
Regional Metabolite Levels and Turnover in the Awake Rat Brain
under the Influence of Nicotine

Jie Wang1,4, Lihong Jiang2, Yifeng Jiang2, Xiaoxian Ma2, and F. Mason Graeme2,3,*
1 Department of Biomedical Engineering, School of medicine, Yale University, New Haven,
Connecticut
2 Department of Diagnostic Radiology, School of medicine, Yale University, New Haven,
Connecticut
3 Department of Psychiatry, School of medicine, Yale University, New Haven, Connecticut
4 School of Chemistry and Chemical Engineering, Lanzhou University, Lanzhou, Gansu, China

Abstract
As one of the most widespread drugs of abuse, nicotine has long been known to impact the brain,
particularly with respect to addiction. However, the regional effects of nicotine on the concentrations
and kinetics of amino acid neurotransmitters and some energetically related neurochemicals have
been little studied. In this investigation, acute effects of nicotine were measured by 1H-
observed/13C-edited nuclear magnetic resonance spectroscopy method in extracts obtained from
nicotine-naïve, freely moving rats given 0.7 mg/kg nicotine or saline, with [1-13C] glucose to track
metabolism. Nicotine was observed to exert significant effects on the concentrations of N-
acetylaspartate (NAA), and γ-aminobutyric acid (GABA), particularly in the striatum. Nicotine
decreased brain glucose oxidation, glutamate-glutamine neurotransmitter cycling, and GABA
synthesis regionally, including in the parietal and occipital cortices and the striatum. The olfactory
bulb showed kinetics that differed markedly from those observed in the rest of the brain.
Independently of nicotine, the concentration of glutamate was found to be correlated significantly
with levels of NAA and GABA, suggesting a potential interplay of energetics and excitatory and
inhibitory neurotransmission. In summary, the study revealed that the neurochemicals were most
affected in the cortex and striatum of the rat brain after acute nicotine treatment.
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Introduction
It has long been known that cigarette smoking and other forms of tobacco consumption are
addicting, and that addiction is at least in part caused by nicotine (Benowitz 1999). Nicotine,
believed to be the substance primarily responsible for addiction to tobacco smoking, is a simple
molecule that affects many parts of the brain through binding sites on nicotinic acetylcholine
receptors (nAChRs). When acetylcholinergic neurons release acetylcholine, it binds to
muscarinic and nicotinic acetylcholine receptors and generally stimulates the release of
glutamate and GABA. Nicotine modifies the behavior of the nAChRs and produces many
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behavioral and physiological effects, including influences on learning, memory, analgesia,
anxiety, and seizures (Stapleton et al. 2003, Matta et al. 2007). The acute effects of nicotine
have been investigated by imaging methods, including as positron emission tomography (PET)
(Stapleton et al. 2003, Nagata et al. 1995), and autoradiography (Weissman et al. 1987, London
et al. 1988, London et al. 1990, Marenco et al. 2000).

Many drugs of abuse decrease regional cerebral metabolic rates of glucose (CMRgl) in human
subjects chronically (Weissman et al. 1987, London et al. 1990) and acutely; nicotine might,
as well, as reported previously (Marenco et al. 2000, Stapleton et al. 2003), but nicotine is
known to stimulate glutamatergic and dopaminergic activity and so might increase CMRgl as
reported previously (Weissman et al. 1987, London et al. 1988, London et al. 1990). To
investigate this and several other neurochemicals aspects of nicotine, we implemented a model
to study effects of acute nicotine in awake, freely moving rats.

The purpose of the present study was to evaluate the effect of nicotine on regional
concentrations and rates of turnover of glutamate, glutamine, and GABA and other metabolites
in the rat brain, in addition to the determination of regional rates of glucose oxidation. Nuclear
magnetic resonance spectroscopy (MRS) was used to quantify a number of compounds in
vivo and in vitro (de Graaf 2007). We hypothesized that acute nicotine would stimulate
glutamate release, thereby increasing glutamate-glutamine neurotransmitter cycling and
glucose oxidation, and that the increased glutamate turnover and nicotine together would
stimulate GABA synthesis, likely in a region-specific manner. We also hypothesized that
GABA levels would rise in the occipital cortex, according to a small study in humans (Mason
et al. 2007) and, potentially, in the striatum if synthesis rose, which might occur as the circuits
attempt to balance stimulated glutamate release.

Materials and Methods
Animal preparation

All experiments were carried out in accordance with protocols approved by the Yale Animal
Care and Use Committee. Male Sprague-Dawley rats (186.8 ± 4.0g, mean ± SD) were
maintained on a 12h/12h light-dark cycle, and food and water were available ad libitum. To
accustom the rats to human interaction and minimize stress on the day of the experiment, they
were handled and weighed twice daily for one week. In this study metabolic kinetics were
assessed with infusions of [1-13C]glucose, and that approach yields greater sensitivity when
the fractional enrichment of the glucose is higher in the blood. Therefore, to lower the
endogenous, unlabeled glucose level, the rats were fasted 17–19 hours overnight before the
experiment. Rats were anesthetized with 1.5–2.5% isoflurane mixed with 30% O2 and 70%
N2O; an adequate level of anesthesia was verified by lack of withdrawal response to a foot
pinch. One sample of 50 μL of blood was collected from one lateral tail vein, and the other
lateral tail vein was catheterized with PE50 tubing for the infusion of [1-13C]glucose. After
catheterization, the rat recovered, and within 10 minutes was moving normally and grooming,
with the catheterization site sealed with labeling tape. The infusion line was passed through
flexible plastic tubing and suspended from the center of the cage cover to avoid entanglement
of the line with the rat. At this point each rat was housed individually to avoid entanglement
of multiple lines and to avoid the risk of chewing each other’s catheterization sites and lines,
and allowed to recover for one hour. The rats were divided into two groups: saline control (S)
and acute nicotine-treated (N). Nicotine tartrate (Sigma N-5260) was dissolved in saline to
achieve a concentration of 0.7 mg/mL of nicotine. After the rats recovered, a volume of solution
calculated to contain 7 mg/kg nicotine or an equivalent volume of saline was injected
subcutaneously. Ten minutes after administration of the solution, [1-13C]glucose was infused
(Fitzpatrick et al. 1990) through the catheterized lateral tail vein while the rat was moving
freely around the cage. Rats were sacrificed in a different room by focused microwave
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irradiation using the commercially available 10 kW Muromachi Microwave Fixation System
(Stoelting Co, Wood Dale, IL, USA) (10kW, 1.25sec) in accordance with guidelines
established by the Yale Animal Care and Use Committee, at t=0, 10, 20, 60 and 120 minutes
after the start of the glucose infusion. Four animals were measured per time point, except for
the olfactory bulb, in which three animals were studied per time point. For the measurement
at t = 0, the animal was prepared the same as the others, but no glucose infusion was performed.
After microwave irradiation, the brain, now approximately the texture of a boiled egg, was
removed and dissected into 12 regions: olfactory bulb (OB), cerebellum (CE); medulla (MEA),
midbrain (MID), thalamus (THA), hypothalamus (HYP), hippocampus (HP), striatum (ST),
frontal cortex (FC), occipital cortex (OC), parietal cortex (PC), and temporal cortex (TC). A
second blood sample of 1 mL was drawn from the caudal vena cava.

One measurement in a nicotine-treated rat failed due to very low glucose enrichment, caused
by failure of the tail vein catheterization, so the data from that rat were not used. Therefore,
experiments were successfully completed for 20 rats with saline and 19 rats with nicotine.

Preparation of plasma and tissue extracts
Blood samples were treated with centrifugation at 10000g for 1min immediately after
collection, and 30–40 μL plasma was used to measure the plasma glucose concentration, with
the rest of the plasma frozen for subsequent measurement of [1-13C] glucose enrichment.

The brain samples were ground with 0.1M HCl/Methanol (2:1 vol/wt) cooled with dry ice and
then transferred to 900 μl of 90% ice-cold ethanol and ground until pulverized (Patel et al.
2005, Patel et al. 2001). Then the mixture was left for 15 minutes on wet ice and diluted with
450 μl deionized water. The homogenate underwent centrifugation at 15000g for 30min at 4°
C, was filtered with a 0.2μm Acrodisc syringe filter (Gelman sciences, Ann Arbor, MI, USA),
and passed through a 1-mL bed volume column of chelex-100 resin (200–400 mesh, sodium
form, pH=7.0, Bio-Rad Laboratories, Hercules, CA, USA). The sample was neutralized,
lyophilized, and dissolved in a D2O buffer (0.4ml D2O with 0.2ml buffer (K2HPO4 and
KH2PO4, pH=7.0)) for 1H NMR analysis.

Plasma and brain tissue extract analysis
Plasma glucose concentrations were determined using a Beckman Glucose Analyzer II
(Beckman Instruments, Fullerton, CA, USA). The 13C enrichment of plasma glucose and
metabolites were measured using 1H-[13C] NMR (Fitzpatrick et al. 1990) at 11.75T on a Bruker
Avance vertical bore spectrometer. Briefly, the heteronuclear editing method consists of the
acquisition of two spin-echo measurements, one with a broad-banded inversion pulse applied
at the 13C frequency, and the other without the inversion pulse. The measurement without the
inversion pulse yields the total metabolite concentrations, and the difference between the two
yields only the 13C-labeled components of the spectra. An echo time of 8 ms, repetition time
of 20s, sweep width of 12ppm, and 16k acquisition data points were used.

The spectra were processed with 64k zero filling and 1Hz line broadening. The quantification
of total and 13C-labeled metabolite levels was achieved by integration of the resonances of the
sum and difference spectra using XWINNMR software (Bruker Instruments, Billerica, MA).
The metabolites and carbon positions measured were aspartate C3, glutamate C4, glutamine
C4, GABA C2, and the combined glutamate and glutamine C3 labeling. Also measured were
the combined concentrations of the methyl groups of NAA and N-acetylaspartyl glutamate
(NAA), as well as the sum of creatine and phosphocreatine (Cr). 13C enrichments were
normalized by the fractional [1-13C] enrichment of glucose in the brain, which was designed
to rise within seconds to a value that remained constant over time (Fitzpatrick et al. 1990)and
whose level was confirmed to be constant after the start of the infusion.
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Metabolic modeling of 13C time-course data
The metabolic rates were calculated by fitting the three-compartment metabolic model
(astrocytes, glutamatergic neurons, and GABAergic neurons) depicted in Fig. 1 to the time
courses of 13C enrichment of glutamate C4, glutamine C4, glutamate + glutamine C3, and
GABA C2 obtained during the infusions of [1-13C] glucose. CWave software (Mason et al.
2003) was used to simulate the metabolic model as a series of differential equations that
represented mass balance and 13C isotope balance in each metabolite pool (Patel et al. 2005).
The equations, which are shown in Table 1 of the supplemental material, were solved using a
first-/second-order Runge-Kutta algorithm, and the fitting was done with a Levenburg-
Marquardt algorithm hybridized with simulated annealing (Alcolea et al. 1999).

Statistical Analysis
First, the metabolite levels were evaluated using MANOVA with a Holm- Bonferroni
correction for multiple comparisons (Holm 1979), testing for effects of group (nicotine or
saline) and time after nicotine or glucose on metabolite levels. Time was found to have an
insignificant effect except for a small extent on striatal GABA and was ignored for all
metabolites and regions except for striatal GABA. ANOVA was then performed considering
only group and not time.

The primary hypotheses, that GABA would increase in the occipital cortex and the striatum
(ST), and that metabolic rates would rise in response to nicotine in the same regions, were
treated individually, using a Bonferroni adjustment of 2 in each case to account for the two
brain regions that corresponded to the primary hypotheses. The remaining metabolites and
associated regions were evaluated as one group, and the remaining regional metabolic rates
were evaluated as another group, in each case using the Holm-Bonferroni method (Holm
1979) to account for multiple comparisons.

To further explore the effects of nicotine on the brain, considering all measurements in all
regions, linear discriminant analysis (LDA) was used. Because fewer samples were obtained
from the olfactory bulb, measurements from that region were not included in the LDA.
Therefore, the LDA evaluated 66 descriptors (11 regions × 6 metabolites. The LDA
classification was done with all 39 successfully completed rats. The predicted ability of the
linear discriminant analysis (LDA) model was estimated by the Leave One Out (LOO) method
and by the predictability of the test set.

Results
Within one minute of the subcutaneous injection of nicotine, the rats began to stumble, losing
coordination. The effect disappeared by 8 to 10 minutes, just before the infusion of glucose
began, and the rats were recovered by 10 minutes, though still appearing a little weak.

After each rat was sacrificed, the brain was removed and dissected into 12 different regions.
Most of the regions were completely separated (Supplemental Table 2S), with variability of
tissue mass below 15%, except for the FC (15.1%), ST (20.5%) and HYP (23.7%). The greater
variability of the FC and ST were caused by physical operation. For the first half of the animals,
both nicotine- and saline-treated, the brains were frozen for subsequent dissection and
processing. However, once the brains were frozen and thawed, the FC and ST were stuck
together, making it difficult to separate them completely. The rest of the brains were therefore
dissected just after sacrifice. To ensure the purity of the ST and FC, slightly less mass was
collected for those two regions. Thus their variability comprised higher percentage than for the
other regions. The largest percentage variability was seen in the HYP, because it had the least
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mass of any brain region collected, and also because of its tight connection with thalamus.
Thus, we can say the rat brain was completely separated into 12 different regions.

Effects of Nicotine on Regional Metabolite Levels
Table 1 shows the concentration of the metabolites. The MANOVA analysis showed that the
effect of time was insignificant except for on striatal GABA, which rose from 1.86 to 2.10
μmol/g over the two-hour period after injection of nicotine (Supplemental Fig. 1S). Therefore,
time was dropped as a covariant and the concentration measurements for all metabolites and
regions were evaluated considering only group, with the exception of striatal GABA. For the
consideration of multiple comparisons, using the primary hypothesis that GABA would be
affected, GABA was treated separately, and the other metabolites were evaluated together.

Before addressing multiple comparisons with the metabolites other than GABA, it was
necessary to evaluate whether the measurements were correlated. The relationships among the
five metabolites in the twelve regions were evaluated, and the concentration of glutamate was
found to be strongly correlated with NAA (p<0.05 in all the regions), and with aspartate
(p<0.05 in 11 regions), and with glutamine and GABA (p<0.05 in 10 regions) (Fig. 2). Other
metabolites showed little or no correlation with one another. Because glutamate was strongly
correlated with other metabolites, it was not independent and was not counted for adjustment
for multiple comparisons, leaving 4 metabolites for which to adjust: aspartate, glutamine, NAA,
and creatine. Over 12 regions, the total number of adjustments at the start of the procedure was
48 (4 metabolites by 12 regions). After the Holm-Bonferroni adjustment, striatal NAA
remained as significantly affected by nicotine (p=0.0009) after nicotine subcutaneously
injection.

For GABA, the Holm-Bonferroni method was also used to account for the GABA in the 12
regions and found that the GABA in ST was significantly affected by nicotine (p=0.0018).
Thus, from the perspective of the metabolite concentrations, the ST was the region most
affected by acute nicotine.

Results of LDA
Using Wilks’ lambda method (Johnson & Wichern 1992), a stepwise procedure was utilized
to select the major descriptors. At first, the entire group of 39 rats was randomly divided into
two sets: a training set of 31 rats and a test set of 8 rats. The training set was used to identify
the largest differences through the comparison between the saline and nicotine groups and
construct a classification model; the test set was used to verify the predictability of the model.

Supplemental Table 3S lists the selected descriptors and their corresponding statistical
parameters. This model gave promising predictability, 100.0% for the saline group (16 rats),
93.3% for the nicotine group (15 rats), and 96.7% for the entire group. To verify the reliability
of the model, a LOO cross-validated method was also used (Forina et al. 2008), and it yielded
87.1% for the whole training set (81.3% for the saline group, and 93.3% for the nicotine group).
Thus, this method shows that the levels of regional metabolites differentiate the rats on the
basis of receiving nicotine or saline. Although there is no need to use metabolites to determine
which rats have had nicotine and which have not, this method may be useful to highlight
patterns of changes that are caused by acute doses of nicotine. Of note is the identification of
levels of striatal GABA and NAA and thalamic GABA levels as distinguishing features
between the saline- and nicotine-treated groups.

Enrichment of plasma glucose
Plasma glucose levels were similar after the overnight fast between the two groups (5.3 ± 0.8
mM and 5.1 ± 0.7 mM in the groups that were to receive saline or nicotine, respectively. The
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plasma glucose [1-13C] fractional enrichment increased and remained steady for the duration
of the experiment. During the infusion, the plasma glucose concentration increased to 10.8 ±
1.4mM/L (saline group) and 11.9 ± 1.9mM/L (nicotine group), a difference that was not quite
significant statistically (p = 0.06). The plasma [1-13C] glucose enrichment was 46.1% ± 6.6%
(Nicotine group) and 46.6% ± 8.0% (Saline group), also an insignificant difference (p = 0.84).

Effects of Nicotine on metabolic kinetics of different regions of rat brain
The values of the principal metabolic rates are shown in Table 2, with additional values and
mathematical relationships given in Supplemental Tables 4S and 1S. Fig. 3 shows the curves
of Glu-C4, Glu-C3, Gln-C4, and GABA-C2 in the ST for the saline and nicotine groups. The
values of CMRgl(ox), Vcycle, and Vgad were evaluated individually in the ST and occipital cortex
using a Holm-Bonferroni adjustment for 6 parameters. The rates in all other regions were tested
using the Holm-Bonferroni procedure to account for multiple comparisons, adjusting for 30
comparisons (3 parameters × 10 regions). Acute nicotine administration was associated with
a significant decrease of CMRgl(ox) for almost all parts of the rat brain, especially for parietal
cortex (PC) and occipital cortex (OC) (p < 0.05). The rate of Vcycle did not change significantly,
except for decreases of 19% in the PC (p<0.0004) and 23% in the OC (p=0.0004). Acute
nicotine decreased the rate of GABA formation (Vgad) by 27% in the ST (p = 0.025). Vgad was
also lower by 27% in OC (p=0.037) and 21% PC (p=0.039), but not significantly after
consideration of multiple comparisons. Relative to the rest of the brain, the PC, OC, and ST
were the most affected regions. Supplemental Table 5S shows the rates by region and p-values,
indicating which rates survived adjustments for multiple comparisons.

Discussion
In this study of acute nicotine administration, nicotine appears to influence the ST more than
other regions, in that it changed two major metabolites in that region, NAA and GABA, as well
as the rate of GABA synthesis. Nicotine also exhibited significant effects on metabolite levels
and rates of turnover in other cortical regions, including PC and OC. The most regionally
consistent effects of nicotine were decreased metabolic rates and concentrations of NAA.

Effects of nicotine on metabolite levels in the rat brain
Nicotine decreased the levels of most metabolites in most regions, although only the most
major reductions survived the large adjustment for multiple comparisons. Both with and
without nicotine, the concentrations of the metabolites differed among regions of the brain. Of
the measured compounds, GABA showed the greatest regional variations. The olfactory bulb
had high levels of GABA (Heyden & Korf 1978), as did the hypothalamus (Balcom et al.
1975, Krzalic et al. 1962), consistent with previous findings. These results are consistent with
the density of GABAergic neurons in the rat brain, as HYP (Obrietan & van den Pol 1995) and
OB (Poirier et al. 2004) have higher densities of GABAergic neurons, compared to other
regions. The cerebellum had high creatine but the smallest concentration of GABA. The higher
concentration of creatine was consistent with what has been reported in humans (Michaelis et
al. 1993) and may be related to the energetics of the cerebellum. In the brain, creatine kinase
is very active, and the creatine kinase activity with comparably high levels in the cerebellum
(Manos et al. 1991), and the low levels of cerebellar GABA are consistent with a previous
report (Palmi et al. 1991). Glutamine was the most homogeneously distributed metabolite
across regions, except for in the medulla (Pogodaev & Logunov 1968), which also had the
lowest level of glutamate, as reported previously in cat brain (Berl & Frigyesi 1969).

Across brain regions, glutamate levels showed strong correlations with concentrations of
glutamine, NAA, GABA, and aspartate. The concentration of glutamine could be related to
that of glutamate because of their roles in glutamate-glutamine neurotransmitter cycling, such
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that lower glutamate levels might be associated with less glutamine, although the situation
likely includes many other factors, given that the rate of glutamate-glutamine cycling did not
change with nicotine. Another possibility is that the astrocytes, where glutamine is made, were
affected in the minutes following nicotine administration in a way that dropped the glutamine
to a new, lower steady state from which the glutamine did not increase during the two-hour
experiment.

NAA is found mainly in glutamatergic neurons (Moffett et al. 1991, Urenjak et al. 1992), which
could explain the correlation between NAA and glutamate. Nicotine reduced levels of NAA
in most regions of the rat brain, especially in ST, so it must either have decreased the formation
or increased the degradation of NAA. NAA is synthesized by N-acetyl aspartyl transferase, an
enzyme associated with mitochondria. It is possible that decreased mitochondrial activity, as
would be expected with decreased CMRgl(ox), could decrease levels of NAA, so perhaps this
is an energetic effect. Acute nicotine influenced the ST more than other regions, with respect
to metabolite levels and kinetics. The metabolites NAA and GABA were the most affected
compounds after nicotine injection, especially in the ST. Because the ST has densities of
α4β2 and α7 nAChRs that are similar to what is seen in the rest of the brain, except for the
thalamus, which has much higher levels (Staley et al. 2006, Whiteaker et al. 1999, Mugnaini
et al. 2002), the stronger effects on metabolite levels and kinetic rates must be related to other
factors. One possible explanation is action of the α6 subunit of the nAChR, which in monkeys
was more highly expressed in the ST than in cortex (Quik et al. 2005) and modulates GABA
release onto dopaminergic neurons (Yang et al. 2009).

Glucose utilization after acute nicotine treatment
In this experiment, nicotine significantly decreased glucose oxidation in most brain regions,
especially in the ST, OC, and PC. In early studies that pioneered the question of nicotine effects
on energy metabolism in vivo (Weissman et al. 1987, London et al. 1988, London et al.
1990) evaluated regional glucose utilization in rats after femoral vein and artery catheterization
and did the study after 3–5 hours of recovery, with the rats partially immobilized in plaster
casts that covered their hindquarters. Although their report that nicotine stimulated glucose
utilization in many regions of the rat brain was consistent with our original hypothesis, it differs
from the present results. One difference with the present study is the dose of nicotine. In the
two studies, dosages of 0.1mg/kg, 0.3mg/kg, and 1.0mg/kg were used in one publication
(London et al. 1988) and 1.75mg/kg in another (Weissman et al. 1987), but the current dose
of 0.7 mg/kg lies in the midst of that published dose range, so dose differences probably do
not explain the different outcome. Another difference is that in the earlier studies Fisher 344
rats were used, whereas this study used Sprague-Dawley rats. However, in another study the
same surgical preparation but intravenous dosing was used to study Sprague-Dawley rats
(Grünwald et al. 1987) and replicated the increased glucose utilization by nicotine, so the
finding appeared to be independent of strain of rat.

In a later study, nicotine’s effects were measured in both partially immobilized and freely
moving rats (Marenco et al. 2000). In their freely moving rats given a dose of 0.4 mg/kg of
nicotine, and the results were similar to those reported here both regionally and with respect
to the reductions of glucose utilization. In the partially immobilized group, the surgical
preparation was the same as that used in the previously discussed studies, but lidocaine was
added to reduce post-operative discomfort. Nicotine significantly increased glucose utilization
in only two brain regions: the anteroventral thalamic nucleus, and the superior colliculus. In
other regions, nicotine appeared to have little or no effect. A study of nicotine effects on glucose
uptake in humans (Stapleton et al. 2003) showed decreased glucose utilization, which is in
agreement with the current results, although the human dose of 1.5 mg via a 10-second
intravenous infusion was much lower than any of the doses used in this or any of the other
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studies of rats. Also similarly to the present results, the thalamus was among the regions least
affected by nicotine. Having the thalamus least affected seems contrary to expectation, because
of the high density of nAChRs in the thalamus, An explanation proposed previously (Stapleton
et al. 2003) was that nicotine has effects on metabolism apart from its actions through the
nAChRs, such that areas with a higher density of receptors like the thalamus (Horti et al.
1997) have equal and opposite effects that sum to zero. Perhaps the richness of dopamine
receptors in the thalamus contributes to the balance. Indeed, acute nicotine dosing has been
reported to reduce glycolysis (Dewar et al. 2002), though those findings were in the liver.

What is in common is that the studies of Marenco, Stapleton, and the present data all imposed
less stress on the subjects than did the earlier projects. Based on the comparisons, stress may
influence brain metabolism strongly. In fact, a study of the effect of immobilization stress on
glucose uptake showed that stress caused an increase of 50% to 90% in glucose utilization in
rats (Carlsson et al. 1977). It appears that minimization of stress is an important factor in the
study of metabolism with nicotine effects and probably in many other conditions.

Effects of nicotine on turnover of GABA and glutamate
The 13C-labeling of glutamate in the brain during an infusion of [1-13C] glucose reflects
primarily glucose oxidation. Supplemental Table 4S shows that that most parts of the brain
were affected, especially the PC and OC (p<0.05). Acute nicotine injection also decreased the
rate of GABA formation in some parts of the brain. However, the change in GABA was
primarily in the OC, PC, and ST. Across the metabolites, the OC, PC and ST were also the
most affected regions, as shown by the metabolite levels, as well The decreased GABA
synthesis in those regions might result from the time-dependent desensitization of the α4β2
GABA receptors a few minutes after the administration of nicotine (Mansvelder et al. 2002).
For regions in which GABA synthesis was unchanged by nicotine, another possibility is that
GABA synthesis was subject to two opposite influences and so was not affected by nicotine,
as was the case for glucose oxidation. If nicotine tends to reduce GABA synthesis while
nAChRs stimulate GABA synthesis, then the opposite effects may cancel. Indeed, nicotine has
been shown to reduce GABA levels and synthesis in pancreatic tumors (Al-Wadei et al.
2009), although no effects on brain GABA release or glutamate decarboxylase were seen after
a single sub-convulsant dose of nicotine (Pérez de la Mora et al. 1991). There also remains the
possibility that in the first few minutes following nicotine administration, GABA synthesis and
perhaps glutamate-glutamine cycling and glucose oxidation were elevated but only acutely,
such that the effect disappeared before most of the data were acquired.

Relationship between glutamate/glutamine cycling and glucose oxidation
Our previous finding of a near 1:1 proportionality between incremental changes in Vcycle and
CMRgl(ox) in non-activated cortex of anesthetized rats is consistent with glucose oxidative
support of glutamatergic activity and associated functions of the brain (Sibson et al. 1998,
Rothman et al. 1999, Magistretti et al. 1999). Combined with the results from previous studies
(Sibson et al. 1998, Patel et al. 2004), the incremental changes were consistent with the idea
that incremental changes in cycling are associated with energetic changes and altered glucose
oxidation (Supplemental Fig. 2S).

After acute nicotine injection, changes in Vcycle and CMRgl(px) were similar in the cortex (FC:
11.5% and 14.3%; PC: 24.1% and 18.1%; OC: 10.0% and 12.1%), so the glutamatergic
neurotransmission and glucose oxidation appear to follow the previously observed coupling
in the cortex of the freely moving rat. However, the relationship appears not to be the same for
all brain regions, especially for the OB. Accordingly, the distribution of glutamine synthetase
is inhomogeneous in the rat brain, with twice the level in the OB compared to other regions
(Patel et al. 1985). Table 2 and Supplemental Fig. 3S show that the OB has a much higher
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value of Vcycle compared with CMRgl(px), and the ratios Vcycle/CMRgl(px) were 1.50 and 1.58
for the saline and nicotine groups, separately.

Glutamine synthetase, required for glutamine synthesis, must contribute a significant
component to Vcycle. Glutamine synthetase is predominantly astrocytic, as is pyruvate
carboxylase (Yu et al. 1983), and is implicated in glutamatergic and GABAergic function
(Okere & Kaba 2000) The synthetase activity can directly influenced the formation of
glutamine in astrocytes and, through neurotransmitter cycling can potentially regulated the
metabolism of glutamate and GABA. The OB has the highest value activity of glutamate
synthetase compared to the other regions. If in the olfactory bulb a greater fraction of glutamine
synthesis is dedicated to other than uptake of glutamate and conversion to glutamine, then the
associated energy requirements may be lower and the values of Vcycle/CMRgl(ox)
disproportionately higher in this region, with a different relationship predicted across a range
of functional states. To evaluate part of this hypothesis, the region-specific activities of
glutamine synthetase (Patel et al. 1985)were expressed as ratios to the activity in the cortex.
The value of Vcycle in the same regions was also expressed as a ratio to what was measured in
the parietal cortex. The enzyme activity ratios and Vcycle ratios were expressed relative to one
another (Fig. 6), and the OB was clearly separated from the other regions. Thus, the distribution
of glutamine synthetase may be related to the different value of Vcycle/CMRgl(ox) in the OB.

Implications for addiction
In the acute nicotine study, the positive and negative effects of glucose oxidation and GABA
turnover in the thalamus might be important for the process of nicotine addiction and could
perhaps be altered by GABAergic treatments. Studies in humans showed that topiramate, which
raises brain GABA levels (Kuzniecky et al. 1998), affects subjective responses to nicotine in
ways that may enhance smoking cession (Sofuoglu et al. 2006), and that another GABAergic
drug, tiagabine, decreases nicotine craving (Sofuoglu et al. 2005). Studies in animals showed
that nicotine alters GABAB receptor expression and that nicotinic modulation of GABAergic
function contributes acutely to inhibition of dopamine release and chronically to stimulation
of dopamine release (Mansvelder et al. 2002). The GABAB receptor agonists baclofen and
CGP44532 each decreased administration of nicotine in rats without affecting food intake
(Paterson et al. 2004).

Limitations
The study has some limitations: 1) The rats could not be scanned in vivo in the MRI machine,
because of the need for long-term, general anesthesia, so the measurements had to be made in
isolated tissue. Therefore, individual rats had to be used for each time point, rather than
evaluating entire time courses with individual rats. 2) The current study used a large, single
acute dose of nicotine, so the results may differ from what one would find after chronic
repetition of nicotine administration. 3) The rats were awake and moving freely during the
nicotine administration and the infusion of [1-13C]glucose, and seconds before placement in
the microwave, the rats were anesthetized. The turnover of the metabolites measured are
processes that require tens of minutes and can only be minimally affected by the brief anesthesia
before euthanasia.

Another limitation is that the techniques used in this study only provide information on the
total concentrations of the neurochemicals in the tissue, not their fractionation within the tissue,
so it was not possible to differentiate glutamate released from glutamate remaining within the
neurons. At present, the relationships between neurotransmitter activity and function remain
unknown but are the subject of investigation. The reviewer is correct that the techniques used
in this study can only address the total amount of neurochemical in the tissue, not its
distribution. However, it is possible to relate the level of glutamate with its rate of release,
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using 13C-glucose and 13C-acetate (Patel et al. 2005, Lebon et al. 2002). Also, some regions
were inaccessible with the present methods. For example, the ventral tegmental area and
nucleus accumbens were too small to remove and measure, and the prefrontal cortex was
difficult to differentiate from the frontal cortex, problems made more difficult by the texture
of the brain after microwaving. However, it would certainly have been interesting and
important to examine those regions. The brain dissection was limited by size and the ability to
discriminate among regions in the microwaved brain..

A limitation is the issue of species differences between rats and humans, including potential
discrepancies in the distribution of nAChRs. Though there are some differences, such as a
subunit distribution in the thalamus, reviewed previously (Spurden et al. 1997), they are in
general similarly distributed in rats and humans (Turner & Kellar 2005, Staley et al. 2006,
Spurden et al. 1997). The metabolism of nicotine in rats is much faster than in humans. In rats,
CYP1B1/2 is responsible for nicotine metabolism and CYP2A6 is inactive, but CYP2A6 is
responsible for nicotine in humans. The plasma nicotine half-time is 45 minutes in rats but two
hours in humans (Matta et al. 2007). This means that rats must be given a higher dose of
nicotine, and the concentration of nicotine will drop after injection, just as plasma nicotine
levels fall after a human smokes. In a previous study (Rossi et al. 2005), 0.15mg/kg nicotine
was used, and concentration of nicotine was 140, 125, 92 and 44.9ng/g at 10, 30, 60, and 120
minutes. In spite of the falling plasma nicotine levels, the current results is showed little time-
dependence of metabolite levels. For the kinetic portion of the study, the majority of the kinetic
information is contained in the first 30 minutes of the 13C-labeling time courses, so changes
after that that have less impact on the metabolic rates. Although the level of nicotine in the
circulation certainly dropped during the present time courses, which is also true for human
study, nicotine remains tightly bound in the brain for several days (Matta et al. 2007), which
might tend to keep neurochemical conditions more stable than one would predict based on the
plasma nicotine levels.

A methodological limitation was the use of the three-compartment model of neurotransmitter
and energy metabolism for all brain regions. The model has been evaluated for cortical tissue
using [1-13C] and [1,6-13C2]glucose, [2-13C]glucose, and [2-13C]acetate and so far behaved
with internal consistency and in agreement with measurements by other techniques. However,
the model remains to be evaluated for the olfactory bulb and other brain regions that have
contain different fractions of glutamatergic, GABAergic, and other types of neurons. If the
model is incorrect in the present case, one could argue that the same error will exist with nicotine
treatment, so directional changes should remain valid even if the absolute rates are biased in
one direction or another. This study is just the first step in evaluating the model throughout the
brain. Other isotopic precursors are to test and, if necessary, change the model appropriately
for non-cortical brain regions, and these experiments are in progress.

On a related point, the non-cortical regions required assumptions for some values that can only
be determine using isotopic precursors other than [1-13C] or [1,6-13C2]glucose. For example,
the study could not independently evaluate the ratio of GABA-glutamine neurotransmitter
cycling as a fraction of the GABAergic TCA cycle rate as was done previous for the cortex
(Patel et al. 2005), but measurements with 13C-labeled acetate will yield that value. In this
case, the cortical value of 0.46 was used, as reported in cortex in the absence of nicotine(Patel
et al. 2005). The value has the potential to alter the determination of the rates of glutamate-
glutamine cycling, glucose oxidation, and GABA synthesis, so a sensitivity analysis was done.
The sensitivity analysis showed that if the ratio is as low as 0.2, the values of Vgad,
CMRgl(ox), and Vcycle can be reduced by 24, 4%, and 7%, respectively. If the ratio is as high
as 0.7, then the respective values are 26%, 13%, and 8% higher. Therefore, if nicotine affects
the ratio Vcycle/VtcaGABA, such an effect could potentially appear as a change in Vgad,
and 13C-acetate provides a means to establish the value of that ratio.
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Summary
The main findings of this study are the following: (a) acute nicotine administration decreased
total concentrations of NAA and GABA in the striatum; (b) the main effect of nicotine on the
measured parameters was to decrease glucose utilization and GABA synthesis, particularly in
the striatum and occipital and parietal cortices; (c) nicotine effects on the neurotransmitter
cycle (glutamate-glutamine) cycle did not reach significance, except in the parietal and
occipital cortices, although by using 13C-labeled acetate the precision might be improved
sufficiently to detect such effects (Patel et al. 2010, Lebon et al. 2002, Deelchand et al.
2009); (e) incremental changes in glutamatergic neurotransmission and glucose oxidation
follow previously observed coupling in the cortex of the wake rats, but the coupling was not
the same for the olfactory bulb or hypothalamus; (f) the concentration of glutamate was strongly
correlated with those of glutamine, NAA, GABA and aspartate throughout most of the brain.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Schematic diagram of the labeling of cerebral metabolites from [1-13C] glucose. Whole filed
circle: 100% 13C enrichment in this position; Half filled circle: 50% 13C enrichment in this
position; Red: labeled position after the first TCA circle, Blue: labeled position of the second
TCA circle. The number “1” denotes the position of Carbon 1 in each molecule.
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Fig. 2.
The correlation of Glu with Gln, Asp, GABA, and NAA, using the example of the occipital
cortex in the saline group.
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Fig. 3.
Fit of the metabolic model to experimental data. The time courses of 13C labeling of Glu-C4
(△) and Glu-C3 (○) (A) and Gln-C4 (*) and GABA-C2 (◇) (B) in ST from [1-13C]-glucose
are depicted. Note: black: saline; Red: nicotine.

Wang et al. Page 17

J Neurochem. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wang et al. Page 18

Ta
bl

e 
1

R
eg

io
na

l c
on

ce
nt

ra
tio

ns
 o

f m
et

ab
ol

ite
s i

n 
th

e 
ra

t b
ra

in
, a

ve
ra

ge
d 

ac
ro

ss
 a

ll 
an

im
al

s a
nd

 a
ll 

tim
e 

po
in

ts
.

G
A

B
A

G
lu

ta
m

in
e

G
lu

ta
m

at
e

N
A

A
C

re
at

in
e

A
sp

B
ra

in
Sa

lin
e

N
ic

ot
in

e
Sa

lin
e

N
ic

ot
in

e
Sa

lin
e

N
ic

ot
in

e
Sa

lin
e

N
ic

ot
in

e
Sa

lin
e

N
ic

ot
in

e
Sa

lin
e

N
ic

ot
in

e

C
E

1.
15

±0
.1

7
1.

12
±0

.0
9

6.
17

±0
.5

6
6.

29
±0

.5
3

8.
12

±0
.6

2
7.

98
±0

.5
8

6.
00

±0
.5

8
5.

84
±0

.6
4

12
.1

9±
0.

85
12

.1
1±

0.
63

2.
11

±0
.2

7
2.

14
±0

.2
2

FC
1.

48
±0

.1
7

1.
50

±0
.1

4
6.

84
±0

.7
4

6.
69

±0
.4

7
10

.8
5±

0.
80

10
.4

7±
0.

65
7.

65
±0

.8
7

7.
03

±0
.5

2*
9.

57
±0

.8
7

9.
51

±0
.6

1
2.

94
±0

.3
0

3.
11

±0
.6

0

TC
1.

56
±0

.3
1

1.
65

±0
.2

2
6.

40
±0

.8
0

6.
72

±0
.9

0
9.

89
±1

.0
7

10
.2

7±
0.

77
6.

64
±1

.0
0

6.
67

±0
.9

0
9.

71
±0

.6
7

10
.5

4±
1.

67
2.

78
±0

.4
0

3.
02

±0
.3

1

H
P

1.
72

±0
.1

8
1.

73
±0

.2
1

6.
58

±0
.5

1
6.

59
±0

.6
2

10
.1

9±
0.

54
9.

90
±0

.6
3

7.
50

±0
.6

5
7.

39
±0

.7
2

10
.9

2±
1.

09
10

.5
0±

0.
63

2.
61

±0
.4

2
2.

67
±0

.5
4

H
Y

P
2.

81
±0

.4
6

2.
73

±0
.3

4
6.

29
±0

.7
8

6.
37

±0
.4

4
8.

50
±0

.7
6

8.
17

±0
.5

6
7.

16
±0

.8
7

6.
81

±0
.5

4
10

.0
5±

0.
97

9.
99

±0
.6

0
2.

68
±0

.3
2

2.
60

±0
.3

2

M
EA

1.
41

±0
.1

9
1.

33
±0

.1
0

4.
63

±0
.4

0
4.

64
±0

.2
7

6.
04

±0
.3

6
5.

76
±0

.3
6*

6.
17

±0
.6

6
5.

87
±0

.6
5

10
.0

3±
1.

13
9.

52
±0

.7
2

2.
51

±0
.3

4
2.

24
±0

.3
4

M
ID

2.
32

±0
.2

2
2.

24
±0

.2
6

6.
03

±0
.4

8
6.

18
±0

.4
7

8.
39

±0
.4

4
8.

45
±0

.4
0

7.
47

±0
.5

6
7.

58
±0

.7
8

11
.2

1±
0.

94
11

.1
3±

0.
67

2.
95

±0
.3

1
2.

88
±0

.3
5

O
B

1
2.

88
±0

.4
0

2.
76

±0
.3

2
6.

45
±0

.5
3

6.
55

±0
.5

4
8.

68
±0

.6
4

8.
79

±0
.4

5
6.

58
±0

.5
2

5.
86

±0
.8

5*
8.

71
±0

.9
3

8.
77

±0
.3

4
2.

51
±0

.2
7

2.
64

±0
.3

7

O
C

1.
38

±0
.2

0
1.

36
±0

.1
1

6.
67

±0
.7

1
6.

72
±0

.4
3

10
.2

9±
0.

97
9.

97
±0

.5
3

7.
70

±0
.9

2
7.

23
±0

.8
9

10
.2

5±
0.

83
10

.6
1±

1.
23

2.
97

±0
.3

1
3.

00
±0

.3
3

PC
1.

29
±0

.1
7

1.
24

±0
.1

5
6.

52
±0

.6
1

6.
30

±0
.8

3
10

.4
8±

0.
74

9.
76

±0
.8

3*
8.

35
±0

.7
2

7.
69

±1
.0

3*
9.

98
±0

.6
1

9.
62

±1
.6

7
3.

16
±0

.2
6

2.
98

±0
.3

9

ST
2.

19
±0

.1
9

2.
00

±0
.1

6*
6.

88
±0

.5
9

6.
68

±0
.4

7
9.

93
±0

.7
9

9.
28

±0
.9

6*
7.

18
±0

.7
9

6.
38

±0
.5

2*
10

.1
3±

0.
87

9.
92

±0
.6

4
2.

69
±0

.3
1

2.
61

±0
.3

3

TH
A

2.
19

±0
.1

8
2.

20
±0

.1
5

6.
41

±0
.5

9
6.

58
±0

.4
0

9.
66

±0
.7

4
9.

65
±0

.5
0

7.
69

±0
.5

1
8.

01
±0

.9
3

10
.8

5±
0.

93
10

.7
9±

0.
56

2.
79

±0
.2

8
2.

85
±0

.3
1

1 15
 ra

ts
 w

er
e 

m
ea

su
re

d 
in

 th
is

 re
gi

on
, a

nd
 2

0 
ra

ts
 w

er
e 

us
ed

 in
 o

th
er

 re
gi

on
s.

* va
lu

es
 si

gn
ifi

ca
nt

ly
 d

iff
er

en
t a

fte
r c

or
re

ct
io

n 
fo

r m
ul

tip
le

 c
om

pa
ris

on
s (

p<
0.

05
).

J Neurochem. Author manuscript; available in PMC 2011 June 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wang et al. Page 19

Ta
bl

e 
2

Ef
fe

ct
 o

f n
ic

ot
in

e 
on

 c
er

eb
ra

l c
or

tic
al

 m
et

ab
ol

ic
 fl

ux
es

 (μ
m

ol
·g

·m
in
−1

), 
in

cl
ud

in
g 

ce
re

br
al

 m
et

ab
ol

ic
 ra

te
s f

or
 g

lu
co

se
 (C

M
R

gl
(o

x)
), 

ra
te

s o
f g

lu
ta

m
at

e-
gl

ut
am

in
e 

cy
cl

in
g 

(V
cy

cl
e)

 a
nd

 ra
te

s o
f G

A
B

A
 fo

rm
at

io
n 

(V
ga

d)
.

C
M

R
gl

(o
x)

V
cy

cl
e

V
ga

d

B
ra

in
Sa

lin
e

N
ic

ot
in

e
Sa

lin
e

N
ic

ot
in

e
Sa

lin
e

N
ic

ot
in

e

C
E

0.
44

±0
.0

2
0.

43
±0

.0
1

0.
49

±0
.0

5
0.

44
±0

.0
4

0.
16

±0
.0

1
0.

16
±0

.0
1

FC
0.

50
±0

.0
3

0.
41

±0
.0

2
0.

51
±0

.0
7

0.
45

±0
.0

3
0.

12
±0

.0
1

0.
10

±0
.0

0

TC
0.

45
±0

.0
2

0.
40

±0
.0

2
0.

52
±0

.0
5

0.
47

±0
.0

4
0.

12
±0

.0
1

0.
11

±0
.0

1

H
P

0.
43

±0
.0

2
0.

36
±0

.0
1

0.
47

±0
.0

5
0.

44
±0

.0
4

0.
12

±0
.0

1
0.

11
±0

.0
2

H
Y

P
0.

36
±0

.0
2

0.
32

±0
.0

1
0.

48
±0

.0
5

0.
48

±0
.0

6
0.

12
±0

.0
1

0.
10

±0
.0

1

M
EA

0.
36

±0
.0

2
0.

32
±0

.0
1

0.
44

±0
.0

5
0.

47
±0

.0
4

0.
13

±0
.0

1
0.

11
±0

.0
1

M
ID

0.
43

±0
.0

2
0.

37
±0

.0
1

0.
50

±0
.0

6
0.

43
±0

.0
4

0.
16

±0
.0

2
0.

15
±0

.0
1

O
B

0.
36

±0
.0

2
0.

33
±0

.0
1

0.
56

±0
.0

7
0.

55
±0

.0
6

0.
10

±0
.0

1
0.

11
±0

.0
1

O
C

0.
48

±0
.0

3
0.

42
±0

.0
2

0.
43

±0
.0

2
0.

39
±0

.0
1

0.
13

±0
.0

1
0.

12
±0

.0
1

PC
0.

54
±0

.0
3

0.
44

±0
.0

1
0.

49
±0

.0
6

0.
37

±0
.0

3
0.

14
±0

.0
1

0.
11

±0
.0

1

ST
0.

45
±0

.0
2

0.
37

±0
.0

1
0.

45
±0

.0
5

0.
43

±0
.0

4
0.

12
±0

.0
1

0.
08

±0
.0

1

TH
A

0.
43

±0
.0

2
0.

42
±0

.0
2

0.
51

±0
.0

5
0.

51
±0

.0
4

0.
13

±0
.0

1
0.

13
±0

.0
0

J Neurochem. Author manuscript; available in PMC 2011 June 1.


