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Inhibition of CSF1R, a receptor 
involved in microglia viability, 
alters behavioral and molecular 
changes induced by cocaine
Maria Carolina Machado da Silva1, Giovanni Freitas Gomes1, Heliana de Barros Fernandes2,3, 
Aristóbolo Mendes da Silva3, Antônio Lúcio Teixeira5, Fabrício A. Moreira4, 
Aline Silva de Miranda2 & Antônio Carlos Pinheiro de Oliveira1*

Different data suggest that microglia may participate in the drug addiction process as these cells 
respond to neurochemical changes induced by the administration of these substances. In order to 
study the role of microglia in drug abuse, Swiss mice aged 8–9 weeks were treated with the CSF1R 
inhibitor PLX3397 (40 mg/kg, p.o.) and submitted to behavioral sensitization or conditioned place 
preference (CPP) induced by cocaine (15 mg/kg, i.p.). Thereafter, brains were used to evaluate the 
effects of CSF1R inhibition and cocaine administration on morphological, biochemical and molecular 
changes. CSF1R inhibition attenuated behavioral sensitization, reduced the number of Iba-1+ cells 
and increased ramification and lengths of the branches in the remaining microglia. Additionally, both 
cocaine and PLX3397 increased the cell body to total cell size ratio of Iba-1+ cells, as well as  CD68+ 
and  GFAP+ stained areas, suggesting an activated pattern of the glial cells. Besides, CSF1R inhibition 
increased CX3CL1 levels in the striatum, prefrontal cortex and hippocampus, as well as reduced 
CX3CR1 expression in the hippocampus. In this region, cocaine also reduced BDNF levels, an effect 
that was enhanced by CSF1R inhibition. In summary, our results suggest that microglia participate in 
the behavioral and molecular changes induced by cocaine. This study contributes to the understanding 
of the role of microglia in cocaine addiction.

According to the World Drug Report  20191, the number of people who used drugs reached 271 million in 2017, 
with 450,000 deaths in 2015. It is estimated that the use/abuse of drugs generates expenditures of 442 billion 
dollars annually in the world due costs in the health system, criminal justice and loss of labor  productivity1–3.

Substance use disorder is de�ned as a chronic condition characterized by changes in the circuits of reward, 
motivation and memory systems, and adaptive  behavior4. Drug abuse can reorganize and promote plastic changes 
in the reward system and adaptive behavior mainly due to an imbalance in the levels of neurotransmitters in 
mesocorticolimbic dopaminergic and in corticolimbic glutamatergic  pathways4,5. However, the etiopathogenesis 
of addiction is a much more complex process in which people have di�erent  susceptibilities6,7. In addition, treat-
ment is frequently ine�ective and there is an urgent need to better understand the neurobiological mechanisms 
of addiction to develop novel therapeutic  strategies8.

Cocaine is one of the most used drugs of abuse worldwide. Its mechanism of action consists of blocking the 
monoamine membrane transporters of serotonin, norepinephrine and, in particular, dopamine, which increases 
the availability of these neurotransmitters in the synaptic  cle�9,10. In addition, cocaine is capable of interact-
ing indirectly with other neuromodulatory circuits, such as glutamatergic, endocannabinoid and GABAergic 
 systems9,10. Cocaine also regulates synaptic activities inducing adaptations in memory and learning processes 
related to positive reinforcement in the reward  system11–13.
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Di�erent studies have suggested that cells of the immune system and glia are related to the neurobiology of 
 addiction14. Microglia is the brain resident cell of the immune system and it acts detecting changes in the central 
nervous system (CNS), releasing in�ammatory mediators and phagocytizing cellular debris, eliminating patho-
gens and tissue  debris15. In addition, microglia interacts with neurons, astrocytes and oligodendrocytes in a series 
of  processes16,17, playing important roles in complex brain functions, such as memory, learning, and adaptive 
behavior, which are important components in  addiction15,18–22. �ese cells act promoting synaptic  plasticity23,24, 
at least in part, through the release of neurotrophic factors such as brain-derived neurotrophic factor (BDNF), 
or cytokines such as tumor necrosis factor (TNF)21,25.

Microglia express di�erent receptors and ion channels, commonly found in neurons, which may be the 
targets of the drugs of abuse. For example, the toll-like receptor 4 (TLR4), which are expressed by immune cells, 
including microglia, is activated by  cocaine20,26,27. In addition, the release of dopamine in the nucleus accum-
bens (NAc), caudate nucleus and  putamen20,28,29 can activate these cells. In this context, cocaine could induce a 
chronic and persistent neuroin�ammation characterized by changes in the expression of cytokines in the CNS, 
such as IL-1β, IL-6 and TNF-α20,26,29,30, and alterations in the speci�c CX3CR1-CX3CL1 microglia-neuronal 
communication  pathway31.

Pharmacological blocking of microglial activity reverses addiction behaviors induced by di�erent drugs. 
For instance, treatment with minocycline, a tetracyclic antibiotic able to inhibit microglia, decreased preference 
induced by cocaine in conditioned place preference (CPP)  test20, as well as in an alcohol addiction  model32. 
Furthermore, the anti-in�ammatory and phosphodiesterase inhibitor ibudilast attenuated the behavioral sensi-
tization induced by  cocaine33. Although these drugs are commonly used to target glia, they have poor selectivity 
and multiple mechanisms of action. For example, minocycline potentiates the phosphorylation of GluA1 subu-
nit of the AMPA receptor, as well as decreases glutamatergic calcium signaling and may change key processes 
of memory and  learning34,35. Furthermore, inhibition of phosphodiesterase 4 enzyme, the target of ibudilast, 
reverses behavioral sensitization, in addition to restoring the balance between inhibitory and excitatory pathways 
a�er cocaine  administration36.

PLX3397 is an inhibitor of the colony stimulating factor 1 receptor (CSF1R), which is essential for microglial 
viability. �e depletion of these cells by PLX3397 is an e�cient method for studying the microglial functions, 
without promoting cognitive and behavioral  changes31,37. Considering previous evidence suggesting a potential 
role of microglia in the neurobiology of  addiction20,29, we tested the hypothesis that CSF1R inhibition attenuates 
cocaine-induced behavioral changes by regulating brain immune responses.

Results
CSF1R inhibition decreased behavioral sensitization, but not CPP, induced by cocaine. Behav-
ioral sensitization and CPP models are capable of mimicking the plastic changes that occur in the transition 
from a pattern of recreational use to a pattern of abusive use that characterizes  addiction38. To verify whether 
microglia participate in neurobiological changes induced by cocaine, animals were treated with the CSF1R 
inhibitor drug PLX3397.

Cocaine increased the locomotor activity of the animals over the days (behavioral sensitization) (p = 0.0029 
among cocaine + vehicle vs saline + vehicle). CSF1R inhibition reduced behavioral sensitization induced by 
cocaine, starting on the fourth day (p < 0.0001 among cocaine + vehicle and cocaine + PLX3397) (Fig. 1B). �ere 
was no statistical di�erence between control group and group treated only with PLX3397, which demonstrates 
that this drug does not in�uence basal locomotor activity of the animals.

In the CPP test, cocaine increased the rate of preference for the compartment where the animals received 
cocaine (i.e. drug-paired side) (p < 0.0001). CSF1R inhibition was not able to reverse this preference (Fig. 1D). 
All animals were weighted every 2 days during behavioral assessment. Neither cocaine nor PLX3397 changed 
the body mass of the animals over the days of treatment (data not shown).

CSF1R inhibition and cocaine induced microglial alterations in NAc. To verify whether there was a 
decrease of microglia number, Iba-1+ cells were evaluated in the NAc core and shell. CSF1R inhibition decreased 
the number of Iba-1+ cells in the Nac core in both saline and cocaine treated groups (p < 0.0001). Cocaine per 
se did not change the number of these cells (p = 0.1566) (Fig. 2A,B). Similarly, animals treated with PLX3397 
revealed a reduced number of Iba-1+ cells in the NAc shell (p < 0.0001) (Fig. 2A,C).

In order to evaluate whether the treatment with PLX3397 and cocaine would induce microglia activation, we 
performed immunostaining for CD68. �is transmembrane glycoprotein is expressed by the microglia and sug-
gests a phagocytic  activity39. In the NA core, only the CSF1R inhibition induced an increase in  CD68+ (p < 0.0001) 
(Fig. 2A,D). On the other hand, both cocaine and CSF1R inhibition increased CD68 stained area in the NAc 
shell (p = 0.0008 and p = 0.0052) (Fig. 2A,E).

As alterations in microglial morphology may suggest changes in microglial  function15,40,41, we applied Sholl 
analysis and cell body to total cell size  ratio42–44 in order to evaluate the e�ects of CSF1R inhibition or cocaine 
under microglial morphology. Both cocaine and PLX3397 increased microglial activation index in the NAc core 
(p = 0.0041 and p < 0.0001) (Fig. 3A,E) and in the NAc shell (p < 0.001 and p < 0.0001) (Fig. 3F,J). Sholl analysis 
revealed a signi�cant e�ect of CSF1R inhibition on the morphology of microglia. In general, microglia from 
PLX3397-treated mice presented more rami�ed branches (p < 0.0001 and p < 0.0001) (Fig. 3A,B,F,G). �e CSF1R 
inhibitor, but not cocaine, increased the total number of intersections (p < 0.0001 and p < 0.0003) and the total 
branch length (max. radius) (p < 0.0001 and p < 0.0001) of remaining microglia from NA core (Fig. 3A,C,D) and 
NAc shell (Fig. 3F,I,H).
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Figure 1.  E�ect of partial microglia depletion on the behavioral sensitization and conditioned place preference induced by 
cocaine. Experimental design of behavioral sensitization (A). Daily distance travelled by animals injected with cocaine or saline 
in the behavioral sensitization test [treatment factor  (F(3,24) = 18.85; p < 0.0001), time factor  (F(4,96) = 15.59; p < 0.001), interaction 
 (F(12,96) = 9.72; p < 0.0001)] (n = 6–8 in each group) (B). Experimental design of conditioned place preference (C). Rate of preference 
in the conditioned place preference test [cocaine factor  (F(1,45) = 34.32; p < 0.0001), CSF1R inhibition factor  (F(1,45) = 0.29; p = 0.5916) 
and cocaine vs CSF1R inhibition factor  (F(1,45) = 3.36; p = 0.0734)] (n = 11–13 in each group) (D). Results are expressed as mean ± SEM. 
#p < 0.05 di�erence between the saline and cocaine groups; ***p < 0.001 and ****p < 0.0001 compared with the PLX3397 treated group.
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Figure 2.  E�ects of CSF1R inhibition and cocaine administration on the number of Iba-1+ cells and  CD68+ 
stained area. Representative images of the number and activation of microglia in the NAc core and NAc shell 
(A). Number and activation of microglial cells in the NAc core [cocaine factor  (F(1,21) = 2.15; p = 0.1566), CSF1R 
inhibition factor  (F(1,21) = 47.37; p < 0.0001) and cocaine vs CSF1R inhibition factor  (F(1,21) = 0.63; p = 0.4358)] 
and [cocaine factor  (F(1,15) = 0.36; p = 0.5540), CSF1R inhibition factor  (F(1,15) = 30.92; p < 0.0001) and cocaine 
vs CSF1R inhibition factor  (F(1,15) = 0.07; p < 0.07887)] for Iba-1+ cells and  CD68+ stained area, respectively (B, 
D); NAc shell [cocaine factor  (F(1,21) = 3.84; p = 0.0633), CSF1R inhibition factor  (F(1,21) = 42.44; p < 0.0001)], 
and cocaine vs CSF1R inhibition factor  (F(1,21) = 0.59; p = 0.4480)] and [cocaine factor  (F(1,14) = 2.04; p = 0.1750), 
CSF1R inhibition factor  (F(1,14) = 18.14; p = 0.0008) and cocaine vs CSF1R inhibition factor  (F(1,14) = 10.91; 
p = 0.0052)] for Iba-1+ cells and  CD68+ stained area, respectively (C, E); of animals submitted to the behavioral 
sensitization. Microscope lens 20 × and 125 µm scale bar for the images, and microscope lens 40 × and 25 µm 
scale bar for the inserts. Results are expressed as mean ± SEM. #p < 0.05 di�erence between saline and cocaine 
groups. **p < 0.01 and ***p < 0.001 compared with the PLX3397 treated group (n = 5–7 in each group).
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Association of cocaine and CSF1R inhibition altered CX3CR1 expression and CX3CL1 lev-
els. �e chemokine CX3CL1, also known as fractalkine, together with its receptor CX3CR1, is important 
for microglia-neuron signaling (Fig. 4A), regulating, among others, synaptic plasticity and transmission, neu-
ronal development and maturation and  neurogenesis21,45,46. �us, considering that some of these phenomena 
are important for addiction, we evaluated whether this pathway would be altered by cocaine and inhibition of 
CSF1R.

CSF1R inhibition increased CX3CL1 levels in the striatum (p = 0.0008) and in the PFC (p = 0.0062) 
(Fig. 4B,D). In the hippocampus, PLX3397 increased the CX3CL1 concentration only in the animals treated 
with cocaine (p = 0.0152 and p = 0.0089 for cocaine factor and interaction factor, respectively) (Fig. 4C).

We further measured the mRNA levels of CX3CR1 (Cx3cr1) in the hippocampus, PFC and striatum. In the 
hippocampus, CX3CR1 mRNA levels were decreased by CSF1R inhibition (p = 0.0011) (Fig. 4F). In the striatum 
and PFC, an interaction was observed (p = 0.0307 and p = 0.0062 for striatum and PFC, respectively) suggesting 
that PLX3397 induced opposite e�ects in animals treated with saline and cocaine (Fig. 4E,G).

Cocaine and CSF1R inhibition altered BDNF levels and TrkB expression. To better understand 
the role of microglia in neuroplastic changes induced by cocaine, we evaluated the BDNF levels, and TrkB 
(Ntrk2) expression in the striatum, hippocampus and PFC. Cocaine reduced the BDNF levels in the hippocam-
pus. Besides, CSF1R inhibition decreased BDNF levels both in saline or cocaine groups (p < 0.0001, p < 0.0001 
and p = 0.0868 for cocaine factor, CSF1R inhibition factor and interaction, respectively) (Fig. 5B). In the PFC, 
there was a trend towards a decrease in the BDNF levels of the groups treated with cocaine in comparison with 
the saline groups (p = 0.0650). �ere was no di�erence in the BDNF levels in the striatum (Fig. 5A,C).

CSF1R inhibition prevented the decrease in TrkB mRNA levels in the PFC induced by cocaine (p = 0.0265 
and p = 0.0563) (Fig. 5F). However, no di�erence in TrkB mRNA levels was observed between the groups in the 
hippocampus and in the striatum (Fig. 5D,E).

In order to further investigate the e�ect of cocaine and CSF1R inhibition in the production of neurotrophic 
factors, we evaluated GDNF and NGF. Cocaine decreased GDNF and NGF levels in the PFC. However, neither 
cocaine nor CSF1R inhibition altered GDNF and NGF in the other regions (Supplementary Table 1).

Cocaine and CSF1R inhibition increased GFAP stained area in the NA. Once both astrocytes and 
microglia establish a reciprocal modulation of their functions, and cocaine induces  astrogliosis47,48, GFAP-immu-
nolabeling was performed to quantify these cells in the NAc core and shell. In both regions, cocaine increased 
 GFAP+ (p < 0.001 and p = 0.0010) cells area. PLX3397 also increased GFAP-immunostaining in comparison with 
the saline group in the NAc core (p < 0.0001 and p = 0.005 for CSF1R inhibition factor and interaction, respec-
tively) and in the NAc shell (p < 0.0001 and p < 0.05 for CSF1R inhibition factor and interaction, respectively) 
(Supplementary Fig. S1).

CSF1R inhibition and cocaine also induced microglial alterations in CA1. Since CA1 hippocampal 
region receives dopaminergic innervation from VTA and projects glutamatergic �bers into the  NAc12, and we 
found important alterations in CX3CL1-CX3CR1 and BDNF signaling in the hippocampus, we decide to inves-
tigate histological alterations in the microglia from CA1. PLX3397 decreased the number of Iba-1+ cells in the 
CA1 region (p < 0.0001). Furthermore, both cocaine and CSF1R inhibition increased CD68 stained (p = 0.0130 
and p = 0.00210). CSF1R inhibition increased microglial activation index (p < 0.01), the total radius (p < 0.0001) 
and the total branch length (p = 0.0004). Finally, both cocaine and CSF1R inhibition increased the total intersec-
tion (p < 0.001 and p < 0.0001) (Supplementary Fig. S2).

Discussion
There is evidence that immune and glial cells, such as microglia, are implicated in the neurobiology of 
 addiction29,31. In this study, by blocking the CSF1R, we induced alterations in microglia morphology and changes 
in CX3CL1-CX3CR1 and BDNF-TrkB levels in cocaine treated animals, which could be related to the protective 
e�ect of PLX3397 in behavioral sensitization induced by cocaine.

PLX3397 is a highly selective CSF1R/c-Kit inhibitor that has been used to evaluate the role of microglia in 
various  conditions49. O�-target e�ects seem unlikely due to the lower a�nity of the inhibitors to other  kinases50. 
�erefore, the results of this and other studies are strongly associated with CSF1R inhibition and microglia 
depletion.

We found that CSF1R inhibition reduced behavioral sensitization induced by cocaine. �is �nding is in line 
with previous studies that used the drugs ibudilast and minocycline, capable of blocking the activation of Iba-1+ 
cells, to attenuate cocaine-induced behavioral  sensitization33,51. Similarly, PLX3397 also blocked nicotine induced 
increase in cocaine  reinforcement31. �ese studies suggest that the activation of microglia in the striatum activates 
dopaminergic neurons that could modulate the rewarding e�ects of  cocaine20,31.

On the contrary, treatment with PLX3397 did not alter the CPP induced by cocaine. Similarly, previous stud-
ies have demonstrated that a reduction of the number or activity of microglia with minocycline, GW2580 and 
mac-1-saporin also did not alter the behavior in this  model52,53. However, Northcutt et al. demonstrated that 
minocycline inhibits cocaine-induced CPP in  rats20. �ese discrepancies are not clear due to the mechanism of 
action of minocycline, since this drug modulates in di�erent ways the glutamatergic pathway, inhibits metal-
loproteinases, inhibits apoptosis, among other  e�ects54. �e behavioral sensitization enables the study of the 
development of neural changes induced by the repeated treatment with di�erent drugs, while the CPP is used 
for assessing the learning and memory associated with the context induced by drug rewarding e�ects. �ese 
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studies highlight the complexity of the neurobiology of addiction, a complex process that recruits di�erent neural 
pathways and plastic processes, such as associative and non-associative  sensitizations55,56.

In a previous study, PLX3397 treatment of C57Bl/6 mice for 21 days was su�cient for a robust microglial 
 depletion37. In the present study, we treated the Swiss mice for 7 days and found a depletion of around 50% of 
the microglia in the NAc core, NAc shell and CA1. In agreement with our study, other studies observed only 
a partial microglia reduction using the PLX3397 at the same doses for 7 days or  more57–59. PLX5622, another 
CSF1R inhibitor, also depleted 30% of microglia a�er  760,61 and  2160 days of treatment. �us, in studies aiming 
at the depletion of microglia, di�erent factors, such as administration protocol, animal strain and the type of 
inhibitor, should be considered in order to completely or partially reduce the cell population.

�e reduction in microglia population is an important protocol to understand the role of these cells in di�er-
ent pathophysiological processes. Partial microglia depletion induced by PLX3397 was used to study the role of 
these cell in animal models of  depression62, viral-induced neurologic  damage58, tau  pathology57, behavioral and 
neuronal alterations induced by  lipopolysaccharide63, autoimmune  encephalomyelitis64 and amyotrophic lateral 
 sclerosis59. Besides, partial microglia depletion induced by other drugs such as GW2580, liposome-encapsulated 
clodronate and BLZ945 was also used to understand the role of these cells in spinal cord  injury65, remyelination 
 process66, neuropathic  pain67, as well as the stress-induced susceptibility to CPP induced by  cocaine53. Consid-
ering the immune role of microglia, the entire depletion of these cells in a non-sterile condition could induce a 
transient immunode�ciency and facilitate the appearance of  infections49.

Similar to our study, previous reports have shown the bene�cial e�ects of CSF1R inhibition in models of brain 
 disorders59,63,64. �ese protective e�ects induced by CSF1R inhibition could be due to di�erent mechanisms. On 
one hand, the remaining cells could present a modi�ed activity that would avoid the behavioral impairments 
induced by cocaine. In fact, it has been shown that the remaining microglia are less in�ammatory in protocols 
of CSF1R  inhibition64,68, while cocaine induces a more pro-in�ammatory microglia  pro�le29,30. On the other 
hand, the bene�cial e�ect observed with the CSF1R inhibition could be due to the reduction of the viable cells 
that could contribute to behavioral sensitization.

CSF1R inhibition also promoted morphological changes in the remaining microglia, as revealed by the 
increased rami�cation and lengths of the branches, and an increase in cell body size. In addition, we noticed 
an increased CD68-stained area in both PLX3397 and cocaine-treated mice, suggesting an altered microglial 
state of activation in animals submitted to CSF1R inhibition or cocaine exposition. In agreement with our data, 
Bennet et al. and Spiller et al. also observed an upregulation of CD68 in animals treated with  PLX339757,59. 
Although cocaine did not alter the estimated number of Iba-1+ cells in the NAc, we noticed an increase in the 
cell body to total cell size ratio in the core and shell in this region of animals treated with cocaine. �is suggests 
that cocaine activates microglia in these brain regions, as demonstrated  previously20,29. One possible mechanism 
that could explain the activation of these cells by cocaine is through the activation of TLR4. Cocaine is capable 
of binding to the MD-2/TLR4 complex in microglia, being recognized as an exogenous substance, which leads 
to a neuroin�ammatory  response20,26,27,29.

Notwithstanding both cocaine and PLX3397 altered the morphology of microglia that resembles an activated 
state, it is worth noting that the activity of the cells induced by both stimuli may di�er. Indeed, microglia pos-
sess a wide spectrum of  phenotypes69. �e microglia from animals treated with PLX3397 plus cocaine presents 
a di�erent morphology from animals treated with only cocaine, with increased rami�cation and lengths of the 
branches, and larger cell body. Importantly, morphological modi�cations are known to be related to alterations 
in microglia  function15,40,41, which suggests that the remaining cells are likely playing a di�erent role in the NAc 
and in the hippocampus of PLX3397-treated mice.

�e CX3CL1-CX3CR1 pathway is important for neuroin�ammation, synaptic plasticity and  neurogenesis45,70. 
We found that CSF1R inhibition increased CX3CL1 in the group treated with cocaine, but not with saline. In 
accordance with our study, Zhang et al. also demonstrated that PLX3397 per se did not alter the CX3CL1  levels71. 
It has been shown that, in an environment with microglia depletion, a TLR4 agonist induces a higher expression 

Figure 3.  E�ects of CSF1R inhibition and cocaine on microglia morphology. Representative images of 
the microglia morphology in the NAc core (A) and NAc shell (F). Quanti�cation of microglia branches 
rami�cation [NAc core—radius factor  (F(6,112) = 45.30; p < 0.0001), treatment factor  (F(3,112) = 16.18; p < 0.0001) 
and interaction factor  (F(18,112) = 4.56; p < 0.0001); NAc shell—radius factor  (F(6,112) = 6.11; p < 0.0001), treatment 
factor  (F(3,112) = 18.95; p < 0.0001) and interaction factor  (F(18,112) = 3.16; p < 0.0001)] (B, G), total number of 
intersections [NAc core—cocaine factor  (F(1,16) = 2.203; p = 0.1571), CSF1R inhibition factor  (F(1,16) = 56.83; 
p < 0.0001) and cocaine vs CSF1R inhibition factor  (F(1,16) = 0.16, p = 0.6926); NAc shell—cocaine factor 
 (F(1,16) = 0.7361; p = 0.4036), CSF1R inhibition factor  (F(1,16) = 21.20; p < 0.0003) and cocaine vs CSF1R 
inhibition factor  (F(1,16) = 0.11, p = 0.7365)] (C, H), total branch length (max. radius) [NAc core—cocaine factor 
 (F(1,16) = 3.273; p = 0.0893), CSF1R inhibition factor  (F(1,16) = 44.00; p < 0.0001) and cocaine vs CSF1R inhibition 
factor  (F(1,16) = 0.00, p = 0.999); NAc shell—cocaine factor  (F(1,16) = 0.6667; p = 0.4262), CSF1R inhibition factor 
 (F(1,16) = 32.67; p < 0.0001) and cocaine vs CSF1R inhibition factor  (F(1,16) = 0.66, p = 0.4262)] (D, I) and cell 
body to total cell size ratio [NAc core—cocaine factor  (F(1,20) = 10.48; p = 0.0041), CSF1R inhibition factor 
 (F(1,20) = 26.42; p < 0.0001), and cocaine vs CSF1R inhibition factor  (F(1,20) = 1.76; p = 0.1985)] [NAc shell—cocaine 
factor  (F(1,19) = 15.76; p < 0.001), CSF1R inhibition factor  (F(1,19) = 32.27; p < 0.0001) and cocaine vs CSF1R 
inhibition factor  (F(1,19) = 1.03, p = 0.3225)] (E, J) in the NAc core and NAc shell, respectively. Microscope lens 
40 × and 25 µm scale bar for the images, and 25 µm scale bar for the two-dimensional representation. Results 
are expressed as mean ± SEM. #p < 0.05 di�erence between saline and cocaine groups. *p < 0.05, **p < 0.01, 
***p < 0.001 and ****p < 0.0001 compared with the PLX3397 treated group (n = 4–5 in each group).
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of CX3CL1 mRNA in comparison with the activation of the receptor in a tissue containing a normal glial cell 
 population72. Importantly, cocaine may also bind and activate microglial  TLR420. �is also could, at least partially, 
explain the increase in CX3CL1 in the cocaine + PLX3397 group.

Figure 4.  E�ect of CSF1R inhibition and cocaine administration on CX3CL1 levels and CX3CR1 expression 
in the brain. Representative image of the CX3CL1-CX3CR1 pathway (A). Quanti�cation of CX3CL1 in the 
striatum [cocaine factor  (F(1,21) = 0.58; p = 0.4526), CSF1R inhibition factor  (F(1,21) = 15.35; p = 0.0008) and cocaine 
vs CSF1R inhibition factor  (F(1,21) = 2.58; p = 0.1230)] (B), hippocampus [cocaine factor  (F(1,22) = 0.55; p = 0.4641), 
CSF1R inhibition factor  (F(1,22) = 6.93; p = 0.0152) and cocaine vs CSF1R inhibition factor  (F(1,22) = 8,23; 
p = 0.0089)] (C) and PFC [cocaine factor  (F(1,22) = 1.42; p = 0.2456), CSF1R inhibition factor  (F(1,22) = 9.17; 
p = 0.0062) and cocaine vs CSF1R inhibition factor  (F(1,22) = 1.82; p = 0.1905)] (D) (n = 5–7 in each group). 
Quanti�cation of CX3CR1 in the striatum [cocaine factor  (F(1,32) = 1.16; p = 0.2896), CSF1R inhibition factor 
 (F(1,32) = 0.06; p = 0.8031) and cocaine vs CSF1R inhibition factor  (F(1,34) = 5.08; p = 0.0307) (E), hippocampus 
[cocaine factor  (F(1,30) = 0.03; p = 0.8522), CSF1R inhibition factor  (F(1,30) = 13.03; p = 0.0011) and cocaine vs 
CSF1R inhibition factor  (F(1,30) = 0.18; p = 0.6716)] (F) and PFC [cocaine factor  (F(1,34) = 0.00; p = 0.97), CSF1R 
inhibition factor  (F(1,34) = 0.11; p = 0.7390) and cocaine vs CSF1R inhibition factor  (F(1,32) = 8.57; p = 0.0062) 
(G) (n = 8–10 in each group). Results are expressed as mean ± SEM. *p < 0.05 and **p < 0.01 compared with the 
PLX3397 treated group.
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Here, CX3CR1 was reduced in the hippocampus of mice treated with CSF1R inhibitor and cocaine in com-
parison with the animals treated only with cocaine. It has been demonstrated that no reduction in the expression 
of the receptor is observed with a 30% depletion of microglia  cells57. On the other hand, the depletion of 90% 
of the cells with PLX3397 decreased CX3CR1  expression72,73. �us, considering that CX3CR1 is expressed by 
microglia, a decrease in the amount of the receptor expression in the tissues may be due to the reduction of the 
proportion of these cells. Besides, the expression of the receptor could be di�erently regulated depending on 
the brain region, due to the neurotransmitter and cytokines milieu present in the area, as well as the stimulus 
 used74,75.

Although the CX3CR1/CX3CL1 pathway is important for neuron-microglia communication in both physi-
ological and pathological conditions, only few studies have investigated its role in animal models of addiction. 
For example, morphine treatment did not alter the expression of CX3CR1, but decreased CX3CL1  levels76. Linker 
et al. showed that CX3CL1 is required for the increase in cocaine self-administration and microglial activation 
induced by nicotine in adolescent  mice31. Finally, CX3CR1-de�cient mice revealed impaired extinction of cocaine 
induced-CPP, but not acquisition and  reinstatement77.

In the present study, both cocaine and microglia depletion reduced the levels of BDNF in the hippocampus. 
In agreement with our results, it has been shown that repeated administration of cocaine leads to a reduction 
of this neurotrophic factor in the  hippocampus78,79. Although microglia may not represent the main source of 
BDNF in the brain, the release of this neurotrophin by these cells seems to be important in physiological and 
pathological  conditions80. In addition, it has been shown that BDNF synthesis and release are regulated by a 
plethora of events and circumstances, such as altered levels of ions, depolarization, neurotransmitters, hormones, 
in�ammatory mediators, among  others81. In this sense, alteration of microglia population and properties may 
alter the hippocampal environment, leading to varied stimuli that could in�uence the production of this neu-
rotrophic factor, such as neurons and oligodendrocytes. �is could partially explain the results obtained in the 
present study. However, the reduction of BDNF induced by cocaine and/or microglia depletion, as well as its 
role in sensitization induced by cocaine, should be investigated in future studies.

Figure 5.  E�ect of CSF1R inhibition and cocaine administration on neurotrophic levels and TrkB mRNA 
expression in the brain. Quanti�cation of BDNF in the striatum [cocaine factor  (F(1,21) = 0.27; p = 0.6058), CSF1R 
inhibition factor  (F(1,21) = 1.15; p = 0.2946) and cocaine vs CSF1R inhibition factor  (F(1,21) = 2.17; p = 0.1555) 
(A), in the hippocampus [cocaine factor  (F(1,21) = 97.38; p < 0.0001), CSF1R inhibition factor  (F(1,21) = 41.00; 
p < 0,0001) and cocaine vs CSF1R inhibition factor  (F(1,21) = 3.22; p = 0.0868)] (B) and in the PFC [cocaine factor 
 (F(1,20) = 3.81; p = 0.0650), CSF1R inhibition factor  (F(1,20) = 0.37; p = 0.5455) and cocaine vs CSF1R inhibition 
factor  (F(1,20) = 0.48; p = 0.4937)] (C). Quanti�cation of TrkB mRNA expression in the striatum [cocaine factor 
 (F(1,23) = 0.93; p = 0.34), CSF1R inhibition factor  (F(1,23) = 0.75; p = 0.3940) and cocaine vs CSF1R inhibition 
factor  (F(1,23) = 1.41; p = 0.2458)] (D), hippocampus [cocaine factor  (F(1,23) = 0.51; p = 0.4797), CSF1R inhibition 
factor  (F(1,23) = 0.10; p = 0.7518) and cocaine vs CSF1R inhibition factor  (F(1,23) = 0.003; p = 0.9541)]. (E) and PFC 
[cocaine factor  (F(1,23) = 0.62; p = 0.4371), CSF1R inhibition factor  (F(1,23) = 5.52; p = 0.0265) and cocaine vs CSF1R 
inhibition factor  (F(1,23) = 4.04; p = 0.0563)] (F). Results are expressed as mean ± SEM. #p < 0.05, ##p < 0.01 and 
####p < 0.0001 di�erence between the saline and cocaine groups. *p < 0.05 and ****p < 0.0001 compared with the 
PLX3397 treated group (n = 4–7 in each group).
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As previously mentioned, the role of TrkB-BDNF signaling may vary depending on the region in the context 
of drug  addiction82–85, although this is not fully understood. In the PFC, we found that cocaine decreased TrkB 
mRNA levels, an e�ect that was prevented by CSF1R inhibition. Cocaine administration decreases BDNF levels 
and synaptic density in the PFC, a�ecting cortico-striatal glutamatergic signaling. Furthermore, BDNF micro-
infusion in this region can restore this signaling and reverse behavioral alterations induced by  cocaine86–90. In 
this sense, the reversal of TrkB mRNA levels induced by the partial microglial depletion could contribute to the 
reduced behavioral sensitization.

�e CSF1R pathway is involved not only in physiological, but also pathological conditions, being, therefore, an 
important target for the development of therapeutic approaches to treat numerous  diseases91. �e CSF1R signal-
ing, via its both ligands, CSF1 and IL-34, regulates microglia development, function and  viability92,93. However, 
there are some di�erences in terms of actions of these both agonists. CSF1 and IL-34 bind to di�erent domains 
of the  CSF1R92 and also may possess di�erent functions in the  brain93,94. Moreover, there are regional and cell 
di�erences in terms of their  expression94,95. Finally, although CSF1 is mainly an agonist of CSF1R, IL-34 binds to 
other targets, such as the receptor type protein-tyrosine phosphatase-zeta and the transmembrane heparin sulfate 
proteoglycan syndecan-1, which regulate important cellular  processes96. Nevertheless, some e�ects mediated by 
CSF1R in drug addiction could be due to its activation by IL-34. �us, since in the present study we evaluated the 
e�ect of CSF1R inhibition in the behavioral alterations induced by cocaine, the role of the IL-34 in this pathway 
should be investigated in future studies.

�is study has some limitations. CSF1R inhibition reduces the behavioral sensitization by cocaine, which 
represents only the binge/intoxication stage of neurobiology of drug addiction. Additionally, this work did not 
determine the cells responsible for the BDNF production. Since neurons and oligodendrocytes are important 
sources of BDNF, these cells may contribute to the alterations in the levels of this neurotrophic factor observed 
in the present study. Finally, although we found alterations in CX3CL1-CX3XR1 levels, which is a more speci�c 
microglia-neuron signaling, further studies are needed to elucidate the role of this signaling in the context of 
behavioral and neural alterations induced by cocaine.

Conclusion
In summary, our results suggest the participation of CSF1R and microglia in behavioral sensitization induced 
by cocaine. In addition, PLX3397 changed CX3CL1-CX3CR1 and BDNF-TrkB levels, two e�ects that could be 
involved in the protective e�ect of CSF1R inhibition and that deserve further investigation. �is study opens a 
new avenue to the investigation of the role of microglia in drug addiction.

Material and methods
Animals. All procedures used in this study were carried out in accordance with the guidelines of the Brazil-
ian National Council of the Control of Animal Experimentation (CONCEA) and approved by the Ethics Com-
mittee on Animal Use of Federal University of Minas Gerais under the protocol number 231/2018. �is study 
was performed in accordance with the ARRIVE guidelines. Experiments were conducted using male Swiss mice 
(8–9 weeks of age) obtained from Animal Care Facilities of the Institute of Biological Sciences (ICB). Animals 
were kept under controlled room temperature (24 °C) under 12 h:12 h light–dark cycle and ad libitum access to 
food and water.

All procedures used in this study were approved by the Ethic Committee on Animal Use of Federal University 
of Minas Gerais and institutionally approved under protocol number 231/2018. �is study was performed in 
accordance with the ARRIVE guidelines.

Drugs. In order to perform the study, the following substances were used: cocaine (Merck & Co., Inc.) diluted 
in saline (NaCl 0.9%); pexidartinib (PLX3397—MedChemExpress) diluted in dimethyl sulfoxide (DMSO) 1%, 
polyethylene glycol 300 (PEG-300—Synth) 45%, tween 80 5% and saline; ketamine 10% and xylazine 2%.

Behavioral tests. Behavioral sensitization. Acute administration of psychostimulant drugs, such as co-
caine, promotes behavioral changes like the increase in locomotor activity. In addition, repeated administration 
of the same dose of the drug over the days can promote plastic changes that accentuates this  hyperlocomotion38,97.

In the behavioral sensitization test, animals were submitted to the open �eld to assess locomotor activity. �e 
equipment consists of a circular arena of approximately 120 cm in diameter, surrounded by a circular wall of 
45 cm height. Mice were placed individually at the center of the arena and the total distance traveled for 30 min 
was evaluated for 7  days29,97. In the �rst two days, animals were habituated to the arena and from the 3rd until 
the 7th day, animals were treated with intraperitoneal (i.p.) injection of cocaine (15 mg/kg) or saline. To test 
our hypothesis, animals were treated with PLX3397 (40 mg/kg)37,98, an CSF1R inhibitor drug, or vehicle by oral 
gavage once a day. In order to achieve a reduction of the microglia population at the beginning of cocaine injec-
tion, we started the administration of PLX3397 3 days before the �rst injection of the psychostimulant. In this 
protocol, PLX3397 treatment lasted 7 days (Fig. 1A). Animals were euthanized immediately a�er the end of the 
behavioral tests to collect the brain tissues for morphological and biochemical analysis.

Conditioned place preference. �e paradigm of conditioned place preference (CPP) is based on Pavlovian con-
ditioning, in which an environmental clue is associated with a stimulus �us, this model is used to understand 
the rewarding mechanisms of a  drug38,97.

CPP test consists of three phases: pre-test, conditioning and  test97,99. In the pre-test (day 1), animals were 
placed individually in the central chamber (9.5 cm long, 5 cm wide and 12 cm height) in an acrylic box contain-
ing two other sides of equal dimensions (15 cm in length, 12 cm in width and 12 cm height). �ey were able to 
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freely explore the three compartments. �e pretest was recorded and the time spent in each compartment for 
15 min was evaluated using the ANY-maze so�ware. Mice that spent more than 70% of their time exploring one 
side were excluded from the next analysis. Conditioning phase lasted 6 days, and the animals were treated with 
cocaine or saline on alternate days in one side of the box, as follows: (I) groups treated with cocaine. On days 
2, 4 and 6, animals were treated with cocaine (15 mg/kg, i.p.) and con�ned to one side of the box (drug-paired 
side), where they remained for 30 min. On days 3, 5 and 7, animals were treated with saline and con�ned on the 
opposite side. (II) groups treated with saline. Control groups were treated with saline solution every day and 
con�ned to a di�erent side of the box a�er each injection. Animals were randomly positioned in each side of the 
a�er receiving cocaine. On the test day (day 8), animals were placed in the central chamber and were able to freely 
explore the environment for 15 min. �e test was recorded and the exploration time of each compartment was 
evaluated. �e result was presented as the preference rate (s) and the CPP score was de�ned as the time spent in 
the drug-paired chamber on the test day minus the time spent on that same side on the day of pre-test. To test 
our hypothesis, animals were treated with PLX3397 (40 mg/kg, p.o.) or vehicle once a day. In order to achieve 
a reduction of the microglia population at the beginning of cocaine injection, we started the administration of 
PLX3397 3 days before the �rst injection of the psychostimulant. In this protocol, PLX3397 treatment lasted 
9 days (Fig. 1C). Animals were euthanized immediately a�er the end of the behavioral tests.

Intracardiac perfusion and brain slice preparation. At the end of each behavioral test, animals were 
anesthetized with ketamine (80 mg/kg, i.p.) and xylazine (8 mg/kg, i.p.), and then were subjected to thoracotomy 
to expose the heart. Subsequently, a hypodermic needle connected to an infusion system (peristaltic pump) 
was inserted in the le� ventricle, allowing the exchange the blood with a phosphate bu�er solution in saline 
(PBS—pH 7.4), an infusion rate 4 mL/min. A�er infusing about 30 mL of PBS, the animals were perfused with 
a 4% paraformaldehyde solution (PFA—pH 7.4). A�er completing the perfusion, animals were decapitated, 
their brains were removed and stored in bu�ered PFA 4% overnight. Subsequently, brains were moved to a 30% 
sucrose solution, until complete saturation, then were frozen in isopentane 99% and dry ice for 20 s and stored 
at − 80 °C. Brains were sliced into 30-μm-thick sections at − 20 °C with the cryostat.

Immunofluorescence analysis of Iba-1+ and  CD68+ cells. In order to quantify the number of micro-
glial cells and a suggestive activation state, slices (30 µm) were incubated with a citrate bu�er for 60 min at 70 °C 
for antigenic recovery and washed with TBS and blocked for 2 h with blocking solution (4% BSA in 0.5% TBST). 
Slices were then incubated overnight with primary antibodies rabbit anti-Iba-1 (1:500; Wako Chemicals, Osaka, 
Japan) and rat anti-CD68 (1:500; AbD Serotec, Hercules, USA). �erea�er, slices were washed with TBS and 
incubated for 2 h with secondary antibodies goat anti-rabbit (1:1000; Alexa Fluor 594, Life Technologies, Carls-
bad, USA) and goat anti-rat (1:1000; Alexa Fluor 488, Life Technologies, Carlsbad, USA). Immediately a�er, 
they were washed, incubated with DAPI 1.75 μg/mL for 30 min, washed again and mounted in gelatinized slides 
with Fluoromount (Sigma-Aldrich, St. Louis, USA). Slices were observed under �uorescence with LSM880 Zeiss 
microscope in 20X magni�cation. Since there are anatomical and functional di�erences between the NAc core 
and  shell100, and both regions also present distinct roles in the context of  addiction101,102, which could lead to 
di�erent microglial  responses103, both regions were separately evaluated. �e Paxinos and Watson mouse brain 
atlas was used to localize and di�erentiate these nuclei. �e quanti�cation of labeled cell-bodies was performed 
using the so�ware ImageJ 1.52a and the results are represented as the number of positive cell-bodies per �eld for 
Iba-1+ and total area stained for  CD68104.

Morphological analysis of microglia. In order to evaluate whether cocaine and/or PLX3397 a�ect 
microglial morphology, both Sholl analysis and cell body to total cell size ratio were applied. To this end, slices 
(30 µm) were �rst submitted to immunohistochemistry. Sections were incubated with citrate bu�er for 60 min at 
70 °C, pretreated with 1%  H2O2 for 15 min and blocked for 2 h with blocking solution (4% BSA in 0.5% TBST) 
and incubated with rabbit anti-Iba-1 (1:500; Wako Chemicals, Osaka, Japan) during 72 h. A�er that, slices were 
washed and incubated with secondary antibody [biotinylated goat anti-rabbit, 1:1,000, VECTASTAIN Elite ABC 
Kit (Rabbit IgG)—VECTOR Laboratories, Burlingame, CA, USA). �e sections were then incubated for 1 h with 
avidin–biotin peroxidase complex (VECTASTAIN ABC kit, Vector Laboratories, Burlingame, USA) at room 
temperature. Labeling was visualized by using diaminobenzidine (DAB) solution activated with 0.1%  H2O2. 
Slices were observed with Zeiss Imager A.2 microscope in 40 × magni�cation lens and pictures were taken of the 
NAc core and shell, and also CA1 according to the Paxinos and Watson mouse brain atlas.

For Sholl analysis, 5 cells per animal from 5 animals per group were selected. Only individualized cells with 
complete dendritic trees were selected for analysis. For each animal, the mean value between the 5 cells were 
represented. A�er selecting microglia, adjusted threshold was applied to 8 bit images, followed by the application 
of the Sholl analysis plugin of Image J so�ware. Concentric circles, centered on the soma and increasing 4 μm 
with every circle, were drawn. �e number of intersections per radius, total intersections for each cell and the 
maximum branch length (based on the maximum radius intersected) were considered for evaluation. For gener-
ating cell body to total cell size ratio, adjusted threshold and analyze particles functions of ImageJ so�ware were 
applied to 8 bits images from the three regions evaluated in the present work (3 pictures per region). �e intensity 
threshold (default algorithm) and size �lter were applied to measure the pixels from the cell body size and pixels 
from the total cell size (cell body + dendrites) as previously  described42,43. Sholl analysis and cell body to total 
cell size ratio were utilized as a measurement for morphological changes that suggest microglial  activation40–43.

GFAP immunofluorescence. In order to estimate the number of astrocytes, slices (30 µm) were incubated 
with a citrate bu�er for 60 min at 70 °C for antigenic recovery and washed with TBS and blocked for 2 h with 
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blocking solution (4% BSA in 0.5% TBST). A�er that, slices were incubated overnight with primary antibody 
rabbit anti-GFAP (1:800; Cell Signaling, Danvers, USA). �en, slices were washed with TBST and incubated for 
2 h with secondary antibody goat anti-rabbit (1:1000; Alexa Fluor 488, Life Technologies, Carlsbad, USA). Slices 
were washed and mounted in gelatinized slides with Fluoromount (Sigma-Aldrich, St. Louis, USA). Slices were 
observed under �uorescence with LSM880 Zeiss confocal microscope in 20X magni�cation lens and pictures 
were taken of the nucleus accumbens (NAc) core and shell according to the Paxinos and Watson mouse brain 
atlas. �e quanti�cation of labeled cells was performed by the so�ware ImageJ 1.52a and the results are repre-
sented as total area stained for  astrocytes104.

Assessment of neurotrophic factors and CX3CL1. Brain samples from animals that have not been 
subjected to intracardiac perfusion were used in biochemical and molecular analysis. �e prefrontal cortex 
(PFC), hippocampus and striatum previously dissected from animals submitted to behavioral sensitization were 
homogenized in an cytokine extraction solution [Tris–HCl 2 mM pH 8.0; 137 mM NaCl; 1% NP40; glycerol 
10%; 0.1 mM phenylmethylsulfonyl �uoride (PMSF); 1 µM pepstatin A; 10 mM EDTA; E-64 10 μM and 0.5 mM 
sodium vanadium diluted in distilled water] and centrifuged at 4 °C at 14,000 rpm for 20 min. Subsequently, the 
enzyme-linked immunosorbent assay (ELISA) was performed to detect the concentration of neurotrophic fac-
tors (BDNF, NGF, GDNF) and chemokine (CX3CL1) using kits from R&D Systems (DuoSet, Minneapolis, MN), 
according to the procedures described by the manufacturer. Results are expressed as pg/µg of protein.

Real time quantitative PCR (RT-qPCR). Total RNA was obtained from the PFC, striatum and hippocam-
pus from animals submitted to behavioral sensitization using TRIzol reagent (Life Technologies, �ermoFisher 
Scienti�c, MA, USA) according to manufacturer’s instructions. One microgram of RNA was used to synthesize 
�rst strand cDNA, prepared with SuperScript III reverse transcriptase (Invitrogen, �ermoFisher Scienti�c, MA, 
USA) following the manufacturer’s protocol. Quantitative PCR was performed using  RT2 SYBR® Green qPCR 
Mastermix kit (Qiagen) with a CFX96 Touch™ Real Time detection system (BioRad). �e primer sequences used 
(sense and antisense)were: Cx3cr1 (TGC CTT CTT CCT CTT CTG GA; TAA AGG GGT TGA GGC AAC AG), Ntrk2 
(CCG CTA GGA TTT GGT GTA CTG; CCG GGT CAA CGC TGT TAG G) and Rpl32 (GCT GCC ATC TGT TTT ACG 
G; TGA CTG GTG CCT GAT GAA CT). �e expression data were calculated as 2 to the power of − ΔCt (where ΔCt 
is the di�erence between Cts of the target gene and Rpl32 reference gene). Results are presented as normalized 
values relative to saline + vehicle group.

Statistical analyses. A statistical analysis was performed using the statistical program Prism 8.0 (GraphPad, 
CA, USA). Behavioral, histological and biochemical data were submitted to the Kolmogorov–Smirnov test for 
normality evaluation and were subsequently analyzed using the two-way ANOVA followed by Tukey post-hoc 
test. Data were presented as mean ± standard error of the mean. �e level of signi�cance was set at p ≤ 0.05.

Received: 30 March 2021; Accepted: 13 July 2021

References
 1. World Drug Report 2019 (United Nations publications, Sales No. E.19.XI.8).
 2. Moulahoum, H., Zihnioglu, F., Timur, S. & Coskunol, H. Novel technologies in detection, treatment and prevention of substance 

use disorders. J. Food Drug Anal. 27, 22–31 (2019).
 3. National Drug Intelligence Center. National drug threat assessment 2011. Natl. Drug Intell. Cent. 1, 1–72. https:// doi. org/ 10. 

1037/ e6183 52012- 001 (2011).
 4. Volkow, N. D., Koob, G. F. & McLellan, A. T. Neurobiologic advances from the brain disease model of addiction. N. Engl. J. Med. 

374, 363–371 (2016).
 5. Bobadilla, A. C. et al. Corticostriatal plasticity, neuronal ensembles, and regulation of drug-seeking behavior. Prog Brain 

Res. 235, 93–112 (2017).
 6. Ouzir, M. & Errami, M. Etiological theories of addiction: A comprehensive update on neurobiological, genetic and behavioural 

vulnerability. Pharmacol. Biochem. Behav. 148, 59–68 (2016).
 7. Sinha, R. New �ndings on biological factors predicting addiction relapse vulnerability. Curr. Psychiatry Rep. 13, 398–405 (2011).
 8. Chan, B. et al. Pharmacotherapy for stimulant use disorders: A systematic review. Pharmacother. Stimul. Use Disord. A 1, 1–10 

(2018).
 9. Mabrouk, O. S. et al. �e in vivo neurochemical pro�le of selectively bred high-responder and low-responder rats reveals baseline, 

cocaine-evoked, and novelty-evoked di�erences in monoaminergic systems. ACS Chem. Neurosci. 9, 715–724 (2018).
 10. Kim, J. H. & Lawrence, A. J. Drugs currently in Phase II clinical trials for cocaine addiction. Expert Opin. Investig. Drugs 23, 

1105–1122 (2014).
 11. Li, X. & Wolf, M. E. Multiple faces of BDNF in cocaine addiction. Behav. Brain Res. 279, 240–254 (2015).
 12. Preston, C. J., Brown, K. A. & Wagner, J. J. Cocaine conditioning induces persisting changes in ventral hippocampus synaptic 

transmission, long-term potentiation, and radial arm maze performance in the mouse. Neuropharmacology 150, 27–37 (2019).
 13. Rich, M. T., Huang, Y. H. & Torregrossa, M. M. Plasticity at thalamo-amygdala synapses regulates cocaine-cue memory forma-

tion and extinction. Cell Rep. 26, 1010-1020.e5 (2019).
 14. Lacagnina, M. J., Rivera, P. D. & Bilbo, S. D. Glial and neuroimmune mechanisms as critical modulators of drug use and abuse. 

Neuropsychopharmacology 42, 156–177 (2017).
 15. Helmut, K., Hanisch, U. K., Noda, M. & Verkhratsky, A. Physiology of microglia. Physiol. Rev. 91, 461–553 (2011).
 16. Grassivaro, F. et al. Convergence between microglia and peripheral macrophages phenotype during development and neuroin-

�ammation. J. Neurosci. 40, 784–795 (2020).
 17. Lenz, K. M. & Nelson, L. H. Microglia and beyond: Innate immune cells as regulators of brain development and behavioral 

function. Front. Immunol. 9, 698 (2018).

https://doi.org/10.1037/e618352012-001
https://doi.org/10.1037/e618352012-001


13

Vol.:(0123456789)

Scientific Reports |        (2021) 11:15989  | https://doi.org/10.1038/s41598-021-95059-7

www.nature.com/scientificreports/

 18. Cotto, B., Li, H., Tuma, R. F., Ward, S. J. & Langford, D. Cocaine-mediated activation of microglia and microglial MeCP2 and 
BDNF production. Neurobiol. Dis. 117, 28–41 (2018).

 19. Crews, F. T., Walter, T. J., Coleman, L. G. & Vetreno, R. P. Toll-like receptor signaling and stages of addiction. Psychopharmacol-
ogy 234, 1483–1498 (2017).

 20. Northcutt, A. L. et al. DAT isn’t all that: Cocaine reward and reinforcement require Toll-like receptor 4 signaling. Mol. Psychiatry 
20, 1525–1537 (2015).

 21. Parkhurst, C. N. et al. Microglia promote learning-dependent synapse formation through brain-derived neurotrophic factor. 
Cell 155, 1596–1609 (2013).

 22. Bachtell, R. et al. Targeting the toll of drug abuse: �e translational potential of toll-like receptor 4. CNS Neurol. Disord. Drug 
Targets 14, 692–699 (2015).

 23. Weinhard, L. et al. Microglia remodel synapses by presynaptic trogocytosis and spine head �lopodia induction. Nat. Commun. 
9, 12 (2018).

 24. Wu, Y., Dissing-Olesen, L., MacVicar, B. A. & Stevens, B. Microglia: dynamic mediators of synapse development and plasticity. 
Trends Immunol. 36, 605–613 (2015).

 25. Prieto, G. A. & Cotman, C. W. Cytokines and cytokine networks target neurons to modulate long-term potentiation. Cytokine 
Growth Factor Rev. 34, 27–33 (2017).

 26. Brown, K. T. et al. Innate immune signaling in the ventral tegmental area contributes to drug-primed reinstatement of cocaine 
seeking. Brain. Behav. Immun. 67, 130–138 (2018).

 27. Periyasamy, P. et al. Cocaine-mediated downregulation of miR-124 activates microglia by targeting KLF4 and TLR4 signaling. 
Mol. Neurobiol. 55, 3196–3210 (2018).

 28. Petrulli, J. R. et al. Systemic in�ammation enhances stimulant-induced striatal dopamine elevation. Transl. Psychiatry 7, e1076 
(2017).

 29. Lewitus, G. M. et al. Microglial TNF-α suppresses cocaine-induced plasticity and behavioral sensitization. Neuron 90, 483–491 
(2016).

 30. Liao, K. et al. Cocaine-mediated induction of microglial activation involves the ER stress-TLR2 axis. J. Neuroin�ammation 13, 
12 (2016).

 31. Linker, K. E. et al. Microglial activation increases cocaine self-administration following adolescent nicotine exposure. Nat. 
Commun. 11, 1–14 (2020).

 32. Syapin, P. J. et al. E�ective reduction in high ethanol drinking by semisynthetic tetracycline derivatives. Alcohol. Clin. Exp. Res. 
40, 2482–2490 (2016).

 33. Poland, R. S., Hahn, Y. K., Knapp, P. E., Beardsley, P. M. & Bowers, M. S. Ibudilast attenuates expression of behavioral sensitiza-
tion to cocaine in male and female rats. Neuropharmacology 109, 281–292 (2016).

 34. González, J. C. et al. Neuroprotectant minocycline depresses glutamatergic neurotransmission and Ca2+ signalling in hip-
pocampal neurons. Eur. J. Neurosci. 26, 2481–2495 (2007).

 35. Imbesi, M., Uz, T., Manev, R., Sharma, R. P. & Manev, H. Minocycline increases phosphorylation and membrane insertion of 
neuronal GluR1 receptors. Neurosci. Lett. 447, 134–137 (2008).

 36. Liu, X., Zhong, P., Vickstrom, C., Li, Y. & Liu, Q. S. PDE4 inhibition restores the balance between excitation and inhibition in 
vta dopamine neurons disrupted by repeated in vivo cocaine exposure. Neuropsychopharmacology 42, 1991–1999 (2017).

 37. Elmore, M. R. P. et al. Colony-stimulating factor 1 receptor signaling is necessary for microglia viability, unmasking a microglia 
progenitor cell in the adult brain. Neuron 82, 380–397 (2014).

 38. Kõks, S. Experimental models on e�ects of psychostimulants. Int Rev Neurobiol. 120, 107–129 (2015).
 39. Waller, R. et al. Iba-1-/CD68+ microglia are a prominent feature of age-associated deep subcortical white matter lesions. PLoS 

ONE 14, e0210888 (2019).
 40. Webb, S. D. & Orton, L. D. Iba1+ microglia exhibit morphological di�erences between inferior colliculus sub-regions and their 

abutments onto GAD67+ somata reveal two novel sub-types of gabaergic neuron. BioRxiv https:// doi. org/ 10. 1101/ 606509 (2019).
 41. Morrison, H. W. & Filosa, J. A. A quantitative spatiotemporal analysis of microglia morphology during ischemic stroke and 

reperfusion. J. Neuroin�amm. 10, 782 (2013).
 42. Hovens, I., Nyakas, C. & Schoemaker, R. A novel method for evaluating microglial activation using ionized calcium-binding 

adaptor protein-1 staining: Cell body to cell size ratio. Neuroimmunol. Neuroin�amm. 1, 82 (2014).
 43. Gomes, J. A. S. et al. High-re�ned carbohydrate diet consumption induces neuroin�ammation and anxiety-like behavior in 

mice. J. Nutr. Biochem. 77, 108317 (2020).
 44. Gomes, J. A. S. et al. A high-re�ned carbohydrate diet facilitates compul. Nitric Oxide Biol. Chem. 80, 61–69 (2018).
 45. Rogers, J. T. et al. CX3CR1 de�ciency leads to impairment of hippocampal cognitive function and synaptic plasticity. J. Neurosci. 

31, 16241–16250 (2011).
 46. Paolicelli, R. C. et al. Synaptic pruning by microglia is necessary for normal brain development. Science 333, 1456–1458 (2011).
 47. Jha, M. K., Jo, M., Kim, J. H. & Suk, K. Microglia-astrocyte crosstalk: An intimate molecular conversation. Neuroscientist 25, 

227–240 (2019).
 48. Periyasamy, P., Guo, M. L. & Buch, S. Cocaine induces astrocytosis through ER stress-mediated activation of autophagy. 

Autophagy 12, 1310–1329 (2016).
 49. Han, J., Zhu, K., Zhang, X. M. & Harris, R. A. Enforced microglial depletion and repopulation as a promising strategy for the 

treatment of neurological disorders. Glia 67, 217–231 (2019).
 50. DeNardo, D. G. et al. Leukocyte complexity predicts breast cancer survival and functionally regulates response to chemotherapy. 

Cancer Discov. 1, 54–67 (2011).
 51. Chen, H., Uz, T. & Manev, H. Minocycline a�ects cocaine sensitization in mice. Neurosci. Lett. 452, 258–261 (2009).
 52. Taylor, A. M. W. et al. Neuroimmune regulation of GABAergic neurons within the ventral tegmental area during withdrawal 

from chronic morphine. Neuropsychopharmacology 41, 949–959 (2016).
 53. LoIacono, L. et al. From traumatic childhood to cocaine abuse: �e critical function of the immune system. Biol. Psychiatry 84, 

905–916 (2018).
 54. Möller, T. et al. Critical data-based re-evaluation of minocycline as a putative speci�c microglia inhibitor. Glia 64, 1788–1794 

(2016).
 55. Anagnostaras, S. G., Schallert, T. & Robinson, T. E. Memory processes governing amphetamine-induced psychomotor sensitiza-

tion. Neuropsychopharmacology 26, 703–715 (2002).
 56. Anagnostaras, S. G. & Robinson, T. E. Sensitization to the psychomotor stimulant e�ects of amphetamine: Modulation by 

associative learning. Behav. Neurosci. 110, 1397–1414 (1996).
 57. Bennett, R. E. et al. Partial reduction of microglia does not a�ect tau pathology in aged mice. J. Neuroin�ammation 15, 1–11 

(2018).
 58. Brown, D. G. et al. �e microbiota protects from viral- induced neurologic damage through microglia-intrinsic TLR signaling. 

Elife 8, e1234 (2019).
 59. Spiller, K. J. et al. Microglia-mediated recovery from ALS-relevant motor neuron degeneration in a mouse model of TDP-43 

proteinopathy. Nat. Neurosci. 21, 329–340 (2018).

https://doi.org/10.1101/606509


14

Vol:.(1234567890)

Scientific Reports |        (2021) 11:15989  | https://doi.org/10.1038/s41598-021-95059-7

www.nature.com/scientificreports/

 60. Dagher, N. N. et al. Colony-stimulating factor 1 receptor inhibition prevents microglial plaque association and improves cogni-
tion in 3xTg-AD mice. J. Neuroin�amm. 12, 10 (2015).

 61. Feng, X. et al. Colony-stimulating factor 1 receptor blockade prevents fractionated whole-brain irradiation-induced memory 
de�cits. J. Neuroin�amm. 13, 215 (2016).

 62. Wang, J. et al. Microglial activation contributes to depressive-like behavior in dopamine D3 receptor knockout mice. Brain. 
Behav. Immun. 83, 226–238 (2020).

 63. Dwyer, Z. et al. Microglia depletion prior to lipopolysaccharide and paraquat treatment di�erentially modulates behavioral and 
neuronal outcomes in wild type and G2019S LRRK2 knock-in mice. Brain Behav. Immun. Health. 5, 100079 (2020).

 64. Nissen, J. C., �ompson, K. K., West, B. L. & Tsirka, S. E. Csf1R inhibition attenuates experimental autoimmune encephalomy-
elitis and promotes recovery. Exp. Neurol. 307, 24–36 (2018).

 65. Gerber, Y. N. et al. CSF1R inhibition reduces microglia proliferation, promotes tissue preservation and improves motor recovery 
a�er spinal cord injury. Front. Cell. Neurosci. 12, 368 (2018).

 66. Beckmann, N. et al. Brain region-speci�c enhancement of remyelination and prevention of demyelination by the CSF1R kinase 
inhibitor BLZ945. Front. Cell. Neurosci. https:// doi. org/ 10. 1186/ s40478- 018- 0510-8 (2018).

 67. Wang, Y. R., Mao, X. F., Wu, H. Y. & Wang, Y. X. Liposome-encapsulated clodronate speci�cally depletes spinal microglia and 
reduces initial neuropathic pain. Biochem. Biophys. Res. Commun. 499, 499–505 (2018).

 68. Martínez-Muriana, A. et al. CSF1R blockade slows the progression of amyotrophic lateral sclerosis by reducing microgliosis 
and invasion of macrophages into peripheral nerves. Sci. Rep. 6, 2–20 (2016).

 69. Ransoho�, R. M. A polarizing question: Do M1 and M2 microglia exist. Nat. Neurosci. 19, 987–991 (2016).
 70. Bolós, M. et al. Absence of microglial CX3CR1 impairs the synaptic integration of adult-born hippocampal granule neurons. 

Brain. Behav. Immun. 68, 76–89 (2018).
 71. Zhang, B. et al. Inhibition of colony stimulating factor 1 receptor suppresses neuroin�ammation and neonatal hypoxic-ischemic 

brain injury. Front. Neurol. 12, 607370 (2021).
 72. Coleman, L. G., Zou, J. & Crews, F. T. Microglial depletion and repopulation in brain slice culture normalizes sensitized proin-

�ammatory signaling. J. Neuroin�amm. 17, 1–20 (2020).
 73. Walter, T. J. & Crews, F. T. Microglial depletion alters the brain neuroimmune response to acute binge ethanol withdrawal. J. 

Neuroin�amm. 14, 1–19 (2017).
 74. de Miranda, A. S., Zhang, C. J., Katsumoto, A. & Teixeira, A. L. Hippocampal adult neurogenesis: Does the immune system 

matter?. J. Neurol. Sci. 372, 482–495 (2017).
 75. Chen, S., Luo, D., Streit, W. J. & Harrison, J. K. TGF-β1 upregulates CX3CR1 expression and inhibits fractalkine-stimulated 

signaling in rat microglia. J. Neuroimmunol. 133, 46–55 (2002).
 76. Schwarz, J. M., Smith, S. H. & Bilbo, S. D. FACS analysis of neuronal-glial interactions in the nucleus accumbens following 

morphine administration. Psychopharmacology 230, 525–535 (2013).
 77. Montesinos, J. et al. Cocaine-induced changes in CX3CL1 and in�ammatory signaling pathways in the hippocampus: Associa-

tion with IL1β. Neuropharmacology 162, 1–11 (2020).
 78. Harvey, E., Blurton-Jones, M. & Kennedy, P. J. Hippocampal BDNF regulates a shi� from �exible, goal-directed to habit memory 

system function following cocaine abstinence. Hippocampus 29, 1101–1113 (2019).
 79. Zilkha, N., Feigin, E., Barnea-Ygael, N. & Zangen, A. Induction of depressive-like e�ects by subchronic exposure to cocaine or 

heroin in laboratory rats. J. Neurochem. 130, 575–582 (2014).
 80. Harley, S. B. R. et al. Selective ablation of BDNF from microglia reveals novel roles in self-renewal and hippocampal neurogenesis. 

J. Neurosci. 41, 4172–4186 (2021).
 81. Brigadski, T. & Leßmann, V. �e physiology of regulated BDNF release. Cell Tissue Res. 382, 15–45 (2020).
 82. Lobo, M. K. et al. Cell type: Speci�c loss of BDNF signaling mimics optogenetic control of cocaine reward. Science 330, 385–390 

(2010).
 83. Otis, J. M., Fitzgerald, M. K. & Mueller, D. Infralimbic BDNF/TrkB enhancement of GluN2B currents facilitates extinction of a 

cocaine-conditioned place preference. J. Neurosci. 34, 6057–6064 (2014).
 84. Ka, M., Kook, Y. H., Liao, K., Buch, S. & Kim, W. Y. Transactivation of TrkB by sigma-1 receptor mediates cocaine-induced 

changes in dendritic spine density and morphology in hippocampal and cortical neurons. Cell Death Dis. 7, 1–10 (2016).
 85. Anderson, E. M. et al. BDNF-TrkB controls cocaine-induced dendritic spines in rodent nucleus accumbens dissociated from 

increases in addictive behaviors. Proc. Natl. Acad. Sci. USA. 114, 9469–9474 (2017).
 86. Fumagalli, F., Di Pasquale, L., Ca�no, L., Racagni, G. & Riva, M. A. Repeated exposure to cocaine di�erently modulates BDNF 

mRNA and protein levels in rat striatum and prefrontal cortex. Eur. J. Neurosci. 26, 2756–2763 (2007).
 87. Rasakham, K. et al. Synapse density and dendritic complexity are reduced in the prefrontal cortex following seven days of forced 

abstinence from cocaine self-administration. PLoS ONE 9, e1258 (2014).
 88. Go, B. S., Barry, S. M. & McGinty, J. F. Glutamatergic neurotransmission in the prefrontal cortex mediates the suppressive e�ect 

of intra-prelimbic cortical infusion of BDNF on cocaine-seeking. Eur. Neuropsychopharmacol. 26, 1989–1999 (2016).
 89. Berglind, W. J., Whit�eld, T. W., Lalumiere, R. T., Kalivas, P. W. & Mcginty, J. F. A single intra-PFC infusion of BDNF prevents 

cocaineinduced alterations in extracellular glutamate within the nucleus accumbens. J. Neurosci. 29, 3715–3719 (2009).
 90. Barry, S. M. & McGinty, J. F. Role of Src family kinases in BDNF-mediated suppression of cocaine-seeking and prevention 

of cocaine-induced ERK, GluN2A, and GluN2B dephosphorylation in the prelimbic cortex. Neuropsychopharmacology 42, 
1972–1980 (2017).

 91. Wa, D. & Ju, F. Small-molecule CSF1R kinase inhibitors; review of patents 2015-present. Expert Opin. �er. Pat. 31, 107–117 
(2021).

 92. Muñoz-Garcia, J. et al. �e twin cytokines interleukin-34 and CSF-1: masterful conductors of macrophage homeostasis. �era-
nostics 11, 1568 (2021).

 93. Easley-Neal, C., Foreman, O., Sharma, N., Zarrin, A. A. & Weimer, R. M. CSF1R Ligands IL-34 and CSF1 are di�erentially 
required for microglia development and maintenance in white and gray matter brain regions. Front. Immunol. 10, 2199 (2019).

 94. Kana, V. et al. CSF-1 controls cerebellar microglia and is required for motor function and social interaction. J. Exp. Med. 216, 
2265–2281 (2019).

 95. Lelios, I. et al. Emerging roles of IL-34 in health and disease. J. Exp. Med. 217, e20201439 (2020).
 96. Guillonneau, C., Bézie, S. & Anegon, I. Immunoregulatory properties of the cytokine IL-34. Cell. Mol. Life Sci. 74, 2569–2586 

(2017).
 97. Smith, L. N., Penrod, R. D., Taniguchi, M. & Cowan, C. W. Assessment of cocaine-induced behavioral sensitization and condi-

tioned place preference in mice. J. Vis. Exp. 2016, 1–10 (2016).
 98. Jin, W. N. et al. Depletion of microglia exacerbates postischemic in�ammation and brain injury. J. Cereb. Blood Flow Metab. 37, 

2224–2236 (2017).
 99. Lopes, J. B., Bastos, J. R., Costa, R. B., Aguiar, D. C. & Moreira, F. A. �e roles of cannabinoid CB1 and CB2 receptors in cocaine-

induced behavioral sensitization and conditioned place preference in mice. Psychopharmacology 237, 385–394 (2020).
 100. Salgado, S. & Kaplitt, M. G. �e nucleus accumbens: A comprehensive review. Stereotact. Funct. Neurosurg. 93, 75–93 (2015).
 101. Ito, R., Robbins, T. W. & Everitt, B. J. Di�erential control over cocaine-seeking behavior by nucleus accumbens core and shell. 

Nat. Neurosci. 7, 389–397 (2004).

https://doi.org/10.1186/s40478-018-0510-8


15

Vol.:(0123456789)

Scientific Reports |        (2021) 11:15989  | https://doi.org/10.1038/s41598-021-95059-7

www.nature.com/scientificreports/

 102. Di Ciano, P., Robbins, T. W. & Everitt, B. J. Di�erential e�ects of nucleus accumbens core, shell, or dorsal striatal inactivations on 
the persistence, reacquisition, or reinstatement of responding for a drug-paired conditioned reinforcer. Neuropsychopharmacol-
ogy 33, 1413–1425 (2008).

 103. Tan, Y. L., Yuan, Y. & Tian, L. Microglial regional heterogeneity and its role in the brain. Mol. Psychiatry 25, 351–367 (2020).
 104. Bellozi, P. M. Q. et al. A positive allosteric modulator of mGluR5 promotes neuroprotective e�ects in mouse models of Alzhei-

mer’s disease. Neuropharmacology 160, 1–10 (2019).

Acknowledgements
We thank Fundação de Amparo à Pesquisa do Estado de Minas Gerais (FAPEMIG) and Conselho Nacional de 
Desenvolvimento Cientí�co e Tecnológico (CNPq) for �nancial support. We thank CNPq and Coordenação 
de Aperfeiçoamento de Pessoal de Nível Superior (CAPES) for the fellowship provided to the post-graduation 
students. ACPdO, FAM and ALT acknowledge CNPq for the Research Productivity Fellowship.

Author contributions
A.C.P.d.O. and M.C.M.S. led the development of the research question and study design. A.C.P.d.O. obtained 
the funding. M.C.M.S. and A.C.P.d.O. produced the �rst dra� of this manuscript. Material preparation, data 
collection and analysis were performed by M.C.M.S., G.F.G., A.S.M., H.B.F. and A.C.P.d.O. All authors provided 
critical review and �nal approval of the manuscript. �e corresponding author attests that all listed authors meet 
authorship criteria.

Funding
�is work was supported by Fundação de Amparo à Pesquisa do Estado de Minas Gerais (FAPEMIG) and 
Conselho Nacional de Desenvolvimento Cientí�co e Tecnológico (CNPq; protocol number 424588/2016-1 and 
310347/2018-1).

Competing interests 
�e authors declare no competing interests.

Additional information
Supplementary Information �e online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 95059-7.

Correspondence and requests for materials should be addressed to A.C.P.d.O.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

Open Access  �is article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. �e images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© �e Author(s) 2021

https://doi.org/10.1038/s41598-021-95059-7
https://doi.org/10.1038/s41598-021-95059-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Inhibition of CSF1R, a receptor involved in microglia viability, alters behavioral and molecular changes induced by cocaine
	Results
	CSF1R inhibition decreased behavioral sensitization, but not CPP, induced by cocaine. 
	CSF1R inhibition and cocaine induced microglial alterations in NAc. 
	Association of cocaine and CSF1R inhibition altered CX3CR1 expression and CX3CL1 levels. 
	Cocaine and CSF1R inhibition altered BDNF levels and TrkB expression. 
	Cocaine and CSF1R inhibition increased GFAP stained area in the NA. 
	CSF1R inhibition and cocaine also induced microglial alterations in CA1. 

	Discussion
	Conclusion
	Material and methods
	Animals. 
	Drugs. 
	Behavioral tests. 
	Behavioral sensitization. 
	Conditioned place preference. 

	Intracardiac perfusion and brain slice preparation. 
	Immunofluorescence analysis of Iba-1+ and CD68+ cells. 
	Morphological analysis of microglia. 
	GFAP immunofluorescence. 
	Assessment of neurotrophic factors and CX3CL1. 
	Real time quantitative PCR (RT-qPCR). 
	Statistical analyses. 


	References
	Acknowledgements


