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Selective Mediation of Nerve Injury-Induced Tactile Hypersensitivity
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Prevention of nerve injury-induced tactile, but not thermal,
hypersensitivity is achieved by ipsilateral lesions of the dorsal
columns or lidocaine microinjection into the nucleus gracilis (n.
gracilis). These and other data support the possibility that
tactile hyperresponsiveness after nerve injury may be selec-
tively mediated by a low-threshold myelinated fiber pathway to
the n. gracilis. Here we identify a transmitter that might selec-
tively mediate such injury-induced tactile hypersensitivity. Neu-
ropeptide Y (NPY), normally not detected in the dorsal root
ganglion (DRG) or in the n. gracilis of rats, became markedly
upregulated at both sites and in the spinal cord after spinal
nerve injury. Injury-induced NPY-IR occurred predominately in
large-diameter DRG cells, and the NPY-IR in the n. gracilis was
blocked by dorsal rhizotomy or dorsal column lesion. NPY
microinjection into the n. gracilis of uninjured rats elicited re-
versible tactile, but not thermal, hypersensitivity only in the

ipsilateral hindpaw. Administration of anti-NPY antiserum, but
not control serum or preabsorbed serum, into the n. gracilis
ipsilateral to nerve injury reversed tactile, but not thermal, hy-
persensitivity. Similarly, microinjection of the NPY antagonists
NPY,5_36 and (R)-N-[[4-(aminocarbonylaminomethyl)-phenyl]-
methyl]-N2-(diphenylacetyl)-argininamide trifluoroacetate, into
the n. gracilis ipsilateral to the injury reversed tactile, but not
thermal, hypersensitivity. Antagonist administration into the
contralateral n. gracilis had no effect on injury-induced hyper-
sensitivity. These data suggest the selective mediation of nerve
injury-induced tactile hypersensitivity by upregulated NPY via
large fiber input to n. gracilis. Selective reversal of injury-
induced tactile allodynia by NPY receptor antagonists would
have significant implications for human neuropathic conditions.
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Human neuropathic pain is characterized in part by persistent
pain, hyperalgesia (i.e., enhanced perception of nociceptive stim-
uli), and allodynia (i.e., normally innocuous stimuli perceived as
nociceptive; Payne, 1986; Merskey and Bogduk, 1994). Allodynia
remains poorly controlled by available therapies and has a pro-
found negative impact on quality of life. Substantial data support
the possibility that tactile and thermal hypersensitivity might be
differentially mediated. In humans with nerve injury, differential
nerve block showed that touch-induced pain was mediated
through AB primary fibers, whereas thermal pain was mediated
through unmyelinated fibers (Campbell et al., 1988; Koltzenburg
et al., 1992, 1994). In experimental neuropathic models, intrathe-
cal morphine or systemic resiniferatoxin, a C-fiber neurotoxin,
reversed thermal but not tactile hypersensitivity (Bian et al., 1995;
Lee et al., 1995; Ossipov et al., 1995; 1999), and systemic mor-
phine or capsaicin did not block “dynamic allodynia” (Field et al.,
1999). Spinal hemisection or dorsal column lesion performed
ipsilateral but not contralateral to nerve injury blocked tactile
hypersensitivity (Sun et al., 2001). Microinjection of lidocaine
into the nucleus gracilis (n. gracilis) ipsilateral to nerve injury
reversibly blocked tactile but not thermal hypersensitivity (Sun et
al., 2001). Enhanced baseline and evoked activities of thalamic
neurons were seen in nerve-injured rats, and these effects were
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abolished by disruption of the dorsal columns or the n. gracilis
(Miki et al., 2000). These observations are consistent with the
possibility that nerve injury-induced thermal hypersensitivity is
mediated through nociceptive C-fibers, which express opioid re-
ceptors (Besse et al., 1990; Mansour et al., 1994), whereas tactile
hypersensitivity may be mediated primarily by large-diameter AB
fibers. These fibers are normally responsive to low-threshold
stimuli, project directly to supraspinal dorsal column nuclei, send
collaterals into laminas III and IV of the spinal dorsal horn
(Bennett et al., 1983; Hendry et al., 1999), and are unlikely to
express opioid receptors (Zhang et al., 1998).

Although nerve injury has been shown to increase NPY ex-
pression in the dorsal root ganglia, spinal cord, and dorsal column
nuclei (Li et al., 1999), the role of this peptide in the modulation
of nociception has remained inconclusive. Pharmacological neu-
ropeptide Y (NPY) has been reported as both antinociceptive
and pronociceptive (Hua et al., 1991; Jolicoeur et al., 1991; Heilig
et al., 1992; Broqua et al., 1996; Mellado et al., 1996; Taiwo and
Taylor, 2002), often with biphasic dose—effect curves (Xu et al.,
1994, 1999). Excitatory effects of NPY have been observed in
dorsal root ganglion (DRG) cells taken from rats with nerve
injury (Abdulla and Smith, 1999). Fewer studies, however, have
explored the role of endogenous NPY in the pathological state.
This distinction is likely to be important, because nerve injury
elicits (1) NPY upregulation in fibers that either did not express
or expressed the peptide at very low levels and (2) both upregu-
lation and downregulation of NPY receptors in different regions
of the nervous system (Noguchi et al., 1993; Wakisaka et al., 1993;
Nahin et al., 1994; Zhang et al., 1996; Hokfelt et al., 1998; Li et



Ossipov et al. « NPY-Mediated Tactile Hypersensitivity in Nucleus Gracilis

al., 1999; Marchand et al., 1999). Here, NPY antagonists were
used to explore the potential role of upregulated endogenous
NPY in nerve injury-induced pathology.

MATERIALS AND METHODS

Animals. Male Sprague Dawley rats (Harlan, Indianapolis, IN), 200-300
gm at time of testing, were maintained in a climate-controlled room on a
12-hr light/dark cycle (lights on at 6 A.M.), and food and water were
available ad libitum. All testing was performed in accordance with the
policies and recommendations of the International Association for the
Study of Pain and National Institutes of Health guidelines for the handling
and use of laboratory animals and received approval from the Institutional
Animal Care and Use Committee of the University of Arizona.

Surgical procedures. Spinal nerve ligation (SNL) injury was induced
using the procedure of Kim and Chung (1992). Anesthesia was induced
with 2% halothane in O, at 2 1/min and maintained with 0.5% halothane
in O,. The dorsal vertebral column from L4 to S2 was exposed, and the
L5 and L6 spinal nerves were identified and carefully isolated. The L5
and L6 spinal nerves were tightly ligated distal to the dorsal root ganglion
with a 4-0 silk suture. The incision was closed, and the animals were
allowed to recover for 5 d. Rats that exhibited motor deficiency (<10%)
or failure to exhibit subsequent tactile hypersensitivity were excluded
from further testing. Sham control rats underwent the same operation
and handling as the experimental animals but without SNL. Behavioral
evaluation of tactile and thermal hypersensitivity occurred at numerous
time points after SNL surgery as indicated. Dorsal rhizotomy was per-
formed in the same manner as SNL in anesthetized rats, except that the
spinal dorsal roots between the DRG and the spinal cord at LS were
ligated and cut. Lesions of the dorsal columns or of the dorsolateral
funiculus (DLF) were performed in rats anesthetized with halothane. A
laminectomy was performed at T8 with the aid of a dissecting microscope
to expose the spinal cord. Dorsal column lesions were preformed by
careful incision of the dorsal aspect of the spinal cord with the point of
a number 11 scalpel blade. Lesions of the DLF were performed by gently
rotating the spinal cord to expose the ventrolateral aspect and crushing
the area with fine forceps. Hemostasis was confirmed, and the wound
over the exposed spinal cord was packed with Gelfoam and closed. Sham
spinal surgery was performed by exposing the vertebras and performing
the laminectomy but without cutting any neuronal tissue. All lesions were
verified histologically at the termination of the experiments, and only
animals with correctly placed lesions were included in the analysis. The
rhizotomies and lesions of the dorsal column or DLF were performed 7 d
before SNL. Proper placement of the spinal lesions was verified histo-
logically by staining cord sections with Luxol fast blue to identify my-
elinated fiber tracts. All studies were performed after the fourth week
after SNL, with the exception of time course studies for NPY
upregulation.

Cannula placement. All rats were prepared for drug microinjection into
the n. gracilis by placing anesthetized (ketamine and xylazine, 100
mg/kg, i.p.) animals in a stereotaxic head holder. The skull was exposed,
and a 26-gauge guide cannula (Plastics One Inc., Roanoke, VA) was
directed toward the n. gracilis (anteroposterior, —5.5 mm from interaural
line; mediolateral =0.5 mm from midline and 2 mm above the interaural
line); these coordinates were obtained from the atlas of Paxinos and
Watson (1986). The guide cannula was cemented in place and secured to
the skull by small stainless steel machine screws. The animals were allowed
to recover 5 d after surgery before any pharmacological manipulations were
made. Drugs were slowly microinjected in a volume of 0.5 ul through a 33
gauge injection cannula inserted through the guide cannula and protruding
an additional 2 mm into fresh brain tissue to prevent backflow of drug into
the guide cannula. Progress of the injection was confirmed by monitoring
the movement of an air bubble through a calibrated length of tubing. A
volume of 1 ul was used in situations in which additional doses were
required but higher concentrations were not possible because of solubility
limits. At the termination of all experiments, the animals were killed; fast
green dye was microinjected into the region; and cannula placement was
verified histologically. Only those animals with correct cannula placement
were included in behavioral analysis.

Drugs and solutions. The nonpeptidic, highly selective Y1 antagonist
(R)-N-[[4-(aminocarbonylaminomethyl)-phenyl|methyl]-N2-(diphenyl-
acetyl)-argininamide trifluoroacetate (BIBO 3304) (Wieland et al.,
1998) and the highly selective Y2 antagonist (5)-(N(2)-[[1-[2-[4-[(R,S)-
5,11-dihydro-6(6h)-oxodibenz[b,e]azepin-11-yl]-1-piperazinyl]-2-oxo-
ethyl]cyclopentyl]acetyl]-N-[2-[1,2-dihydro-3,5(4H)-dioxo-1,2-diphenyl-
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3H-1,2,4-triazol-4-yl]ethyl]-argininamide (BIIE 0246) (Doods et al., 1999)
were dissolved in 50% DMSO in distilled water. NPY and NPY 5 5
(American Peptide Co., Sunnyvale, CA) and anti-NPY antiserum (Penin-
sula Laboratories, Inc., San Carlos, CA) were dissolved in distilled water.
Preadsorbed serum was prepared from the anti-NPY antiserum as a con-
trol. The preadsorbed serum was prepared by incubating 0.2 ml of the
antiserum (40 mg of protein/ml) with 0.8 ml of agarose-bound protein A
(Vector Laboratories, Burlingame, CA) for 24 hr at 4°C. The suspension
was pelleted by low-speed centrifugation (5000 X g for 5 min). The
supernatant, which is devoid of anti-NPY IgG, was used to define the
IgG-independent effects of the antiserum administration.

Evaluation of tactile hypersensitivity. Tactile hypersensitivity of the
hindpaws was determined by measuring the paw withdrawal threshold in
response to probing with a series of calibrated (0.41, 0.70, 1.20, 2.00, 3.63,
5.50, 8.5, and 15.1 gm) von Frey filaments (Chaplan et al., 1994). The rats
were acclimated for 60 min in suspended cages with wire mesh floors to
allow probing from below. The von Frey filament was applied perpen-
dicularly to the plantar aspect of the affected paw of the rat until it
buckled slightly. A positive response was indicated by a sharp withdrawal
of the paw. The 50% paw withdrawal threshold was determined by the
nonparametric method of Dixon (1980). An initial probe equivalent to
2.00 gm was applied, and the stimulus was incrementally increased until
a positive response or the maximal stimulus was obtained and then
decreased until a negative result or the minimal stimulus was observed.
This “up—down” method was repeated until three changes in behavior
were determined. The pattern of positive and negative responses
was_tabulated. The 50% paw withdrawal threshold was determined as
(10 W kﬁ])/l0,000, where Xf'is the value of the last von Frey filament used;
k is the Dixon value for the positive—negative pattern; and 9 is the mean
(log) difference among stimuli. Significant differences among paw with-
drawal thresholds at several time points after drug injection were deter-
mined by ANOVA followed by the post hoc least significant differences
test. Pair-wise comparisons were performed by Student’s ¢ test. Signifi-
cance was set at p = 0.05.

Evaluation of thermal hypersensitivity. The method of Hargreaves et al.
(1988) was used for the determination of thermal hyperalgesia of the
hindpaws. Rats were allowed to acclimate within Plexiglas enclosures on
a lightly frosted glass plate transparent to infrared radiation. A radiant
heat source in the form of a calibrated infrared generator (Stoelting Co.,
Wood Dale, IL) was activated and focused onto the plantar aspect of a
hindpaw. Paw withdrawal resulted in termination of the stimulus and a
timer. A maximal cutoff latency of 40 sec was used to prevent tissue
damage. Paw withdrawal latencies were determined to the nearest 0.1
sec. Significant differences among paw withdrawal latencies at several
time points after drug injection were determined by ANOVA followed by
the post hoc least significant differences test. Pairwise comparisons were
performed by Student’s ¢ test. Significance was set at p = 0.05.

Immunofluorescent labeling of NPY. The rats were deeply anesthetized
with ketamine and xylazine and perfused transcardially with 250 ml of
PBS (0.1 M) pH 7.4, containing 15,000 IU/1 heparin, followed by 4%
paraformaldehyde in PBS for 20 min. The brain, spinal cord, and L4-L6
DRGs were removed, postfixed in 4% paraformaldehyde for 4 hr, and
cryoprotected in 30% sucrose in PBS overnight at 4°C. Frontal sections
(20 wm) were cut through the coronal plane of the L4-L6 spinal cord and
caudal medulla at the level of the n. gracilis. Frozen sections (20 um)
were also obtained from the DRG at L4-L6. The sections were mounted
on gelatin-coated glass slides and preincubated in a solution of 4%
normal goat serum in PBS with 1% bovine serum albumin and 0.2%
Triton X-100 for 30 min. The sections were then incubated in a poly-
clonal rabbit antiserum to NPY (1:10,000; Peninsula Laboratories) for
1-3 d at 4°C. They were then washed in PBS (three times for 10 min) and
incubated with Alexa Fluor 594 goat anti-rabbit IgG (1:400; Molecular
Probes, Eugene, OR) for 60 min at room temperature. After two 5 min
washes in PBS, the sections were air-dried overnight and coverslipped
with DPX. The sections were examined with a Nikon (Melville, NY)
E800 fluorescence microscope equipped with standard filters for Texas
Red. Images were acquired with a Hamamatsu C5810 color CCD camera
and its proprietary Image Processor software (Hamamatsu Photonic
Systems, Bridgewater, NJ). The acquired images were then processed
with Adobe PhotoShop (Abode Systems Inc., San Jose, CA). Measure-
ment of cross-sectional diameters of neuronal cell bodies was accom-
plished with the aid of the imaging and analysis software Metamorph 5.5
(Universal Imaging Corp., West Chester, PA).
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RESULTS

NPY distribution in uninjured or sham-operated rats

NPY-IR was below the level of detection in either the n. gracilis
or the DRG in uninjured or sham-operated rats. NPY-IR was
seen in the spinal cord and was localized predominantly to nerve
fibers in the outer laminas of the dorsal horn. These findings are
consistent with previous studies demonstrating that NPY-IR is
found in nerve terminals and varicosities throughout the dorsal
horn, with the greatest concentration being in the superficial
laminas (Hokfelt et al., 1981; Hunt et al., 1981b; Sasek and Elde,
1985; Doyle and Maxwell, 1994). The intensity of NPY-IR in the
spinal dorsal horn was unchanged after dorsal rhizotomy (data
not shown), suggesting that basal expression of spinal NPY is
unlikely to originate from primary afferent fibers in the uninjured
state. Lesions of the DLF also did not result in alterations in
spinal NPY-IR (data not shown); thus NPY was unlikely to arise
from bulbospinal projections through this region of the spinal
cord. Previous studies using confocal microscopy found neuronal
cell bodies in laminas III and IV that express NPY (Polgar et al.,
1999). These observations and those in the present study are
consistent with the suggestion that spinal NPY is primarily de-
rived from spinal interneurons (Hunt et al., 1981a,b; Gibson et al.,
1984).

NPY distribution after SNL

The n. gracilis, which is normally devoid of NPY-IR, contained a
significant level of immunofluorescence for NPY after SNL (Fig.
1). Such NPY-IR was restricted to the side ipsilateral to the nerve
injury. Importantly, the NPY-IR appeared to be localized within
nerve fibers and not cell soma. NPY-IR was clearly evident in the
n. gracilis on the third day after SNL, and expression appeared
maximal by the seventh day after SNL (Fig. 1). The NPY-IR in
the n. gracilis remained elevated throughout the course of the
experiment (4 weeks after LS and L6 SNL) (Fig. 1). The time
course of the enhanced NPY-IR correlates well with the onset
and persistence of SNL-induced tactile and thermal hypersensi-
tivity (Burgess et al., 2002).

The time course of expression of NPY observed in the DRG
was coincident with that seen in n. gracilis (data not shown).
Significant levels of NPY-IR were evident in the ipsilateral L5
and L6 but not L4 or S1 DRG on day 3 after SNL; the levels of
NPY-IR persisted throughout the 4 week time course of the
experiment. Immunofluorescence for NPY in the lumbar DRG
contralateral to the side of the nerve injury was not different from
that seen in sham controls (Fig. 2). A survey of 450 DRG neurons
revealed that NPY-IR was predominantly associated with
medium- to large-diameter neurons. The preponderance of
NPY-IR occurred among neurons with diameters of 31-35 um
(17.6%), 36-40 pum (23.3%), and 41-50 um (36.0%). Neurons
with diameters of <30 wm accounted for 6.7% of the cell count,
and cells with diameters of >50 um represented 16.4%. These
findings are consistent with previous reports using in situ hybrid-
ization, in which NPY was expressed primarily in large-diameter
neurons (i.e., mean diameter of 46 um, calculated from a reported
mean cross-sectional area of 1700 um?; Noguchi et al., 1993).

In the spinal cord, increased immunofluorescence for NPY was
seen in the outer laminas of the dorsal horn ipsilateral to SNL and
in the region around the central canal. Moreover, the NPY-IR
extended into the deeper laminas of the spinal dorsal horns,
clearly indicating an increased region of distribution of NPY after
peripheral nerve injury. In contrast, there was no apparent change
in NPY-IR in the dorsal horn contralateral to L5 and L6 SNL.
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Figure 1. Time course of nerve injury-induced upregulation of NPY-IR
in the n. gracilis. The caudal brainstem was obtained from male Sprague
Dawley rats at the stated time (days) after SNL. There was no detectable
NPY-IR in the n. gracilis of sham-operated rats. Increased NPY-IR
ipsilateral to SNL was clearly apparent by the third day (3d) after nerve
injury. NPY-IR appeared maximal by the seventh day after SNL and
remained elevated throughout the experiment (i.e., 28d). There was no
increase in immunofluorescence for NPY in the contralateral n. gracilis at
any of the time points examined. Scale bar, 200 wm. The bottom left panel
shows a confocal image from day 28 demonstrating that NPY-IR in the n.
gracilis is found in fibers. Scale bar, 50 wm.

pre-absorbed

There was no evidence of an upregulation of NPY-IR in spinal
sections taken outside the L5-L6 region (data not shown). The
time course of SNL-induced NPY-IR in the spinal cord was
consistent with that seen in n. gracilis and DRG. Spinal NPY-IR
was evident by day 3 after SNL and persisted for at least 4 weeks
(data not shown).

Effects of dorsal column lesion and dorsal rhizotomy
on SNL-induced NPY upregulation in spinal nerves,
DRG, spinal cord, and n. gracilis

Sections were obtained from the L5 spinal nerve at the region of
ligation. A clear abundance of NPY-IR was seen in the region
proximal to the ligation and an absence of immunofluorescence
in the nerve section distal to the ligation (Fig. 3). This observation
demonstrated that NPY is likely to be produced within the DRG
and transported to the axon terminals. On the basis of this
observation, it would be expected that manipulations that disrupt
the continuity of the large-diameter afferent fibers would result in
an absence of NPY-IR in the terminal field. Accordingly, it was
found that dorsal rhizotomy, which did not block the SNL-
induced upregulation of NPY-IR in the DRG, blocked the up-
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Figure 2. Nerve injury-induced upregulation of NPY-IR in the DRG.
The L4-L6 and S1 DRG were harvested 28 d after the ligation of the LS
and L6 spinal nerves. Cell bodies immunoreactive for NPY were ob-
served in the DRG at LS and L6 taken ipsilateral (left panels) but not
contralateral (right panels) to SNL. There was no detectable NPY-IR in
the ipsilateral or contralateral L4 or S1 DRG. Scale bar, 200 wm.

Figure 3. Fluorescence micrograph of a sagittal section of the LS spinal
nerve at the site of ligation. NPY-IR is accumulated on the side proximal
to the DRG. NPY-IR is negligible at the distal end. The distribution of
the NPY-IR suggests that NPY associated with axon terminals is not
likely to be produced by de novo synthesis but originates from the soma
via axonal transport. Scale bar, 100 pum.

regulation of NPY-IR in the ipsilateral spinal dorsal horn and in
the n. gracilis after SNL. This observation is consistent with
previous reports (Li et al., 1999). Furthermore, lesions of the
dorsal columns made ipsilateral to SNL also blocked the upregu-
lation of NPY-IR in the n. gracilis (Fig. 44, B) but did not prevent
the upregulation of NPY-IR in either the spinal dorsal horn (Fig.
4C) or the DRG (Fig. 4D). These observations strongly suggest
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Figure 4. Effects of ipsilateral sham or dorsal column lesion on the level
of NPY-IR in the n. gracilis (4, B), superficial laminas of the ipsilateral
dorsal horn of the spinal cord at the L5 level (C), and the ipsilateral
LsDRG (D). Male Sprague Dawley rats received unilateral lesions of the
dorsal columns or sham surgery 7 d before L5 and L6 SNL surgery. Spinal
nerve injury was performed ipsilateral to the dorsal column lesion or
sham. Tissues were harvested 28 d after L5 and L6 SNL. Rats with SNL
but with sham lesions of the dorsal columns showed upregulation of
NPY-IR in the lpsl]dterdl n. grdmhs (A). Lesions of the dorsal columns
before SNL blocked this increase in NPY-IR (B). Dorsal column lesions
did not block the upregulation of NPY-IR in either the spinal dorsal horn
(C) or the L5 DRG (D). Scale bar, 200 um.

that increased synthesis of NPY occurs in large-diameter neurons
of the DRG and that NPY is transported to the terminal fields of
these neurons in the spinal dorsal horn and the n. gracilis.

NPY in the n. gracilis induces tactile hypersensitivity in
uninjured rats

The microinjection of NPY (1 nmol) into the n. gracilis of
uninjured rats resulted in reversible tactile hypersensitivity of the
ipsilateral but not contralateral hindpaw to light mechanical stim-
uli. The paw withdrawal threshold was significantly decreased
from 15 = 0 to 6.18 = 1.38 gm in the ipsilateral hindpaw within
20 min (Fig. 54). The responses returned to baseline values
within 60 min. Contralateral hindpaw thresholds were unchanged
after microinjection into the n. gracilis; the preinjection baseline
was 15 = 0 gm, and the postinjection threshold ranged between
13.7 = 0.82 and 15 = 0 gm. Furthermore, the animals demon-
strated an apparent increased sensitivity to normal handling with
increased touch-induced vocalization during the period of tactile
hypersensitivity. In contrast, the microinjection of NPY into the
n. gracilis did not alter behavioral responses to noxious radiant
heat (Fig. 5B). Paw withdrawal latencies did not differ signifi-
cantly from the baseline value of 16.1 = 0.83 sec over the 60 min
observation period. The microinjection of the water vehicle into
the n. gracilis did not produce any changes in response to tactile
or thermal stimuli (Fig. 54, B).

Blockade of SNL-induced tactile hypersensitivity by
microinjection of antiserum to NPY in n. gracilis
Peripheral nerve injury was induced with SNL, and tactile and
thermal hypersensitivity were firmly established within 3 d and
were still present at the same level at the fourth week after SNL.
At postinjury day 28, the paw withdrawal threshold was signifi-
cantly decreased from a pre-SNL baseline value of 15 *= 0 to
1.46 = 0.38 gm, indicative of tactile hypersensitivity. The micro-
injection of 20 pg of anti-NPY antiserum into the n. gracilis
produced a time-related reversal of tactile hypersensitivity (Fig.



9862 J. Neurosci., November 15, 2002, 22(22):9858-9867

>

15¢

12}

® Vehicle (distilled water)
3t B NPY (1 nmol)

Paw withdrawal threshold (g)

BL 10 20 30 40 50 60

Time (minutes) after microinjection

w

o 25.

)

> 20¢

c

8

515l b
®

5 10}

g ® Vehicle (distilled water)
."é 5t H NPY (1 nmol)

o BL 10 20 30 40 50 60

Time (minutes) after microinjection

Figure 5. Acute effects of microinjection of NPY into the n. gracilis on
tactile (A4) and thermal (B) sensory thresholds. Male Sprague Dawley rats
were prepared with guide cannulas directed at the n. gracilis. NPY (1
nmol) or vehicle (distilled water) was microinjected through an injection
cannula projecting 2 mm beyond the guide cannula and into fresh brain
tissue. Withdrawal thresholds of the hindpaws to probing with von Frey
filaments were significantly decreased after microinjection of NPY but not
vehicle into the n. gracilis (A4). Microinjection of 1 nmol of NPY into the
n. gracilis did not produce any changes in paw withdrawal latencies to
noxious radiant heat (B). *p < 0.05.

6A). The paw withdrawal thresholds were significantly increased
within 15 min of microinjection of the antiserum and reached a
maximum of 13.3 £ 0.81 gm before returning to baseline levels at
90 min. The microinjection of NPY antiserum did not alter paw
withdrawal thresholds of sham-operated rats (Fig. 64). Further-
more, the microinjection of preadsorbed antiserum did not pro-
duce any significant change in paw withdrawal thresholds of SNL
or sham-operated rats (Fig. 64). Control (nonimmune) serum,
which was obtained from the same source as the antiserum but
without exposure to antigen, also did not alter sensory thresholds
(data not shown).
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Figure 6. Acute effects of microinjection of an anti-NPY antiserum on
the tactile hypersensitivity (4) and thermal hyperalgesia (B) induced by
L5 and L6 SNL. The rats were prepared with guide cannulas directed at
the n. gracilis. 4, The microinjection of an anti-NPY antiserum (20 pg)
into the n. gracilis produced a significant reversal of tactile hypersensitiv-
ity. Microinjection of a preadsorbed antiserum had no effect. Neither
NPY antiserum nor the preadsorbed antiserum produced any changes in
paw withdrawal thresholds in sham-operated rats. B, Microinjection of
NPY antiserum did not block thermal hyperalgesia. NPY antiserum did
not produce any changes in paw withdrawal latencies in sham-operated
rats. *p < 0.05.

Thermal hyperalgesia in SNL rats was indicated by a significant
reduction in paw withdrawal latency to 9.28 = 0.63 sec from a
pre-SNL baseline value of 15.7 = 0.54 sec (p < 0.05). In contrast
to tactile hypersensitivity, however, the paw withdrawal latencies
of either SNL or sham-operated rats were not changed by micro-
injection of antiserum to NPY in the n. gracilis (Fig. 6B). The
microinjection of a preadsorbed antiserum into the n. gracilis also
did not significantly alter the paw withdrawal latencies in either
sham-operated or nerve-ligated rats (Fig. 6B). Microinjection of
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the antiserum into the contralateral n. gracilis had no effect on
either tactile or thermal thresholds (data not shown). Control
(nonimmune) serum also had no effect on sensory thresholds
(data not shown).

Blockade of SNL-induced tactile hypersensitivity

by microinjection of NPY receptor antagonists in

the n. gracilis

Results similar to those with antiserum to NPY were obtained
with the peptidic, nonselective NPY antagonist NPY ;5_34). The
microinjection of NPY ;5 34 (0.5 nmol) into the n. gracilis blocked
SNL-induced tactile hypersensitivity, as indicated by the signifi-
cant increase in paw withdrawal thresholds from a baseline value of
3.02 = 0.78 t0 9.52 = 1.3 gm (Fig. 7A4). In contrast, the adminis-
tration of NPY ;5_5¢, into the n. gracilis of rats with SNL did not
produce any significant changes in thermal responses. The re-
sponse latencies to noxious heat did not increase from the base-
line value of 10.1 = 0.38 sec (Fig. 7B). Furthermore, the micro-
injection of NPY ,5_34) into the n. gracilis of sham-operated rats
did not produce any significant changes in behavioral responses to
either tactile or thermal stimuli (Fig. 74, B). The microinjection of
vehicle into the n. gracilis also did not alter these behavioral end
points in either the SNL or sham-operated rats (data not shown).
Microinjection of the antagonist into the n. gracilis contralateral
to nerve injury did not elicit any behavioral effects (data not
shown).

The selective Y1 antagonist BIBO 3304 was used to further
validate the possible actions of NPY in the n. gracilis and to
attempt to define the NPY receptor(s) that mediate the antago-
nism of SNL-induced tactile hypersensitivity. Tactile hypersen-
sitivity was indicated by a significant reduction in the paw with-
drawal threshold from pre-SNL baseline values of 15 = 0 to
1.65 = 0.51 and 1.58 = 0.44 gm in separate groups of animals. The
microinjection of 15 and 30 ug of BIBO 3304 (23.3 and 46.6 nmol,
respectively) produced significant increases in the paw with-
drawal threshold to 10.1 = 1.80 and 12.8 = 1.25 gm, respectively
in these groups (Fig. 84). The responses to tactile stimuli re-
turned to baseline values within 90 min of microinjection. In
contrast, the microinjection of BIBO 3304 into the n. gracilis did
not produce significant changes in paw withdrawal latencies to
noxious radiant heat (Fig. 8B). The response latencies did not
differ significantly from the post-SNL baseline values of 10.0 =
0.29 and 10.1 £ 0.24 sec after 15 pg (23.3 nmol) and 30 g (46.6
nmol), respectively. The microinjection of these doses of BIBO
3304 into the n. gracilis of sham-operated rats did not alter either
tactile or thermal responses (Fig. 84,B). The microinjection of
vehicle also did not produce any changes in either behavioral end
point in SNL or sham-operated rats (data not shown).

Lack of antagonism of SNL-induced tactile
hypersensitivity by n. gracilis NPY Y2

receptor antagonist

The selective Y2 agonist BIIE 0246 was also used in the present
studies in an attempt to determine the possible contribution of
this receptor type to the manifestation of tactile hypersensitivity.
The microinjection of 30 ug (33.5 nmol) of BIIE 0246 into the n.
gracilis produced immediate and dramatic behavioral effects,
including vocalization, spontaneous motor activity, barrel rolling,
and lethality. The microinjection of 5 or 15 pg was without effect
against either tactile or thermal hypersensitivity in rats with L5
and L6 SNL (data not shown).
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Figure 7. Acute effects of microinjection of a nonselective NPY receptor
antagonist, NPY ;5 55, on the tactile hypersensitivity (A4) and thermal
hyperalgesia (B) induced by L5 and L6 SN L. The rats were prepared with
guide cannulas directed at the n. gracilis. A, Microinjection of 0.5 nmol of
NPY 535 into the n. gracilis produced a partial reversal of tactile
hypersensitivity when compared with the preinjection threshold *p <
0.05. B, Microinjection of NPY ;5_5, into the n. gracilis of the same rats
did not block thermal hyperalgesia. Microinjection of the NPY antagonist
into the n. gracilis of sham-operated rats did not produce any changes in
responses to either tactile or thermal stimuli.

DISCUSSION

The results of the present investigation are consistent with the
possibility that upregulated NPY in afferent fibers projecting to
the n. gracilis selectively mediates nerve injury-induced tactile
but not thermal hypersensitivity. Evidence supporting this con-
clusion stems from the demonstration that (1) upregulation of
NPY after SNL occurs in large fibers projecting to the n. gracilis
via the dorsal columns with a time course that is consistent with
the expression and persistence of tactile hypersensitivity; (2)
microinjection of NPY into the n. gracilis produces reversible
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Figure 8. Acute effects of microinjection of a Y1 selective antagonist,
BIBO 3304, on the tactile hypersensitivity (4) and thermal hyperalgesia
(B) induced by L5 and L6 SNL. Male Sprague Dawley rats were prepared
with guide cannulas directed at the n. gracilis. Tactile hypersensitivity (A4)
and thermal hyperalgesia (B) were confirmed in rats with L5 and L6 SNL.
Microinjection of BIBO 3304 (15 and 30 ug, corresponding to 23.3 and
46.6 nmol, respectively) into the n. gracilis produced a time-dependent
reversal of tactile hypersensitivity (*p < 0.05). BIBO 3304 administered
to the same rats did not alter thermal hyperalgesia (B). Microinjection of
BIBO 3304 into the n. gracilis of sham-operated rats did not produce any
changes in responses to either tactile (A4) or thermal (B) stimuli.

tactile but not thermal hypersensitivity of the ipsilateral hindpaw
in uninjured rats; (3) microinjection of an anti-NPY antiserum
selectively reverses SNL-induced tactile but not thermal hyper-
sensitivity; and (4) microinjection of two NPY receptor antago-
nists with different physicochemical characteristics and receptor
selectivity into n. gracilis selectively reverse SN L-induced tactile
but not thermal hypersensitivity. These data are consistent with
previous observations demonstrating that ipsilateral disruption of
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the dorsal columns or microinjection of lidocaine into the n.
gracilis selectively blocks SNL-induced tactile hypersensitivity.
The findings are also in line with the typical response character-
istics of low-threshold myelinated fibers in mediating normally
innocuous stimuli.

Nerve injury-induced pain has been closely linked to activation
of spontaneous and persistent abnormal discharges from ectopic
foci (Kirk, 1974; Wall and Gutnick, 1974; Devor, 1991, 1994;
Koltzenburg et al., 1994). Spontaneous discharge is primarily
observed in A fibers after injury (Kajander and Bennett, 1992;
Kajander et al., 1992; Boucher et al., 2000; Han et al., 2000; Liu
et al., 2000a,b) and A-fibers have been suggested to drive central
sensitization (Boucher et al., 2000). Although large myelinated
fibers that project in the dorsal columns to the n. gracilis normally
transmit sensations of light touch and vibration, these pathways
have also been associated with pain (Angaut-Petit, 1976; Berkley
and Hubscher, 1995; Willis and Westlund, 1997, Wang et al.,
1999). Lesions of the dorsal columns block pelvic cancer pain
(Hirshberg et al., 1996; Nauta et al., 1997), pain associated with
pancreatitis, and bone pain (Houghton et al., 1997, 1999, 2001).
The excitation of neurons of the n. gracilis or of the ventropos-
terolateral nucleus of the thalamus elicited by colorectal disten-
sion or a noxious cutaneous pinch was blocked by lesions of the
dorsal columns (Al-Chaer et al., 1996a,b). Chemical and physical
lesions of afferent fibers or the n. gracilis have also been shown to
block nerve injury-induced tactile hypersensitivity (Field et al.,
1999; Miki et al., 2000; Sun et al., 2001). Microinjection of
lidocaine into the n. gracilis ipsilateral to SNL reversibly blocks
tactile but not thermal hypersensitivity (Sun et al., 2001).

The present study confirms and extends previous observations
that nerve injury induces an upregulation of NPY in afferent
fibers, particularly in medium- and large-diameter cells of the
DRG (Zhang et al., 1993b; Persson et al., 1995; Li et al., 1999; Ma
and Bisby, 2000). After nerve injury, NPY-IR was seen in the
ipsilateral but not contralateral n. gracilis. NPY-IR in the n.
gracilis was diffuse and not concentrated in cell bodies, suggesting
its presence in nerve terminals. After nerve injury, NPY-IR-
positive DRG cells were of a medium to large diameter, consis-
tent with in situ hybridization studies (Wakisaka et al., 1991, 1992;
Frisen et al., 1992; Noguchi et al., 1993, Zhang et al., 1993a,b;
Marchand et al., 1999; Shi et al., 1999; Ma and Bisby, 2000).
Increased spinal NPY-IR occurred in the deeper dorsal horn
laminas, corresponding to the innervation field of axonal collat-
erals of AB fibers (Wakisaka et al., 1991; Frisen et al., 1992;
Zhang et al., 1993a; Shi et al., 1999). The novel appearance of
NPY-IR in deeper spinal laminas has suggested transport of
newly synthesized NPY in DRG neurons to axon terminals (Shi
et al., 1999). This interpretation is supported by our findings that
dorsal rhizotomy abolished the upregulation of NPY-IR in the
spinal dorsal horn and by the accumulation of NPY-IR proximal
but not distal to the site of injury. The increase in NPY-IR in the
spinal cord and DRG was restricted to the ligated segments L5
and L6 and was not increased in sections rostral or caudal to the
zone of entry of the ligated spinal nerves. Furthermore, the data
indicate that NPY is upregulated after nerve injury within 3 d, a
time course consistent with the appearance of tactile hypersensi-
tivity (Burgess et al., 2002). The upregulation of NPY-IR seen in
the ipsilateral n. gracilis was abolished by lesions of the dorsal
columns, and dorsal rhizotomy blocked the expression of NPY in
the n. gracilis, in agreement with previous observations (Li et al.,
1999). Collectively, these findings support the conclusion of nerve
injury-induced upregulation of NPY in large fiber projections to
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the n. gracilis, providing an anatomical basis for this transmitter
in possible mediation of nerve injury-induced abnormal pain.

Pharmacological studies showed that microinjection of NPY
into the n. gracilis of uninjured rats produced relatively short-
acting, reversible tactile hypersensitivity of the ipsilateral but not
the contralateral hindpaw. The tactile hypersensitivity produced
by this dose of NPY was time-related, consistent with the possi-
bility of relatively rapid degradation of the unprotected peptide.
The pronociceptive action observed with exogenous NPY was
consistent with the finding of a complete, time-related, and re-
versible blockade of nerve injury-induced tactile but not thermal
hypersensitivity by microinjection of an NPY antiserum into the
n. gracilis ipsilateral to the side of nerve injury. Administration of
a control serum or microinjection of preadsorbed NPY antiserum
into the n. gracilis did not alter either tactile or thermal sensitiv-
ities in either nerve-injured or sham-operated rats. Furthermore,
as with antiserum, the present studies show that microinjection of
the nonselective NPY antagonist NPY 5 35, also produced a
time-related, reversible block of tactile hypersensitivity but not
thermal hyperalgesia in nerve-injured rats.

BIBO 3304 is a highly selective antagonist with subnanomolar
affinity for the rat Y1 receptor and micromolar affinities for rat
Y2, Y4, and Y5 receptors (Wieland et al., 1998), whereas BIIE
0246 shows nanomolar affinity for the rat Y2 receptor without
competing for Y1, Y4, and Y5 receptors (Doods et al., 1999).
BIBO 3304 blocked nerve injury-induced tactile hypersensitivity
but not thermal hyperalgesia, whereas BIIE 0246 had no effect up
to doses that produced severe behavioral toxicity, making con-
clusions of possible Y2 receptor contribution impossible. The
doses of BIBO 3304 used in the present studies are comparable
with those reportedly used to achieve a pharmacologic effect in
feeding-related studies (Kask and Harro, 2000; Polidori et al.,
2000) but are nevertheless high compared with its binding affinity
for the Y1 receptor. At this concentration, BIBO 3304 may not
act exclusively at the Y1 receptor to block nerve injury-induced
tactile hypersensitivity. Although other NPY receptors may be
differentially expressed in the post-nerve injury state, however,
there are as yet no selective Y4 or Y5 antagonists that are suitable
for studies in vivo (Dumont et al., 2000; Kask et al., 2001).
Additional studies will be required to establish the nature of the
NPY receptor in the n. gracilis, which may mediate the actions of
NPY in the nerve injured condition.

The mechanism by which NPY neurotransmission in the n.
gracilis mediates tactile hypersensitivity with regard to rostral
projections remains uncertain. The present study indicates that
NPY is upregulated in nerve fibers and not neuronal cell bodies
within the n. gracilis after SNL. In the n. gracilis, NPY might
directly activate rostral projections, or the enhanced output might
be mediated through disinhibition of such projections. In this
regard, it is noted that NPY has been shown to decrease or
increase the amplitude of high-threshold Ca*" currents of differ-
ent neuronal populations (Wiley et al., 1993). In DRG neurons
obtained from rats with sciatic axotomy, Y2-mediated excitation
was enhanced, and Y1-mediated inhibition was suppressed (Ab-
dulla and Smith, 1999). The lemniscal projections from the n.
gracilis converge with projections of the spinothalamic tract to
innervate neurons of the ventrobasal thalamus, providing for a
potential merging of tactile and noxious inputs (Ma et al., 1987).
Such convergence might provide for the activation of a descend-
ing cascade via spinopetal facilitatory and inhibitory mechanisms
occurring downstream from the ventrobasal thalamus, perhaps
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including structures of the rostroventral medial medulla (Rees
and Roberts, 1989, 1993).

The present study extends previous work showing that manip-
ulations that block neuronal transmission in the n. gracilis selec-
tively prevent expression of nerve injury-induced tactile hyper-
sensitivity. Here we show that the pharmacological block of
SNL-induced NPY neurotransmission within this nucleus
achieves the same result. This conclusion rests on the use of
multiple approaches, including the use of specific antiserum to
NPY, peptidic and nonpeptidic NPY receptor antagonists, the
time course and persistence of upregulation of NPY, the selective
blockade of tactile but not thermal hypersensitivity only in the
paw ipsilateral to the nerve injury, and the pharmacological
mimicking of the tactile hypersensitivity induced by microinjec-
tion of NPY into the n. gracilis of uninjured rats. These data
support the view that tactile and thermal aspects of experimental
neuropathic pain are differentially mediated and identify NPY as
a novel mediator of tactile hypersensitivity. The data suggest the
possible application of NPY receptor antagonists for therapeutic
treatment of nerve injury-induced tactile allodynia.

REFERENCES

Abdulla FA, Smith PA (1999) Nerve injury increases an excitatory action
of neuropeptide Y and Y2- agonists on dorsal root ganglion neurons.
Neuroscience 89:43-60.

Al-Chaer ED, Lawand NB, Westlund KN, Willis WD (1996a) Visceral
nociceptive input into the ventral posterolateral nucleus of the thala-
mus: a new function for the dorsal column pathway. J Neurophysiol
76:2661-2674.

Al-Chaer ED, Lawand NB, Westlund KN, Willis WD (1996b) Pelvic
visceral input into the nucleus gracilis is largely mediated by the
postsynaptic dorsal column pathway. J Neurophysiol 76:2675-2690.

Angaut-Petit D (1976) An electrophysiological investigation of the dor-
sal column system—its possible role in nociception. In: Advances in
pain research and therapy (Bonica JJ, Albe-Fessard D, eds), pp 239—
243. New York: Raven.

Bennett GJ, Seltzer Z, Lu GW, Nishikawa N, Dubner R (1983) The cells
of origin of the dorsal column postsynaptic projection in the lumbo-
sacral enlargements of cats and monkeys. Somatosens Res 1:131-149.

Berkley KJ, Hubscher CH (1995) Are there separate central nervous
system pathways for touch and pain? Nat Med 1:766-773.

Besse D, Lombard MC, Zajac JM, Roques BP, Besson JM (1990) Pre-
and postsynaptic location of mu, delta and kappa opioid receptors in
the superficial layers of the dorsal horn of the rat spinal cord. Prog Clin
Biol Res 328:183-186.

Bian D, Nichols ML, Ossipov MH, Lai J, Porreca F (1995) Character-
ization of the antiallodynic efficacy of morphine in a model of neuro-
pathic pain in rats. NeuroReport 6:1981-1984.

Bian D, Ossipov MH, Ibrahim M, Raffa RB, Tallarida RJ, Malan Jr TP,
Lai J, Porreca F (1999) Loss of antiallodynic and antinociceptive
spinal/supraspinal morphine synergy in nerve-injured rats: restoration
by MK-801 or dynorphin antiserum. Brain Res 831:55-63.

Boucher TJ, Okuse K, Bennett DL, Munson JB, Wood JN, McMahon SB
(2000) Potent analgesic effects of GDNF in neuropathic pain states.
Science 290:124-127.

Broqua P, Wettstein JG, Rocher MN, Gauthier-Martin B, Riviere PJ,
Junien JL, Dahl SG (1996) Antinociceptive effects of neuropeptide Y
and related peptides in mice. Brain Res 724:25-32.

Burgess SE, Gardell LR, Ossipov MH, Malan Jr TP, Vanderah TW, Lai
J, Porreca F (2002) Time-dependent descending facilitation from the
rostral ventromedial medulla maintains, but does not initiate, neuro-
pathic pain. J Neurosci 22:5129-5136.

Campbell JN, Raja SN, Meyer RA, Mackinnon SE (1988) Myelinated
afferents signal the hyperalgesia associated with nerve injury. Pain
32:89-94.

Chaplan SR, Bach FW, Pogrel JW, Chung JM, Yaksh TL (1994) Quan-
titative assessment of tactile allodynia in the rat paw. J Neurosci
Methods 53:55-63.

Devor M (1991) Neuropathic pain and injured nerve: peripheral mech-
anisms. Br Med Bull 47:619-630.

Devor M (1994) The pathophysiology of damaged peripheral nerves. In:
Textbook of pain (Wall PD, Melzack R, eds), pp 79-100. Edinburgh:
Churchill Livingstone.

Dixon WJ (1980) Efficient analysis of experimental observations. Annu
Rev Pharmacol Toxicol 20:441-462.

Doods H, Gaida W, Wieland HA, Dollinger H, Schnorrenberg G, Esser
F, Engel W, Eberlein W, Rudolf K (1999) BIIE(0246: a selective and



9866 J. Neurosci., November 15, 2002, 22(22):9858-9867

high affinity neuropeptide Y Y(2) receptor antagonist. Eur J Pharmacol
384:R3-R5.

Doyle CA, Maxwell DJ (1994) Light- and electron-microscopic analysis
of neuropeptide Y-immunoreactive profiles in the cat spinal dorsal
horn. Neuroscience 61:107-121.

Dumont Y, Cadieux A, Doods H, Fournier A, Quirion R (2000) Potent
and selective tools to investigate neuropeptide Y receptors in the
central and peripheral nervous systems: BIB03304 (Y1) and
CGP71683A (YS). Can J Physiol Pharmacol 78:116-125.

Field MJ, Bramwell S, Hughes J, Singh L (1999) Detection of static and
dynamic components of mechanical allodynia in rat models of neuro-
pathic pain: are they signalled by distinct primary sensory neurones?
Pain 83:303-311.

Frisen J, Risling M, Theodorsson E, Fried K (1992) NPY-like immuno-
reactivity in sensory nerve fibers in rat sciatic neuroma. Brain Res
577:142-146.

Gibson SJ, Polak JM, Allen JM, Adrian TE, Kelly JS, Bloom SR (1984)
The distribution and origin of a novel brain peptide, neuropeptide Y, in
the spinal cord of several mammals. J Comp Neurol 227:78-91.

Han HC, Lee DH, Chung JM (2000) Characteristics of ectopic dis-
charges in a rat neuropathic pain model. Pain 84:253-261.

Hargreaves K, Dubner R, Brown F, Flores C, Joris J (1988) A new and
sensitive method for measuring thermal nociception in cutaneous hy-
peralgesia. Pain 32:77-88.

Heilig M, McLeod S, Koob GK, Britton KT (1992) Anxiolytic-like effect
of neuropeptide Y (NPY), but not other peptides in an operant conflict
test. Regul Pept 41:61-69.

Hendry SHC, Hsaio SS, Bushnell MC (1999) Somatic Sensation. In:
Fundamental neuroscience (Zigmond MJ, Bloom FE, Landis SC, Rob-
erts JL, Squire LR, eds), pp 761-789. San Diego: Academic.

Hirshberg RM, Al-Chaer ED, Lawand NB, Westlund KN, Willis WD
(1996) Is there a pathway in the posterior funiculus that signals visceral
pain? Pain 67:291-305.

Hokfelt T, Lundberg JM, Terenius L, Jancso G, Kimmel J (1981) Avian
pancreatic polypeptide (APP) immunoreactive neurons in the spinal
cord and spinal trigeminal nucleus. Peptides 2:81-87.

Hokfelt T, Broberger C, Zhang X, Diez M, Kopp J, Xu Z, Landry M, Bao
L, Schalling M, Koistinaho J, DeArmond SJ, Prusiner S, Gong J, Walsh
JH (1998) Neuropeptide Y: some viewpoints on a multifaceted pep-
tide in the normal and diseased nervous system. Brain Res Brain Res
Rev 26:154-166.

Houghton AK, Kadura S, Westlund KN (1997) Dorsal column lesions
reverse the reduction of homecage activity in rats with pancreatitis.
NeuroReport 8:3795-3800.

Houghton AK, Hewitt E, Westlund KN (1999) Dorsal column lesion
prevents mechanical hyperalgesia and allodynia in osteotomy model.
Pain 82:73-80.

Houghton AK, Wang CC, Westlund KN (2001) Do nociceptive signals
from the pancreas travel in the dorsal column? Pain 89:207-220.

Hua XY, Boublik JH, Spicer MA, Rivier JE, Brown MR, Yaksh TL
(1991) The antinociceptive effects of spinally administered neuropep-
tide Y in the rat: systematic studies on structure-activity relationship.
J Pharmacol Exp Ther 258:243-248.

Hunt SP, Emson PC, Gilbert R, Goldstein M, Kimmell JR (1981a)
Presence of avian pancreatic polypeptide-like immunoreactivity in cat-
echolamine and methionine-enkephalin-containing neurones within
the central nervous system. Neurosci Lett 21:125-130.

Hunt SP, Kelly JS, Emson PC, Kimmel JR, Miller RJ, Wu JY (1981b)
An immunohistochemical study of neuronal populations containing
neuropeptides or gamma-aminobutyrate within the superficial layers of
the rat dorsal horn. Neuroscience 6:1883-1898.

Jolicoeur FB, Michaud JN, Rivest R, Menard D, Gaudin D, Fournier A,
St-Pierre S (1991) Neurobehavioral profile of neuropeptide Y. Brain
Res Bull 26:265-268.

Kajander KC, Bennett GJ (1992) Onset of a painful peripheral neurop-
athy in rat: a partial and differential deafferentation and spontaneous
discharge in A beta and A delta primary afferent neurons. J Neuro-
physiol 68:734-744.

Kajander KC, Wakisaka S, Bennett GJ (1992) Spontaneous discharge
originates in the dorsal root ganglion at the onset of a painful periph-
eral neuropathy in the rat. Neurosci Lett 138:225-228.

Kask A, Harro J (2000) Inhibition of amphetamine- and apomorphine-
induced behavioural effects by neuropeptide Y Y(1) receptor antago-
nist BIBO 3304. Neuropharmacology 39:1292-1302.

Kask A, Vasar E, Heidmets LT, Allikmets L, Wikberg JE (2001) Neu-
ropeptide Y Y(5) receptor antagonist CGP71683A: the effects on food
intake and anxiety-related behavior in the rat. Eur J Pharmacol
414:215-224.

Kim SH, Chung JM (1992) An experimental model for peripheral neu-
ropathy produced by segmental spinal nerve ligation in the rat. Pain
50:355-363.

Kirk EJ (1974) Impulses in dorsal spinal nerve rootlets in cats and
rabbits arising from dorsal root ganglia isolated from the periphery.
J Comp Neurol 155:165-175.

Koltzenburg M, Lundberg LE, Torebjork HE (1992) Dynamic and

Ossipov et al. « NPY-Mediated Tactile Hypersensitivity in Nucleus Gracilis

static components of mechanical hyperalgesia in human hairy skin. Pain
51:207-219.

Koltzenburg M, Torebjork HE, Wahren LK (1994) Nociceptor modu-
lated central sensitization causes mechanical hyperalgesia in acute
chemogenic and chronic neuropathic pain. Brain 117:579-591.

Lee YW, Chaplan SR, Yaksh TL (1995) Systemic and supraspinal, but
not spinal, opiates suppress allodynia in a rat neuropathic pain model.
Neurosci Lett 199:111-114.

Li WP, Xian C, Rush RA, Zhou XF (1999) Upregulation of brain-
derived neurotrophic factor and neuropeptide Y in the dorsal ascend-
ing sensory pathway following sciatic nerve injury in rat. Neurosci Lett
260:49-52.

Liu X, Eschenfelder S, Blenk KH, Janig W, Habler H (2000a) Sponta-
neous activity of axotomized afferent neurons after L5 spinal nerve
injury in rats. Pain 84:309-318.

Liu C, Wall PD, Ben-Dor E, Michaelis M, Amir R, Devor M (2000b)
Tactile allodynia in the absence of C-fiber activation: altered firing
properties of DRG neurons following spinal nerve injury. Pain
85:503-521.

Ma W, Bisby MA (2000) Partial sciatic nerve ligation induced more
dramatic increase of neuropeptide Y immunoreactive axonal fibers in
the gracile nucleus of middle-aged rats than in young adult rats. J Neu-
rosci Res 60:520-530.

Ma W, Peschanski M, Ralston HJ (1987) The differential synaptic orga-
nization of the spinal and lemniscal projections to the ventrobasal
complex of the rat thalamus: evidence for convergence of the two
systems upon single thalamic neurons. Neuroscience 22:925-934.

Mansour A, Fox CA, Thompson RC, Akil H, Watson SJ (1994) mu-
Opioid receptor mRNA expression in the rat CNS: comparison to
mu-receptor binding. Brain Res 643:245-265.

Marchand JE, Cepeda MS, Carr DB, Wurm WH, Kream RM (1999)
Alterations in neuropeptide Y, tyrosine hydroxylase, and Y-receptor
subtype distribution following spinal nerve injury to rats. Pain
79:187-200.

Mellado ML, Gibert-Rahola J, Chover AJ, Mico JA (1996) Effect on
nociception of intracerebroventricular administration of low doses of
neuropeptide Y in mice. Life Sci 58:2409-2414.

Merskey H, Bogduk N (1994) Classifications of chronic pain: descrip-
tions of chronic pain syndromes and definitions of pain terms. Seattle:
International Association for the Study of Pain.

Miki K, Iwata K, Tsuboi Y, Morimoto T, Kondo E, Dai Y, Ren K,
Noguchi K (2000) Dorsal column-thalamic pathway is involved in tha-
lamic hyperexcitability following peripheral nerve injury: a lesion study
in rats with experimental mononeuropathy. Pain 85:263-271.

Nahin RL, Ren K, De Leon M, Ruda M (1994) Primary sensory neurons
exhibit altered gene expression in a rat model of neuropathic pain. Pain
58:95-108.

Nauta HJ, Hewitt E, Westlund KN, Willis Jr WD (1997) Surgical inter-
ruption of a midline dorsal column visceral pain pathway: case report
and review of the literature. J Neurosurg 86:538-542.

Noguchi K, De Leon M, Nahin RL, Senba E, Ruda MA (1993) Quan-
tification of axotomy-induced alteration of neuropeptide mRNAs in
dorsal root ganglion neurons with special reference to neuropeptide Y
mRNA and the effects of neonatal capsaicin treatment. J Neurosci Res
35:54-66.

Ossipov MH, Lopez Y, Nichols ML, Bian D, Porreca F (1995) The loss
of antinociceptive efficacy of spinal morphine in rats with nerve ligation
injury is prevented by reducing spinal afferent drive. Neurosci Lett
199:87-90.

Ossipov MH, Bian D, Malan Jr TP, Lai J, Porreca F (1999) Lack of
involvement of capsaicin-sensitive primary afferents in nerve-ligation
injury induced tactile allodynia in rats. Pain 79:127-133.

Paxinos G, Watson C (1986) The Rat brain in stereotaxic coordinates,
Ed 2. San Diego: Academic.

Payne R (1986) Neuropathic pain syndromes, with special reference to
causalgia and reflex sympathetic dystrophy. Clin J Pain 2:59-73.

Persson JK, Lindh B, Elde R, Robertson B, Rivero-Melian C, Eriksson
NP, Hokfelt T, Aldskogius H (1995) The expression of different cy-
tochemical markers in normal and axotomised dorsal root ganglion
cells projecting to the nucleus gracilis in the adult rat. Exp Brain Res
105:331-344.

Polgar E, Shehab SA, Watt C, Todd AJ (1999) GABAergic neurons that
contain neuropeptide Y selectively target cells with the neurokinin 1
receptor in laminae III and IV of the rat spinal cord. J Neurosci
19:2637-2646.

Polidori C, Ciccocioppo R, Regoli D, Massi M (2000) Neuropeptide Y
receptor(s) mediating feeding in the rat: characterization with antago-
nists. Peptides 21:29-35.

Rees H, Roberts MH (1989) Antinociceptive effects of dorsal column
stimulation in the rat: involvement of the anterior pretectal nucleus.
J Physiol (Lond) 417:375-388.

Rees H, Roberts MH (1993) The anterior pretectal nucleus: a proposed
role in sensory processing. Pain 53:121-135.

Sasek CA, Elde RP (1985) Distribution of neuropeptide Y-like immu-
noreactivity and its relationship to FMRF-amide-like immunoreactivity



Ossipov et al. « NPY-Mediated Tactile Hypersensitivity in Nucleus Gracilis

in the sixth lumbar and first sacral spinal cord segments of the rat.
J Neurosci 5:1729-1739.

Shi TJ, Cui JG, Meyerson BA, Linderoth B, Hokfelt T (1999) Regula-
tion of galanin and neuropeptide Y in dorsal root ganglia and dorsal
horn in rat mononeuropathic models: possible relation to tactile hyper-
sensitivity. Neuroscience 93:741-757.

Sun H, Ren K, Zhong CM, Ossipov MH, Malan TP, Lai J, Porreca F
(2001) Nerve injury-induced tactile allodynia is mediated via ascend-
ing spinal dorsal column projections. Pain 90:105-111.

Taiwo OB, Taylor BK (2002) Antihyperalgesic effects of intrathecal neu-
ropeptide Y during inflammation are mediated by Y1 receptors. Pain
96:353-363.

Wakisaka S, Kajander KC, Bennett GJ (1991) Increased neuropeptide Y
(NPY)-like immunoreactivity in rat sensory neurons following periph-
eral axotomy. Neurosci Lett 124:200-203.

Wakisaka S, Kajander KC, Bennett GJ (1992) Effects of peripheral
nerve injuries and tissue inflammation on the levels of neuropeptide
Y-like immunoreactivity in rat primary afferent neurons. Brain Res
598:349-352.

Wakisaka S, Takikita S, Sasaki Y, Kato J, Tabata MJ, Kurisu K (1993)
Cell size-specific appearance of neuropeptide Y in the trigeminal
ganglion following peripheral axotomy of different branches of the
mandibular nerve of the rat. Brain Res 620:347-350.

Wall PD, Gutnick M (1974) Properties of afferent nerve impulses orig-
inating from a neuroma. Nature 248:740-743.

Wang CC, Willis WD, Westlund KN (1999) Ascending projections from
the area around the spinal cord central canal: a Phaseolus vulgaris
leucoagglutinin study in rats. ] Comp Neurol 415:341-367.

Wieland HA, Engel W, Eberlein W, Rudolf K, Doods HN (1998) Sub-
type selectivity of the novel nonpeptide neuropeptide Y Y1 receptor

J. Neurosci., November 15, 2002, 22(22):9858-9867 9867

antagonist BIBO 3304 and its effect on feeding in rodents. Br J
Pharmacol 125:549-555.

Wiley JW, Gross RA, MacDonald RL (1993) Agonists for neuropeptide
Y receptor subtypes NPY-1 and NPY-2 have opposite actions on rat
nodose neuron calcium currents. J Neurophysiol 70:324-330.

Willis WD, Westlund KN (1997) Neuroanatomy of the pain system and
of the pathways that modulate pain. J Clin Neurophysiol 14:2-31.

Xu IS, Hao J X, Xu XJ, Hokfelt T, Wiesenfeld-Hallin Z (1999) The effect
of intrathecal selective agonists of Y1 and Y2 neuropeptide Y receptors
on the flexor reflex in normal and axotomized rats. Brain Res
833:251-257.

Xu XJ, Hao JX, Hokfelt T, Wiesenfeld-Hallin Z (1994) The effects of
intrathecal neuropeptide Y on the spinal nociceptive flexor reflex in rats
with intact sciatic nerves and after peripheral axotomy. Neuroscience
63:817-826.

Zhang X, Nicholas AP, Hokfelt T (1993a) Ultrastructural studies on
peptides in the dorsal horn of the spinal cord—I: co-existence of
galanin with other peptides in primary afferents in normal rats. Neu-
roscience 57:365-384.

Zhang X, Meister B, Elde R, Verge VM, Hokfelt T (1993b) Large
calibre primary afferent neurons projecting to the gracile nucleus ex-
press neuropeptide Y after sciatic nerve lesions: an immunohistochem-
ical and in situ hybridization study in rats. Eur J Neurosci 5:1510-1519.

Zhang X, Ji RR, Arvidsson J, Lundberg JM, Bartfai T, Bedecs K, Hokfelt
T (1996) Expression of peptides, nitric oxide synthase and NPY re-
ceptor in trigeminal and nodose ganglia after nerve lesions. Exp Brain
Res 111:393-404.

Zhang X, Bao L, Shi TJ, Ju G, Elde R, Hokfelt T (1998) Down-
regulation of mu-opioid receptors in rat and monkey dorsal root gan-
glion neurons and spinal cord after peripheral axotomy. Neuroscience
§2:223-240.



