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Abstract

Nogo-A, B, and C are well described members of the reticulon family of proteins, most well 

known for their negative regulatory effects on central nervous system (CNS) neurite outgrowth 

and repair following injury. Recent research indicates a relationship between Nogo-proteins and 

inflammation. Microglia, the brain’s immune cells and inflammation-competent compartment, 

express Nogo protein, although specific roles of the Nogo in these cells is understudied. To 

examine inflammation-related effects of Nogo, we generated a microglial-specific inducible 

Nogo KO (MinoKO) mouse and challenged the mouse with a controlled cortical impact (CCI) 

traumatic brain injury (TBI). Histological analysis shows no difference in brain lesion sizes 

between MinoKO-CCI and CControl-CCI mice, although MinoKO-CCI mice do not exhibit the 

levels of ipsilateral lateral ventricle enlargement as injury matched controls. Microglial Nogo-KO 

results in decreased lateral ventricle enlargement, microglial and astrocyte immunoreactivity, and 

increased microglial morphological complexity compared to injury matched controls, suggesting 

decreased tissue inflammation. Behaviorally, healthy MinoKO mice do not differ from control 

mice, but automated tracking of movement around the home cage and stereotypic behavior such 

as grooming etc. ( termed cage “activation”) following CCI is significantly elevated. Asymmetrical 

motor function, a deficit typical of unilaterally brain lesioned rodents, was not detected in CCI 
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injured MinoKO mice, while the phenomenon was present in CCI injured controls one week post-

injury. Overall, our studies show microglial Nogo as a negative regulator of recovery following 

brain injury. To date, this is the first evaluation of the roles microglial specific Nogo in a rodent 

injury model.

Graphical Abstract

Introduction

The Nogo-signaling system, which encompasses a broad range of ligands, receptors and 

coreceptors, is known to delay or prevent critical repair systems following/during injury 

or disease. Signaling ligands, including Nogo-A, Nogo-B, and Nogo-C (Nogo proteins) all 

inhibit nerve growth activity via the Nogo-66 structural domain to the Nogo-66 receptor 

(NgR1), while Nogo-A signals through an additional domain known as amino-Nogo (Δ-20) 

(Schwab, 2010). Regardless of domain-receptor linkage, signaling is initiated, activating 

the GTPase ras homolog gene family member A (RhoA) and further downstream targets 

Rho-associated coiled-coil containing protein kinases (ROCK). This signaling program is 

involved in diverse and cell type-dependent signaling (Wikström et al., 2008; Xiang et al., 

2013), but is most commonly known as a regulator of actin filament stabilization and growth 

cone stabilization.

Elevated levels of Nogo-A have been described in patients with a number of 

neuropsychiatric disorders, including temporal lobe epilepsy (Bandtlow et al., 2004), 

multiple sclerosis (Satoh et al., 2005), schizophrenia (Novak et al., 2002), and notably, 

Alzheimer’s disease (AD) (Gil et al., 2006). In the AD patients, Nogo-A is elevated in 
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the hippocampus and localized to senile plaques around amyloid deposits that were also 

surrounded by reactive astrocytes. Interestingly, a reduction (deletion) of Nogo-A results 

in improved performance and neuropathology in AD transgenic (Tg) mice (Masliah et al., 

2010). A recent study examining the cerebrospinal fluid (CSF) proteomes of AD (APP-PS1) 

and PD (A3P-αS) transgenic mice, showed reticulon 4 (RTN4, and also known as Nogo) 

was found at significantly higher levels in the aged-symptomatic mice but not in young 

asymptomatic control mice. Meta-analysis of astrocytic extracellular vesicles shows RTN4 

as a prominent protein cargo, providing even further insight to how Nogo proteins may 

confer signaling (Heras-Romero et al., 2022).

Nogo protein distribution throughout subpopulations of cells within the brain may be a 

key factor in understanding the diverse roles that these receptors and ligands undertake in 

both chronic neurodegenerative disorders and acute injuries such as traumatic brain injury 

(TBI) or stroke. Focus on mouse models using single or combinatory global knockout (KO)/

knockdown (KD) (Dickendesher et al., 2012; Zheng et al., 2005) or overexpression (Karlén 

et al., 2009; Karlsson et al., 2016) of Nogo receptors and KO/KD of Nogo proteins (Kim 

et al., 2003; Lee et al., 2010; Simonen et al., 2003; Yang et al., 2010; Zheng et al., 2003) 

provides important context to overall expression contributions to repair restricting properties 

of these proteins. In the context of injury repair, results have been mixed with genetic 

manipulations of these proteins especially on the regeneration of injured axons; however, 

there is consensus that Nogo and related proteins regulate the sprouting of uninjured axons 

(Zheng and Tuszynski, 2023) Germline KO of Nogo-related genes leaves open possible 

contributions of compensatory gene expression as animals develop, as previously shown 

(Simonen et al., 2003), making conditional KO studies possibly better suited to understand 

roles of these proteins in injury or disease models.

Antibody or peptide treatments targeting Nogo proteins are efficacious and contribute to 

repair following nervous system injury (Gonzenbach and Schwab, 2008; Thallmair et al., 

1998; Zemmar et al., 2014; Zörner and Schwab, 2010) with timing of these treatments 

critical, especially in regards to stroke (Tsai et al., 2011). Efficacy results from targeting 

Nogo-related proteins in injury or disease models are more nuanced when examining 

specific cell type contributions. Indeed, cell type specific knockout of Nogo proteins are 

relevant, with preliminary studies of Nogo-A KO models in neurons (Vajda et al., 2015; 

Zemmar et al., 2017) and oligodendrocytes (Meves et al., 2018; Vajda et al., 2015; Zemmar 

et al., 2014) having differential affects in injury and disease models. With these models 

established, there is increasing interest for studies investigating the function of Nogo 

proteins in microglia, the immune cells of the brain, which are active during inflammatory 

diseases and injury states (Zhang et al., 2022). Antibodies against Nogo-A reduce protein 

expression of the canonical inflammatory cytokine tumor necrosis factor-alpha (TNF-α) in a 

retinal injury model (Baya Mdzomba et al., 2020). Silencing Nogo-A in vitro in PC12 cells 

via short hairpin (sh)-RNA interference resulted in decreased extracellular TNF-α and IL-6 

in response to a lipopolysaccharide (LPS) challenge(Zhong et al., 2015). Additionally, Nogo 

was recently shown to play a key role in regulating pro-inflammatory gene production in 

macrophages (Arif Ullah et al., 2021). The Nogo-66 initiated signaling has been directly 

implicated in the production of inflammatory cytokines (Fang et al., 2015) with the 
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downstream RhoA-ROCK signaling cascade having clear involvement in the production 

of inflammatory cytokines (Glotfelty et al., 2023).

With the above in mind, we generated for the first time a microglial-specific inducible 

Nogo-A, B, and C KO mouse to investigate the role of microglial Nogo proteins in healthy 

and brain injured adult mice. As microglia are the resident immune cells of the brain and 

sources of neuroinflammation, our studies build upon the previous findings showing an 

inflammatory role of Nogo in a variety of in vitro and in vivo models. We employ a model 

of controlled cortical impact (CCI) of TBI, which we have previously used extensively in 

preclinical drug screening applications (Greig et al., 2019; Hsueh et al., 2022, 2021, 2019). 

Importantly, this model recapitulates many pathophysiological features apparent in moderate 

to severe human TBI (Glotfelty et al., 2019), which is one of the most prevalent causes 

of mortality among young children and the elderly worldwide. Animals were generated 

and subjected to a battery of behavioral testing prior to and after injury, with histological 

brain assessments performed two weeks after injury. We find that microglial Nogo deletion 

facilitates recovery following CCI injury as evidenced by these behavioral and histological 

assessments.

Methods

Animals

All procedures used in this study were fully approved by the Institutional Animal Care 

and Use Committee of the Intramural Research Program, National Institute on Aging, 

NIH (protocols #491-TGB-2023, #488-TGB-2022, and #331-TGB-2024). Studies followed 

the NIH guidelines for research on mice (DHEW publication 85–23, revised, 1995) and 

the current European Union regulations (Directive 2010 / 63 / EU) agreement number 

A1301310. To target genetic manipulation of microglial cells Cx3cr1CreER-YFP/+ mice were 

obtained from Jackson Labs (Stock# 021160) and bred with Rtn4loxP/loxP mice (Meves et 

al., 2018) created by Binhai Zheng’s group (available at Jackson Labs as Stock# 033364). 

The Cx3cr1CreER-YFP+/− have inducible Cre recombinase (CreER) and EYFP knocked 

into the Cx3cr1 locus, a gene specific to microglial cells of the brain and peripheral 

macrophages. The RTN4loxP/loxP mice have loxP sites inserted to flank the first and second 

common exons of the three isoforms of Nogo: Nogo-A, Nogo-B, and Nogo-C (Meves et 

al., 2018). Through multiple stages of breeding, we generated a conditional and inducible 

Microglial Nogo Knock-Out (MinoKO) mouse with confirmed genotypes heterozygous for 

CreER-YFP and homozygous for the floxed RTN4 gene: Cx3Cr1CreEr YFP +/−RTN4loxP/loxP. 

One potential concern for the development of the MinoKO mouse is an effect from the 

heterozygosity of the Cx3Cr1 gene, as the Cx3cr1creER mouse utilizes a knockout/knockin 

strategy for insertion of the CreER, and several studies have shown different phenotypes 

from Cx3Cr1 loss, though most severe in complete KO of the gene (Cardona et al., 2015; 

Rogers et al., 2011; Wang et al., 2021). For this reason, we incorporate two control animals 

for comparison to the MinoKO mouse to ensure any effects observed can appropriately 

be attributed to loss of microglial Nogo. Control animals for the studies include the 

1) Cx3cr1CreER-YFP+/− mice heterozygous for the CreER-YFP insertion and exhibiting 

wildtype RTN4 expression (Cre Control) and 2) the original RTN4loxP/loxP animals (Floxed 
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control) which retain wildtype Cx3Cr1 expression (Fig. 1A). All genotyping was performed 

by contract through TransnetYX using a real time (RT)PCR assay with genetic material 

obtained from minimally invasive ear punches. For experimental use, MinoKO and Cre 

control mice were injected with tamoxifen (TAM) to activate Cre, and in MinoKO mice, 

remove the RTN4 gene via recombination. Floxed control mice were injected with vehicle 

(corn oil + 10% EtOH). The Cx3Cr1 promoter is one of the most widely used to specifically 

target microglial specific Cre expression, and importantly, with Cre not driving any adverse 

phenotypes or activation of microglia in adult mice (Vorhees and Williams, 2006). Although 

widely used for microglia studies, this promoter also targets peripheral macrophages, which 

have a much faster turnover rate than microglia. All animals in the current study were 

mature adults (ages 3-6 months) at time of experimentation, barring two older MinoKO 

females (8.6 months) that were used as sham animals in CCI experiments. Animals were 

kept on a normal 12h day-night cycle and were allowed access ad libitum to water and 

mouse chow. All behavioral testing was conducted during the light phase (day) cycle.

Tamoxifen Treatment

TAM (Sigma, cat# T5648) was first suspended in pure EtOH (Sigma, cat# E7023) with 

brief vortexing followed by addition of sterile corn oil (EtOH final concentration 10%). The 

TAM solution was then placed in a sonication bath for two minutes, with repeated sonication 

until fully dissolved. Final concentration of TAM was 20 mg/mL. MinoKO and Cre control 

animals were treated with alternating intraperitoneal (i.p.) injections for 5 consecutive days 

with a dosage of 100 mg/kg, each day; floxed control animals received vehicle injections 

relative to their weight. TAM administration in Cx3cr1-CreER mice produces active Cre 

and recombination in circulating monocytes/macrophages in the periphery. Thus, we waited 

approximately six weeks before inducing injury so recombined circulating monocytes 

turnover to non-recombined monocytes (Yona et al., 2013) so that resident microglia of 

the brain, which have much slower turnover rates, were the majority of cells with RTN4 

deletion (Figure 1B) upon any experimentation.

FACS isolation of microglia

Methods used for isolating microglia are described in Hammond et al. (2019) with 

modifications. While anesthetized (under isofluorane), mice were subjected to a transcardial 

perfusion using 20 mL of ice-cold Hank’s balanced salt solution (HBSS) without 

magnesium or calcium. Steady flow of HBSS was controlled via a 20 mL plunger syringe. 

Brains were carefully extracted from each mouse for separate processing. Each brain was 

individually minced into small pieces using a scalpel, followed by Dounce homogenization 

in a 15mL volume of HBSS on ice. Cell suspensions were individually filtered through a 

pre-wet 100 mm filter into a 50 mL conical tube with an additional 5 mL used to rinse 

the filter of any residual suspension. The tubes were centrifuged at 500 × g for 7 mins at 

4°C. Following supernatant removal, cell pellets were loosened and suspended in 2 mL of 

37% isotonic Percoll (GE Healthcare) and centrifuged for 30 minutes at 600 × g at 4°C. 

Cell debris and Percoll solution were aspirated off the cell pellet. The remaining Percoll was 

washed from the cell pellet using 1 mL of ice cold HBSS and centrifugation of 5000 × g for 

30 seconds.
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Cells were resuspended in 100 μL FACS staining buffer (HBSS without calcium or 

magnesium, 1mM EDTA, and 0.5% UltraPure BSA) and incubated in TruStain FcX™ 

Block (BioLegend) for 10 minutes followed by subsequent addition of P2Ry12- BV605 

(SA011F11, BioLegend), CD11b- 488 (M1/70, Invitrogen, cat#53-0112-80), and CD45-

APC (30-F11, Invitrogen) antibodies at manufacturer recommended dilutions (1 μg/ 100μL, 

0.125μg /100 μL, 0.5 μg/100 μL, and 0.125 μg/100 μL, respectively) for 30 minσ on ice. 

Unbound antibodies were washed by addition of 1 μL of FACS staining buffer and a 30 sec 

centrifugation at 5,000×g. Cells were resuspended in 0.5 mL of FACS staining buffer and 

placed on ice. Cells were sorted using a Beckman Coulter Moflo XDP with a 70 μm nozzle, 

sheath pressure of 39psi, and a sample flow rate of 2000-3000 cells/second. Samples were 

collected on ice cold 100 μL FACS collection buffer (HBSS, 1mM EDTA, and 1% UltraPure 

BSA) in RNAse free 500 μL tubes. Live cells were gated from isolated cell populations, 

followed by a doublet exclusion step and subsequent gating via antibody stains. Control 

samples for P2Ry12 and Cd11b alone and unstained cells were used to establish the gating 

strategy for cells of interest (Fig. 1D).

qRT-PCR

Immediately following FACS sorting, RNA was isolated from microglia using the 

Applied Biosystems Arcturus™ PicoPure™ Isolation kit (cat# KIT0204) according to the 

recommended protocol (final elution volume of 15 μL). RNA quality and concentration was 

assessed via the Agilent 2100 Bioanalyzer using the RNA 6000 Pico Kit (cat # 5061-1513). 

RNA samples with RNA integrity number of 7+ were used for downstream qRT-PCR. Using 

RNA samples, cDNA was synthesized using random primers and RNase H+ MMLV reverse 

transcriptase via Bio Rad iScript reverse transcription supermix reagent and protocol (Bio 

Rad, 1708841).

To confirm efficient recombination/excision of the target region, PCR primers were 

selected to target a region within the floxed sites. Relative expression of genes was 

quantified using the delta Ct method compared to HPRT1 as a reference gene. Primers and 

carboxyfluorescein (FAM) labeled probes (or premixed set) used in the quantitative RT-PCR 

are listed in Table 2.

Controlled Cortical Impact (CCI) Traumatic Brain Injury

TBI studies were conducted in mature adult male and female mouse (25–35 grams, 

ages 3-6 months, with two older mice) (Table 1). Mice were assessed using a variety 

of behavioral tests before and after CCI injury, which are outlined below. Subsequently, 

brains were collected and evaluated for gross anatomical changes using histology and 

immunohistochemistry after euthanasia.

For CCI and sham procedures, mice were anesthetized with 2.5% tribromoethanol (Avertin: 

250 mg/kg; Sigma, St. Louis, MO, USA), placed in a mouse stereotaxic frame (Kopf 

Instruments, Tujunga, CA, USA), and fixed with ear bars and an incisor bar. Skin was 

retracted under sterile conditions and a 5-mm square craniectomy was performed over the 

right motor cortex at the posterior corner between the bregma and sagittal sutures. Using 

a drill, the skull was carefully removed, avoiding damage to the dura or to the temporalis 
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muscle. The CCI device, Impact One (Leica Biosystems Inc., Buffalo Grove, IL, USA), 

consists of an adjustable electromagnetic impactor with independent contact velocity and the 

depth control for cortical deformation. Prior to impact, the tip of the 3-mm flat impactor 

was adjusted to be perpendicular to the exposed cortical surface. The contact velocity was 

set at 5 m/s, dwell time at 0.2 s, and a deformation depth of 1 mm in order to produce 

a moderate TBI. Following the CCI procedure, sterile cotton-tipped applicators were used 

to clean the area around the injury site, which was quickly then closed with surgical 

sutures (Ethicon Inc., Somerville, NJ, USA). Sham animals were anesthetized and followed 

the same procedure as TBI mice without CCI impact. During surgery and recovery, the 

core body temperature of all mice was maintained at 36–37 °C using a heating pad and 

heated chamber, respectively. Mice were returned to their home cage after awakening from 

anesthesia, and for pain relief, were administered a 72-h sustained release buprenorphine 

solution (SR-LAB) (ZooPharm) at a dose of 1 mg/kg.

Histological Analysis

Mice were anesthetized with 5% isoflurane and perfused transcardially with ice cold 0.9% 

saline for blood clearing followed by and 4% paraformaldehyde (PFA) in 0.1 M phosphate 

buffer (PB, pH 7.2) for initial tissue fixation. Brains were removed and post-fixed for 

24 hours in 4% PFA followed by sequential sucrose saturation (20% followed by 30% 

sucrose) in 0.1 M PB until the brain sank in each solution. Each brain was mounted and 

frozen onto a cryostat chuck using optimal cutting temperature (OCT) compound (VWR 

cat#361603E) chilled with dry ice. Brains were cut into 20 μm sections using a cryostat 

(Leica Biosystems Inc., Buffalo Grove, IL, USA). All slices were collected spanning the 

striatum to the hippocampus, with every seventh section selected for ventricle and injury/

lesion size assessment. Sections were stored in −20°C cryoprotectant (30% glycerol, 30% 

ethylene glycol, 40% 1x PBS). Prior to mounting or staining slices, cryoprotectant was 

washed with 1 x PBS.

Giemsa Staining—Quantification of brain lesion and lateral ventricle size in TBI animals: 

Sets of selected serial brain slices from 2-week post-TBI or sham (20 μm) were mounted 

on slides and air dried. In a chemical fume hood, the sections were rehydrated in 1/15 M 

KH2PO4 (9.07 g/ L; Sigma, cat# P0662) buffer for 10 min followed by 30 min saturation in 

10% Giemsa (Sigma, cat #12-0440) KH2PO4 buffered solution (pH 4.5) at 40 °C. afterward 

a brief rinse in KH2PO4 solution, the slides were de-stained and dehydrated in absolute 

ethanol (1 minute × 3). Sections were then cleared using a brief xylene (Sigma, cat# 534056) 

rinse and cover-slipped (Epredia™ Cytoseal™ 60, FisherScientific, cat#23-244257). Slides 

were scanned in an All-in-One Fluorescence Microscope BZ-X710 (Keyence Corporation 

of America, Itasca, IL, USA), and brain image areas were quantified using ImageJ 1.52q 

software (National Institutes of Health, Bethesda, MD, USA). The formula for injury 

ratio and lateral ventricle size was as follows: Ʃ area of ipsilateral hemisphere/ Ʃ area of 

contralateral hemisphere × 100; Ʃ area of ipsilateral lateral ventricle/Ʃ area of contralateral 

lateral ventricle × 100. There were 9 brain sections from each mouse counted, with regions 

starting from bregma 0.86 mm to −2.5 mm, spanning the injury site.
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Brain slice immunohistochemistry—Free floating brain sections were washed with 

PBS to remove cryoprotectant and then permeabilized/blocked in tissue staining buffer 

(TSB) [1x PBS with 0.1% Triton-X 100 (SIGMA, Cat # T9284-500ML) and 3% bovine 

serum albumin (BSA) (Sigma, cat# A7030PBS) in PBS] for 1 h. A series of primary 

antibodies was prepared in the TSB, and the sections were incubated in this solution 

overnight at 4° C. Primary antibodies used include the following: anti-Iba1 (Ionized calcium 

binding adaptor molecule 1) (Synaptic Systems, cat # 234308, RRID:AB_2924932, dilution 

1:500, raised in guinea pig), anti-GFP/YFP (Abcam, cat# ab290, RRID:AB_303395, 

dilution 1:500, raised in rabbit), anti-GFAP (Glial Fibrillary Acidic Protein) (Invitrogen, cat# 

PA1-10004, dilution 1:1000, raised in chicken), and anti-Nogo (SantaCruz, cat# 271878, 

dilution 1:50, raised in mouse). After incubation with primary antibody, the sections 

were washed three times for 5 mins with tissue wash buffer (TWB) (0.1% Triton-X 

100 in PBS). Slices were then incubated for 2 h at room temperature in diluted (1:500 

in TSB) Alexa-Fluor™ secondary antibodies (Thermo Fisher Scientific, Invitrogen) that 

corresponded to the targeted species of the paired primary antibody: goat anti-guinea 

pig-555 IgG (H+L) (cat# A21435, RRID:AB_2535856), donkey anti-mouse IgG (H+L) 

Highly Cross-Adsorbed-647 (cat# A32787, RRID:AB_2762830), donkey anti-rabbit IgG 

(H+L) Highly Cross-Adsorbed-488 (Cat# A-21206, RRID:AB_2535792), goat anti-guinea 

pig IgG (H+L) Highly Cross-Adsorbed-488 (cat# A-11073, RRID:AB_2534117), and goat 

anti-chicken IgY (H+L) Highly Cross-Adsorbed-647 (cat# A-21449, RRID:AB_2535866). 

Secondary only controls were used throughout experiments to ensure antibody specificity. 

The sections were then washed with TWB three times for 5 mins followed by a 5 min wash 

in 1x PBS. Slices were mounted on slides, secured with Antifade Mounting Medium with 

DAPI (Vector Laboratories, cat# H120010) and cover slipped. Endogenous YFP expression 

was not evident in fixed tissue without use of the GFP antibody, hence Iba1 images using the 

488 fluorophore do not experience enhanced signal. Users imaging and evaluating images 

were blinded to genotypes and treatment groups.

Brain Slice Imaging—Four 20x images/fields of view z-stacks (20μm) were taken in 

brain regions of interest, the cortex and thalamus, on both the ipsilateral and contralateral 

sides of the brain, total of 16 Images/FOV per brain, using a Confocal Laser Scanning 

Microscope (Zeiss LSM880, Oberkochen, Germany) at the epicenter of the cortical injury. 

ImageJ2 (version 2.9.0/1.53t) (National Institutes of Health, Bethesda, MD, USA) (Rueden 

et al., 2017). Default thresholds were set for Iba1 and GFAP immunoreactivity from 

each 16-bit maximum intensity projection image with total area covered per binary image 

averaged across each animal, from images of each region.

Microglia morphology assessment—The four images/FOV captured from both the 

ipsilateral and contralateral hemispheres (cortex and thalamus) were used for microglial 

morphology assessments. Morphometric parameters of microglia (5-6 microglia/field of 

view) were analyzed using MotiQ, fully automated analysis software. MotiQ was developed 

as an ImageJ plugin in Java and is publicly available (https://github.com/hansenjn/MotiQ). 

The microglial ramification index (RI) is a unit free metric determined by calculation of the 

ratio of the cell surface area to the surface area of a perfect sphere with the same volume 

as the analyzed cell. An RI of 1 corresponds to a perfectly round cell without processes 
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while increasing cell processes are seen in more complex branching cells. Segmentation and 

quantification were performed on the maximum intensity projections of 16-bit TIFF images. 

Spanned area per cell, number of branch end points, and total length of tree skeleton were 

also assessed using MotiQ. Data represented here are averages of all microglia measured 

from each brain region.

Behavioral Assessments

A battery of tests were selected that would span domains of locomotor activity, emotion, and 

cognition. Behavioral tests with demonstrated confounding by repeated testing were only 

performed once, either before (Morris water maze (Vorhees and Williams, 2006) , elevated 

plus maze (File, 1993)) or after CCI (fear conditioning (Radulovic et al., 1998)). Other tests 

(home cage activity, open field, spontaneous alternation, asymmetrical body function) were 

performed both pre- and post-CCI.

Home cage activity tracking—Mice were singly housed with activity automatically 

tracked using the digital individually ventilated cage system (DVC™; Tecniplast). Animals 

were tracked for 42 days pre-CCI and 14 days post-CCI.

Open Field Test (OFT)—Mouse activity levels were measured using the OFT. Mice were 

individually placed in a 44 x 44 x 30 cm clear Plexiglas arena, which was located inside a 

dimly lit sound-attenuating cubicle. Activity was monitored for 30 minutes using an array of 

infrared beams and tracking software (MED-Associates; St Albans, VT).

Elevated Plus Maze—Mice were placed for five minutes in an opaque beige elevated plus 

maze consisting of four arms radiating at 90 degree angles, sitting 38.7 cm above the floor. 

Arms were 5.1cm wide and 30.5cm long; two opposing arms were enclosed with 15.2cm 

high walls; the other two arms had a 3mm lip. Activity was recorded by an overhead camera 

and analyzed using ANY-Maze software (Stoelting Co; Wood Dale, IL).

Spontaneous Alteration Test—Mice freely explored for 15 minutes in an opaque red 

plexiglass maze containing four arms (5 wide, 30 cm long, 25 cm tall) radiating from the 

center at 90 degree angles. Arm entries were automatically detected using an overhead 

camera and ANY-Maze software. Alternations were scored as sequences of entries into three 

unique arms without repeats (e.g., ABCD or BCDA but not ABAC or ABBD). Alternation 

rate was calculated as number of alternations divided by number of opportunities (total arm 

entries – 3).

Morris Water Maze (MWM)—Prior to water maze training, mice were habituated with 

a 60-second exposure to 25°C water in a small tub (30 cm diameter) containing a 7cm 

diameter round submerged platform. Beginning the next day, mice were trained to locate a 

square platform submerged 1 cm below the surface of the water in a larger tub 140 cm in 

diameter. To facilitate climbing, the platform consisted of three 0.5 cm high steps that were 

12.5 cm across at the bottom and 9.5cm across at the top. Water was made opaque by the 

addition of non-toxic white tempera paint and maintained at 22 ± 0.5°C for males and 24 ± 

0.5°C for females. Mice were given 4 trials per day with a minimum inter-trial interval of 
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10 minutes. If mice did not find the platform in 60 seconds, they were gently guided to it. 

Mice remained on the platform for 20 seconds before being returned to their home cage. At 

24 hours following the last day of training, a 60 second probe trial was conducted without 

platform to assess memory for platform location. To confirm motivation & ability to swim 

to a platform based on visual cues, a visible platform control test was run following probe 

testing. Prominent visual cues were added to the platform itself, and mice were given 4 trials 

to locate it.

Fear Conditioning—Fear conditioning was conducted over three days in a standard 

chamber with a side-mounted camera and automated computer scoring (MED-Associates; St 

Albans, VT). On training day mice were placed in the chamber for a two minute baseline, 

followed by a 30-second tone (10 kHz, 85 dB) that co-terminated with a two second, 0.5mA 

scrambled shock delivered by stainless steel floor bars. After a 60 second inter-stimulus 

interval (ISI), a second tone-shock pairing was delivered. Mice remained in the chamber 

for two minutes and were returned to home cage. Contextual conditioning was measured 

24 hours later (recovery) as mice were placed into the chambers for five minutes. Cued 

conditioning was tested 24 hours after the context test in chambers that contained modified 

floor, ceiling, lighting, and odor to differentiate from the conditioning environment. After a 

two minute baseline period, the auditory cue was presented for three minutes.

Asymmetrical Motor Function—Body asymmetrical motor function was assessed using 

the elevated body swing test (EBST), as initially described by Borlongan et. al (1995). 

Briefly, animals were examined for lateral movement/turning when their bodies were 

suspended 10 cm above the testing table. The animals were lifted from the table while held 

by the base of the tail. A left/right swing was counted when the head/torso of the animal 

moved more than a 10° angle from its vertical axis after elevation. The frequency of the left/

right swings was scored across 20 consecutive trials. An uninjured animal generally shows 

a tendency to equally swing to either side. Animals with unilateral brain lesions or damage, 

tend to swing towards the uninjured (contralateral side) as the uninjured hemisphere 

dominates function. The number of ipsilateral and contralateral swings was determined and 

used to create a percentage of contralateral swings, which then was statistically analyzed. 

Experimental users were blinded to genotype when performing this task.

Statistical Analyses

Statistical analyses were performed using R version 3.6.1 and GraphPad Prism. Tests with 

single data point were analyzed first using linear modeling with terms for treatment. Tests 

with repeated testing were analyzed using linear mixed effects modeling (R package nlme) 

with terms for treatment, sex, and time. "Treatment" was defined in pre-CCI tests as one 

of the three genotype groups (Floxed control, Cre Control, or MinoKO). In all post-CCI 

tests except fear conditioning there were no differences between genotypes after controlling 

for sex and CCI/sham treatment; therefore “Treatment” term in reported analysis grouped 

animals into Sham-Control (all genotypes), Control-CCI (two control genotypes combined), 

or MinoKO-CCI . Because genotype had a significant main effect in fear conditioning, 

the “Treatment” term was replaced with separate terms for “Genotype”, “CCI”, and their 

interaction. Post-hoc pairwise comparisons made with Tukey’s HSD. Significance cutoff 
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was p=0.05 in all tests. Pre- and post- behavioral/histological statistics, including effect of 

sex and sex × treatment are provided in Tables S1 and S2, respectively.

Results

Development of MinoKO mouse

We used three different genotypes of mice in the current experiments; two control lines, 

1) which expressed CreER in microglia (Cre Control) and 2) another with no CreER but 

floxed RTN4 sites (Floxed Control), and 3) the MinoKO mouse which expresses CreER in 

microglia and also has a floxed RTN4 gene (Fig. 1A). Cx3Cr1 is a gene specific to microglia 

and circulating macrophages and its promoter is used to drive expression of CreER in these 

cells, driving efficient recombination of a floxed gene of interest (Bedolla et al., 2023). 

RTN4 gene translation results in production of three isoforms of the Nogo protein, Nogo-A, 

-B, and -C which we have targeted with floxed sites in a biologically active region of all 

three forms, the Nogo-66 site (Fig. 1B). CreER-YFP expression in MinoKO mice is highly 

specific for microglial cells, indicated by strong colocalization of immunochemical staining 

signal of YFP to ionized calcium binding adaptor molecule 1 (Iba1) (Fig. 1C). Microglia 

were isolated via FACS from Floxed Control, TAM treated Cre Control, and TAM treated 

MinoKO mice using microglial-specific antibodies anti-P2Ry12 and anti-Cd11b, with some 

contribution in signal from endogenous YFP expression (Fig. 1D). mRNA isolated from 

each sample was processed using RT-qPCR and assessed for levels of Exon-4 and Exon-5 

of the RTN4 gene. We probed mRNA within the Floxed region of the gene. Two-way 

ANOVA revealed differences between groups (F2,23=186.4, p<0.0001), with no significant 

differences in gene expression for Exon-4 (p=.6807) or Exon-5 (p=.7976) between Floxed 

and TAM treated Cre Control mice, and significant decreases in the TAM treated MinoKO 

mice for both exons compared to both controls (p<.0001) (Fig. 1E). This is indicative of 

effective recombination and alteration of Nogo expression in microglia.

Previous Nogo KO animal models have targeted different locations on the RTN4 gene, 

specifically the Nogo-A specific active region (Δ-20) (Dimou et al., 2006; Kim et al., 2003; 

Simonen et al., 2003), while this current study targets the Nogo-66 region common to all 

three Nogo protein isoforms. Simonen and colleagues (2003) show that deletion of only 

the Nogo-Aactive region resulted in increased protein expression of Nogo-B, highlighting a 

possible compensatory shift in Nogo protein when only the Δ-20 region is removed. Studies 

targeting a similar region of RTN4 as the current study resulted in null expression or a 

hypomorph of all three Nogo proteins (Zheng et al., 2003).

Microglial Nogo does not affect locomotion, anxiety, or spatial memory in healthy adult 
mice

We assessed if microglial Nogo KO has any effect on the behavior of healthy mice, 

including activity levels, spatial memory, and motor function (Fig. 2A). Home cage activity 

(Fig 2B) was monitored by capacitive sensors located underneath each cage (Pernold et al., 

2019), with female mice showing overall more activity (Table S1) as has been previously 

described (Konhilas et al., 2015; Oydanich et al., 2019). light phase activation varying 

by sex (F1,18=5.34,p=0.03) but not genotypes (F2,18=2.23,p=0.14) (Fig. 2Ci). Results were 
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similar for dark phase activity, also differing by sex (F1,18=9.74, p=0.006) but not group 

(F2,18=0.21, p=0.8) (Fig. 2Cii). Distance traveled (F2,18=0.92, p=0.4) (Fig. 2D) and time 

spent in the center square of an open field apparatus (not shown) did not differ between 

groups or by sex (Table S1). Accordingly, anxiety-like behavior in the elevated plus 

maze (EPM), assessed by time in the open arms, was not statistically different between 

groups (F2,18=0.23, p=0.8) (Fig. 2E). Spatial working memory was assessed by measuring 

continuous spontaneous alternation (Hughes, 2007) in a 4-arm “cross maze” (Jawhar et 

al., 2012). Alternation rate did not differ between groups (F2,18=1.02, p=0.4) (Fig. 2F). 

Spatial learning and memory was assessed using the Morris water maze (Morris, 1984). 

Escape latencies improved over time across all groups (F3,54=16.56, p<0.0001) but did 

not differ between groups (F2,18=0.23, p=0.8) (Fig. 2G). Retention during a 24-hour probe 

test, assessed by time searching in the quadrant that had previously contained the hidden 

platform(Fig. 2H), did not differ between groups (F2,18=2.14, p=0.15).

Microglial Nogo deletion reduces lateral ventricle enlargement following CCI injury

Gross pathology associated with the CCI induced TBI was assessed following histological 

staining of a series of brain slices within the impact region (Fig. 3A). Injury size from CCI 

is shown as an average percentage of ipsilateral to contralateral hemisphere. CCI resulted in 

significant tissue loss compared to sham injured group (F2,21= 6.536, p=.0062) in both the 

CCI controls (p=.0237), including both the Floxed and Cre Control animals, and MinoKO 

mice (p=.0084). CCI injured animals showed no differences when compared to each other 

(p=.8882) (Fig. 3B).

We further assessed the lateral ventricle size as a metric for changes in intracranial CSF 

following the TBI. This is a common pathological feature observed in human TBI patients 

(Levin et al., 1981). Ventricle size is shown as an average ratio between ipsilateral and 

contralateral ventricles across all brain sections assessed (Fig. 3C). Despite a slightly more 

significant injury size, MinoKO mice do not show differences in ipsilateral lateral ventricle 

size versus sham injured animals (Figs. 3C & 3D).

No sex differences were observed regarding the tissue loss or lateral ventricle enlargement 

(Table S2).

Microglial Nogo deletion decreases microglia and astrocyte reactivity following CCI injury

Microglia and astrocytes are sources of neuroinflammation and are prevalent drivers of 

pathology in human TBI and neurodegenerative disease (Glotfelty et al., 2019). Microglial 

activation is most dominant in the cortex near regions affected by the TBI impact, but 

damage to corticothalamic tracts also initiates prominent microglial activation patterns in 

the thalamus (Ramlackhansingh et al., 2011; Scott et al., 2015). Our group and others 

have previously demonstrated this using the CCI TBI model (Donat et al., 2016; Hsueh et 

al., 2022, 2021). Representative immunochemical staining of Iba1+ microglia (Fig. 4A) is 

shown in both the cortex and thalamus, resulting in significant elevations of Iba1 coverage in 

the ipsilateral cortex and thalamus of both CCI injured Control and MinoKO mice compared 

to Sham animals (Fig. 4B, 4C) (p<.0001 and p<0.001, respectively), with no effect observed 

across groups on the contralateral side of the brain (Table S2). CCI injured MinoKO mice 
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show significant reductions in ipsilateral Iba1 coverage compared to CCI Controls in both 

the cortex (p<.0001) and thalamus (p=.0166) (Fig. 4B, 4C). Overall, female mice showed 

less Iba1 immunoreactivity in the cortex than males irrespective of group (p=.002) with no 

sex × treatment interaction. Crosstalk of microglia and astrocytes during injury and disease 

also leads to elevated levels of GFAP in astrocytes (Liddelow et al., 2017). Hence, we 

assessed GFAP immunoreactivity (Fig. 4A), which is significantly elevated in the ipsilateral 

cortex of both the CCI Control and MinoKO mice compared to Sham mice (p<.0001). CCI 

injured MinoKO mice show reductions in GFAP coverage in the ipsilateral cortex compared 

to CCI injured Control mice (p=.012) (Fig. 4D).

We further assessed individual morphologies of microglia in the cortex and thalamus using 

the MotiQ software in FIJI. Microglial morphology provides a gross representation of the 

activation state of individual cells. Microglia in a healthy brain maintain many processes 

to perform homeostatic functions. These microglia are traditionally described as “ramified” 

while injury or disease states can produce rounder “reactive” microglia with decreased 

process length and ramification. In even more highly inflammatory environments, such 

as sites of severe injury, “amoeboid” microglia with very few short or no processes are 

observed. Decreased ramification and process complexity is generally considered to be 

indicative of a more inflammatory environment, though the complexity and diversity of 

microglial function does not fully lend precise functional differences to associate with each 

morphology subtype (Paolicelli et al., 2022). Three representative Iba1+ microglia are shown 

for contralateral cortex and thalamus (Fig. 5A,i) with thresholded (5A, ii) and skeletonized 

(5A,iii) images produced via MotiQ accompanying. Representative microglia from CCI 

Control and CCI MinoKO mice are similarly displayed (Fig. 5A). Twenty microglia 

across four fields of view from each brain region/mouse were individually analyzed and 

values averaged. The CCI injury significantly reduced ramification of cortical (Fig. 5B, 

i) and thalamic (Fig. 5C, i) ipsilateral microglia in both CCI Control and CCI MinoKO 

mice (p<.0001) without affecting contralateral microglia from the same regions. Similar 

reductions in cortical and thalamic ipsilateral microglia spanned area (ii) (cortex: p=.0002; 

thalamus: p<.0001), endpoints (iii) (cortex and thalamus: p<.0001), and total tree length (iv) 

(cortex: p=.0001; thalamus: p<.0001) were observed compared to Sham injured ipsilateral 

microglia. Ipsilateral microglia from CCI injured MinoKO mice show significant increases 

compared to CCI Control mice in both the cortex and thalamus across nearly all parameters 

shown: (i) ramification (cortex: p=.0406; thalamus: p=.0027), (ii) spanned area (cortex: 

p=.0385; thalamus: p=.0081), (iii) endpoints (cortex: p=.0074; thalamus: p=.0998), and 

(iv) total tree length (cortex: p=.0415; thalamus: p=.0439). We did detect a sex difference 

in ipsilateral cortex endpoints (p=.02), indicating female mice have a higher number of 

microglial endpoints. Female mice were also shown to have increased total tree length 

compared to other males in the same group (p=0.02) No differences were observed across 

all contralateral microglia analyzed (Table S2), focusing our comparisons on ipsilateral 

microglia. Grubbs’ test was applied to all data to identify outliers. For cortical Iba1 

immunoreactivity measurements in Figure 4B, one data point in the ipsilateral MinoKO-CCI 

was removed. One data point was also removed in the sham thalamic ipsilateral spanned 

area from Figure 5Cii. Overall, in response to the CCI injury, microglial immunoreactivity 

is reduced (Fig. 4) and individual cell complexity increased (Fig. 5) from Nogo deletion 
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in microglia. As Control-CCI microglia show reduced morphological complexity compared 

to the MinoKO-CCI microglia, they are more reactive to the injury and thus represent a 

morphology more likely to produce higher levels of pro-inflammatory cytokines (Kloss et 

al., 2001; Madry et al., 2018).Our previous work with the CCI-model (Hsueh et al., 2022) 

and transgenic AD mouse model (Lecca et al., 2022) shows that anti-inflammatory drugs 

increase, respectively, ipsilateral and overall microglial complexity, further evidence for 

reduced inflammatory profile of MinoKO-CCI microglia.

Following CCI injury, microglial Nogo deletion increases home cage activity/overall 
locomotion and increases freezing in a fear conditioning paradigm

We assessed a variety of behavioral parameters following the CCI procedure (Fig. 6A). 

Mice were singly housed their activity continuously monitored (Fig. 6B) as was undertaken 

prior to the CCI injury. Home cage activity during light phase (Fig. 6Ci) varied by date 

(F7,215=44.71, p<0.0001) with increased activity across all groups immediately following 

CCI or sham procedures. This spike in home cage activation on the day of CCI treatment 

carried through into the dark phase only for MinoKO mice (Fig. 6Cii; CCI x date interaction 

F14,124=2.86, p=0.0009; Tukey HSD CCI-MinoKO vs Control-CCI p=0.009; vs Sham 

p=0.04). A more detailed temporal analysis of activity following CCI administration (Fig 

6D) demonstrated that CCI-MinoKO increased home cage activity was most pronounced 

during the first half of the dark phase. Female mice were more active than males two 

days following the CCI procedure (p=0.008), similar to results observed prior to injury. 

Home cage activity during the first 12 hours after CCI/sham administration differed 

between groups (F2,18=12.55, p=0.0004), with post-hoc comparisons revealing differences 

between MinoKO-CCI and both CControl-CCI (p<0.001) and sham (p<0.01) (Fig. 6E). CCI 

produced a delayed reduction in activity: twenty-four hours later (night +1), Control-CCI 

mice were less active than Shams (Fig. 6Cii; Tukey HSD p=0.03). This effect was partially 

blunted in MinoKO-CCI mice, which did not differ from Sham controls (p=0.8). A detailed 

look at full circadian activity during this period (Fig. 6F) revealed that Control-CCI mice 

showed normal initial activity in response to lights out, but then grew less active whereas 

Sham and MinoKO-CCI mice showed bursts of activity throughout the dark phase. To 

quantify this phenomenon, we calculated the average activity starting 2 hours after lights 

off through 2 hours after lights on at the end of night +1 (Fig. 6G). Here Control-CCI 

mice were significantly less active than Sham controls (F2,17=5.99, p=0.01; Tukey HSD 

p=0.008), whereas MinoKO-CCI mice did not differ from Sham (p=0.6) and differed from 

Control-CCI mice with marginal significance (p=0.057). MinoKO-CCI mice also show 

increased locomotor activity in the OFT (p=.009) (Fig. 6H) compared to sham injured 

mice with no differences observed across all groups in spatial working memory (Fig. 6I). 

Preliminary analysis of fear conditioning data revealed significant main effects of knockout 

(irrespective of CCI assignment), thus invalidating a grouping together of sham-control 

and sham-knockout mice. We instead present here the more basic analysis, using separate 

model terms for CCI treatment and genotype. The effects of microglial Nogo-KO varied 

significantly depending on phase of testing (genotype x phase interaction F3,48=3.33, 

p=0.03). Significant differences were found only during the recovery phase on training 

day, with MinoKO mice freezing more (main effect of genotype F1,16=12.58,p=0.003), 

and CCI-treated mice freezing less (F1,16=5.06,p=0.04). This indicates genotype specific 
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effects, as have been shown before with global Nogo-A knockout (Willi et al., 2010), as 

well as separate CCI specific effects in the fear conditioning paradigm. Full results of fear 

conditioning are shown in Figure S1.

Microglial Nogo deletion accelerates symmetrical motor function recovery following CCI

Analysis of EBST prior to CCI found no baseline differences between genotypes 

(F2,18=0.49, p=0.6) or sexes (F1,18=0.01, p=0.9) (Fig. 7B). For analysis with respect to 

CCI treatment, mice were re-assigned to one of three groups: Sham (including all three 

genotypes), Control-CCI (including Floxed Control and Cre Control) and MinoKO-CCI . 

Linear mixed effects analysis of all three time points (baseline, 7 and 14 days post-CCI) 

revealed that the consequences of CCI treatment depended on timing (significant CCI group 

x date interaction F4,36=3.63, p=0.01). Individual linear model analyses for each test date 

identified significant CCI group differences only at the 7d post-CCI time point (F2,18=8.36, 

p=0.003) (Fig. 7C), with Tukey’s post-hoc comparisons revealing differences between 

groups (p=.0012 for Sham v. CCI-Control and p=.0090 for Control-CCI v. MinoKO-CCI ). 

There was much higher variability at the 14-day timepoint (Fig. 7D), which may have been a 

consequence, in part, of the behavioral tests taking place between these timepoints.

Discussion

TBI is a leading cause of global mortality. For those who survive, it can be debilitating 

both immediately afterward as well as and for years following, especially in individuals 

who suffer repeated head injury (Glotfelty et al., 2019). There is currently a void of 

drugs available for treating TBI, which presents an urgency to understand TBI injury 

mechanisms and potential targets for intervention. Neuroinflammation accompanies the 

initial TBI but can persist chronically for years following a single injury. The process of 

neuroinflammation is a key component of the brain’s primary defense mechanism and is not 

wholly pathological (DiSabato et al., 2016); however, chronic or excessively high levels of 

inflammatory proteins can exacerbate damage and produce a secondary injury, which has 

been linked to accelerated neurodegeneration and chronic traumatic encephalopathy (Simon 

et al., 2017).The present study, importantly, demonstrates a key role of the Nogo signaling 

system within microglia-associated neuroinflammation by evaluating the selective deletion 

of Nogo in microglia through the generation of MinoKO mice during health and an acute 

inflammatory challenge, namely moderate TBI. Whereas MinoKO and Control mice were 

indistinguishable in relation to their microglial morphology in uninjured brain and behavior 

during health, microglial Nogo deletion supported initiation of a compensatory brain 

inflammatory response following TBI challenge but moderated microglial cell activation. 

This was evident by a more subdued elevation in Iba1+ and GFAP+ cells in the cortical and 

thalamic regions adjacent to TBI, measures associated with phenotypic changes in microglia 

relating to their activation status, and time-dependent measures of behavioral activity post 

TBI.

The Nogo signaling system may be a potential target for treating TBI, as it is inhibitory 

for neurite outgrowth, promotes growth cone collapse of neurons, prevents CNS repair 

following injury (Schwab and Strittmatter, 2014), and recently, has been linked to the 
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regulation of inflammation (Zhang et al., 2022). The three Nogo protein isoforms, Nogo-

A, -B, and -C signal through the Nogo-66 receptor (NgR1). Germline deletion of Nogo-

A, Nogo-A and -B, or Nogo-A, -B, and -C have mixed results in influencing axonal 

regeneration following spinal cord injury (SCI) (Kim et al., 2003; Simonen et al., 2003; 

Zheng et al., 2003). NgR1 deletion or inhibition has similarly had mixed results influencing 

recovery from injury, including TBI (GrandPré et al., 2002; Lee et al., 2004; Tong et al., 

2013; Zheng et al., 2005). In a mouse model of mild-TBI, which represents the severity of a 

majority of human TBI injuries, upregulation of the Nogo-66 receptor in neurons aggravated 

the effects of the injury and increased the amount of time needed for recovery (Lai et 

al., 2018). Cell-type specific roles of Nogo protein have been explored, with deletion in 

oligodendrocytes contributing to axonal repair and improved functional outcomes more than 

deletion in neurons (Meves et al., 2018; Vajda et al., 2015). Neuronal and oligodendrocyte 

specific Nogo also differentially restrict synaptic plasticity (Zemmar et al., 2017). Meves et 

al. (2018) (Meves et al., 2018) designed a floxed Nogo mouse similar to a previously used 

mouse with constitutive deletion of the first exon common to Nogo-A, -B, and -C, which 

resulted in null or hypomorph expression of all three proteins (Zheng et al., 2003). Their 

mouse, and the MinoKO mice used in the current studies, however, includes the deletion 

of the first and second exon common to all three Nogo isoforms of Nogo, representing 

perhaps even more enhanced knock out model (Meves et al., 2018). Although there is a 

possibility for compensatory expression of Nogo in other cell types, it is unlikely due to the 

targeted nature of the Cre-LoxP knockout system and previous results reported in Meves et. 

al (2018). Future research can certainly address whether compensatory expression of Nogo 

is occurring in other cell types.

Regardless of this possibility, ours and other groups’ research does indicate that cell-

type specific expression of Nogo protein produces functional differences in pathological 

contexts. This may also include Nogo expressed on microglia, the immune cells of the 

brain responsible for initiating a compensatory inflammatory response following injury to 

instigate repair and ultimately re-achieve homeostasis. As has been demonstrated with other 

signaling molecules, the same gene or pathway playing multiple roles different cell types 

is an emerging theme in regulation of CNS injury and repair, with microglia being no 

exception (Jin and Zheng, 2019; Zheng and Tuszynski, 2023). Microglia are heterogeneous 

and respond to aberrant signaling or damage by performing a variety of roles. These include 

phagocytosis of debris or damaged tissue, secretion of proteins including pro-inflammatory 

cytokines and trophic factors, synaptic pruning, and recruitment of other cells, such as 

astrocytes, to respond to damage (Amor et al., 2022). Until the current study, microglial-

Nogo has not been assessed independently in any rodent injury model.

Here, we utilized the MinoKO mouse to assess the roles of microglial Nogo in healthy 

and pathological conditions. The MinoKO mouse allows for inducible microglia-specific 

gene deletion of all three Nogo protein isoforms (Nogo-A, -B, and -C). Using a CCI 

model of TBI, we induced moderate injury that generates a robust inflammatory response, 

as we have previously shown (Greig et al., 2019; Hsueh et al., 2022). Nogo initiates the 

RhoA/ROCK signaling pathway and has been shown to exacerbate inflammation in the 

presence of a liposaccharide challenge (Glotfelty et al., 2023); it also disrupts adhesion and 

migration of microglia (Yan et al., 2012). It is possible for Nogo to activate NgR1 on the 
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same cell (Vajda et al., 2015), which may occur in microglia as they appear responsive to 

Nogo-66 (Fang et al., 2015; Glotfelty et al., 2023) and clearly express Nogo as we have 

shown (Fig. 1). Microglia represent a range of phenotypes in pathological contexts, but 

their distribution and morphologies provide insights to the levels of inflammation in the 

brain. We found reductions in Iba1 microglial immunoreactivity in the ipsilateral cortex 

and thalamus of CCI injured MinoKO mice compared to CCI controls (Fig. 4), suggesting 

that microglial Nogo may reduce the 1) recruitment of microglia to injured areas, 2) the 

rate of microglial proliferation, or 3) the infiltration of microglial progenitors from the 

blood to the brain, all of which are common during brain injury (Ladeby et al., 2005). 

Thalamic microglial activation results from damage sustained to thalamocortical tracts from 

TBI (Ramlackhansingh et al., 2011; Scott et al., 2015). Interestingly, mice lacking Nogo-B 

show decreased macrophage infiltration into ischemic limb injury sites, with macrophages 

showing defects in spreading and migration (Yu et al., 2009). This may partially explain the 

decreased microgliosis we show here in MinoKO mice.

Concurrently and in response to signaling from microglia during injury, astrocytes 

also participate in the inflammatory response through a variety of changes, including 

proliferation and formation of an astrocytic scar in more severe injuries (Burda et al., 

2016; Liddelow et al., 2017).We show here reductions of GFAP immunoreactivity in the 

ipsilateral cortex of CCI injured MinoKO mice compared to CCI and sham control animals. 

No differences in microglial or astrocytic immunoreactivity were observed in contralateral 

brain hemispheres between sham or injured animals. Although the reduction in astrocyte 

reactivity was not as pronounced as the cortical microglial reactivity reductions, these data 

represent overall reductions in inflammatory environment from Nogo deletion in microglia. 

Additionally, our data are in line with previous studies suggesting Nogo/NgR1 signaling 

may affect the migration of microglia to an injury site (Yan et al., 2012; Yu et al., 2009).

Microglia respond context-dependently to cues, with changes in morphology being one 

of the most obvious indicators of their responding to injury or other non-homeostatic 

signaling. In a healthy brain, microglia are relatively evenly distributed in a brain region- 

and age-dependent manner (Moca et al., 2022), and are often referred to as functionally 

homeostatic. These highly complex cells are characterized by their highly ramified structure 

defined by many branches emanating from the soma. Upon sensing damage or aberrant 

signaling cues, microglia become reactive and decrease ramification/branch complexity. 

In highly pathological contexts, such as moderate TBI (Morrison et al., 2017), microglia 

retract nearly all branches present as an ameboid shape. Rounder microglia are generally 

the most highly reactive and are associated with a highly pro-inflammatory environment 

(Karperien et al., 2013). Previously, work has shown that Nogo protein can affect microglial 

morphology in the context of TBI (Ziebell et al., 2017), and Nogo-A (Arif Ullah et al., 2021) 

and Nogo-B (Zhu et al., 2017) facilitate proinflammatory cytokine production typical of 

reactive microglia. Using MotiQ software to assess microglial morphologies two weeks 

post-CCI, we found microglia from injured MinoKO mice show increased complexity 

in both the cortex and thalamus compared to injured controls. MinoKO-CCI microglial 

ramification, spanned area, number of endpoints, and total tree length all trended towards 

sham injured microglia measures. Microglia from female mice displayed some differences 

with males, including less overall Iba1 coverage, more ipsilateral cortical endpoints, and 
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longer ipsilateral cortical total tree length (Tables S1 and S2). Less reactive and more 

complex female microglia are in line with previous studies describing microglial sex 

differences, some of which suggest female microglia are less reactive to insult and provide 

enhanced neuroprotection than male microglia during these insults (Hinkle et al., 2019; 

Villa et al., 2018). Combined with the microglia and astrocyte coverage measures, the 

increased overall complexity of MinoKO microglia, regardless of sex, is further evidence of 

a dampened inflammatory environment.

Behaviorally, healthy MinoKO mice do not differ from control mice when assessed under a 

variety of motor and cognitive tests, in line with a previous study characterizing behavior, 

Nogo-A deficient mice showed a similar lack of differences in OFT, EPM, and MWM, 

among others, compared to control (wild type) mice (Willi et al., 2009). All CCI-injured 

mice in our study show increased activity compared to pre-TBI conditions, which has 

previously been described (Bajwa et al., 2016; Tucker et al., 2017); however, CControl-

CCI mice were hypoactive compared to both Sham and MinoKO (CCI) mice 24 h after 

CCI. Meta-analyses show patients with TBI experience higher rates of attention deficit 

hyperactivity disorder (ADHD) diagnosis than those without such injury (Adeyemo et 

al., 2014; Asarnow et al., 2021), highlighting similarities between our mouse model and 

the human injury. TBI-induced activity increases and stereotopy, interpreted as reward 

salience or underappreciation of rewarding behavior, has been associated with the significant 

reductions in endocannabinoids observed in the TBI-injured mice (Vogel et al., 2020). 

Interestingly, blocking enzymes that metabolize cannabinoids attenuates CCI induced 

behavioral deficits and inflammation (Selvaraj et al., 2019; Tchantchou et al., 2014).

In the Nogo-A deficient mice, Willi et al. (2009) (Willi et al., 2009) showed increased 

motor control in the accelerating rotorod task along with increased overall spontaneous dark 

phase activity. In this and another follow up study, Nogo-A deficient mice show significantly 

increased hyperactivity from an amphetamine challenge compared to control mice (Willi et 

al., 2010). Although a majority of our behavioral assays detected no differences between 

healthy control and MinoKO mice (Fig. 2), injured MinoKO mice show significantly 

increased dark phase activity immediately following CCI compared to sham and injury 

controls. CCI injured MinoKO mice also increase distance traveled in the OFT ~1 week 

post CCI (Fig. 6), in line with the described amphetamine challenges above. Nogo-A knock-

down (KD) in rats affected circadian rhythmicity, reducing overall activity when the animals 

were in constant darkness but not in normal 12 hour light-12 hour dark cycles (Petrasek 

et al., 2014). This effect is opposite to that observed in healthy and unchallenged mice 

from Willi et al. (2009) (Willi et al., 2009). Although all of the described previous studies 

and ours are very different, a common thread emerges that Nogo-A may be involved in 

regulating daily patterns of activity. Notably, circadian rhythm is disrupted in TBI patients 

(Grima et al., 2016) and rodents (Korthas et al., 2022) which is perhaps aggravated by 

Nogo-A deficiency.

Our studies imply that, at least in pathological conditions, microglial Nogo-A deficiency 

may largely be responsible for observed activity increases seen across the above described 

studies. In addition, the relatively short period, weeks rather than months, of Nogo deletion 

in MinoKO mice and KD rats compared to the constitutively deleted Nogo in the other 
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studies suggests this effect involves rapid neurochemical changes in the brain rather than 

structural changes which occur on longer timescales. In Willi et al. (2010) (Willi et al., 

2010), researchers found decreased serotonin and its metabolites in the striatum and region-

specific up- and down-regulation of dopamine receptors throughout the brain. Dopamine 

turnover was increased in the prefrontal cortex, while serotonin turnover was reduced in 

the striatum. Another study in Nogo deficient mice detected increased levels of serotonin 

in the prefrontal cortex, with no differences in dopamine observed (Enkel et al., 2014). 

Moreover, with increasing age, humans show increased Nogo-A expression within the 

dopaminergic rich substantia nigra, while the opposite is true for PD patients (Eyer et al., 

2021). Neurochemical imbalances caused by lack of Nogo protein may be involved in the 

hyperactivity observed across studies in Nogo-A KO or KD mice.

In addition to the increased locomotion phenotype, Willi et al. (2010) (Willi et al., 2010) 

observed increased freezing in Nogo deficient mice, but only when animals had been pre-

exposed to a conditioning environment. Our results in a more traditional (no pre-exposure) 

paradigm indicate a reduction in freezing after CCI regardless of genotype; however, we 

also show a genotype effect of increased freezing in MinoKO mice. This result indicates 

that microglial Nogo deficiency in adult mice is sufficient to produce the increased freezing 

effect that was undetected in lifelong Nogo-A deficient mice (Willi et al., 2010). Willi et al. 

(2010) also provide evidence with Nogo-A antibody studies that lifelong lack of Nogo-A is 

required for the behavioral phenotypes observed, contrary to our findings. Perhaps KO of all 

three Nogo isoforms in microglia produces the behavioral effect that was not achievable with 

antibodies alone.

An additional piece of evidence that microglial Nogo delays recovery in the CCI injury 

model comes from results on the elevated body swing test (EBST), which measures 

asymmetrical motor function typical from unilateral brain lesions (Borlongan et al., 1995). 

Using this method, uninjured animals show no biased swing activity when supported by 

the tail; however, CCI injured mice show significant biased swing contralateral to injury 

7 days and up to two weeks post CCI. This biased contralateral swing is mitigated using 

anti-inflammatory drugs as we have previously shown (Hsueh et al., 2019). MinoKO-CCI 

mice show no differences between sham injured controls either 7 or 14 days post CCI, 

while the CCI control mice show significant contralateral biased swing at 7 days post 

CCI. MinoKO-CCI mice display similar levels of home cage activity as Sham injured 

animals several days after injury, while Control-CCI mice were significantly less active. 

This supports our finding that microglial Nogo deletion facilitates recovery and is in line 

with the EBST improvements observed in MinoKO-CCI mice. Our evidence of reduced 

inflammatory load in the MinoKO mouse brain as well as decreased enlargement of the 

ipsilateral lateral ventricle is in line with the resolution of asymmetrical motor control that 

we see by pharmacologically disrupting inflammation and, in this light, Nogo presence 

on microglia represents a putative drug target to mitigate neuroinflammation (Glotfelty 

et al., 2023). Although, CCI injured Control and MinoKO mice showed similar levels of 

tissue loss indicated from the Giemsa staining, future studies should assess viable tissue 

via 2,3,5-triphenyltetrazolium chloride (TTC), as has previously been done with the CCI 

model (Farr et al., 2020). Others have detected differences in mouse behavior and pathology 

from Cx3Cr1 heterozygosity (Corona et al., 2010; Rogers et al., 2011), we are confident 
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our results represent effects of microglial Nogo deletion as the wildtype Cx3Cr1 expressing 

mice (Floxed controls) and Cre Control mice did not exhibit major phenotype differences.

This is the first microglial specific Nogo KO mouse model and adds to the growing 

evidence that Nogo may play cell-type specific roles. Previous work suggests preservation 

of Nogo protein in neurons with deletion in oligodendrocytes, the myelinating glia of the 

brain, promotes axonal repair (Meves et al., 2018; Vajda et al., 2015). Our studies add 

to these findings as neuronal Nogo remains intact in the MinoKO mice. A microglial 

specific NgR1-KO mouse subject to a pathological condition would provide interesting 

context to our studies. Further characterization of microglial transcriptomes from MinoKO 

mice would provide even more evidence for the roles that Nogo-A, -B, and -C have on 

inflammation in the brain. Interest in Nogo protein influence on the inflammation process 

and our studies confirm that further work is needed to characterize this multifaceted protein 

family previously only described for neurite growth restricting properties.
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FIGURE 1. 
Developing the MinoKO mouse. (a) Mice of three different genotypes were used in the 

current studies, two different control mice and the inducible microglial Nogo knockout 

mouse (MinoKO). (b) Both the Cre Control and MinoKO mice express YFP and inactive 

Cre in Cx3cr1+ cells, which includes peripheral macrophages. The three Nogo proteins, 

Nogo-A, B, and C, are translated from the RTN4 gene and were targeted with loxP sites 

placed in a shared region of the gene flanking Exon4 and Exon5. Tamoxifen (TAM) 

injections activated + cells. Following TAM treatment, peripheral Cx3Cr1+ cells were 

allowed time to turnover, leaving only the microglia as the recombined cells. (c) YFP 

expression is highly specific to Iba1+ cells of the brain, indicating expression of Cre is 

specific to microglia. (d) RNA was isolated from FACS sorted brain cells positive for CD11b 

and P2Ry12 in both controls and MinoKO mice and analyzed for RTN4 Exon4 and Exon5 

gene expression (n = 4 animals/group). ANOVA with Tukey's multiple comparison was used 

for statistical analysis with error bars representing mean ±SEM; F2,23 = 186.4 **** = p < 

0.0001.
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FIGURE 2. 
Microglia Nogo-KO has no effect on behavior in healthy mice. (a) Pre-CCI behavioral 

timeline. (b) Sample actogram showing 17 consecutive days of home cage activity from a 

singly housed control mouse. Each row is a 24 h period; each vertical bar represents average 

activity in a 5-min bin. Burst of activity in light cycle on last day represents cage bedding 

change. (c) Light cycle (i) and dark cycle (ii) activity averages over 42 days. (d) Distance 

traveled in a 30 min open field test. (e) Time spent with mouse's whole body in either open 

arm of an elevated plus maze. (f) Alternation rate in a cross maze apparatus. (g) Latency to 

locate hidden platform, each point representing average of four trials during four consecutive 

days of training. “Vis” indicates visible platform control trials, which were performed after 

probe trial. (h) Time spent in target quadrant during 60 s probe test conducted 24 h after 

last training trial. All behavioral data was not significant between groups assessed via mixed 

linear model with ANOVA.
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FIGURE 3. 
Evaluation of ipsilateral injury size and ventricle volume. Histological assessment timeline 

for all animals (a). Representative Giemsa stained brain slices from Sham and CCI treated 

animals. Sham group includes animals from all genotypes; Control-CCI animals include 

Floxed and Cre Control-CCI treated animals (b). Differences in size of ipsilateral versus 

contralateral hemisphere represented as a percentage (c). CCI significantly induced loss of 

tissue in both control and MinoKO mice (c). CCI significantly induced increased lateral 

ventricle size in the ipsilateral hemisphere of control but not MinoKO-CCI injured mice (d). 

One-way ANOVA with Tukey's multiple comparison was used for statistical analysis with 

error bars representing mean ±SEM; ns = not significant, * = p < 0.05, and ** = p < 0.01.
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FIGURE 4. 
Iba1 (microglia) and GFAP (astrocyte) immunoreactivity 2 weeks post-CCI. Representative 

immunohistochemistry images in the cortex and thalamus for Iba1 staining and the cortex 

for GFAP staining. Both contralateral and ipsilateral regions of the brain were assessed 

for each animal (a). Quantified cortex (b) and thalamus (c) coverage percentage of Iba1 

(microglia) immunoreactivity in averaged images across all animals. Quantified cortex 

coverage percentage of GFAP (astrocyte) immunoreactivity in averaged images across all 

animals (d). No differences in Iba1 or GFAP were observed for the contralateral regions of 

the brain. Ipsilateral regions were statistically compared via One-way ANOVA with Tukey's 

multiple comparison with error bars representing mean ±SEM; * = p < 0.05, *** = p < 

0.001, and **** = p < 0.0001. Measure bar= 50 μm and applies across all images.
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FIGURE 5. 
Microglia morphology assessment following TBI in the contra- and ipsilateral hemispheres. 

Representative maximum intensity projections of Iba1+ microglia (a i) (green) that have 

been thresholded (a ii) and skeletonized (a iii) for assessment using MotiQ software across 

treatment group and regions (a). As no differences were observed in contralateral microglia, 

as determined via one-way ANOVA, for any parameters assessed (b and c), the contralateral 

group images are representative across all genotypes. Microglia were assessed in both the 

cortex (b) and thalamus (c) for ramification index (i), spanned area (ii), endpoints (iii), and 

total tree length (iv). One data point represents the animal mean (20 microglia per region 

for each animal). Ipsilateral microglia were statistically analyzed via one-way ANOVA with 

Tukey's multiple comparison with error bars representing mean ±SEM; ns = not significant, 

* = p < 0.05, ** = p < 0.01, *** = p < 0.001, and **** = p < 0.0001. Measure bar = 20 μm.
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FIGURE 6. 
Post CCI behavioral assessment. (a) Timeline for behavior performed following CCI or 

sham injury. (b) Sample Actogram showing continuous cage tracking data of representative 

CCI-treated control mouse. Each row represents 24 h; each bar is average activation in 

a 5-min period. Animals were removed from their cages during the CCI surgery. Day 

to day average activation (c) during light (i) and dark (ii) phases, excluding 30 mins 

surrounding phase transitions; Mixed effects analysis, ** = p < 0.01 MinoKO-CCI versus 

Control-CCI and * = p < 0.05 MinoKO-CCI v. Sham; # p < 0.05 Sham versus Control-CCI. 

“CCI” indicates day of CCI treatment (Day 0). (d) Home cage activation 12 h following 

CCI, with each data point representing averaged 2 h blocks of cage activation. (e) Total 

activation in 12 h immediately after CCI. (f) Within day home cage activation averaged 

over the first two days following CCI. G) Dark phase 2 days (~30 h) post-CCI. (h) 

Distance traveled in a 30 min open field test. (i) Alteration rate in a cross maze apparatus. 

(j) Fear conditioning assessment, including training days. Differences in freezing were 

observed between genotypes (p = 0.003) and CCI treatment (p = 0.04). Data was analyzed 

using a mixed linear analysis with age of mice showing no significant effect on results. 

ANOVA with Tukey's multiple comparison was used for statistical analysis with error bars 

representing mean ±SEM; * = p < 0.05, ** = p < 0.01, and *** = p < 0.001.
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FIGURE 7. 
Asymmetrical motor function assessment pre- and post-CCI or sham injury. (a) Timeline 

of EBST procedures. EBST was performed three days prior to (b) and 7 (c) and 14 days 

(d) after CCI or sham injury. Animals did not perform differently in the pre-test or two 

weeks after the CCI injury. One way ANOVA with Tukey's multiple comparison was used 

for statistical analysis with error bars representing mean ±SEM; ** = p <0.01.
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Table 1.

Mice used in experiments. Age at the time of CCI procedure is presented.

Genotype Sex Age (mo) Procedure

Floxed Control

F 4.3 CCI

M 5 CCI

M 5 CCI

M 4.3 CCI

M 5 SHAM

F 4.3 SHAM

Cre Control

F 4.2 CCI

M 5 CCI

M 5 CCI

M 5 CCI

M 5 SHAM

F 4.2 SHAM

MinoKO

M 5.8 CCI

M 3.7 CCI

M 6.3 CCI

F 5.8 CCI

F 5.8 CCI

F 5.8 CCI

F 4.5 CCI

F 4.5 CCI

F 8.6 SHAM

F 8.6 SHAM

M 5.9 SHAM

M 6.3 SHAM
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Table 2.

Primer and probe sets used in studies.

Primer/probe set:

HPRT1: Forward Primer: 5’- TGA TAG ATC CAT TCC TAT GAC TGT AGA −3’

Reverse Primer: 5’- AAG ACA TTC TTT CCA GTT AAA GTT GAG −3’

Probe: Universal Probe Library: Probe 22 - Roche

RTN4 (Exon 5): Assay ID: Mm00445861_m1

Chromosome Location: Chr.11: 29692898 - 29744414

Assay Location 2815

RTN 4 (Exon 4): Assay ID: Mm00806750_m1

Chromosome Location: Chr.11: 29692898 - 29744414

Assay Location 2613
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