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Original Article 
MEMRI is a biomarker defining nicotine-specific  
neuronal responses in subregions of the rodent brain 
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Abstract: Nicotine dependence is defined by dopaminergic neuronal activation within the nucleus accumbens (ACB) 
and by affected neural projections from nicotine-stimulated neurons. Control of any subsequent neural activities 
would underpin any smoking cessation strategy. While extensive efforts have been made to study the pathophysiol-
ogy of nicotine addiction, more limited works were developed to find imaging biomarkers. If such biomarkers are 
made available, addictive behaviors could be monitored noninvasively. To such ends, we employed manganese 
(Mn2+)-enhanced magnetic resonance imaging (MEMRI) to determine whether it could be used to monitor neuronal 
activities after acute and chronic nicotine exposure in rats. The following were observed. Mn2+ infusion identified ACB 
and hippocampal (HIP) neuronal activities following acute nicotine administration. Chronic exposure was achieved 
by week long subcutaneously implanted nicotine mini-pump. Here nicotine was shown to activate neurons in the 
ACB, HIP, and the prefrontal and insular cortex. These are all central nervous system reward regions linked to drug 
addiction. In conclusion, MEMRI is demonstrated to be a powerful imaging tool to study brain subregion specific 
neuronal activities affected by nicotine. Thus, we posit that MEMRI could be used to assess smoking-associated tol-
erance, withdrawal and as such serve as a pre-clinical screening tool for addiction cessation strategies in humans.
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Introduction

Smoking is a major public health problem and a 
leading cause of death in the United States [1, 
2]. This is linked, in large measure, to the devel-
opment of heart disease, peripheral and cen-
tral vascular insufficiencies, and lung, pancre-
as, bladder, liver, stomach and throat cancer. 
All significantly affects healthcare delivery and 
costs for the person, family and society [1, 2]. 
Long-term abstinence has proven difficult to 
achieve. Smoking cessation leads to number of 
aversive syndromes and relapse [2, 3] as well 
as to hostility, agitation, mood fluctuations and 
in the most severe state-suicide [3, 4]. Notably, 
only a handful of such strategies have proven 
successful [4, 5]. One significant obstacle of 
effective cessation rests in the limited under-
standing of the neurobiological mechanisms 
underlying nicotine’s effects on brain function. 
This is best explained by physiologic brain sub-
region changes that occur as a consequence of 
chronic nicotine exposure [6-13]. Thus, to deve- 

lop any effective dependence treatment strate-
gies, the neural responses to nicotine must be 
considered and subsequently controlled. The 
principal question is how to monitor such drug 
effects as to date there is no developed blood 
test or any specific biomarker that can quanti-
tate addiction of nicotine. 

Investigative research developed during the 
past decades demonstrated that during smok-
ing, nicotine acts broadly on distributed brain 
acetylcholine receptors (nAChRs) and excites 
dopaminergic neurons within the ventral teg-
mental area (VTA). These activities elevate 
dopamine release in the mesolimbic pathway 
that includes the nucleus accumbens (ACB), 
hippocampus (HIP), amygdala (AMY), and pre-
frontal cortex (PFC) [6-13]. The noted mesolim-
bic dopamine pathway underlies the reward 
and reinforcement effects for nearly all addic-
tive drugs [8]. Repeated use of nicotine induces 
cellular adaptations which influence several 
neural pathways that underlie addictive behav-
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iors. Studies suggest that subtypes of nAChRs 
have different effects on nicotine reinforceme- 
nt and dependence [14, 15]. Nicotine also mod-
ulates dopamine release by binding to nAChRs 
located on excitatory glutamatergic and inhibi-
tory gamma aminobutyric acid (GABAergic) neu-
rons [14, 15]. The serotonergic pathways also 
appear to be involved in nicotine dependence 
[16], while the interaction between PFC and 
VTA is not as well defined [17]. There is little 
argument that biomarkers for nicotine addic-
tion are desperately needed. Bioimaging is one 
as yet underdeveloped opportunity. If success-
ful, the use of noninvasive imaging techniques 
to determine the activation and/or suppression 
within neurological networks could improve the 
understanding of nicotine effects on the cen-
tral nervous system (CNS). This would provide a 
path towards success for smoking cessation 
strategies. As neuronal activation can be mea-
sured by manganese (Mn2+)-enhanced magnet-
ic resonance imaging (MEMRI), this approach 
appears as a powerful first step analyses for 
nicotine addiction and withdrawal. Indeed, 
Mn2+ is a paramagnetic MRI contrast agent and 
calcium-analog intimately tied to metabolomic 
brain states. Moreover, Mn2+ enters neurons by 
calcium channels and is transported along the 
axons anterogradely [18, 19]. In this manner, 
MEMRI can be used to directly map the neu-
rons activated by nicotine. In fact, MEMRI has 
been used to study neurologic effects of recre-
ational substances in animals including alcohol 
[20-22], cocaine [18, 23, 24], and metham-
phetamine [25, 26]. Such studies found that 
MEMRI is sensitive to neuronal activities affect-
ed by drug abuse. To this end, MEMRI tests 
were developed to assess rat neuronal activity 
in response to acute and chronic nicotine expo-
sure. Neuronal groups in brain subregions 
involved in nicotine abuse were activated in 
both acute and chronic exposure conditions. 
The MEMRI tests developed in this study can 
serve as an operative biomarker for brain 
region-specific neuronal activities affected by 
nicotine and perhaps other drugs of abuse. 

Materials and methods

Animals

Male Wistar rats (250-300 g) were obtained 
from Charles River Laboratories (Wilmington, 
MA). For acute nicotine exposure experiment, 
12 rats were used. Six were administrated with 

nicotine and another 6 were used as controls 
that were injected with phosphate-buffered 
saline (PBS). In the chronic nicotine exposure 
study, 6 rats received continuous nicotine infu-
sion for 7 days. A control group (n = 6) received 
PBS.

Animals were housed in the University of Ne- 
braska Medical Center (UNMC) laboratory ani-
mal facility. All animal protocols were approved 
for use according to Association for Assessment 
and Accreditation of Laboratory Animal Care 
guidance and by the Institutional Animal Care 
and Use Committee (IACUC) of UNMC. All UNMC 
animal ethical guidelines set forth through the 
National Institutes of Health were met.

MRI

MRI was performed on a 7T/21 cm horizontal 
bore MRI scanner (Bruker, Billerica, MA) operat-
ing ParaVision 5.1 with a quadrature birdcage 
volume coil for RF signal transmission and 
reception. During scanning each rat was anes-
thetized with isoflurane mixed with oxygen. 
Anesthesia level was set during the experiment 
at ~1.0% isoflurane to maintain the breathing 
rate between 40-60 breaths per minute. 
Breathing rate was monitored using an MRI 
compatible physiological monitoring system 
(Model 1025, SA Instruments, Stony Brook, 
NY). 

Acute nicotine exposure 

Following acute nicotine exposure (Figure 1A), 
serial T1-weighted (T1-wt) MRI tests were per-
formed using a RARE sequence with TR/TE = 
440/17 ms, RARE factor = 4, and number of 
signal averages = 8, matrix size = 208 × 208, 
FOV = 32 × 32 mm2, and number of slices = 10. 
The slices were selected from the front part of 
the brain as shown in Figure 1B. Each T1-wt 
scan duration was 3.05 minutes. T2-weighted 
(T2-wt) MRI was first performed to acquire anat-
omyof the rat brain in sagittal direction. The 
anatomical image was used for the geometry 
prescription for the T1-wt scans (Figure 1B). 
Three baseline T1-wt images were acquired 
prior to manganese and drug (nicotine or PBS) 
administrations. Continuous injection of 50 
mM MnCl2-4H2O (Sigma, St Louis, MO) via the 
left femoral vein was initiated by using an infu-
sion pump (Harvard Apparatus, Holliston, MA) 
positioned outside of the scanner. After infus-
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ing 30 mg/kg Mn2+ over a period of 35 minutes, 
a bolus of 25% mannitol (5-7 ml/kg; Sigma) was 
injected through the right carotid artery to dis-
rupt the brain-blood barrier (BBB). Mn2+ infu-
sion was continued at a reduced infusion rate 
for another 25 minutes until the MRI signal was 
stabilized. The total amount of Mn2+ was 40 
mg/kg. Twelve minutes after MnCl2 injection 
termination, either nicotine bitartrate (0.18 
mg/kg free base concentration) or PBS saline 
was injected through the right femoral vein. The 
nicotine dose was chosen according to previ-
ous studies [17, 27-29]. T1-wt MRI was then con-
tinuously acquired for 45 minutes.

Chronic nicotine exposure 

Each rat was implanted subcutaneously under 
isoflourane anesthesia with an Alzet osmotic 
minipump (Model 2ML1, Durect Corporation, 
Cupertino, CA) filled with nicotine bitartrate in 
physiological saline at concentrations adjusted 
to the animal’s weight. The infusion rate was 
set to deliver 3.0 mg/kg/day free base nicotine 
[28-30]. After 7 days of infusion, the pump was 
removed under anesthesia. MEMRI scanning 
was performed at 22 hours after the termina-
tion of nicotine infusion. PBS infused animals 
were used as controls. MnCl2 (50 mM) was 
administered i.p. at 48 and 24 hrs prior to MRI 
at a dose of 60 mg/kg. Rats were scanned 
using a T1 mapping sequence (RARE with vari-

able repetition time (TR) from 0.5 s to 10 s, 12 
slices, slice thickness = 1.0 mm, matrix size = 
256 × 128, and FOV = 30 × 30 mm) and T1-wt 
MRI (FLASH, TR = 20 ms, flip angle = 20°, 3D 
isotropic resolution = 0.125 × 0.125 × 0.125 
mm3). T1 mapping and T1-wt scans were also 
performed prior to nicotine/PBS infusion, and 
the acquired images served as baseline data 
for the calculation of Mn2+-induced signal 
enhancement.

MEMRI data analyses

In acute and chronic nicotine exposed rats time 
series analysis of the signal change due to Mn2+ 
infusion was calculated as: (SI-Sb)/Sb, where 
Sb is averaged signal intensity of the baseline 
scans, and SI is the signal intensity after MnCl2 
administration. Brain regions assessed includ-
ed the ACB, hippocampus (HIP), amygdala 
(AMY) and subregions of cortex. These were 
identified using the region of interest (ROI) 
function in MIPAV (http://mipav.cit.nih.gov/). 
The injection of mannitol through the right 
carotid artery suggests that the BBB opening 
on the contralateral left hemisphere of the 
brain might not be consistent. Thus, only the 
right side of the brain was used for the analysis. 
The regional brain activity reflected by manga-
nese uptake was calculated using T1 weighted 
signal change. One-way ANOVA was used to 
compare the brain activity at each time point 

Figure 1. A. A schematic paradigm of the acute nico-
tine administration experiment. B. Location of brain 
slices of serial T1-wt MRI.
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from controls versus nicotine injected rats. The 
nicotine effects were also determined by com-
paring time-averaged signals between pre- and 
post-injections. The time-series of signal inten-
sities, reflecting neuronal activities, between 
MnCl2 termination and nicotine or PBS injec-
tion, were averaged and then normalized to 
baseline data. Similarly, signal increase relative 
to baseline after injection intervention with nic-
otine or PBS was calculated. The post-injection 
signal enhancement between nicotine injected 
rats and controls were compared using one-
way ANOVA for ACB, HIP, AMY and cortical 
regions.  

For chronic nicotine exposure, brain volumes in 
the 3D T1-wt images were first extracted using 

an in-house MATLAB program [31] based on 
the level sets method. The brain images were 
then registered to the MEMRI-based rat brain 
atlas (http://www.nitrc.org/projects/memrirat-
brains) using affine transformation first, and 
then nonlinear transformation (DiffeoMap, Jo- 
hns Hopkins University, Baltimore, MD). The 
baseline and manganese enhanced T1-wt imag-
es were calibrated using T1 values to minimize 
the MRI system variations between the base-
lines and post-MnCl2 injection scans as des- 
cribed [32]. Signal enhancement was calculat-
ed by: (SMn-Sb)/Sb, where SMn and Sb are T1-wt 
signal intensity of post- and pre-MnCl2 injec-
tion, respectively. A pixel-by-pixel comparison 
was performed between groups using one-way 
ANOVA.

Figure 2. Signal alteration on nucleus accumbens (ACB) and hippocampus (HIP) in controls (PBS injected rats) and 
nicotine injected rats. A. Signal increase on ACB with time (*: P < 0.05). The MR image (right) illustrates the anatomy 
of ACB (enclosed by a red line). B. Signal increase on HIP with time (*: P < 0.05). MR image (right) illustrates the 
anatomy of HIP (enclosed by a red line). 
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Figure 3. Time-averaged signal increase maps of a control and a nicotine injected rat. The color bar for the enhance-
ment maps is at the right of the panel B. A. Time-averaged signal increase maps of controls containing ACB and HIP 
at pre- and post-PBS injection. B. Time-averaged signal increase maps of the nicotine injected rats containing ACB 
and HIP at pre- and post-nicotine injection.

Figure 4. MRI enhancement maps of controls and rats with chronic nicotine 
exposure. A. The first row represents coronal slices of the averaged MEM-
RI of control rats as an anatomical reference. The sagittal slice (upper left) 
shows respective coronal positions (red lines). B. MRI enhancement map of 
controls. C. Enhancement map of rats with chronic nicotine exposure. The 
pseudo-colors of the enhancement maps are demonstrated using a color bar 
(at the top of figure). Dark blue color (0%) means no change in enhancement 
from Mn2+ compared to pre-injection signal intensity. Dark red color repre-
sents 120% signal increase compared to pre-injection.

Results

Acute nicotine paradigm 

Neuronal activities in response to acute nico-
tine exposure were reflected as T1-wt signal 
change compared to time on right hemisphere 
of the ACB and HIP (Figure 2A and 2B). The sig-
nal increased on both brain subregions follow-

Similarly, the signal increase was comparable 
between the brain regions of rats prior to nico-
tine/PBS injections, and nicotine injection led 
to more signal enhancement on HIP compared 
to the control. t-test comparing the time-aver-
aged signal increase on ACB and HIP between 
the controls and nicotine injected rats showed 
significant difference (P < 0.05).

ing MnCl2 infusion. The signal 
increase rate became higher 
after mannitol injection and 
was stable upon the termina-
tion of MnCl2. The signal in- 
crease was approximately 10 
and 12% on ACB and HIP, 
respectively compared to ba- 
seline. Nicotine injection cau- 
sed about 2% signal increase 
within the ACB and 4% in the 
HIP. The signal increase in 
rats with nicotine injection 
was significantly higher than 
in PBS controls (P < 0.05).

Figure 3A and 3B shows the 
time-averaged signal increa- 
se maps of control and nico-
tine injected rats, respective-
ly containing ACB and HIP 
regions. The signal increase 
was similar on ACB before 
nicotine/PBS injections. Nico- 
tine injection led to higher 
signal increase on ACB com-
pared to PBS injection (first 
row of Figure 3A and 3B). 
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Chronic nicotine paradigm

To determine the neuronal activity induced by 
chronic nicotine exposure, mini-pumps were 
implanted subcutaneously in rats. After 7 days 
of infusion, the pumps were removed. MEMRI 
acquisition was performed at 22 hours after 
the termination of nicotine infusion as previous 
studies demonstrated that abstinence signs 
are more likely to peak in rats around 18-22 
hours [33, 34]. The averaged MEMRI image of 
the control rats is shown on coronal brain slices 
as an anatomical reference in the Figure 4A. 
Positions of the coronal slices presented in the 
figure are depicted using a sagittal slice (top of 
the left column). The color-coded average en- 
hancement maps of the control and nicotine 
exposed rat brains are illustrated in the second 
and third rows, respectively (Figure 4B and 4C, 
respectively). The enhancement represented 
the signal change induced by Mn2+ normalized 
to the MRI signal of pre-Mn2+ administration. 
Compared to controls, nicotine exposed rats 
showed higher MRI signal enhancement on 
striatum (1st column), ACB (2nd column), HIP (3rd 
column) and regions of cerebral cortex (1st 
through 3rd columns). Statistically significant 
increases in the signal enhancement are shown 
by pixels with P < 0.05 (Figure 5). Most pixels 
on ACB and HIP in nicotine exposed rats were 
significantly higher in enhancement than those 
in controls. The pixels showing significant dif-
ference on cortex were mostly on PFC and IC.

Discussion

We now demonstrate that MEMRI can be used 
as a noninvasive biomarker to uncover brain 

subregions affected in response to acute and 
chronic nicotine exposures. These results are 
of immediate importance in evaluating the neu-
robiological mechanism underlying cigarette 
smoking addiction and the means now em- 
ployed to prevent addiction to nicotine. Without 
a doubt, cigarette smoking is foremost amongst 
the leading causes of preventable deaths and 
disability worldwide. It is responsible for up to 
six million premature deaths/year [35]. The 
principal addictive agent delivered by cigarette 
smoke is nicotine [35]. Underlying its effects 
rests in its strong abilities to be a psychostimu-
lant and affect reward behavior [6, 12, 35]. 
While the understanding of the molecular 
mechanisms of nicotine addiction have been 
realized through behavioral and neurochemical 
studies of glutamatergic, dopaminergic and 
γ-aminobutyric acidergic systems in the meso-
corticolimbic system there have been few dis-
covered means to assess such neuronal net-
works noninvasively [5-7, 12, 35, 36]. This 
makes the abilities to use MEMRI testing to 
precisely pinpoint neuronal activities in regions 
of the brain involved in reward behavior; a sig-
nificant step forward in studies to dissociate 
and compare effects of acute and chronic nico-
tine and the means to reverse it.

Indeed, increased ACB and HIP neuronal activ-
ity in rats were seen after acute nicotine expo-
sure. After chronic nicotine exposures the ACB, 
HIP, PFC and IC were affected. Importantly, 
these brain subregions are well known to be 
part of CNS reward system involved in drug 
addiction [8, 35, 36]. ACB is a part of the meso-
limbic dopamine pathway, and receives projec-
tions from VTA. ACB is directly involved in the 

Figure 5. Statistical comparison of MEMRI enhancement between controls and rats with chronic nicotine exposure. 
Pixels with significantly increased enhancement (P < 0.05) caused by nicotine infusion superimposed on brain 
anatomy. Brain regions were labeled using different colors on the right hemisphere. Brain regions:  Isocortex;  
Striatum;  Nucleus accumbens;  Preoptic area;  Corpus callosum;  Thalamus;  Dentate gyrus;  Hypo-
thalamus;  Pallidum;  Amygdala;  CA1 of hippocampus;  CA3 of hippocampus;  Fimbria fornix.
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immediate perception of the motivation [37]. 
The present study demonstrates that both 
acute and chronic nicotine exposure induced 
neuronal activity within the ACB. HIP is a key 
component in memory, emotion and reward. 
We found that neurons were activated by acute 
and chronic nicotine administrations in HIP. It 
needs to be noted that even though both acute 
and chronic nicotine exposure caused neuronal 
activation on ACB and HIP, the brain regions, 
cell types, and inter-cellular mechanism invo- 
lved in the activation could be different between 
the administration schemes; thus mechanisms 
require further investigation. 

Besides ACB and HIP, PFC and IC regions were 
also activated by chronic nicotine exposure. 
PFC is a VTA output in the mesocortical dopa-
mine pathway. In humans, PFC is known for 
forming associations between the rewarding 
experiences of drug use and cues in the envi-
ronment [38]. The cues are strong mediators of 
drug-seeking behavior, and can trigger relapse 
even after months or years of abstinence [39]. 
Studies found that IC plays an important role in 
the mechanisms underlying addiction to nico-
tine and other drugs [40]. Our imaging results 
of IC activity induced by chronic nicotine expo-
sure corroborated these findings. The brain 
regions activated by chronic nicotine exposure 
but not by acute exposure could be responsible 
for abstinence symptoms and subsequently to 
the relapse of smoking. Nevertheless, our 
results are in agreement with previous MEMRI 
assessment on neuronal activity by alcohol 
[21, 22], cocaine [23, 24], and methamphet-
amine [25, 26]. 

A number of human and non-primate studies 
have examined and showed that different 
regions of the brain have variable vulnerabili-
ties to acute and chronic nicotine exposure [36, 
41-48]; the current study provides a unique 
opportunity for unbiased mapping of subregion 
specific neuronal activity in both experimental 
conditions. Studies in humans have found that 
the ACB was affected in both acute and chronic 
exposure; whereas PFC and other cortical 
regions were affected only in chronic nicotine 
exposure [36, 41, 42, 44, 45, 47, 48]. Such 
regions specific changes were also detected in 
the current study. We acknowledge that a direct 
comparison of the findings in humans and non-
human primates with rats is difficult due to dif-
ferences in anatomy, physiology, and neuro-

chemistry, but our results are consistent with 
these human and non-human primate studies. 

Functional MRI (fMRI) has been used to study 
the neural bases of nicotine dependence and 
to develop smoking cessation strategies [36, 
49-53]. fMRI is an indirect measure of brain 
function by detecting the local blood oxygen-
ation level dependent (BOLD) signal changes 
coupled with the neuronal activity [54, 55]. 
Nicotine may act not only upon nAChRs but also 
potentially upon the cerebral vascular system 
[56-60]. The hemodynamic changes are super-
imposed on the nicotine induced neuronal 
activity, confounding the interpretation of the 
fMRI signals. In contrast, MEMRI directly maps 
neurons involved in electrical transmission 
without relying on hemodynamic coupling. 
Therefore, MEMRI has advantage over fMRI to 
monitor nicotine induced neuronal activation. 
We plan to acquire fMRI and perfusion MRI 
data in the future studies, and investigate the 
hemodynamic changes caused by nicotine 
exposure by comparing fMRI results with perfu-
sion MRI and MEMRI data. The results will be 
helpful in the design of imaging studies of nico-
tine in humans.

Only naïve rats were used in this study to inves-
tigate the effects of acute and chronic nicotine 
exposure on neurons. In the future, we will 
study the acute neuronal responses of rats that 
have been chronically exposed to nicotine. By 
comparing to the naïve rats with acute expo-
sure presented here, we will be able to gain 
insights of brain functional changes by long-
term smoking. The acute and chronic cellular 
toxicity of Mn2+ repressed the application of 
MEMRI in humans. When used in animals, Mn2+ 
toxicity needs to be minimized. In this study, we 
used administration schemes that have been 
proven safe for the MnCl2 administration [61, 
62]. The animals were also closely monitored 
after MnCl2 administration, and we did not 
observe any Mn2+ induced toxic clinical signs 
and symptoms.

Conclusion

MEMRI can be employed successfully to moni-
tor acute and chronic nicotine exposure induced 
neuronal activities in cortical and subcortical 
regions involving nicotine addiction. While dis-
parities were observed on brain regions affect-
ed by acute and chronic nicotine exposure such 
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differences serve to highlight the process of 
addiction within the affected brain. To our 
knowledge, this is the first MEMRI study observ-
ing neuronal responses to nicotine exposure. 
The study demonstrates that MEMRI is a pow-
erful imaging tool to study neuronal responses 
to nicotine exposure, tolerance, withdrawal, 
and relapse in animals. MEMRI will also provide 
a preclinical screening tool for smoking cessa-
tion strategies.
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