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Abstract

Drugs of abuse promote a potent immune response in central nervous system (CNS) via the 

activation of microglia and astrocytes. However, the molecular mechanisms underlying microglial 

activation during addiction are not well known. We developed and functionally characterized a 

novel transgenic mouse (Cx3cr1-CreBTtg/0:MyD88f/f [Cretg/0]) wherein the immune signaling 

adaptor gene, MyD88, was specifically deleted in microglia. To test the downstream effects of loss 

of microglia-specific MyD88 signaling in morphine addiction, Cretg/0 and Cre0/0 mice were tested 

for reward learning, extinction, and reinstatement using a conditioned place preference (CPP) 

paradigm. There were no differences in drug acquisition, but Cretg/0 mice had prolonged extinction 

and enhanced reinstatement compared to Cre0/0 controls. Furthermore, morphine-treated Cretg/0 

mice showed increased doublecortin (DCX) signal relative to Cre0/0 control mice in the 

hippocampus, indicative of increased number of immature neurons. Additionally, there was an 

increase in colocalization of microglial lysosomal marker CD68 with DCX+ cells in morphine-

treated Cretg/0 mice but not in Cre0/0 or drug-naїve mice, suggesting a specific role for microglial 

MyD88 signaling in neuronal phagocytosis in the hippocampus. Our results show that MyD88 
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deletion in microglia may negatively impact maturing neurons within the adult hippocampus and 

thus reward memories, suggesting a novel protective role for microglia in opioid addiction.
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Introduction

Drug abuse is a devastating mental illness, the study of which has largely focused on 

dopaminergic neurons from the ventral tegmental area (VTA) that connect to the nucleus 

accumbens (NAc) responsible for motivation and reward. More recently, microglia - the 

resident immune cell in the brain - have also been implicated in humans with substance use 

disorders (Onaivi et al. 2008; Sekine et al. 2008) as well as in multiple rodent studies (Ray et 

al. 2017; Metz et al. 2017; Bachtell et al. 2017; Schwarz, Hutchinson, and Bilbo 2011; 

Lacagnina et al. 2017). Direct interactions with drugs of abuse or their metabolites occur via 

toll-like receptors (TLRs) found on multiple cell types, with particular enrichment in 

microglia (Mark R. Hutchinson et al. 2010; Wang et al. 2012), which subsequently induce 

pro-inflammatory cytokine production (Mark R. Hutchinson et al. 2010; Stevens et al. 

2013). There is growing evidence that the cytokines and chemokines produced downstream 

of TLR ligation by drugs of abuse impact the neural plasticity processes important in 

addiction. For example, murine whole-body knock-outs of TLR4 and myeloid differentiation 

response protein 88 (MyD88), a critical co-adaptor protein of most TLRs, disrupt the 

acquisition of a rewarding memory using oxycodone conditioned place preference (CPP) 

(M. R. Hutchinson et al. 2012), a behavioral model used to examine drug/context 

associations (Bardo and Bevins 2000). While there is a growing appreciation for central 

immune signaling in addiction, it is unclear how microglia specifically mediate 

neuroimmune signaling in response to drugs of abuse, or how this signaling might alter 

learning and memory processes essential for reward memory.

CPP is a model of acute Pavlovian reinforcement following rewarding stimuli or non-

rewarding stimuli. These stimuli require the hippocampus and its dentate gyrus (DG) sub-

region to create drug/context associations. For example, lesions to the hippocampus lead to 

deficits in the formation of CPP reward memories (Ferbinteanu and McDonald 2001). This 

behavioral paradigm also appears to require adult hippocampal neurogenesis (hereafter 

referred to as AHNG) found within the DG. AHNG is the process of creating new neurons 

throughout life, whose functions include the integration of temporal and contextual 

information necessary to establish and maintain drug/context-associated reward learning and 

memory. For example, disruption of AHNG has been shown to influence extinction - new 

inhibitory learning over time - of reward memories after morphine (Bulin et al. 2017), 

cocaine self-administration (SA) (Noonan et al. 2010), and cocaine CPP (Castilla-Ortega et 

al. 2016). The process of AHNG is maintained by multiple mechanisms, including 

phagocytic activity by neural progenitors shaping AHNG (Lu et al. 2011), but notably also 

by apoptosis-driven phagocytosis by microglia (Sierra et al. 2014, 2010).
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Microglial functions are well defined during central nervous system (CNS) development and 

include maintenance of neurogenesis, synapse formation, synapse elimination, and 

phagocytosis of apoptotic cells (Lacagnina, Rivera, and Bilbo 2017). Less is known about 

the functions of microglia under physiological conditions in adulthood. Microglia are likely 

important for synapse formation during learning and memory (Reshef et al. 2014; Parkhurst 

et al. 2013). For example, removal of Cx3cr1 (fractalkine receptor, found primarily on 

microglia) leads to aberrant synaptic integration of adult-born neurons in the DG and deficits 

in anxiolytic-and depressive-like behaviors (Bolós et al. 2017), potentially through 

diminished AHNG (Bachstetter et al. 2011). Microglial phagocytosis is also impaired with 

the removal of Cx3cr1 from the retina (Zabel et al. 2016) and brain (Bolós et al. 2017). 

Additionally, whole-body depletion of TLR4 signaling leads to enhanced memory retention 

for water maze and contextual fear memory (Okun et al. 2012). However, how microglia-

specific TLR signaling may alter learning and memory, including reward learning, has yet to 

be defined.

Because microglia respond directly to morphine, they are well poised to sculpt AHNG via 

the phagocytosis of newborn neural precursor cells and therefore mediate drug/context 

associations and potentially other forms of learning and memory. Mouse studies have found 

that whole-body TLR4 and MyD88 knockout mice can differentially modulate AHNG 

(Rolls et al. 2007). We therefore examined if diminished microglia-specific MyD88 
signaling impacts AHNG and the response to a low dose of morphine, thereby affecting drug 

reward learning. We developed a novel transgenic mouse by crossing the Cx3cr1-Cre 
Bacterial Artificial Chromosome (BAC) transgenic (BT) mouse with MyD88 floxed mice 

(i.e. Cx3cr1-CreBTtg/0:MyD88f/f). In doing so, pro-inflammatory signaling specifically in 

microglia is ablated within the CNS, without affecting Cx3cr1 locus function. We 

hypothesized that, similar to whole-body knockouts of immune related signaling targets a 

depletion of neuro-immune signaling specifically from microglia would abolish the retrieval 

of a morphine/context association. Instead, we report a novel protective role for MyD88 
signaling in microglia in drug reward learning and maintenance, which has important 

implications for pan-cell inhibitors of inflammatory signaling in the treatment of addiction.

Materials & Methods

Animals

Cx3cr1-CreBT (MW126GSat) mice were generated and provided by L. Kus (GENSAT BAC 

Transgenic Project, Rockefeller University, New York, NY) and backcrossed over 12 

generations on a C57BL/6N (Charles River) background. MyD88-flox (MyD88, Stock#: 

008888, B6.129P2(SJL) -Myd88tm1Defr/J), Rosa26-tdTomato (Stock#: 007909, B6.Cg-

Gt(ROSA) 26Sortm9(CAG-tdTomato)Hze/J), and Rosa26-DTR (Stock#: 007900, C57BL/6-

Gt(ROSA) 26Sortm1(HBEGF)Awai/J) mice were purchased from Jackson Laboratories (Bar 

Habor, ME). MyD88, Rosa26-tdTomato, and Rosa26-DTR mice were crossed with Cx3cr1-
CreBT mice to produce Cx3cr1-CreBT:MyD88, Cx3cr1-CreBT:Rosa26-tdTomato (Cx3cr1-
CreBT:Rosa26-tdTomato), and Cx3cr1-CreBT:Rosa26-DTR (Cx3cr1-CreBT:DTR) mice, 

respectively. Genotypes of the Cre and MyD88-flox transgene were identified via PCR using 

DNA from clipped tails. Primers for PCR genotyping: MyD88, Fwd - GTT GTG TGT GTC 
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CGA CCG T, Rev - GTC AGA AAC AAC CAC CAC CAT GC: Cre, Fwd - TTC GGC TAT 

ACG TAA CAG GG, Rev - TCG ATG CAA CGA GTG ATG AG: tdTomatoMut/Mut, Fwd - 

CTG TTC CTG TAC GGC ATG G, Rev - GGC ATT AAA GCA GCG TAT CC: 

tdTomatoWT/WT, Fwd - AAG GGA GCT GCA GTG GAG TA, Rev -CCG AAA ATC TGT 

GGG AAG TC. Cx3cr1-CreBTtg/0:MyD88f/f mice (Cretg/0) functioned as the experimental 

group (MyD88 impairment in microglia) while Cx3cr1-CreBT0/0:MyD88f/f (Cre0/0) mice 

functioned as the control group (MyD88 intact in microglia). To assess transgenic 

differences, C57BL/6N wild-type (Charles River Laboratories, Raleigh, NC) animals were 

used as wild-type (WT) controls. All mice used were between 8 and 12 weeks old. 

Diphtheria toxin (DT) (List Biological Laboratories, Inc., Campbell, CA) was resuspended 

in 1X PBS and mice were injected i.p. with 150 ng/g DT in 100 μL of PBS every 24 hours 

(hrs) for 3 days. Body weight of DT-treated mice was monitored daily. All animal 

experiments were conducted in accordance with National Institutes of Health guidelines and 

protocols approved by the Animal Care and Use Committee at Duke University.

Tissue collection

Mice were deeply anesthetized with a ketamine/xylazine cocktail (430 mg/kg ketamine; 65 

mg/kg xylazine i.p.) and transcardially perfused with ice-cold 0.9% saline for 2 minutes 

(min) to clear brains of blood. Brains were rapidly extracted and homogenized for microglia 

isolations or placed into 4% PFA and cryoprotected with 30% sucrose in 0.1% sodium azide 

for histological experiments. All tissue collection occurred in the light cycle between 10 AM 

and 2 PM.

Primary cell isolations

Whole brain without cerebellums were isolated post-perfusion from adult WT, Cre0/0, and 

Cretg/0 animals and were homogenized in enzyme digestion mix containing collagenase A 

(1.5 mg/mL, Roche, Indianapolis, IN, USA) and DNase I (0.4 mg/mL, Roche, Indianapolis, 

IN, USA) in Hank’s Buffered Salt Solution (HBSS, Thermo Fisher Scientific, Waltham, 

MA) for 45 min in a 37°C water bath. Every 15 min during the incubation, samples were 

removed from the water bath and passed through glass Pasteur pipettes multiple times to 

ensure complete dissociation. Samples were then filtered through nylon filter and 

centrifuged at 1200 rpm for 10 min at 4°C. For microglial isolation experiments, cell pellets 

were resuspended in 5 mL of 30% Percoll in 1X PBS (GE Healthcare, Uppsala, Sweden) 

prepared from isotonic percoll (ITP, containing 90% Percoll and 10% 10X PBS, Thermo 

Fisher Scientific, Waltham, MA) and underlaid carefully with 4 mL 70% Percoll in 1X PBS 

prepared from ITP. Samples were centrifuged at 1400 rpm for 15 min at 23°C with no brake. 

The interphase containing mostly mononuclear phagocytes was isolated and counted. Cells 

were incubated with CD11b antibody-conjugated magnetic beads (MACS Miltenyi Biotec, 

San Diego CA) for 15 min at 4°C, in a concentration based on manufacturer’s 

recommendations. After washing, cells were passed through a magnetic bead column 

(MACS Miltenyi Biotec, San Diego CA) and CD11b positive (CD11b +) and negative 

(CD11b -) populations were separated. Isolated cells were centrifuged at 1200 rpm, 10 min, 

4°C, following which supernatant was aspirated and cell pellets were resuspended in 200 uL 

of medium (2 mM L-glutamine, 1% penicillin-streptomycin, 1X N2 supplement media, 1 

mM sodium pyruvate, 50 ug/mL Forskolin in 1X DMEM). All cells were counted using 
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hematocytometer and total number of cells were determined for each sample. A minimum of 

30,000 microglial cells were plated per well for U-bottom, 96-well plate. 100 uL of cell 

suspension and 100 uL of treatment (made in same microglia medium) was added to each 

well. Cells were treated in triplicate: Media only or lipopolysaccharide (LPS, 10 ng/mL, 

from Escherichia coli 055:B5, L6529, Sigma-Aldrich, St. Louis, MO). Cells were incubated 

at 37°C for 2 or 4 hrs in 5% CO2, 95% O2. After the treatment was complete, plates were 

centrifuged, supernatant was separated out and frozen at −80C for future protein analysis. 

Trizol was added to cell pellets and frozen at −80°C until ready for RNA extraction.

For co-culture experiments, Cre0/0 and Cretg/0 mice (n=2 genotype/treatment) were 

administered morphine (3 mg/kg morphine) or saline 1 hr prior to sacrifice. All steps were 

performed similar to the microglial isolations described above, except where noted below. 

Samples were pooled per genotype/treatment during nylon filtration and no percoll step was 

performed. For immature neuron isolations, cells were incubated with PSA-NCAM 

antibody-conjugated magnetic beads (MACS Miltenyi Biotec, San Diego CA) for 15 min at 

4°C, in a concentration based on manufacturer’s recommendations. After washing, cells 

were passed through a magnetic bead column (MACS Miltenyi Biotec, San Diego CA) and 

PSA-NCAM positive (PSA-NCAM+) and negative (PSA-NCAM-) populations were 

separated. Microglial isolations were performed as described above on the PSA-NCAM- 

population. A minimum of 20,000 microglia and 100,000 immature neurons were plated per 

well on a round cover glass within a 24-well plate. Cells were plated in triplicate for each 

genotype/treatment group. A total of 500uL of PSA-NCAM cells in medium (described 

above) were incubated at 37°C for 1 hr in 5% CO2, 95% O2. 100 uL of CD11b+ cells were 

then overlaid on PSA-NCAM+ neurons and were incubated (as above) for 1 hr. Cells were 

fixed with 4% PFA for 10 min, rinsed with 1X PBS, and stored at 4°C.

RNA extraction, quantification and purity determination

Frozen samples or isolated cells were homogenized in 800 uL TRIzol ® (Thermo Fisher 

Scientific, Waltham, MA) followed by vortexing at 2000 rpm for 10 min. 160 uL of 

chloroform (Thermo Fisher Scientific, Waltham, MA) was added to each tube and vortexed 

for additional 2 min. Samples were then centrifuged at 11,800 rpm for 15 min at 4°C, after 

which the top clear aqueous phase was separated into a fresh tube. Following this, 2 uL of 

Glycogen (Thermo Fisher Scientific, Waltham, MA) was added to the aqueous phase 

followed by 360 mL of Isopropanol (Thermo Fisher Scientific, Waltham, MA). Samples 

were vortexed for 1 min and centrifuged. Supernatant was discarded carefully without 

disturbing RNA pellet. Pellets were washed two times with 1 mL of ice cold 75% ethanol, 

air dried and resuspended in 6–8 uL of RNase-free water. Preliminary RNA quantification 

and purity determination was done using NanoDrop Spectrophotometer (Thermo Scientific, 

Wilmington DE, USA). Afterwards, 2 uL of RNA sample was loaded on the 

spectrophotometer for measurement. RNA amount was recorded at 260 nm wavelengths and 

RNA purity was determined by the 260/230 and 260/280 ratios. RNA was considered pure if 

260/280 (RNA:protein contamination) ratio was in the range of 1.8–2.0, and 260/230 

(RNA:Ethanol Contamination) was between 2.0–2.2.
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cDNA synthesis

200 ng of total RNA was used to make cDNA. 2 uL of gDNAse (Qiagen, Hilden, Germany) 

was added to 10 uL of RNA and heated at 42°C for 2 min to remove contamination by 

genomic DNA. Master mix (QuantiTect Reverse Transcription Kit, Qiagen, Hilden, 

Germany) containing reverse transcriptase enzyme and primer mix was added to each 

sample and run on thermocycler at 42°C for 30 min, followed by 3 min at 95°C to inactivate 

reaction. CDNA was stored at −20°C until qPCR analysis.

qPCR

Quantitative real-time PCR (qPCR) was carried out using QuantiTect SYBR Green PCR Kit 

from QIAGEN. qPCR primers were designed in house and purchased from Integrated DNA 

Technologies (Coralville, IA). Sequences: 18S: Fwd - GAATAATGGAATAGGACCGC, Rev 

– CTTTCGCTCTGGTCCGTCTT: GAPDH: Fwd - GTTTGTGAT GGGTGTGAACC, Rev 

– TCTTCTGAGTGGCAGTGATG: MyD88,Fwd - CAAGGCGATGAAGAAGGAC, Rev – 

CGCATCAGTCTCATCTTCCC: TLR4, Fwd - CAGCAGAGGAGAAAGCAT, Rev – 

CACCAGGAATAAAGTCTCTG. For MyD88 and TLR4 gene expression analysis, cell 

samples (n=2/group) were pooled prior to RNA extraction due to low cell counts. The single 

sample was then assayed in duplicate.

ELISA

TNFα and IL-1β ELISAs were performed on the supernatants obtained from microglial in 
vitro treatments, using a dilution of 1:1 with buffer (R&D Systems, Minneapolis, MN, 

USA). The ELISA concentrations were then normalized to cell numbers per well. For 

analysis of Fig. 2, data from all media wells were averaged. There was no detectable signal 

for CD11b- cells in the IL-1β ELISA. The detection limit for each ELISA was 5 pg/mL.

Flow Cytometric Analysis

Mice were intracardially perfused with PBS and tissues were then rapidly harvested, 

manually dissociated, and digested for 1 hr at 37°C with 1.5 mg/mL collagenase A (Roche 

Applied Science; Penzberg, Germany) and 0.40 mg/mL DNase I (Roche Applied 

Science).Cells from the digested tissue were then strained through a 70 μm filter and washed 

with PBS. Red blood cells were lysed with ammonium/chloride/potassium (ACK) lysis 

buffer and then cells were counted and stained with LIVE/DEAD Aqua (Invitrogen/Life 

Technologies, Carlsbad, CA) in PBS. Samples were blocked in 5% rat serum, 5% mouse 

serum, 1% Fc Block (eBioscience, San Diego, CA) and stained for 30 min at 4°C with the 

following antibodies (eBioscience, San Diego, CA): CD11c PE-Cy5.5; F4/80 PE-Cy7; 

CD3e APC; Ly6G AF700; CD11b APC-Cy7; Ly6C V450; CD45 Qdot605; IA-IE Qdot655. 

Cells were analyzed on a BD™ LSR-II Flow Cytometer (BD Biosciences; Franklin Lakes, 

NJ) in the Duke Human Vaccine Institute Flow Research Facility and data was analyzed 

with FlowJo (Treestar; Ashland, OR).

Behavior

Postnatal day (PND) 85 (Fig. 4A), postnatal month (PNM) 4–13 (Fig. 3, Fig. 4B), and PNM 

6–8 (Fig. 4C) Cre0/0 and Cretg/0 mice were used for behavioral testing. ANY-maze tracking 
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software (Stoelting, Wood Dale, IL) recorded activity and time spent in respective zones for 

each behavior. Open field and elevated zero-maze behavioral data were collected using a 

ceiling-mounted camera. Videos were recorded and saved for analysis using ANYmaze 

tracking software (Stoelting, Wood Dale, IL). Behavioral data for Rotarod were hand scored.

Open Field (OF)

Mice were placed individually into a novel black box (no top) with dimensions of 40cm x 

45cm x 34cm (height). Each mouse spent 30 min in the novel area.Cre0/0 and Cretg/0 were 

alternated and tests were conducted on consecutive days at the same start time to control for 

time of day. Area was thoroughly cleaned with QTB and warm water after each trial to 

remove residual odors. ANYmaze tracking software (Stoelting, Wood Dale, IL) recorded 

motor activity and time spent in two zones: the center (defined as a 30 × 30 square) and the 

surrounding area.

Elevated zero maze (EZM)

Zero maze test was performed at approximately one year of age. Each mouse was placed 

individually into maze for 5 min. The maze was a circular metal platform with four areas: 

two “open arms” (platform with no walls) and two “closed arms” (platform with walls) of 

equal area. The platform was elevated 40 cm, with a width of 5cm and walls surrounding the 

closed arms at 15 cm tall. Each mouse was carried to the room containing the maze in a 

closed black container. The mice were placed on the platform at the intersection of the open 

and closed arms (alternating which closed arm). Both the maze and carrying container were 

thoroughly cleaned with QTB and then water between trials. During the test, total time spent 

in the open arms was recorded via ANYmaze and later corroborated with hand timed data.

Rotarod motor coordination (RR)

Rotarod testing occurred over three consecutive days for each mouse: an acclimation day, a 

training day and a test day. Testing on each day began at same time to control for time of day 

effects. On the acclimation day, mice were placed on the rod for 45 seconds (sec) without 

rotation. Then the rod was rotated for 60 sec at 4 rpm, and the mice were then returned to 

their cage for 15 min. After the rest period, mice were placed back on the rod at an initial 

speed of 4 rpm and an acceleration of 0.2 rpm/sec. The time at which each mouse fell was 

recorded.

On the second day (training day), three trials were performed where rod was accelerated at 

0.2 rpm/sec and the time at which each mouse fell was recorded for each trial. This process 

was repeated on third (test) day.

Morris Water Maze (MWM)

A circular tank (122 cm diameter, 61 cm high; Med-Associates, Fairfax, VT) was filled with 

water (20 +/− 1 °C) made opaque with the addition of white tempera paint. The platform (10 

cm diameter) was placed ~30 cm away from the edge of the tank) was submerged 2 cm 

underneath the water surface. Visual cues were placed on walls to allow for spatial 

navigation. A camera wired to an EthoVision XT (ver. 9.0.722, Noldus, Wageningen, 

Netherlands) tracking software was used for all recordings. Analysis of latency to platform, 
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distance travelled, and time spent in each quadrant was performed in the Ethovision 

software.

MWM training occurred over four consecutive days for each mouse. Each training day 

consisted of three 1 min trials, each with <15 min intertrial interval, with new starting 

positions using a pseudo-random sequence. Mice that did not reach the platform within 1 

min were guided to the platform by the experimenter and mice were allowed to rest on the 

platform for 15 sec. Latency to reach platform and distance travelled were recorded.

Spatial memory was assessed through two probe trials on day 5, with different starting 

locations for each trial. On day 5, the platform was removed and mice were given 30 sec 

each trial and time in each quadrant was recorded.

Conditioned place preference (CPP)

Unbiased CPP was performed similar to previously published morphine CPP paradigms 

(Rivera et al, 2015). Briefly, male PNM 4 Cre0/0 and Cretg/0 mice were placed into a three 

chambered CPP box (MED-CPP-3013; Med Associates, Fairfax, VT) and allowed to move 

freely throughout on day 1 (pretest). Automated data collection from photo beam breaks 

occurred using Med-PC IV software. To configure an unbiased CPP paradigm, the individual 

mouse pretest CPP scores for each genotype were adjusted for an average per group closest 

to zero. On days 1 and 3, mice were then paired (20 min) to a previously determined non-

drug context with saline, and on days 2 and 4, mice were paired to the drug context with 

morphine (3 mg/kg, s.c.). Any mouse with a CPP pretest score ≥ ±240 s was automatically 

paired to receive drug in the non-preferred context, and received pairing along with other 

cage mates; however these data were not included in the analysis. After pairing, mice rested 

in home cages for 48h until day 8 when a 30 min test was performed with no drug onboard. 

For subsequent tests, a positive CPP score (i.e. reward) indicates a greater number of 

seconds spent in the morphine-paired chamber compared to the saline paired chamber. The 

opposite is also true, if a negative CPP score (i.e. aversion) is observed then a greater 

number of seconds were spent in the saline-paired chamber compared to the morphine-

paired chamber.

Extinction

Twenty-four hrs after test day, three daily extinction trials that consisted of a 20 min 

sequestration in the drug context without drug onboard (D9–11) and on day 12 a 30 min 

extinction test was performed (Schwarz et al, 2011). Mice were allowed to rest for 72 hrs 

before the next extinction trials and testing was performed. The overall extinction paradigm 

was performed over 7 weeks.

Reinstatement

Unintended contextual cues, such as the experimenter, handling, environment, and injection 

during drug delivery may contribute to a conditioned response and therefore elicit 

reinstatement behavior (Bardo and Bevins 2000). In addition, saline administration has been 

shown to increase stress-related behaviors and physiology in rats (Saldívar-González, Arias, 

and Mondragón-Ceballos 1997; Stone and John 1992). Therefore, if reinstatement is not 
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observed after administration of saline (Portugal et al. 2014; Zhao et al. 2017), then the 

subsequent drug-induced reinstatement is believed to be due to the rewarding stimuli using a 

low dose of morphine. Furthermore, a saline injection is not expected to elicit reinstatement 

as the memory encoded from repeated exposure to the context requires the rewarding drug 

(Lee et al. 2015). After 7 weeks of extinction training, reinstatement to saline and morphine 

occurred by s.c. administered saline (D60) or morphine (D61) and mice were allowed to 

freely move throughout the CPP box for 30 min. Mice were sacrificed 24 hrs after morphine 

reinstatement.

Immunohistochemistry (IHC)

For Cx3cr1-CreBT:Rosa26-tdTomato, Rosa26-DTR, and Cx3cr1-CreBT:DTR mice in Figs. 

1–2, tissue was extracted and cryoprotected in 30% sucrose with 0.1% sodium azide. Tissue 

was then sectioned using a cryostat at 25 um. In Fig. 1, Sections from Rosa26-DTR, and 

Cx3cr1-CreBT:DTR mice were immunostained with rat-anti-CD11b (Bio-Rad, Hercules, 

California, U.S.A.) for 24 hrs. Secondary antibody (biotinylated-Donkey-anti-Rat, Jackson 

ImmunoResearch, West Grove, PA) incubated for 1 hr, and amplification (VECTASTAIN® 

Elite® ABC-HRP Kit, Vector Labs, Burlingame, CA) was visualized using 3,3′-

Diaminobenzidine (DAB, Millipore-Sigma, Darmstadt, Germany). Slides were dehydrated/

defatted with ethanol and xylene and coverslipped with DPX mountant (Merck, Darmstadt, 

Germany). In Fig 2A. sections from Cx3cr1-CreBT:Rosa26-tdTomato mice were 

immunostained with Goat-anti-Iba-1 (Novus Biologicals, Centennial, CO) and 

AlexaFlour-568 -Donkey-anti-Goat (Thermo Fisher Scientific, Waltham, MA) secondary 

antibody. Tissue was stained with DAPI and the endogenous tdtomato signal was visualized. 

The processed tissue was then coverslipped with Vectashield with DAPI (Vector 

Laboratories, H-1200) mountant.

For Cretg/0 and Cre0/0 mice (Fig. 5 & 6), brain sectioning and IHC were performed as 

previously described (Rivera et al, 2015). Primary antibodies (Rabbit-anti-Ki67, Abcam, 

Cambridge, MA; Goat-anti-DCX, Santa Cruz Biotechnology, Dallas, TX; and Rabbit-anti-

CD68, Abcam, Cambridge, MA) incubated for 24 hrs and then secondary antibodies 

(biotinylated-Horse-anti-Goat, Vector Labs, Burlingame, CA; AlexaFlour-647 -Donkey-anti-

Rabbit, Thermo Fisher Scientific, Waltham, MA) were incubated for 2 hrs. Amplification of 

Ki67 and DCX was visualized by DAB (Fig. 5) or tyramide signal amplification (Fig. 6, 

Perkin Elmer,Waltham, MA). Slides were dehydrated/defatted and coverslipped with DPX 

mountant (Millipore-Sigma, Darmstadt, Germany) and stored at room temperature in the 

dark box until imaging.

For co-culture experiments (Fig. 8), round coverslips were rinsed twice with 1XPBS, 

blocked (5% Normal horse serum in PBS, Vector Labs, Burlingame, CA), and primary 

antibodies with blocking buffer (Mouse-anti-CD68, Abcam, Cambridge, MA; Goat-anti-

DCX, Santa Cruz Biotechnology, Dallas, TX; and Rabbit-anti-Iba1, Wako) were incubated 

for 1 hr. Wells were washed with PBS and secondary antibodies (biotinylated-Goat-anti-

Mouse, Vector Labs, Burlingame, CA; AlexaFlour-568 -Donkey-anti-Goat, Thermo Fisher 

Scientific, Waltham, MA; and 647-Donkey-anti-Rabbit, Thermo Fisher Scientific, Waltham, 

MA) were incubated for 1 hr. Amplification (VECTASTAIN® Elite® ABC-HRP Kit, Vector 
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Labs, Burlingame, CA) of CD68 was visualized by tyramide signal amplification (Perkin 

Elmer, Waltham, MA). Round glass coverslips were placed onto slides and were 

coverslipped with VectaShield™ (Novus Biologicals, Littleton, CO) aqueous mounting 

medium, sealed with nailpolish, and stored at room temperature in the dark box until 

imaging.

Image Analysis

All images were collected using a Nikon Eclipse 80i fluorescent microscope (at 100X 

magnification) unless otherwise noted.

Doublecortin (DCX) and Ki67 Analysis

Stacks of 10 um DCX and Ki67 sections were collected (1 um steps at 200X; 400X for inset 

images (Fig. 5); Zeiss Apotome, Oberkochen, Germany) using optical sectioning from 4–5 

sections across Bregma −1.2 to −3.4 mm. Subtract background and thresholding (OTSU) 

were applied to all stacks using ImageJ software (ver. 1.51j8, NIH, USA). ROIs were 

manually drawn around either the granule cell layer (GCL) of the dentate gyrus (DG) for 

DCX or the subgranular zone (SGZ) of the DG for Ki67. The SGZ region is defined as half 

way into the GCL and two cell widths into the hilar region of the DG. Max projections of 

the stacks were taken and the integrated density (ID) measurements of Ki67 and DCX signal 

were taken from within ROI of the SGZ or GCL, respectively.

DCX, CD68, and Iba-1 Image Analysis

Stacks of 10 um DCX, CD68, and Iba-1 cells were collected (1 um steps at 200X; Zeiss 

Apotome, Oberkochen, Germany) using optical sectioning from 3 image fields. Subtract 

background and thresholding (DCX and CD68, OTSU; Iba-1, Moments) were applied to all 

stacks using ImageJ software (ver. 1.51j8, NIH, USA).

3D-Reconstructions

All GCL DG ROI stacks, from Bregma −1.2 to −3.4mm, were obtained using a Nikon 

A1SiR confocal microscope (Melville, NY). Subtract background and thresholding (OTSU) 

were applied to all stacks using ImageJ software and ROIs were manually drawn around the 

granule cell layer (GCL) of the dentate gyrus (DG). Stacks of merged and split channels for 

CD68 and DCX were imported into Imaris software (ver. 8.3.1, Bitplane, Zurich, 

Switzerland) and the 3D-reconstructions for single (DCX, voxel=1.0; CD68, voxel=10) and 

colocalization (voxel = 1) channels were built from threshold values determined by ImageJ 

software (CD68, OTSU; DCX, OTSU). Surface area values of all 3D reconstructions were 

then divided by the volume from each ROI DG GCL z-stack obtained. To calculate the 

colocalization within the DCX and CD68 surface volumes, the colocalized surface volume 

value was divided by the CD68 and DCX surface volume values. In doing so, only the 

positive signal from CD68 and DCX found within the DG was examined, thereby removing 

the negative space from the colocalization calculation (Fig. 7A-F). For the co-culture 

experiment, 3D-reconstructions for the colocalization channel was built from threshold 

values determined by ImageJ software (CD68, OTSU; DCX, OTSU; Iba-1, Moments, Fig. 

8).
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Experimental Design and Statistical Analysis

Graphpad (PRISM) software was used for Pearson’s correlations, Student’s t-tests, one- and 

two-way Analysis of Variance (ANOVA). Repeated measures (RM) analysis are indicted 

when used. Post-hoc analysis used the Holm-Sidak for RM analysis or Tukey’s multiple 

comparison (Aickin and Gensler, 1996). Statistical significance (alpha) was defined as 

P<0.05.

Results

Cx3cr1-CreBTtg/0 mice precisely label and disrupt parenchymal microglia within the CNS.

Previous knock-in studies show that CX3CR1 knockdown (i.e. in heterozygote mice) can 

impact neurogenesis, microglial activation, and microglial cell numbers during development. 

Therefore, Cx3cr1-CreBT mice were developed to ensure Cx3cr1 locus function remains 

intact. To establish a proof of concept that Cx3cr1-CreBT mice can be used for Cre-

mediated gene targeting in resident monocytes and tissue macrophage populations, Cx3cr1-
CreBT:DTR (diphtheria toxin receptor expressing) mice were treated with diphtheria toxin 

(DT, 150 ng/g, i.p. daily for 3 days). DT-treated Cx3cr1-Cre:DTR mice demonstrated a 

dramatic reduction in parenchymal CD11b+ microglia while control mice (Rosa26-DTR) 

were unaffected by DT treatment (Fig. 1).

Next, histology of Cx3cr1-CreBT:tdTomatof/wt reporter mice brains were used to label all 

CreBT+ cells (Madisen et al. 2010). In the brains of Cx3cr1-CreBT:tdTomatof/wt mice, all 

parenchymal microglia expressed tdTomato in a pattern that overlapped staining for Iba-1, a 

ubiquitous calcium-binding adaptor protein expressed on microglia (Fig. 2A). No tdTomato 

expression was observed in non-myeloid populations, including neurons, astrocytes, and 

oligodendrocytes. In Cx3cr1-CreBT: tdTomatof/wt mice, tdTomato was expressed in patterns 

consistent with those of liver Kupffer cells, splenic red pulp macrophages, and lung alveolar 

macrophages (not shown). These results are very similar to published “knock-in” Cx3cr1-

Cre mouse models (Jung et al. 2000; Yona et al. 2013) and establish the proof of concept 

that Cx3cr1-CreBT mice can be used for Cre-mediated gene targeting in resident monocytes 

and tissue macrophages, without affecting Cx3cr1 locus function.

Cx3cr1-CreBTtg/0:MyD88f/f microglia have a diminished pro-inflammatory response.

To determine the parenchymal microglial response from Cx3cr1-CreBT:MyD88f/f mice, 

CD11b+ (microglia) and CD11b- cells (astrocytes, neurons, oligodendrocytes, and other 

non-microglial cells) were isolated from whole brain homogenates of WT, Cre0/0, and 

Cretg/0 mice. RT-qPCR on CD11b+ cells revealed similar levels of MyD88 gene expression 

in WT and Cre0/0 mice, while Cretg/0 mice have downregulated MyD88 levels, compared to 

WT and Cre0/0 controls. CD11b- cells showed no difference in MyD88 gene expression 

levels, across all genotypes (Fig. 2B). To assess the innate inflammatory response in WT, 

Cre0/0, and Cretg/0 mice, lipopolysaccharide (LPS, 10 ng/mL) was given to CD11b+ cultures 

and ELISAs for IL-1β and tumor necrosis factor-alpha (TNFα), were performed on CD11b+ 

cells isolated from WT, Cre0/0, and Cretg/0 brains with and without LPS treatment; IL-1β 
was significantly increased after LPS treatment in both Cre0/0 and WT mice (Interaction, 

F(2,12)=12.96, P<0.001), while IL-1β was not detected (N.D.) in Cretg/0 mice (Fig. 2C); 
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TNFα was significantly increased after LPS treatment in Cre0/0 mice compared to Cretg/0 

mice (Fig. 2D, Interaction, F(2,6)=6.21, P<0.05). IL-1β and TNFα levels from isolated 

CD11b- cells were either N.D. or negligible (data not shown).

Mice with depleted MyD88 from microglia have normal acquisition, prolonged extinction, 
and enhanced reinstatement of a morphine reward memory.

Whole-body knockout (KO) mice of TLR4 and MyD88 have previously shown an inability 

to acquire an oxycodone/context association (M. R. Hutchinson et al. 2012). Briefly, 

morphine binds directly to MD-2, a critical adaptor protein necessary for TLR4 downstream 

signaling and cytokine production (M. R. Hutchinson et al. 2012; Mark R. Hutchinson et al. 

2010; Wang et al. 2012). Therefore, mCPP was performed on Cre0/0 and Cretg/0 mice to 

examine acquisition, extinction, and reinstatement of a drug/context association (Fig. 3A) 

using a low dose of morphine (3 mg/kg). Mice from both Cre0/0 and Cretg/0 genotypes had 

higher CPP scores on test day (repeated measures two-way ANOVA, main effect of time 

(F(1,11)=37.62, P<0.01)) compared to pretest scores (Fig. 3B; Ps<0.05). Extinction CPP 

scores showed a main effect of Extinction Trials (F(7,77)=7.065) and Genotype 

(F(1,11)=5.753, Ps<0.05), and no significant interaction (F(7,77)=1.259) by repeated 

measures two-way ANOVA (Fig. 3C). However, Cretg/0 had a higher average extinction CPP 

score compared to Cre0/0 (Fig. 3D; Student’s t-test, P<0.05). Aversion was examined across 

extinction trials by repeated measures two-way ANOVA comparison of extinction trials to 

the pretest CPP scores. We found a main effect of Time (F(8,88)=6.641) and Genotype 

(F(8,88)=6.371, Ps<0.05), but no significant interaction (F(8,88)=1.325; data not shown). No 

significant post-hoc analyses or Student’s t-tests were found when comparing the pretest 

CPP score to any extinction trials.

Drug-, stress-, or cue-induced reinstatement of an acquired drug/context association is 

considered a model for drug-, stress-, or cue-induced craving in abstinent humans that can 

lead to drug-taking behavior (i.e. relapse) (Tzschentke 2007). Unintended contextual cues 

(see SI material)-induced reinstatement, assessed by administration of saline (s.c.), did not 

impact reinstatement CPP scores in Cre0/0 or Cretg/0 genotypes. However, drug-induced 

(priming dose of 3 mg/kg morphine, s.c.) reinstatement CPP scores (main effect of Genotype 

(F(1,11)=5.003; P<0.05)) were higher in Cretg/0-morphine mice compared to Cretg/0-

Extinction Trial #7 (t-test, P=0.058) (Fig. 3E), while no differences were observed in Cre0/0 

mice.

Mice lacking microglial MyD88 display normal behaviors for anxiety, locomotion, and 
learning and memory.

CPP is an indirect measure of drug seeking behavior and the interpretation can be 

complicated by changes in co-morbid behaviors, including anxiety and activity. To 

determine if ablated microglial-MyD88 signaling during development affects general 

behavior, anxiety-like behavior in the open field (OF, PND 85) (time in center vs. surround) 

was assessed on PND85 (Fig. 4A). No difference by genotype was observed (Fig. 4A1). A 

separate group of Cx3cr1-CreBT:MyD88f/f mice was allowed to age to 4 months (PNM 4), a 

time point in which we assessed neurogenesis, and used to examine anxiety-like behaviors 

using OF and EZM at PNM 11. Rotarod (PNM 13) was also used to examine motor 
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coordination (Fig. 4B). No differences in any measure were observed between Cre0/0 or 

Cretg/0 genotypes (Fig. 4B1–4), at any age.

Finally, because a specific change in extinction learning during CPP in Cretg/0 mice was 

observed, non-morphine associated learning and memory was assessed in a separate group 

by Morris Water Maze (MWM, Fig. 4C) to compare microglia deficient in MyD88 signaling 

to previously published literature that suggested whole-body depletion of TLR4 enhanced 

memory retention for water maze and contextual fear memory (Okun et al. 2012). No 

differences in latency to find the platform or the distance travelled were observed between 

Cre0/0 or Cretg/0 genotypes across training days (Fig. 4C1,2). During the probe test, both 

genotypes also spent significantly more time in the target quadrant compared to other 

quadrants (Fig. 4C3), demonstrating equivalent learning and memory in this non-drug 

contingent paradigm.

Depletion of MyD88 from microglia differentially impacts markers of adult neurogenesis in 
the hippocampal dentate gyrus after morphine CPP.

One recently discovered role for AHNG is to aid in extinction learning, or new inhibitory 

learning, of cocaine CPP (Castilla-Ortega et al. 2016). We determined if naїve Cretg/0 (PND 

120) mice had altered AHNG by examining the proliferative and immature neuronal 

population labeled by Ki67 (Fig. 5A) and doublecortin, DCX (Fig. 5D), respectively. Under 

physiological conditions, drug-naїve mice had no differences in the integrated density (i.e. 

sum of pixel values, assessed by ImageJ) of Ki67 (Fig. 5B) or DCX (Fig. 5E). After mCPP, 

both genotypes showed a general reduction of Ki67 and DCX compared to naїve mice, 

suggesting that the mCPP paradigm, or potentially morphine alone, was necessary to 

diminish overall levels of AHNG in the DG hippocampus, consistent with previous studies 

(Eisch et al. 2000; Arguello et al. 2009). However, Cretg/0 mice showed significantly greater 

integrated density of DG DCX (P<0.05, Student’s t-test), compared to Cre0/0 mice, after 

mCPP (Fig. 5F), while Ki67 remained unchanged (Fig. 5C). Taken together, these data 

suggest that MyD88 deletion in microglia impacts the maturation, but not proliferation, of 

new born neurons, following mCPP.

MyD88-deficient mice show increased immature neuronal debris inside microglial 
lysosomes only after morphine CPP.

Previous research demonstrates a critical role for microglial phagocytosis in the removal of 

extraneous newborn neurons within the healthy adult DG (Sierra et al. 2010). To test 

whether altered microglia in our mice had evidence of altered elimination of DCX cells in 

the DG of Cretg/0 mice after morphine, lysosomal volumes in microglial cells were 

examined (von Bernhardi, Eugenín-von Bernhardi, and Eugenín 2015; Floden and Combs 

2011) by creating 3D-reconstructions of CD68, a lysosomal marker found in microglia, and 

DCX in the DG GCL of the hippocampus (Fig. 6A). In naïve mice, CD68, DCX, and 

colocalized CD68+DCX+ surface volumes, normalized to the total DG volume, showed no 

differences between Cre0/0 and Cretg/0 genotypes. In contrast, after mCPP testing, CD68 (t-
test, #P=0.0601) and colocalized surface volumes (normalized to the total DG volume, t-test, 

P<0.05) were increased in Cretg/0 compared to Cre0/0 mice, while no difference in DCX total 

surface volumes was found (Fig. 7).
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Similarly, when the amount of colocalized surface volumes (Fig. 7C) was normalized to total 

CD68+ (Fig. 7A) and DCX+ (Fig. 7B) surface volumes within the DG, drug-naїve mice 

showed no difference between Cre0/0 and Cretg/0 genotypes (Fig. 6B). However, after mCPP, 

there was a significant increase (P<0.05) in the amount of colocalized surface volumes in 

Cretg/0 mice, compared to Cre0/0 controls, by Student’s t-test (Fig. 6C).

To further examine the impact of microglial-MyD88 signaling on immature neuron 

engulfment in response to morphine, Cre0/0 and Cretg/0 mice were acutely treated in vivo 
with saline or morphine, and primary cell co-cultures of immature neurons (PSA-NCAM) 

and microglia (CD11b, Fig. 8A) were prepared 1 hr later. Microglia were allowed to “feed” 

on neurons in culture for 1 hr, and cells were fixed and stained for DCX, CD68, and Iba1, 

and the DCX/CD68 colocalization volume within Iba1+ cells were calculated and analyzed. 

We found a significant genotype by treatment interaction by two-way ANOVA 

(F(1,7)=7.797, P<0.05, Fig. 8); post hoc analysis showed that Cretg/0 mice have a significant 

increase in the colocalized surface volume amount only after morphine, compared to Cre0/0 

controls (Student’s t-test, P<0.05), consistent with our in vivo data (Fig. 6C). These data 

support our conclusions that intact microglial-MyD88 signaling is critical for microglial 

immature neuron engulfment (and potential degradation, though this remains to be directly 

determined), but only after a morphine challenge.

Amount of CD68+ and DCX+ colocalization positively correlates with CPP scores during 
extinction.

Together, the present data indicate that after mCPP, diminished microglial-MyD88 signaling 

results in prolonged extinction of a morphine reward memory (Fig. 3D), increased DCX 

staining in the DG (Fig. 5F), and an increase in the amount of colocalization of CD68+DCX
+ cells following drug re-exposure (Fig. 6C). To further explore these findings, a Pearson’s 

correlation was used against the amount of colocalization of CD68+DCX+ and CPP score 

across the CPP paradigm to determine which stages of CPP are associated with the increased 

colocalization of CD68 and DCX (data not shown). No significant correlation between 

colocalization amount in the Pretest (R2=0.03, P=0.6) or Test (R2=0.185, P=0.187) was 

observed. However, significant positive correlations between colocalized amount and CPP 

scores in extinction trial 3 (R2= 0.442, P=0.025) and 4 (R2= 0.447, P=0.024), were observed, 

along with a trend towards significance in the drug-induced reinstatement of mCPP 

(R2=0.327, P=0.066). Our data suggest that deletion of MyD88 signaling within microglia 

can result in increased lysosomal volumes, which correlates with prolonged extinction and 

higher reinstatement following morphine administration in Cretg/0 mice. This is consistent 

with previous data showing an important role for glial inflammatory response in 

reinstatement, but not the initial acquisition of mCPP (Schwarz, Hutchinson, and Bilbo 

2011). Taken together, these data highlight a surprising protective effect of microglial-

MyD88 neuro-immune signaling in the face of opioid exposure.

Discussion

We report that enhancement of addiction-like behaviors (i.e. prolonged extinction and 

enhanced reinstatement) coincided with aberrant DCX levels in Cretg/0 compared to Cre0/0 
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mice after mCPP. We also determined that the amount of colocalized surface volumes of 

microglial lysosomes (CD68) and DCX of Cretg/0 mice was increased compared to Cre0/0 

mice only after mCPP. Interestingly, there was a positive correlation between the colocalized 

surface volumes of DCX and CD68 and the CPP score during the extinction trials. Thus, the 

data do not support our original hypothesis that a depletion of neuro-immune signaling 

specifically from microglia would abolish the retrieval of a morphine/context association, 

similar to whole-body knockouts of immune related signaling targets. Rather, these data 

support a novel protective role for microglial MyD88 signaling in reward learning and 

maintenance, which has important implications for the development of glial-targeted 

therapies for addiction.

Diminished microglial-MyD88 signaling enhances persistence of rewarding behaviors

Our most interesting finding is that intact microglial-MyD88 signaling, using a low dose of 

morphine, lends normal acquisition to mCPP, facilitated the extinction of the reward 

memory, and may potentially prevent reinstatement to morphine. First, in regards to 

acquisition of morphine CPP, our finding is opposite of whole-body knockouts of TLR4 and 

MyD88 (M. R. Hutchinson et al. 2012) as well as the pharmacological blockade of TLR4 by 

(+)-naloxone, which show disrupted acquisition of oxycodone CPP (M. R. Hutchinson et al. 

2012).

Furthermore, minocycline, a glial cell modulator that inhibits glial cell proinflammatory 

function, can inhibit acquisition to mCPP (Mark R. Hutchinson et al. 2008) when given prior 

to testing/training, supporting a role for activated glial cells mediating the acquisition of 

rewarding addiction-like behaviors. Notably, the lack of acquisition in each of these 

paradigms makes it difficult to evaluate the role of microglial signaling in specific aspects of 

addiction pathology, e.g. acquisition vs extinction. Several studies have examined the impact 

of using immunomodulators (i.e. (+)-naltrexone and minocycline) on extinction and 

reinstatement by administering them after acquisition of a rewarding memory. For example, 

administration of immunomodulators during withdrawal can lead to diminished addiction-

like behaviors such as lower response rates to cocaine SA (Northcutt et al. 2015), decreased 

development of heroin craving after SA (Theberge et al. 2013), and attenuated reinstatement 

to methamphetamine (Attarzadeh-Yazdi, Arezoomandan, and Haghparast 2014) and 

morphine (Arezoomandan, Khodagholi, and Haghparast 2016) CPP. Taken together, these 

data must be interpreted in the light that each of these immunomodulators and whole-body 

knockout mice impact microglia, neurons, and many other cell types responsible for the 

induction and maintenance of a rewarding memory. Our data uniquely suggests that intact 

neuro-immune signaling specifically from microglia may be required for normal extinction 

and in the prevention of reinstatement to morphine after CPP training. This said, while our 

mouse model achieves a higher degree of cell specificity, we recognize a potential role for 

peripheral monocytes/macrophages to have an impact in the observed results.

Intact neuro-immune signaling after mCPP alters DCX levels

Under physiological conditions, previous murine whole-body knockout studies of TLR4 and 

MyD88 (Rolls et al. 2007) genes, found in many CNS cell types (Ye Zhang et al. 2014), 

show an increase in DG AHNG. Similarly, in an animal model of stroke, chronic 
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administration of minocycline, but not vehicle controls, increased the number of new adult 

neurons produced in the DG (Liu et al. 2007). In the present study and under physiological 

conditions, naïve Cretg/0 mice exhibit normal behavior and have no difference in Ki67 or 

DCX compared to Cre0/0 control mice. Therefore, we suspect that microglial-specific neuro-

immune signaling during physiological conditions is not directly involved in a general 

increase of AHNG. In agreement with previous studies using chronic morphine and mCPP 

(Yue Zhang et al. 2016; Arguello et al. 2008), a decrease in Ki67 and DCX levels in Cre0/0 

mice is observed, when qualitatively compared to naïve Cre0/0 mice. The results also 

indicate that the mCPP paradigm increased DCX in Cretg/0 mice, when compared to Cre0/0 

mice, while Ki67 remained unchanged. These data agree with previously published data that 

correlate deficits in spatial memory, social memory, and in stress coping with modest 

reductions of DCX in rodents (Garrett et al. 2015; Lagace et al. 2010; Jessberger et al. 

2009). One possible interpretation of these data is that microglial neuro-immune signaling is 

an important extrinsic factor in the appropriate removal of surviving and maturing newborn 

neurons, and not the proliferative precursors, after mCPP. Taken together, whole-body 

knockout mice of neuro-immune signaling components appear to constitutively impact 

DCX, while microglial-specific regulation of DCX relies on perturbations to the CNS.

Impaired DCX and increased microglial lysosomal volumes may alter drug reward 
memories

Diminishing or ablating AHNG prior to a rewarding behavior increases drug intake after 

morphine (Bulin et al. 2017) and cocaine SA (Noonan et al. 2010), and prolongs extinction 

of cocaine CPP (Castilla-Ortega et al. 2016). We observed a similar prolonged extinction of 

mCPP by depleting microglial-MyD88 signaling. As immune modulation can influence 

learning and memory and AHNG (Yirmiya and Goshen 2011; Rogers et al. 2011; Liu et al. 

2007), it is not surprising that neuro-immune signaling can play a homeostatic role in 

cognition. For example, the cytokine TNFα is known to have both protective and 

detrimental effects in the brain (review (Sriram and O’Callaghan 2007)). Given the role of 

AHNG on reward behaviors such as CPP, we explored if and how microglia might interact 

with cells important for the extinction of a reward-context associated memory (Castilla-

Ortega et al. 2016) by examining microglial lysosomal volumes and their contents.

The observed increase in colocalized CD68 and DCX surface volumes in Cretg/0 mice may 

represent a dysfunction of lysosomal activity or debris elimination, compared to Cre0/0 

controls. This possibility remains to be tested directly but is supported by the observation in 

ex vivo cultures of increased DCX+CD68+Iba1+ colocalized surface volumes from Cretg/0 

mice treated acutely in vivo with morphine, compared to Cre0/0 controls. Proper microglial 

phagocytic activity, via lysosomes, is mediated by the Rag-Ragulator complex in zebrafish 

microglia (Shen, Sidik, and Talbot 2016). Importantly, microglial phagocytosis is conserved 

from invertebrates to vertebrates and impairments are associated with neurodevelopmental 

(Kim et al. 2016; Shen, Sidik, and Talbot 2016) and neurodegenerative disorders (Fiala et al. 

2005). For example, in humans with Alzheimer’s disease, impairments in microglial 

phagocytosis of amyloid beta (Abeta) plaques have also been observed (Fiala et al. 2005). 

Furthermore, murine whole-body knockouts of MyD88 and Cx3cr1 show impairments in 

microglial phagocytosis of Abeta plaques (Michaud, Richard, and Rivest 2012). Whether 
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through dysregulated phagocytosis or lysosomal activity, the present study provides novel 

evidence that microglial specific neuro-immune MyD88 signaling is important in the 

maintenance of immature neurons after morphine, which may subsequently impact 

addiction-like behaviors.

Conclusions

Taken together, these data suggest that diminished microglial MyD88 neuro-immune 

signaling increased microglial lysosomal volumes containing DG DCX debris, correlating 

with prolonged extinction and enhanced reinstatement of a reward memory. In the current 

manuscript, the MyD88 protein was deleted in monocytes and macrophages, but lacks a 

gain-of-function experiment, thus caution must be taken to interpret the results of this study. 

It should be noted that the changes we observed in the DG of the hippocampus are 

undoubtedly part of a larger circuit, which we look forward to examining in future 

experiments. Overall, this work expands our knowledge of neuro-immune signaling as an 

important component in the learning and memory processes involved in addiction. 

Therefore, a better understanding of microglia-specific signaling should also be examined in 

the future, as novel microglia-specific treatments may aid those to overcome substance use 

disorders.
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• Addiction-like behaviors are enhanced in mice with microglial MyD88 

deletion

• Morphine leads to aberrant levels of immature neurons in the dentate gyrus

• Morphine leads to dysfunction of microglial lysosomes containing immature 

neurons

• Microglial MyD88 signaling may be protective regarding addiction-like 

behaviors
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Figure 1. Selective depletion of parenchymal microglia in Cx3cr1-CreBT:DTR mice.
(A) Total brain leukocytes as determined by flow cytometry in Rosa26-DTR and Cx3cr1-
CreBT:DTR mice 24 hrs after treatment with 50 ng/kg DT (i.p. daily for 3 days). Plots are 

gated on total live CD45+ cells and subgated into microglia (CD11b+ CD45low), myeloid 

(CD11b+ CD45high), lymphoid (CD11b- CD45high), and non-immune (CD45-) cells. (B) 

Quantification of absolute number of cells after treatment as described in A. **p<0.01, 

***p<0.001 by Student’s ttest. (C) CD11b immunohistochemical staining in the frontal 

cortex of Rosa26-DTRand Cx3cr1-CreBT:DTR mice after DT treatment as described in A. 

Mean±SEM. Scale bar: 100 μm.
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Figure 2. Within the CNS, Cx3cr1-CreBT mice label and disrupt parenchymal microglia.
(A) Hippocampus of a 4 week-old Cx3cr1-CreBT:tdTomatof/wt mouse showing tdTomato, 

Iba-1, DAPI, and merged markers. (B) Microglial isolations of samples from WT, Cre0/0, 

and Cretg/0 separated by CD11b- and CD11b+ populations (n=3/group). The relative gene 

expression levels of MyD88 was normalized to 18S. Student’s t-test, *P<0.05. (C,D) ELISA 

protein concentrations for IL-1β (C, n=3) and TNFα (D, n=3) were normalized to 10,000 or 

50,000 cells, respectively. *P<0.05 by One-way ANOVA. N.D., not detectable. Mean±SEM. 

Scale bar, 1mm.
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Figure 3. Addiction-like behaviors assessed by low dose morphine CPP are enhanced in Cretg/0, 
compared to Cre0/0 mice.
(A) Schematic of morphine CPP (3 mg/kg) acquisition, extinction, and reinstatement 

experiment. (B) Acquisition was examined on D8 of the mCPP paradigm. (C-D) Extinction 

testing of mCPP was performed weekly for 7 weeks. (C) Weekly and (D) averaged 

extinction tests are shown. *P<0.05, Student t-test. (E) Reinstatement to saline (D60) and 

morphine (D61, 3 mg/kg, s.c.) was performed. **P<0.01, *P<0.05 two-way ANOVA, Mean

±SEM. SAL, saline; MOR, morphine.
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Figure 4. Anxiety-like, motor, and learning and memory behaviors are not different between 
Cre0/0 and Cretg/0 mice.
(A-B) Timeline of behaviors performed on (A) PND 85 and (B) postnatal month (PNM) 4 

Cretg/0 and Cre0/0 mice. (A1) OF behavior was performed on PND 85 mice. (B1-B4) In a 

separate group of mice, starting at PNM 4, open field (OF), elevated zero maze (EZM), and 

rota-rod (RR) was performed. (C) Diagram of MWM with spatial cues used for spatial 

learning and memory. (C1,2) Training days 1–4 for Cretg/0 and Cre0/0 mice examining 

latency to find the hidden platform (C1) and total distance travelled before finding the 

hidden platform (C2). (C3) Probe tests examining the cumulative duration in target quadrant 

(T) compared to other quadrants (O) showed a main effect of Quadrant (F(1,24)=7.736, 

P<0.05), but no Genotype (F(1,24)=0.5375) or significant interaction (F(1,24)=0.2666) by 

repeated measures two-way ANOVA. Post-hoc analysis *p<0.05, #p<0.05 Student’s t-test. 

Mean±SEM.
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Figure 5. Doublecortin, but not Ki67, levels are increased in Cretg/0 mice only after mCPP.
(A,D) Images of Ki67 (A) and DCX (D) DG were obtained by drawing ROIs of the SGZ or 

GCL, respectively, and performing maximum projections of z-stacks. Top, Naїve; Bottom, 

mCPP. Thresholding was applied using ImageJ and the integrated density of the Ki67 or 

DCX signal within the ROI was obtained. (B,C,E,F) The integrated density of Ki67 (B,C) 

and DCX (E,F) within the DG of PND 120 mice that are (B,E) naїve and (C,F) mCPP mice 

are shown. *P<0.05, Student t-test. Mean±SEM. Scale bars, 100um, insets 20um.

Rivera et al. Page 27

Brain Behav Immun. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. The lysosomal volumes of microglia that contain immature neuronal debris from 
Cretg/0 mice are increased, compared to Cre0/0 controls.
(A) The 3D-rendered surface volumes for DCX, CD68, Colocalization, and merged channels 

in the DG are shown. (B-C) Colocalized surface volumes normalized to the DCX+ and 

CD68+ signal within the DG for (B) naїve and (C) mCPP groups. Coloc., colocolaization; 

Vol., volume.; Norm., normalized. *P<0.05, Student t-test. Mean±SEM. Scale bar, 10um.
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Figure 7. Surface volumes of CD68+, DCX+, and Colocalized DCX+CD68+ signal within the DG 
vary depending on mCPP testing.
(A-F) The 3D-rendered surface volumes for (A, D) CD68, (B, E) DCX, and (C, F) 

colocalization were measured and normalized to the total DG volume in (A-C) naive and (D-

F) mCPP groups. Coloc, colocolaization. #p=0.06, *p<0.05 by Student’s t-test. Mean±SEM.
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Figure 8. Surface volumes of colocalized DCX+CD68+Iba1+ signal vary depending on treatment 
and genotype.
(A) Timeline of ex vivo experiment performed on Cretg/0 and Cre0/0 mice. (B) The 3D-

rendered surface volume for DCX+CD68+Iba1+ colocalization was determined after saline 

or morphine treatment of Cretg/0 and Cre0/0 mice. A significant interaction (F(1,7)=7.797) 

by two-way ANOVA was found and no main effects of genotype (F(1,7)=1.799) or treatment 

(F(1,7)=2.37) were observed. Student’s t-test *p<0.05. Mean±SEM.
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