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Abstract 71 

Deficits in motivation and cognition are hallmark symptoms of multiple psychiatric diseases. 72 

These symptoms are disruptive to quality of life and often do not improve with available 73 

medications. In recent years there has been increased interest in the role of the immune system 74 

in neuropsychiatric illness, but to date no immune-related treatment strategies have come to 75 

fruition. The cytokine granulocyte-colony stimulating factor (G-CSF) is known to have trophic 76 

and neuroprotective properties in the brain, and we recently identified it as a modulator of 77 

neuronal and behavioral plasticity. By combining operant tasks that assess discrete aspects of 78 

motivated behavior and decision making in male mice and rats with subsecond dopamine 79 

monitoring via fast-scan cyclic voltammetry, we defined the role of G-CSF in these processes as 80 

well as the neural mechanism by which it modulates dopamine function to exert these effects. 81 

G-CSF enhanced motivation for sucrose as well as cognitive flexibility as measured by reversal 82 

learning. These behavioral outcomes were driven by mesolimbic dopamine system plasticity, as 83 

systemically administered G-CSF increased evoked dopamine release in the nucleus 84 

accumbens independent of clearance mechanisms. Importantly, sustained increases in G-CSF 85 

were required for these effects as acute exposure did not enhance behavioral outcomes and 86 

decreased dopamine release. These effects seem to be a result of the ability of G-CSF to alter 87 

local inflammatory signaling cascades, particularly tumor necrosis factor alpha (TNF-α). Taken 88 

together, these data show G-CSF as a potent modulator of the mesolimbic dopamine circuit and 89 

its ability to appropriately attend to salient stimuli. 90 

 91 

 92 

 93 

  94 
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Significance Statement 95 

Emerging evidence has highlighted the importance of the immune system in psychiatric 96 

diseases states. However, the effects of peripheral cytokines on motivation and cognitive 97 

function are largely unknown. Here, we report that granulocyte-colony stimulating factor (G-98 

CSF), a pleiotropic cytokine with known trophic and neuroprotective properties in the brain, acts 99 

directly on dopaminergic circuits to enhance their function. These changes in dopaminergic 100 

dynamics enhance reward learning and motivation for natural stimuli. Together, these results 101 

suggest that targeting immune factors may provide a new avenue for therapeutic intervention in 102 

the multiple psychiatric disorders that are characterized by motivational and cognitive deficits.   103 

 104 

  105 

 106 

  107 
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Introduction 108 

Deficits in motivated behaviors and cognitive dysfunction are pervasive in psychiatric 109 

disorders. For example, patients with schizophrenia have been shown to have impaired reversal 110 

learning, and decreased reinforcer sensitivity (McKirdy et al., 2009; Schlagenhauf et al., 2014), 111 

and patients with major depressive disorder exhibit marked decreases in motivation for natural 112 

rewards (anhedonia), and exhibit symptoms of cognitive slowing (Austin et al., 2001; Treadway 113 

and Zald, 2011). While these symptoms are highly prevalent, effective treatments have 114 

remained elusive, and current approaches to normalize this dysfunction have historically 115 

focused on inhibition or activation of specific neurotransmitter systems in the brain (Potter et al., 116 

1991). However, directly targeting systems involved in reward learning and motivation often has 117 

a number of adverse side effects and these strategies have largely been ineffective for these 118 

symptom clusters (Ferguson, 2001). Signaling through canonical neurotransmitter pathways to 119 

control motivational processes is not always “all-or-nothing” and can involve the fine-tuning of 120 

specific circuits, which makes directly targeting neuronal signaling with antagonists or agonists 121 

difficult to achieve desired effects. Further, these approaches often come with unwanted side 122 

effects making compliance low (Keller et al., 2002). Therefore, it is imperative to develop novel 123 

treatment strategies that can help to modulate these specific circuits in advantageous ways. 124 

Here we identify granulocyte colony stimulating factor (G-CSF), a pleiotropic cytokine, as a 125 

potent regulator of motivation and decision-making. 126 

G-CSF is a soluble cytokine that was originally identified as a factor that induces 127 

granulocyte and stem cell release into the bloodstream through the stimulation of bone marrow 128 

(Basu et al., 2002; Engelmann et al., 2006; Deotare et al., 2015). Further, G-CSF reduces 129 

inflammation through inhibition of its downstream inflammation-associated targets such as 130 

interleukin-1, tumor necrosis factor alpha (TNF-α), and interferon gamma (Hartung, 1998). G-131 

CSF also promotes the survival of both mature neutrophils and neutrophil precursors (Cox et al., 132 
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1992). In addition to its role in immune function, G-CSF also functions as a neurotrophic factor 133 

enhancing neurogenesis and counteracting apoptosis in the brain and spinal cord (Schneider et 134 

al., 2005).  Given its robust role in neuroplasticity it is not surprising that G-CSF plays an 135 

important role in normal brain function as well as disease. G-CSF has been shown to be 136 

neuroprotective in strokes (Schäbitz et al., 2003) and neurodegenerative disease models 137 

(Meuer et al., 2006; Lee et al., 2008) as well as instrumental in learning and memory processes 138 

(Diederich et al., 2009b). Further, we recently showed that acute and chronic cocaine 139 

upregulated G-CSF in serum as well as G-CSF and G-CSF receptor mRNA in the nucleus 140 

accumbens (NAc; Calipari et al., 2018). This effect was accompanied by enhanced conditioned 141 

place preference for cocaine and increased drug self-administration in rodents suggesting that 142 

G-CSF has a robust effect on neural and behavioral processes underlying addiction. Therefore, 143 

G-CSF mediates a variety of functions both peripherally and within the central nervous system. 144 

          In recent years there has been growing interest in immune-related genes in both the 145 

pathophysiology of, and as potential treatment targets for, psychiatric diseases. Indeed, immune 146 

dysregulation has been implicated in major depressive disorder (Dowlati et al., 2010; Hodes et 147 

al., 2015), schizophrenia (Miller et al., 2011), and addiction (Lewitus et al., 2016), among others. 148 

While dysregulated immune function is seen in patients with a wide range of psychiatric 149 

disorders, only recently have studies begun to examine the mechanistic link between altered 150 

immune function and the behavioral pathology underlying these disorders (Northcutt et al., 151 

2015; Lewitus et al., 2016; Karlsson et al., 2017; Lacagnina et al., 2017; Calipari et al., 2018). In 152 

regard to motivation and reward processing, the mesolimbic dopamine system is critical for 153 

reinforcement learning as well as attributing salience to important environmental stimuli and 154 

subsequently driving action to obtain these rewards. This system is dysregulated in some form, 155 

in nearly all major psychiatric pathologies (Lambert et al., 2000; Hägele et al., 2015). 156 

Interestingly, there is evidence that pro-inflammatory cytokines can reduce mesolimbic 157 
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dopamine function by increasing dopamine clearance, decreasing dopamine receptor 158 

expression, or altering synthesis and releasable pool content (Felger and Treadway, 2016). 159 

While research into the links between inflammation and mesolimbic dopamine signaling is 160 

continuing to develop, a greater understanding of how immune factors modulate dopamine 161 

function is critical for both basic understanding of neuroimmunology, but also has clear potential 162 

for clinical translation. 163 

Recently, the cytokine G-CSF was shown to play a potent role in the behavioral plasticity 164 

induced by repeated cocaine exposure (Calipari et al., 2018).  In the present study, we define a 165 

mechanism for the complex interaction between reward and cytokine signaling and how these 166 

factors alter reward processing, motivation, and economic decision making. We define a novel 167 

mechanism by which peripheral administration of G-CSF can interact with reward systems to 168 

fine-tune their neural responses and modulate motivation and reward-based decision making. 169 

We show that sustained G-CSF levels  increase motivation and enhance cognitive flexibility 170 

through mesolimbic dopamine system plasticity via selectively increasing evoked dopamine 171 

release. The effects on dopamine release were not due to direct actions of G-CSF on terminals, 172 

but possibly through reduction of tumor necrosis factor alpha (TNF-α) expression. In addition to 173 

upstream regulation of dopaminergic function, direct actions of G-CSF in the nucleus 174 

accumbens (NAc) rapidly increased the transcript levels of dopamine receptors Drd1 and Drd2. 175 

The effects on dopaminergic function as well as the rapid effects on postsynaptic receptor 176 

expression seemed to be necessary to enhance reward learning. These data suggest that an 177 

interaction between the priming effects of G-CSF on dopamine release along with enhanced 178 

downstream acute effects on dopamine receptors in the NAc combine to enhance the 179 

motivational properties of salient stimuli. Our results define a novel mechanism by which a 180 

peripherally administered cytokine can potently modulate motivation and cognition via actions in 181 

the brain. Additionally, they define an important new mechanism by which reward systems can 182 
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be modulated independently of direct actions on a neurotransmitter system - providing a 183 

potential therapeutic target with relevance to multiple major neuropsychiatric pathologies. 184 

  185 

Methods: 186 

Animals 187 

For the sucrose threshold task male Sprague-Dawley rats were purchased from Envigo 188 

(Indianapolis, IN). Animals were pair housed on a reverse light cycle, and were food restricted to 189 

90% of their free-feeding weight for the duration of the experiments. For all other experiments, 190 

male 6- to 8-week-old male C57BL/6J mice were obtained from Jackson Laboratories (Bar 191 

Harbor, ME; SN: 000664). All mice were maintained on a 12 h light–dark cycle and were housed 192 

three to five per cage. For behavioral experiments, animals were food restricted to 90% of free 193 

feeding weight. Animals were weighed daily. All experiments were conducted in accordance 194 

with the guidelines of the Institutional Animal Care and Use Committee at Vanderbilt University 195 

School of Medicine and/or Icahn School of Medicine at Mount Sinai, which approved and 196 

supervised all animal protocols. Experimenters were blind to experimental groups and order of 197 

testing was counterbalanced during behavioral experiments. 198 

Threshold Procedure 199 

Rats were trained and tested daily in individual Med Associates (St. Albans, Vermont) operant 200 

conditioning chambers fitted with two retractable levers on one side of the box flanking a food 201 

delivery magazine. One lever functioned as the active lever which resulted in sucrose delivery 202 

when depressed. The other level had no programmed consequence and functioned as the 203 

inactive lever. Responses on both levers were recorded. Animals were trained to self-administer 204 

sucrose pellets on a fixed-ratio 1 (FR1) schedule of reinforcement. Once animals met 205 

acquisition criteria (>20 reinforcers earned, >70% on the active lever), the threshold procedure 206 
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was used to determine differences in sucrose consumption and motivation between groups. For 207 

this procedure, rats were i.p. injected with G-CSF (50 μgkg-1) thirty minutes prior to each testing 208 

session (Charles et al., 2015; Li et al., 2015). The threshold procedure is a behavioral 209 

economics approach to assessing drug taking/seeking and reinforcing efficacy (Oleson and 210 

Roberts, 2009; Siciliano and Jones, 2017). It consists of giving rats access to reinforcer while 211 

increasing the price, in effort, an animal must pay to obtain the reward. 212 

The behavioral task used in the present study was previously used and extensively 213 

validated (Schelp et al., 2018). In this task, the response requirement to receive a 45-mg 214 

sucrose pellet increases across 10-minute epochs in which the price was progressively 215 

increased. Increasing price was achieved by increasing the FR requirement (1, 2, 3, 5, 6, 8, 10, 216 

14, 18, 25, 31, 44, 56, 78, 100) to obtain each sucrose pellet. During this time, the lever was 217 

never retracted. Sessions varied in time as the program terminated if the animals failed to 218 

respond within a 10 min epoch. By plotting the consumption of sucrose as a function of price 219 

(number of responses needed to obtain 1 g of sucrose), demand curves are generated, and 220 

behavioral economic principles can be applied to assess a variety of economic measures 221 

(described in detail below). During the initial bins of the procedure the cost is low, thus minimal 222 

effort is needed to obtain reinforcers. With progressively increasing costs animals are required 223 

to exert more effort to obtain reinforcers. Eventually, the cost becomes high enough that 224 

preferred intake is not maintained and responding decreases. This point, where consumption 225 

cannot be maintained (i.e., the first derivative point slope of the function = −1) is termed the 226 

Pmax, or the maximal price paid. Pmax is directly correlated with traditional measures of 227 

reinforcing efficacy like progressive ratio responding (Oleson and Roberts, 2009; Calipari et al., 228 

2017). Shifts in responding across the demand curve can be analyzed using behavioral 229 

economics principles, as described below. Responding during the first bin of the procedure is 230 

considered to reflect a loading phase and is not included in the analyses. 231 
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Behavioral economic analysis was used to determine the parameters of maximal price 232 

paid (Pmax) and consumption at a minimally constraining price (Q0), as described previously 233 

(Oleson and Roberts, 2009, 2012; Oleson et al., 2011). The Pmax reported within this 234 

manuscript is standardized based on relative level of consumption, thus the measures of 235 

consumption and motivation are dissociable. Briefly, Pmax and Q0 values were derived 236 

mathematically using a demand curve. Demand curves were generated by curve-fitting 237 

individual animals’ intake using an equation: log(Q) = log(Q0) + k × (e−α × Q0 × C−1) 238 

(Christensen et al., 2008; Hursh and Silberberg, 2008). In this equation, Pmax was determined 239 

to be the unit price at which the first derivative point slope of the function = −1 (Hursh and 240 

Winger, 1995). The value k was set to two for all animals (Christensen et al., 2008; Hursh and 241 

Silberberg, 2008). 242 

Q0: Q0 is a measure of the animals’ preferred level of consumption. This can be measured 243 

when sucrose is available at low effort, or a minimally constraining price. This preferred level of 244 

consumption is established in the early bins of the threshold procedure. 245 

Pmax: Price is expressed as the responses emitted to obtain 1 g of sucrose, thus as the effort 246 

requirement is increased, the relative price to obtain sucrose also increases. As the session 247 

progresses, animals must increase responding on the active lever in order to maintain stable 248 

intake. Pmax is the price at which the animal no longer emits enough responses to maintain 249 

intake and consumptions decreases. Thus, animals with higher Pmax will increase responding 250 

to maintain sucrose levels farther into the demand curve; in other words, they will pay a higher 251 

price for sucrose. Previous work has demonstrated that Pmax is highly correlated with break 252 

points on a progressive ratio schedule of reinforcement, confirming that the threshold procedure 253 

accurately assesses reinforcing efficacy (Oleson et al., 2011). 254 

Reversal Learning 255 
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Mice were trained and tested daily in individual Med Associates (St. Albans, Vermont) 256 

operant conditioning chambers fitted with a horizontal array of three nose-poke apertures on 257 

one side of the box and a photocell-equipped food delivery magazine on the other side. Similar 258 

to Laughlin and colleagues (2011), mice were trained to initiate trials by nose poking into the 259 

central aperture, triggering illumination of flanking apertures. Responding in one of the two 260 

illuminated apertures was reinforced (one sucrose pellet), while responses at the other aperture 261 

earned a time-out (all lights extinguished for 10 seconds and inactivation of all nose pokes). All 262 

animals were tested in daily sessions that ended after 60 minutes. Once a performance criterion 263 

was met (90% correct responses) the reinforcement contingencies were reversed beginning in 264 

the following session. Number of trials to criterion and number of sessions to criterion were both 265 

determined. 266 

Fast Scan Cyclic Voltammetry 267 

Ex vivo fast-scan cyclic voltammetry (FSCV) was used to characterize dopamine release 268 

in the NAc. This was done either after two IP injections of G-CSF, one 24 hr and another 60 269 

mins prior to FSCV, or following a single IP injection 60 minutes before slice preparation. A 270 

vibrating tissue slicer was used to prepare 300 μM-thick coronal brain sections containing the 271 

NAc, which were immersed in oxygenated aCSF containing (in mM): NaCl (126), KCl (2.5), 272 

NaH2PO4 (1.2), CaCl2 (2.4), MgCl2 (1.2), NaHCO3 (25), glucose (11), L-ascorbic acid (0.4) 273 

and pH was adjusted to 7.4. The slice was transferred to the testing chambers containing aCSF 274 

at 32 °C with a 1 ml min−1 flow rate. A carbon fiber microelectrode (100–200 μM length, 7 μM 275 

radius) and bipolar stimulating electrode were placed into the NAc. Dopamine release was 276 

evoked by a single electrical pulse (350 μA, 4 ms, monophasic) applied to the tissue every 277 

3 min. The extracellular dopamine level was recorded by applying a triangular waveform (−0.4 to 278 

+1.2, to −0.4 V versus Ag/AgCl, 400 V s−1). Once the peak of evoked dopamine release was 279 

stabilized (three collections with <10% variability), the amount of evoked dopamine release and 280 
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maximal rate of uptake (Vmax) were assessed. Subsequently, single and multiple pulse 281 

stimulations were applied to slices, to determine the responsivity of VTA terminals in the NAc to 282 

stimulations the mimicked tonic and phasic firing patterns of dopamine neurons. Stimulations 283 

that mimic tonic firing consisted of one pulse stimulations or five pulse stimulations at 5 hertz 284 

(hz). Stimulations that mimicked phasic firing frequencies consisted of five pulses at either 10 or 285 

20 Hertz. These stimulation parameters were selected based on the physiological firing 286 

properties of VTA dopamine neurons in vivo. 287 

Recording electrodes were calibrated by recording responses (in electrical current; nA) 288 

to a known concentration of dopamine (3 μM) using a flow-injection system. This was used to 289 

convert an electrical current to a dopamine concentration. 290 

Voltammetric data analysis 291 

Demon voltammetry and analysis software was used for all analysis of FSCV data 292 

(Yorgason et al., 2011). Data were modelled either using Michaelis–Menten kinetics to 293 

determine dopamine release and Vmax or via analyzing peak and decay kinetics. For Michaelis-294 

Menten modeling, we assumed that all parameters were floating and found the best fit line for 295 

each data point as described in Calipari et al. (2017).  296 

Quantitative PCR 297 

To assess the effects of G-CSF on gene expression in the NAc, C57BL/6J mice were 298 

treated with G-CSF as described in the voltammetry methods. For these experiments slices 299 

from ± G-CSF injected animals were incubated with ± G-CSF in the bath for 60 minutes. The 300 

nucleus accumbens was then dissected out and prepared for gene expression analysis. RNA 301 

isolation, quantitative PCR and analysis of gene expression changes was performed as 302 

described previously (Kiraly et al., 2016). Briefly, RNA was extracted by homogenization of flash 303 

frozen tissue in Qiazol reagent (Qiagen) and was purified using RNeasy micro kits (Qiagen) with 304 
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a DNase treatment step to remove genomic DNA. RNA concentration and quality were 305 

assessed using a Nanodrop spectrophotometer (Thermo-Fisher). Reverse transcription was 306 

performed with iScript cDNA synthesis kit (Bio-Rad) according to manufacturer protocols. qPCR 307 

using SYBR green master mix (Quanta) was carried out using an Applied Biosystems 7900HT 308 

cycler with the following parame ters: 2 min at 95 °C; 40 cycles of 95 °C for 15 s, 59 °C for 30 s, 309 

72 °C for 33 s; and graded heating to 95 °C to generate dissociation curves to confirm 310 

amplification of a single PCR product. Data were analyzed by comparing C(t) values of all 311 

groups normalized to the expression levels of the control group (PBS injected / ACSF bath) 312 

using the ∆∆C(t) method. 313 

  314 

Statistical Analysis 315 

For the initial behavioral experiments, the number of lever presses were analyzed using 316 

a 2-way repeated measures ANOVA (Price x Treatment). The other behavioral parameters, 317 

standardized Pmax and Q0, were analyzed using unpaired t-tests. The voltammetry dependent 318 

variables, release, Vmax, tau, and Km were analyzed using unpaired t-tests or 2-way ANOVA 319 

(Pretreatment x Bath App.) where there were two G-CSF administration timepoints. We also 320 

analyzed multiple pulse dopamine release and percent one pulse using a 2-way repeated 321 

measures ANOVA (Frequency x Treatment) or a 2-way ANOVA (Pretreatment x Bath 322 

Application). All qPCR data were analyzed via separate 2-way ANOVAs (Pretreatment x Bath 323 

Application) for each gene target. Finally, for the reversal learning task, we analyzed the number 324 

and percentage of correct and incorrect responses by constructing linear mixed-effect models. 325 

Models fit with and without variables of interest were compared using chi-square. The number of 326 

sessions to criteria, trials to criteria, and behavioral performance on day 1 versus days 2-4, were 327 

analyzed using one-tailed unpaired t-tests as there was an a priori hypothesis on the 328 

directionality of the effect based on previous results within the current study. Type I error rate 329 
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(alpha) was set to 0.05 for all statistical tests. The n for each experiment is reported in the figure 330 

captions. 331 

  332 

Results 333 

G-CSF increases the motivation for sucrose 334 

We previously showed that G-CSF increases the motivation to administer cocaine but 335 

does not affect responding for a natural food reward (Calipari et al., 2018). Thus, we aimed to 336 

determine if G-CSF affects only drug reinforcers, or if its actions are selective to altering the 337 

reinforcing value of highly salient rewarding stimuli. To this end, we trained animals to lever 338 

press for sucrose and then tested their motivation using a threshold procedure with a within-339 

subjects crossover design (Fig. 1A). Each animal received injections on each day of testing 30 340 

minutes prior to the session. For the first three days all animals received injections of phosphate 341 

buffered saline vehicle i.p., and then on day 4 they received G-CSF (50 μgkg-1). Pmax was 342 

stable over the 3 sessions in the saline-treated group and there was no effect of time (Fig. 1B; 343 

F(2, 21) = 0.1732, p = 0.8421). Following the establishment of stability, the same animals were 344 

treated with G-CSF via IP injections 24hrs and 60 minutes before the operant conditioning 345 

session to assess motivation and consumption. Systemic G-CSF administration increased total 346 

number of lever presses to obtain sucrose (Fig. 1C; 2-way Repeated Measures ANOVA 347 

Treatment x Price interaction, F(13, 91) = 2.829, p = 0.0019). More importantly, G-CSF also 348 

increased Pmax indicating that animals treated with G-CSF were more motivated to obtain 349 

sucrose compared to saline controls (Fig. 1D&F; paired t-test t(14)=2.59, p = 0.0214). G-CSF 350 

also increased Q0, a measure of consumption (Fig. 1E; t(14)=3.5, p = 0.0035). Overall, these 351 

results demonstrate that the administration of systemic G-CSF increases motivation to obtain 352 

and consume sucrose. Given that motivation to consume sucrose is one of the most frequently 353 
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utilized behavioral measures of anhedonia in animal models (Krishnan et al., 2007), these data 354 

provide evidence that treatment with this cytokine can enhance motivation to respond for 355 

important natural rewards - a finding with potential relevance to myriad psychiatric diseases. 356 

  357 

G-CSF enhances reversal learning 358 

The results of the present study suggest a strong effect of G-CSF on motivation for 359 

reward. However, it is also possible that G-CSF enhances reward learning through the 360 

augmentation of general cognitive processes. Thus, in order to dissect the cognitive effects of 361 

G-CSF, we employed a reversal learning paradigm, where animals were trained to press a 362 

particular lever for sucrose reward (Acquisition, Fig. 2A), then the rewarded lever was switched 363 

and the previously rewarded lever was changed to time-out punishment during the reversal 364 

learning phase (Reversal 1). Animals received systemic G-CSF (50 μgkg-1) prior to each 365 

reversal learning session for Reversal 1. Following the first reversal learning, outcome 366 

contingencies were switched again to test residual effects of previous G-CSF pretreatment on 367 

reversal learning (Reversal 2). We found no effect between groups during the acquisition phase 368 

(before G-CSF administration) indicating that the groups were appropriately counterbalanced 369 

(Fig. 2B) or Reversal 2 (Fig. 2D; chi-square Treatment main effect p >0.05 for all) when G-CSF 370 

was not on board. It is important to note that there were no differences in weights of the animals 371 

that received G-CSF and saline administration (p>0.05, data not shown) indicating that any 372 

effects of G-CSF were due to changes in the neural circuitry controlling task performance rather 373 

than an effect mediated by the weight of the animals.  374 

Animals treated with G-CSF prior to reversal learning exhibited enhanced performance 375 

on the task. Specifically, although the number of total correct responses did not differ between 376 

treatment groups (Fig. 2E; chi-square Treatment main effect p >0.05 for both), G-CSF 377 
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decreased the number of incorrect responses (Fig. 2F; F(1, 41) = 4.844, p =< 0.0334). As our 378 

previous results revealed the direction of the effects of G-CSF on cognitive performance, thus 379 

providing a clear a priori hypothesis for subsequent analyses, we used one-tailed t-tests in order 380 

to assess significance. When separately analyzed, the difference between treatment groups 381 

was not significant for percent correct responses during Day 1 of Reversal 1 (Fig. 2G; 382 

t(14)=0.198, p = 0.4230) but this difference was significant for the averages of days 2,3 and 4 383 

(t(12)=1.894, p = 0.0413), showing that repeated G-CSF injections were necessary for the 384 

enhanced effect on reversal learning to be expressed. Next, we analyzed the effects of G-CSF 385 

treatment on the number of sessions and trials to criterion. Supporting our a priori hypothesis, 386 

G-CSF treatment decreased the number of sessions to criterion in Reversal 1 (Fig. 2H; 387 

t(12)=2.43, p = 0.0317) and the number of trials to criteria (Fig. 2H; t(12)=1.958, p = 0.0369) 388 

demonstrating that G-CSF enhanced reversal learning when administered prior to reversal 389 

learning.  Further, G-CSF had to be on board for the enhancement of behavioral performance, 390 

as G-CSF treatment during Reversal 1 did not have any effects on the number of sessions or 391 

trials to criterion during Reversal 2 (Fig. 2I; p>0.05). Therefore, although G-CSF pre-treatment 392 

was sufficient to alter dopaminergic plasticity in the NAc, pretreatment of G-CSF alone was not 393 

sufficient for its cognitive effects as performance was only enhanced when G-CSF was on board 394 

for at least two days.  395 

G-CSF treatment enhances presynaptic dopaminergic function in the nucleus accumbens 396 

We next aimed to determine whether G-CSF treatment was exerting its actions through 397 

effects on the central nervous system. Given the role of the brain structures within the 398 

dopaminergic circuits (e.g., NAc and VTA) in controlling reward learning and motivation, 399 

dopaminergic function in these brain regions is an obvious candidate as a functional target of G-400 

CSF. Therefore, we examined the effects of peripheral G-CSF on presynaptic dopaminergic 401 

function in the nucleus accumbens using FSCV. Animals received systemic injections of G-CSF 402 
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or saline 24 hrs and 60 mins prior to FCSV recordings of dopamine release from midbrain 403 

dopamine terminals synapsing in the NAc. This injection paradigm has been used in previous 404 

studies, and was utilized here to ensure that G-CSF reached steady-state levels before testing.  405 

(Calipari et al., 2018; Fig. 3A). Systemic G-CSF treatment increased single pulse dopamine 406 

release in the NAc compared to saline controls (Fig. 3B-C; t(10)=4.289, p = 0.0016). However, 407 

we found no effects of G-CSF on maximal dopamine uptake (Vmax; Fig. 3D; t(10)=1.696, p = 408 

0.1207), dopamine uptake rate (tau; Fig. 3E; t(9)=0.1571, p = 0.8786), or the ability of dopamine 409 

to bind to the DAT (Km; Fig. 3F; t(10)=0.021, p = 0.9837) suggesting that G-CSF selectively 410 

enhances dopamine release without affecting other aspects of dopamine function. 411 

We also examined how G-CSF alters dopamine release to single or multiple pulse 412 

stimulations in the NAc. stimulations that consisted of five pulses at either 5, 10 or 20 Hz. In 413 

parallel to single pulse dopamine, peripheral G-CSF also enhanced dopamine release evoked 414 

by multiple pulse stimulations (Fig. 3G&I; 2-way Repeated Measures ANOVA Treatment x 415 

Frequency interaction, F(3,30) = 16.07, p<0.0001). Sidak’s post-hoc test yielded that for all 4 416 

frequencies the group differences were significant for dopamine release (p<0.0001 for all). 417 

Dopamine release calculated as a percent of one pulse release did not exhibit any alterations 418 

between G-CSF- and saline-treated groups (Fig. 3H; 2-way Repeated Measures ANOVA 419 

Treatment x Frequency interaction, F(2,20) = 2.993, p = 0.0729; effect of Treatment, F(1,10) = 420 

0.3129, p = 0.5882). In summary, systemic G-CSF administration augmented both single and 421 

multiple pulse dopamine release in the NAc without affecting uptake mechanisms. These results 422 

offer a neural mechanism that may explain how G-CSF exerts its motivation enhancing effects 423 

for highly salient rewards via enhanced dopamine release mechanisms. 424 

  425 

G-CSF effects on dopamine release are not direct effects on terminals in the nucleus 426 

accumbens 427 
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 While there is clearly a robust effect of systemic G-CSF on dopamine release in the 428 

NAc, it is not clear whether G-CSF directly acts on the terminals or indirectly through actions on 429 

midbrain dopamine cell bodies or other converging circuits. Thus, we recorded dopamine 430 

release evoked by single and multiple pulse stimulations using FSCV following prior systemic G-431 

CSF or saline administration coupled with bath application of G-CSF during recording (10 nM), 432 

which resulted in 4 experimental groups: Saline/Control, Saline/G-CSF, G-CSF/Control, and G-433 

CSF/G-CSF (Fig. 4A). We chose the concentration for the G-CSF bath application to be slightly 434 

higher than the Ki value of G-CSF (4 nM) in order to ensure effective dosage that is still in the 435 

range of selectivity.  Here we aimed to understand whether G-CSF primes the dopaminergic 436 

system or if it is necessary to have G-CSF directly on the terminals to achieve its enhancing 437 

effects on NAc dopamine release. Replicating our findings, we found that systemic G-CSF 438 

administration increased single pulse dopamine release in NAc slices (Fig. 4B-D, H; 2-way 439 

ANOVA Pretreatment main effect, F(1, 14) = 9.869, p = 0.0072, Pretreatment x Bath Interaction, 440 

F(1,14) = 0.7002, p = 0.4168). However importantly, G-CSF bath application on the NAc did not 441 

result in any changes in dopamine release evoked by single pulse stimulations (Fig. 4D; 2-way 442 

ANOVA Bath App main effect, F(1,14) = 0.01627, p = 0.9003). Similarly, neither G-CSF 443 

pretreatment nor G-CSF bath application had any effects on dopamine clearance mechanisms 444 

(Fig. 4E-H; p>0.05 for all). These results suggest that systemic G-CSF pretreatment is sufficient 445 

to enhance NAc dopamine release. In contrast, acute bath application of G-CSF on NAc does 446 

not augment dopamine release indicating that G-CSF primes upstream targets to exert its 447 

effects on NAc dopamine function. 448 

While the studies described above assessed dopamine release and kinetics in response 449 

to single pulse stimulation parameters, we also recorded dopamine release in response to 450 

multiple pulse stimulation parameters in the NAc with or without G-CSF pretreatment and bath 451 

application. Similar to single pulse dopamine release, multiple pulse dopamine release was also 452 
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enhanced by systemic G-CSF pretreatment but not by G-CSF bath application (Fig. 4I&J; 2-453 

way ANOVA group main effect, F(3, 8) = 5.97, p = 0.0194; Frequency main effect, F(3, 24) = 47.57, 454 

p<0.0001, Group x Frequency Interaction, F(9, 24) = 4.75, p = 0.0011; Dunnett’s multiple 455 

comparisons significant effects of G-CSF/Control and G-CSF/G-CSF compared to 456 

Saline/Control, ps<0.05, Saline/G-CSF vs Saline/Control p>0.05). Together, our results strongly 457 

suggest that G-CSF does not directly alter dopamine function in the terminals in the NAc. This 458 

suggests that the main G-CSF-induced dopaminergic alterations may occur in the upstream 459 

targets projecting to the NAc and this way control NAc synaptic plasticity and reward 460 

processing. 461 

Acute G-CSF injection reduced presynaptic dopamine release in the nucleus accumbens 462 

In the reversal learning task, the behavioral effects of G-CSF administration were not 463 

apparent on the first day of injection and enhancement occurred only following multiple 464 

consecutive days of treatment. Therefore, we aimed to determine if prolonged G-CSF levels 465 

were necessary to observe the enhanced dopamine release and associated behavioral effects. 466 

For this experiment, animals were injected 60 minutes prior to preparing slices for FSCV. Our 467 

results showed that compared to saline controls, acute G-CSF treatment decreased dopamine 468 

release evoked by single pulse stimulations in the NAc (Fig. 5B-C; t(28)=13.05, p<0.0001). In 469 

addition, we found that G-CSF significantly decreased maximal dopamine uptake (Vmax; Fig. 470 

5D; t(28)=3.727, p=0.0009) as well as the Km (Fig. 5F; t(28)=2.159, p=0.0396). We did not 471 

observe an effect of G-CSF on tau (Fig. 5E; t(28)=0.2469, p>0.05), demonstrating that 472 

sustained levels of G-CSF are necessary for the dopamine enhancing effects of the peptide. 473 

This will be critical to consider for disease treatment and dosing in the clinic.  474 

G-CSF treatment reduces NAc Tnfa expression 475 
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G-CSF primes the accumbal reward system towards increased dopamine release 476 

potentially through alterations of genes involved in both immune response and synaptic 477 

plasticity. Further, these dopaminergic effects combine with effects in downstream medium 478 

spiny neuron populations in order to ultimately control reward-based behavioral outputs. To test 479 

how G-CSF treatment altered gene expression in the NAc, we measured expression levels of 480 

several genes critical for immune response and neural plasticity in the NAc following systemic 481 

pretreatment and an acute bath application of G-CSF (Fig. 6A). We primarily focused on Tnfa, a 482 

pro-inflammatory cytokine, and Toll-like receptor 4 (Tlr4), a transmembrane protein that 483 

mediates inflammatory cytokine production. In addition to Tnfa and Tlr4, we also measured 484 

mRNA levels of brain-derived neurotrophic factor (Bdnf) due to its heavy involvement in synaptic 485 

plasticity and learning and memory (Cunha, 2010). 486 

In the NAc, we showed that Tnfa mRNA levels were decreased in the groups that 487 

received systemic G-CSF pretreatment regardless of G-CSF bath application (Fig. 6B; 2-way 488 

ANOVA Pretreatment main effect, F(1,20) = 4.663, p = 0.0431 Pretreatment x Bath App. 489 

Interaction, F(1,20) = 1.105, p = 0.3057). However, Tlr4 (Fig. 6C) and Bdnf (Fig. 6D) mRNA levels 490 

were not affected by G-CSF pretreatment or bath application (p>0.05 for both). TNF-α has been 491 

linked directly to changes in dopaminergic function, where increases in TNF-α cause dopamine 492 

cell loss (McGuire et al., 2001), reduced dopamine content (Carvey et al., 2005) and TNF-α 493 

knock-out prevents dopamine loss in neurodegenerative models (Ferger et al., 2004). Therefore 494 

it is possible that  the interaction between G-CSF and TNF-α expression is critical for the 495 

dopaminergic changes seen here; however, additional experimentation will be needed to 496 

confirm these hypotheses.  497 

  498 

Local actions of G-CSF in the nucleus accumbens prime postsynaptic signaling 499 
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In addition to inflammatory and trophic factors we also wanted to assess how signaling 500 

associated with dopaminergic activity/function was altered by G-CSF treatment and bath 501 

application. We found that G-CSF increases expression of the dopamine receptor genes Drd1 502 

(Fig. 6E; 2-way ANOVA Bath main effect, F(1,19) = 5.456, p = 0.0306) and Drd2 (Fig. 6F; 2-way 503 

ANOVA Bath main effect, F(1,20) = 6.514, p = 0.0190) as well as neurotransmitter release 504 

regulator Synapsin (Syn3; Fig. 6G; 2-way ANOVA Bath main effect, F(1,20) = 10.8, p = 0.0037). 505 

Interestingly, expression levels of these 3 genes were only affected by the bath application of G-506 

CSF, but G-CSF pretreatment had no effect (2-way ANOVA Pretreatment main effect p>0.05). 507 

These results unveil 2 separate potential mechanisms for the effects of G-CSF on NAc 508 

dopamine function; a long-term priming of the dopamine function through reductions in Tnfa and 509 

an immediate effect via rapid upregulation of neurotransmitter regulating genes. 510 

Taking these data together with the behavioral effects seen in Figure 2, the fact that G-511 

CSF only enhanced performance when on board and did not lead to continued performance 512 

beyond the treatment period suggest that both the presynaptic priming and the postsynaptic 513 

regulation of transcription must be engaged for specific behavioral effects associated with the 514 

updating of response contingencies. 515 

 516 

Discussion 517 

Here, we outline a basic mechanism by which peripheral administration of a cytokine can 518 

regulate motivation and reward learning across multiple species through actions on the 519 

mesolimbic dopamine system. These studies demonstrate that even brief treatment with G-CSF 520 

can enhance motivation for natural rewards, and improve cognitive flexibility in a reversal 521 

learning task. Physiological studies utilizing fast-scan cyclic voltammetry provide a circuit-based 522 

mechanism for these effects, whereby G-CSF acts to enhance release of dopamine into the 523 
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nucleus accumbens (NAc, summary of the results are listed in Table 1). While the observed 524 

cognitive enhancing effects occur quickly, they require sustained levels of G-CSF, as dopamine 525 

released is decreased 60 minutes following an acute injection. These effects in the NAc are 526 

coupled with a decrease in expression of the pro-inflammatory cytokine TNF-α, as well as acute 527 

upregulation of dopamine receptors and synaptic vesicle release machinery in this area. Taken 528 

together, these studies open up the possibility that G-CSF may be a key factor in fine-tuning the 529 

mesolimbic dopamine system to respond to natural rewards, and help improve cognitive 530 

flexibility in updating reward-response contingencies. Given that deficits in reward motivation 531 

and cognitive dysfunction are pervasive in psychiatric disorders across the spectrum, G-CSF 532 

represents a new and exciting target for therapeutics development. Importantly, recombinant G-533 

CSF exists as an FDA-approved medication that has been utilized for chemotherapy-induced 534 

neutropenia  (Morstyn et al., 1988; Lyman et al., 2013) as well as to aid hematopoietic stem cell 535 

transplantation (DiPersio et al., 2009) for many years, and could quickly be transitioned to 536 

clinical trials for psychiatric conditions. 537 

There is growing evidence that neuroimmune interactions are important mediators of 538 

neuronal function, and that the effects of cytokines, chemokines and other immune signaling in 539 

the brain plays an important role in brain health and plasticity, but also in pathology. Increased 540 

inflammatory activity has been seen in the blood and brains of patients with major depressive 541 

disorder, schizophrenia, bipolar disorder, Alzheimer’s disease, and myriad other 542 

neuropsychiatric conditions (Sigurdsson, 2004; Hodes et al., 2015; Miller and Goldsmith, 2017; 543 

Miller et al., 2017). While the majority of work on soluble inflammatory mediators has largely 544 

focused on deleterious effects, this study represents an important contribution to the small but 545 

growing field demonstrating that cytokines can have beneficial effects on neuronal plasticity. 546 

Past work has shown that TNF-α has complex effects on synaptic plasticity and can lead to 547 

either AMPA receptor insertion or removal from the membrane depending on the circuit 548 
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(Stellwagen et al., 2005; Lewitus et al., 2014). In the past year, IL-17, traditionally thought of as 549 

a pro-inflammatory cytokine, has been shown to modulate interneuron function in C. elegans 550 

(Chen et al., 2017). Here we show that G-CSF negatively regulates pro-inflammatory cytokines 551 

and enhances neuronal plasticity in the mesolimbic dopamine system while also facilitating 552 

behavioral flexibility and motivation for rewarding stimuli. Taken together with our previous work 553 

showing that G-CSF increases neuronal activation in response to cocaine and facilitates the 554 

rewarding properties of cocaine, this suggests that G-CSF acts to alter responses to highly 555 

salient stimuli. 556 

 In addition to enhancing motivation, G-CSF also increased performance on a reversal 557 

learning task. Interestingly, there have been other reports of G-CSF directly affecting cognitive 558 

performance. Constitutive G-CSF knockout mice exhibit impaired learning in a Morris water 559 

maze task, and have impaired hippocampal LTP (Diederich et al., 2009b), and rats treated with 560 

exogenous G-CSF exhibited enhanced acquisition of a similar spatial learning task (Diederich et 561 

al., 2009a). Additionally, G-CSF has been shown to slow cognitive impairments and neuronal 562 

loss in animal models of Alzheimer’s pathology (Tsai et al., 2007; Sanchez-Ramos et al., 2009). 563 

While G-CSF has also been shown to have some neuroprotective effects of dopaminergic 564 

neurons in models of Parkinson’s Disease (Cao et al., 2006), these studies are the first to 565 

demonstrate that it has functional effects on mesolimbic dopamine release and reward learning. 566 

Therefore, these data suggest that G-CSF may act as a trophic factor to promote selective 567 

synaptic plasticity in circuits throughout the brain. In addition, given that accumbal dopaminergic 568 

function is altered in several Psychiatric disease models such as depression (Rossetti et al., 569 

1993), schizophrenia (Swerdlow et al., 1990), and addiction (Calipari et al., 2014), the G-CSF 570 

modulation of NAc dopamine signaling may be utilized as a therapeutic target for these 571 

disorders.    572 
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On a basic level, these are some of the first reports that show that cytokines are involved 573 

in encoding information about the environment and guiding advantageous behaviors. This work 574 

shows that G-CSF acts to both prime and activate the dopamine system, providing a 575 

mechanism by which experience-dependent learning could be modulated at the level of the 576 

periphery. However, it is important to note that repeated G-CSF administration was necessary 577 

for the observed effects, thus this could provide a mechanism by which repeated increases in 578 

G-CSF could selectively enhance learning mechanisms. We recently identified G-CSF as a 579 

cytokine upregulated by cocaine, and saw that by manipulating G-CSF function we were able to 580 

bidirectionally modulate the behavioral response for cocaine in multiple behavioral paradigms 581 

(Calipari et al., 2018). Given these molecular effects, and our previously reported ability of G-582 

CSF to modulate rewarding properties of drugs we set out to examine if G-CSF acts via the 583 

mesolimbic dopamine system to alter motivation and reward. Pre-treatment with G-CSF 584 

augmented dopamine release from midbrain terminals synapsing in the NAc. We showed that 585 

systemic G-CSF pre-treatment, but not acute application of G-CSF on the NAc, was necessary 586 

for this enhanced dopamine release. 587 

 While G-CSF treatment increased motivation and performance on reversal learning 588 

tasks, the behavioral effects did not manifest until the second day of treatment, suggesting the 589 

sustained levels of G-CSF are necessary for the neural and behavioral effects to occur. Indeed, 590 

a single systemic injection of G-CSF did not increased dopamine levels. In fact, decreased 591 

dopamine release in NAc was observed 60 minutes following G-CSF injection. Interestingly, 592 

while we did not see enhanced behavioral responding at this time point, we found no behavioral 593 

deficits in the reversal learning task following a single G-CSF injection. There are several 594 

potential explanations for this discrepancy. First, it is possible that the effects of decreased 595 

dopamine release in the NAc on instrumental behavior may appear only in conditions with 596 

higher motivational, but not cognitive, demand. For example, there is evidence showing that 597 

pharmacological NAc dopamine depletion does not result in decreased instrumental responding 598 
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below FR16 schedule for food reinforcement (Aberman & Salamone, 1999). There is also 599 

evidence suggesting that NAc dopamine depletion does not affect decision making when rats 600 

given a choice between a high- versus low-reward instrumental response in a conflict procedure 601 

(Walton et al., 2009). It is also possible that the decreases in dopamine are compensated for by 602 

other factors, such as expression of postsynaptic receptors. Within our data set we show that 603 

acute application of G-CSF to accumbal slices results in rapid upregulation of D1 and D2 604 

receptor transcription within 60 minutes in this region. Thus, it is possible that these changes in 605 

receptor expression compensate for reduced dopamine release at acute timepoints and further 606 

prime the system to respond to the enhanced dopamine release that occurs following repeated 607 

exposure. 608 

As discussed above, there is  a large amount of evidence to show that G-CSFs effects in 609 

the NAc are critically involved in reward learning and motivation. For instance, an antibody for 610 

G-CSF infused into the NAc completely abolishes the ability of animals to form place preference 611 

for cocaine. Further, G-CSF infused directly into the NAc enhances conditioned place 612 

preference for cocaine, although G-CSF on its own is not rewarding (Calipari et al. 2018). Here 613 

we found that G-CSF treatment enhances dopamine release in the NAc, however, this effect 614 

was not mediated by the direct actions of G-CSF at terminals. Thus these data highlight that 615 

both the dopamine enhancing effects of G-CSF and the ability of G-CSF to directly regulate 616 

transcriptional signaling acutely in the NAc is an important part of its combined role in reward-617 

associated behaviors. Our results suggest that while presynaptic effects were dependent on 618 

repeated systemic administration of G-CSF, only acute G-CSF application on the NAc increased 619 

Drd1, Drd2, and Syn3 mRNA levels. This suggests that G-CSF controls NAc dopamine release 620 

and downstream signaling via both short- and long-lasting effects on peripheral and local 621 

processes. That is, both the acute transcriptional effects as well as the circuit effects on 622 

dopamine play a role in the ability of G-CSF to enhance the motivation and rewarding properties 623 

of salient stimuli.  624 
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 625 

Consistent with G-CSF being a regulator of dopaminergic remodeling and plasticity, we 626 

found a link between G-CSF and downregulation of TNF-α. Interestingly, in models of stroke 627 

and infection, G-CSF has been shown to reduce expression of the same pro-inflammatory 628 

factors that are inversely related to mesolimbic dopaminergic transmission (Kitabayashi et al., 629 

1995; Sehara et al., 2007; Solaroglu et al., 2009). As mentioned above, TNF-α has complex 630 

effects on synaptic plasticity and has been shown to modulate learning and memory processes 631 

such as memory consolidation as well as remodeling of neural circuits (Rachal Pugh et al., 632 

2001; Brennan et al., 2004; Gerber et al., 2004; Yirmiya and Goshen, 2011). In the current 633 

study, G-CSF administration resulted in enhanced subsecond dopamine release in response to 634 

single and multiple  pulse  stimuli. These changes were independent from uptake mechanisms, 635 

highlighting that the effects of G-CSF are likely selective to release mechanisms, but it is 636 

unclear if this is related to changes in synthesis, the readily releasable pool, or other factors that 637 

could increase stimulus dependent dopamine release. Interestingly, TNF-α has been linked 638 

directly to changes in dopaminergic function, where increases in TNF-α cause dopamine cell 639 

loss (McGuire et al., 2001), reduced dopamine content (Carvey et al., 2005) and TNF-α knock-640 

out prevents dopamine loss in neurodegenerative models (Ferger et al., 2004). Thus, here, we 641 

propose that G-CSF regulation of TNF-α in the brain may be associated with  the effects of G-642 

CSF on dopaminergic plasticity, leading to the fine-tuning of dopaminergic transmission via 643 

changes release, and concomitant alterations in motivation and decision making. 644 

  645 

Together, our results identified several key components of the mechanism underlying 646 

how peripheral G-CSF regulates motivational and cognitive aspects of reward processing and 647 

associated dopaminergic function. Here we show that while local application of G-CSF in the 648 

NAc did not further alter presynaptic dopamine signaling, it did increase the expression of Drd1, 649 

Drd2, and Syn3, genes directly involved in regulating dopamine function. One potential outcome 650 
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of the G-CSF-induced Drd1 and Drd2 gene expression in the NAc is upregulation of D1 and D2 651 

receptors in the region, which is associated with enhanced receptor function and dopamine-652 

dependent and reward-related behaviors (Unterwald et al., 1994, 1996).  Thus, G-CSF acts to 653 

enhance dopaminergic function, and also upregulate downstream dopaminergic signaling 654 

molecules in order to both prime and activate the dopamine system in specific situations. This 655 

provides a novel mechanism by which learning could be modulated by peripheral factors. This 656 

mode of action is in line with the literature showing that peripheral cytokines prime the immune 657 

system for future re-encounters with pathogens through intrinsic memory of prior cell actions 658 

(Cooper et al., 2009; Netea et al., 2016). In this model, G-CSF primes midbrain dopaminergic 659 

function towards enhanced motivation to consume reward while also acutely augmenting 660 

reward-related learning in real-time. 661 

 662 

Overall, our results identified several key components of the mechanism underlying how 663 

peripheral G-CSF regulates motivational and cognitive aspects of reward processing and 664 

associated dopaminergic function. These findings are particularly exciting as they provide a 665 

mechanism by which motivation and reward-based decision making can be altered and 666 

modulated via peripheral systems. In Psychiatry, treatment is difficult because, unlike with other 667 

peripheral disorders, there are no major lesions or gross circuit dysfunction. Rather it is often 668 

due to dysregulation in the fine-tuning of circuits, which, is particularly difficult to treat. 669 

Approaches that target the dopamine system often block or activate receptors and as a result 670 

have adverse side effects that involve anhedonia and motivational deficits. On a basic level, we 671 

show that dopamine function can be fine-tuned by peripheral immune factors and that these 672 

changes are capable of changing motivational state and reward-based decision making. On a 673 

translational level, this provides a clear and feasible mechanism by which dopamine dysfunction 674 

may be corrected on a level more relevant to the dysfunction seen in psychiatric disease. 675 
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Figure Legends 676 

Figure 1. G-CSF increases the motivation for highly salient rewards. (A) Timeline of 677 

behavioral economic assessment of sucrose reinforcement. Animals were injected with saline 678 

before behavioral testing for three sessions to establish a baseline. In order to determine the 679 

effects of G-CSF animals were injected with G-CSF twice, once 24hrs before and a second time 680 

60 minutes before, and the effect on economic parameters was determined (n= 8 per group). 681 

(B) Pmax did not change across time in the saline treatment sessions. (C) The number of lever 682 

presses over increasing price for sucrose. Animals treated with G-CSF emitted more lever 683 

presses overall than their pre-treatment baseline. (D) Standardized Pmax values highlighting 684 

that G-CSF within subject increased the maximal price an animal would pay in effort to obtain 685 

sucrose pellets. (E) G-CSF treatment also increased Q0, a measure of consumption at a 686 

minimally constraining price. These data highlight that G-CSF, a peripheral cytokine, is capable 687 

of enhancing the motivational properties of salient stimuli. (F) Representative data from an 688 

animal treated with saline (left) and then G-CSF (right). G-CSF increased the Pmax for sucrose.    689 

* p<0.05, ** p<0.01, **** p<0.0001 from saline treated. All data are presented as mean S.E.M. 690 

  691 

Figure 2. G-CSF enhances reversal learning. (A) Timeline and experimental design. Animals 692 

were injected with either PBS or G-CSF prior to each Reversal 1, but not Reversal 2, test 693 

session (upper). Representative lever-reward and lever-punishment contingencies (lower; n=6-8 694 

per group). (B) Number of correct trial to total number of trials ratio during acquisition (C) 695 

Reversal learning was enhanced by G-CSF treatment. (D) Saline injections were given before 696 

each session during Reversal 2. Prior G-CSF treatment did not alter performance during 697 

Reversal 2. (E) Total number of correct responses were not altered by G-CSF treatment. (F) 698 

Number of incorrect responses were reduced following G-CSF administration in Reversal 1. (G)  699 

G-CSF administration increased percent correct response only after the second day of Reversal 700 

1. (H) Number of sessions (left) and number of trials to criteria were significantly decreased 701 
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during Reversal 1 in the G-CSF treated group. (I) G-CSF administration did not affect number of 702 

sessions (left) and number of trials to criteria (right) during Reversal 2. * p<0.05 from G-CSF. All 703 

data are presented as mean S.E.M. 704 

 705 

Figure 3. G-CSF enhances presynaptic dopamine release in the nucleus accumbens. (A) 706 

Timeline of G-CSF injections. Animals were injected with either saline or G-CSF 24 hrs and then 707 

60 mins prior to ex-vivo voltammetry (left; n= 3-6 per group). FSCV recordings of subsecond 708 

dopamine release in the NAc (right). (B) Current versus time plots (left) and color plots showing 709 

the presence of dopamine after single pulse stimulation, as indicated by its oxidation at +0.6V 710 

and reduction at -0.2V (right). (C) Group data showing enhanced dopamine release in the G-711 

CSF treated animals. (D) There was no difference in maximal dopamine uptake (Vmax), (E) 712 

dopamine clearance (tau), or (F) the ability of dopamine to bind to the dopamine transporter 713 

(Km) (G) Dopamine release evoked by multiple pulse stimulations was increased in the G-CSF 714 

treated animals. (H) Dopamine release represented as a percent of one pulse. (I) Current 715 

versus time plots showing increased dopamine release to increasing stimulation frequency 716 

(upper). Color plots showing dopamine oxidation/reduction in response to increasing 717 

stimulations (lower). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 from saline treated. All data 718 

are presented as mean S.E.M. 719 

  720 

Figure 4. G-CSF effects on dopamine release are not through direct actions on dopamine 721 

terminals. (A) Timeline of G-CSF injections. Animals were injected with either saline or G-CSF 722 

24 hrs and then 60 mins prior to ex-vivo voltammetry (left; n= 3-6 per group). (B) Color plots 723 

showing the presence of dopamine after a one pulse stimulation (n= 3-6 per group)  (C) There 724 

were no effects of G-CSF bath application on dopamine release. (D) Group data showing 725 

dopamine release following G-CSF or saline pre-treatment and G-CSF or aCSF bath 726 

application. G-CSF pre-treated groups showed elevated levels of NAc dopamine release. G-727 
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CSF bath application did not have a significant effect. ** p<0.01 from saline treated. (E) G-CSF 728 

pre-treatment or bath application did not alter maximal rates of dopamine uptake (Vmax), (F) 729 

dopamine clearance (tau), or (G) the ability of dopamine to bind to the dopamine transporter 730 

(Km). (H) Current versus time plots showing increased dopamine release to increasing 731 

stimulation frequency. (I) Dopamine release in response to multiple pulse stimulation 732 

parameters was increased in the G-CSF pre-treated animals but not following G-CSF bath 733 

application. **p<0.01 G-CSF/G-CSF vs Saline/Control, # p<0.05 G-CSF/Control vs 734 

Saline/Control, ## p<0.01 G-CSF/Control vs Saline/Control. (J) Color plots showing the 735 

presence of dopamine following G-CSF pre-treatment and bath application. All data are 736 

presented as mean S.E.M. 737 

  738 

Figure 5. Acute G-CSF injection attenuates presynaptic dopamine release in the nucleus 739 

accumbens. (A) Timeline of G-CSF or Saline injections. Animals were injected with either 740 

saline or G-CSF 60 mins prior to ex-vivo voltammetry (left; n=3 per group). FSCV recordings of 741 

subsecond dopamine release in the NAc (right). (B) Current versus time plots (left) and color 742 

plots showing the presence of dopamine after one pulse (tonic) stimulation, as indicated by its 743 

oxidation at +0.6V and reduction at -0.2V (right). (C) Group data showing reduced dopamine 744 

release in the acute G-CSF treated animals. (D) There was a significant decrease in maximal 745 

dopamine uptake (Vmax) and (E) the ability of dopamine to bind to the dopamine transporter 746 

(Km), but (F) no difference in dopamine clearance (Tau) in the acute G-CSF treated animals. * 747 

p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 from saline treated. All data are presented as 748 

mean S.E.M 749 

 750 

Figure 6. G-CSF treatment reduces Tnfa expression and primes postsynaptic signaling. 751 

(A) Timeline of G-CSF injections. Animals were injected with either saline or G-CSF 24 hrs and 752 

then 60 mins (left) prior to G-CSF or aCSF bath application and dissection of NAc (right; n=5-7 753 
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per group). (B) NAc Tnfa mRNA levels calculated as fold changes from the Saline/aCSF treated 754 

controls. Tnfa expression in the NAc was decreased in the G-CSF pre-treated group regardless 755 

of bath application. (C)Tlr4 expression in the NAc was not affected by G-CSF pre-treatment or 756 

bath application. (D) Bdnf expression in the NAc was not altered by G-CSF. (E) NAc Drd1 757 

expression levels represented as fold changes from saline/aCSF treated controls (F) NAc Drd2 758 

mRNA levels (G) Syn3 expression in the NAc. Expression levels of all three genes were 759 

elevated following G-CSF bath application regardless of pre-treatment.* p<0.05, ** p<0.01 760 

between bath applications. All data are presented as mean S.E.M. 761 
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  1044 

  G-CSF pre-treatment Acute G-CSF treatment 

Sucrose motivation -  

Sucrose consumption -  

NAc dopamine release   

Tnfa   

Drd1/Drd2   

Syn3   

Reversal learning   

 Table 1 – Summary of the effects of G-CSF pre-treatment and acute G-CSF 1045 
administration 1046 
 1047 
 1048 
  1049 
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