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Abstract

Nicotine is a highly addictive compound present in tobacco, which causes the release of dopamine 

in different regions of the brain. Recent studies have shown that astrocytes express nicotinic 

acetylcholine receptors (nAChRs) and mediate calcium signaling. In this study we examine the 

morphological and functional adaptations of astrocytes due to nicotine exposure. Utilizing a 

combination of fluorescence and atomic force microscopy, we show that nicotine treated 

astrocytes exhibit time dependent remodeling in the number and length of both proximal and fine 

processes. Blocking nAChR activity with an antagonist completely abolishes nicotine’s influence 

on astrocyte morphology indicating that nicotine’s action is mediated by these receptors. 

Functional studies show that 24-hour nicotine treatment induces higher levels of calcium activity 

in both the cell soma and the processes with a more substantial change observed in the processes. 

Nicotine does not induce reactive astrocytosis even at high concentrations (10 μM) as determined 

by cytokine release and GFAP expression. We designed tissue clearing experiments to test whether 

morphological changes occur in vivo using astrocyte specific Aldh1l1-tdTomato knock in mice. 

We find that nicotine induces a change in the volume of astrocytes in the prefrontal cortex, CA1 of 

the hippocampus, and the substantia nigra. These results indicate that nicotine directly alters the 

functional and morphological properties of astrocytes potentially contributing to the underlying 

mechanism of nicotine abuse.
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1. INTRODUCTION

Tobacco consumption remains a major global health concern (Berrios-Torres, Umscheid et 

al. 2017). Each year more than six million people die because of cigarette smoking with 

500,000 of those deaths occurring in the United States (Berrios-Torres, Umscheid et al. 

2017). On average, smokers die 10 years earlier than nonsmokers (Doll, Peto et al. 2004) 

primarily due to the influence of smoking on cancer, respiratory, and cardiovascular disease 

(Sasco, Secretan et al. 2004, Venkata, Reddy et al. 2019). While evidence shows that most 

smokers have a desire to quit, only a small fraction of smokers can achieve full abstinence 

without any relapse (D’Souza and Markou 2011). Nicotine has been identified as the likely 

addictive compound in tobacco and its influence in the central nervous system (CNS) is the 

primary reason why users struggle to quit (D’Souza and Markou 2011). Nicotine reaches the 

CNS and several other parts of the body through blood circulation. After absorption, 

nicotine enters to the bloodstream and reaches the brain within 10 seconds (Le Houezec 

2003). While it has a half-life of 2 hours, nicotine remains in the body for 1 to 3 days after 

consumption (Benowitz, Hukkanen et al. 2009).

Mechanistic studies on drugs of abuse have traditionally centered on activity in neurons and 

the resulting influence on brain circuitry with little focus on glial cells (Miguel-Hidalgo 

2009). However, recent studies suggest an active role for glial cells, such as astrocytes, in 

response to drugs of abuse (Miguel-Hidalgo 2009, Stellwagen, Kemp et al. 2019). For 

example, cocaine self-administration leads to the overexpression of glial fibrillary acidic 

protein (GFAP), a marker of reactive astrocytosis (Yang, Yao et al. 2016). Similarly, 

methamphetamine was also shown to cause reactive astrocytosis in hippocampus, striatum, 

and frontal cortex (Pubill, Canudas et al. 2003, Han, Kesner et al. 2012). Other studies have 

shown a role for astrocyte-derived lactate in positive memory formation and reconsolidation 

in cocaine use disorder (Boury-Jamot, Carrard et al. 2016). These effects may be related to 

the differential expression of specific astrocytic genes (Lee, Boeshore et al. 2016, Bortell, 

Basova et al. 2017). In the case of nicotine addiction, the role of astrocytes in regulating the 

glutamatergic system has already been connected to nicotine abuse (Scofield and Kalivas 
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2014, Stellwagen, Kemp et al. 2019), where reward seeking behavior in rodents is reduced 

by activating astrocytic glutamate receptors (Liechti, Lhuillier et al. 2007, Cross, Anthenelli 

et al. 2018). Interest in the effect of nicotine on glial cells has further expanded in part due to 

the discovery that microglia and astrocytes in different parts of the brain express nicotinic 

acetylcholine receptors (Sadigh-Eteghad, Majdi et al. 2016).

Synaptic communication is mediated by astrocytes where astrocytic processes regulate and 

control synaptic activity in a tripartite synapse (Chung, Allen et al. 2015). These processes 

also play an important role in the propagation of intercellular signaling with neurons and 

other astrocytes (Cornell-Bell, Finkbeiner et al. 1990, Papouin, Dunphy et al. 2017). Drugs 

of abuse cause release of dopamine through multiple reward pathways in the brain (Adinoff 

2004). Recent studies have also shown that dopamine induces morphological and functional 

changes in astrocytes in vitro (Lange, Bak et al. 2012, Galloway, Adeluyi et al. 2018), as 

well as in vivo where astrocytes are shown to respond to synaptically released dopamine in 

the nucleus accumbens (Corkrum, Covelo et al. 2020), suggesting a potential for dopamine 

to play a more diverse role in drug abuse by mediating astrocytic properties.

While some studies have shown α and β nicotinic acetylcholine receptor (nAChR) subunits 

(Gahring, Persiyanov et al. 2004, Oikawa, Nakamichi et al. 2005) in astrocytes, the only 

functional subtype found either in vitro and in vivo in rodent brain astrocytes are homomeric 

α7 nAChRs (Graham, Ray et al. 2003, Teaktong, Graham et al. 2003, Gotti and Clementi 

2004, Shen and Yakel 2012, Patel, McIntire et al. 2017). Nicotine has been shown to 

increase calcium activity in astrocytes (Hernández-Morales and García-Colunga 2014), and 

unlike their neuronal counterparts astrocytic nicotinic acetylcholine receptors (nAChRs) are 

found to be involved in calcium-induced, calcium release from intracellular store (Sharma 

and Vijayaraghavan 2001). Nicotine is also found to protect astrocytes from apoptosis by 

playing a role in anti-inflammatory action against LPS and IL-1β induced reactive 

astrocytosis (Liu, Zeng et al. 2015, Revathikumar, Bergqvist et al. 2016). There is also 

evidence that nAChRs might play a role in the anti-inflammatory action of nicotine (Cao, 

MacDonald et al. 2019). Astrocytes have diverse morphology and undergo morphological 

adaptations during neuropathological conditions (Pekny and Pekna 2014), as well as during 

exposure to drugs of abuse such as cocaine and methamphetamine (Han, Kesner et al. 2012, 

Yang, Yao et al. 2016). Astrocytic processes are key players of such morphological 

rearrangement which can further influence synaptic communication as one astrocytic 

process can connect to several hundreds to thousands of synapses (Bushong, Martone et al. 

2002). Thus, a combination of morphological and functional characterization can provide 

powerful information about how astrocytes behave in the presence of stimulus (Papouin, 

Dunphy et al. 2017).

Here, we investigated the effect of nicotine on morphological and functional properties in 

astrocytes. We tested the hypothesis that nicotine would induce morphological and 

functional changes driven by activation of nAChRs. We performed time-lapse and high-

resolution imaging to determine dynamic changes in response to nicotine. These studies 

were coupled with atomic force microscopy to identify changes in processes not visible 

using fluorescence microscopy. We observed time dependent, nicotine-induced 

morphological remodeling in proximal and fine astrocytic processes in vitro. In addition, we 
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observed a distinct effect on functional calcium activity in the cell soma and processes as 

well as morphological changes in astrocytes in vivo. Further understanding of the effect of 

nicotine on astrocytes may provide insight into the underlying mechanism of nicotine abuse 

and lead to new cessation therapies.

2. METHODS

2.1 Animals

Wild type C57BL/6 mice (RRID: MGI:5652902) were maintained in Dr. James Pauly’s Lab 

(University of Kentucky, Department of Pharmaceutical Science). Astrocyte specific 

Aldh1l1-tdTomato (STOCK Tg (Aldh1l1-tdTomato) TH6Gsat/Mmucd, RRID: 

MMRRC_036700-UCD) mice were obtained from Dr. Lance Johnson (University of 

Kentucky, Department of Physiology) and maintained in Dr. James Pauly’s Lab (University 

of Kentucky, Department of Pharmaceutical Science). Mice were housed on a 12-hour light/

dark cycle and provided with ad libitum access of food and water. All experiments were 

conducted under the guidelines of National Institutes of Health approved by University of 

Kentucky’s Institutional Animal Care and Use Committee. Astrocytes from aldh1l1-

tdtomato mice were used for time lapse imaging, AFM imaging, and in vivo nicotine 

delivery. Astrocytes from wild type mice were used in all the other experiments.

2.2 Primary astrocyte culture

Primary cultures of astrocytes were prepared from postnatal P2 to P4 pups from C57/BL6 

and Aldhl11-tdTomato mice. Briefly, pups were decapitated, and brains were kept in Petri 

dishes filled with ice-cold Hank’s Balanced Salt Solution (without Ca2+, Mg2+ or phenol 

red, VWR international, 02–0121-0500). The brains were dissected under a 

stereomicroscope and the region consisting of cortical and hippocampal sections were 

isolated. The tissues were then minced, and a cell suspension was made. The cell suspension 

was treated with 2.5% trypsin (Quality Biological, Catalog # 10128–782), incubated, and 

finally resuspended in astrocyte culture media containing Dulbecco modified Eagle’s 

medium/F12 (Invitrogen, VWRL0101–0500), with 10% fetal bovine serum (VWR 

international, SAFSF2442–500ML) and 1% streptomycin penicillin (VWR international, 

L0014–100). Cells were plated at a density of 2 million on Poly-l-lysine (VWR 

international, 100496–610) coated T75 flasks, maintained in the culture media, and stored in 

an incubator at 37 °C (5% O2/95% CO2). Cell culture media was changed every 3 days. 

Astrocytes were separated from microglia by shaking the flasks for 30 minutes at a speed of 

180 rpm. The detached microglia were removed by changing the media. The 

oligodendrocytes were removed after shaking for 6 hours at a speed of 230 rpm (Schildge, 

Bohrer et al. 2013). This protocol produces astrocyte-enriched culture showing 95% positive 

for aldh1l1-tdTomato. To minimize the genetic variability due to the passage, no more than 4 

passages of astrocytes were used in these experiments. Cells were stored in an incubator for 

2 days before exposure to drugs and imaging. To prevent the interference of serum, the 

serum containing astrocyte culture media was replaced with serum free media before 

exposure to drugs.
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2.3 Cell proliferation Assay

The cell proliferation assay was performed using an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl tetrazolium bromide) reagent (VWR international., Catalog #: BT142015–1G). 

Briefly, cells were seeded at a density of ten thousand in each of a 96-well plate and 

maintained in an incubator. (−)-Nicotine hydrogen tartrate salt (Sigma Aldrich, SML1236–

50MG) at different concentrations (0.1 μM, 1 μM, and 10 μM) was added and cells were 

incubated for 24 hours. After the treatment, the astrocyte media was removed, and 100 μL of 

0.5 mg/mL solution of MTT was added. The media was kept in the dark and incubated for 

an additional 3 hours. The MTT reagent was aspirated and 100 μL of DMSO (VWR 

international, 97063–136) was added to dissolve the resulting purple formazan crystals. A 

fluorimeter was used to measure the absorbance of the solution wells at 570 nm. The 

absorbance values were normalized to a control well as 100% and plotted as concentration 

of nicotine versus % cell proliferation. Experiments were repeated for each concentration for 

at least three times.

2.4 Time lapse imaging

Time-lapse experiments were performed to track morphological changes occurring in 

astrocytes in real time. Cells were plated in glass bottom dishes (Mat Tek Corporation, 

P35G-1.5–14-C) 2 days prior to imaging. Before imaging, the required concentration of drug 

solution was prepared in serum-free Leibovitz’s L-15 media (ThermoFischer Scientific, 

11415064). The cell media was replaced by L-15 media and the first set of images were 

taken in at least 10 different fields of view with a 40X air objective, 1 mW/cm2 power, and 

200 milliseconds exposure time. Then time-lapse images were acquired following drug 

treatment by using an Olympus epifluorescence microscope at 37 °C. Various concentrations 

of nicotine (0.1 μM, 1 μM, and 10 μM) were used for the time-lapse experiment with 

varying intervals from 10–30 minutes, 12 hours, and 24 hours.

To block the nicotinic acetylcholine receptor (nAChR) activity, 20 μM of mecamylamine 

hydrochloride (US pharmacopeia/uspc ms, 1376006) was added to the astrocyte culture 

media and incubated for 30 minutes before imaging. Time-lapse experiments were 

performed after adding different concentrations of nicotine as described above. For 

withdrawal studies, astrocytes were cultured on glass bottom dishes and 1 μM concentration 

of nicotine was added. Images were taken before adding nicotine and after 24 hours of 

nicotine exposure. The nicotine containing media was removed and replaced by Leibovitz’s 

L-15 imaging media. Time-lapse images were taken and analyzed for morphological 

changes. At least 10 fields of view for each experiment were captured and a total of at least 3 

biological replicates were used in the experiments. Astrocytic processes were sparsely 

labelled than the cell soma, so we saturated the cell soma to be able to see the fluorescence 

from astrocytic processes.

For long-term, time-lapse imaging, images of cultured Aldh1l1-tdTomato astrocytes were 

taken in our custom-built fluorescence microscope. Nicotine was added to the culture media 

at 1 μM concentration and the cells were incubated. Images were taken in intervals of 24 

hours to 72 hours at a laser power of 1 mW/cm2 with 10X and 40X air objectives 
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(Olympus). Images were taken from at least 10 different fields of view and a total of at least 

3 biological replicates were used in the experiments.

2.5 Study of GFAP expression and confocal imaging

Astrocytes were plated at a density of fifty thousand in 24 well plates (VWR international, 

10861–700) and maintained in an incubator. Different concentrations of nicotine (0.1 μM, 1 

μM, and 10 μM) were added to the wells and incubated for 24 hours. After 24 hours the 

media was removed and washed twice by 1X phosphate buffered saline (PBS) solution 

(VWR international, 45000–446). The cells were then fixed in 4% paraformaldehyde (PFA) 

in PBS (Thermo Fischer, 101176–014) for 20 minutes and again washed with 1X PBS three 

times. The cells were then treated with 0.3% Triton-X100 (Sigma-Aldrich) for 15 minutes 

and washed with 1X PBS two times. Nonspecific staining was blocked by using PBST (PBS 

solution containing 0.1% of Tween 20 (Thermo Fisher Scientific, 003005) and 10% donkey 

serum (Sigma-Aldrich, D9663) for 2 hours at room temperature. The cells were incubated 

with anti-GFAP (rabbit, polyclonal, 1:1000, 2 HR RT, Thermo-Fischer, PA1–10019, RRID: 

AB_1074611) and then washed with 1X PBS three times. Secondary antibody (anti-rabbit 

AlexaFluor-488, donkey, polyclonal, 1:1000, Jackson Immuno Research Labs, NC0449336, 

RRID: AB_2313584) was incubated in the dark for 1 hour. Counterstaining was performed 

with 0.3 μM of 4’,6-Diamidino-2-Phenylindole, Dihydrochloride (Thermo-Fischer 

Scientific, D1306) solution (DAPI) in water for 5 minutes. Fluorescence intensity was 

measured using a fluorimeter. DAPI fluorescence was used to normalize the GFAP 

fluorescence in each well so that the number of cells would not have any effect on the study 

of quantitative GFAP expression.

For confocal imaging, astrocytes were cultured in glass bottom dishes, antibody labeling, 

and fixation was performed as described above. A Nikon A1Rsi laser scanning confocal 

microscope equipped with a 10X air or 40X air objective was utilized. A 488 nm laser was 

used for antibody-labelled wild type astrocytes and a 561 nm laser was used for tdTomato-

astrocytes.

2.6 Atomic force microscopy (AFM) imaging and data analysis

Aldh1l1-tdTomato astrocytes were plated in a density of two hundred thousand in AFM 

dishes (World Precision Instruments, FD35PDL-100) and maintained in an incubator. 1 μM 

of nicotine was added to the dishes and incubated for 24 hours. After 24 hours cells were 

fixed as described earlier and imaged in a JPK-Bruker Nanowizard 4a AFM, which has both 

AFM and Nikon A1 confocal microscopy capabilities combined into a single platform. Both 

control and nicotine treated astrocytes were fixed using the same process to ensure that the 

fixation process does not have any significant role in the observed difference between the 

height of the cell soma and the length of fine processes. Astrocytes were identified by 

observing tdTomato fluorescence in 561 nm laser excitations in the confocal microscope. 

QP-BioAC-50 AFM cantilever tips (Bruker) with thickness 0.40 ± 0.03 μm, length 60 ± 

5μm, width 25 ± 2 μm, and force constant 0.06–0.18 N/m were used for Quantitative 

Imaging™ (QI) in the AFM microscope. At least 3 biological replicates were used in the 

experiments.
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AFM data analysis was performed by using JPKSPM Data Processing software (RRID: 

SCR_018978) and Gwyddion software (RRID: SCR_015583). QI data was processed, and 

image files were extracted. Height measured was used for comparison of morphological 

differences. The heights of the cell soma were measured by subtracting the average pixel 

height of the background from the average pixel height of cell soma by using JPKSPM data 

analysis software. Average height was calculated from the 30×30 μm2 AFM image of the 

center of the cell soma (Supplementary Figure 2). Lengths of fine processes were measured 

from the extracted images in JPKSPM software and ImageJ (RRID:SCR_003070). Only the 

fine processes projecting from the proximal processes were used for analysis.

2.7 Calcium imaging and data analysis

For calcium imaging, astrocytes were cultured with different concentrations of nicotine (0.1 

μM, 1 μM, and 10 μM) for 24 hours in cell culture media. To block nAChR function pre-

incubation with 20 μM Mecamylamine was performed for 30 minutes before adding the 

above concentrations of nicotine. After 24 hours, the cell culture media was washed and 

replaced with 10 μM of fluo-4 AM (Thermo Fisher Scientific, F14201) in artificial 

cerebrospinal fluid solution (ACSF composition: 120 mM of NaCl, 10mM of HEPES buffer, 

1 mM of KCl, 2 mM of CaCl2, 1.3 mM MgCl2, 10 mM of glucose, pH=7.4) and incubated 

for 45 minutes (Cheng, Zhang et al. 2014). The fluo-4 AM dye was then washed with ACSF 

and calcium imaging was performed in our custom-built epifluorescence microscope using 

488 nm laser excitation, power of 1 mW/cm2, and exposure time of 200 milliseconds using a 

40X air objective. At least 10 fields of view were taken with 3 biological replicates for each 

condition. Time-lapse images were stitched to generate movies. Two-minute movies with a 

total 240 frames were used for analysis.

Analysis of the astrocyte Ca2+ signal was done by extracting fluorescence signals from 

astrocyte calcium movies. The fluorescence signals were quantified by measuring the mean 

pixel intensities of the selected regions of interest (ROIs) in cell soma and processes using 

ImageJ (NIH, RRID: SCR_003070). Baseline subtraction was performed by using 

fluorescence values from a field of view containing no cells. Ca2+ changes were calculated 

by using Excel (Microsoft, RRID: SCR_016137) and Origin software (OriginLab 

Corporation, MA, RRID: SCR_014212).

2.8 Cytokine assay

Astrocytes were cultured in 24 well plates at a density of fifty thousand. Different 

concentrations of nicotine (0.1 μM, 1 μM, and 10 μM) were added and incubated for 24 

hours. Astrocyte-conditioned media (ACM) was extracted from the wells and stored at −80 

°C before performing the cytokine assay. We performed a mouse pro-inflammatory cytokine 

assay following the manufacturer’s protocol (Neupane, McCorkle et al. 2021). This assay 

from Meso Scale Discovery (MSD) simultaneously tests for different mouse pro-

inflammatory cytokines including IFN-γ, IL-10, IL-12p70, IL-1β, and TNF-α. Briefly, 25 

μL of calibrators and ACM were dispensed into each well of a capture antibody precoated 

well plate. The plate was sealed with an adhesive plate seal and left to incubate for an hour 

with vigorous shaking (ten thousand rpm) at room temperature. 25 μL of detection antibody 

solution was further added into each well of the MSD plate, followed by vigorous shaking 
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for an hour. The MSD plate was then washed with tween containing PBS three times, 

followed by addition of the read buffer, which was finally analyzed for pro-inflammatory 

cytokines on the MESO SECTOR imager from Meso Scale Discovery. Using Meso Scale 

Delivery Workbench analysis software, standard curves were obtained by fitting the 

electrochemiluminescence signal from calibrators. Samples were run in triplicates using 

mouse proinflammatory multi-spot 96-well Plate (Meso Scale Discovery, N75012B-1) to 

measure the cytokines present in the cell culture supernatant.

2.9 Nicotine dose selection and osmotic minipump implantation

Adult mice from 2 to 4 months were used for osmotic minipump implantation and tissue 

clearing. Chronic nicotine was administered using the osmotic mini pump (model 1002, 

Azlet) at a dosage of 2 mg/kg/h (free base) for 12 days. This dose produces a nicotine 

plasma concentration of approximately 100 ng/mL (Matta, Balfour et al. 2007) which has 

been established as the nicotine plasma concentration of chronic heavy smokers (Kaisar, 

Kallem et al. 2017). Sterile saline was filled in osmotic pumps as a control. In all surgeries, 

animals were anesthetized by isoflurane and subcutaneous implantation of the osmotic 

pumps were performed.

2.10 Perfusion, tissue clearing, and confocal imaging

Mice were treated with nicotine (2mg/kg/h) or saline using osmotic minipumps (model 

1002, Azlet). After 12 days of treatment, animals were euthanized and transcardially 

perfused with ice-cooled PBS solution (1X) followed by 4% (wt/vol) PFA in 1X PBS. 1 mm 

coronal sections were collected from the regions of interest, with the help of mouse brain 

matrix (Zivic instruments, BSMAS001–1), and post-fixed in the fixative solution (4% PFA 

in PBS) at 4 °C for 3 days. For fast free-of-acrylamide clearing tissue technique (FACTs), 

the slices were treated with 8% SDS clearing solution at 37 °C. The solutions were changed 

daily for 12 days (Xu, Tamadon et al. 2017). Complete transparency was confirmed by 

viewing a sheet of paper through the tissue sections (Supplementary Figure 8). After 

clearing the tissue sections with FACT protocol, the excessive SDS was removed by washing 

it with PBS containing 0.1% Triton X-100 (PBST) for 12 h, PBST was replaced by the 

refractive index matching solution (RIMS, from logos biosystems) 1 day prior to imaging. 

This solution was replaced with fresh RIMS, shaking after 2 hours. A visual inspection was 

performed after the brain was placed in RIMS solution to verify that the swelling was 

alleviated and that the brain returned to the original volume (Supplementary Figure 8). The 

tissue sections were transferred back to PBST solution after imaging.

Cleared tissue of 1 mm thickness was used for confocal imaging. During the clearing 

process the volume of tissue increases. However, replacing PBST 1 day prior to imaging 

with RIMS brings the tissue back to the original volume (Xu, Tamadon et al. 2017). Large 

images of 10×10 tiles were taken using a 10X air objective. Regions of interest were 

identified with the help of Allen Brain Atlas and Z-stacks were taken with the help of 

confocal microscope using 20X air and 40X water objectives. The prefrontal cortex (PFC) 

from cortex, the hippocampal CA1 (HC), and the substantia nigra (SNc) were used for 

imaging and comparison of morphological analysis.
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2.11 Antibody labelling and confocal imaging

After clearing the tissue sections with the FACT protocol, the excess SDS was removed by 

washing it with PBS containing 0.1% Triton X-100 (PBST) for 12 h. The PBS solution was 

replaced every 3 hrs. The tissue sections were then permeabilized and blocked overnight at 

37 °C in DeepLabel solution A (Logos Biosystems). The tissue was then washed two times 

with washing solution (Logos Biosystems) for 1 h at 37 °C. The washed brain sections were 

incubated with primary antibody (rabbit, anti-GFAP, 1:100, Thermo-Fischer, PA1–10019, 

RRID: AB_1074611) diluted in primary antibody dilution solution (Logos Biosystems) for 4 

days. The samples were washed again three times with PBST for 1 h and incubated with 

secondary antibody (anti Rabbit alexa 488, 1:200, NC0449336, RRID: AB_2313584). The 

incubation involved shaking at 37 °C, as well. After incubating for 4 days the excess 

antibody was removed by washing in PBST washing solution. Tissue was then transferred to 

4 °C where they were kept until imaging. PBST was replaced by the RIMS from Logos 

Biosystems 1 day prior to imaging. This solution was replaced by fresh RIMS after 2 hours. 

Imaging was performed as described above. The tissue sections were transferred back to 

PBST solution after imaging.

2.12 3D reconstruction and image analysis

The 3D reconstruction and quantitative analysis of cleared tissue images were performed 

using Imaris software (Bitplane, RRID: SCR_007370) and its algorithms. Surface, filament 

tracer, vantage, automatic, and semiautomatic counting were used in the analysis. Confocal 

images were deconvolved by using Nikon A1R data processing software (RRID: 

SCR_014329). Three-dimensional analysis and quantification of morphological parameters 

such as area, volume, sphericity etc., was performed by using Imaris software. The 

morphological comparison of time-lapse experiments and quantification of fluorescence 

intensity was performed by using ImageJ (RRID: SCR_003070) software (NIH). Astrocytes 

were manually outlined from their tdTomato fluorescence expression. The background was 

subtracted by applying a color threshold. Area, number of processes, length of processes, 

and roundness were measured. For the area measurement, binary images were constructed 

by applying a threshold. For measuring length of processes, cut off width was set as 20 μM 

and length 2 μM.

2.13 Statistical analysis

Statistical analyses were performed with Microsoft Excel (RRID: SCR_016137) and/or 

Origin Pro8 (Origin Lab, RRID: SCR_014212). For each experiment, cells from at least 3 

different parts of the glass bottom dish or well were analyzed and repeated for at least 3 

times in different dishes or wells. Bar diagrams show mean with error bars representing 

standard errors of mean. P-values were determined by using Student’s t-test. The results 

were considered significant if the p < 0.05. One-way ANOVA and Bonferroni and Holm 

inferences were used if there were more than 2 variables, and the results were considered 

significant if p < 0.05.
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3. RESULTS

3.1 Nicotine induces time dependent remodeling of astrocytic processes

As some drugs of abuse such as alcohol (Blanco, Valles et al. 2005) induce cell death, we 

first performed a set of experiments to determine the effect of nicotine on astrocyte 

proliferation. We treated astrocytes with 0.1 μM, 1 μM, and 10 μM of nicotine and 

monitored cell proliferation 24 hours later. We observed a slight increase in cell proliferation 

at most concentrations and saw no evidence of nicotine induced cytotoxicity in astrocytes 

(Figure 1 (e)). Cell proliferation increased by approximately 5% at 0.1 μM (p = 0.022 and 

8% at 1 μM (p = 0.002)) for nicotine treated astrocytes. However, for astrocytes treated with 

10 μM nicotine the cell proliferation was not significantly different (p = 0.96) from control 

(Figure 1 (e)).

We then performed in vitro time lapse imaging experiments to determine the effect of 

nicotine on astrocytic processes in a time dependent manner. We cultured astrocytes from 

Aldh1l1-tdTomato mice in the presence and absence of nicotine at concentrations of 0.1, 1 

and 10 μM. Astrocytic processes with a diameter less than 20 μm that projected at least 2 μm 

out from the cell body were considered proximal processes and were used for analysis. We 

performed time lapse experiments on a short time scale with an interval of 10 minutes for 2 

hours and separately on a longer time scale with an interval of 30 minutes for 12 hours. For 

the first 2 hours after the addition of nicotine, 90% of astrocytes (0.1 μM nicotine, 20 cells) 

exhibited morphological activity through a change in the number or length of the processes 

in comparison to 35% of control astrocytes (18 cells). These morphological changes started 

to appear approximately 40 minutes after nicotine treatment. Over a time-course of 12 hours, 

nicotine treated astrocytes showed a pattern of rapid increase and then decrease in the 

number of processes followed by the extension of the processes (Figure 1, Supplementary 

Figure 2). A plot of the number of processes with respect to time gives an inverted U-shaped 

curve for nicotine treated astrocytes (Figure 1, Supplementary Figure 2). Even though a 

fraction of control astrocytes showed activity in terms of morphological changes, none of the 

control astrocytes showed the inverted U-shaped curve seen with nicotine treated astrocytes 

(Figure 1, Supplementary Figure 2).

The inverted U-shaped pattern was found to be one of the key features of nicotine-induced 

remodeling of astrocytic processes. Among the nicotine treated astrocytes 91% of cells 

demonstrated this activity at 0.1 μM, 85 % at 1 μM, and 92% at 10 μM. The peak number of 

processes in nicotine treated astrocytes was approximately 3 hours after nicotine treatment 

(Figure 1, Supplementary Figure 2). For 0.1 μM nicotine treated astrocytes, the peak number 

of processes was 7.7 observed at 2 hours of nicotine treatment while for 1 μM nicotine 

treated astrocytes the peak number of processes was 8.6 observed at 4 hours (Figure 1, 

Supplementary Figure 2). In the case of 10 μM nicotine treated astrocytes, the peak number 

of processes was 8.8 observed at 2 hours of nicotine treatment (Figure 1, Supplementary 

Figure 2). The average initial number of processes before treating with nicotine for each 

group of cells was approximately 4.7. The average number of processes was significantly 

higher at 3 hours (p = 0.024 for 0.1 μM, p = 0.017 for 1 μM and p = 0.012 for 10 μM) for all 

concentrations of nicotine (Figure 1, Supplementary Figure 2).
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3.2 Nicotinic acetylcholine receptors (nAChRs) are involved in the nicotine-induced 
remodeling of astrocytic processes

As we observed dynamic changes in the number of processes in the course of 12-hour 

nicotine treatment, we performed further studies to determine if nicotine removal after 

continuous nicotine exposure (24 hours) results in any further change in the number or 

length of the processes. Astrocytes were cultured in 1 μM nicotine containing media for 24 

hours, then the nicotine containing media was washed and replaced with fresh culture media. 

We performed time-lapse measurements for 12 hours after the removal of nicotine and 

measured the length and number of astrocytic processes. There was no significant change 

between the average length of processes at 0 hours, 3 hours, 6 hours, and 12 hours 

(Supplementary Figure 4b). These experiments show that both the number and length of 

processes remain close to baseline level and nicotine withdrawal does not result in any 

dynamic changes seen upon original exposure to nicotine (Figure 1 (f), Supplementary 

Figure 4 (a), (b)).

To further test the role of nicotinic acetylcholine receptors (nAChRs) in nicotine-induced 

remodeling of astrocytes, we blocked nAChR function prior to nicotine treatment. 

Mecamylamine (20 μM), a nonselective nAChR blocker (McKee, Weinberger et al. 2009), 

was added 30 minutes prior to the nicotine treatment. Preincubation with the blocker was 

performed to ensure receptor inhibition before adding drugs of interest (Yu, Liu et al. 2011, 

Hernández-Morales and García-Colunga 2014, Galloway, Adeluyi et al. 2018). 

Mecamylamine effectively abolished the observed nicotine induced changes in the length 

and number of astrocytic processes and we saw no difference between astrocytes treated 

with mecamylamine and nicotine, just mecamylamine, and controls without any drugs 

(Figure 2, Supplementary Figure 3 (e)–(h)). The inverted U-shaped pattern was not observed 

in mecamylamine treated astrocytes at the concentrations of nicotine we used (Figure 2) 

suggesting that nicotine-induced reorganization was mediated by nAChR activity.

To examine whether nicotine-induced morphological changes are permanently suppressed 

after blocking nAChR function with an antagonist, we pretreated astrocytes with 20 μM 

mecamylamine and washed the drug after 30 minutes. We then performed time lapse 

experiments after adding 1 μM of nicotine. The dynamic nicotine-induced remodeling of 

astrocytes was still observed (Supplementary Figure 2 (e)).

3.3 Nicotine-induced lengthening of processes occurs continuously during long term 
nicotine exposure

We performed a 72-hour time lapse experiment to study the long-term effects of nicotine on 

astrocyte morphology. We tracked changes in morphology before and at 24, 48, and 72 hours 

after treatment with 1 μM nicotine (Figure 3 (a), (c)). The average length of proximal 

processes was 54 ± 3 μm before treating with nicotine. After nicotine treatment the average 

length increased to 70 ± 4 μm at 24 hours (p = 0.037), 96 ± 7 μm (p < 0.001) at 48 hours and 

101 ± 7 μm (p < 0.001 at 72 hours. The processes were significantly longer at all time points 

after 24 hours of nicotine exposure as compared the initial time point prior to the addition of 

nicotine. We also examined the effect of 12-hour nicotine exposure at 0.1 μM, 1 μM, and 10 

μM. Processes were significantly longer (p = 0.047) only for astrocytes treated with 10 μM 
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nicotine at 12 hours (Supplementary Figure 3 (a–d)). We also performed a parallel 

measurement of astrocytic processes without treating them with nicotine in the same interval 

time for 72 hours (Figure 3 (b)). The average length of proximal processes was 63 ± 5 μm 

after 24 hours, 67 ± 4 μm after 48 hours and 65 ± 4 μm after 72 hours. These were not 

significantly different (p = 0.136) from the measurement at 0 hours (54 ± 3 μm).

3.4 Nicotine increases the average length of sub-micron fine astrocytic processes and 
decreases the height of the cell soma.

In addition to long proximal processes radiating from the cell soma, astrocytes contain fine 

processes branching out from these proximal processes and from the edge of the cell soma 

(Denizot, Arizono et al. 2019). These fine processes are in the range of few hundred 

nanometers to a few micrometers in length (Derouiche, Haseleu et al. 2015). These features 

are difficult to resolve with conventional optical microscopy because they are typically 

below the resolution limit and are inefficiently labeled using traditional techniques. In order 

to visualize these fine processes, we utilized a label free approach with high-resolution 

Atomic Force Microscopy (AFM) that allowed us to determine the impact of nicotine 

exposure. AFM is a scanning probe microscopic technique which enables the formation of 

topographic images of a sample by measuring the force between an AFM probe and the 

sample, and is responsive to changes in the contour of the surface resulting in extremely 

high resolution images of sample morphology (Sandin, Aryal et al. 2020). This technique 

allowed us to characterize the fine processes present in astrocytes (Gadegaard 2006). For 

AFM data analysis, fine processes were defined as the astrocytic processes having a 

diameter ranging from 0.2 μm to 2 μm.

For these studies we used fine processes emerging from proximal processes for analysis and 

not from the cell body. We observed clear differences in the length of these processes after 

the addition of nicotine (Figure 4). The average length of fine processes in control astrocytes 

was 1.7 ± 0.1 μm which is significantly lower than the 5.0 ± 0.5 μm (p < 0.001) obtained for 

astrocytes treated with 1 μM nicotine for 24 hours (Figure 4 (e)). In addition to being able to 

resolve fine processes, AFM also has the capability to provide 3 dimensional images 

approaching nanometer resolution. We utilized these 3-dimensional features of AFM 

imaging to determine the height of astrocytic cell soma in the presence and absence of 

nicotine. We found that the cell soma height was significantly smaller in nicotine treated 

astrocytes than in control astrocytes. For control astrocytes the height of the cell soma was 

7.0 ± 0.4 μm while it was 4.3 ± 0.1 μm (p = 0.012) for 1 μM nicotine treated astrocytes for 

24 hours (Figure 4 (f)).

3.5 Nicotine increases Ca2+ activity in both astrocytic cell soma and processes

We performed Ca2+ imaging to study the long-term functional consequence of nicotine 

exposure on astrocytes. Ca2+ responsive cells were defined as cells having intensity 

fluctuations at least 3 times the standard deviation of the baseline fluorescence. We only 

selected cells showing Fluo-4 AM fluorescence at 488 nm absorption for our analysis. We 

identified the regions of the cell soma and processes separately to study the subcellular 

effect of nicotine on astrocyte Ca2+ signaling. We observed much more activity in the cell 

soma compared to the processes for most cells showing Ca2+ activity. For activity observed 
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in the cell soma, 61 ± 7% of control astrocytes were responsive while 85 ± 5% (p = 0.009) 

of astrocytes treated with nicotine (0.1 μM) for 24 hours were responsive. Similarly, 82 ± 

5% (p = 0.008) of astrocytes pretreated with 1 μM nicotine for 24 hours and 91 ± 3% (p < 

0.001) of astrocytes pretreated with 10 μM nicotine for 24 hours showed spontaneous 

functional activity in the cell soma (Figure 5 (c)). We observed less activity in the processes 

in comparison to the cell soma. In control astrocytes 36 ± 7% of cells were responsive 

(Figure 5 (d)). The addition of nicotine (0.1 μM for 24 hours) led to a significant increase in 

the number of processes exhibiting spontaneous activity with 67 ± 9% (p = 0.005) being 

responsive. Similar results were observed for higher concentrations of nicotine with 70 ± 7% 

(p = 0.005) responsive processes treated with 1 μM nicotine and 78 ± 7% (p < 0.001) 

responsive processes treated with 10 μM nicotine for 24 hours (Figure 5 (d)). While we 

observed a clear increase in activity in the presence of nicotine for both the soma and 

processes, the low level of activity in the processes in the absence of nicotine led to a much 

larger fold increase as compared to the number of cells that were with soma activity. Thus, 

after nicotine exposure astrocytes had similar levels of activity in the soma and processes as 

compared to a 2:1 deficit in activity in control astrocytes.

Surprisingly, the largest number of events in the cell soma were observed in astrocytes 

treated with 0.1 μM nicotine for 24 hours with 2.0 ± 0.2 events per 120 seconds, which is 

significantly higher than the control with events 1.3 ± 0.1 per 120 seconds (p = 0.012). 

Astrocytes treated with 1 μM (p = 1.440) and 10 μM (p = 0.726) nicotine were not 

significantly different than control in terms of number of events in the cell soma. In the case 

of processes, the number of events were significantly higher in 0.1 μM nicotine treated 

astrocytes with 2.0 ± 0.2 events per 120 seconds (p < 0.001) but not in 1 μM nicotine treated 

astrocytes and 10 μM nicotine treated astrocytes (Figure 5 (f)). Blocking nAChR receptors 

with mecamylamine successfully diminished the nicotine induced events in both the cell 

soma and processes (Figures 5 (g–h)). Mecamylamine pretreated astrocytes did not have 

significantly different numbers of events as compared to control cells (no treatment) in either 

the cell soma (p = 1.000 for 0.1 μM, p = 0.704 for 1 μM and p = 1.923 for 10 μM 

concentration of nicotine) or the processes (p = 0.965 for 0.1 μM, p = 2.000 for 1 μM and p 

= 1.485 for 10 μM) (Figure 5g–h).

3.6 Nicotine has a greater effect on Ca2+ events in processes than in the cell soma of 
astrocytes

We quantified Ca2+ signal intensities by subtracting the mean of the baseline intensity (F0) 

from the maximum intensity (Fmax) value of the peaks (df = Fmax - F0). We then determined 

the amplitude of Ca2+ waves by dividing the Ca2+ intensity by the mean of baseline intensity 

(A = df/F0). As shown in the table 1, the mean amplitudes of Ca2+ waves were not 

significantly different between control and nicotine treated astrocytes in either the cell soma 

(p = 0.327) or processes (p = 0.134) (Figure 6 (a) and 6 (b)). Additionally, amplitudes were 

not significantly different (Table 1) between astrocytes treated with just mecamylamine and 

astrocytes treated with mecamylamine and nicotine (p = 0.915 for the cell soma and p = 

0.614 for processes) (Supplementary Figure 7a and 7b). However, the amplitude of calcium 

events was smaller in mecamylamine treated astrocytes as compared to astrocytes not treated 
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with mecamylamine (Table 1). This indicates that the magnitude of Ca2+ signaling was not 

influenced by nicotine.

To further study the nicotine induced effects in Ca2+ signaling, we determined the half width 

of the peaks by measuring the full width at half of the maximum of the fluorescence 

intensity. The half width of nicotine treated astrocytes was also not significantly different (p 

= 0.083) from the half width of control astrocytes in cell soma (Figure 6 (c)). However, the 

half width was significantly lower in nicotine treated astrocytic processes than control 

processes at all the concentrations we tested (Figure 6 (d)). The processes for control 

astrocytes had an average half width of 23 ± 3 seconds which is significantly higher than the 

half width of 0.1 μM nicotine treated astrocytes for 24 hours which was 16 ± 1 seconds (p = 

0.001), of 1 μM nicotine treated astrocytes for 24 hours which was 19 ± 1 seconds (p = 

0.011), and of 10 μM nicotine treated astrocytes for 24 hours which was 15 ± 1 seconds (p = 

0.001) (Figure 6 (d)). In mecamylamine treated astrocytes, the nicotine induced decrease in 

half width was abolished in both the cell soma and processes (Supplementary Figure 7 (c) 

and 7(d)). Generally, the half widths of mecamylamine pretreated astrocytes were longer 

than astrocytes not treated with mecamylamine irrespective of nicotine treatment.

3.7 Reactive astrocytosis does not occur during nicotine-induced morphological and 
functional remodeling of astrocytes

Upregulation of glial fibrillary acidic protein (GFAP) is common in reactive astrocytosis. To 

determine whether long-term nicotine exposure resulted in reactive astrocytosis, we 

measured GFAP expression in astrocytes treated with different concentrations of nicotine for 

24 hours and compared it to control astrocytes not exposed to nicotine. Furthermore, we 

measured the concentration of a series of pro and anti-inflammatory cytokines known to 

upregulate in reactive astrocytes to see whether nicotine-induced remodeling of astrocytic 

processes is associated with reactive astrocytosis (Sofroniew and Vinters 2010).

GFAP expression was not significantly different from control astrocytes for those treated 

with either 0.1 μM or 1 μM nicotine for 24 hours. However, there was a small but significant 

increase in GFAP expression in astrocytes treated with 10 μM of nicotine compared to 

control astrocytes. The GFAP expression was 10% (p = 0.008) higher in astrocytes treated 

with 10 μM nicotine compared control astrocytes (Figure 7 (g)).

To test whether changes in GFAP expression during 10 μM were accompanied by changes in 

the production of inflammatory cytokines, we quantified cytokine levels released into the 

cell supernatant. Cytokine measurements were performed with and without treating the 

astrocytes with 0.1 μM, 1μM, and 10 μM nicotine for 24 hours. There was no detectable 

production of IFN-γ, IL-10, IL-12p70, IL-1β, or TNF-α in the control sample or in any of 

the nicotine treated astrocytes at any concentration indicating that the slight increase in 

GFAP expression at 10 μM was not connected to the astrocyte activation (Supplementary 

Figure 4 (c)).

3.8 Nicotine increases the volume of astrocytes in vivo.

To test whether nicotine induces morphological changes in astrocytes in vivo, we used 

osmotic minipumps to deliver 2 mg/kg/hr of nicotine to astrocyte specific Aldh1l1-tdTomato 
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mice for 12 days. This dose produces a nicotine plasma concentration of approximately 100 

ng/mL (Matta, Balfour et al. 2007) which was shown to be the nicotine plasma concentration 

of chronic heavy smokers (Kaisar, Kallem et al. 2017). After 12 days, brains were perfused 

and fixed prior to extraction for sectioning and tissue clearing. We used a modified fast free-

of-acrylamide clearing tissue (FACTS) technique (Xu, Tamadon et al. 2017) to render the 

brain tissue transparent and performed confocal microscopy to visualize tdTomato 

fluorescence. Morphological analysis and quantification were performed using Imaris 

segmentation software.

We measured the average volume of tdTomato astrocytes in the prefrontal cortex (PFC), 

CA1 region of the hippocampus, and the substantia nigra (SNc) of the midbrain. While 

several brain regions have been implicated and play an important role in nicotine addiction, 

these regions have been shown to have altered astrocyte activity in the presence of nicotine. 

High levels of expression of α7 have been shown in the PFC and nicotine induced 

enhancement of activity in the PFC are in part related to astrocyte function (Duffy, 

Fitzgerald et al. 2011). Additionally, astrocyte-neuronal communication in the hippocampus 

is altered due to nicotine exposure (López-Hidalgo, Salgado-Puga et al. 2012). Nicotine 

induced effects are also observed in astrocytes in the SNc during Parkinson’s diseases where 

nicotine is suggested to modify the nigrostriatal reward pathway via astrocytes (Quik, 

O’Leary et al. 2008, Booth, Hirst et al. 2017).

Nicotine treated tdTomato astrocytes appeared morphologically distinct than the astrocytes 

from animals exposed to saline (Figure 8 (a)-(f)). Furthermore, the volume of saline treated 

astrocyte in substantia nigra was significantly lower than volume of saline treated astrocytes 

in the prefrontal cortex and hippocampus (Figure 8 (g)-(i)). Nicotine was found to increase 

the volume of astrocytes in all these regions. The average volume of astrocytes in the 

prefrontal cortex of saline treated animals was 244 ± 2 μm3. Astrocytes in the same region 

for animals treated with nicotine was significantly higher with a volume of 333 ± 7 μm3 (p < 

0.001). Similarly, in the hippocampus astrocytes from animals treated with saline had a 

volume of 253 ± 5 μm3 while those treated with nicotine had a significantly higher volume 

of 360 ± 7 μm3 (p < 0.001). Similar results were observed in the substantia nigra where 

saline treated astrocytes had a volume of 157 ± 5 μm3 and nicotine treated astrocytes had a 

volume of 325 ± 14 μm3 (p < 0.001). We also measured the territorial area in saline and 

nicotine treated astrocytes across the brain regions. At the prefrontal cortex, nicotine treated 

astrocytes have a territorial area of 268 ± 4 μm2 which was significantly higher (***p < 

0.001) than the area of saline treated astrocytes of 240 ± 1 μm2. Similarly, in the CA1 of 

hippocampus, nicotine treated astrocytes have an area of 294 ± 5 μm2 which was 

significantly higher (***p < 0.001) than the average area of saline treated astrocytes which 

was 228 ± 3 μm2. In the SNc of the midbrain, the territorial areas of nicotine and saline 

treated astrocytes were, 330 ± 10 μm2 and 237 ± 6 μm2 which were significantly different 

(***p < 0.001) (Supplementary figure 8 (b)–(d)).

4. DISCUSSION

In addition to its primary activity in neurons via nicotinic acetylcholine receptors (nAChRs), 

nicotine has been found to alter the morphology and functional activity of several different 

Aryal et al. Page 15

Glia. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cell types such as retinal pigment epithelial cells (Yang, Gong et al. 2010), microglial cells 

(Adeluyi, Guerin et al. 2019), and macrophages (Chan, Stitzel et al. 2016). One common 

feature in all of these cases is that these different cells were shown to express functional 

nAChRs of various subtypes (Maneu, Gerona et al. 2010). As a major glial cell type in the 

brain, astrocytes help to regulate synaptic activity through interactions with neurons, 

however, little is known about their response to nicotine or their potential role in nicotine 

addiction. Recent studies have shown that astrocytes express functional α7 nAChRs in the 

hippocampus (Shen and Yakel 2012, Patel, McIntire et al. 2017) suggesting that nicotine 

could potentially affect cell morphology or functional activity involving nAChRs. While 

there is some evidence that α and β nAChR subunits may be expressed in astrocytes 

(Gahring, Persiyanov et al. 2004), the only functional nAChR subtype that has been 

observed in rodent astrocytes is α7 nAChRs (Gotti & Clementi, 2004; Graham et al., 2003; 

Patel et al., 2017a; Shen & Yakel, 2012; Teaktong et al., 2003). Some of the roles of these 

receptors in inflammation has been studied and α7 nicotinic receptors are shown to be 

involved in anti-inflammatory effects of nicotine on astrocytes (Revathikumar, Bergqvist et 

al. 2016) but the functional role of astrocytic nAChRs in nicotine addiction has not been 

studied extensively.

To determine the effect of nicotine on astrocytes, we characterized morphological and 

functional adaptations of astrocytes during nicotine treatment both in vitro and in vivo. We 

examined morphological effects on proximal processes, fine processes, and the cell soma as 

well as functional changes while differentiating between processes and the cell soma. We 

first determined that nicotine induces dynamic remodeling in astrocytic processes by 

changing their number and length in a time dependent manner. As we observed in the time-

dependent remodeling of astrocytes, the peak of the inverted U-shaped response curve which 

shows a rapid increase in the number of processes occurs after approximately 2–4 hours of 

nicotine treatment. As the half-life of nicotine in the brain is about 2 hours (Benowitz, 

Hukkanen et al. 2009) indicating that normal tobacco consumption is likely sufficient to 

drive the observed remodeling. As the nAChRs are found to be desensitized in long term 

nicotine exposure in different cell lines, it is possible that the decrease in number of 

astrocytic processes observed after the initial increase leading to the inverted U-shaped 

response is related to nicotine-induced nAChR desensitization (Sokolova, Matteoni et al. 

2005).

To test the contribution of nAChRs on these morphological rearrangements, we blocked 

receptor function with mecamylamine, a non-specific nAChR blocker. In the presence of 

mecamylamine, most nicotine induced morphological changes were eliminated, strongly 

suggesting that these changes were mediated by activation of nAChRs via nicotine. When 

we removed mecamylamine from the culture media and then added nicotine, the dynamic 

changes in astrocytic processes were still observed. This suggests that nAChR activation is 

involved in the morphological changes. As no other functional nAChR subtypes are 

observed in rodent brain astrocytes other than α7 nAChRs, this study suggests a broader role 

of α7 nAChRs in nicotine induced effects on astrocytes.

Nicotine withdrawal is associated with many physiological and pathological symptoms in 

both humans and animal models (Kenny, Markou et al. 2001). To determine whether 

Aryal et al. Page 16

Glia. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



nicotine withdrawal results in any additional changes in astrocyte morphology, we removed 

nicotine from the cells after 24 hours of exposure and performed time-lapse imaging. We 

observed no additional changes in astrocyte morphology, which suggests both the number 

and length of processes remain close to baseline levels during the withdrawal.

In addition to proximal processes, astrocytes have fine processes originating from the cell 

soma and the proximal processes. These fine astrocytic processes are continuously moving 

around synapses and are thought to play a key role in synaptic activation and collapse 

(Halassa, Fellin et al. 2007, Chung, Allen et al. 2015, Papouin, Dunphy et al. 2017). Using 

AFM, we found nicotine induced a lengthening of fine processes, which potentially modifies 

their interaction with the synapse leading to the possibility of nicotine induced synaptic 

activation via astrocyte remodeling. Since synaptic transmission is heavily dependent on 

astrocytic processes (Chung, Allen et al. 2015), this nicotine induced remodeling of 

astrocytic processes suggests that nicotine can potentially alter synaptic communication.

Nicotine was previously found to increase intracellular Ca2+ concentration by activating 

nAChRs and inhibiting non-decaying potassium currents (Sharma and Vijayaraghavan 2001, 

Shen and Yakel 2012, Hernández-Morales and García-Colunga 2014). Most of these studies 

applied relatively high concentrations of nicotine rather than a physiologically relevant 

concentration and they characterize events occurring on a time scale of a few seconds or 

minutes in the form of Ca2+ bursts. Our studies examined long-term effects of nicotine along 

with changes specific to the cell soma and processes. Nicotine treated astrocytes exhibited 

extended processes and had higher Ca2+ activity in both the cell soma and processes in 

comparison to control astrocytes. Astrocytic nAChRs have previously been shown to 

modulate calcium induced calcium release from intracellular stores (Sharma and 

Vijayaraghavan 2001, Fucile 2004). In addition, α7 nAChRs are highly calcium permeable 

and easily desensitized (Castro and Albuquerque 1995). The lower number of events 

observed at 1 and 10 μM nicotine concentrations suggests desensitization occurs during 

long-term nicotine exposure. Given the duration of the calcium transients observed here and 

the likelihood of receptor desensitization, it is likely that these calcium signals result from a 

combination of intracellular calcium release and transport through nAChRs. In our study, 

mecamylamine successfully blocked nearly all nicotine induced effects on calcium activity 

including the number of events and the amplitude of the signal. The nicotine induced 

decrease in half width was also reversed by mecamylamine. Though mecamylamine is a 

non-specific inhibitor for nAChRs, combining our results to the current understanding of 

astrocytic nAChRs suggests α7 nAChRs might be primarily involved in nicotine induced 

morphological rearrangement and calcium activity in astrocytes.

Like our studies on astrocyte morphology, we found that functional activity in astrocytic 

processes was more affected by nicotine than in the cell soma. After chronic nicotine 

treatment, the extended processes were more responsive, had more Ca2+ events, and had a 

shorter half-life than the processes in control astrocytes. Blocking of nAChRs by 

mecamylamine abolished almost all of the nicotine induced calcium activity in astrocytes 

suggesting a prominent role of nAChRs on nicotine induced calcium activity. Compared to 

nicotine alone, mecamylamine exposure led to a decrease in number of events as well as in 

amplitude suggesting a depletion of calcium due to nAChR inactivation and potentially a 
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reduction in nicotine-initiated calcium induced release of intracellular calcium stores. The 

half widths of mecamylamine treated astrocytes were longer than control untreated 

astrocytes (no nicotine/no mecamylamine) suggesting that nAChRs are potentially involved 

in calcium signaling in the absence of nicotine (Shen and Yakel 2009). The base Ca2+ 

concentration was higher in in both the cell soma and processes at high concentrations of 

nicotine (10 μM). However, the number of events were highest at lower concentrations of 

nicotine (0.1 μM). This suggests high concentrations of nicotine activate nAChRs resulting 

calcium induced calcium release as well as activate voltage gated potassium channels 

resulting in increased levels of Ca2+ in the processes giving the higher baseline fluorescence 

(Hernández-Morales and García-Colunga 2009). In addition, long term nicotine exposure to 

high concentrations of nicotine likely leads to eventual receptor desensitization resulting in 

the reduced number of events observed in comparison to lower concentrations of nicotine 

(Quick and Lester 2002).

We also quantified GFAP expression and cytokine levels and did not find overexpression or 

increased production cytokines such as TNF- α, IL-1, IFN- γ and IL-1β that would be 

indicative of astrocytosis. Nicotine has been shown to have an anti-inflammatory effect on 

reactive astrocytes by suppressing the production of proinflammatory cytokines 

(Revathikumar, Bergqvist et al. 2016). Most of these studies use a very high nicotine dose 

well above physiologically relevant concentrations. In our study, we did not find detectable 

TNF- α, IL-1, IFN- γ and IL-1β production with or without treating with nicotine. This 

indicates that the remodeling and increased Ca2+ signaling were not the result of nicotine-

induced astrocytosis.

Upregulation of GFAP is another marker for reactive astrocytosis. This response has been 

observed in some substance use disorders such as with cocaine (Lee, Boeshore et al. 2016). 

We observed no increase in GFAP expression at 0.1 μM or 1 μM, but there was a 10 % 

increase in the production of GFAP at 10 μM nicotine. Overall, these results indicate a 

remodeling of astrocytic processes rather than reactive astrocytosis. Thus, the observed 

morphological changes are mostly adaptations resulting from nicotine exposure and 

mediated by nicotinic receptors. Interestingly, nicotine exposure did not induce cell death 

but rather led to slightly increased astrocyte proliferation which is similar to other drugs of 

abuse such as cocaine (Lee, Boeshore et al. 2016). This is in contrast to alcohol which has 

been shown to induce cell death (Blanco, Valles et al. 2005).

We then evaluated changes in astrocyte populations occurring in mice chronically exposed to 

nicotine. We selected the prefrontal cortex, the CA1 of the hippocampus and the substantia 

nigra of the midbrain, which are 3 key regions associated with nicotine use that have also 

been associated with changes in astrocyte activity. Previous studies have shown that 

astrocyte volume increases under certain conditions such as with an increase in potassium 

concentration (Pasantes-Morales and Schousboe 1989). This suggests that an increase in 

astrocyte volume allows the processes to contact more easily with the synapse and hence 

control and modulate synaptic function (Florence, Baillie et al. 2012). We observed 

significantly higher volume and territorial area in the astrocytes from mice treated with 

nicotine than those treated with saline. This suggests the nicotine induced morphological 

rearrangement observed in vitro likely take place in vivo in some form. The remodeling of 
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astrocytes such as the increase in number of fine processes and changes in astrocyte volume 

in vivo suggests nicotine induced activation of the synapses potentially occurs during 

nicotine addiction. As activation of glial nAChRs by nicotine is already shown to play a 

major role in synaptic communication and long term memory (Gahring, Persiyanov et al. 

2004), we believe both the morphological rearrangement of astrocytic processes with 

increased volume and increased calcium activity of astrocytes under nicotine exposure leads 

to synaptic activation.

In summary, we found that nicotine induces time dependent morphological and functional 

changes in astrocytes. The morphological and functional adaptations of astrocytes mostly 

occurred in the processes where the length of both proximal and fine processes increased 

along with increased Ca2+ signaling. These morphological adaptations were also observed in 
vivo where they led to an increase in the volume of astrocytes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Main Points

• Nicotine induces time dependent remodeling in astrocytic processes via 

nicotinic acetylcholine receptors (nAChRs) activity.

• Long term nicotine exposure increases Ca2+ activity but does not cause 

reactive astrocytosis.

• Nicotine increases the volume of astrocytes in vivo.
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FIGURE 1. 
Time lapse imaging of the effect of nicotine on cultured astrocytes from Aldh1l1-tdTomato 

mice. (a) Aldh1l1-tdTomato astrocytes imaged at different time intervals in the absence of 

treatment (0 hours, 6 hours, and 12 hours, scalebar = 40 μm). (b) Aldh1l1-tdTomato 

astrocytes imaged at different time intervals after treatment with 0.1 μM nicotine (0 hours, 6 

hours, and 12 hours, scalebar = 40 μm). (c) Aldh1l1-tdTomato astrocytes imaged at different 

time intervals after treatment with 1 μM nicotine (0 hours, 6 hours, and 12 hours, scalebar = 

40 μm). (d) Aldh1l1-tdTomato astrocytes imaged at different time intervals after treatment 

with 10 μM nicotine (0 hours, 6 hours, and 12 hours, scalebar = 40 μm). (e) The proliferation 

of astrocytes at different concentrations of nicotine. Astrocytes were exposed to different 

concentrations of nicotine (0.1 μM, 1 μM, and 10 μM) for 24 hours. The cell proliferation 

was determined by using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) assay. Absorbance was measured and data was plotted by converting into percent 

cell proliferation where the mean of control is 100%. One-way ANOVA for cell proliferation 

at different concentrations of nicotine (n = 59, p < 0.001) was used. Bonferroni and Holm 

inference for post hoc analysis *p = 0.022 for control vs 0.1 μM, **p = 0.002 for control vs 

1 μM, p = 0.959 for control vs 10 μM. Data are expressed in the form of mean ± SEM from 

3–5 independent culture conditions. (f) Quantification of the number of processes at 30 min 

intervals for 12 hours for control and nicotine treated astrocytes. For withdrawal, astrocytes 

were pretreated with 1 μM nicotine for 24 hours and then removed at time. An illustration of 
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regions of interests (ROIs) for processes measurements are shown in Supplementary Figure 

1. One-way ANOVA was performed for each 3-hour interval (n = 45), plots shown in 

Supplementary Figure 2 in (a), (b), (c), and (d) for number of processes at different 

concentration of nicotine. Data are expressed in the form of mean ± SEM from 3–5 

independent culture conditions.
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FIGURE 2. 
Time lapse imaging of the effect of nicotine on cultured astrocytes from Aldh1l1-tdTomato 

mice after mecamylamine pretreatment. (a) Quantification of the number of processes at 30-

minute intervals for 12 hours at different concentrations of nicotine in astrocytes pretreated 

with 20 μM of mecamylamine for 30 minutes. Data are expressed in the form of mean ± 

SEM from 3–5 independent culture conditions. (b) Aldh1l1-tdTomato astrocytes pretreated 

with 20 μM of mecamylamine imaged at different time intervals in the absence of further 

treatment (0 hours, 6 hours, and 12 hours, scalebar = 40 μm). (c) Aldh1l1-tdTomato 

astrocytes pretreated with 20 μM of mecamylamine imaged at different time intervals after 

treatment with 0.1 μM nicotine (0 hours, 6 hours, and 12 hours, scalebar = 40 μm). (d) 

Aldh1l1-tdTomato astrocytes pretreated with 20 μM of mecamylamine imaged at different 

time intervals after treatment with 1 μM nicotine (0 hours, 6 hours, and 12 hours, scalebar = 

40 μm). (e) Aldh1l1-tdTomato astrocytes pretreated with 20 μM of mecamylamine imaged at 

different time intervals after treatment with 10 μM nicotine (0 hours, 6 hours, and 12 hours, 

scalebar = 40 μm).
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FIGURE 3. 
Chronic nicotine-induced morphological changes in astrocytes. (a) Representative images of 

astrocytes before (0 hours) and after treating with 1 μM of nicotine at 24 hours interval for a 

total of 72 hours (scalebar = 100 μm). (b) Quantification of the length of processes in control 

astrocytes at 24-hour intervals (p = 0.136). (c) Quantification of the length of processes in 

astrocytes treated with 1 μM of nicotine at 24-hour intervals for a total of 72 hours. One-way 

ANOVA for length of processes at 0 hours, 24 hours, 48 hours, and 72 hours after nicotine 

treatment (n = 121, p < 0.001). Bonferroni and Holm inference *p = 0.037 for 0 hours vs 24 

hours, ***p < 0.001 for 0 hours vs 48 hours and 0 hours vs 72 hours. Data are expressed in 

the form of mean ± SEM from 3–5 independent experiments. An illustration of regions of 

interests (ROIs) for processes measurement in shown in Supplementary Figure 5.
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FIGURE 4. 
Atomic force microscopy (AFM) study of the effect of nicotine on astrocytic cell soma and 

fine processes. (a) and (b) Representative AFM images of fixed astrocytes with and without 

treating with 1 μM nicotine for 24 hours (scalebar = 20 μm). (c) and (d) Representative AFM 

images of control and 1 μM nicotine treated astrocytes for 24 hours showing fine processes 

projecting from proximal processes (scalebar = 1 μm). (e) Quantification of fine processes in 

control and nicotine treated astrocytes. Student’s t-test (**p < 0.001, n = 18 processes). (f). 

Quantification of the height of the cell soma in control and nicotine treated astrocytes. 

Student’s t-test (*p = 0.012, n = 18 cells). An illustration of height measurement by AFM in 

shown in Supplementary Figure 6. Data are expressed in the form of mean ± SEM from 3–4 

independent AFM experiments.

Aryal et al. Page 29

Glia. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 5. 
Effect of nicotine on calcium signaling in astrocytes. (a) and (b) Representative calcium 

activity of control astrocytes and those treated with 10 μM nicotine for 24 hours (scalebar = 

40 μm). (c) Fraction of cells showing calcium activity in the cell soma. One-way ANOVA 

for fraction of cell soma (n = 34, p = 0.002). Bonferroni and Holm post hoc analysis **p = 

0.009 for control vs astrocytes treated with 0.1 μM nicotine, **p = 0.008 for control vs 

astrocytes treated with 1 μM of nicotine for 24 hours, ***p < 0.001 for control vs astrocytes 

treated with 10 μM of nicotine for 24 hours. (d) Fraction of astrocytic processes showing 

calcium activity. One-Way ANOVA for fraction of astrocytic processes (n = 32, p < 0.001). 

Bonferroni and Holm post hoc analysis. **p = 0.005 for control vs astrocytes treated with 

0.1 μM of nicotine for 24 hours, **p = 0.005 for control vs astrocytes treated with 1 and 

***p < 0.001 for control vs astrocytes treated with 10 μM of nicotine for 24 hours. (e) 

Average number of events per astrocytic cell soma within a 2-minute interval. One-Way 

ANOVA for number of events in cell soma (n = 112, p = 0.015). Bonferroni and Holm post 

hoc analysis *p = 0.012 for control vs astrocytes treated with 0.1 μM nicotine, p = 1.440 for 

control vs astrocytes treated with 1 μM of nicotine, p = 0.726 for control vs astrocytes 

treated with 10 μM of nicotine. (f) Average number of events per astrocytic processes within 

a 2-minute interval. One-Way ANOVA for number of events in processes (n = 81, p < 0.00). 

Bonferroni and Holm post hoc analysis ***p < 0.001 for control vs astrocytes treated with 

0.1 μM nicotine, p = 0.07 for control vs astrocytes treated with 1 μM of nicotine, p = 0.220 

for control vs astrocytes treated with 10 μM of nicotine. (g) Average number of events in 

mecamylamine pretreated astrocytic cell soma within a 2-minute interval. One-Way ANOVA 

for number of events in processes (n = 141, p = 0.515 (h) Average number of events in 

mecamylamine pretreated astrocytic processes within a 2-minute interval. One-Way ANOVA 

for number of events in processes (n = 81, p = 0.965). Data are expressed in the form of 

mean ± SEM and were used from 3–5 independent cultures.
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FIGURE 6. 
Comparison of average half-width, amplitude, and calcium fluctuation of astrocytic cell 

soma and processes at different concentrations of nicotine. (a) Comparison of amplitude of 

astrocytic cell soma. One-Way ANOVA for amplitude of astrocytic cell soma (n = 154, p = 

0.327). (b) Comparison of amplitude of astrocytic processes (n = 140, p = 0.134). (c) 

Average half-width of calcium events in astrocytic cell soma. One-Way ANOVA for half-

width of cell soma events (n = 154, p = 0.083). (d) Average half-width of the calcium events 

in astrocytic processes, (n = 139, p = 0.001). Bonferroni and Holm post hoc analysis for 

half-width of events occurring in processes: control vs astrocytes treated with 0.1 μM 

nicotine **p = 0.001, control vs astrocytes treated with 1 μM nicotine *p = 0.011, control vs 

astrocytes treated with 10 μM nicotine ***p < 0.001. (e) Representative calcium waves from 

the cell soma of control astrocytes and astrocytes treated with different concentrations of 

nicotine (f) Representative calcium waves from the processes of control astrocytes and 

astrocytes treated with different concentrations of nicotine. Data are expressed in the form of 

mean ± SEM and were used from 3–5 independent cultures.
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FIGURE 7. 
Anti-Glial Fibrillary Acidic Protein (GFAP) expression of control and nicotine treated 

astrocytes using antibody labeling (GFAP-Alexa 488). (a)-(d) Representative confocal 

images of fixed anti-GFAP labeled control astrocytes and the astrocytes treated with 

different concentrations (0.1 μM, 1 μM and 10 μM) of nicotine for 24 hours (scalebar = 100 

μm), (e)-(f) 3 dimensional confocal images of fixed anti-GFAP labeled single control 

astrocyte and an astrocyte treated with 1 μM nicotine for 24 hours (scalebar = 30 μm). (g) 

Measurement of GFAP intensity of control astrocytes and astrocytes treated with different 

concentrations of nicotine for 24 hours. GFAP was quantified from the intensity of anti-

GFAP alexa 488 fluorescence normalized to number of cells in 24 well plates (50,000 cells) 

for control astrocytes and astrocytes treated with different concentrations of nicotine: 0.1 

μM, 1 μM, and 100 μM for 24 hours. One-way ANOVA (n = 47, p = 0.014). Bonferroni and 

Holm post hoc analysis: p = 0.685 for control vs 0.1 μM, p = 0.401 for control vs 1 μM 

nicotine treated astrocytes, and **p = 0.009 for control astrocytes vs astrocytes treated with 

10 μM of nicotine for 24 hours. Data are expressed in the form of mean ± SEM and 3–5 

independent experiments were performed.
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FIGURE 8. 
Comparison of nicotine induced morphological changes in astrocytes in vivo. (a)-(f) 

Representative 3-dimensional reconstructions of confocal images of cleared tissue from 

saline and nicotine treated mice at the prefrontal cortex (PFC), the CA1 of the hippocampus 

(HC) and the substantia nigra (SNc) of the midbrain (scalebar = 100 μm). (g), (h), and (i) 

Comparison of the average volume of cortical astrocytes from the prefrontal cortex, 

hippocampal astrocytes from CA1, and midbrain astrocytes from the substantia nigra (SNc) 

for saline and nicotine (2 mg/Kg/hour) treated animals (AZLET 1002 osmotic minipumps, 

12 days) calculated from Imaris (Bitplane) surface tool. Non astrocytic features were 

removed during the analysis by applying sphericity threshold of 0.3 – 1 and area threshold 

50 – 1000 μm2. Student’s t-test for (n = 6 animals, ***p < 0.001). Data are expressed in the 

form of mean ± SEM. Bar diagrams of territorial area measurement are shown in the 

Supplementary Figure 8 (b), (c) and (d).
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Table 1.

Average amplitudes of calcium events from astrocytes treated with different concentrations of nicotine with 

and without 20 μM mecamylamine pretreatment.

Concentration of Nicotine (μM) Nicotine only Nicotine + Mecamylamine

Soma Process Soma Process

0 0.6 ± 0.1 0.5 ± 0.1 0.30 ± 0.03 0.27 ± 0.04

0.1 0.9 ± 0.1 0.9 ± 0.2 0.28 ± 0.03 0.35 ± 0.05

1 0.9 ± 0.1 0.7 ± 0.1 0.28 ± 0.03 0.34 ± 0.05

10 0.9 ± 0.1 0.7 ± 0.1 0.31 ± 0.04 0.29 ± 0.08
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