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ABSTRACT 

Pleiotrophin (PTN) and Midkine (MK) are two growth factors that modulate 

neuroinflammation. PTN overexpression in the brain prevents LPS-induced astrocytosis 

in mice but potentiates microglial activation. The modest astrocytic response caused by a 

low dose of LPS (0.5 mg/kg) is blocked in the striatum of MK-/- mice whereas microglial 

response is unaffected. We have now tested the effects of an intermediate dose of LPS 

(7.5 mg/kg) in glial response in PTN-/- and MK-/- mice. We found that LPS-induced 

astrocytosis is prevented in prefrontal cortex and striatum of both PTN-/- and MK-/- mice. 

Some of the morphological changes of microglia induced by LPS tended to increase in 

both genotypes, particularly in PTN-/- mice. Since we previously showed that PTN 

potentiates LPS-induced activation of BV2 microglial cells, we tested the activation of 

FYN kinase, a substrate of the PTN receptor RPTPβ/ζ, and the subsequent ERK1/2 

phosphorylation on LPS and PTN-treated BV2 cells. LPS effects on BV2 cells were not 

affected by the addition of PTN, suggesting that PTN does not recruit the FYN-MAP 

kinase signaling pathway in order to modulate LPS effects on microglial cells. Taking 

together, evidences demonstrate that regulation of astroglial responses to LPS 

administration are highly dependent on the levels of expression of PTN and MK. Further 

studies are needed to clarify the possible roles of endogenous expression of PTN and MK 

in LPS-induced microglial responses. 

Keywords: Neuroinflammation, microglia, astrogliosis, FYN kinase, pleiotrophin, 

midkine.  
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1. INTRODUCTION 

Activation of the innate immunity in the Central Nervous System (CNS) is an 

important step in the healing process of the damaged brain tissue. When prolonged, 

however, neuroinflammation can become deleterious [1]. Activation of microglia and 

astroglia are key events in neuroinflammatory processes and contribute to the neuronal 

alterations characteristic of pathologies with overt neuroinflammation including 

neurodegenerative diseases [2], multiple sclerosis [3,4] and drug addiction [5]. 

The contribution of Toll-like receptors (TLRs) to neuroinflammatory processes 

has been shown [6]. However, the genetic background that modulates neuroinflammation 

is largely elusive. Recently, we identified pleiotrophin (PTN) and Midkine (MK) as two 

novel growth factors that modulate neuroinflammation in different contexts [7-9]. 

Pleiotrophin and MK are the only cytokines that constitute the PTN/MK developmental 

gene family [10,11] and overlap many functions including survival and differentiation of 

neurons [12]. Both PTN and MK bind to receptor protein tyrosine phosphatase (RPTP) 

β/ζ (a.k.a. PTPRZ1, (R)PTPβ or PTPζ) and inhibit its phosphatase activity [13,14], 

leading to increased phosphorylation of substrates of RPTPβ/ζ such as FYN kinase [15]. 

Pleiotrophin and MK are upregulated in different pathologies of the CNS characterized 

by neuroinflammation including neurodegenerative diseases, addictive disorders, 

ischemia and neuropathic pain [5], which led us to hypothesize a modulatory role of these 

cytokines in neuroinflammatory processes. Previously, we observed that highly 

upregulated PTN brain levels enhance amphetamine-induced astrocytosis [7] but prevents 

LPS-induced astrocytic response [9]. Importantly, a 4-fold upregulation of PTN levels in 

PFC potentiates LPS-induced microglial activation and release of inflammatory cytokines 

[9]. On the other hand, the modest astrocytic response elicited by a very low dose of LPS 
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(0.5 mg/kg) seems to be blocked in the striatum of MK-/- mice whereas no significant 

changes were observed in microglial response [8]. The data suggest a complex regulatory 

role of PTN and MK in important processes of neuroinflammation such as microglial and 

astrocytic responses, depending on their own levels of expression and the nature and 

intensity of the inflammatory stimulus. In order to assess the importance of normal 

endogenous expression of these cytokines in response to inflammatory stimuli, we aimed 

to test the effects of an intermediate dose of LPS (7.5 mg/kg) in glial response in different 

brain areas of PTN-/- and MK-/- mice. In addition, since FYN kinase has been recently 

shown as an upstream regulator of proinflammatory signaling [16] and is a substrate of 

RPTPβ/ζ [15], we have explored the possibility that PTN regulates LPS effects in vitro 

through its ability to modulate FYN kinase signaling. 
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2. MATERIAL AND METHODS 

2.1. Animals 

PTN-/- and MK-/- mice were kindly provided by Dr. Thomas F. Deuel (The 

Scripps Research Institute, La Jolla, CA). MK-/- and PTN-/- mice on a C57BL/6J 

background were generated by methods previously described [17,18].  We used male 

MK-/-, PTN-/- and WT animals of 9-10 weeks (20-25 g). Mice were housed under 

controlled environmental conditions (22±1 ºC and a 12-h light/12-h dark cycle) with free 

access to food and water. Mice were maintained in accordance with both the ARRIVE 

guidelines and the European Union Laboratory Animal Care Rules (Directive 

2010/63/EU for animal experiments) and the protocols were approved by the Animal 

Research Committee of USP-CEU. 

2.2. Immunohistochemistry 

Mice from all experimental groups (n = 4-5/group) received a single i.p. injection 

of LPS (Sigma, Madrid, Spain) (7.5 mg/kg) or saline (control, 10 ml/kg) and were 

sacrificed 16h after LPS administration. This protocol was previously used by our group 

in mice with transgenic overexpression of PTN in the brain [9]. 

Animals were sacrificed by transcardial perfusion with 4% paraformaldehyde. 

Brains were removed and 30 µm PFC and striatal free-floating sections were processed 

as previously described [7-9]. Immunohistochemistry studies were performed in one slice 

per 180 µm (PFC from bregma -3.08 mm to -2.46 mm; Striatum from bregma 1.54 mm 

to -0.10 mm). Sections were incubated overnight at 4ºC with anti-glial fibrillary acidic 

protein (GFAP; Millipore, Madrid, Spain; 1:1000) and anti-ionized calcium-binding 

adaptor molecule 1 (Iba1, Wako, Osaka, Japan; 1:1000) antibodies, following by 30 

minutes incubation with the Alexa-Fluor-555 and Alexa-Fluor-488 corresponding 
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secondary antibody (Invitrogen, Waltham, MA USA; 1:500). Photomicrographs were 

captured with a digital camera coupled to an optical microscope (DM5500B, Leica, 

Solms, Germany). Analysis was performed using ImageJ (NIH), in the three most central 

slices of each area. Iba1+ cells and GFAP+ astrocytes were counted in whole sections of 

PFC and in 1100 µm x 1400 µm standardized areas in the striatum [9]. Analysis of 

changes in microglia morphology was performed as recently described [9]. Briefly, total 

marked area was calculated as overall image fluorescence, subtracting the mean 

background fluorescence. The soma size (cell area) is expressed in square micrometers. 

The perimeter was calculated based on the outline length of a given object, is expressed 

in microns and is expected to be higher in activated cells. Circularity was calculated by 

the following formula: 4π × (area/perimeter2). This parameter varies from 0 (linear 

polygon) to 1 (perfect circular object). Mean single cell values for each parameter were 

used for statistics. 

2.3. BV2 murine microglial cell cultures 

BV2 murine microglial cells were a generous gift from Professor Antonio 

Cuadrado (Instituto de Investigaciones Biomédicas "Alberto Sols" (IIBM), Madrid, 

Spain). Cells were routinely maintained in RPMI-1640 medium with fetal bovine serum 

(10%), penicillin (100 U/ml), streptomycin (100 μg/ml) and L-glutamine (4 mM) at 37°C 

in 5% CO2 humidified air following conditions used by others [19,20].  

To test the effects of PTN (Sigma, Spain) on LPS-stimulated BV2 cell cultures, 

cells were incubated for 30 minutes with LPS (1.0 µg/ml) and/or PTN (0.5 µg/ml). Total 

protein from non-stimulated, PTN-, and LPS-stimulated BV2 cell lysates (Six 60-mm 

plates/each) was quantified by the BCA protein assay (Pierce, Rockford, IL). Equilibrated 

protein samples were mixed with loading buffer (60mM Tris pH 6.8, 10% glycerol, 5% 
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SDS, 0.65% β-mercaptoethanol, and 0.01% bromophenol blue), boiled for 5 minutes, and 

loaded onto 10% polyacrylamide gels (Invitrogen, Carlsbad, CA) with SDS (SDS-

PAGE). The gels were transferred to nitrocellulose membranes, blocked with 50mM Tris, 

150mM NaCl, 0.1% Tween-20 (TBS-T), and 5% non-fat milk for 1 hour. We determined 

the phosphorylation status of the Y416 residue in FYN kinase activation loop domain by 

using the phospho Y416 Src family kinase (p-Y416SFK) antibody (Cell signaling, 

Danvers, MA), which has been used extensively to demonstrate FYN kinase activation 

[16,21,22]. In addition, membranes were probed with anti-phospho-ERK1/2 (1:1000) 

(Cell signaling, Danvers, MA) antibodies and reprobed with anti-FYN and anti-ERK1/2 

(1:1000) (Cell signaling, Danvers, MA) antibodies to confirm the identity of the protein. 

Membranes were incubated for one hour with appropriate secondary antibodies (Santa 

Cruz biotechnology, Santa Cruz, CA) conjugated with horseradish peroxidase diluted 

1:5000 in TBS-T with 5% non-fat milk for 30 min. The immunoreactive proteins were 

visualized using the ECL Enhanced method according to the manufacturer’s instructions 

(Amersham, San Francisco, CA). 

2.4. Statistics 

Data are presented as mean ± standard error of the mean (S.E.M.). Data obtained 

from immunohistochemistry studies were analyzed using two-way ANOVA considering 

genotype and treatment as variants. Relevant differences were analyzed by post-hoc 

comparisons with Bonferroni’s post-hoc tests. Data obtained from BV2 cells were 

analyzed using one-way ANOVA followed by post-hoc comparisons with Tukey’s post-

hoc tests. P < 0.05 was considered as statistically significant. All statistical analyses were 

performed using Graph-Pad Prism program (San Diego, CA, USA). 
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3. RESULTS 

3.1. Differential regulation of LPS-induced astrocytic and microglial responses in 

the PFC and striatum of PTN-/- and MK-/- mice.  

First, we found that LPS (7.5 mg/kg) increased the number of GFAP+ astrocytes 

in the PFC (Fig. 1) and striatum (Fig. 2) of WT mice. The upregulation of GFAP levels 

in astrocytes was apparent since most of these cells were heavily stained, suggesting 

astroglial activation. In contrast, these effects on GFAP+ immunoreactivity induced by 

LPS were blocked in PTN-/- and MK-/- mice independently of the brain area considered 

(Figs. 1 and 2). The data clearly show that normal levels of endogenous PTN and MK are 

required for LPS-induced astrocytic response. 

PFC and striatal sections were then immunostained with anti-Iba1 microglial 

antibody. We observed resting morphology of microglia in the PFC of saline-treated 

animals independently of the genotype (Fig. 3). Immunohistochemistry for Iba1 did not 

reflect significant changes in the number of Iba1+ cells in the PFC after LPS treatment 

(Fig. 3B). However, we observed signs of enhanced hypertrophism in LPS-treated mice, 

particularly in the case of mice lacking endogenous PTN (Fig. 3). We did not detect 

significant changes in the total marked area (Fig. 3C), probably because the number of 

Iba1+ cells tended to be lower in PTN-/- mice. The Iba1+ cell area, a parameter expected 

to be higher in activated and hypertrophic cells, was significantly increased by LPS in all 

genotypes (Fig. 3D). The magnitude of the increase in the perimeter caused by LPS was 

similar in PFC of all genotypes although only reached significance in the case of WT 

mice (Fig. 3E). The reduction caused by LPS in the circularity index, a parameter 

expected to decrease in activated cells, was significantly more pronounced in PTN-/- and 

MK-/- mice (Fig. 3F). Interestingly, these differences between genotypes in the PFC were 

nearly lost in the striatum (Fig. 4), a brain area where we only detected that LPS-induced 
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increase of Iba1+ cell area was significantly enhanced in PTN-/- mice (Fig. 4D). Overall, 

the data show that some of the LPS-induced microglial morphological changes are 

differentially regulated in PTN-/- and MK-/- mice.  

3.2. FYN signaling is not involved in the regulation of LPS effects by PTN in BV2 

microglial cells. 

We recently showed that LPS (1.0 µg/ml)-induced increase of nitric oxide 

production in murine BV2 microglial cells is significantly enhanced by PTN (0.5 µg/ml), 

suggesting that PTN potentiates microglial activation in vitro [9]. In the present study, we 

determined the phosphorylation status of the Y416 residue in FYN kinase activation loop 

domain, which was found very low independently of the treatment (Fig. 5A). PTN alone 

tended to increase p-Y416 FYN levels; however, PTN did not exert significant effects in 

LPS-stimulated BV2 cells (Fig. 5A). In addition, we studied LPS-induced MAP kinase 

activation [16] by assessing the phosphorylation levels of ERK1/2. As expected, we found 

that LPS induced robust increases of the phosphorylation levels of ERK1/2 (Fig. 5B). 

However, these LPS effects were not affected by the addition of PTN to LPS-treated BV2 

cells. Overall, the data suggest that PTN does not recruit the FYN-ERK1/2 signaling 

pathway in order to regulate LPS effects in BV2 cells [9].  
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4. DISCUSSION 

We previously showed that astrocytosis induced by a very low dose of LPS (0.5 

mg/kg) is prevented in MK-/- mice [8]. In the present study, astrocytosis induced by a 

single administration of an intermediate dose of LPS (7.5 mg/kg) is blocked in the brain 

of PTN-/- and MK-/- mice. The data demonstrate that normal endogenous levels of PTN 

and MK are required for LPS-induced astrocytic response independently of the intensity 

of the inflammatory stimulus. However, we previously found that transgenic PTN 

overexpression in the PFC of PTN-Tg mice attenuates LPS-induced astrocytic response 

[9]. It has to be noted that, in contrast to the wide distribution of PTN in the CNS during 

early development, this cytokine is only expressed at low levels in a few cell types in the 

adult cortex, hippocampus, cerebellum, olfactory bulb and striatum [5,23]. In contrast, 

PTN is found highly upregulated in a wide variety of CNS disorders characterized by 

neuroinflammation including neuropathic pain [24,25], Alzheimer’s disease [26], 

Parkinson’s disease [27] and brain tumors [28]. Thus, we believe that the data presented 

here in PTN-/- mice compared to normal wild type mice, add to the knowledge of the 

physiological functions of normal endogenous PTN levels and their contribution to the 

response to acute neuroinflammatory stimuli. In contrast, studies in transgenic mice with 

highly significant overexpression of PTN in the brain may be more relevant to dissect the 

contribution of high levels of PTN in neuroinflammatory pathological conditions [7,9]. 

Lack of endogenous expression of these cytokines, particularly PTN, tend to 

modulate microglia morphological changes in the PFC of LPS-treated knockout mice 

compared to WT mice. In the PFC of WT mice, LPS increased the perimeter and area of 

Iba1+ cells, suggesting the presence of hypertrophic microglia. On the other hand, LPS 

induced a significant decrease in the circularity index in PTN-/- and MK-/- mice 

compared to WT mice. In the striatum, LPS tended to increase the area and perimeter of 
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microglial cells in all genotypes although this effect was only found to be significant in 

the area of microglial cells in PTN-/-. Little was known about the role of endogenous 

PTN and MK in the microglial response to inflammatory insults. This is the first study 

showing that normal endogenous expression of PTN and MK in vivo modulates LPS-

induced microglial morphological changes. It is important to note that we did not find 

differences between genotypes in saline-treated animals, suggesting that PTN and MK do 

not regulate innate immunity in naïve animals. Taking into account that PTN and MK are 

expressed at low levels in the healthy adult brain [5], the present study suggests that lack 

of endogenous expression of these cytokines impact the microglial changes in response 

to the endotoxin. Taking together all the microglial morphological parameters analyzed, 

it is tempting to speculate that absence of these cytokines, particularly PTN, tends to 

predispose to an enhanced microglial activation. However, it is clear that further studies 

are needed to clarify the roles of these endogenous cytokines in LPS-induced microglial 

activation (e.g. cell-specific knockdown). 

We previously showed that exogenous PTN potentiates LPS-induced activation 

of BV2 microglial cells [9]. Previous evidence showed that FYN kinase contributes to 

MAP kinase phosphorylation during microglial activation [16]. Since FYN is a substrate 

of the PTN receptor RPTPβ/ζ [15], we tested the effects of PTN and LPS on FYN 

signaling in BV2 microglial cells. Our results clearly show that treatment of BV2 cells 

with PTN and/or LPS does not cause relevant changes in the phosphorylation of Y416 in 

FYN. On the other hand, LPS-induced increases of phosphorylation of ERK1/2 were not 

modulated by the addition of PTN to LPS-stimulated BV2 cells. Taking together, our data 

suggest that PTN actions in primed microglia are independent of the FYN-MAP kinase 

signaling pathway. 
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CONCLUSION 

Our findings show for the first time that endogenous PTN and MK modulate the 

astrocytic response induced by LPS. The data suggest that PTN and/or MK may be 

involved in the modulation of LPS-induced microglial activation but further studies are 

needed to delineate their importance.  
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LIST OF ABBREVIATIONS 

ANOVA: analysis of variance 

CNS: central nervous system 

GFAP: glial fibrillary acidic protein 

Iba1: ionized calcium-binding adaptor molecule 1 

IL-1β: interleukin 1β 

IL-6: interleukin 6 

iNOS: inducible nitric oxide synthase 

LPS: lipopolysaccharide 

MAP kinase: mitogen-activated protein kinase 

MK-/-: MK genetically deficient mice 

MK: Midkine 

NFκB: nuclear factor-κB 

PFC: prefrontal cortex 

PTN-/-: PTN genetically deficient mice 

PTN: Pleiotrophin 

PTN-Tg: mice with transgenic PTN overexpression in the brain 

RPMI-1640: Roswell Park Memorial Institute 1640 medium 

RPTP β/ζ (PTPRZ1): receptor protein tyrosine phosphatase β/ζ 

S.E.M.: standard error of the mean 

TLRs: Toll-like receptors 

TNF-α: tumor necrosis factor-α 

WT: wild type 
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FIGURE LEGENDS 

Fig. 1. LPS effects on astrocytosis in the PFC of WT, MK-/- and PTN-/- mice. 

Photomicrographs are from GFAP-immunostained PFC sections of saline (Sal)- or LPS-

treated animals (n = 4-5/group). The graph represents quantification of data obtained from 

the counts of GFAP-positive cells in PFC whole sections. ## P<0.01 vs. WT with the 

same treatment. Scale bar = 500 μm (high magnification: scale bar = 50 μm). 

Fig. 2. LPS effects on astrocytosis in the striatum of WT, MK-/- and PTN-/- mice. 

Photomicrographs are from GFAP-immunostained striatal sections of saline (Sal)- or 

LPS-treated animals (n = 4-5/group). The graph represents quantification of data obtained 

from the counts of GFAP-positive cells in standardized striatal sections. * P<0.05 vs. Sal 

within the same genotype. # P<0.05 vs. WT. ## P<0.01 vs. WT with the same treatment. 

Scale bar = 200 μm (high magnification: scale bar = 50 μm). 

Fig. 3. Effects of LPS on microglia activation in the PFC of WT, MK-/- and PTN-/- 

mice. Photomicrographs are from Iba-1-immunostained PFC sections of saline (Sal)- or 

LPS-treated animals (n = 4-5/group) (A). Graphs represent quantification of data (mean 

± S.E.M) obtained from the counts of Iba-1-positive cells (B), total marked area (C), cell 

area (D), soma perimeter (E) and circularity index (F) in PFC whole sections. * P < 0.05, 

** P < 0.01, *** P < 0.001 vs. Sal within the same genotype. Scale bar = 100 μm (high 

magnification: scale bar = 50 μm). 

Fig. 4. Effects of LPS on microglia activation in the striatum of WT, MK-/- and PTN-

/- mice. Photomicrographs are from Iba-1-immunostained striatal sections of saline (Sal)- 

or LPS-treated animals (n = 4-5/group) (A). Graphs represent quantification of data (mean 

± S.E.M) obtained from the counts of Iba-1-positive cells (B), total marked area (C), cell 

area (D), soma perimeter (E) and circularity index (F) in standardized striatal sections. * 
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P < 0.05 vs. Sal within the same genotype. Scale bar = 100 μm (high magnification: scale 

bar = 50 μm). 

Fig. 5. Effects of LPS and PTN on FYN and MAP kinase phosphorylation in BV2 

microglial cells. (A), immunoblots showing p-Y416SFK (FYN) levels in BV2 cell 

lysates. Total FYN western blots are shown below the phosphorylated protein blot for 

comparison. (B), immunoblots showing the p44/42 (ERK) phosphorylation. Total 

ERK1/2 western blots are shown below the phosphorylated protein blot for comparison. 

 


