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Abstract

We investigated the effects of granulocyte-macrophage colony stimulating factor (GM-CSF) on 

behavioral and pathological outcomes in Alzheimer’s disease (AD) and non-transgenic mice. GM-

CSF treatment in AD mice reduced brain amyloidosis, increased plasma Aβ, and rescued cognitive 

impairment with increased expression of calbindin and synaptophysin in the hippocampus and 

increased levels of doublecortin-positive cells in the dentate gyrus. These data extend pleiotropic 

neuroprotection mechanisms for GM-CSF in AD and include regulatory T cell-mediated 

immunomodulation of microglial function, Aβ clearance, stabilizing synaptic integrity, and 

induction of neurogenesis. Together these data support further development of GM-CSF as a 

neuroprotective agent for AD.
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1. Introduction

Innate and adaptive immunity are operative during progression of neurodegenerative 

disorders that include Alzheimer’s disease (AD) and Parkinson’s disease (PD), multiple 

sclerosis (MS), amyotrophic lateral sclerosis (ALS) and stroke (Achim et al., 2009, 

Anderson et al., 2014, Olson and Gendelman, 2016). These disorders show an inflammatory 

component linked to neural impairment or repair of the central nervous system (CNS). 

Immune competent microglia, macrophages, and dendritic cells produce factors that affect 

the brain’s microenvironment with adaptive immunity, in part, also serving as a disease 

driver (Gendelman and Mosley, 2015, Huang et al., 2009). As such, misfolded proteins 

represented by α-synuclein neural inclusions in PD and amyloid-β (Aβ) accumulation in 

AD can alter immunologic tolerance and affect microglial activation leading to robust 

production of pro-inflammatory neurotoxins, oxidative stress, and excitotoxicity. All are 

linked to a spectrum of disorders beyond neurodegenerative disease that include nutritional 

deficiencies, drugs of abuse, neuroinfections, and depression (Calcia et al., 2016, DiSabato 

et al., 2016, Hurley and Tizabi, 2013, Maes et al., 2012, Mahgoub and Alexopoulos, 2016, 

Minihane et al., 2015). On the one hand, disease-induced factors can be also harnessed for 

diagnostic and therapeutic gain in improving neural function. Hence researches from our 

laboratory and others have aimed immune modulating strategies targeting immune-based 

activities as common outcomes of neurodegenerative disorders (Kosloski et al., 2010, Olson 

and Gendelman, 2016, Puligujja et al., 2015). While effector T cells (Teffs) are 

neurodestructive and exacerbate immune activation and perpetuate neurodegenerative 

disease progression, regulatory T cells (Tregs) orchestrate self-tolerance, modulate 

microglial activation and support neuronal protection (Banerjee et al., 2008, Reynolds et al., 

2007a, Reynolds et al., 2007b, Sakaguchi, 2000, Saresella et al., 2011, Takahashi et al., 

2000). Indeed, the balance between Treg- and Teff-mediated immunomodulation can affect 

the tempo and progression of diseases. Thus induction of Tregs by controlling the balance 

between CD4+ T cell subsets is recognized as a potential therapeutic approach for 

neurodegenerative diseases. For instance, Tregs mediate neuroprotection by reduction in 
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human immunodeficiency virus type one (HIV-1) release, killing virus-infected 

macrophages, and transforming virus-infected macrophages from an M1 to an M2 

phenotype (Huang et al., 2010).

Granulocyte macrophage-colony stimulating factor (GM-CSF) has been used as an 

adjunctive therapy of chemotherapy-induced granulocytopenia (Buchsel et al., 2002). The 

23-kDa glycoprotein functions as a growth factor capable of generating granulocytes and 

macrophages from myeloid progenitor cells, but does not appear to be indispensable for 

those functions and also serves to regulate immune responses in a pleiotropic fashion 

(Becher et al., 2016). It stimulates mobilization of hematopoietic progenitor cells, and thus 

induces differentiation of granulocyte, macrophage, and eosinophil precursor cells as well as 

Tregs in the peripheral circulation (Rowin et al., 2012, Ruef and Coleman, 1990, Sheng et 

al., 2011). In the CNS, GM-CSF is produced by resident astroglia and T cells, and can also 

cross the blood–brain barrier (BBB) where it engages receptors on both immune and neural 

cells (McLay et al., 1997). GM-CSF and its receptor, GM-CSFRα, are expressed by 

neurons. GM-CSF signaling plays a major role in structural plasticity relevant to learning 

and memory (Krieger et al., 2012, Schabitz et al., 2008), controls cell death following spinal 

cord injury (Ha et al., 2005), and protects neurons in traumatic brain injury (TBI) mice 

(Shultz et al., 2014). Recently we showed that therapeutic immune transformation by GM-

CSF induces neuroprotection in models of PD and TBI (Kelso et al., 2015, Kosloski et al., 

2013). These findings led to our recent proof-of-concept phase I clinical trial, which 

demonstrated benefits in improving motor skill sets in PD patients (Gendelman et al., 2017). 

Moreover, GM-CSF immune transformation is associated with neuroprotection and 

improved motor function in animals and humans (Gendelman HE et al., 2017, PMID: 

28649610; Kosloski LM et al., 2013, PMID: 24210793, Bergamini A et al., 2000, PMID: 

11012779). These works have now been extended to investigate how GM-CSF affects AD 

pathogenesis. Previous studies investigated how mixed pro- and anti-inflammatory cytokine 

profiles induced by macrophage-, granulocyte- and granulocyte macrophage- colony 

stimulating factors (M-CSF, G-CSF and GM-CSF) affect amyloidosis and behavioral 

impairments in AD mice. In these studies associations between neurogenesis, microglial 

activation, cytokine production and neuroprotective responses were identified. These were 

seen as the mechanisms underlying the positive therapeutic benefits of CSFs for both 

neuroinflammatory and neurodegenerative disorders (Sanchez-Ramos J et al., 2009, PMID: 

19500657; Boyd TD et al., 2010, PMID: 20555144; Doi Y et al., 2014, PMID: 25062013). 

Based upon these prior observations we now posit an additional mechanisms for GM-CSF 

immune transformation that include both innate microglial and adaptive immune responses 

that affect Aβ clearance in AD. The work serves to extend GM-CSF beneficial effects in 

rheumatoid arthritis (RA) by improving disease outcomes by control of inflammation (Avci 

et al., 2016). Moreover, our current observations support inverse associations between RA 

and AD where non-steroidal anti-inflammatory drug (NSAID) use in RA attenuates brain 

injury. While NSAIDs fail to ameliorate AD-associated memory impairments, GM-CSF-

enhanced memory supports its therapeutic benefits in aged, cognitively-impaired AD models 

(Moss and Hamilton, 2000).

One way that GM-CSF facilitates improvements in brain function is by recruiting monocyte-

macrophages from the peripheral blood into the brain and affects clearance of Aβ plaques 
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(Butovsky et al., 2007, Darlington et al., 2015, El Khoury et al., 2007, Fu et al., 2016, 

Hohsfield and Humpel, 2015, Malm et al., 2005, Savchenko et al., 2016, Simard et al., 2006, 

Zuroff et al., 2017). Additionally, increases in neural cell connections in brains of GM-CSF-

treated subjects may provide insights into the association between memory improvements 

and control of innate and adaptive immune responses. We posit that GM-CSF transforms 

immune responses and as such leads to neuroprotection and control of amyloid biology. 

Altered induction of microglia and Tregs is associated with clinical benefit, and support 

additional studies as well as on-going clinical trials (NCT01409915).

2. Materials and methods

2.1. Transgenic mice and GM-CSF administration

Transgenic (Tg) mice that overexpress the Swedish mutation of human amyloid precursor 

protein (APP) (designated as the Tg2576 strain) were obtained from Drs. G. Carlson and K. 

Hsiao-Ashe through Mayo Medical Venture (Hsiao et al., 1996). Presenilin 1 (PS1) mice 

overexpressing the mutant protein of human PS1 (M146L line 6.2) were provided by Dr. K. 

Duff through the University of South Florida (Duff et al., 1996). Both Tg strains were 

maintained in a B6/129 hybrid background (Kiyota et al., 2009). Non-Tg B6/129 and 

APP/PS1 double-Tg mice were developed in parallel as described previously (Kiyota et al., 

2013, Kiyota et al., 2011, Kiyota et al., 2010); the latter are hereafter referred to as AD mice. 

Recombinant murine GM-CSF (Peprotech, Rocky Hill, NJ) was reconstituted in sterile 

Dulbecco’s PBS (DPBS). For these studies, female non-Tg and AD mice were administered 

GM-CSF at 50 μg/kg body weight, i.p. (Kelso, Elliott, 2015, Kosloski, Kosmacek, 2013) 

once daily for 10 consecutive days at 4 months of age, followed by 2 rounds of 5 daily 

injections given at 3-week intervals. These doses were previously considered safe and 

efficacious (Sanchez-Ramos J et al., 2009, PMID: 19500657 (for G-CSF); Boyd TD et al., 

2010, PMID: 20555144; Kosloski LM et al., 2013, PMID: 24210793). In the current studies, 

non-Tg and AD mice treated with DPBS served as vehicle controls. All animal studies 

adhered to the guidelines established by the Institutional Animal Care and Use Committee at 

University of Nebraska Medical Center.

2.2. Flow cytometric analyses

Flow cytometric analyses was performed on peripheral blood samples taken by 

submandibular vein puncture with a 5 mm animal lancet (MEDIpoint INC, Mineola, NY, 

USA) and 100 μl of blood collected into K3EDTA collection tubes (Greiner BioOne North 

America, Monroe, NC, USA, cat. 450475). Each 50 μl sample of whole blood was diluted 

with 50 μl FACS staining buffer (FSB) and monoclonal antibodies (Abs) added (all from 

eBioscience/Thermo Fisher Scientific, Waltham, MA, USA) that included 400 μg of PerCP-

Cyanine5.5-conjugated anti-CD3ε (clone 145-2C11, cat. 45-0031-80), 500 μg of PE-

Cyanine7-anti-CD4 (clone RM4-5, cat. 25-0042-81), and 500 μg of PE-anti-CD25 (clone 

PC61.5, cat. 12-0251-82). Samples were incubated for 30 min at room temperature, 

centrifuged at 400xg for 5 min at 4°C, and resuspended in 2 ml FSB containing 0.1% BSA. 

The samples were fixed, permeabilized, and stained with APC-anti-mouse/rat Foxp3 

staining set (clone FJK-16s, cat. 77-5775) according to the manufacturer’s protocol. After 

labeling, cell suspensions were washed by centrifugation, fixed, and analyzed using BD LSR 
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II Flow Cytometer (BD Biosciences, San Jose, CA, USA) at the University of Nebraska 

Medical Center Flow Cytometer Research Facility by personnel not associated with the 

experimental protocol. Data analysis was performed with FACSDiva software (BD 

Biosciences, San Jose, CA, USA) by an investigator that was blinded to the experimental 

groups. Lymphocytes were electronically bit mapped and CD3+CD4+ T cells were gated to 

determine frequencies of CD25hiFoxP3+ Tregs within the CD4+ T cell population.

2.3. Radial arm water maze test

The radial arm water maze (RAWM) task was performed in a blinded fashion at 7 months of 

age as previously described with minor modifications (Kiyota, Gendelman, 2013). Animals 

from masked cages were introduced into the perimeter of a circular water-filled tank 110 cm 

in diameter and 91 cm in height (San Diego Instruments, San Diego, CA) with triangular 

inserts placed in the tank to produce six swim paths radiating from a central area. Spatial 

cues for mouse orientation were present on the tank walls. At the end of one arm, a 10 cm 

circular Plexiglas platform was submerged 1 cm deep and as such hidden from the mice. The 

platform was located in the same arm for four consecutive acquisition trials (T1 through T4), 

and one 30 min delayed retention trial (T5), but in a different arm on different days. For T1–

T4, the mouse started the task from a different randomly chosen arm, excluding the arm with 

the platform. After four trials, the mouse was returned to its cage for 30 min, and then 

administered the retention trial (T5) starting from the same arm as in T4. Each trial lasted 1 

min, and an error was scored each time the mouse entered the wrong arm; entered the arm 

with the platform, but did not climb on it; or did not make a choice for 20 sec. The trial 

ended when the mouse climbed onto and remained on the hidden platform for 10 sec. The 

mouse was given 20 sec to rest on the platform between trials. The time taken by the mouse 

to reach the platform was recorded as trial latency. If the mouse did not reach the platform, 

60 sec was recorded as latency, and the mouse was gently guided to the submerged platform. 

The errors over 6-day test were divided into two blocks, and the errors in each block 

consisting of 3-day test were averaged for statistical analysis.

2.4. Brain tissue preparation for immunohistochemistry

Mice were deeply euthanized with isoflurane and peripheral blood collected by cardiac 

puncture and transferred into K3EDTA collection tubes (Greiner BioOne North America, 

Monroe, NC, USA, cat. 450475). After collection, mice were transcardially perfused with 25 

ml of ice-cold PBS and brains rapidly removed. The left hemisphere was dissected and 

immediately frozen in dry ice for biochemical testing. The right hemisphere was immersed 

in freshly depolymerized 4% paraformaldehyde for 48hr at 4°C, and protected by successive 

24hr immersions in 15% and 30% sucrose in 1×PBS. Fixed, cryopreserved brains were 

sectioned coronally using a Cryostat (Leica, Bannockburn, IL, USA) with sections serially 

collected and stored at −80°C for immunohistochemical tests. Immunohistochemistry was 

performed using specific Abs to identify pan-Aβ (1:100, rabbit polyclonal, Thermo Fisher 

Scientific, Waltham, MA, USA, cat. PA5-20737), Iba1 (1:1000, rabbit polyclonal, Wako, 

Richmond, VA, USA, cat. 019-19741), and doublecortin (Dcx) (1:500, goat polyclonal, 

Santa Cruz Biotechnology, Santa Cruz, CA, USA, cat. sc-8067). Immunodetection was 

visualized using biotin-conjugated anti-rabbit or anti-goat IgG was used as a secondary Ab, 

followed by a tertiary incubation with Vectastain ABC Elite kit (Vector Laboratories, 
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Burlingame, CA, USA, cat. PK-6100). One percent thioflavin S (Sigma, St. Louis, MO, 

USA) in 50% EtOH was used for counterstaining of compact plaque For quantification 

analysis, the slides were masked and coded, and areas of Aβ load and morphology of Iba1-

positive microglia were analyzed by investigators blinded to strain and treatment using 

ImageJ software (NIH, Bethesda, MD, USA) at 300 μm intervals in ten 30 μm coronal 

sections from each mouse. Seven mouse brains per group were analyzed.

Immunofluorescence was performed in brain sections with anti-calbindin D-28k (1:20,000, 

rabbit polyclonal, Swant, Bellinzona, Switzerland, cat. CB38) and anti-synaptophysin 

(1:1000, clone SY38, EMD Millipore, Billerica, MA, USA, cat. MAB5258-I) Abs, followed 

by incubation with Alexa Fluor 568-conjugated anti-rabbit IgG (H+L) (1:1,000) and Alexa 

Fluor 488-conjugated anti-mouse IgG (H+L) (1:1,000) secondary Abs (Kiyota et al., 2015). 

Sections were mounted with Vectashield-DAPI (Vector Laboratories, Burlingame, CA, 

USA). Images in the dentate gyrus (DG) of the hippocampus were captured using a Nuance 

EX multispectral imaging system (Cambridge Research & Instruments, Woburn, MA, USA). 

Calbindin/DAPI or synaptophysin/DAPI images were pre-processed with standard outputs to 

a spectral library using Nuance software. Data were quantified with ImageJ software (NIH, 

Bethesda, MD, USA) by separating color channels and converting to grayscale to obtain red 

(calbindin)/green (synaptophysin) and blue (DAPI) staining intensities in the DG. Calbindin/

synaptophysin positive areas were normalized to DAPI intensity against the non-Tg-PBS 

group to ensure standardization of differences amongst experimental conditions. Eight 

brains per group were analyzed.

2.5. Stereological quantification

Stereological quantification for Dcx in the hippocampus was performed as described 

(Kiyota, Morrison, 2015). In brief, immune-positive cells were counted in a blinded fashion 

in every 8th section through the entire anterio–posterior extent of the DG (total 12 sections 

per hippocampus) and estimated using stereological analysis with Stereo Investigator system 

with an optical fractionator module (MBF Bioscience, Williston, VT). The system consisted 

of a high sensitivity digital camera (OrcaFlash2.8, Hamamatsu C11440-10C, Hamamatsu, 

Japan) interfaced with a Nikon Eclipse 90i microscope (Nikon, Melville, NY, USA). Within 

the Stereo Investigator program, the contour of DG of each section was delineated using a 

tracing function. While sections showed shrinkage along the anterio–posterior axis, the 

extent of shrinkage between different animals was similar. The dimensions for the counting 

frame (450 × 450 um) and the grid size (500 × 500 um) were set. The z-plane focus was 

adjusted at each section for clarity, and images were automatically acquired according to 

each setting. The data file containing all slice pictures of the DG was quantified using the 

fractionator application and Stereo Investigator computed the estimated cell population. 

Total cell counts and the Gunderson (m=1) values were recorded for each animal and 

compared between groups using a statistical software (Prism 4.0, GraphPad Software, San 

Diego, CA).

2.6. Immunoprecipitation and Western blot

Protein extraction and immunoblot analysis for Aβ oligomers were performed as described 

previously (Kiyota, Gendelman, 2013). Briefly, 100 μg of protein was incubated with 
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unconjugated pan-Aβ monoclonal Ab (6E10, 2 μg/ml; Biolegend, San Diego, CA, USA, cat. 

803001) in radioimmunoprecipitation assay buffer (RIPA) buffer (25mM Tris-HCl (pH 7.6), 

150mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 1×protease inhibitor 

cocktail; ThermoFisher Scientific, Rockford, IL, USA, cat. 89901) at 4°C for 1hr, followed 

by incubation with 40 μl Protein A/G Plus agarose (Santa Cruz Biotechnology, Dallas, TX, 

USA, cat. sc2003) at 4°C overnight. Precipitates were collected by centrifugation at 3000 

rpm, 4°C for 5 min, reconstituted with sample buffer, incubated at 95°C for 5 min, and then 

analyzed by electrophoresis on 16% sodium dodecyl sulfate (SDS)-polyacrylamide Tris-

Tricine gel. Proteins were transferred on 0.2 μm pore size polyvinylidine fluoride membrane 

(Immobilon-P, Millipore, Billerica, MA, USA, cat IPVH00010). Membranes were blocked 

in 3% BSA/Tris-buffered saline Tween 20 (TBST), and incubated with biotinylated 6E10 

monoclonal Ab (1:1000; Biolegend, San Diego, CA, USA, cat. 803001), followed by 

incubation with HRP-conjugated streptavidin (ThermoFisher Scientific, Rockford, IL, USA, 

cat. N100). For other Western blot analysis tissue proteins were incubated with β-

mercaptoethanol at 100°C for 5 min, followed by electrophoresis on SDS-polyacrylamide 

Tris-glycine gel and transferred to polyvinylidine fluoride membrane. Membranes were 

blocked in 5% skim milk/TBST and incubated with primary Abs to low density lipoprotein 

receptor-related protein 1 (LRP1) (1:500, mouse monoclonal, Millipore Sigma, MA, USA, 

cat. 438192), receptor for advanced glycation end products (RAGE) (1:1000, rabbit 

polyclonal, Abcam, Cambridge, MA, USA, cat. ab37647), arginase 1 (1:300, rabbit 

monoclonal, Cell Signaling Technology, Denver, MA, USA, cat. 93668S), nitric oxide 

synthase-2 (NOS-2) (1:300, rabbit monoclonal, Cell Signaling Technology, Denver, MA, 

USA, cat. 13120S), and β-actin (1:2000, Sigma, St. Louis, MO, USA, cat. A3854), at 4°C 

overnight, followed by 60 min incubation with HRP conjugated anti-rabbit or mouse 

secondary Abs (1:2000, Santa Cruz Biotechnology, Santa Cruz, CA, USA). Immunoreactive 

bands were detected using SuperSignal West Pico or Femto Chemiluminescent substrate and 

images were captured using a myECL Imager (Thermo Fisher Scientific, Waltham, MA, 

USA). Immunoblots were quantified using ImageJ software (NIH, Bethesda, MD, USA) 

relative to β-actin expression.

2.7. Enzyme-Linked Immunosorbent Assay (ELISA)

Concentrations of Aβ40 and Aβ42 in plasma were quantified using human Aβ40 and Aβ42 

ELISA kits (cat. KHB3482 and KHB3442, respectively) according to the manufacturer’s 

protocols (Thermo Fisher Scientific, Waltham, MA, USA). The ELISA for Aβ40 does not 

cross react with Aβ42, and the Aβ42 ELISA does not cross react with Aβ40. Moreover, no 

cross-reactivity is detected with the following peptides or proteins: Aβ [1–12], Aβ [1–20], 

Aβ [12–28], Aβ [22–35], Aβ [1–43], Aβ [42–1], α-synuclein, APP and tau. Cross 

reactivity with rodent Aβ [1–40] is limited to 0.5% by the manufacturer’s specifications or a 

maximum of 0.024 ng/ml plasma in these studies.

2.8. Statistics

All data are presented as means ± standard errors of the mean (SEM). Comparisons of 

means for two groups were analyzed by Student’s t-test and multiple mean comparisons 

were analyzed by one-way ANOVA with appropriate post-hoc tests or two-way repeated 
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measures ANOVA followed by appropriate multiple comparison tests (Prism 4.0, Graphpad 

Software, San Diego, CA). A value of p ≤ 0.05 was regarded as a significant difference.

3. Results

3.1. Treg induction

We chose to investigate a potential therapeutic effect of GM-CSF for AD based on the 

cytokines known neuroprotective effects in TBI and PD (Kelso, Elliott, 2015, Kosloski, 

Kosmacek, 2013). In the first step to address a role for GM-CSF in AD, we evaluated 

changes in Treg numbers in AD mice. Both non-Tg and AD mice received daily i.p. 

injections of either PBS or GM-CSF in PBS (50 μg/kg/day) for 10 days at 4 months of age. 

Flow cytometry analyses of peripheral blood samples to detect CD3+CD4+CD25hiFoxP3+ 

Tregs (Fig. 1A) were performed before (day 0), and 5 and 11 days after the first GM-CSF 

administration. In untreated AD mice, frequencies of Tregs were significantly diminished 

compared to non-Tg controls (Fig. 1B). GM-CSF treatment for 10 days increased Treg 

frequencies, but not at 5 days post-treatment compared to PBS-treated controls in non-Tg 

(Fig. 1C) and AD (Fig. 1D) mice, thus demonstrating that GM-CSF boosts Treg populations 

in AD as well as non-Tg mice.

3.2. Assay of learning and memory

AD mice show impaired hippocampal function, memory acquisition and retention at 6–7 

months of age (Diamond et al., 1999, Jensen et al., 2005, Kiyota, Ingraham, 2011). As Tregs 

were recognized as neuroprotective in mouse models of human neurodegenerative and 

neuroinflammatory diseases (Gendelman and Mosley, 2015, Mosley et al., 2012) and GM-

CSF induces Treg we assessed whether learning and memory function would be affected by 

cytokine administration. In these experiments, GM-CSF- or PBS-treated AD mice were 

subjected to the RAWM task. Non-Tg mice served as controls of the task. Two 3-day blocks 

for trial 1 (T1; randomized initial trial), T2 and T3 (memory acquisition trials), T4 (final 

acquisition trial), and T5 (delayed retention trial) were used to evaluate the memory function 

at 7 months of age (Fig. 2). All animal groups showed reduced error numbers by T3 and T4 

during day 4–6 trials. By T5, while PBS-treated AD mice showed the highest number of 

errors with significant differences compared to the other groups, GM-CSF-treated AD mice 

showed lower number of errors similar to non-Tg controls. The data supports the idea that 

impaired memory acquisition and retention are operative, but GM-CSF administration 

significantly improves memory function in AD mice.

3.3. Effects of Aβ deposition and plasma Aβ40

We examined whether GM-CSF-mediated improvement of memory function is associated 

with β-amyloidosis (Fig. 3A). Unexpectedly, both cortex and hippocampal Aβ load were 

unchanged between PBS and GM-CSF-treated groups (1.62% and 1.44% of occupancy for 

Aβ load in cortex, 0.62% and 0.58% in hippocampus, respectively, Fig. 3B–C). Next, we 

evaluated plasma Aβ levels in PBS and GM-CSF-treated AD mice using Aβ40 or Aβ42 

ELISA. Aβ40 level was significantly increased in GM-CSF-treated AD mice as compared to 

PBS-injected AD mice (Fig. 3D, p = 0.0498), while plasma Aβ42 level was unchanged (Fig. 

3E). That neither ELISA assay cross reacts substantially with mouse Aβ species, we ruled 
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out the possibility that increased plasma Aβ40 was of murine origin, however the origin of 

Aβ40 from other tissues cannot be ruled out. We also evaluated Aβ species of different 

molecular weight from extracellular-enriched brain homogenates of non-Tg and AD mice by 

immunoprecipitation and Western blot. Treatment with GM-CSF diminished Aβ monomers 

(21.7%, p = 0.0215), dimers (17.0%, p=0.0454), pentamers (22.5%, p = 0.0460), hexamers 

(17.6%, p = 0.0472), and 75 kDa Aβ species (Aβ75) (30.6%, p = 0.0015) (Fig. 4B). 

Interestingly, GM-CSF treatment diminished sAPPα in homogenates of AD mice by 14% (p 

= 0.0251). These results point to the ability of GM-CSF to ameliorate different forms of 

soluble Aβ oligomeric species. Together, these results suggest that GM-CSF administration 

reduces soluble Aβ oligomers as well as sAPPα and promotes clearance of Aβ40 from the 

brain to the vascular circulation, which may contribute to the alteration of overall soluble 

forms of Aβ in the brain.

3.4. Aβ transporter modification

The BBB located Aβ transporters control cerebral Aβ levels that ultimately govern AD 

progression (Do et al., 2016, Herring et al., 2016). To support the ability of GM-CSF to 

facilitate Aβ clearance across the brain to the vascular circulation, we determined expression 

in the brain of the Aβ efflux-conducting receptor, LRP1, and the Aβ influx receptor, RAGE 

(Fig. 5A). LRP1 expression was significantly reduced in vehicle-treated AD mice as 

compared to non-Tg mice (Fig. 5B, p < 0.05). However, GM-CSF treatment increased LRP1 

levels in non-Tg (14.5%) and AD mice (24.4%, p < 0.05) compared to vehicle-treated AD 

mice (Fig. 5B), supporting the finding of increased Aβ efflux from the brain. RAGE level 

was significantly increased in vehicle-treated AD mice compared to non-Tg mice (Fig. 5C, p 
< 0.01) and was significantly ameliorated by GM-CSF treatment (Fig. 5C, p < 0.05). Overall 

these data support the notion that GM-CSF administration facilitates Aβ clearance across the 

brain to the vascular circulation as evidenced by ELISA assay.

3.5. Alteration of microgliosis surrounding Aβ plaques

Aβ peptides and deposition induce reactive microgliosis and subsequent neuroinflammation 

linked to neuronal injury (Heneka et al., 2015). In contrast, microglia also affect Aβ 
clearance (Butovsky, Kunis, 2007, Doens and Fernandez, 2014, El Khoury, Toft, 2007, 

Malm, Koistinaho, 2005, Simard, Soulet, 2006, Zuroff, Daley, 2017); yet experimental 

diminution of microglia has been shown to yield little effect on Aβ plaques (Grathwohl et 

al., 2009, Jankowsky et al., 2005, Spangenberg et al., 2016). To determine whether GM-CSF 

affects microglial accumulation in the AD brain, Iba1-immunoreactive cells surrounding Aβ 
plaques were assessed. Immunohistochemistry revealed reactive microglia surrounding 

thioflavin-S-positive Aβ plaques (Fig. 6A). Quantitation of those microglia revealed 

numbers of Iba1-immunoreactive microglia proximate to Aβ plaques were increased in GM-

CSF-treated AD mice compared to PBS control (Fig. 6B, p = 0.0412), suggesting that GM-

CSF administration facilitates microglial cell accumulation surrounding Aβ plaques. 

Further, we quantified total areas containing Iba1-positive microglia in non-Tg and AD mice 

brains. In the cortex (Fig. 7A), GM-CSF-treated AD mice showed significant increase (p < 

0.05) in the area of microglia-positive brain compared to untreated or treated non-Tg and 

PBS-treated AD mice (Fig. 7C). In the hippocampus (Fig. 7B), similar results were obtained 

showing greater areas of Iba1-positive microglia in GM-CSF-treated AD mice than control 
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animal groups (Fig. 7D, p < 0.01). These results support the ability of GM-CSF to alter 

microglial morphology and densities in AD mice.

3.6. Amelioration of microglial phenotype

As discussed earlier, microglia can play role in neuroinflammation as well as Aβ clearance. 

These neurodestructive and neurotropic effects are attributed to the ability of microglia to 

polarize to M1 (classical activation) and M2 (alternative activation) phenotypes, respectively, 

depending upon the surrounding microenvironment signals (Cherry et al., 2014, 2015). To 

efficiently combat against disease progression, balanced pro-inflammatory M1 and anti-

inflammatory M2 microglia are required (Song and Suk, 2017, Tang and Le, 2016). Western 

blot analysis was performed to determine the expression of NOS-2 and arginase 1 in the 

non-Tg and AD mice brains to evaluate microglial M1 and M2 phenotypes, respectively 

(Fig. 8). NOS-2 expression was significantly increased in the vehicle-treated AD mice as 

compared to the non-Tg mice (Fig. 8B, p < 0.01). However, GM-CSF administration 

significantly ameliorated NOS-2 expression to control levels in AD mice (Fig. 8B, p < 0.01). 

Surprisingly, arginase 1 expression was not significantly changed among all treatment 

groups (Fig. 8C). Overall, GM-CSF treatment significantly diminished the NOS-2/arginase 1 

ratio in AD mice (Fig. 8D, p < 0.01). Together these data suggest that GM-CSF 

administration attenuates pro-inflammatory microglial phenotype in AD-like conditions.

3.7. Modulation of synaptic molecules

We next explored calbindin- and synaptophysin-associated mechanisms of GM-CSF-

improved memory function. The calcium-binding protein calbindin-D-28k regulates 

intracellular calcium levels that are essential for hippocampal learning and memory 

(Molinari et al., 1996). Synaptophysin is an integral membrane glycoprotein of presynaptic 

vesicles, and correlated to cognitive decline in AD (Masliah et al., 1989, Sze et al., 1997). 

The expression of synaptophysin is associated with memory acquisition and retention in 

animal models of human disease (Frick and Fernandez, 2003, Rutten et al., 2005). 

Therefore, we assessed by immunofluorescence the expression of calbindin and 

synaptophysin (Fig. 9A–B) in the DG. Measures of fluorescent intensities revealed that 

levels of calbindin were unchanged in PBS- and GM-CSF-treated non-Tg mice, while levels 

in PBS-injected AD mice were significantly reduced (Fig. 9C, p < 0.05). Administration of 

GM-CSF in AD mice returned calbindin expression to that of non-Tg mice. Similarly, 

synaptophysin expression in non-Tg animals was unchanged regardless of treatment, 

whereas levels were reduced by 30% in PBS-treated AD mice (Fig. 9D, p < 0.05). Treatment 

of AD mice with GM-CSF rescued levels of synaptophysin to those of non-Tg mice. Thus, 

these data support the notion that improved memory function in GM-CSF-treated AD mice 

is facilitated with improved expression of calbindin and synaptophysin.

3.8. Restoration of hippocampal neurogenesis

A number of studies correlate memory function and hippocampal neurogenesis in the DG 

(Bruel-Jungerman et al., 2007, Deng et al., 2010, Kiyota, Morrison, 2015). To uncover 

potential links between the effects of GM-CSF, memory function, and neurogenesis, we 

examined the expression of Dcx within the hippocampal DG (Fig. 10A). Dcx is a marker for 

newly generated premature neurons in the subgranular zone of the DG and serves as a 
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reliable screen for neurogenesis (Rao and Shetty, 2004). The numbers of Dcx-positive (Dcx
+) cells in the DG of PBS-treated mice were significantly reduced compared to non-Tg mice 

treated with PBS or GM-CSF (Fig 10B, p < 0.01). Treatment of AD mice with GM-CSF 

produced an 87% increase in the number of Dcx+ cells compared to PBS-treated AD mice, 

but did not reach statistical significance. These data indicate that pre-mature neuronal 

differentiation is in part protected by GM-CSF.

4. Discussion

M-CSF, G-CSF and GM-CSF were previously used in the treatment of schizophrenia, 

addiction and neurodegenerative disorders with clear pharmacological end-points (Maurer et 

al., 2008, Kamigaki et al., 2016, Shin and Cho, 2016, Tsai et al., 2017). In AD mice, CSFs 

reverse amyloidosis, microglial toxicities and behavioral impairments through enhanced 

neurogenesis and altered cytokine production (Sanchez-Ramos J et al., 2009, PMID: 

19500657; Boyd TD et al., 2010, PMID: 20555144; Doi Y et al., 2014, PMID: 25062013). 

Notably, intrahippocampal injections of GM-CSF was shown to reduce amyloidosis and 

improve cognitive function, hippocampal synaptic integrity and microglial densities (Boyd 

et al., 2010). GM-CSF was shown to affect better disease outcomes that G-CSF or M-CSF, 

Moreover, prior research performed with GM-CSF and used in a various clinical care 

settings support its safety and abilities to traverse the blood brain barrier (Banks, 2016, 

Mietelska-Porowska and Wojda, 2017, Muszynski et al., 2017, Zenaro et al., 2017). This 

coupled with an ongoing phase II clinical trial (NCT01409915) support GM-CSF-based 

strategies for AD.

The findings cited above coupled with a number of recent studies demonstrate a significant 

role of innate and adaptive immunity in the pathophysiology of AD (Boutajangout and 

Wisniewski, 2013, Gendelman and Mosley, 2015, VanItallie, 2017). These work, taken 

together, support the idea that GM-CSF with significant effects on both arms of the immune 

system can elicit substantive beneficial roles for the nervous system by the transformation of 

neurodestructive microglia and Teffs to neuroprotective glia and anti-inflammatory Tregs in 

neurodegenerative, aging, or inflammatory disease models (Daria et al., 2017, Kelso, Elliott, 

2015, Kosloski, Kosmacek, 2013, Thomaty et al., 2017) and in human disease (Gendelman, 

Zhang, 2017). In support of this notion, a recently completed phase I safety study in PD 

patients highlighted the translational value of Teff to Treg transformation by GM-CSF and 

improvements in motor skill sets in treated patients (Gendelman, Zhang, 2017). One 

mechanism surrounding neuroprotective immunity was linked, in large measure, to the 

increased number and function of Tregs as demonstrated by flow cytometry, metabolomic, 

and genomic arrays. Earlier studies showing neuroprotective effects of induced or adoptively 

transferred Tregs in different neurodegenerative disease models further support our findings 

that Tregs modulate brain microglial function (Baek et al., 2016, Li et al., 2013, Reynolds, 

Banerjee, 2007b). Thus recruitment of microglia subsequent to Aβ deposition and 

aggregation was attributable to production of monocyte chemoattractant protein (MCP)-1and 

chemoattractant gradients after signaling by TLR and NLR inflammatory receptors after 

binding by cognate pattern recognition receptors (PRRs), such as pathogen-associated 

molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs). Reports 

also suggest that GM-CSF induces expression of MHC class II and co-stimulatory 
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molecules in microglia, which further facilitate recruitment (Codarri et al., 2011, Ponomarev 

et al., 2007). Additionally, GM-CSF stimulates microglia to induce proliferation and 

reactivation of CD4+ T cells (Aloisi et al., 2000, Fischer et al., 1993). Therefore, GM-CSF 

stimulated microglia can stimulate adoptive immune responses in different 

neurodegenerative conditions.

Diminished Treg number and function correlate well with AD progression (Duffy et al., 

2017, Gendelman and Mosley, 2015, Larbi et al., 2009, Le Page et al., 2017, Saresella et al., 

2010). GM-CSF treatment induces Treg frequency as assessed in periphery. Also exogenous 

GM-CSF can easily transverse the BBB relatively unrestricted given its small molecular 

weight and an increased BBB permeability in AD (Greenberg et al., 2004, Kinnecom et al., 

2007, Takeda et al., 2014). Tregs modulate functional differentiation of mononuclear 

phagocytes through direct interaction within the brain parenchyma. More T cells infiltrate 

the brain of AD patients and AD transgenic models than found in control subjects and 

wildtype mice (Laurent et al., 2017, McManus et al., 2015, Mietelska-Porowska and Wojda, 

2017, Togo et al., 2002). Tregs impart beneficial effects through microglia, independent of 

their Aβ clearing effect. Apart from phagocytic activity, microglia can produce multiple 

effects, including production of neurotrophic factors and/or inflammatory mediators, 

regulate neuronal activity by microglia-astrocyte-synapse interactions, and contribute to 

synaptic remodeling and plasticity (Salter and Beggs, 2014). These effects together 

contribute to modulate cognitive functions, independent of Aβ phagocytosis. For instance, 

microglia-derived BDNF can reverse synapse loss, partially normalize aberrant gene 

expression, improve cell signaling, and restore learning and memory; all independent of 

amyloid deposition levels (Nagahara et al., 2013, Nagahara et al., 2009). These data support 

observations found in this study that showed the tandem increase in Tregs, diminished 

proinflammatory microglia, and rescue of synaptic integrity. Thus, Treg-mediated 

modulation of microglial function may affect AD-related cognitive deficits without altering 

amyloid load.

Microglia are known to induce multiple effector functions apart from their phagocytic 

activity which may contribute to modulation of cognitive functions independent of Aβ 
phagocytosis. Although, inverse correlations between Aβ deposition and cognitive deficit 

suggest that the deficits may rather be related to some diffusible or even intracellular Aβ 
species other than the fibrillar Aβ peptide sequestered into plaques (Duyckaerts et al., 2008). 

Thus, we cannot rule out that Treg-mediated protective effects are partially associated with 

phagocytic activity of microglia in the current study wherein GM-CSF induced Treg, 

significantly reduced soluble Aβ species, increased peripheral Aβ levels, and improved 

cognitive function. Previous studies also reported altered expression of microglia activation 

markers such as IL-1 receptor-like 3 (IL-1RL2) and ubiquitin-specific protease 18 (USP18), 

and reduced recruitment after Treg depletion in APP/PS1 mice, thus supporting the ability of 

Tregs to modulate microglial function (Boraschi and Tagliabue, 2013, Goldmann et al., 

2015).

Underpinning these results are older reports showing that a number of well-known growth 

factors that affect hematopoiesis and angiogenesis show therapeutic benefit in diverse 

neurodegenerative disorders. These disorders include, but are not limited to, amyotrophic 
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lateral sclerosis (ALS) (Banerjee, Mosley, 2008, Beers et al., 2017, Henkel et al., 2013), 

stroke (Liesz et al., 2013), PD (Gendelman and Mosley, 2015, Olson and Gendelman, 2016), 

and TBI (Kelso, Elliott, 2015).

The beneficial action of each of the neuroprotective factors are linked to neuroplasticity and 

stem cell growth and differentiation (Baek, Ye, 2016, Duffy, Keating, 2017, Ye et al., 2016). 

Beyond Teff-Treg transformation a central player in immune responses within the CNS and 

studied for decades in the setting of neurodegenerative disease and in particular AD is the 

microglia. The prior paradigm that microglial cells produce only pro-inflammatory 

neurotoxic responses in response to injury is no longer believed to be correct. The microglial 

cell rapidly evolves in structure and function, and can produce a cadre of neuroprotective 

and homeostatic factors in disease. Thus microglia are unique immune cells in the CNS 

having the ability to polarize into two different phenotypes, M1 (classical activation) and M2 

(alternative activation). In early stages of AD, anti-inflammatory M2 microglia predominate 

surrounding Aβ plaques for phagocytosis and degradation, likely to shift more towards the 

pro-inflammatory M1 state with disease progression. This altered M1 and M2 microglia 

balance correlates well with progression of different neurodegenerative and 

neuroinflammatory conditions (Song and Suk, 2017, Tang and Le, 2016). In regards to 

cytokines, activated microglia are known to induce a high level expression of GM-CSF 

mRNA and protein, while M-CSF and IL-34 levels are unchanged (Kamigaki, Hide, 2016). 

This is associated with phosphorylation of STAT5 and its translocation to the nucleus. 

Moreover, the JAK2/STAT5 pathway is not simply involved in microglial survival, but 

secondarily affects the transcription of survival-related genes (Kamigaki, Hide, 2016). Such 

microglial survival commonly occurs in response to injury and or inflammation and affects 

more widespread neuroprotective functions as neighboring neurons also survive for extended 

time periods. Thus, a disease-activated microglia produces endogenous GM-CSF that acts 

not simply to transform immunity to a neuroprotective signature, but changes the phenotype 

of the microglial itself to nourish and support neuronal function and integrity (Gendelman 

and Mosley, 2015, Kosloski, Kosmacek, 2013, Nakagawa et al., 2006).

While vaccines targeting Aβ have shown encouraging results in mouse models of human 

disease, significant adverse events were shown in humans to be linked to T cell responses 

(Nicoll et al., 2003, Schenk et al., 2012). This was seen in the first clinical trial AN1792 

underlined the need for better appreciation of adaptive immunity in AD pathobiology. Tregs 

are known to control Aβ-specific CD4+ T cell responses (Baek, Ye, 2016). In support of the 

current study, early depletion of Tregs has been shown to accelerate cognitive deficits in 

APP/PS1 mice and without altering Aβ deposition (Toly-Ndour et al., 2011). Early onset 

cognitive impairment was more strongly correlated to recruitment of microglia to deposits of 

amyloid. In contrast Treg induction through IL-2 treatment, increased numbers of plaque-

associated microglia and improved cognitive functions in APP/PS1 mice (Dansokho et al., 

2016). Thus, there is ample evidence that Tregs play a beneficial role in AD by affecting 

microglial response to Aβ and ensuring the sustenance of a neuroprotective brain 

microenvironment (Baek, Ye, 2016, Dansokho, Ait Ahmed, 2016).
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5. Conclusion

In summary, we report that GM-CSF rescues cognitive decline in AD mice, increases 

numbers of Aβ plaque-adjacent microglia, and reduces Aβ oligomers with enhanced efflux 

of Aβ40 from brain to the peripheral circulation. Moreover, we provide evidence for GM-

CSF-mediated rescue of several neuropathological manifestations within the hippocampi of 

AD mice, including the loss of calbindin and synaptophysin expression and diminution of 

Dcx-expressing cells in the DG. Finally as an immune modulating agent, GM-CSF corrected 

deficits in peripheral Treg frequencies in AD mice to levels found in non-Tg mice. Together, 

these data serve to suggest that neuroprotection afforded by GM-CSF functions by 

pleiotropic mechanisms that involve immune modulation, synaptic plasticity, and 

neurogenesis to achieve beneficial outcomes in AD. Thus, both innate (microglia) and 

adoptive (Treg) effectors play significant roles in GM-CSF neuroprotective in AD mice.
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Abbreviations

AD Alzheimer’s disease

APP amyloid precursor protein

Aβ amyloid-beta

ALS amyotrophic lateral sclerosis

Abs antibodies

BBB blood-brain barrier

CNS central nervous system

CSF colony stimulating factor

DG dentate gyrus

Dcx doublecortin

Teffs effector T cells

ELISA enzyme-linked immunosorbent assay

EPO erythropoietin
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FSB FACS staining buffer

G-CSF granulocyte colony-stimulating factor

GM-CSF granulocyte-macrophage colony-stimulating factor

GM-CSFR GM-CSF receptor

M-CSF macrophage colony-stimulating factor

NSAID non-steroidal anti-inflammatory drug

PD Parkinson’s disease

PS1 presenilin 1

RA rheumatoid arthritis

RAWM radial arm water maze

SEM standard error of the mean

TBI traumatic brain injury

Tg transgenic

Tregs regulatory T cells
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Highlights

• Treatment of AD mice with GM-CSF:

• Rescued learning and memory function.

• Increased calbindin and synaptophysin expression in hippocampus.

• Rescued doublecortin-positive cells in the dentate gyrus.

• Increased Treg numbers and reduced proinflammatory microglial responses.

• Numbers of Iba1-reactive microglia adjoining Aβ plaques increased.

• Reduced Aβ oligomers, increased plasma Aβ, and altered Aβ transporters 

suggested clearance.
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Fig. 1. 
GM-CSF increases Treg frequencies in non-Tg and AD mice. Peripheral blood samples were 

obtained at 4 months of age and stained for expression of CD3ε, CD4, and CD25, 

permeabilized, and then stained for intracellular FoxP3. Frequencies of Tregs were 

determined by flow cytometric analysis. (A) Lymphocytes were gated by electronic bit maps 

defined by forward-angle light scatter (FALS) and side-scatter (SSC) and by expression of 

CD3 and CD4. Percentages of CD25hiFoxP3+ T cells were determined within the 

CD3+CD4+ population. Samples were obtained from non-Tg and AD mice that were 

untreated (B) or treated with PBS or GM-CSF for 10 days (Day 0–10) (C, D). Mean 

percentages of Tregs (± SEM) were calculated for (B) 19 or 23 naïve non-Tg or AD mice, 

respectively; (C) n = 9–10 treated non-Tg mice per group; and (D) n = 11–12 treated AD 

mice per group. Significant differences were assessed by Student’s t-test (B) or Kruskal-

Wallis non-parametric ANOVA and post-hoc multiple comparisons of mean ranks (C, D).
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Fig. 2. 
GM-CSF administration improves memory retention in AD mice. Non-Tg mice treated with 

PBS (Non-Tg/PBS) or GM-CSF (Non-Tg/GM-CSF) and AD mice treated with PBS (AD/

PBS) or GM-CSF (AD/GM-CSF) were tested by the RAWM task at 7 months of age. Non-

Tg mice served as normal behavior controls for the spatial learning task. The compiled mean 

errors for day 4–6 are shown. Data are presented as mean number of errors ± SEM (n = 8 

per group), and **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001 compared to AD/PBS treated 

group as determined by two-way ANOVA and Bonferroni post-hoc test.
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Fig. 3. 
GM-CSF facilitates Aβ40 peripheral influx in AD mice. (A) Representative images of Aβ 
staining in cortex and hippocampus of PBS- or GM-CSF-treated AD mice at 7 months of 

age. Scale bar = 200 μm. (B, C) Quantification of total Aβ load in the cortex (B) and the 

hippocampus (C) (n=7 per group, 12 sections per brain). (D, E) Levels of Aβ40 (D) and 

Aβ42 (E) in plasma were measured by human Aβ40- or Aβ42-specific ELISA (n=7 per 

group). Data represent mean plasma concentrations ± SEM, and *p ≤ 0.05 compared to 

AD/PBS as determined by Student’s t-test.
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Fig. 4. 
GM-CSF attenuates different Aβ oligomer levels in AD mice. (A) Immunoblot image 

showing different Aβ oligomer species in non-Tg and AD mice brain homogenates. (B) 

Densitometric analysis revealed expression of monomer, dimer, pentamer, hexamer, and 

Aβ75 oligomer species of Aβ as well as sAPPα (n=6 per group). Data are presented as 

mean intensity of expression ± SEM, and *p ≤ 0.05 and **p ≤ 0.01 compared to AD/PBS as 

determined by Student’s t-test.
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Fig. 5. 
GM-CSF modifies Aβ transporter levels in AD mice brain. (A) The expression of of LRP1 

and RAGE in non-Tg and AD animal groups was determined by Western blot analysis. (B, 

C) Densitometric analysis of LRP1 (B) and RAGE (C) expression in GM-CSF-treated or 

untreated mice (n = 4 per group). Data are presented as mean intensity of expression ± SEM, 

and aap ≤ 0.01, bp≤0.05, bbp ≤ 0.01 and cp ≤ 0.05 compared to aanon-Tg/PBS, b,bbnon-

Tg/GM-CSF, or cAD/PBS as determined by one-way ANOVA and Newman-Keuls post-hoc 

test.
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Fig. 6. 
GM-CSF facilitates accumulation of microglia surrounding Aβ plaques in AD mice. (A) 

Representative images of Iba1 staining in the cortex of PBS- or GM-CSF-treated AD mice. 

Scale bar = 100μm. (B) Quantification of the mean number of Iba1-positive cells adjacent to 

thioflavin S (TS)-stained Aβ plaques (n=7 per group, 12 sections per brain, and 3 plaques 

per section). Data represent mean microglia number ± SEM, and **p < 0.01 compared to 

AD/PBS as determined by Student’s t-test.
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Fig. 7. 
GM-CSF treatment increases area occupied by Iba1-positive microglia in AD mice brains. 

(A, B) Representative images of Iba1 staining in the cortex (A) and the hippocampus (B) of 

the non-Tg and AD mice brains received PBS or GM-CSF. Scale bar = 200 μm. (C, D) 

Quantification of area occupied by Iba1-positive cells including cell processes per area 

(μm2) in cortex (C) and hippocampus (D) (n = 5 per group, 12 sections per brain, 3 areas per 

section). Data represent mean percentage of Iba1 occupied area/μm2 ± SEM, and ap ≤ 0.05, 
aap ≤ 0.01, bp ≤ 0.05, bbp ≤ 0.01, cp ≤ 0.05 and ccp ≤ 0.01 compared to a,aanon-Tg/PBS, 
b,bbnon-Tg/GM-CSF, or c,ccAD/PBS as determined by one-way ANOVA and Newman-

Keuls post-hoc test.
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Fig. 8. 
GM-CSF treatment attenuates pro-inflammatory microglial phenotype in AD mice. (A) 

Immunoblot images of NOS-2 and arginase 1 expression assessed in PBS- or GM-CSF-

treated non-Tg and AD mice brain homogenates. (B, C, D) Densitometric analysis of NOS-2 

(B) and arginase 1 (C) expression and NOS-2/arginase 1 ratio (D) in non-Tg and AD mice 

brain (n = 4 per group). Data are presented as mean intensity of expression ± SEM, and aap ≤ 

0.01, bbp ≤ 0.01 and ccp ≤ 0.01 compared to aanon-Tg/PBS, bbnon-Tg/GM-CSF, or 
ccAD/PBS as determined by one-way ANOVA and Newman-Keuls post-hoc test.
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Fig. 9. 
GM-CSF increases expression of calbindin and synaptophysin in AD mice. (A, B) 

Expression of calbindin (A) and synaptophysin (B) was determined in the dentate gyrus 

(DG) of the hippocampus for non-Tg and AD mice treated with PBS or GM-CSF. Scale bar 

= 200 μm for primary figures and 50 μm for insets (C, D). Quantification of calbindin (C) 

and synaptophysin (D) expression levels (n = 8 per group, 12 sections per brain). Data 

represent mean fluorescence intensity ± SEM and p ≤ 0.05 compared to anon-Tg/PBS, bnon-

Tg/GM-CSF, or dAD/GM-CSF as determined by one-way ANOVA and Newman-Keuls 

post-hoc test.
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Fig. 10. 
GM-CSF partially rescues hippocampal neurogenesis of AD mice. (A) 

Immunohistochemical detection of Dcx-labeled cells in the DG of the hippocampi from 7-

month-old non-TG and AD mice treated with PBS or GM-CSF. Scale bar = 200 μm. (B) 

Quantification of numbers of Dcx-labeled cells in the granular cell layer (GCL) of the DG (n 

= 7 per group, 12 sections per brain). Data represent mean number of Dcx+ cells ± SEM, and 

p ≤ 0.05 compared to anon-Tg/PBS, bnon-Tg/GM-CSF, or cAD/PBS as determined by one-

way ANOVA with Newman-Keuls post-hoc test.
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