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Abstract

Substance P (SP), the most extensively studied and potent member of the tachykinin family, is a

major modulator of inflammation and immunomodulatory activities within the central and

peripheral nervous systems. We have examined the gene expression of SP and its receptor in a

human neuronal cell line (NT2-N). Using reverse transcribed polymerase chain reaction (RT-

PCR), the four isoforms of preprotachykinin-A gene transcripts (α, β, γ, and δ) were detected in

the NT2-N. We also identified the presence of mRNA for neurokinin-1 receptor (NK-1R), a

primary receptor for SP, in the NT2-N cells. Concomitant with NT2 cell differentiation into

neurons, SP and NK-1R mRNA expression increased consistently. Intracellular SP and cell

membrane NK-1R immunoreactivity were all observed in NT2-N cells. Most importantly, we

demonstrated that SP and NK-1R presented in NT2-N cells are functionally involved in the

regulation of macrophage inflammatory protein 1 beta (MIP-1β), an important β-chemokine

participating in the activation and directional migration of immune cells to sites of central nervous

systems (CNS) inflammation. Thus, SP and its receptor may play an important role in modulation

of neuronal functions related to regulation of immune activities within the CNS. The NT2-N cell

line is well suited for in vitro investigations of the SP-NK-1R pathway in immune responses and

inflammation in the CNS.
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Substance P (SP) is an 11 amino acid neuropeptide that is widely distributed in the central

and peripheral nervous systems and has a well-established role as a neurotransmitter. SP

also is an important modulator of neuroimmunoregulation. SP, at nanomolar concentration,

© 2002 Wiley-Liss, Inc.
*Correspondence to: Dr. Wen-Zhe Ho, Division of Immunologic and Infectious Diseases, The Children’s Hospital of Philadelphia,
University of Pennsylvania School of Medicine, 34th Street & Civic Center Boulevard, Philadelphia, PA 19104. ho@email.chop.edu.

NIH Public Access
Author Manuscript
J Neurosci Res. Author manuscript; available in PMC 2014 May 09.

Published in final edited form as:
J Neurosci Res. 2003 February 15; 71(4): 559–566. doi:10.1002/jnr.10504.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



effectively activates the transcription factor nuclear factor kappa B (NF-κB; Lieb et al.,

1997). SP stimulates human peripheral blood monocytes to produce inflammatory cytokines

including interleukin 1 (IL-1), IL-6, IL-12, and tumor necrosis factor alpha (TNF-α; Lotz et

al., 1988; Lee et al., 1994; Ho et al., 1996; Kincy-Cain and Bost, 1997). We have

demonstrated that SP enhances TNF-α and IL-10 production by monocytes/macrophages

isolated from both adult human peripheral and placental cord blood (Lee et al., 1994; Ho et

al., 1996, 1998). SP also induces IL-1 (Martin et al., 1992) and IL-6 (Gitter et al., 1994)

secretion by astrocytes and enhances the secretion of TNF-α from neuroglial cells

stimulated with lipopolysaccharide (Luber-Narod et al., 1994). SP exerts its biological

activities upon binding to a G protein-coupled receptor of the neurokinin (NK) receptor

family (Regoli et al., 1989; Gerard et al., 1991). SP has a preferential affinity for the

neurokinin 1 receptor (NK-1R). Gene-target disruption of the NK-1R protected the lung

from immune complex injury (Bozic et al., 1996). Multiple cell types (neurons, astrocytes,

and oligodendrocytes) in the brain express NK-1 receptors and may therefore be the

potential sites for action of a SP receptor antagonist. SP is characterized almost exclusively

as a peptide of neuronal origin (Pernow, 1983; Nakanishi, 1987). We recently showed that

microglia derived from human fetal brain express SP and its receptor (Lai et al., 2000). SP

receptor (NK-1R) binding sites are highly expressed by glia in vivo after neuronal injury

(Mantyh et al., 1989). In addition, NK-1R is expressed in areas of the brain that are

implicated in multiple sclerosis (MS; Kostyk et al., 1989). Furthermore, SP-immunoreactive

astrocytes have been described within the glial scars in multiple sclerosis brain tissue

(Kostyk et al., 1989). Thus, SP and its receptor are indeed involved in inflammation and

neurological disorders within the central nervous systems (CNS).

Retinoic acid (RA) treatment of NT-era2/cl.D1 (NT2) cells, a human teratocarcinoma cell

line, yields 95% pure cultures of terminally differentiated neuronal cells, designated NT2-N

(Pleasure et al., 1992). NT2-N cells morphologically resemble primary neuronal cultures

from rodents and, like primary neurons, have processes that differentiate into axons and

dendrites (Andrews, 1984). In addition, NT2-N cells express a variety of neuronal markers

including many neuronal cytoskeletal proteins, secretory markers, and surface markers

(Pleasure et al., 1992). RA-induced NT2-N cells express neuronal N-methyl-D-aspartate

(NMDA) and non-NMDA glutamate receptors concomitant with their differentiation into

neuron-like cells (Younkin et al., 1993). Immature human NT2 cells grafted into mouse

brain differentiated into neuronal and glia cells (Ferrari et al., 2000). In addition to

susceptibility to glutamate-induced neurotoxicity, the molecular and physiological

characteristics of these human glutamate receptors on NT2-N are nearly identical to those of

central nervous system neurons, as demonstrated by the polymerase chain reaction and

patch-clamp recordings (Younkin et al., 1993). NT2-N cells express functional

neurotransmitters such as γ-aminobutyric acid (GABA) (Guillemain et al., 2000) and

inducible δ and μ opioid receptor mRNA and protein (Beczkowska et al., 1997). Since SP is

a neurotransmitter and regulator of the immune response in the CNS, it is important to

understand the role of SP in biological processes in the CNS. In the present study, we

examined whether NT2-N cells express SP and SP receptors, and whether SP and SP

receptors expressed by NT2-N cells have functional activity.
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MATERIALS AND METHODS

Cell Cultures

Microglia, monocytes/macrophages (MDMs), and peripheral blood lymphocytes (PBLs)

were purified as described previously (Lai et al., 2002). Ntera2/c1.D1 (NT2) cells were

originally provided by Dr. Virginia Lee (University of Pennsylvania, Philadelphia, PA) and

were cultured and differentiated into neurons as described previously (Pleasure et al., 1992;

Younkin et al., 1993). Cells were plated at a density of 2.3 × 106 per T75 flask and fed twice

weekly with Dulbecco’s Modified Eagle’s Medium (DMEM)-high glucose (HG; GIBCO,

Grand Island, NY) with 10% fetal bovine serum (FBS; Hyclone, Logan, UT), 100 IU/ml

penicillin, 100 μg/ml streptomycin (GIBCO), and 10 μM retinoic acid (Sigma, St. Louis,

MO) for up to 6 weeks. The cells were then split 1:4 and grown for 2 more days in identical

medium without retinoic acid. Neuronal cells growing atop a monolayer of nonneuronal

cells were dislodged with trypsin and plated in 12-well plates (Falcon; Becton Dickinson,

Lincoln Park, NJ) at 1.0 × 106 cells for RNA studies, in 24-well plates (Falcon; Becton

Dickinson) at 0.5 × 106 cells for immunoreactivity assays.

RNA Extraction

Total RNA was extracted from the cultured cells at four time points (days 2, 14, 28, and 42)

during NT2 differentiation into NT2-N using Tri-Reagent (Molecular Research Center,

Cincinnati, OH). In brief, the total RNA was extracted by a single step, guanidium

thiocyanate-phenol-chloroform extraction. After centrifugation at 13,000 × g for 15 min, the

RNA-containing aqueous phase was precipitated in isopropanol. RNA precipitates were then

washed once in 75% ethanol and resuspended in 30 μl of RNase-free water.

Reverse Transcription

Total RNA (1 μg) was subjected to reverse transcription using Reverse Transcription System

(Promega, Madison, WI) with specific primers (antisense) for SP and NK-1R for 1 hr at

42°C. The reaction was terminated by incubating the reaction mixture at 99°C for 5 min.

One-tenth of the resulting cDNA was used as a template for polymerase chain reaction

(PCR) amplification. The specific primers (HSP5: 5′-

GCATTGCACTCCTTTCATAAGCCA-3′ and HSPR2: 5′-CTGCTGGATAAACTT-

CTTCAGGTAG-3′) were used in reverse transcription for SP and NK-1R mRNA,

respectively.

PCR Analysis

The PCR amplification of SP and NK-1R cDNA has been described previously (Ho et al.,

1997; Lai et al., 1998a, b; 1999). Briefly, PCR amplification was performed with 2 μl of the

cDNA for 40 cycles with AmpliTaq Gold (Perkin Elmer, Norwalk, CT) in a GeneAmp PCR

System 2400 (Perkin Elmer). The PCR reaction mixture contained 0.2 mM of dNTPs, 20

pM of each of two primers, and 1.5 units of AmpliTaq Gold in 1× reaction buffer. Since all

four isoforms of preprotachykinin-A (PPT-A) mRNA transcripts share Exon 3 (Lai et al.,

1999), we designed a primer HSP3 (5′-CAGCATCCCGTTTGCC-3′, antisense) to paired

with HSP4 (5′-GACAGCGACCAGATCAAGGAGGAA-3′, sense) to amplify a single
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cDNA fragment that represents a total SP from all four isoforms of PPT-A mRNA

transcripts (Lai et al., 1999). The PCR cycle consisted of heat activation of AmpliTaq Gold

for 9 min at 95°C followed by 40 cycles of 95°C for 30 sec, 48°C for 30 sec, 72°C for 30

sec, and further elongation at 72°C for 7 min. We also designed an additional primer HSP7

(5′-CTTTCATAA-GCCATTTTGTGAGAGA-3′, antisense) to pair with the primer HSP4.

This primer pair amplifies only α and δ fragments at sizes of 197 and 152 bp, respectively

(Lai et al., 1999). The PCR cycle condition used for this pair of primers was as follows:

95°C 9 min followed by 40 cycles of 95°C 30 sec, 55°C 30 sec, 72°C 30 sec, and further

elongation at 72°C for 7 min. In order to amplify only β and γ isoforms, another primer

HSP67 (5′-CTTTCATAAGCCACAG-AATTTAAA-3′, antisense) derived from the

junction of exons 6 and 7 was designed to pair with HSP4, resulting in PCR amplified

products of 251 bp (β) and 206 bp (γ), respectively (Lai et al., 1999). The PCR cycle

condition for this primer pair was the same as that for primer pair of HSP4/HSP3. The

NK-1R primer pair (sense: 5′-AGGACAGTGACGAACTATTTTCTGG-3′; antisense: 5′-

CTGCTGGATAAAACTTCTTCAGGTAG-3′) corresponds to +190 and +831 on mRNA

NK-1R sequences with a predicted amplification size of 640 bp based on the published

cDNA sequence for human NK-1R (Rameshwar and Gascon, 1995; Ho et al., 1997; Lai et

al., 1999). The PCR cycle condition was as follows: 95°C 9 min followed by 40 cycles of

95°C 30 sec, 55°C 30 sec, 72°C 45 sec and further elongation at 72°C for 7 min. The primer

pair for MIP-1β was 5′-CCAAACCAAAAGAAGCAAGC-3′ (sense) and 5′-

AGAAACAGTGACAGT GGACC-3′ (antisense) and the PCR cycle condition was as

follows: 94°C 9 min followed by 35 cycles of 94°C 30 sec, 55°C 30 sec, 72°C 30 sec, and

further elongation at 72°C for 7 min. One-fourth of each PCR amplified cDNA product

(12.5 μl) was electrophoresed on either 2% (for NK-1R) or 4% (for SP) ethidium bromide-

stained agarose gels. The primers described above were synthesized by Integrated DNA

Technologies, Inc. (Coralville, IA).

Direct Sequencing of PCR-Amplified Products

In order to further confirm the identity of PCR-amplified products of PPT-A gene, a cycle

sequencing protocol was used. PCR-amplified SP fragments separated on 4% NuSieve 3:1

agarose gels were isolated and purified using Wizard PCR Preps DNA Purification System

(Promega). The purified fragments with the size of 251, 206, 197, and 152 base pairs were

then subjected to direct sequencing analysis. The direct sequencing was done by The

Nucleic Acid/Protein Core Facility at The Children’s Hospital of Philadelphia. The

sequences of each PPT-A mRNA isoform were compared for homology with the published

human PPT-A gene sequence (Chiwakata et al., 1991; Ho et al., 1997; Lai et al., 1998a, b).

Real-Time RT-PCR for Quantification of SP, NK-1R, and MIP-1β mRNA

We have recently developed a highly sensitive and specific real-time reverse transcribed

polymerase chain reaction (RT-PCR) assay for quantitatively measuring SP mRNA (Lai et

al., 2002). The PCR primers and the MB probes used were designed with Primer Express

software (PE Applied Biosystems) and were synthesized by Integrated DNA Technologies,

Inc. The HSP4-HSP3′ primer pair (HSP4, 5′-CGACCAGATCAAGGAGGAACTG-3′;

HSP3′, 5′-CAGCATCCCGTTTGCC-CATT-3′), which is specific for a 121-bp fragment of

the SP transcript, was described previously (Lai et al., 1999), but with modification by the
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addition of four additional nucleotides at the 3′ end of primer HSP3 (underlined) because of

the design obtained with the Primer Express software. The sequences of the primers and the

MB probe were selected from the sequences of exons 2 and 3 of the PPT-A gene (Lai et al.,

1998b, 2002) so that they amplify a single cDNA fragment that represents the total SP from

transcripts of all four isoforms of PPT-A mRNA (Lai et al., 1999). The sequence of the MB

probe specific for SP was designed to be perfectly complementary to the target sequence in

exon 3 of the SP gene (Lai et al., 1999). The primer pairs specific for MIP-1β and

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) are 5′-GCTGCTCAGAGACAGGA-

AGTCTT-3′(sense), 5′-ACAGGAACTGCGGAGAGGAGT-3′ (antisense), and 5′-

GGTGGTCT-CCTCTGACTTCAACA-3′ (sense), 5′-GTTGCTGTAGCCA-

AATTCGTTGT-3′ (antisense), respectively. The sequences of the MB probes for MIP-1β
and GAPDH were designed to be complementary to the sequences between the sequences of

each primer in the primer pairs for MIP-1β and GAPDH, respectively. The following are the

sequences of the three MB probes: SP, 5′-FAM-GCGAGCA-

GAATCGCCCGGAGACCCAAG-CGCTCGC-DABCYL-3′; MIP-1β, 5′-FAM-

GCGAGCCCCGGATGCTTCTCCATG-AGACAC-AGCTCGC-DABCYL-3′; GAPDH,

5′-FAM-GCGAGCCTGGCATTGCCCTCAACGACCAC-GCTCGC-DAB-CYL-3′. The

underlined sequences are the stem sequences, FAM is 6-carboxyfluorescein, and DABCYL

is 4-(4′-dimethylaminophenylaso) benzoic acid. The stem sequences were selected such that

they would not complement the sequences within the loop region. Also, the lengths of the

MB probes were designed such that the annealing temperature is slightly higher than those

for the PCR primers. The MB probes were labeled at the 5′ end with FAM and the quencher

DAB-CYL at the 3′ end. The primers and MB probes were resuspended in TE (Tris-EDTA)

buffer and stored at −30°C. The real-time PCR for the quantification of NK-1R mRNA was

performed in the ABI PRISM 7000 Sequence Detection Systems using the Brilliant SYBR

Green QPCP Master Mix (STRATAGENE, La Jolla, CA) as instructed by the manufacturer.

The primer pair is the same as stated above.

Immunohistochemical Staining of SP in NT2-N

VECTASTAIN® ABC peroxidase system (Vector Laboratories, Inc., Burlingame, CA),

rabbit anti-human SP antibody (Sigma) were used to stain the NT2-N maintained in the 24-

well culture plates. Briefly, terminally differentiated NT2-N neurons were rinsed in

phosphate-buffered saline (PBS), fixed in ice-cold methanol for 8 min, rinsed again with

PBS, then incubated for 30 min in 0.3% H2O2-containing PBS and 20 min in diluted normal

blocking serum. The cells were rinsed again with PBS and exposed to rabbit anti-human SP

antiserum (1:1,000 in 0.5% bovine serum albumin [BSA]-containing PBS) at room

temperature for 30 min. Normal rabbit serum (1:1,000 in 0.5% BSA-containing PBS)

severed as negative controls for SP staining, respectively. Incubation with diluted

biotinylated secondary antibody solution, followed by the avidin-biotin horseradish

peroxidase complex each for 30 min at room temperature with rinses in PBS between

incubations. After completion of the last incubation, peroxidase substrate (DAB, Vector

Laboratories, Inc.) was added in order to develop a brown visible precipitate for

photomicroscopy examination under a microscope (Zeiss, Germany) equipped with camera

(Zeiss).
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Immunofluorescent Staining of NK-1R in NT2-N

NT2 aggregate cultures were set up on glass coverslips in a 24-well culture plate. Terminally

differentiated NT2-N neurons were fixed with cold methanol (−20°C) for 8 min, and then

pretreated with a blocking solution (Minimal Essential Medium containing 15 mM HEPES

buffer, 10% fetal bovine serum, and 0.05% sodium azide) for 10 min. Coverslips were then

incubated with rabbit anti-human NK-1 receptor (SP receptor; Novus Biologicals, Inc.,

Littleton, CO) diluted 1:100 in blocking solution for 30 min at room temperature. Coverslips

were then treated with biotinylated donkey anti-rabbit immunoglobulins (Jackson

ImmunoResearch Labs Inc, West Grove, PA, and 1:100) for 30 min at room temperature

followed by fluorescein-congugated streptavidin (Jackson ImmnunoResearch, 1:100) for 20

min at room temperature. Coverslips were washed between steps with PBS and postfixed

with cold methanol for 8 min then mounted in vectorshield (Vector Laboratories, Inc.).

Samples were viewed and scanned with a Leica TCS SP2 spectral confocal microscope.

ELISA for MIP-1β

Enzymed-linked immunosorbent assay (ELISA) kits for MIP-1β was purchased from

Endogen, Inc. (Cambridge, MA). The assay was performed as instructed in the protocol

provided by the manufacturer. In brief, 50 μl of supernatants was added to antibody-coated

wells and incubated for 1 hr at room temperature. The plate was washed with the provided

buffer solution and incubated with 100 μl of biotinylated antibody reagent for 1 hr at room

temperature. The plate was washed again, treated with 100 μl of prepared Streptavidin-

horseradish peroxidase (HRP) solution, and incubated for 30 min at room temperature. After

an additional wash, 100 μl of 3,3′,5,5′-tetramethylbenzidine (TMB) substrate solution was

added to each well, and color was allowed to develop at room temperature for 30 min. The

reaction was stopped by the addition of 100 μl of stop solution to each well. The plate was

read on a microplate reader (ELX800, Bio-Tek Instruments, Inc., Winooski, VT).

RESULTS

Expression of SP and NK-1R in NT2-N

We first investigated whether the terminally retinoic acid-differentiated NT2-N contains

mRNA transcripts for SP and its receptor (NK-1R). NT2-N cells express mRNA for both SP

(Fig. 1A) and NK-1R (Fig. 1B) as detected by RT-PCR. Since this RT-PCR analysis with

specific primer pair distinguishes the four known alternatively spliced products (α, β, γ, and

δ mRNA transcripts) of the PPT-A gene (Lai et al., 1998b, 1999, 2000), we then examined

whether all four isoforms of the transcripts (α, β, γ, and δ) of SP mRNA are expressed by

NT2-N. The NT2-N expressed all four PPT-A transcripts (Fig. 2), which were confirmed by

sequence analysis of the RT-PCR amplified PPT-A α, β, γ, and δ transcripts from NT2-N

(data not shown). The specificity of the RT-PCR-amplified NK-1R mRNA was also

confirmed by sequence analysis (data not shown).

Expression of SP and NK-1R During NT2 Cell Differentiation

In order to determine whether the cell differentiation affects SP and NK-1R mRNA

expression in NT2-N, cellular RNA was extracted at four different time points (dasy 2, 24,
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28, and 42) during NT2 differentiation into NT2-N. We observed a consistent increase of SP

mRNA expression during the cell differentiation as demonstrated by the specific PCR-

amplified product visualized on ethidium bromide-stained agarose gels (Fig. 3, inset) and by

real-time RT-PCR assay (Fig. 3). There is also increased expression of NK-1R mRNA in

NT2-N cells in comparison to undifferentiated cells (NT2) during NT2 cell differentiation

into NT2-N (Fig. 4).

Quantification of SP mRNA in NT2-N Cells and Human Immune Cells

Since we previously demonstrated that human immune cells (monocytes/macrophages,

PBLs, and microglia) express SP and NK-1R, we quantitatively compared SP expression in

NT2-N cells with that in the human immune cells. We therefore measured the SP mRNA

levels in NT2-N cells and human immune cells (PBLs, monocytes/macrophages, and

microglia) using SP real-time RT-PCR assay that we have recently developed (Lai et al.,

2002). As expected, the NT2-N cells express the highest levels of SP mRNA among the

cells tested (data not shown).

NT2-N Cells Express Functional SP and NK-1R

In order to determine whether NT2-N cells express functional SP and NK-1R, we performed

immunohistochemical and immunofluroscent staining of the NT2-N cells using specific

anti-human SP and NK-1R antibodies, respectively. NT2-N cells have intracellular

immunoreactivity with anti-SP antibody (Fig. 5A) and the membrane staining with anti-

NK-1R antibody (Fig. 6A). The specificity for SP and NK-1R staining was confirmed by the

absence of immunoreactivity in the NT2-N cells incubated with the control antibodies (Figs.

5B, 6B).

Induction of MIP-1β Production by SP in NT2-N

Cells within the human central nervous system including neurons constitutively express or

can be induced to express several chemokines including MIP-1β under both physiological

and pathological conditions (Xia et al., 1998). In order to further determine whether NT2-N

cells possess functional SP receptors, we investigated whether SP has the ability to regulate

β-chemokine (MIP-1β) expression in these cells. We demonstrated that NT2-N cells express

MIP-1β at both mRNA and protein levels (Fig. 7). We also observed that NT2-N cells

treated with exogenous SP showed elevated expression of MIP-1β in comparison to the

control, as demonstrated by quantitative real-time RT-PCR and ELISA assays (Fig. 7),

indicating that SP receptors expressed by NT2-N cells are functionally active.

DISCUSSION

There is substantial evidence supporting that SP is a major mediator of neurogenic

inflammation and immunomodulatory activities in the CNS. Activation or damage of

neurons can lead to changes in neuropeptide biosynthesis that results from induction of

neuropeptide gene expression (Harrison and Geppetti, 2001). In this investigation, we have

provided compelling evidence that human NT2-N cells express SP and SP receptor NK-1R.

In comparison to human immune cells (microglia, MDMs, and PBLs), NT2-N cells

expressed the highest levels SP mRNA (data not shown), indicating that a neuronally
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differentiated, teratocarcinoma-derived cell line has more SP mRNA than do isolated

primary human immune cells. Sequencing of SP- and NK-1R-encoding mRNA isolated

from the NT2-N has confirmed the identity of this SP mRNA to that found in human brain

tissue, suggesting that the SP produced from NT2-N may have biological function that is

similar to in vivo role of SP and SP receptor. This assumption is supported by our

observations that both SP and NK-1R immunoreactivity was detected either intracellularly

or on the cell membrane of NT2-N (Figs. 5 and 6), and that SP up-regulated MIP-1β
expression in NT2-N cells (Fig. 7). Coughlan et al. (2000) recently demonstrated that NT2-

N cells not only express multiple functional chemokine receptors such as CCR2, CXCR3,

and CXCR4, but also produce chemokine MCP-1 (monocyte chemoattractant protein-1).

The chemokines play an important role in the activation and directional migration of

immune cells to sites of CNS inflammation. Thus, SP-mediated up-regulation of β-

chemokine in NT2-N cells provide additional evidence that SP plays an important role in

neurogenic inflammation and immunoregulation in the CNS.

The tachykinins in mammals are the products of two genes, preprotachykinin-A (PPT-A)

and PPT-B. SP is translated from the PPT-A gene, which contains seven exons that undergo

differential splicing to yield α, β, γ, and δ PPT-A mRNAs with each mRNA differing in

exon usage corresponding to the protein coding region (Takeda et al., 1990) as a result of

alternative splicing (Nawa et al., 1984; Kawaguchi et al., 1986; Krause et al., 1987; Lai et

al., 1998b). SP precursor sequences are encoded by all four PPT-A mRNAs. The α and δ
forms codes for the SP precursor, whereas the β and γ forms code for both the SP and

substance K (neurokinin A) precursors (Krause et al., 1987; Carter and Krause, 1990). Thus,

multiple tachykinin peptides with related biological activities can be derived from the SP

gene. Neuronal tissue processes all three PPT mRNAs from the same gene (Krause et al.,

1987; Carter and Krause, 1990). We have now demonstrated that human NT2-N cells

contain all four mRNA transcripts (α, β, γ, and δ) of PPT-A gene (Fig. 2). It is important to

know whether the NT2-N cells possess other biological properties that are similar to the

neurons in human CNS. We showed that the RT-PCR-amplified products of SP mRNA

isolated from NT2-N have the same size as those found in human neural tissue as

demonstrated by ethidium bromide staining and direct DNA sequencing. Among the four

isoforms of PPT-A gene transcripts, α, β, and δ transcripts are predominant isoforms

expressed in NT2-N cells, which are similar (sizes) to those observed in human CNS tissue

(Fig. 2). Although the biological significance of the existence of differential splicing of these

mRNA transcripts is unknown, the high levels of α, β, and δ transcript expression suggest

that these mRNA transcripts are the most relevant for SP-mediated biological activities in

NT2-N cells. MacDonald et al. (1988, 1989) reported that the relative amounts of α, β, and

γ-PPT mRNA in rat brain remain fairly constant, with γ-PPT predominant (80% of total

PPT mRNA) and α-PPT mRNA in very low amounts (<1%). We, however, observed that γ-

PPT transcript in NT2-N cells was not a dominant transcript. The difference between our

observation and others may be due to the differences between passaged, transformed cell

line in vitro and measurements of endogenous SP levels in vivo. Nawa et al. (1984) reported

that relative amounts of α and β-PPT mRNA in bovine nervous system and peripheral

tissues vary, suggesting these mRNA transcripts are regulated in a tissue-specific manner.

Although the levels of these mRNA transcripts vary, each of these PPT mRNAs are
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translatable in vitro (MacDonald et al., 1988, 1989). Thus, it will be of importance for future

studies to determine whether the products of each of these transcripts in NT2-N have

differential function in regulation of biological activities within the CNS.

Since SP expression and metabolism are dynamic, changing processes (Black et al., 1984)

and there is an autocrine regulation pathway of SP (Pascual and Bost, 1990; Castagliuolo et

al., 1997; Cioni et al., 1998), our future studies will focus on factors that regulate SP

expression in CNS cells. Whether neuronal release of SP is inducible and whether SP-

induced MIP-1β expression in NT2-N cells have a role in recruitment of immune cells to

inflammatory sites in the CNS is unknown; our data, however, provide a novel basis for

future studies on the role of SP in neuroimmune responses within the CNS. Further studies

are required to elucidate the precise mechanism(s) whereby SP-NK-1R pathway participates

in inflammatory processes in the CNS.
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Fig. 1.
Reverse transcribed-polymerase chain reaction (RT-PCR) amplification of

preprotachykinin-A (PPT-A) gene transcript (A) with the primer pair of HSP4/HSP3 and

neurokinin-1 receptor (NK-1R) gene transcript (B) of human neuronal cells (NT2-N; 4

weeks after retinoic acid [RA] treatment). Sizes are estimated from DNA Ladder (100-bp

fragments) coelectrophoresesed as markers. Marker,100-bp fragments of DNA ladder; −,

negative control in which template was omitted; +, human brain tissue as positive control;

NT2-N; RT-PCR-amplified PPT-A transcript (A) or NK-1R gene transcript (B) of NT2-N.
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Fig. 2.
RT-PCR amplification of PPT-A transcripts of NT2-N (4 weeks after RA treatment) with

the primer pairs of HSP4/HSP67 and HSP4/HSP7. Sizes are estimated from DNA Ladder

(100-bp fragments) coelectrophoresesed as markers. Marker, 100-bp fragments of DNA

ladder as markers; NT2-N, RT-PCR-amplified PPT-A transcripts of NT2-N using primer

pairs of HSP4/HSP67 (β and γ isoforms) or HSP4/HSP7 (α and δ isoforms), respectively.

RNA transcripts derived from α and δ, γ, and β isoform-containing plasmids are used as

positive controls as indicated.
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Fig. 3.
RT-PCR analysis and real-time RT-PCR quantification of Substance P (SP) gene expression

during NT2 differentiation into NT2-N. RA-treated NT2 cells at different time points as

indicated were selected to evaluate SP mRNA expression and quantification by RT-PCR

(inset) and real-time RT-PCR, respectively. The SP mRNA levels were normalized on the

basis of the SP mRNA/glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA ratio

obtained by the real-time RT-PCR.
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Fig. 4.
RT-PCR analysis and real-time RT-PCR quantification of NK-1R mRNA expression during

NT2 differentiation into NT2-N. The same RNA samples used in Figure 3 were also

analyzed for NK-1R gene expression by RT-PCR (inset) and real-time RT-PCR (SYBR

Green). The NK-1R mRNA levels were normalized on the basis of the NK-1R mRNA/

GAPDH mRNA ratio obtained by the real-time RT-PCR.
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Fig. 5.
Immunohistochemical staining of the intracellular SP in the NT2-N cells using anti-SP

antibody. The NT2-N cells (4 weeks after RA treatment) were stained with either rabbit anti-

human SP antiserum (A) or normal rabbit serum (B). The magnification is ×400.
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Fig. 6.
Immunofluorescent staining of the membrane SP receptor (NK-1R) on the NT2-N cells

using anti-NK-1R antibody. The NT2-N cells (4 weeks after RA treatment) were stained

with either a rabbit anti-human NK-1R antibody (A) or normal rabbit IgG (B). The

magnification is ×400.
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Fig. 7.
Effect of SP on macrophage inflammatory protein 1 beta (MIP-1β) expression in NT2-N

cells. A: Effect of SP on MIP-1β mRNA expression. NT2-N cells were incubated with SP

(10−8 M to 10−6 M) for 3 hr and total RNA was isolated and subjected to RT-PCR and

electrophoresis (inset) and real-time PCR to quantify MIP-1β mRNA. The quantitative data

are expressed as mean of triplicate cultures of MIP-1β mRNA copy number per 103 copies

of GAPDH mRNA. B: Effect of SP on MIP-1β protein production in NT2-N cells. NT2-N

cells were incubated with SP (10−8 M to 10−6 M) for 24 hr, MIP-1β protein in the

supernatants were then assayed using enzyme-linked immunosorbent assay (ELISA). The

data shown are presented as the mean ± S.D. of triplicate cultures and are representative of

three independent experiments (*P < 0.05).
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