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Abstract

The distribution of microglia varies greatly throughout the brain. The substantia nigra (SN) 

contains the highest density of microglia among different brain regions. However, the mechanism 

underlying this uneven distribution remains unclear. Substance P (SP) is a potent proinflammatory 

neuropeptide with high concentrations in the SN. We recently demonstrated that SP can regulate 

nigral microglial activity. In the present study, we further investigated the involvement of SP in 

modulating nigral microglial density in postnatal developing mice. Nigral microglial density was 

quantified in wild type (WT) and SP-deficient mice from postnatal day 1 (P1) to P30. SP was 

detected in high levels in the SN as early as P1 and microglial density did not peak until around 

P30 in WT mice. SP-deficient mice (TAC1−/−) had a significant reduction in nigral microglial 

density. No differences in the ability of microglia to proliferate were observed between TAC1−/− 

and WT mice, suggesting that SP may alter microglial density through chemotaxic recruitment. SP 

was confirmed to dose-dependently attract microglia using a trans-well culture system. 

Mechanistic studies revealed that both the SP receptor neurokinin-1 receptor (NK1R) and the 

superoxide-producing enzyme NADPH oxidase (NOX2) were necessary for SP-mediated 

chemotaxis in microglia. Furthermore, genetic ablation and pharmacological inhibition of NK1R 

or NOX2 attenuated SP-induced microglial migration. Finally, protein kinase C delta (PKCδ) was 

recognized to couple SP/NK1R-mediated NOX2 activation. Together, we found that SP partly 

accounts for the increased density of microglia in the SN through chemotaxic recruitment via a 

novel NK1R-NOX2 axis-mediated pathway.
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INTRODUCTION

Microglia are the native innate immune cells of the brain, thus their distribution is thought to 

be relatively homogenous in uninjured brains to permit more efficient surveillance of brain 

homeostasis. Yet surprisingly, the distribution of microglia in substantia nigra (SN) is far 

greater than the surrounding regions; the microglia in the SN of rodents [1, 2] and humans 

[3] are five and ten-fold denser, respectively, compared to the average density throughout the 

brain. The putative developmental cues regulating microglial density in the SN still remain 

unknown.

Recently, neurogenic signals have been shown to modulate microglial activity and function, 

such as microglial activation, migration, proliferation and phagocytosis [4, 5]. We speculated 

that substance P (SP), an endogenous neuropeptide expressed in high concentrations in 

nerve terminals of the striatonigral fibers [6, 7], could be the putative neurogenic signal to 

regulate microglial density during development. SP is well-known to participate in neuro-

immune crosstalk both centrally and peripherally [8]. Within the brain SP mediates various 

pro-inflammatory responses and is known to play a central role in inflammation-related 

diseases in the central nervous system [8, 9]. Our recent findings indicate that endogenous 

SP potentiates lipopolysaccharide (LPS)- and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

(MPTP)-induced immunological activation of microglia in the SN, amplifying dopaminergic 

neurodegeneration in experimental mouse models of PD, suggesting the critical role of 

substance P in mediating the neuroinflammatory and dopaminergic neurodegeneration [10]. 

Additionally, SP has previously been shown to attract migrating neurotrophils [11] and 

monocytes [12]. Together, we hypothesized that SP released from the nerve terminal of 

striatonigral projections may contribute to the higher microglial densities in the SN through 

the induction of proliferation and/or through chemotaxic recruitment of microglia.

In the present study, we aimed to investigate whether SP could regulate microglial density in 

the SN by using transgenic mice deficient in endogenous SP (TAC1−/−) or the SP receptor 

(neurokinin-1 receptor, NK1R−/−). Since NADPH oxidase (NOX2) mediates the regulatory 

effects of SP on microglial activity in our previous study [10], NOX2 deficient mice 

(gp91phox−/−, the functional catalytic subunit of NOX2) and derived primary microglia cells 

were further used to elucidate the potential mechanisms of how SP regulates microglial 

density.

MATERIALS AND METHODS

Animals

C57BL/6J (WT), TAC1−/− (B6.Cg-Tac1tm1Bbm/J) and NOX2-deficient mice (gp91phox−/−, 

B6.129S6–Cybbtm1Din/J) were purchased from The Jackson Laboratory (Bar Harbor, 

Maine, USA). All postnatal mice were euthanized using sodium pentobarbital overdose and 

cardiac perfusion using 4% paraformaldehyde in PBS. Brains were collected immediately 

following perfusion fixation. Housing, breeding and experimental use of the animals were 

performed in strict accordance with the National Institutes of Health guidelines.
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Immunohistochemistry and double-labeling immunofluorescence

Fixed mouse brains were processed for immunostaining as described previously [10]. 

Briefly, after soaking in 4% paraformaldehyde for 2 days of post-fixation, brains were 

cryoprotected for an additional 2 days in 30% sucrose at 4 °C. Brains were sectioned into 35 

μm thick slices containing the SN and were immunoblocked with 4–10% goat serum and 

then incubated with rabbit polyclonal antibody against SP (1: 16,000) or ionized calcium-

binding adaptor molecule 1 (Iba-1, Wako Chemicals, Richmond, VA, USA, 1: 2,000 

dilution) for 24h or 48 h at 4°C, respectively. Antibody binding was visualized using a 

Vectastain ABC Kit and 3,3′-diaminobenzidine. Nigral densities of SP immunostaining 

were measured using ImageJ [13]. For double-labeling immunofluorescence, brain sections 

were incubated with 99% formic acid for 5 min for antigen retrieval. After repeated washing 

with PBS, proliferating microglia in the SN co-stained for antibodies against proliferating 

cell nuclear antigen (PCNA, 1:200) and Iba-1 (1:2000) were visualized by Alexa-594 (red) 

and Alexa-488 (green)-conjugated secondary antibodies (1:1000), respectively. After 

mounting the sections onto glass slides with prolong antifade reagents, fluorescence images 

were obtained using a Zeiss LSM 510 NLO laser scanning confocal microscope.

Cell counting

The number of Iba-1+ cells was counted by a stereological procedure as described 

previously [14] with minor modifications. The brain regions of interest were outlined under 

a 10 × objective lenses (captured image area, 65,522 μm2) and the number of Iba-1+ cells 

was estimated using the optical dissection (1 μm per section) method employing a computer-

controlled x–y–z motorized stage and 60 × oil immersion objective. The cell counting began 

2 μm below the top of the section. The numbers of microglia were counted in the whole 

selected region. To obtain the density of microglia, the microglia count was divided by the 

volume (65,522 μm2 × 35 μm) of the selected area.

Proliferating microglia were enumerated by double-staining against PCNA and Iba-1 

antibodies. The percentage of Iba-1+PCNA+ cells were calculated with respect to the total 

number of Iba-1+ cells using 3 to 6 visual fields (40 ×) of the SN in all transgenic strains of 

mice as described previously [15].

Quantification of SP density

The density of SP immunoreactivity was measured using ImageJ software (National 

Institutes of Health, USA) as described previously [13]. Briefly, nigral pictures with SP 

staining were taken under a 10 × objective lenses and entire nigral region from each section 

was selected as the “region of interest (ROI)”. Threshold values for hue (0 – 100), saturation 

(0 – 255), and brightness (175 – 255) were set in the —Adjust Color Threshold dialog box, 

and then mean density was measured. Quantification was performed from 3 adjacent brain 

sections, spaced 120 μm apart, and subsequently averaged for each animal. The background 

of nonspecific staining with SP antibody was deducted from time-matched TAC1−/− mice.

Microglia proliferation assay in vitro

Mixed glia cultures containing 20% microglia and 80% astrocyte were prepared according to 

a previously published protocol [16]. The proliferative capacity of microglia in vitro was 
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measured using BrdU incorporation assay as described previously with minor modifications. 

Briefly, mixed glia cultures were pre-incubated with BrdU (20 μmol/l) for 30 mins and 

followed by SP (10−8 M) or vehicle treatment for additional 72h. Cells were treated with 

BrdU again before 4h of fixation with 4% PF. Subsequently cells were treated with 2N HCl 

at 37°C for 30 min and incubated with anti-BrdU (1:500) and anti-Iba-1 (1:2000) antibodies 

overnight at 4 °C. Proliferated microglia co-stained BrdU and Iba-1 were visualized by 

Alexa-488 (green)and Alexa-594 (red)-conjugated secondary antibodies (1:1000), 

respectively. The percentage of Iba-1+BrdU+ cells was calculated with respect to the total 

number of Iba-1+ cells.

Microglial chemotaxis assay

Microglia-enriched cultures were prepared according to a previously published protocol 

[17]. Chemotaxis was assessed on enriched microglia using a disposable 96-well cell 

migration system with 5 μm pore size (the ChemoTx® System, Neuro Prob, Gaithersburg, 

MD, USA) in accordance to the manufacture’s protocol. Briefly, 5 × 104 microglia in phenol 

red free MEM medium were added to the upper filter and 0.3 mL MEM with different 

concentrations of SP was placed to the lower reservoir. After incubating for 4h in 5% CO2 at 

37 °C, the cells remaining on the top of the filter were removed with a cotton swab. Cells 

that had migrated to the bottom of the filter were detached by incubation with EDTA and 

subsequent centrifugation at 600 × g for 2 minutes. The migrated cells on the lower reservoir 

were quantified using CyQUANT® Cell proliferation assay kit (Life Technologies, Grand 

Island, NY, USA). Chemotaxis was expressed as the number of cells per well or migration 

index, defined as the number of cells migrating in response to SP divided by the number of 

migrating cells in a control chamber. In studies investigating the effects of NK1R or NOX2 

on SP-induced chemotaxis of microglia, microglia cells were pre-treated with NK1R 

antagonists CP96,345 or L-703,606 or NOX2 antagonist DPI (10−13 M) for 30 minutes prior 

to assaying chemotaxis.

Measurement of superoxide

The production of superoxide and intracellular reactive oxygen species (iROS) were 

determined by measuring the superoxide dismutase-inhibitable reduction of 2-(4-

Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-1) as described 

previously [18, 19].

Statistical analysis

All values are expressed as the mean ± SEM. The differences among means were analyzed 

using one- or two-way ANOVA with treatment or genotype as the independent factors. 

When the ANOVA showed significant differences, pair-wise comparisons between means 

were analyzed by Tukey’s post hoc testing. The regression analysis was performed by Prism 

5.0 using the function of “liner regression”. In all analyses, a value of p < 0.05 was 

considered significant.
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RESULTS

Mice show correlative increases in SP expression and microglial density in the SN during 
early postnatal development

The expression of SP in the SN increased gradually from P1 to P30, remaining distinctly 

higher than the adjacent area—where SP immunostaining was negligible—beginning as 

early as P1 (Figure 1A). Densitometric analysis showed that immunohistochemical 

expression of SP was 2.1, 3.9, 4.5 and 5.4 fold greater in the SN in P1, P7, P14 and P30 

mice, respectively, when compared to the adjacent region (Figure 1B and D). Coincidently, 

the number of microglia in the SN increased gradual throughout the same developmental 

period as shown through the longitudinal increase of Iba-1+ cells in the SN. However, unlike 

the expression of SP, microglial densities in the SN were not significantly different from the 

adjacent region until P7. Microglial numbers continued to increase up until the study 

endpoint of P30 (Figure 1A and C), where microglia found in 2.4 times greater numbers 

than in the adjacent region (Figure 1D).

A linear regression analysis was performed to determine the existence of an interaction 

between the gradual increase in SP expression and microglial density in the SN during 

postnatal development. SP expression and microglial density were positively correlated in 

the developing SN (r = 0.9313, p < 0.0001; Figure 1E).

Absence of endogenous SP or NK1R limits microglial accumulation in the developing SN

TAC1−/− mice had a significant reduction in the number of Iba-1+ microglia in the SN 

beginning at P7 through P30 compared to WT controls. Stereological counts revealed 

TAC1−/− mice had 25%, 19% and 20% less nigral microglia at P7, P14 and P30, respectively 

(Figure 2A). The reduction in the number of microglia within the SN in TAC1−/− mice was 

still observed in 24 month-old mice (data not shown). Evaluation of an adjacent area, 

known to contain very little levels of SP, remained unchanged in TAC1−/− mice (Figure 2B) 

compared to WT controls.

To determine whether SP mediates its effect on microglial density in the SN through its 

canonical receptor NK1, NK1R−/− mice were assessed. NK1R−/− mice had reduced numbers 

of microglia in the SN at P7 and P14 but not at P30. Stereological counts showed 22% and 

24% less microglia in the SN of P7 and P14 NK1R−/− mice, respectively, compared to WT 

mice (Figure 2C).

SP fails to modify microglial proliferation

At P7, a robust number of PCNA+Iba1+ cells were observed in the SN of both WT and 

TAC1−/− mice (Figure 3A), of which there was no difference the rate of microglia 

undergoing proliferation (Iba-1+PCNA+/Iba-1+) (Figure 3B). Similar findings were observed 

when Iba1+ cells were stained against the proliferative marker Ki67, another marker for 

proliferating cells (data not shown). To further verify no effects of SP on microglial 

proliferative capacity, mixed glia cultures containing 20% microglia and 80% astrocyte were 

incubated with BrdU and followed by treatment with exogenous SP (10−8 M). Proliferated 

microglia were recognized by double BrdU and Iba-1 immunoreactive cells. Consistent with 
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in vivo, no difference of microglial proliferative rate (Iba-1+BrdU+/Iba-1+) was found 

between SP and vehicle-treated cultures (Figure 3C and D).

SP induces microglial migration through a NK1R-dependent manner

In a trans-well migration plate with microglia on the filter and different concentrations of SP 

in the below media, SP dose-dependently increased the number of microglia that traveled 

through the filter (Figure 4A), indicating that SP is a chemoattractant to microglia. SP at 

10−8 M concentrations showed the highest chemoattraction towards microglial showing a 

~2.6-fold elevation in the number of microglia in the bottom well compared to vehicle 

control.

NK1R antagonists CP96,345 or L-703,606 were subsequently used to determine whether the 

NK1R was required for SP-induced microglial chemotaxis. As seen in Figure 4B, both 

CP96,345 and L-703,606 effectively reduced the number of microglia migrating toward the 

bottom wells that contained 10−8 M SP to levels similar to those of untreated controls, 

indicating that NK1R is critical for SP-induced microglial chemotaxis. These findings were 

further supported by the failure of SP to induce migration from primary microglia extracted 

from NK1R−/− mice (Figure 4C).

NOX2-generated superoxide is a critical mediator in SP-induced microglial chemotaxis

To uncover the signaling pathway mediating the SP-NK1R-induced chemotaxis of 

microglia, we investigated the role of NOX2-generated superoxide. We first determined 

whether SP could induce microglial production of superoxide by NOX2. SP at 10−7 and 

10−8 M increased the production of superoxide in mixed glia cultures from WT mice (Figure 

5A), yet mixed glia cultures prepared from mice deficient in gp91phox—the catalytic subunit 

of NOX2—failed to produce superoxide in response to SP stimulation (Figure 5B). 

Although our primary mixed glia culture consists of both microglia (20%) and astroglia 

80%), an earlier report from our laboratory indicates that the primary source of extracellular 

superoxide is microglial NOX2 [20]. To determine whether NOX2-generated superoxide is 

required for SP-induced microglial chemotaxis, we evaluated whether the chemoattraction 

towards SP in primary microglia from WT mice could be pharmacologically suppressed 

using diphenyleneiodonium (DPI). We found that microglia pretreated with 10−13 M of DPI

—that found to be highly specific for NOX2 both in vitro and in vivo [21]—significantly 

reduced chemoattraction of microglia towards SP (Figure 5C). Consistently, microglia 

prepared from gp91phox−/− mice also failed to migrate towards SP.

NK1R signals the activation of NOX2 in microglia through PKCδ

NK1R antagonists CP96,345 or L-703,606 were used to determine whether SP-induced 

NOX2 activation was mediated through NK1R signaling. CP96,345 and L-703, 696 were 

both sufficient to effectively attenuate the microglial production of superoxide by SP (Figure 

6A). Consistent with this finding, mixed glia cultures from NK1R−/− mice failed to produce 

superoxide in response to SP stimulation (Figure 6B), indicating that SP-induced NOX2 

activation is NK1R dependent.
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To evaluate the mechanism by which NK1R signaling induces NOX2 activation in 

microglia, we evaluated several kinases known to be activated downstream of NK1R 

including protein kinase A (PKA) and C (PKC) [22, 23]. Interestingly, we found that 

inhibition of PKC, and not PKA, was sufficient to reduce the production of superoxide 

elicited by SP (Figure 6C). To further determine the subunit of PKC required to mediate SP-

induced NOX2 activation, antagonists for PKCα/β or PKCδ were also assessed. PKCδ, and 

not PKCα/β, was sufficient to reduce the production of superoxide elicited by SP (Figure 

6C).

DISCUSSION

The present study suggested that SP released from striatonigral projections during early 

postnatal development is partly responsible for the high density of microglia found in the SN 

by attracting microglia into this region. The salient features of our findings are: 1) the 

increase of SP density in the SN during postnatal development was earlier than that of 

microglia and a positive correlation between increases of nigral SP and microglial density 

was observed; 2) mice deficient in endogenous SP or SP receptor, NK1R displayed reduced 

microglial density in the SN during postnatal development; 3) SP failed to interfere with 

microglial proliferative capacity in both in vivo and in vitro; 4) NK1R or NOX2 knockout 

abolished SP-induced microglial chemotaxis; 5) PKCδ inhibitor inhibited SP/NK1R-

mediated NOX2 activation.

Fate mapping analysis revealed that microglial progenitors originate in the yolk sac and 

infiltrate the mouse brain around E10.5 [24]. Migration and the subsequent proliferation of 

these microglial progenitors are essential in giving rise to the population of microglia found 

throughout the brain [24–26]. Although the neurogenic signal(s) released during early brain 

development to recruit yolk sac progenitors remain unknown, previous studies have found 

the neuronal progenitors begin expressing the chemoattractants M-CSF and MIP-2 around 

the same time microglia progenitors infiltrate the pial surface of the brain [27, 28]. Once 

microglia have populated the entire brain, M-CSF is released by neuronal progenitors and 

radial glia to permanently differentiate yolk sac progenitors into microglia [29]. Although 

very little is known about the neurogenic signals that are involved in the differential 

concentration of microglia in certain brain regions, a recent study found that mice deficient 

in IL-34 had reduced microglial numbers in cerebral cortex, corpus callosum, hippocampus 

and basal ganglia due the regional heterogeneity of these brain regions with regards to IL-34 

expression [30]. Our study further extends our knowledge in this field by recognizing SP as 

a neurogenic regulatory for nigral microglial density. We found that lack of endogenous SP 

(TAC1−/−) reduced the number of Iba-1+ microglia in the SN in postnatal development 

period compared to WT controls. Consistently, SP receptor knockout (NK1R−/−) mice also 

displayed reduced numbers of nigral microglia, although a recovery was observed at P30. 

One possible explanation for the recovered microglial densities by P30 in NK1R−/− mice 

may be due to the compensatory effects by other tachykinin receptors.

Previous reports show that SP can stimulate the production of the chemokines MIP-2 and 

MCP-1 in macrophages and neutrophil [31, 32], suggesting that chemotaxic effects of SP 

may be mediated through secondary messengers. MCP-1 is typically produced by astrocytes 
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and microglia under neuroinflammatory pathologies, resulting in the recruitment and 

proliferation of additional microglia and infiltrating leukocytes to resolve an insult. Since we 

have previously shown that SP is pro-inflammatory at concentrations of 10−8 M and 10−14 

M, respectively, signaling microglial activation through NK1R and NOX2 [10], we 

suspected that SP-activated microglia could recruit other microglia through the release of 

MCP-1. Interestingly, unlike macrophages and neutrophil, no detectable levels of MCP-1 or 

MCP-1 transcripts were found in SP-treated primary microglia (data not shown), suggesting 

that microglial MCP-1 does not mediate SP-induced migration of microglia. Recent findings 

have shown that MCP-1 is also constitutively released by dopaminergic neurons of the SN in 

adult rats [33], since neurogenic MCP-1 was not assessed during development, we cannot 

rule out its possible contribution in the high density of microglia recruited to the SN.

Unlike MCP-1, our study found that SP does not seem to affect the proliferative capacity of 

microglia but rather serves as a chemoattractant recruiting microglia through a NK1R-

dependent manner. No difference of microglial proliferative rate (Iba-1+PCNA+/Iba-1+) was 

observed between WT and TAC1−/− mice at P7. The reasons for choosing this time point 

are: First, microglia keep high proliferative rate (> 50%) [25] and second, a greater 

difference (about 25%) of nigral microglial density was observed between WT and TAC1−/− 

mice. Consistent with in vivo, no difference of microglial proliferative rate (Iba-1+BrdU+/

Iba-1+) was found between SP and vehicle-treated mixed glia cultures that contain 20% 

microglia and 80% astrocyte. Purified microglia were not used in this study because they 

have limited replenishment capacity and become hypersensitive to immune stimuli-induced 

apoptosis in the condition without the presence of astrocyte [34, 35]. In addition, our pilot 

study showed that conditioned medium prepared from astrocyte can support the survival of 

microglia and keep them in ramified morphology (data not shown), which mimic to some 

degree the condition in brain. In contrast, our dose-response study showed that SP induced 

microglial migration in a bell curve with peak recruitment at 10−8 M concentrations, similar 

to that of fMLP-induced neutrophil chemotaxis [24]. The exact mechanism by why higher 

concentrations of SP (10−7 – 10−6 M) exhibit lower chemotaxis capacity remains unclear. 

However, a previous report suggests that high concentrations of chemoattractants are poorly 

efficient at activating p38, a signal pathway that facilitates cell migration, compared with 

lower chemoattractant concentrations [36]. Surprisingly this dose-response curve is in 

contrast to the production of NOX2-generated superoxide by SP, whereby high doses (10−7 – 

10−6 M) of SP can still generate superoxide. Although this study found that superoxide was 

essential for SP-mediated microglial migration, it is interesting to note that it is not sufficient 

for SP-induced microglial migration. In support of this, we previously reported that a 10−13 

M concentration of SP activates NOX2 to produce superoxide through an NK1R-

indepdenent manner [10], yet we found this concentration failed to induce microglial 

chemotaxis (Figure 4). Though NOX2 activation has previously been shown to be required 

for VEFGR1/CSF-1R-mediataed chemotaxis [37], our study shows that superoxide alone is 

not sufficient to drive cell movement. Among these signals we identified the atypical PKC 

isotype PKCδ as the downstream signal that bridges SP-mediated NK1R activation and 

NOX2 activation in microglia. Though PKCδ has previously been shown to phosphorylate 

p47phox, a cytosolic subunit of NOX2, resulting in its membrane translocation required for 

NOX2 activation [38], this is the first account of PKCδ being involved in chemotaxis.
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Our findings suggest that the regionally specific expression of neurogenic SP partly explains 

why microglia accumulate at higher densities in the SN during postnatal development. Even 

though some have offered theories as to why dopaminergic neurons of the SN are highly 

vulnerable to oxidative insults [39], particularly in PD patients and toxin-elicited animal 

models of PD, the answer to this question remains unanswered. Intrinsic factors such as low 

buffering capacity against oxidative stress and tonic firing-related increase of dopamine 

quinones during dopamine catabolism have been offered as potential explanations. We have 

proposed that the disproportionately high density of microglia in the SN, confirmed in 

different species [1–3], may also serve as an important extrinsic factor that increases the 

susceptibility of dopaminergic neurons toxicity in response to cytotoxic neuroinflammatory 

factors [2]. We previously reported that interactions between dysregulated, overactivated 

microglia and injured neurons form a self-propelling vicious cycle that causes uncontrolled 

inflammation and drives progressive collateral dopaminergic neurodegeneration in PD [40]. 

Additionally, dysregulated SP has been suggested to be involved in PD [41, 42]. Although 

reduced levels of SP is found in PD patients, the role of SP in the pathogenesis of PD 

remains controversial. Barker [43] considered that PD may result from a primary loss of 

active tachykinin, probably SP in the SN and that this loss leads to a secondary degeneration 

of the dopaminergic neurons. While, Sivam [44] found that the loss of SP is DA-dependent 

and more than 80% decrease of striatal DA levels is required to deplete SP content. The 

reason may be due to the stimulatory effects of DA on SP release through binding to its D1 

receptor located on striatal SP-containing medium spiny projection neurons [45]. In contrast, 

in experimental PD models, SP is consistently shown to be toxic to dopaminergic neurons. 

Mice deficient in endogenous SP displayed more resistance to LPS- and MPTP-induced 

microglial activation and dopaminergic neurodegeneration in the SN compared with LPS or 

MPTP-treated WT mice [10]. Thornton and Vink reported that exogenous SP exacerbated 

microglial activation and dopaminergic degeneration in 6-hydroxydopamine (6-OHDA)-

generated mouse PD model, which was further attenuated by treatment with SP receptor 

antagonists, N-acetyl-L-tryptophan and L-333,060 [46].

In summary, we found that endogenous high levels of SP that accumulate during postnatal 

development partly account for the subsequent increase in microglial density in the SN. We 

found that SP mediates microglial increase in density through a novel NK1R-NOX2 axis 

that recruits migrating microglia. Even though the evidence supporting SP in regulating 

microglial density in the SN is compelling, it only accounts for 20% to 25% of the increased 

microglial density in the SN. For this reason we believed other postnatal neurogenic factors 

such as IL-34, MCP-1, neurokinin A and B and CX3CL1 [47, 48] to be primarily involved 

in regulating microglial density in the SN. Further investigation of the role of these factors in 

regulating microgilal density in the SN should be conducted. Our study not only recognized 

SP as a neurogenic signal in regulation of nigral microglial density but also provided 

valuable insights into the field of how neurogenic signals regulate microglial density in 

brain. Furthermore, since the disproportionately higher density of microglia and potential SP 

itself in the SN may contribute to the increased susceptibility of nigral dopaminergic 

neurons in response to regional neuroinflammation such as that found in PD [2, 49], the 

development of pharmacological inhibitors of SP/NK1R or NOX2 signals might prove 

useful to improve the outcome of PD.
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ABBREVIATIONS

DPI diphenyleneiodonium

Iba-1 ionized calcium-binding adaptor molecule 1

MCP-1 monocyte chemoattractant protein-1

M-CSF macrophage colony-stimulating factor

MIP-2 macrophage inflammatory protein 2

NK1R neurokinin-1 receptor

NOX2 NADPH oxidase

PCNA proliferating cell nuclear antigen

PKA protein kinase A

PKC protein kinase C

SN substantia nigra

SP substance P
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CLINICAL PERSPECTIVES

We have reported that SP potentiates microglial activation in the SN, amplifying 

dopaminergic neurodegeneration in experimental mouse models of PD. The purpose of 

this study was to investigate whether SP could regulate nigral microglial density.

Our findings indicated that unlike WT controls, mice deficient in SP or NK1R exhibited 

reduced nigral microglial density. SP did not interfere with microglial proliferative 

capacity but induced chemotaxis through mechanisms involving NK1R and NOX2 

activation. Moreover, inhibition of PKCδ inhibited SP/NK1R-induced NOX2 activation 

in microglia.

Our results suggest that SP was a partial regulator of nigral microglial density through 

chemotaxic recruitment mechanism. Our study not only recognized SP as a neurogenic 

microglia-regulatory signal but also provided valuable insights on how neurogenic 

signals regulating microglial density. Furthermore, the disproportionately high density of 

microglia and potential SP itself in the SN contributes to the increased susceptibility of 

nigral dopaminergic neurons in PD, therefore, the development of pharmacological 

inhibitors of SP/NK1R or NOX2 signals might be a novel direction for PD therapy.
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SUMMARY STATEMENT

1. Reduced number of nigral microglia was observed in postnatal developing 

substance P- and neurokinin 1 receptor-deficient mice.

2. Substance P failed to interfere with microglial proliferation but induced 

migration through a neurokinin 1 receptor/protein kinase Cδ/NADPH oxidase 

pathway-dependent manner.
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Figure 1. Time-dependent increase of densities of SP and microglia in the SN
(A) SP and microglia were stained with anti-SP and anti-Iba-1 antibody, respectively, in the 

SN at postnatal day 1 (P1), 7 (P7), 14 (P14) and 30 (P30) in C57BL/6 mice. (B) The 

densities of SP in the SN and adjacent area (as shown in A) were quantified by analyzing 

pixel density of SP staining using ImageJ. (C) Microglial density in the SN and adjacent 

area (as shown in A) was quantified by counting Iba-1-immunoreactive cells. A gradual 

increase of densities of SP and microglia in the SN was observed from P1 to P30. (D) 

Compared with adjacent area, fold increases of SP and microglial densities in the SN during 

postnatal development were calculated. (E) A positive correlation between increased 

expression of SP and microglial densities in the SN from P1 to P30 was observed. Results of 

microglial density are expressed as mean ± SEM, while data of SP density are expressed as a 

percentage of P1 adjacent area (mean ± SEM). *p< 0.05, **p< 0.01. n = 4–8 in each group at 

each time point with total 18. Bar = 200 μm.
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Figure 2. Lack of endogenous SP and NK1R decreases microglial density in the SN
Microglia were stained with anti-Iba-1 antibody in the SN and its adjacent area of post-natal 

day 1 (P1), 7 (P7), 14 (P14) and 30 (P30) WT, TAC1−/− and NK1R−/− mice. (A–C) The 

density of microglia in the SN (A and C) and its adjacent area (B) was quantified by 

counting Iba-1-immunoreactive cells. Results are expressed as mean ± SEM. *p< 0.05, **p< 

0.01. n = 4–8 in each group at each time point with total 35, 18 and 18 for WT, TAC1−/− and 

NK1R−/− mice, respectively.
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Figure 3. SP fails to affect microglial proliferative capacity
(A) Proliferating microglia were double stained with anti-Iba-1 and anti-PCNA antibodies in 

the SN of P7 WT and TAC1−/− mice. Representative images in different magnifications were 

shown. (B) Iba-1+PCNA+ and Iba-1+ microglia were counted and the proliferative rate was 

calculated. n = 6 and 8 for WT and TAC1−/− mice, respectively. (C) Mixed glia cultures were 

pre-incubated with BrdU (20 μmol/l) for 30 mins and followed by SP (10−8 M) or vehicle 

treatment for additional 72h. Proliferated microglia were recognized by double BrdU and 

Iba-1 immunoreactive cells. (D) The percentage of Iba-1+BrdU+ cells was calculated with 

respect to the total number of Iba-1+ cells. Results are expressed as mean ± SEM. n = 3. Bar 

= 50 μm.
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Figure 4. SP induces microglial migration in a trans-well system through a NK1R-dependent 
manner
(A) SP-induced microglial migration was assessed in a 96-well cell migration system with 5 

μm pore size using purified microglia. Different concentrations of SP (10−13 to 10−6 M) 

were placed in the bottom wells, and the number of microglia that migrated over the 4-hour 

incubation period was determined. fMLP (10−8 M) was served as a positive control. Data are 

expressed as mean ± SEM. (B) Microglia were pre-treated with NK1R antagonist CP-96, 

345 or L-703, 606 for 30 mins and followed by chemotaxis assay induced by 10−8 M SP. 

The number of migrated microglia was determined. (C) Purified microglia were prepared 

from WT and NK1R−/− mice. The chemotaxis capacity of SP on WT and NK1R−/− 

microglia was assessed. Results are expressed as the migration index (mean ± SEM). *p< 

0.05, **p< 0.01. n = 4–5.
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Figure 5. NOX2-generated superoxide is a critical mediator in SP-induced microglial chemotaxis
(A) Mixed-glia cultures (containing 80% astroglia and 20% microglia) were treated with 

10−7 or 10−8 M SP. Superoxide production was measured using SOD-inhibitable reduction 

of tetrazolium salt WST-1. (B) SP failed to produce superoxide in mix-glia cultures prepared 

from gp91phox−/− mice. Data are expressed as the percentage of controls (mean ± SEM). (C) 

Chemotaxis assay was performed by pre-treating microglia with NOX2 inhibitor DPI (10−13 

M) for 30 mins and followed by SP (10−8 M) stimulation. (D) Purified microglia were 

prepared from WT and gp91phox−/− mice. The chemotaxis capacity of SP on WT and 

gp91phox−/− microglia was assessed. Results are expressed as the migration index (mean ± 

SEM). *p< 0.05, **p< 0.01. n = 4–5.
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Figure 6. PKCδ bridges the cross-talk between NK1R and NOX2 in microglia induced by SP
(A) Mixed-glia cultures were pre-treated with NK1R antagonists CP96,345 or L-703, 696 

for 30 mins and followed by 10−8 M SP treatment. Superoxide production was measured 

using SOD-inhibitable reduction of tetrazolium salt WST-1. (B) The production of 

superoxide induced by SP was detected in mix-glia cells prepared from WT and NK1R−/− 

mice. (C) Mix-glia cultures were pre-treated with inhibitors of PKA, PKC, PKCα/β or 

PKCδ for 30 mins, followed by SP (10−8 M) treatment. Superoxide production was 

measured. Results are expressed as the percentage of controls (mean ± SEM). *p< 0.05, **p< 

0.01. n = 4–5.
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