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Tachykinin peptides are distributed widely in the nervous 
system and have been shown to play a prominent role in 
nociceptive pathways in the spinal cord and dorsal root gan- 
glia. This study investigated the inflammation-induced re- 
sponse of dorsal horn projection neurons and local circuit 
neurons expressing preprotachykinin (PPT) mRNA using RNA 
blot analysis and in situ hybridization histochemistry. To 
identify projection neurons, fluorogold was injected into the 
parabrachial area of the brainstem. In laminae I, II and V/VI 
ipsilateral to inflammation, there was a differential increase 
in the number of neurons exhibiting PPT mRNA. In lamina I, 
the number of spinal projection neurons containing PPT mRNA 
showed a greater than 200% increase. The identification of 
spinal projection neurons with inflammation-induced in- 
creases in PPT mRNA suggests that tachykinin peptides may 
act as neurotransmitters in nociceptive CNS projection path- 
ways. 

The tachykinin family of peptides is characterized by the car- 
boxy-terminal sequence Phe-X-Gly-Leu-Met-NH, and named 
for its ability to induce the contraction of gut tissue rapidly. The 
family includes substance P (SP), neurokinin A (NKA), neu- 
ropeptide K (NPK), neuropeptide y (NPr), and neurokinin B 
(NKB). The mRNAs that encode SP, NKA, NPK, and NP-, are 
derived from a single gene, the preprotachykinin (PPT) gene 
(Nawa et al., 1983; Krause et al., 1987), whereas NKB is encoded 
by a distinct gene (Kotani et al., 1986). Alternative RNA splicing 
of the PPT gene primary transcript results in the generation of 
three mRNAs called o(-, ,&, and -r-PPT mRNA. Quantitative 
analysis of these mRNAs has revealed the constant ratio of < 1: 
20:80 (ar$:y-PPT mRNA) in all tissue of adult rats (Carter and 
Krause, 1990). SP precursor sequences are encoded by all three 
PPT mRNAs, whereas the precursor sequences of NKA-related 
peptides are present only in /3- and y-PPT mRNAs. 

Within the tachykinin family, the physiological role of SP in 
the CNS and PNS has been widely investigated (for review, see 
Pernow, 1983; Maggio, 1988). In the spinal cord, abundant 
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levels of SP have been demonstrated using immunohistochem- 
istry (Hokfelt et al., 1975; Gibson et al., 1981; Hunt et al., 1981). 
Several studies using intrathecal injection (Piercey et al., 1981; 
Seybold et al., 1982) or iontophoretic injection of SP (Henry, 
1976; Randic and Miletic, 1977; Willcockson et al., 1984) pro- 
vide evidence that SP activates nociceptive dorsal horn neurons. 
However, it should be stressed that SP terminals in the super- 
ficial dorsal horn are not exclusively of primary afferent origin 
(Barber et al., 1979). The fact that a significant number of SP 
fibers survive both surgical and chemical deafferentations and 
supraspinal transections (Nagy et al., 1980; Hammond and Ruda, 
1991) suggests that some dorsal horn SP is of intrinsic origin. 
Indeed, SP-immunoreactive neurons have been detected in lam- 
inae I-VI, the central canal region, and the lateral spinal nucleus 
(LSN) (Gibsonet al., 1981; Hunt etal., 1981; Davisetal., 1984). 
However, the functional role ofintrinsic SP neurons in the dorsal 
horn is not understood. It is not known whether SP in intrinsic 
neurons is involved in nociception. 

In a rat model of peripheral inflammation and hyperalgesia, 
subcutaneous injection ofa chemical irritant, complete Freund’s 
adjuvant (CFA), is used to induce unilateral hindpaw edema 
and thermal hyperalgesia (Iadarola et al., 1988). In this model, 
cutaneous thermal hyperalgesia is assessed by a decrease in with- 
drawal latency to noxious thermal stimuli (Hargreaves et al., 
1988). In this same animal model, an increase in preprodynor- 
phin (PPD) mRNA and dynorphin peptide (Millan et al., 1986; 
Iadarola et al., 1988; Ruda et al., 1988) and preproenkephalin 
(PPE) mRNA (Noguchi et al., 1989, 1992) has been identified. 
Indeed, the PPD and PPE increases have been colocalized to a 
subpopulation of neurons exhibiting induction of Fos, the pep- 
tide product of the immediate-early gene c-fis (Naranjo et al., 
1991; Noguchi et al., 199 1, 1992). The present study attempts 
to characterize other neuronal peptides that are upregulated 
the dorsal horn neurons that express the PPT gene. The upreg- 
ulation of PPT gene expression in intrinsic neurons following 
peripheral inflammation and hyperalgesia would suggest an im- 
portant role of tachykinins in dorsal horn nociceptive neuronal 
circuits. 

In addition to intrinsic neurons, the participation of tachy- 
kinins in dorsal horn projection neurons is relatively unknown 
(Nahin, 1987; Leah et al., 1988). Previous physiological exper- 
iments have revealed that lamina I projection neurons, which 
project to the mesencephalic parabrachial area (PBA), are al- 
most exclusively nociceptive specific (Hylden et al., 1986, 1989) 
and therefore have important roles in nociception. Our finding 
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that lamina I projection neurons containing PPT mRNA are 
dramatically upregulated by noxious stimuli suggests a signifi- 
cant role of tachykinins in nociceptive ascending pathways. 

each side. After 10 d, the animals received a unilateral injection of CFA 
as described above and were processed for in situ hybridization histo- 
chemistry (ISHH). The fluorogold was visualized with a Zeiss epiflu- 
orescence microscope and an ultraviolet fluorescent filter set (395 nm 

Materials and Methods 
Animalprocedures. A rat model of peripheral tissue inflammation was 
used. To induce the inflammation, under halothane anesthesia, the plan- 
tar surface of one hindpaw of male Sprague-Dawley rats (200-300 g) 
was injected subcutaneously with 200 ~1 of a 1: 1 emulsion of complete 
Freund’s adjuvant (CFA) and saline (a total of 100 pg of Mycobacte&n 
bvtvrium; Sigma). The CFA iniection nroduced localized hindnaw in- 
fiammation,as characterized by a rapid erythema, edema, and hyper- 
algesia to heat stimulation, that continued for several days (Iadarola et 
al., 1988). Rats with unilateral hindpaw inflammation demonstrated 
normal eating and grooming behavior and normal levels of locomotor 
activity (Iadarola et al., 1988), but tended to guard the inflamed limb. 
This model of unilateral inflammation was presented to and approved 
by the National Institute of Dental Research Animal Care and Use 
Committee and treatment conformed to the guidelines of the Interna- 
tional Association for the Study of Pain (Zimmermann, 1983). 

RNA blot analysis. Animals were anesthetized and killed by decapi- 
tation 4 d after hindpaw injection of CFA. A survival time of 4 d was 
selected since previous studies in our laboratory have identified a robust 
response to the inflammation by dorsal horn neurons, which express 
preprodynorphin mRNA at this time point (Iadarola et al., 1988; Ruda 
et al., 1988). The L4 and L5 segments of the spinal cord were rapidly 
removed and divided in half at the midline. The L4,5 spinal segments 
from naive rats were also removed. Following dissection, the tissue was 
immediately frozen on dry ice and stored at -80°C until use. Extraction 
of total RNA was carried out as described before (DeLeon et al., 199 1). 
We obtained 0.65-0.75 pg of tRNA/mg of spinal cord tissue. The RNA 
was fractionated by electrophoresis through a 1.2% agarose/formalde- 
hyde gel and transferred overnight to a Hybond-N membrane (Amer- 
sham) in a solution of 20 x SSC (1 x SSC = 0.15 mM NaCl. 0.015 mM 
sodium citrate). After UV cross-linking and baking for 1 hr at 80°C the 
filters were prehybridized for at least 4 hr at 42°C and then hybridized 
to a labeled probe overnight at 42°C. The oligonucleotide probe con- 
sisted of 48 bases complementary to bases 124-171 of the P-prepro- 
tachykinin mRNA sequence (Krause et al., 1987). The results and con- 
clusions are dependent on the specificity of the PPT oligonucleotide 
probe used in this study. In addition to the verification described in 
previous reports using this probe (Young et al., 1986; Warden and 
Young, 1988) the following observations further support our conclusion 
of specific binding of the probe. (1) The probe sequence was chosen so 
as not to hybridize with other known sequences. (2) Hybridization took 
place under conditions of high stringency that would preclude cross- 
hybridization, even with related mRNAs. (3) No cell labeling was seen 
when sections were hybridized with a synthetic probe for mRNA not 
expressed by dorsal horn neurons (i.e., that which encodes calcitonin 
gene-related peptide). (4) RNA blot analysis demonstrated a single band 
in the position of rat PPT mRNA (Krause et al.. 1987) with lumbar 
spinal cord total RNA. 

I  

The PPT probe was labeled with 32P-dATP (New England Nuclear) 
and terminal deoxynucleotidyltransferase (Bethesda Reserach Labora- 
tory). The specific activity of the labeled probe was 3-6 x lo9 cpm/pg. 
After hybridization, filters were washed twice at room temperature for 
10 min in 2 x SSPE, 0.1% SDS followed by two washes at 55°C for 15 
min in 1 x SSPE, 0.1% SDS. Autoradiograms obtained with Kodak 
X-OMAT film were quantitated by densitometric scanning. To control 
for the amount of RNA loaded onto each lane, the same filters were 
hybridized to a cDNA encoding cytochrome oxidase (DeLeon et al., 
199 1). The cytochrome oxidase mRNA was found to show no change 
in the spinal cord after DeIiDherd inflammation or nerve iniurv. The 

emission). 
In situ hybridization histochemistry. Animals were killed 4 d after 

hindpaw injection of CFA by cardiac perfusion with 4% paraformal- 
dehyde in 0.1 M phosphate buffer (pH 7.4). The L5 spinal cord segment 
was dissected out and postfixed in the same fixative overnight followed 
by immersion in 20% sucrose in phosphate buffer for cryoprotection. 
After a few days the tissue was frozen with powdered dry ice, cut trans- 
versely with a cryostat at 21 pm, thaw-mounted onto Vectabond (Vector 
Lab. Inc.) coated slides, and stored at -80°C until ready for use. To 
begin the in situ hybridization, tissue sections were digested with pro- 
teinase K (1 mg/ml, 37°C for 30 mitt; Sigma) in 0.1 M Tris, 0.05 M 
ethylenediamine tetra-acetic acid (pH 8.0), rinsed briefly in distilled 
water followed by 0.1 M triethanolamine (TEA) (pH 8.0), acetylated 
with 0.25% acetic anhydrate in 0.1 M TEA (pH 8.0) and dehydrated 
through graded ethanols. The hybridization was performed overnight 
at 37°C in a buffer containing 4 x SSC, 50% formamide, 0.12 M phos- 
phate buffer. 1 x Denhardt’s solution. 0.2% sodium dodecvl sulfate. 250 
hg/ml yeast tRNA, 10% dextran sulfate, and 100 mM dithibthreitol’with 
1 O6 dpm of labeled probe/ 100 ~1 buffer/slide. The PPT probe was labeled 
with ‘S-labeled deoxyadenosine [or-thio]-triphosphate (New England 
Nuclear) and terminal deoxynucleotidyltransferase (Bethesda Research 
Laboratory). The specific activity of the resultant probe was 5-10 x lo8 
cpm/mg. Following hybridization, the sections were washed four times 
for 15 min each at 55°C in 1 x SSC. 30 min at room temnerature in 
1 x SSC, and briefly in 70% ethanol; and then dried. For autoradiog- 
raphy, the tissue sections were coated with Kodak NTB3 emulsion 
(diluted 1: 1 with distilled water at 40°C) and exposed for 4-6 weeks in 
light-tight boxes at 4°C. After development in D 19 (Kodak) and fixing 
in 24% sodium thiosulfate, the sections were rinsed in distilled water, 
dehydrated in a graded alcohol series, cleared in xylene, and cover- 
slipped with Eukitt (Calibrated Instruments Inc.). 

Quantification of labeled cells. We counted the number of neurons 
labeled for PPT mRNA, or fluorogold, or both, in laminae I, II, and 
V/VI and LSN. The number of PPT neurons in each lamina was re- 
corded ipsilateral and contralateral to the inflammation. The boundaries 
between laminae were determined using standard criteria (Molander et 
al., 1984). Background grain densities were obtained for each section 
from twenty 10 pm2 areas ofemulsion away from labeled neurons. These 
values were 0.6-1.0 grains110 pm*, and neurons with grain densities at 
least 10 times higher than the background densities were considered 
postively labeled for PPT mRNA. The criteria used in this study was 
arbitrarily selected to be twice as stringent as previous ISHH studies 
(Harlan et al., 1987; Noguchi et al., 1989). Although the number of 
neurons expressing PPT mRNA might be underestimated, this high 
signal-to-noise ratio effectively eliminated from our counts dorsal horn 
neurons with low constitutive levels of expression and emphasized the 
number of neurons that had increased levels of PPT mRNA expression 
as a response to the peripheral inflammation. Preliminary analysis re- 
vealed that the fluorogold fluorescence was greatly attenuated after ISHH 
processing. To facilitate identification and quantification of the fluo- 
rogold-labeled cells, fluorescent photographs of all tissue sections were 
taken just before beginning ISHH. We counted the number of cells 
labeled for fluorogold and cells double labeled with fluorogold and PPT 
mRNA under microscopic observation with the help of the fluorescence 
photographs. Counts were made from two rats in nine randomly selected 
sections each. The number of cells labeled for PPT mRNA; or both 
PPT mRNA and fluoroaold, ner section in individual animals was used 
to analyze differences between inflamed and control sides (paired t tests). 
p < 0.05 was considered significantly different. 

Results 
RNA blot data were coliected from two separate extractions in each of 
which eight experimental and four naive rats were used. A total of five 

RNA blot analysis demonstrates an increase in PPT mRNA 

different filters (three from one extraction and two from the other) were following peripheral inflammation 
analyzed. . 

I ~~ 
RNA blot analvsis demonstrated a single hvbridization band at Y , 

Fluorogold injection. Rats were anesthetized with sodium pentobar- 
bital (50 mg/kg, i.p.) and placed in a stereotaxic apparatus. Small holes 
were drilled into the exposed skull, allowing insertion of a Hamilton 10 
~1 syringe into the mesencephalic parabrachial area (PBA) bilaterally. 
Fluorogold (Fluoro-Chrome Inc.) was injected intermittently for 10 min 

an appropriate position for rat PPT mRNA. Four days after 
onset of unilateral peripheral inflammation, a modest increase 
occurred in the level of PPT mRNA in the hemisegments of 
the L4,5 spinal cord ipsilateral to the inflammation (Fig. 1A). 

until a total volume of 0.2 ~1 of a 2% solution had been injected into After standardization by reprobing the blot with a cDNA cy- 



Table 1. Increase of neurons expressing PPT mRNA following 
unilateral inflammation and hyperalgesia 

Ipsilateral Contralateral 

Lamina I 12.8 f  0.6* 7.1 Zk 0.5 
Lamina II 24.6 k 1.2* 18.0 f  0.9 
Laminae V/VI 4.2 f  0.4* 1.2 f  0.2 
LSN 3.1 + 0.3 2.6 + 0.3 

Numbers in each column indicate mean + SE ofthe number ofneurons expressing 
PF’T mRNA per section (N = 18) for both animals (paired t test). 
* p < 0.0 1, significant difference in the number of neurons expressing PPT mRNA 
between the sides ipsilateral and contralateral to the inflammation for each animal. 
Differences shown were significant for both animals. 

tochrome oxidase probe, densitometeric analysis of the RNA 
blots revealed that the ipsilateral hemisegment showed an 80% 
increase in PPT mRNA compared to control tissue of the same 
spinal segments from naive rats (Fig. 1B). ANOVA indicated 
that there was a significant difference between the inflamed side 
and naive spinal cord tissue, and also between the inflamed and 
contralateral sides. There was no significant difference between 
the L4,5 spinal cord tissue contralateral to inflammation and 
that from naive rats. 

ISHH identifies an increase in PPT mRNA in neuronal 
subpopulations 

ISHH identified numerous dorsal horn neurons expressing PPT 
mRNA (Figs. 2, 3). Silver grains overlying the cell somata in- 
dicated the presence of PPT mRNA-oligonucleotide hybrids. 
These were variable in number, suggesting differential neuronal 
expression (Fig. 2). The labeled neurons were concentrated in 
the superficial dorsal horn (laminae I and II), the neck of the 
dorsal horn (laminae V/VI), and LSN (Fig. 3A,B). ISHH for 
PPT mRNA-expressing neurons was comparable in spinal cord 
sections from naive animals and the side of the spinal cord 
contralateral to the inflamed hindpaw. A comparison of the 
number and intensity of labeled neurons ipsilateral and contra- 
lateral to the inflammation was made. As shown in Figure 3, A 
and B, the hybridization signal over neurons in the superficial 
laminae and the neck of the dorsal horn was increased on the 
inflamed side compared to the control side. Quantification of 
neurons expressing PPT mRNA in each area is presented in 
Table 1. In lamina I, the number of PPT neurons on the side 
ipsilateral to the inflammation showed an 80% increase com- 
pared to the contralateral side. The most densely labeled neurons 
(Fig. 2, arrows) were found on the side ipsilateral to the inflam- 
mation and concentrated in the middle two-thirds of the su- 
perficial laminae, especially lamina I. These densely labeled 
lamina I neurons were typically larger than the PPT neurons in 
lamina II. In lamina II, PPT neurons (50-60% of all PPT neu- 
rons) were identified on both sides. Since the neurons in lamina 
II have high levels of constitutive expression of PPT mRNA, 
the apparent increase in number ofdetectable PPT neurons (37% 
increase) was small, although it represented a significant increase 
over the contralateral side. The number of PPT neurons located 
in the lateral part of laminae V/VI and the lateral reticulated area 
showed a 250% increase on the inflamed side compared to the 
contralateral side. However, the number of laminae V/VI neu- 
rons was relatively small, representing less than 10% of the total 
PPT neurons. In the LSN, there were many neurons expressing 
PPT mRNA, and no significant increase in the number was seen 
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Figure 1. Increased expression of PPT mRNA in rat lumbar spinal 
cord following peripheral inflammation and hyperalgesia. A, RNA blot 
analysis of L4,5 spinal cord total RNA 4 d after peripheral inflammation. 
The upper panel shows the blot hybridized with a PPT oligonucleotide 
probe labeled with 32P-dATP, and the lower panel shows the same blot 
after stripping and hybridization with a cDNA probe for cytochrome 
ox&se. Locations of the ribosomal RNA are marked. Zpsi, ipsilateral 
side; Contra, contralateral side. B, Quantification of RNA blot for PPT 
mRNA in rat lumbar spinal cord. Corrected values of PPT mRNA 
signal were calculated by dividing the actual PPT mRNA signal, as 
measured with a computerized densitometer, by the cytochrome oxidase 
signal obtained from the same lane after reprobing. This was then com- 
pared with the corrected value of naive tissue and contralateral side 
tissue, and is shown as relative levels of PPT mRNA. Values are the 
mean + SE. Five blots were used for quantification. ANOVA showed 
a significant increase on the side ipsilateral to inflammation compared 
to naive tissue or the contralateral side. *, p < 0.0 1, ANOVA. 

ipsilateral to the inflammation. Parasagittal sections through the 
middle of the dorsal horn, an area of the dorsal horn receiving 
afferents from the inflamed hindpaw, also demonstrated in- 
creases in the levels of PPT mRNA (Fig. 3C,D). Compared to 
the contralateral side, there was an increase in signal intensity 
and the number of PPT neurons in laminae I, II, and V/VI. 
PPT neurons in the superficial laminae (I and II) were uniformly 
distributed rostrocaudally, while PPT neurons in laminae V/VI 
were scattered rostrocaudally. The most densely labeled neurons 
were found in laminae I and V/VI (Fig. 30). 
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Figure 2. Bright-field photomicrograph of the L5 segment of lumbar spinal cord ipsilateral to the inflammation. Silver grains are aggregated over 
the somata of many neurons in laminae I and II, indicating the presence of PPT mRNA-oIigonucleotide hybrids. The most densely labeled neurons 
were mainly found in lamina I, often adjacent to Lissauer’s tract (Lr) on the side ipsilateral to the inflammation (arrows). Scale bar, 50 pm. 

Retrogradely labeled dorsal horn neurons 

Some of the most densely labeled PPT neurons (indicated by 
arrows in Fig. 2) were found in lamina I. To determine whether 
these densely labeled neurons projected to the brainstem, the 
combined methods of ISHH and retrograde labeling with fluo- 
rogold were employed. Since the goal of the fluorogold injections 
was to label as many projection neurons as possible, no attempt 
was made to restrict the injection site to any one brainstem 
nucleus. The fluorogold injections were centered in the area 
surrounding the brachium conjunctivum at the pontomesen- 
cephalic junction and included varying portions of the para- 
brachial nucleus, ventrolateral periaqueductal gray (PAG), and 
nucleus cuneiformis (Fig. 4). The distribution of fluorogold- 
labeled neurons in the L5 segment was similar in all animals 
and was consistent with previous reports (Hylden et al., 1989). 
The majority of the labeled projection neurons were located in 
lamina I and LSN. Some retrogradely labeled neurons were 
found in the lateral part of lamina V or scattered in laminae 
IV-VII and X. The cell bodies tended to be clustered under the 
dorsal root entry zone. The number of fluorogold-labeled neu- 
rons in 18 sections showed no significant difference between 
fluorogold-labeled neurons on the inflamed and contralateral 
sides (mean + SE of number of labeled neurons per section: 6.1 
+ 0.5 ipsilateral, 5.9 + 0.4 contralateral in lamina I; 2.4 + 0.4 
ipsilateral, 2.2 k 0.3 contralateral in laminae V/VI; and 2.7 f 
0.4 ipsilateral, 2.3 f 0.3 contralateral in LSN). 

Using the ISHH method with the PPT oligonucleotide probe 
in conjunction with the retrograde fluorogold tracer, we iden- 

tified many projection neurons expressing PPT mRNA in lam- 
ina I (Fig. 5,4-C), lamina V, and LSN (Fig. 5D). The double- 
labeled neurons exhibited accumulations of fluorescent fluoro- 
gold in the cell body and proximal dendrites, and aggregations 
of silver grains, indicating PPT mRNA, overlying the cell body. 
The double-labeled neurons in lamina I were medium sized and 
bipolar or polygonal cells with their dendrites extending along 
the superficial border of the dorsal horn (Fig. 5AJ). Most dou- 
ble-labeled neurons in lamina I were concentrated in the area 
under the dorsal root entry zone (Fig. 6). An occasional double- 
labeled neuron was located in Lissauer’s tract (Figs. 5A, 6). The 
most lateral part of lamina I had few double-labeled neurons. 
In parasagittal sections, the lamina I fluorogold-labeled neurons 
expressing PPT mRNA were observed to have rostrocaudally 
oriented dendrites (Fig. 5C). In laminae V/VI, medium-sized 
multipolar neurons labeled for fluorogold expressed PPT mRNA 
(not shown). The double-labeled neurons in the LSN had an 
intensely fluorescent multipolar cell body and prominent den- 
dritic staining (Fig. 5D). 

The number of double-labeled neurons was counted on both 
sides of the dorsal horn and statistically analyzed (Table 2). The 
percentage of fluorogold-labeled cells also labeled for PPT mRNA 
and the percentage of PPT neurons also labeled for fluorogold 
were calculated. On the side contralateral to the inflammation, 
a small number of labeled projection neurons in laminae I (1.2 
cells/section) and V/VI (0.2 cells/section) contained PPT mRNA. 
Twenty-two percent of all fluorogold-labeled neurons in lamina 
I were double labeled, whereas 8% of the fluorogold neurons in 
laminae V/VI expressed PPT mRNA. In the LSN, the number 
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Figure 3. Dark-field photomicrographs of tissue sections from the L5 segment of the lumbar spinal cord contralateral (A. c) and ipsilateral (B, 
0) to the inflamed paw. A and B are in the transverse plane, while C and D are parasagittal sections through the middle of the dorsal horn. ISHH 
demonstrates labeled neurons concentrated in laminae I and II and the lateral part of laminae V/VI. A subpopulation of the labeled neurons on 
the side ipsilateral to the inflammation exhibited increased silver grain density. Scale bars, 100 pm. 

of double-labeled neurons averaged 1.4 per section, which was 
6 1% of the fluorogold-labeled neurons in the LSN. On the side 
of the spinal cord ipsilateral to the inflammation, there was a 
dramatic increase in the number (a greater than 200% increase 
compared to the control side) of lamina I neurons labeled for 
PPT mRNA and fluorogold (Table 2). On average, there were 
3.7 double-labeled neurons per section, which was 6 1% of fluo- 
rogold neurons and 29% of PPT neurons in lamina I. The net 
increase of PPT neurons was 5.7 neurons/section (12.8 - 7.1; 
Table l), while the net increase of double-labeled neurons was 
2.5 neurons/section (3.7 - 1.2; Table 2). In laminae V/VI, 
although there was a slight increase in double-labeled neurons 
(0.6 neurons/section), their number was not statistically signif- 
icant compared to the contralateral side (0.2 neurons/section). 
There was no difference in the number of double-labeled neu- 
rons in the LSN ipsilateral and contralateral to the inflammation 
(1.8 cells/section), where they represented 50-60% of the PPT 
neurons in the LSN. 

Table 2. Increase of spinal projection neurons expressing PPT 
mRNA following unilateral inflammation and hyperalgesia 

Lamina I 

Laminae V/VI 

LSN 

Ipsilateral Contralateral 

3.7 f  0.3* 1.2 k 0.2 
(6 10/o/29%) (22%/ 17%) 
0.6 f  0.2 0.2 + 0.1 
(24%/l 5%) (8%/14%) 
1.8 + 0.3 1.4 + 0.2 
(69%/60%) (6 1%/53%) 

Numbers in each column indicate mean f  SE of the number of fluorogold-labeled 
cells expressing PPT mRNA per section (N = 18) for both animals. Percentages 
in parentheses: left, the proportion of fluorogold-labeled neurons expressing PPT 
mRNA in each lamina; right, the proportion of PPT mRNA-expressing neurons 
labeled for fluorogold in each lamina. 
* p z 0.01 (paired t test), significant difference in the number of projection neurons 
expressing PPT mRNA between the ipsilateral and contralateral sides for each 
animal. Differences shown were significant for both animals. 



2568 Noguchi and Ruda l PPT mRNA Regulation in the Dorsal Horn Neurons 

IPB 

Figure 4. Diagram of the maximum extent of the fluorogold injections 
in this study. The upper drawing is from a more rostral section 0.2 mm 
anterior to the interaural line, and the lower drawing is from a more 
caudal section 0.3 mm posterior to the interaural line according to the 
atlas by Paxinos and Watson (1986). Cnf; cuneiform nucleus; DPB, 
dorsal parabrachial nucleus; DR, dorsal raphe nucleus; IC, inferior col- 
liculus; LC, locus coeruleus: PAC. neriaaueductal arav: SCP. suuerior 
cerehehar peduncle; Sub C,’ suhcoeruleus nucleus; -Vf%, ventral-para- 
brachial nucleus. 

Discussion 
This study identified an important role for the differential gene 
regulation of subpopulations of dorsal horn neurons expressing 
PPT mRNA following peripheral inflammation. RNA blot anal- 
ysis revealed that PPT mRNA expression in the spinal cord 
exhibited a significant increase following peripheral inflam- 
mation (80% increase), an observation consistent with a pre- 
vious report (Minami et al., 1989). However, of the many spinal 
cord dorsal horn neurons expressing PPT mRNA in the different 
laminae, it appears that a discrete subpopulation is responsible 
for the increase in message. This observation may reflect the 
different functional roles of tachykinin peptides in the spinal 
cord. 

The PPT oligonucleotide probe used in this study had a se- 
quence common to (Y-, p-, and -/-PPT mRNA and thus could 
hybridize with all three subsets of PPT mRNA (Krause et al., 
1987). Thus, the detection of PPT mRNA in this study may be 
related to several tachykinin peptides, NKA, NPK, and NPy, 
as well as SP. Recent findings indicate that nearly all dorsal root 
ganglion neurons that contain immunoreactive NKA also con- 
tain SP (Dalsgaard et al., 1985). Radioimmunoassay studies 
indicate that SP and NPK are distributed in a similar manner 
in the dorsal root ganglion and the dorsal horn (Ogawa et al., 
1985). In addition, release studies using immunoreactive mi- 
croprobes in a model of acute arthritis show that both SP and 
NKA are released in the superficial dorsal horn but with a dif- 
ferent time course (Hope et al., 1990). The above findings sug- 
gest that the peptide products of the PPT gene are distributed 
in a similar fashion in the dorsal horn. However, we cannot rule 
out the possibility that unknown posttranslational modification 
of propeptides might occur in some specific neurons. For the 
purposes of discussion, however, we will compare our findings 
of PPT mRNA distribution to that of SP immunoreactivity in 
the dorsal horn. 

Using fluorogold labeling, we identified spinal projection neu- 
rons located in lamina I, laminae V/VI, and the LSN. The 
fluorogold tracer injected in this study covered the parabrachial 
nucleus in the pons and may be taken up by passing fibers of 
the spinoreticular, spinothalamic, or spinohypothalamic tracts. 
However, previous reports have demonstrated that lamina I 
neurons mainly project to the PBA (mesencephalic parabrachial 
area) (McMahon and Wall, 1983; Hylden et al., 1986, 1989). 
Therefore, we assume that most ofthe double-labeled fluorogold 
and PPT mRNA-containing neurons, especially those in lamina 
I, are spinomesencephalic projection neurons. 

With the exception of the LSN, several reports have tried and 
failed to detect SP immunoreactivity in spinal projection neu- 
rons (Standaert et al., 1986; Nahin, 1987, 1988; Leah et al., 
1988), whereas our ISHH revealed a large number of dorsal 
horn neurons expressing PPT mRNA. There are many recent 
reports describing discrepancies between peptide level and 
mRNA expression of neuropeptides, such as PPT (Warden and 
Young, 1988), PPE (Harlen et al., 1987; Morita et al., 1990), 
PPD (Ruda et al., 1988), preproneurotensin (Alexander et al., 
1989), and preprocholecystokinin (Burgunder and Young, 1988). 
In general, more peptide neurons have been detected by ISHH 
than have been seen using immunohistochemistry in many brain 
regions. This difference may reflect the sensitivity of each meth- 
odology, changes in the time course of transcription versus pep- 
tide production, or differences between synthesis and release of 
peptide. 

PPT mRNA expression in the different spinal cord laminae 
appeared to be selectively regulated following peripheral inflam- 
mation and hyperalgesia. In lamina I, many projection neurons 
expressing PPT mRNA were found ipsilateral and contralateral 
to the inflamed hindpaw. However, the ipsilateral lamina I pro- 
jection neurons exhibited a dramatic induction of PPT mRNA 
following peripheral inflammation. Although we detected that 
6 1% of all the fluorogold-labeled neurons in lamina I expressed 
PPT mRNA, the stringent criteria for PPT-labeled neurons used 
in this study likely resulted in an underestimate of their number. 

There are several unique features of lamina I projection neu- 
rons. It has been demonstrated that these neurons have a direct 
projection from lamina I through the dorsolateral fimiculus (DLF) 
to PBA with a continuing major collateralization to the thalamus 
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the number or intensity of labeling of PPT neurons in the LSN 
following inflammation. This observation is somewhat expected 
since most cells in the LSN are unresponsive to cutaneous input 
(Menetrey et al., 1980) and the LSN is apparently devoid of 
primary afferent input (Swett and Woolf, 1985). The functional 
role of PPT neurons in the LSN is unknown. 

Lamina II neurons are for the most part considered to be 
dorsal horn local circuit neurons. The number of neurons ex- 
pressing PPT mRNA in lamina II showed a 37% increase ip- 
silateral to the inflamed hindpaw (Table 1). Although the lamina 
II neurons have a high level of constitutive PPT mRNA ex- 
pression, peripheral inflammation induced a significant in- 
crease. There have been few reports speculating on the role of 
local circuit neurons containing tachykinin peptides, including 
SP. The large amount of SP in the dorsal horn that is of primary 
afferent origin makes it difficult to differentiate the action of 
intrinsic SP from primary afferent SP. Senba et al. (1988) re- 
ported that most rat lamina II SP neurons (95%) colocalized 
enkephalin (ENK). Dorsal horn ENK neurons have been shown 
to have synaptic contact with laminae I or V ascending projec- 
tion neurons (Ruda, 1982; Ruda et al., 1984) and are considered 
to regulate their activity. Thus, SP in local circuit neurons may 
also have a modulatory role on noxious signal transmission in 
conjunction with opioid peptides. Our finding that lamina II 
neurons expressing PPT mRNA are upregulated by noxious 
stimuli is the first demonstration of the participation of tachy- 
kinins in nociceptive local circuit networks. 

Figure 6. Plots of double-labeled neurons in the L5 spinal cord on the 
ipsilateral (upper) and contralateral (lower) sides. Plots were combined 
from nine sections. Note that double-labeled neurons were concentrated 
under the dorsal root entry zone and their number appeared to increase 
on the side ipsilateral to the inflammation. Some double-labeled neurons 
extended into Lissauer’s tract. DF, dorsal funiculus; DH, dorsal horn; 
LSN, lateral spinal nucleus. 

(Menetrey et al., 1982; McMahon and Wall, 1983; Wiberg and 
Blomqvist, 1984; Cechetto et al., 1985; Pannneton and Burton, 
1985; Hylden et al., 1986, 1989; Lima and Coimbra, 1989). 
The cells comprising this system are almost exclusively noci- 
ceptive specific, having small receptive fields and slow central 
conduction velocities (Hylden et al., 1986). These lamina I PBA 
projection neurons are likely to be involved in activation of 
autonomic reflexes or pain modulatory mechanisms. Activation 
of lamina I neurons by noxious stimuli may (1) activate so- 
matovisceral reflexes via input to the PBA of the dorsolateral 
pons and caudal mesencephalon (Loewy and Burton, 1978; Mil- 
ner et al., 1984), (2) trigger affective responses to acute pain via 
connections from the PBA to the hypothalamus (Edwards and 
deolmas, 1976; Saper et al., 1978) and amygdala (Saper and 
Loewy, 1980; Yamano et al., 1988) and (3) activate descending 
modulatory systems at the level of nucleus cuneiformis and the 
PAG through connections to the nucleus raphe magnus (Bas- 
baum et al., 1976; Abols and Basbaum, 198 1; Beitz, 1982). Our 
data suggest that the lamina I spinomesencephalic projection 
neurons with axons in the DLF contain tachykinin peptides. 
The PPT neurons demonstrated in this study are the first non- 
opioid neuropeptide-containing projection neurons identified in 
lamina I. Since the percentage of neurons expressing PPT mRNA 
is high and the gene is induced dramatically by nociceptive 
stimuli, it is likely that tachykinins play an important role in 
nociception in ascending CNS pathways. 

In laminae V/VI, there was an increase in the number of PPT 
neurons when the ipsilateral and contralateral dorsal horns were 
compared (250% increase). However, the number of projection 
neurons expressing PPT mRNA was not significantly different. 
It is possible that the laminae V/VI neurons with induced PPT 
mRNA after inflammation either are local circuit neurons or 
project to brain areas other than the PBA (Harmann et al., 1988; 
Hylden et al., 1989; Burstein et al., 1990). In this study, a high 
percentage of projection neurons in the LSN expressed PPT 
mRNA, an observation consistent with previous reports (Nahin, 
1987; Leah et al., 1988). There was no detectable increase in 
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