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Abstract

The sensory experience of smoking is a key component of nicotine addiction known to result, in 

part, from stimulation of nicotinic acetylcholine receptors (nAChRs) at peripheral sensory nerve 

endings. Such stimulation of nAChRs is followed by activation of neurons at multiple sites in the 

mesocorticolimbic reward pathways. However, the neurochemical profiles of CNS cells that 

mediate the peripheral sensory impact of nicotine remain unknown. In the present study in mice, 

we first used c-Fos immunohistochemistry to identify CNS cells stimulated by nicotine (NIC, 40 

μg/kg, IP) and by a peripherally-acting analog of nicotine, nicotine pyrrolidine methiodide (NIC-

PM, 30 μg/kg, IP). Sequential double-labelling was then performed to determine whether 

noradrenergic and dopaminergic neurons of the nicotine reward-addiction circuitry were primary 

targets of NIC and NIC-PM. Double-labelling of NIC and/or NIC-PM activated c-Fos 

immunoreactive cells with tyrosine hydroxylase (TH) showed no apparent c-Fos expression by the 

dopaminergic cells of the ventral tegmental area (VTA). With the exception of sparse numbers of 

TH immunoreactive D11 cells, dopamine-containing neurons in other areas of the reward-

addiction circuitry, namely periaqueductal gray, and dorsal raphe, were also devoid of c-Fos 

immunoreactivity. Noradrenergic neurons of locus coeruleus (LC), known to innervate VTA, were 

activated by both NIC and NIC-PM. These results demonstrate that noradrenergic neurons of LC 
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are among the first structures that are stimulated by single acute IP injection of NIC and NIC-PM. 

Dopaminergic neurons of VTA and other CNS sites, did not respond to acute IP administration of 

NIC or NIC-PM by induction of c-Fos.
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 Introduction

Addictive properties of nicotine in tobacco smoke stem from activation of neurons 

comprising the brain’s mesocorticolimbic reward pathways. These neurons are activated 

either directly or indirectly through nicotinic acetylcholine receptors (nAChRs), widely 

distributed in the central and peripheral nervous systems [1-4]. The direct effects of nicotine 

on CNS neurons are critical for its reward and addiction properties [5-9]. Additionally, the 

sensory impacts of nicotine, mediated by exteroceptive and interoceptive sensory nerve 

endings in the gustatory, respiratory and circulatory systems, are important components of 

the nicotine reward-addiction circuitry [10-17]. The importance of the peripheral sensory 

impact of nicotine in its reward and addiction properties is documented in recent animal 

studies from our laboratory [17]. We demonstrated that nicotine pyrrolidine methiodide 

(NIC-PM), a peripherally-acting analog of nicotine, that does not cross the blood brain 

barrier, activates virtually all the CNS sites that are direct targets of nicotine. However, the 

neurochemical profiles of cells that mediate the sensory impact of nicotine in the CNS are 

not known.

Of numerous neurotransmitters that mediate different aspects of nicotine addiction, 

dopaminergic neurons of the midbrain ventral tegmental area (VTA) are particularly 

important because of their critical role in the reinforcing effects of nicotine [18-19]. 

Dopaminergic neurons of VTA send projections to two principal targets, the ventral striatum 

(nucleus accumbens and olfactory tubercle) and prefrontal cortex (PFC). These projections 

control reward-related behaviours by affecting reinforcement, learning and memory [20]. In 

addition to VTA, dopaminergic neurons located in periaqueductal gray (PAG), dorsal raphe 

nucleus (DR) and hypothalamus are known to project to areas implicated in drug addiction 

[21], suggesting that these neurons could also participate in nicotine addiction. The cascade 

of molecular events that leads to activation of dopaminergic neurons following systemic 

exposure to nicotine is not fully known and the neurochemical profile of CNS neurons 

targeted directly by nicotine and/or its peripheral sensory impact is not clear. We previously 

demonstrated that nicotine (NIC) and NIC-PM activate neurons at multiple CNS sites 

including areas overlapping VTA, PAG, DR, hypothalamus and locus coeruleus (LC), known 

to contain dopaminergic and noradrenergic neurons [17]. The present study was, therefore, 

designed to determine whether dopaminergic and noradrenergic neurons of the reward-

addiction neurocircuitry are the immediate targets of acute intraperitoneal administration of 

NIC and/or NIC-PM.
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 Materials and Methods

 Subjects

Experiments were performed in adult, wild-type CD-1 mice weighing 20-25 g. All 

procedures including the anaesthesia and surgery were reviewed and approved by the 

Institutional Animal Care and Use Committee (IACUC) of Howard University. All efforts 

were made to minimize the number of animals used and their suffering.

 Experimental protocol

Animals (N = 15) were housed at room temperature (22-24°C) with water and food freely 

available. To reduce the nonspecific effects of handling and experimental environment, 

animals were handled daily and exposed to the same conditions as during the actual 

experiments. Following an adaptation period of 3-4 d, the mice were treated by IP 

administration of physiological saline (control; PS), nicotine hydrogen tartrate salt (NIC, 

Sigma Aldrich, St. Louis, MO) and/or NIC-PM (Toronto Research Chemicals, Toronto, 

Ontario, Canada), a peripherally-acting nicotine analog that does not cross the blood-brain 

barrier [22-24]. In the present study, NIC was used at a dose of 40 μg/kg. The dose of NIC 

used in the present study is within the range reported as optimal for maintaining IV self-

administration of nicotine in rats [25,26] and comparable to doses of nicotine delivered by 

smoking 1-2 cigarettes [27]. This dose is also within the range reported to induce c-Fos 

activations at multiple brain regions [17]. The NIC-PM dose in the present study (30 μg/kg) 

is approximately equimolar to the NIC dose (40 μg/kg). Both NIC and NIC-PM were 

dissolved in PS (vehicle) and injected IP in volumes of 0.2 ml/injection. Two hours after IP 

injection of PS, NIC and/or NIC-PM, the mice were anesthetized with 5% isoflurane and 

perfused transcardially with saline, followed by 4% paraformaldehyde in 0.1 M phosphate 

buffer (PB) at pH 7.4. After perfusion, the brains were postfixed in 4% paraformaldehyde 

for 1 h and then cryoprotected in a 30% sucrose solution for a minimum of 2 d. Transverse 

sections of the brain were cut at 40 μm using a Bright OTF Cryostat (Hacker Instruments 

and Industries) and stored in 0.5% sodium azide in 0.1 M PB (pH 7.4).

 Immunohistochemistry

Immunohistochemical procedures were performed using free floating sections as follows: 

Briefly, 1-in-5 series of brain sections extending from bregma −5.63 mm to bregma 2.33 mm 

[28] were rinsed 3 times in 0.1 M phosphate-buffered saline (PBS) at pH 7.4. Nonspecific 

binding was blocked by incubating the tissues overnight in loading buffer containing 2% 

normal donkey serum (NDS, Santa Cruz Biotechnology, Inc., Santa Cruz, CA) and 0.3% 

Triton X-100. Tissues were then washed and processed for sequential double labelling of 

NIC-, NIC-PM- and/or PS-induced c-Fos expressing cells with tyrosine hydroxylase (TH) 

immunoreactive (IR) cells according to the following protocols.

Tissues were washed and incubated with a PBS cocktail consisting of 0.3% Triton X-100, 

rabbit anti-c-Fos (1:5000 of Cat # PC38, Millipore Corporation, Temecula, CA) and mouse 

anti-TH (TH: 1:1000; Cat # T1299, Sigma-Aldrich) antibody at 4°C for 48 h. The sections 

were then washed and incubated in Alexa Fluor 594 donkey anti-rabbit secondary antibody 

(1:100; Jackson ImmunoResearch Laboratories Inc.) in 0.1 M PBS for 2½ h. After washing 
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in PBS, sections were incubated with Alexa-Fluor 488 donkey anti-mouse (1:100, Jackson) 

for 2½ h. Finally, the sections were rinsed in PBS and cover-slipped using Vecta Shield 

(Vector Laboratories) anti-fade mounting media.

Controls for each experiment were performed to determine whether the primary or the 

secondary antibodies produced false-positive results. The controls involved omission of the 

primary and/or secondary antisera to eliminate the corresponding specific labelling. 

Nonspecific activation of c-Fos was assessed by evaluating the CNS expression of c-Fos in 

animals receiving IP injection of physiological saline.

 Data analysis

High resolution fluorescent images were acquired using Nikon (Nikon Instruments, 

Melville, NY) and Confocal (Olympus AX70, Olympus America) microscopes equipped 

with the adequate filter systems to observe the red and green fluorescence. Co-localization 

of the PS-, NIC or NIC-PM-induced c-Fos immunoreactive (IR) cells with TH-positive 

adrenergic and/or dopaminergic cells was detected by sequential capturing of the images, 

alternating between filters appropriate for each labelling and by analyzing the merged 

images of the exact same sites. Images from all the brain regions of interest were captured at 

4X, 10X and 20X magnification and minor adjustments of brightness and contrast were 

made using Adobe Photoshop CS3.

 Cell counting

A semi-quantitative estimate of the total number of NIC-, NIC-PM- or PS- induced c-Fos-

activated cells in LC that were TH IR was performed as follows: Three 40 μm sections from 

different rostrocaudal levels of LC were selected for each group (N = 4). We counted the 

total numbers of NIC-, NIC-PM- or PS-induced c-Fos IR cells, the total number of cells that 

exhibited TH immunoreactivity and the number of c-Fos IR cells in LC that co-expressed 

TH. One-way ANOVA followed by post-hoc t-test was employed to evaluate the effects of 

the PS, NIC and NIC-PM treatments on number of LC cells that were activated by c-Fos and 

co-expressed TH. The data were expressed as means ± standard deviations. The results were 

considered significant at P < 0.01.

 Results

Neuroanatomical location of NIC and NIC-PM activated cells with respect to noradrenergic 

cells of LC.

Consistent with our previous studies [17], NIC and NIC-PM both produced c-Fos activation 

of neurons at areas overlapping LC. Double-labelling of c-Fos with TH demonstrated that a 

large proportion of the cells stimulated by NIC and NIC-PM were noradrenergic neurons of 

LC (Figures 1).

Semi-quantification of c-Fos immunoreactive (IR) cells in LC showed that the number of c-

Fos activated cells was significantly greater in the NIC- and NIC-PM-treated animals 

compared to the physiological saline (PS) treated controls (46.50 ± 6.79 cells and 54.17 

± 14.84 cells respectively, compared to 4.41 ± 1.98 cells, P < 0.001). The number of c-Fos 
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activated cells was also greater in NIC-PM compared to NIC treated animals. Double-

labelling of c-Fos activated cells with TH demonstrated a significantly greater number of 

cells that were both c-Fos- and TH-positive in the NIC- and NIC-PM-treated animals than in 

the PS controls (29.83 ± 15.07 and 47.87 ± 17.01 respectively, compared to 1.5 ± 0.76, P< 

0.001, Figure 2).

Neuroanatomical location of NIC and NIC-PM activated cells with respect to dopaminergic 

cells of the nicotine reward-addiction circuitry

Figure 3 is a photomicrograph of representative midbrain regions illustrating the locations of 

NIC and NIC-PM c-Fos activated cells with respect to dopaminergic neurons of VTA. Both 

NIC and NIC-PM produced c-Fos activation of varying intensities in areas overlapping VTA. 

Double-labelling of c-Fos IR cells with TH demonstrated that the dopaminergic neurons in 

various subregions of VTA were not activated by NIC and NIC-PM.

In the most caudal extent of VTA (bregma −3.87 mm to −3.51 mm), NIC and NIC-PM 

activated c-Fos IR cells were sparsely scattered among the dopaminergic cells of paranigral 

nucleus (PN), parainterfascicular nucleus (PIF) and parabrachial pigmented nucleus (PBP). 

c-Fos IR cells were also detected at sites medial and ventral to the dopaminergic cells in 

regions which correspond to interpeduncular nucleus rostral (IPR) and pontine nuclei (Pn). 

More rostrally in the anterior extension of VTA (bregma −3.15 mm to −3.07 mm), NIC and 

NIC-PM activated cells were found mainly ventral and medial to the dopaminergic cells of 

VTA rostral (VTAR) and PBP, at sites which overlapped interfascicular nucleus (IF), rostral 

linear nucleus (RLi), IPR and retromamillary nucleus (RM) (Figure 3). c-Fos IR cells were 

also seen medial and dorsal to the dopaminergic cells of substantia nigra pars compacta 

(SNC). At the most rostral extension of VTA, in the midbrain-diencephalon border, c-Fos IR 

cells were found medial and ventral to the dopaminergic cells of VTAR and PBP, at sites that 

correspond to the posterior hypothalamus area (PHA).

In addition to VTA, we also evaluated the effects of NIC and NIC-PM on activation of 

dopaminergic cells in the dorsal caudal extension of VTA, which includes the DR and PAG, 

as well as dopaminergic cells outside VTA which includes the DA11 cells of posterior 

hypothalamus and the DA12 cells of arcuate hypothalamic nucleus (Arc). With the exception 

of a sparse number of DA11 cells in posterior hypothalamus, the dopaminergic cells at these 

sites were not activated by NIC and/or NIC-PM (Figures 4 and 5). In PAG/DR areas, NIC 

and NIC-PM activated cells were detected bilaterally near the midline dopaminergic neurons 

(Figure 4, Panels D-F, G-I). c-Fos IR cells were also found interspersed with dopaminergic 

neurons of caudal linear nucleus of the raphe (CLI) and medial raphe nucleus (MnR). In 

posterior hypothalamic regions, DA11 dopaminergic cells were surrounded by NIC and 

NIC-PM activated cells (Figure 5, Panels D-F, G-I). In Arc, dopaminergic neurons were 

found intermingled with c-Fos IR cells.

 Discussion

The present immunohistochemical studies demonstrate that noradrenergic cells of LC are 

one of the primary CNS targets for NIC and its peripherally-acting analog NIC-PM. 
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Dopaminergic neurons at various subregions of VTA, as well as those located in PAG, DR, 

and different hypothalamic regions, did not show c-Fos activation by acute IP administration 

of NIC and NIC-PM. However, non-dopaminergic neurons within VTA responded to NIC 

and NIC-PM by induction of c-Fos in this experimental paradigm.

 NIC and NIC-PM activation of noradrenergic cells

Activation of noradrenergic neurons in LC by NIC and its peripherally-acting analog NIC-

PM suggests that noradrenergic neurons of LC are important components of the nicotine 

reward-addiction circuitry. These data are consistent with previous reports demonstrating 

NIC-induced expression of c-fos mRNA and c-Fos protein in LC [29-33]. Activation of LC 

by NIC-PM further indicates that LC is also one of the primary sites mediating the 

peripheral sensory impact of NIC. However, NIC-PM appeared to be more potent than NIC 

in producing c-Fos activation of LC. The higher potency of NIC-PM compared to NIC may 

result from higher concentration of NIC-PM at local sensory neurons which may lead to 

lower volume of distribution, not diffusing as readily into tissues as does NIC. Other factors 

such as differences in the metabolism of NIC and NIC-PM may also have contributed to this 

observation. Our findings that both NIC and NIC-PM induced c-Fos activation of the cells in 

LC are consistent with previous electrophysiological studies demonstrating that NIC 

activation of LC is the result of two separable actions; one related to the activation of 

peripheral nAChRs located on peripheral sensory nerve fibers and another related to the 

activation of nAChRs in LC and/or other CNS structures [34,35].

In addition to being a target for NIC, LC is believed to be a target for a number of other 

drugs of abuse including opioids and cocaine [36,37]. This nucleus, which is believed to 

function as a relay station for peripheral autonomic input to the brain, has widespread 

projections throughout the entire neuraxis [38]. LC is also involved in the control of 

alertness and exploratory responses to environmental stimuli [39]. Many structures of the 

mesolimbic reward pathways, including Acb, VTA, amygdala, and bed nucleus of stria 

terminalis (BNST) receive noradrenergic input [40-43]. Activation of the noradrenergic 

neurons in LC is reported to augment activity of the dopaminergic neurons in VTA [44]. 

Lesions of noradrenergic neurons in LC are also shown to attenuate dopamine release in Acb 

[45]. Furthermore, noradrenergic blocking agents are purported to be partially effective for 

modulating the effects of NIC addiction and withdrawal in experimental animals [46,47], 

and clonidine, an alpha-2 noradrenergic agonist, has shown efficacy in smoking cessation 

treatment [48]. Thus, results of the present study, demonstrating activation of the 

noradrenergic neurons in LC by NIC and NIC-PM, implies that LC is a putative site for 

mediating both the central and the peripheral sensory impacts of NIC.

 Effects of NIC and NIC-PM on dopaminergic cells of VTA

The mesocorticolimbic dopaminergic system is known to play a critical role in modulating 

the rewarding effects of NIC and other drugs of abuse. However, the neurochemical 

mechanisms which lead to NIC activation of VTA dopaminergic neurons following 

peripheral administration of NIC have not been fully elucidated. Dopaminergic neurons 

express mRNAs coding for most neuronal nAChR subunits [49-51]. A combination of single 

cell PCR, immunohistochemical and electrophysiological studies in brain slices from rat and 
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transgenic mice lacking nAChR subunits provide evidence for the presence of various 

nAChR subtypes on soma of dopaminergic cells in VTA, on local GABAergic interneurons 

and on presynaptic glutamatergic axon terminals that innervate dopaminergic neurons of 

VTA [49,52-57]. These findings suggest that NIC may influence the activity of 

dopaminergic neurons directly, by acting at somatodendritic or presynaptic nAChRs, or 

indirectly by modulation of inputs to VTA.

Several studies have used the c-fos gene and c-Fos protein as markers for identifying CNS 

neurons activated by NIC, including those in VTA. Ren and Sagar [58] reported that IV 

injection of NIC failed to produce c-fos gene expression in rat VTA and substantia nigra. 

Shram and associates [32] have demonstrated that acute subcutaneous administration of NIC 

activates c-fos mRNA in VTA of adolescent, but not of adult, rats. Results of the present 

study, in adult mice, demonstrates that NIC, acting through central and peripheral nAChRs, 

causes sparse to moderate c-Fos activation of non-dopaminergic neurons in VTA. These 

findings are consistent with those of Pang et al. [59] reporting that acute injection of NIC 

induces c-Fos expression in non-dopaminergic neurons of VTA. Our data are contrary to 

studies by Zhao-Shea et al. [57] reporting that IP injection of NIC selectively activates a 

subpopulation of dopaminergic neurons in the posterior VTA but not in the anterior or tail of 

VTA. These disparate findings may be explained by differences in the doses and routes of 

administration, the techniques for c-Fos detection and the acclimation of animals prior to the 

administration of NIC and NIC-PM [60,61]. The lack of c-Fos expression following acute 

injection of NIC and NIC-PM in dopaminergic cells of VTA may also be explained by 

differences in the thresholds for c-Fos activation in the dopaminergic versus the non-

dopaminergic cells [61]. Other possibilities are that NIC and NIC-PM induction of c-Fos in 

the dopaminergic cells may require more time than allowed in this study. It is also possible 

that induction of c-Fos may not be a sensitive marker for activation of dopaminergic cells in 

VTA.

Electrophysiological studies have shown that systemic administration of nicotine increases 

firing activity of dopaminergic cells in VTA [62,63]. These studies have often identified the 

dopaminergic neurons by their location and/or unique electrophysiological and 

pharmacological properties. However, VTA is a heterogeneous structure and contains about 

40% non-dopaminergic cells, mainly GABAergic and glutamatergic neurons [64]. This 

heterogeneity of cell types in VTA makes it necessary to precisely identify the neurons being 

recorded in order to rule out the possibility that a non-dopaminergic neuron might be 

misidentified as dopaminergic. Other studies evaluating the direct effect of NIC on TH gene 

expression in cultured dopaminergic neurons from midbrain have shown that although NIC 

increases TH gene transcription, it is short-lived and is not sufficient to induce TH mRNA or 

TH protein [65]. These results imply that the induction of TH mRNA and TH protein in 

midbrain by nicotine may not be solely due to direct interaction of nicotine with nAChRs on 

dopaminergic cells of VTA. The results of the present study demonstrate that a single IP 

injection of NIC causes c-Fos activation of noradrenergic cells of LC but not dopaminergic 

cells of the VTA. These findings are consistent with previous studies demonstrating that a 

single systemic injection of nicotine increased TH mRNA in LC but not in VTA [66]. Taken 

together, these findings suggest that NIC-induced c-Fos activation of dopaminergic neurons 
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may require administration of NIC over time, involving trans-synaptic depolarization of 

dopaminergic neurons.

 Conclusion

The main finding of this study is that noradrenergic cells of LC are one of the primary CNS 

targets mediating the peripheral sensory impact of nicotine. Although dopaminergic cells are 

important components of the reward-addiction neurocircuitry, they do not appear to respond 

to a single acute IP injection of NIC or NIC-PM by induction of c-Fos. In addition to LC, 

multiple brain regions are affected by NIC and NIC-PM [17,67]. Future studies focusing on 

characterizing the neurochemical profiles of neurons that are directly impacted by nicotine 

may help shed light on mechanisms which drive reward-addiction signaling within the 

dopaminergic mesocorticolimbic neurocircuitry.
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Figure 1. 
Fluorescent and laser scanning confocal microscopy images of representative brainstem 

sections demonstrating nicotine (NIC) and nicotine pyrrolidine methiodide (NIC-PM) 

activation of noradrenergic neurons of locus coeruleus (LC). Panels A-C: Control data 

demonstrating the effects of acute intraperitoneal injection of physiological saline (PS) on c-

Fos activation of tyrosine hydroxylase (TH)-immunoreactive (IR) cells of LC. Panels D-I: 

Low power fluorescent (D-F) and high power confocal (G-I) images showing NIC-induced 

c-Fos IR cells (D, G), TH IR cells (E, H) and merge images of c-Fos with TH IR cells in LC. 

Panels J-L: High power confocal images showing NIC-PM induced c-Fos IR cells (J), TH-

IR cells (K) and merge images of c-Fos with TH-IR cells (L) in LC. Arrows point to 

representative double-labeled neurons.
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Figure 2. 
Number of nicotine (NIC)- and nicotine pyrrolidine methiodide (NIC-PM)-induced c-Fos 

activated cells colocalized with tyrosine hydroxylase (TH)-immunoreactive cells in locus 

coeruleus (LC). Number of c-Fos activated cells significantly greater for NIC and NIC-PM, 

compared to physiological saline (PS) control (*P<0.001). Number of cells co-expressing c-

Fos and TH significantly greater for NIC and NIC-PM, compared to PS control (**P<0.001). 

Data expressed as mean ± standard deviation.

Rose et al. Page 13

J Addict Res Ther. Author manuscript; available in PMC 2016 June 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Double immunofluorescence staining demonstrating the location of nicotine (NIC), and 

nicotine pyrrolidine methiodide (NIC-PM) induced c-Fos immunoreactive (IR) neurons with 

respect to tyrosine hydroxylase (TH) IR cells of ventral tegmental area (VTA). Panels A–C: 

Control data showing physiological saline (PS)-induced c-Fos IR cells (A), tyrosine 

hydroxylase TH-IR cells (B) and merge images of c-Fos with TH IR cells (C) in VTA. 

Panels D-F and G-I: Low and high power magnification showing NIC-induced c-Fos IR 

cells (D, G), TH IR cells (E, H) and merge images of c-Fos with TH IR cells (F, I) in VTA. 

Panels J-L and M-O: Low and high power magnification showing NIC-PM induced c-Fos IR 

cells (J, M), TH IR cells (K, N) and merge images of c-Fos with TH IR (L, O) cells in VTA. 

Squares indicate areas that are magnified in photomicrographs. Abbreviations: MM=medial 

mammillary nucleus, RM=retromamillary nucleus, VTAR=ventral tegmental area rostral.

Rose et al. Page 14

J Addict Res Ther. Author manuscript; available in PMC 2016 June 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Double immunofluorescence laser scanning confocal microscopy images demonstrating the 

location of nicotine (NIC), and nicotine pyrrolidine methiodide (NIC-PM) induced c-Fos 

immunoreactive (IR) neurons with respect to tyrosine hydroxylase (TH) IR cells of dorsal 

raphe nucleus (DR). Panels A–C: Control data demonstrating effects of acute intraperitoneal 

injection of physiological saline (PS) on c-Fos activation of TH IR cells in DR. Panels D-F 

and G-I : NIC and NIC-PM data respectively, showing c-Fos IR cells (D, G), TH IR cells 

(E,H) and merge images of c-Fos with TH IR cells (F, I) in DR. Arrows point to areas 

magnified in photomicrographs.
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Figure 5. 
Double immunofluorescence laser scanning confocal microscopy images demonstrating the 

location of nicotine (NIC), and nicotine pyrrolidine methiodide (NIC-PM) induced c-Fos 

immunoreactive (IR) neurons with respect to tyrosine hydroxylase (TH) IR DA11 cells in 

posterior hypothalamus. Panels A–C: Control data demonstrating effects of acute 

intraperitoneal injection of physiological saline (PS) on c-Fos activation of TH IR DA11 

cells. Panels D-F and G-I: NIC and NIC-PM data respectively, showing c-Fos IR cells (D, 

G), TH IR cells (E, H) and merge images of c-Fos with TH IR DA11 cells (F, I). Arrows 

point to areas magnified in photomicrographs.
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