(11/7)
35.4(2.1)
11 Caucasian
6 African
American
1 Hispanic/Latino
0 Asian American
13.1(0.4)
1.4(0.5)
26.5(1.6)
28.3(1.4)
16.9(2.1)
17.3(1.3)
15.2(2.3)
4.7 (0.4)

Nonsmokers
16(8/8)
33.2(2.6)

7 Caucasian
3 African
American
4 Hispanic/Latino
2 Asian American
13.9(0.5)
3.3(1.0)
25.9(1.5)
27.6(1.0)

0

0
0
0

Data are means + SEM.
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