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Abstract 25 

Neuronal nicotinic acetylcholine receptors (nAChRs) underlie many aspects of cholinergic 26 

signaling, including as essential contributors to learning and memory function. However, the 27 

functional impact of endogenous nAChR modulators remains largely unclear. Thus, the current 28 

investigations sought to define the function of lynx1 in reward-related reinforcement behaviors. 29 

First, male and female mice with constitutive lynx1 knockout (lynx1-/-) or their wildtype littermates 30 

(lynx+/+) were examined with intravenous nicotine self-administration across a full dose response 31 

function. Knockout of lynx1 induced an increase in nicotine intake at lower self-administered 32 

doses, with dose-specific effects in males and females. These actions appear to be selective for 33 

nicotine, as no phenotypic differences were found with operant food training. We next examined 34 

whether lynx1 in the ventral tegmental area (VTA) may underlie the increase in nicotine intake, 35 

and we found that administration of a low dose of nicotine increased cellular activation in the VTA 36 

of lynx1-/- mice. To determine which nAChRs could be involved in lynx1’s actions, co-expression 37 

of lynx1 with nAChR subunits in the VTA was assessed. Lynx1 was found to co-localize in VTA 38 

cells expressing 4, 6, 7, and 2 and 3 nAChR subunits, with male lynx1-/- mice exhibiting an 39 

increase in 4 expression compared to wildtype mice. Finally, site-specific lynx1 knockdown in 40 

the VTA recapitulated the behavioral phenotype found in the lynx1 global knockout mice, in which 41 

an increase in nicotine reinforcement was evidenced. Taken together, these findings reveal that 42 

lynx1 acts on nAChRs in the VTA to dampen the reinforcing properties of nicotine.  43 

 44 

 45 

 46 

 47 

 48 
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 3 

Significance Statement: Lynx1 plays a critical regulatory role in cholinergic signaling by 49 

modulating the function of neuronal nicotinic acetylcholine receptors. Our data show that loss of 50 

lynx1 enhances nicotine self-administration, particularly at lower doses, through actions in the 51 

ventral tegmental area. Together, these findings position lynx1 as a key gatekeeper of nicotine 52 

reward, thereby providing critical insight into the neural mechanisms that drive nicotine intake and 53 

identifying a potential target for therapeutic intervention. 54 

 55 
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Introduction 56 

Cholinergic signaling via nicotinic acetylcholine receptors (nAChRs) underlies numerous 57 

physiological processes across the central and peripheral nervous systems, and dysregulation of 58 

such signaling represents a significant hallmark of multiple neurological diseases (Picciotto et al., 59 

2012; Chen et al., 2022). The cholinergic system also contributes to the initiation and maintenance 60 

of substance dependence, with a key role in nicotine use (Fowler et al., 2011; Picciotto et al., 61 

2012; Le Foll et al., 2022). Indeed, driven by nicotine’s agonist actions on nAChRs, tobacco 62 

product use continues to be a leading cause of preventable chronic disease and death worldwide 63 

(Le Foll et al., 2022). Thus, understanding the diversity of endogenous molecular factors that 64 

regulate cholinergic signaling has the potential to elucidate mechanisms that are broadly 65 

applicable to various facets of cognitive function.  66 

 67 

Neuronal nAChRs are comprised of various pentameric combinations of α and β subunits, which 68 

include the α2-α7 and β2-β4 subunits (Gotti and Clementi, 2004; Dani, 2015). The nAChR 69 

subtypes exhibit diverse pharmacokinetic properties, along with cell- and brain region-specific 70 

expression patterns (Gotti and Clementi, 2004; Picciotto and Kenny, 2021; Mogul et al., 2025). 71 

Nicotine or acetylcholine binding to a resting state nAChR induces a conformational change that 72 

allows cation influx during an open state, which is followed by a transition to a closed, desensitized 73 

state that is resistant to ligand-induced actions (Gotti and Clementi, 2004; Dani, 2015; Wittenberg 74 

et al., 2020). Of relevance, we have found that lynx proteins act as endogenous negative allosteric 75 

modulators of nAChRs (Miwa et al., 2006). The lynx1 protein is part of the ly6/uPAR superfamily 76 

of genes, which exhibit a high level of conservation across species (Miwa et al., 2019). In vitro 77 

studies have characterized lynx1 as a negative allosteric modulator due to its actions in reducing 78 

agonist efficacy and enhancing the transition into the nAChR desensitized conformational state, 79 

which has been mainly demonstrated with α4β2 and α3β4 nAChRs (Ibanez-Tallon et al., 2002; 80 
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 5 

Miwa et al., 2006; George et al., 2017; Miwa et al., 2019). Through associations in the 81 

endoplasmic reticulum, lynx proteins can bias α4β2 nAChRs toward a lower sensitivity 82 

configuration and decrease α4β2 and α3β4 nAChR plasma membrane trafficking (Nichols et al., 83 

2014; Wu et al., 2015), resulting in an overall dampening of cholinergic signaling. Receptors 84 

containing the α5-, α7-, and α6-nAChR subunits have also been shown to be affected by lynx1, 85 

and lynx1 is expressed in brain regions implicated in reward-related reinforcement processing 86 

(Thomsen et al., 2016; Parker et al., 2017; Sherafat et al., 2021). Given that lynx1 appears to be 87 

a critical negative regulator of nAChR function, understanding its role in nicotine-mediated 88 

behaviors is essential to provide key insights into cholinergic agonist-mediated signaling 89 

underlying motivated behaviors. 90 

 91 

Here, we aimed to assess the role of lynx1 in regulating reinforcement for nicotine and food 92 

reward. We first hypothesized that increasing nicotinic signaling via elimination of the ‘molecular 93 

break’ imposed by lynx1 would enhance overall nicotine intake. Mice with null mutation in the 94 

Lynx1 gene (lynx1-/-) and wildtype littermates (lynx1+/+) were examined with intravenous nicotine 95 

self-administration across a full dose response function. Lynx1-/- mice exhibited dose-dependent 96 

increases in nicotine intake, with differential effects in males and females, compared to lynx1+/+ 97 

mice. Interestingly, these effects on reinforcement behavior were specific to nicotine, as no 98 

phenotypic differences were found with operant food training. We next found an increase in 99 

nicotine-mediated cellular activation in the VTA of lynx1-/- mice, and thus, we then sought to 100 

determine whether site-specific VTA knockdown of lynx1 would recapitulate the phenotype found 101 

in the knockout condition with sex-specific differences, which was confirmed. Together, these 102 

findings identify lynx1 as a critical regulator of nicotinic receptor driven behaviors in the VTA and 103 

reveal a previously unrecognized, brain region specific mechanism underlying nicotine 104 

reinforcement.  105 

JN
eurosci

 Acce
pted M

an
uscr

ipt



 6 

 106 

Materials and Methods 107 

Animals 108 

Male and female adult mice on a C57BL/6J background with null mutations in the Lynx1 gene 109 

and their respective wildtype littermates were bred in our animal facilities. Wildtype mice on a 110 

C57BL/6J background were either bred in our animal facilities or obtained from the Jackson 111 

Laboratory. All mice were at least 6 weeks of age at the beginning of the experiments and were 112 

maintained in an environmentally controlled vivarium on a 12:12 hr reversed light:dark cycle. Food 113 

and water were available ad libitum until behavioral assessments commenced. All behavioral 114 

assessments were conducted during the active, dark phase of the light cycle. During self-115 

administration studies, mice were mildly food restricted to 85%-90% of their free-feeding body 116 

weight, with water provided ad libitum. All procedures were conducted in strict accordance with 117 

the NIH Guide for the Care and Use of Laboratory Animals and were approved by the Institutional 118 

Animal Care and Use Committee at the University of California, Irvine.  119 

 120 

Lynx1 Genotyping  121 

At 21 days of age, pups were weaned, and tail clips were obtained. DNA was extracted and 122 

analyzed by PCR for determination of genotype. The following primers were used to genotype 123 

lynx1 mice: Lynx1 WT Forward (CTGGAGTGCCACGTGTGTGCC), Lynx1 KO Forward 124 

(GCCAGCTTGGCGTGAAGTTCC), and Lynx1 WT/KO Reverse 125 

(CGTTTGAGTGGATCTGGCTTGGGG). The band for the lynx1 wildtype allele was detected at 126 

470 bp and for the lynx1 knockout allele at 200 bp.  127 

 128 
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 7 

Drugs 129 

(-)-Nicotine hydrogen tartrate (MP Biomedicals, catalog # 0215355491) was dissolved in 0.9% 130 

sterile saline and adjusted to pH 7.4. Nicotine doses are represented as the free base form. 131 

 132 

Food and Intravenous Nicotine Self-Administration  133 

Subjects were mildly food restricted to 85-90% of their free feeding body weight. Mice were trained 134 

to acquire operant food self-administration across an ascending fixed ratio (FR) schedule 135 

beginning at FR1 and up to FR5 to earn 20 mg food pellets (5TUM grain-based pellets, TestDiet), 136 

up to a fixed ratio 5, time out 20 second schedule of reinforcement (FR5TO20). Responses on 137 

the inactive lever were recorded but did not have any consequences. Data were automatically 138 

recorded by the Med Associates software. For intravenous self-administration, mice were 139 

surgically implanted with a catheter into the right jugular vein, as previously described (Fowler and 140 

Kenny, 2011; Chen et al., 2023). Catheters comprised of a 6 cm length of silastic tubing fitted 141 

onto a guide cannula bent at a curved right angle and encased in dental acrylic. Subjects were 142 

anesthetized with an isoflurane (1%-3%)/oxygen vapor mixture and prepared for catheter 143 

implantation under aseptic conditions. Catheter tubing was subcutaneously passed from the 144 

animal’s back into the right jugular vein. A 1 cm length of the catheter tip was inserted into the 145 

vein and secured with surgical silk suture. Thereafter, animals were provided ≥48 hrs to recover 146 

from surgery. Intravenous nicotine self-administration was acquired during 1 hr daily sessions, 6-147 

7 days per week, at the standard training nicotine dose (0.03 mg/kg/infusion) for 7 days, followed 148 

by the moderate nicotine dose (0.1 mg/kg/infusion) for 5 days. To obtain the dose response, mice 149 

were assessed across a range of doses from 0 to 0.25 mg/kg/infusion in a modified Latin square 150 

design with 5 days on each dose, and in between each dose, mice were required to re-establish 151 

baseline responding at the training dose with at least 2 sessions (Fowler and Kenny, 2011). The 152 
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 8 

mean number of infusions for the final 2 days of each dose was used for statistical analyses to 153 

derive the dose response function. Nicotine infusions were delivered through tubing into the 154 

intravenous catheter by a Razel syringe pump (Med Associates). Each session was performed 155 

with the presentation of 2 retractable levers extended 1 cm into the chamber (one active, one 156 

inactive). Five lever presses on the active lever delivered a 0.0367 mL intravenous nicotine 157 

infusion over 3 seconds, followed by a 20 second time out period with cue light activation 158 

(FR5TO20s schedule). Responses on the inactive lever were recorded but had no scheduled 159 

consequences. Behavioral responses were recorded automatically by the Med Associates 160 

software.  161 

 162 

Stereotaxic AAV Injections  163 

Subjects were anesthetized with an isoflurane (1%-3%)/oxygen vapor mixture and positioned at 164 

the flat-skull position in a Kopf stereotaxic frame. Viral microinfusions were administered 165 

bilaterally to the ventral tegmental area (VTA) with a Hamilton syringe. Infusion volume was 275 166 

nl per side, and the AAV constructs included AAV8-U6-scrambled control-GFP and AAV8-U6-167 

shRNALynx1-GFP (titers >1x10^13 GC/ml; Charles River/Vigene Biosciences). The flow rate for 168 

all injections was 250 nl/min, and injectors remained in place for an additional 10 min after each 169 

infusion to prevent viral spread with injector removal. Coordinates for the VTA were: flat skull, AP 170 

-3.3 mm, ML ± 0.42 mm, DV-4.1 mm. Mice were permitted to recover for ~3 weeks to allow for 171 

viral expression prior to behavioral assessments. At the conclusion of the behavioral 172 

assessments, mice were anesthetized with intraperitoneal ketamine-xylazine and perfused 173 

through the ascending aorta with 0.9% saline, followed by 4% paraformaldehyde in 0.1M 174 

phosphate buffered solution (PBS), pH 7.4. Brains were then collected, cryoprotected in 30% 175 

sucrose, and then sliced on a cryostat and mounted on slides for image analysis to verify viral 176 

spread. Fifteen mice were excluded from analysis due to the viral spread extending beyond the 177 
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 9 

VTA region boundaries. Viral expression was also analyzed to assess possible retrograde 178 

transport, but no GFP expression was detected in other afferent brain regions.  179 

 180 

Immunohistochemistry 181 

Mice were subcutaneously injected with 0.125 mg/kg nicotine, and 2 hrs thereafter, mice were 182 

anesthetized with intraperitoneal ketamine-xylazine and perfused through the ascending aorta 183 

with 0.9% saline then 4% paraformaldehyde in 0.1M phosphate buffered solution (PBS), pH 7.4. 184 

Brains were then removed and postfixed in paraformaldehyde for 2 hrs. Thereafter, brains were 185 

cryoprotected in a 30% sucrose solution for at least 72 hrs prior to sectioning in a cryostat at 35 186 

μm. Floating sections were stored in 0.1M PBS with 0.01% sodium azide. For c-fos 187 

immunolabeling, one out of every 4 sections was processed for staining. Sections were rinsed in 188 

0.1M PBS, and then blocked in 10% normal donkey serum (Jackson Immuno, catalog # 014-000-189 

121) and 0.5% Triton X-100 in 0.1M PBS at room temperature for 1 hr. Afterward, sections were 190 

incubated at 4°C overnight with rabbit anti-cfos IgG (1:5000 dilution; ABCAM, catalog # 191 

ab190289) in 10% normal donkey serum and 0.5% Triton X-100 in 0.1M PBS. Thereafter, 192 

sections were rinsed in PBS and incubated in biotin donkey anti-rabbit IgG (1:200 dilution; 193 

Jackson Immuno, catalog # 711-065-152) in 0.1% Triton X-100 in 0.1M PBS for 2 hrs at room 194 

temperature. After rinsing in PBS, sections were incubated with solution from the Elite ABC kit 195 

(Vector Laboratories, catalog # PK-6100) for 90 mins at room temperature. Immunoreactivity was 196 

revealed using 3-diaminobenzidine (DAB) with nickel (Vector Laboratories, catalog # SK-4100). 197 

Sections were then rinsed, mounted, and dehydrated. Lastly, slides were cover slipped with 198 

Permount (Fisher Chemical, catalog # SP15-500). To ensure rigor, sections from multiple subjects 199 

across all groups were concurrently processed in the same staining dish for each experiment 200 

(with separate experiments being conducted for the saline-injected and nicotine-injected studies). 201 

To derive a measure of c-fos positive cell density, the number of cells and brain region volumes 202 
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 10 

(VTA) were quantified using unbiased stereological methods with the optical fractionator probe 203 

and Stereo Investigator software (MicroBrightField) by experimenters blinded to the experimental 204 

conditions. Given the experimental requirements for accurate quantification with the automatic 205 

optical fractionator (Mouton et al., 2017; MBF, 2026), the sampling parameters were first adjusted 206 

to achieve a coefficient of error of ≤ 0.1, as prior (Fowler et al., 2005; Fowler et al., 2011). 207 

Systematic random sampling and strict stereological counting rules were applied to minimize bias 208 

associated with cell size, shape, and sectioning angle. The resulting parameters were as follows: 209 

Bilateral VTA quantified along the rostro-caudal extent based on the mouse brain atlas (Paxinos 210 

and Franklin, 2013), Section cut at 35 m, Section evaluation interval at 4, Resulting coronal 211 

sections per animal 5-7, 40x magnification during quantification, Non-matched starting point in 212 

the VTA, Consistent lighting conditions across sections within each experiment, Guard size 2 m, 213 

Grid size 120 m x 125 m, and Counting frame 60 m x 60 m. Six mice were excluded from 214 

the study due to an insufficient number of VTA sections across the full rostro-caudal extent due 215 

to tissue damage during section cutting/mounting. Cell density (cells/m³) was subsequently 216 

calculated by dividing the estimated cell population number by the corresponding estimated VTA 217 

volume, and these values were multiplied by 100,000 for graphical presentation.  218 

 219 

RNAScope 220 

Brain sections from wildtype mice were examined for colocalization of Lynx1 with 4 (Chrna4) 221 

and 2 (Chrnb2) in the VTA. Subjects were anesthetized with ketamine-xylazine and perfused 222 

through the ascending aorta with saline (0.9% w/v) followed by 4% paraformaldehyde in 0.1 M 223 

PBS, pH 7.4. Thereafter, brains were removed and postfixed for 2 hrs in paraformaldehyde, 224 

followed by cryoprotection in 30% sucrose for at least 72 hrs. Brain sections were cut on a cryostat 225 

at 35 m and then processed for RNAscope Multiplex Fluorescent assay (Advanced Cell 226 
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Diagnostics) as previously described (Sherafat et al., 2020). Sections were placed in an incubator 227 

at 60°C for 30 min and then treated at 100°C for 6 min in the target retrieval solution. Sections 228 

were dehydrated in 100% ethanol and treated with protease (Advanced Cell Diagnostics, catalog 229 

#322380). RNA hybridization probes included Lynx1 (Advanced Cell Diagnostics, catalog # 230 

449078), Chrna4 (Advanced Cell Diagnostics, catalog # 429871-C3), and Chrnb2 (Advanced Cell 231 

Diagnostics, catalog #449231-C3) which were labeled with Opal 520 or Opal 570 (PerkinElmer). 232 

Slides were then counterstained and coverslipped with Vectashield with DAPI (Vector 233 

Laboratories) and imaged with a Leica microscope.  234 

 235 

Single Cell-Transcriptomics  236 

Transcriptomic data were obtained from an open-source database published by Macosko and 237 

colleagues at the Broad Institute with VTA tissue obtained from wildtype mice (Langlieb et al., 238 

2023). For the current analysis, the applied inclusion criteria were predetermined as > 100 TH-239 

positive cells for the VTA of each subject. VTA datasets were extracted for analysis, and cells 240 

were then identified based on expression of Lynx1 mRNA. Expression of the nicotinic 241 

acetylcholine receptor (nAChR) subunit transcripts for Chrna2 (α2), Chrna3 (α3), Chrna4 (α4), 242 

Chrna5 (α5), Chrna6 (α6), Chrna7 (α7), Chrnb2 (β2), Chrnb3 (β3), or Chrnb4 (β4) was then 243 

determined. The percentages of cells with nAChR expression were calculated by dividing the 244 

number of cells in a category containing a given nAChR subunit transcript by the total number of 245 

cells expressing Lynx1 transcripts. For instance, to determine the percentage of lynx1 cells 246 

containing α4, the equation contained a numerator of the total number of cells that co-expressed 247 

lynx1 and α4 and a denominator of the total number of lynx1 expressing cells; the resulting 248 

number was multiplied by 100 to derive the percentage shown.  249 

 250 
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RT-qPCR 251 

Tissue from the VTA of flash frozen brains stored at -80C was dissected, and RNA was 252 

processed as previously described (Chen et al., 2018). RNA was extracted from homogenized 253 

tissue, and the quality of the RNA was determined by a NanoDrop 2000 spectrophotometer 254 

(ThermoScientific). For each sample, total RNA was reverse transcribed into cDNA with the iScript 255 

cDNA synthesis kit (Bio-Rad Laboratories). RT-qPCR was performed targeting mRNA of the 256 

lynx1, nAChR subunits, c-fos, and the housekeeping gene, β-actin. TaqMan Universal Master Mix 257 

II was used with real-time PCR gene expression assays for Lynx1 (Thermo Fisher, 258 

Mm01204957_g1), Fos (Thermo Fisher, Mm00487425_m1), Chrna4 (Thermo Fisher, 259 

Mm00516561_m1), Chrna7 (Thermo Fisher, Mm01312230_m1), and Actb (Thermo Fisher, 260 

Mm02619580_g1). Samples were tested in duplicate and quantified with a CFX96 RT-qPCR 261 

system (Biorad). Normalized gene expression (2ΔCt) was multiplied by 100. 262 

 263 

Statistical Analyses 264 

All data were analyzed using GraphPad Prism software (La Jolla, CA) with either a t-test, one-265 

way ANOVA, repeated measure (RM) two-way ANOVA, or RM three-way ANOVA, as 266 

appropriate. Significant main or interaction effects were followed by Bonferroni or Tukey’s post-267 

hoc test, as appropriate, with correction for multiple comparisons. The criterion for significance 268 

was α=0.05. 269 

 270 

Results 271 

Lynx1 inhibits nicotine reinforcement at lower doses 272 
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We first sought to determine whether the absence of the lynx1 protein mediates nAChR signaling 273 

to alter nicotine reinforcement behavior. Mice with null mutation in the Lynx1 gene (lynx1-/-) and 274 

their wildtype littermates (lynx1+/+) were examined across the nicotine dose response function. 275 

Male lynx1-/- mice exhibited enhanced reinforcement behavior at lower nicotine doses compared 276 

to male lynx1+/+ mice (Fig 1a) (Two-Way Repeated Measures (RM) ANOVA, Genotype F(1, 277 

23)=2.533, p=0.1251; Dose F(4, 92)=21.34, p<0.0001; Interaction F(4, 92)=7.330, p<0.0001). 278 

Specifically, male lynx1-/- mice earned a significantly greater number of nicotine infusions at the 279 

0.01 mg/kg/infusion (p=0.0008) and 0.03 mg/kg/infusion (p=0.0105) doses, compared to their 280 

wildtype littermates. Female lynx1-/- mice also exhibited an enhanced number of nicotine infusions 281 

earned, but at fewer doses (Fig 1b) (Two-Way RM ANOVA, Genotype F(1, 16)=1.907, p=0.1863; 282 

Dose F(4, 64)=31.22, p<0.0001; Interaction F(4, 64)=7.174, p<0.0001). Specifically, female lynx1-/- 283 

mice earned a significantly greater number of nicotine infusions selectively at the 0.03 284 

mg/kg/infusion (p<0.0001) dose, compared to wildtype littermates. We next examined the lever 285 

pressing behavior to assess discrimination for the active vs inactive lever across doses and found 286 

no deficits in the ability to discriminate between the levers. In males, active lever pressing 287 

paralleled the findings with nicotine infusions earned, while low levels of responding was 288 

maintained on the inactive lever, for both groups (Fig 1c) (Three-Way RM ANOVA, Lever F(1, 289 

46)=113.0, p<0.0001; Dose F(4, 184)=20.67, p<0.0001; Genotype  F(1, 46)=0.5222, p=0.4736; Dose x 290 

Lever Interaction F(4, 184)=10.50, p<0.0001; Dose x Genotype Interaction F(4, 184)=6.120, p=0.0001; 291 

Lever x Genotype Interaction F(1, 46)=2.192, p=0.1455; Dose x Lever x Genotype Interaction F(4, 292 

184)=3.803, p=0.0054). The post-hoc analysis comparing genotypes within each lever for each 293 

dose revealed that the male lynx1-/- group had significantly higher levels of active lever pressing 294 

behavior for the 0.01 (p=0.0018) mg/kg/infusion dose compared to the lynx1+/+ male controls. No 295 

statistically significant differences were found in inactive lever pressing at each dose. In females, 296 

active lever pressing behavior also paralleled the nicotine infusion findings, in addition to low 297 

responding levels being evident on the inactive lever (Fig 1d) (Three-Way RM ANOVA, Lever  F(1, 298 
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32)=54.66, p<0.0001; Dose F(4, 128)=38.48, p<0.0001; Genotype F(1, 32)=2.791, p=0.1045; Dose x 299 

Lever Interaction F(4, 128)=16.66, p<0.0001; Dose x Genotype Interaction F(4, 128)=9.514, p<0.0001; 300 

Lever x Genotype Interaction F(1, 32)=1.559, p=0.2208; Dose x Lever x Genotype Interaction F(4, 301 

128)=4.577, p=0.0017). The post-hoc analysis comparing genotypes within each lever for each 302 

dose revealed that the female lynx1-/- mice had significantly higher levels of active lever pressing 303 

behavior at the 0.03 mg/kg/infusion dose (p<0.0001), compared to the lynx1+/+ controls, with no 304 

differences in inactive lever pressing behavior at each dose. The male and female lynx1-/- and 305 

lynx1+/+ groups also did not differ in their responding for saline infusions (0 dose), thereby 306 

demonstrating that the absence of lynx1 does not alter general, non-contingent lever pressing 307 

behavior.  308 

 309 

Lynx1 knockout did not alter operant food reinforcement learning 310 

As a secondary reinforcement measure, we next examined operant food self-administration in 311 

male and female lynx1-/- and lynx1+/+ mice. When analyzing the number of food rewards earned 312 

across training sessions, lynx1-/- and lynx1+/+ mice did not differ for both males (Fig 2a) (Two-Way 313 

RM ANOVA, Genotype F(1, 23)=3.666, p=0.0681; Session F(4, 92)=33.24, p<0.0001; Interaction F(4, 314 

92)=0.5226, p=0.7193) and females (Fig 2b) (Two-Way RM ANOVA, Genotype F(1, 16)=0.6352, 315 

p=0.4371; Session F(4, 64)=33.68, p<0.0001; Interaction F(4, 64)=1.428, p=0.2349). Lever pressing 316 

on the active and inactive levers were next examined. In males, both the lynx1-/- and lynx1+/+ mice 317 

established a statistically significant discrimination between the active and inactive levers, with 318 

lynx1-/- mice beginning on training session 2 and then both genotypes significantly discriminating 319 

across sessions 3, 4 and 5 (Fig 2c) (Three-Way RM ANOVA, Lever F(1, 46)=382.2, p<0.0001; Dose 320 

F(4, 184)=86.14, p<0.0001; Genotype F(1, 46)=7.403, p=0.0092; Dose x Lever Interaction F(4, 321 

184)=70.83, p<0.0001; Dose x Genotype Interaction F(4, 184)=1.428, p=0.2265; Lever x Genotype 322 

Interaction F(1, 46)=7.942, p=0.0071; Dose x Lever x Genotype Interaction  F(4, 184)=1.347, 323 
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p=0.2543; post-hoc, Active vs. Inactive, lynx1-/- session 2 p=0.0001, both lynx1-/- and lynx1+/+ 324 

session 3 p<0.0001, session 4 p<0.0001, session 5 p<0.0001). Female lynx1-/- and lynx1+/+ mice 325 

also exhibited similar food training acquisition, with a statistically significant difference in lever 326 

responding for both groups across sessions 3-5 (Fig 2d) (Three-Way RM ANOVA, Lever F(1, 327 

32)=108.5, p<0.0001; Dose F(4, 128)=71.07, p<0.0001; Genotype F(1, 32)=0.0915, p=0.7642; Dose x 328 

Lever Interaction F(4, 128)=55.48, p<0.0001; Dose x Genotype Interaction F(4, 128)=0.5368, 329 

p=0.7089; Lever x Genotype Interaction F(1, 32)=0.0300, p=0.8635; Dose x Lever x Genotype 330 

Interaction F(4, 128)=0.4272, p=0.7888; post-hoc, Active vs. Inactive within genotype: session 3 331 

p<0.0001, session 4 p<0.0001, session 5 p<0.0001). These data reveal that, in both male and 332 

female mice, lynx1 does not induce significant effects to mitigate learning and memory function 333 

in a cue-paired operant task with a non-drug reinforcer.  334 

 335 

Lynx1 mediates nicotine’s actions in the VTA  336 

Given that lynx1-/- mice exhibited increased responding for low, reinforcing nicotine doses and 337 

nicotine-mediated activation of nAChRs in the VTA is necessary for the formation and 338 

maintenance of chronic nicotine use (Picciotto et al., 1998), we first examined baseline levels of 339 

Fos mRNA expression in the VTA using RT-qPCR. No differences in Fos mRNA levels were 340 

found between lynx1+/+ and lynx1-/- mice (lynx1+/+: n = 11 (6 males, 5 females), mean 3.080  SEM 341 

0.2485; lynx1-/-: n = 10 (7 males, 3 females), mean 2.843  SEM 0.2854; unpaired two-tailed t-342 

test, t(19)=0.6290, p=0.5368). Next, we performed immunohistochemistry for c-fos and employed 343 

unbiased stereology to quantify cell density in the VTA of control lynx1+/+ and lynx1-/- mice injected 344 

with saline vehicle. No differences in c-fos cell density in the VTA were found between genotypes 345 

(lynx1+/+: n = 7 (4 males, 3 females), mean (cells/m3x100,000) 0.5621  SEM 0.0863; lynx1-/-: n 346 

= 8 (4 males, 4 females), mean 0.7550  SEM 0.1662; unpaired two-tailed t-test, t(13)=0.9856, 347 
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p=0.3423). Thus, these findings confirm no baseline differences in c-fos expression in the VTA 348 

with lynx1 knockout conditions.  349 

 350 

Next, we assessed whether the absence of lynx1 alters nicotine-mediated cellular activation. 351 

Given the established role of VTA nAChRs in nicotine reinforcement (Picciotto et al., 1998), we 352 

predicted that the absence of lynx1 would lead to enhanced nicotine-induced activation of 353 

nAChRs, thereby increasing the number of cells expressing the immediate early gene c-fos. To 354 

explore this possibility, mice were injected with 0.125 mg/kg nicotine, a subthreshold dose that 355 

does not have an effect on brain reward thresholds, as previously demonstrated with intracranial 356 

self-stimulation in wildtype mice (Fowler et al., 2011). Increased c-fos immunoreactivity was found 357 

in the VTA of lynx1-/- mice compared to lynx1+/+ littermates (Fig 3a-b). Stereological quantification 358 

of the density of c-fos positive cells revealed that administration of the low nicotine dose was 359 

sufficient to increase cellular activation in the lynx1-/- males (Fig 3c) (Unpaired two-tailed t-test, 360 

t(9)=3.085, p=0.0130) and females (Fig 3d) (Unpaired two-tailed t-test, t(8) =8.764, p<0.0001), as 361 

compared to their respective sex lynx1+/+ mice, thereby confirming that lynx1 acts as a molecular 362 

inhibitor of nicotine’s actions in the VTA.  363 

 364 

To further understand cellular expression patterns of lynx1 with nAChRs in the VTA, we employed 365 

multiple approaches. First, RNAscope was used to initially visualize the cell-specific colocalization 366 

of lynx1 with 4 and 2 nAChR subunits, since lynx1 has been shown to interact with the α4β2 367 

nAChR subtype in vitro (Miwa, 2021; Pisapati et al., 2021). We observed co-expression of lynx1 368 

mRNA with both 4 (Fig 4a) and 2 (Fig 4b) nAChR subunit mRNA. Therefore, we next used a 369 

bioinformatic approach to quantify the colocalization of Lynx1 with multiple nAChR subunits. The 370 

raw single cell data were derived from an open-source dataset published by Macosko and 371 
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colleagues, in which they analyzed the VTA dissected from male and female wildtype mice 372 

(Langlieb et al., 2023). Single cell mRNA expression in the VTA of mice then quantified by 373 

determining the percentage of Lynx1-positive cells that co-express specific nAChR subunits. 374 

Interestingly, Lynx1 was co-expressed with multiple nAChR subunits in the VTA, including 4, 375 

6, 7, 2 and 3. In males (Fig 4c), the statistical analysis of lynx1 co-localization revealed 376 

significantly higher expression in cells containing 4, 7 and 2 (One-way ANOVA, F(8, 36)=52.85, 377 

p<0.0001; Post-hoc: 4 compared to 2 (p<0.0001), 3 (p<0.0001), 5 (p=0.0002), 6 378 

(p=0.0038), 7 (p<0.0001), 3 (p=0.0039), and 4 (p<0.0001); 7 compared to 2 (p<0.0001), 379 

3 (p<0.0001), 4 (p<0.0001), 5 (p<0.0001), 6 (p<0.0001), 2 (p<0.0001), 3 (p<0.0001), and 380 

4 (p<0.0001); 2 compared to 2 (p<0.0001), 3 (p<0.0001), 5 (p<0.0001), 6 (p=0.0007), 7 381 

(p<0.0001), 3 (p=0.0007) and 4 (p<0.0001)). In females (Fig 4d), significantly higher lynx1 co-382 

expression was also in cells containing 4, 6, 7, 2 and 3 (One-way ANOVA, F(8, 45)=105.5, 383 

p<0.0001; Post-hoc: 4 compared to 2 (p<0.0001), 3 (p<0.0001), 5 (p<0.0001), 6 384 

(p<0.0001), 7 (p<0.0001), 3 (p<0.0001) and 4 (p<0.0001); 6 compared to 4 (p<0.0001), 7 385 

(p<0.0001), 2 (p<0.0001) and 4 (p=0.0432); 7 compared to 2 (p<0.0001), 3 (p<0.0001), 4 386 

(p<0.0001), 5 (p<0.0001), 6 (p<0.0001), 2 (p<0.0001), 3 (p<0.0001), and 4 (p<0.0001); 2 387 

compared to 2 (p<0.0001), 3 (p<0.0001), 5 (p<0.0001), 6 (p<0.0001), 7 (p<0.0001), 3 388 

(p<0.0001) and 4 (p<0.0001); 3 compared to 2 (p=0.0481), 4 (p<0.0001), 7 (p<0.0001), 2 389 

(p<0.0001) and 4 (p=0.0336)). These findings reveal that Lynx1 co-localizes with a variety of 390 

nAChR subunits, which can form diverse functional nAChR subtypes. Finally, we assessed the 391 

baseline expression of 4 and 7 nAChR subunits in the VTA, given their high levels of co-392 

expression with lynx1. In males, increased expression of 4 mRNA was found in the lynx1-/- mice 393 

compared to lynx1+/+ controls (Fig 4e) (Unpaired two-tailed t-test, t(13)=2.226, p=0.0443), whereas 394 

no differences were found in 7 mRNA expression between genotypes (Fig 4f) (Unpaired two-395 

JN
eurosci

 Acce
pted M

an
uscr

ipt



 18 

tailed t-test, t(13)=0.4354, p=0.6704). In females, no differences between lynx1+/+ and lynx1-/- mice 396 

were found for either 4 (Fig 4g) (Unpaired two-tailed t-test, t(12)=1.721, p=0.1108) or 7 (Fig 4h) 397 

(Unpaired two-tailed t-test, t(12)=1.259, p=0.2318) nAChR subunit mRNA. 398 

 399 

To further investigate the relevance of lynx1 in the VTA, we then assessed whether VTA lynx1 400 

knockdown would recapitulate the behavioral phenotype found in the constitutive lynx1 knockout 401 

mice. A shRNA viral vector targeting Lynx1 was designed and validated for lynx1 mRNA 402 

knockdown in the VTA (Fig 5a-c) (Unpaired two-tailed t-test, t(12)=10.68, p<0.0001). Male and 403 

female mice were then bilaterally microinjected with the validated AAV-shRNALynx1-GFP 404 

knockdown vector (VTALynx1 KD) or scrambled control vector (VTAControl), and subjects were then 405 

examined for differences in nicotine intake across the dose response function. Notably, 406 

knockdown of lynx1 selectively in the VTA resulted in a similar behavioral phenotype as that found 407 

with the full knockout mice (Fig 5d) (Two-Way RM ANOVA, Virus F(1, 18)=10.41, p=0.0047; Dose 408 

F(4, 72)=31.82, p<0.0001; Interaction F(4, 72)=8.423, p<0.0001). Specifically, the male VTALynx1 KD 409 

mice earned a greater number of infusions at the lower reinforcing nicotine doses of 0.01 410 

(p<0.0001) and 0.03 (p<0.0001) mg/kg/infusion compared to the VTAControl mice. For the females, 411 

VTALynx1 KD led to an increase in self-administration (Fig 5e) (Two-Way RM ANOVA, Virus F(1, 412 

16)=9.673, p=0.0067; Dose F(4, 64)=43.15, p<0.0001; Interaction F(4, 64)=6.721, p<0.0001). The post-413 

hoc revealed that female VTALynx1 KD resulted in increased responding for the nicotine doses of 414 

0.03 (p=0.0078) and 0.1 (p<0.0001) mg/kg/infusion compared to the control group. Lever pressing 415 

behavior was next examined across the dose response function. For the males, subjects 416 

discriminated between the active and inactive lever across doses (Fig 5f) (Three-Way RM 417 

ANOVA, Lever F(1, 36)=81.80, p<0.0001; Dose  F(4, 144)=23.52, p<0.0001; Genotype F(1, 36)=11.39, 418 

p=0.0018; Dose x Lever Interaction F(4, 144)=16.95, p<0.0001; Dose x Genotype Interaction F(4, 419 

144)=6.348, p<0.0001; Lever x Genotype Interaction F(1, 36)= 11.24, p=0.0019; Dose x Lever x 420 
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Genotype Interaction F(4, 144)=5.802, p=0.0002). The post-hoc analysis comparing genotypes 421 

within each lever for each dose revealed a significant increase in active lever pressing for the 422 

male VTALynx1 KD mice at the doses of 0.01 (p<0.0001) and 0.03 (p<0.0001) mg/kg/infusion, as 423 

compared to the VTAControl. No differences were found in the number of inactive lever presses 424 

between groups at any dose. For the females, the active lever was again preferred with low 425 

responding on the inactive lever across doses (Fig 5g) (Three-Way RM ANOVA, Lever F(1, 426 

32)=102.4, p<0.0001; Dose F(4, 128)=45.08, p<0.0001; Genotype F(1, 32)=13.56, p=0.0008; Dose x 427 

Lever Interaction F (4, 128) = 23.75, p<0.0001; Dose x Genotype Interaction F(4, 128)=9.174, 428 

p<0.0001; Lever x Genotype Interaction F(1, 32)=7.583, p=0.0096; Dose x Lever x Genotype 429 

Interaction F(4, 128)= 3.858, p=0.0054). The post-hoc analysis comparing genotypes within each 430 

lever for each dose found a significant increase in active lever pressing for the 0.03 (p=0.0043) 431 

and 0.1 (p<0.0001) mg/kg/infusion doses with the female VTALynx1 KD group compared to the 432 

VTAControl. No differences in the number of inactive lever presses were found between groups at 433 

any dose. Moreover, neither group differed in their responding for saline infusions, thereby 434 

providing evidence that knockdown of lynx1 in the VTA during adulthood did not affect general, 435 

non-contingent lever pressing behavior. Finally, to ensure that the differences found were specific 436 

to nicotine, VTAControl and VTALynx1 KD mice were also examined for their ability to respond for food 437 

reward. No significant differences were found between groups in the number of food rewards 438 

earned in males (Fig 5h) (Two-Way RM ANOVA, Virus F(1, 18)=0.6995, p=0.4139; Session F(4, 439 

72)=47.10, p<0.0001; Interaction F(4, 72)=1.752, p=0.1481). A main effect between groups was 440 

found in females (Fig 5i) (Two-Way RM ANOVA, Virus F(1, 16)=7.082, p=0.0171; Session F(4, 441 

64)=38.38, p<0.0001; Interaction F(4, 64)=0.0901, p=0.9852), in which VTALynx1 KD mice earned fewer 442 

food pellets across all food training sessions together. However, no statistically significant 443 

differences were found in the post-hoc when examining for group differences within each session 444 

(p>0.05). These food training findings support the contention that the differences in nicotine intake 445 

were not due to altered learning capabilities nor baseline activity patterns within a session. 446 
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 447 

DISCUSSION  448 

The current studies revealed a distinct functional role of the endogenous negative allosteric 449 

modulator, lynx1, in mediating nicotine reinforcement. Based on the known function of lynx1 from 450 

in vitro studies and expression of lynx1 in the VTA (Nichols et al., 2014; Parker et al., 2017), we 451 

predicted that the absence of the lynx1 protein would lead to an increase in nicotinic receptor 452 

signaling in the reward circuit in the presence of the agonist, nicotine. In line with this prediction, 453 

our data reveal that lynx1 in the VTA limits nicotine reinforcement at lower, reinforcing doses, as 454 

either global lynx1 knockout or VTA-specific knockdown increased nicotine intake. As such, 455 

inhibiting lynx1’s function serves to increase the reinforcing value of nicotine, resulting in 456 

increased nicotine consumption.  457 

 458 

Lynx1 as a nAChR modulator of cholinergic behaviors 459 

Lynx1 has been characterized as a ‘molecular brake’ of cholinergic signaling, with its negative 460 

modulating effects documented both in vivo and in vitro (Miwa et al., 2006). Lynx1 is thought to 461 

be selective in this modulatory capacity, as there is no evidence that lynx1 associates with other 462 

receptors. In preclinical animal studies, lynx1 has been shown to affect associative and motor 463 

learning, sensorimotor gating, and the anti-nociceptive effects of nicotine (Miwa et al., 2006; Miwa 464 

and Walz, 2012; Nissen et al., 2018; Sherafat et al., 2021). The specific lynx1-mediated 465 

associative and motor learning effects may be in part due to cholinergic action at the α7 nAChR, 466 

as intranasal administration of water soluble lynx1 reversed learning deficits induced by an α7 467 

nAChR antagonist (Shenkarev et al., 2020). Interestingly, we found that constitutive knockout or 468 

VTA-specific knockdown of lynx1 in mice did not grossly alter learning in the operant food self-469 

administration paradigm, although a minor difference was found in the female VTA-specific lynx1 470 
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knockout condition overall even though no differences were evident on individual testing sessions. 471 

Thus, these data suggest that lynx1 may specifically regulate only some facets of learning and 472 

memory processes. This contention is further supported by previous findings, which revealed that 473 

lynx1 did not alter cognitive flexibility in a reversal task for food reward (Sherafat et al., 2021) or 474 

contextual fear learning (Miwa et al., 2006) under constitutive knockout conditions. Given the use 475 

of a constitutive knockout mouse model, it is necessary to consider that the protein’s absence 476 

throughout development may alter endogenous signaling mechanisms, potentially leading to 477 

compensatory mechanisms across the lifespan. Adult lynx1-/- mice have been shown to exhibit 478 

subtle visual acuity improvements compared to their wildtype counterparts (Morishita et al., 2010). 479 

Despite subtle effects on visual acuity,  the lynx1-/- mice exhibit normal dendritic complexity and 480 

spine density of primary visual cortex neurons (Sajo et al., 2016). Thus, the differences in nicotine 481 

self-administration in the current study are not likely confounded by any differences in visual cue 482 

processing. Lynx1 has also been linked to neuroprotection, as aged lynx1-/- mice have significant 483 

dorsal striatum degeneration (Kobayashi et al., 2014), which could have critical implications for 484 

reinforcement and drug seeking behaviors. However, this neuroprotective role of lynx1 is evident 485 

only after mice reach at least 13 months of age (Kobayashi et al., 2014), which is older than the 486 

age of the mice used in this study. Prior studies have also shown that lynx1 does not alter general 487 

baseline behavior; for instance, phenotypic differences were not found in the elevated plus maze 488 

or open field test (Miwa et al., 2006). Together, these findings indicate that lynx1 shapes 489 

cholinergic neural signaling to impact behaviors associated with specific facets of 490 

neuropsychiatric symptomology.  491 

 492 

Interaction of lynx1 with nAChRs for nicotine reinforcement  493 
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In our studies, we found that lynx1 co-localizes with multiple nAChR subunits in the VTA. 494 

Interestingly, the highest percentage of co-localization was observed with the α7 nAChR subunits, 495 

and prior in vitro studies have shown that lynx1 exhibits a binding preference for α7 nAChRs 496 

compared to α3β4 nAChRs (Pisapati et al., 2021) and mediate α7-based calcium levels in cortical 497 

neurons (Miwa et al., 2006). Although α7 nAChRs have been implicated in glutamatergic synaptic 498 

strength onto dopaminergic neurons in the VTA (Mansvelder and McGehee, 2000; Jin et al., 499 

2011), α7 knockout mice do not show deficits in acquiring nicotine self-administration (Pons et al., 500 

2008), which suggests that our observed differences in nicotine intake were not likely due to α7 501 

nAChR-mediated signaling. Although it is still possible that removal of lynx1 could lead to an α7-502 

dependent component of nicotine’s actions that would otherwise be difficult to detect when 503 

suppressed by lynx1. Rather, an extensive literature has implicated the α42-containing nAChRs 504 

in mediating nicotine reinforcement in the VTA (Picciotto et al., 1998; Pons et al., 2008; Gotti et 505 

al., 2010; Liu et al., 2012), and as previously noted, lynx1 interacts with α42 nAChRs to suppress 506 

membrane expression and to shift the stoichiometry to the lower affinity subtype (Nichols et al., 507 

2014). This is consistent with our current findings with lynx1 modulation being evident at low to 508 

moderate reinforcing nicotine doses. At higher nicotine doses, we have previously shown that the 509 

medial habenulo-interpeduncular pathway becomes engaged, which serves to limit nicotine 510 

intake across the descending limb of the nicotine dose-response function (Fowler et al., 2011), 511 

and lynx1 has been shown to suppress nicotine-evoked currents in the medial habenula (Miwa et 512 

al., 2006). Therefore, the lack of an effect of lynx1 at higher nicotine doses is likely due to the 513 

integration of signals from both the rewarding and aversive pathways, which together determine 514 

drug consummatory behaviors.  515 

Sex-Specific Effects 516 

While both male and female mice lacking lynx1 exhibited an increase in nicotine self-517 

administration, the effect in females was limited to the more moderate dose of nicotine, whereas 518 
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males exhibited increased nicotine intake at both the low and moderate doses. The potential 519 

reasons for such sex-specific effects are likely multifaceted. Interestingly, sex hormones such as 520 

estradiol have been shown to act as positive allosteric modulators of the nAChRs, and controlling 521 

for the estrous cycle has been proposed to result in more stable conditions to assess operant 522 

behaviors (Curtis et al., 2002). However, our experiments did not control for the estrous phase to 523 

allow for more translationally applicable conditions. Thus, it is hypothetically possible that lynx1 524 

and estradiol counteracted one another, with competing negative and positive allosteric 525 

modulation, respectively, and this was most evident at the lower nicotine dose, which would be 526 

expected to induce relatively less agonist-induced activation of the nAChRs. Another potential 527 

mechanism underlying the sex-specific effects observed in self-administration could be the 528 

increased α4 nAChR subunit gene expression found in lynx1-/- males, which was not observed in 529 

lynx1-/- females.  In vitro, lynx1 has been shown to skew α4β2 nAChRs to the low sensitivity, 530 

(α4)3(β2)2, stoichiometry (Nichols et al., 2014), and as such, lynx1 removal in vivo could potentially 531 

lead to greater expression of the higher sensitivity (α4)2(β2)3 stoichiometry, which is more 532 

sensitive to upregulation in response to nicotine exposure. Since the α4 nAChR subunit in the 533 

VTA plays a critical role in the reinforcing properties of nicotine, these effects at the nAChR 534 

receptor level could potentially explain why males had increased nicotine intake at more nicotine 535 

doses (Picciotto et al., 1998; Pons et al., 2008). Thus, additional studies are necessary to more 536 

clearly disentangle the sex-specific effects found at specific self-administered nicotine doses.  537 

 538 

Considerations and limitations 539 

It is relevant to note that while we examined the acute effects of nicotine in the c-fos study, the 540 

actions of nicotine under chronic self-administration conditions may differ consistent with changes 541 

in nAChR expression in the VTA (Akers et al., 2020), a contention that will need to be investigated 542 

in future studies. Another consideration is that we did not distinguish the lynx1-positive neuronal 543 
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populations activated by nicotine within the VTA. Nicotinic acetylcholine receptors are expressed 544 

on both dopaminergic and GABAergic neurons, where they differentially regulate reward-related 545 

circuit activity. In particular, α4β2- and α6-containing receptors on dopamine neurons contribute 546 

substantially to nicotine-evoked dopamine release and reinforcement (Picciotto et al., 1998; Pons 547 

et al., 2008; Gotti et al., 2010; Liu et al., 2012). However, nAChRs are also expressed on VTA 548 

GABAergic neurons, where nicotine can alter inhibitory tone and indirectly regulate dopaminergic 549 

output (Mansvelder and McGehee, 2000; Jin et al., 2011; Akers et al., 2020). Because Lynx1 550 

functions as a negative allosteric modulator of multiple nAChR subtypes, including α4β2-, α6-, 551 

and α7-containing receptors (Miwa, 2021; Pisapati et al., 2021), the enhanced nicotine-induced 552 

c-fos expression observed in Lynx1 knockout mice could reflect increased nicotinic signaling in 553 

one or both neuronal populations. Therefore, while our findings demonstrate enhanced VTA 554 

activation following Lynx1 deletion, additional studies assessing c-fos expression in a cell-specific 555 

manner will be necessary to define the precise neuronal population(s) mitigating these effects. 556 

 557 

Conclusions 558 

These findings elucidate a precise functional impact for lynx1 in the VTA, in which the presence 559 

of lynx1 was found to dampen nicotine reinforcement. Notably, both global knockout and VTA-560 

specific knockdown of lynx1 impacted the dose response curve, leading to lower doses of nicotine 561 

being more reinforcing. This suggests a previously unappreciated endogenous mechanism that 562 

regulates nicotine sensitivity at the behavioral level. These results provide a more nuanced 563 

understanding of the underlying mechanisms contributing to nicotine addiction. Thus, 564 

understanding the cell-specific and nAChR subtype-specific roles of lynx1 in regulating cognitive 565 

processes and reinforcement-related behaviors may lead to the development of approaches that 566 

leverage allosteric modulation of cholinergic signaling, with promising implications for future 567 

therapeutic approaches. 568 
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FIGURE LEGENDS 722 

Figure 1. Lynx1 mediates the reinforcing effects of lower nicotine doses. (a) Male lynx1-/- 723 

mice earned a greater number of nicotine infusions at the 0.01 and 0.03 mg/kg/infusion doses 724 

compared to wildtype lynx1+/+ littermates (n=12-13/genotype). Groups did not differ at the control 725 

(0 mg/kg/infusion) dose. (b) Female lynx1-/- mice earned a greater number of nicotine infusions 726 

only at the 0.03 mg/kg/infusion dose compared to wildtype lynx1+/+ littermates (n=9/genotype). 727 

Groups did not differ at the control vehicle (0 mg/kg/infusion) dose. (c) In analyzing active lever 728 

presses, male lynx1-/- mice maintained a significantly higher level of active lever responses at the 729 

0.01 mg/kg/infusion dose than male lynx1+/+ mice, whereas no differences were found in inactive 730 

lever pressing across doses. (d) Female lynx1-/- mice exhibited a greater number of active lever 731 

presses only at the 0.03 mg/kg/infusion nicotine dose, with no differences between genotypes for 732 

inactive lever presses, compared to the female lynx1+/+ mice. Data represent mean ± standard 733 

error of the mean (SEM). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 734 

 735 

Figure 2. Lynx1 does not alter operant learning for a food reinforcer. (a) Male lynx1+/+ and 736 

lynx1-/- mice exhibit similar operant self-administration for a food reward across training sessions 737 

(n=12-13/genotype). (b) Female lynx1+/+ and lynx1-/- mice exhibit similar operant food self-738 

administration across training sessions (n=9/genotype). (c) Male lynx1+/+ and lynx1-/- mice exhibit 739 

similar food training behavior with preferential responding on the active lever and low responding 740 

on the inactive lever across sessions. (d) Female lynx1+/+ and lynx1-/- mice also exhibit preferential 741 

responding on the active lever and low responding on the inactive lever across sessions. Data 742 

represent mean ± SEM. ***p<0.001 active vs. inactive for lynx1-/-, ****p<0.0001 active vs. inactive 743 

within genotype for both lynx1+/+ and lynx1-/-. 744 

 745 
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Figure 3. Lynx1 mediates cellular activation in response to nicotine in the ventral tegmental 746 

area (VTA). (a-b) Representative images of c-fos immunoreactivity in the VTA from lynx1+/+ (top) 747 

and lynx1-/- (bottom) mice following a low dose of nicotine (0.125 mg/kg). Males are shown in 748 

panels (a) and females in (b). Scale bars=50m. (c-d) Cell density quantified using unbiased 749 

stereology reveals increased c-fos expression in the VTA of lynx1-/- mice compared to lynx1+/+ 750 

mice for males (c; n=5-6/genotype) and females (d; n=5/genotype). Data represent mean ± SEM. 751 

*p<0.05, ****p<0.0001. 752 

 753 

Figure 4. Lynx1 colocalizes with nicotinic acetylcholine receptor (nAChR) subunits in the 754 

VTA. (a-b) Fluorescent photomicrographs show RNAscope colocalization of lynx1 mRNA with 755 

nicotinic acetylcholine receptor (nAChR) subunit mRNA. Scale bars=50m. (a) Expression of 756 

lynx1 (green, left), 4 nAChR subunit (red, center), and merged (co-expression, right) in the VTA. 757 

(b) Expression of lynx1 (green, left), 2 nAChR subunit (red, center), and merged (co-expression, 758 

right) in the VTA. (c) In males (n = 5), single cell data demonstrate colocalization of nAChR 759 

subunits in lynx1 cells of the VTA. # denotes 4 compared to 2 (p<0.0001), 3 (p<0.0001), 5 760 

(p<0.001), 6 (p<0.01), 7 (p<0.0001), 3 (p<0.01), and 4 (p<0.0001). ^ denotes 7 compared 761 

to 2 (p<0.0001), 3 (p<0.0001), 4 (p<0.0001), 5 (p<0.0001), 6 (p<0.0001), 2 (p<0.0001), 762 

3 (p<0.0001), and 4 (p<0.0001). @ denotes 2 compared to 2 (p<0.0001), 3 (p<0.0001), 5 763 

(p<0.0001), 6 (p<0.001), 7 (p<0.0001), 3 (p<0.001) and 4 (p<0.0001). (d) In females (n=6), 764 

lynx1 expression was evident in cells co-expressing various nAChRs in the VTA. # denotes 4 765 

compared to 2 (p<0.0001), 3 (p<0.0001), 5 (p<0.001), 6 (p<0.0001), and 7 (p<0.0001). & 766 

denotes 6 compared to 4 (p<0.0001), 7 (p<0.0001), 2 (p<0.0001) and 4 (p<0.05). ̂  denotes 767 

7 compared to 2 (p<0.0001), 3 (p<0.0001), 4 (p<0.0001), 5 (p<0.0001), 6 (p<0.0001), 2 768 

(p<0.0001), 3 (p<0.0001), and 4 (p<0.0001). @ denotes 2 compared to 2 (p<0.0001), 3 769 
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(p<0.0001), 5 (p<0.0001), 6 (p<0.0001), 7 (p<0.0001), 3 (p<0.0001) and 4 (p<0.0001). + 770 

denotes 3 compared to 2 (p<0.05), 7 (p<0.0001), 2 (p<0.0001) and 4 (p<0.05). (e-h) RT-771 

qPCR of 4 and 7 nAChRs in lynx1+/+ and lynx1-/- VTA, with expression normalized to -actin. 772 

In males (n=6-9/genotype), 4 nAChR subunit expression was found to be significantly increased 773 

in the lynx1-/- mice compared to the lynx1+/+ controls (e), whereas no differences were found in 7 774 

nAChR subunit expression (f). In females (n=5-9/genotype), no phenotype differences were found 775 

with expression of either 4 (g) or 7 (h) nAChR subunits. Data represent mean ± SEM. *p<0.05. 776 

 777 

Figure 5. Site-specific knockdown of Lynx1 in the VTA increases nicotine reinforcement in 778 

a sex-specific manner. (a) Mice were bilaterally injected with a Lynx1 shRNA knockdown virus 779 

or a scrambled control vector into the VTA. Illustration created with Biorender.com. (b) 780 

Representative image of virus expression (GFP, green) in the VTA. DAPI: blue. IPN: 781 

interpeduncular nucleus. Scale bar=50m (c) Injection of the Lynx1 shRNA knockdown virus 782 

resulted in a significant decrease in Lynx1 mRNA expression in the VTA (n=6-8/group). (d-e) The 783 

number of nicotine infusions was examined across a full dose-response function. (d) Male 784 

VTALynx1 KD mice self-administered higher levels of nicotine at the 0.01 and 0.03 mg/kg/infusion 785 

doses compared to the VTAControl group (n=9-11/group). No differences were found with saline 786 

control (0 mg/kg/infusion) between groups. (e) Female VTALynx1 KD mice self-administered higher 787 

levels of nicotine at the 0.03 and 0.1 mg/kg/infusion doses compared to the VTAControl group (n=8-788 

10/group). No group differences were found with saline control (0 mg/kg/infusion). (f-g) Active 789 

and inactive lever pressing was examined across the nicotine dose response function. (f) Male 790 

VTALynx1 KD mice exhibited a significant increase in active lever pressing compared to the control 791 

group at the 0.01 and 0.03 mg/kg/infusion nicotine doses. No group differences were found in 792 

inactive lever presses at any dose. (g) Female VTALynx1 KD mice significantly pressed the active 793 

lever more than the control group at the 0.03 and 0.1 mg/kg/infusion nicotine doses. No group 794 
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differences were found in inactive lever presses at any dose. (h) Knockdown of lynx1 in the VTA 795 

did not alter operant responding for food rewards in males. (i) In females, knockdown of lynx1 in 796 

the VTA led to an overall main effect with decreased responding compared to the control virus, 797 

but no session-specific differences were evident in the post-hoc test. Data represent mean ± SEM. 798 

**p<0.01; ****p<0.0001.  799 
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