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ABSTRACT The Y2 subtype of neuropeptide tyrosine
(NPY) receptors (Y2R) and some neuropeptides have been
studied with in situ hybridization in sensory and autonomic
neurons of rat and monkey. Between 10% and 20% of the
lumbar dorsal root ganglion (DRG) neuron profiles (NPs)
contain Y2R mRNA in the rat and monkey. In rat DRGs Y2R
mRNA is expressed in calcitonin gene-related peptide
(CGRP)-positive, medium-sized, and large neurons, that is in
a complementary fashion to the Y1R that is located in small
CGRP neurons. In monkey DRGs Y2R mRNA is expressed
mainly in small neurons. Peripheral axotomy up-regulates the
Y2R in small and large DRG neurons in both species. Y2R and
NPY mRNAs are colocalized in many large neurons in axo-
tomized rat DRGs. Y2R mRNA is expressed in 50% of the NPs
in the nodose ganglion with a modest increase after axotomy.
Y2R mRNA is detected in a few NPs in normal rat superior
cervical ganglia, with a marked increase after transection of
the carotid nerves. No Y2R mRNA-positive, but many ('30%)
weakly Y1R mRNA-positive NPs were found in the spheno-
palatine ganglion. Finally, Y2R mRNA levels increase in rat
spinal motoneurons after axotomy. Thus, under normal cir-
cumstances NPY may act on Y1 and Y2Rs expressed, respec-
tively, in small and large CGRP-positive DRG neurons in the
rat. Y2R may be an important receptor in the viscero-sensory
neurons. Y2Rs may be particularly important after axotomy
serving as presynaptic andyor autoreceptors on rat DRG,
superior cervical ganglion, and nodose ganglion neurons and
as presynaptic receptors in monkey DRG neurons.

Neuropeptide tyrosine (NPY), isolated from bovine brain by
Tatemoto et al. (1), has a wide distribution in the nervous
system and seems to be involved in multiple peripheral and
central functions (2, 3). Based on pharmacological and binding
studies using peptide fragments, evidence for the existence of
multiple NPY receptor subtypes has been presented (4, 5).
Two major subtypes were early recognized, the Y1 and the Y2
receptors (Y1Rs, Y2Rs) that were considered to represent
primarily postjunctional and prejunctional receptors, respec-
tively (6, 7). Y1R (8–10) and Y2R (11–13) have been cloned,
and there may exist five further NPY receptor subtypes (5).
There is evidence that NPY may play a role at the spinal

level. Thus, NPY-positive local neurons are present in the
dorsal horn (14), but in dorsal root ganglion (DRG) neurons
NPY is under normal circumstances undetectable, or present
at very low levels (15). A dramatic up-regulation of this peptide
occurs in DRG neurons after peripheral nerve injury, primar-
ily in large neurons (16). Autoradiographic ligand binding
studies have demonstrated strong NPY binding in the dorsal

horn of the spinal cord (17, 18), which is reduced after dorsal
rhizotomy (17), suggesting the presence of binding sites on
DRG neurons. In fact, high affinity 125I-labeled NPY binding
sites have been demonstrated on fibers of cultured DRG
neurons (19). Also visceral primary afferent neurons in the
rabbit nodose ganglia (NGs) express Y1 and Y2 ligand binding
(20). Y2R binding on sensory neurons is increased after
peripheral axotomy (Axo) (18). Using in situ hybridization,
Y1R mRNA was found in a population of mainly small DRG
neurons also containing calcitonin gene-related peptide
(CGRP) and substance P (SP) (21), but this receptor does not
appear to be transported centrifugally, thus representing a
purely somatic receptor (22). Moreover, after peripheral Axo,
Y1R mRNA levels decreased in small but increased in large
DRG neurons (21). In the autonomic nervous system NPY
coexists with noradrenaline in sympathetic neurons (23) and
with acetylcholine in parasympathetic neurons (24).
In the present study we have used in situ hybridization to

analyze the expression and regulation of Y2R mRNA both in
rat and monkey DRGs, and in rat superior cervical ganglia
(SCGs), NGs, and sphenopalatine ganglia (SPGs) under nor-
mal conditions and after Axo (DRGs in rat and monkey, and
SCGs and NGs in rat).

MATERIALS AND METHODS
Tissue Preparation. Fifteen adult male Sprague–Dawley rats

(body weight, 200–250 g) and 3 male monkeys (Macaca mulatta)
(3–4 kg) were deeply anesthetized, and the left sciatic nerve was
transected above the trochanter major. The rats were allowed to
survive for 2 (3 rats), 7 (3 rats), 14 (6 rats), or 21 (3 rats) days and
monkeys for 14 days. Eighteen rats were deeply anesthetized, and
the left internal and external carotid nerves were transected 2mm
away from the SCGs. The rats were sacrificed after 2, 7, or 14 days
(six in each group). In another nine rats the left vagus nerve was
transected 20 mm below the NG. The rats were sacrificed after 2,
7, or 14 days (three in each group). The experiments on rats had
been approved by Stockholms norra djurförsöksetiska nämnd (a
local ethical committee), and on monkeys by the Chinese Na-
tional Committee to the Use of Experimental Animals for
Medical Purposes, Shaanxi branch.
Operated animals, as well as control animals, were deeply

anesthetized and the lumbar (L) spinal cord (L4–L5), L4 and
L5 DRGs, SCGs, NGs, and SPGs were dissected out, frozen
and cut at 5 or 14 mm in a cryostat and processed for in situ
hybridization (21). Nine rats with carotid nerve cuts (as above)
and three controls were anesthetized and perfusion fixed with
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formalin. The SCGs were postfixed, cut at 14 mm in a cryostat,
and processed for immunohistochemistry (15).

Preparation of Probes and Hybridization Procedure. A
mixture of three commercially acquired oligonucleotide

FIG. 1. Dark- (a–d) and bright- (e–m) field micrographs of control (a, c, e, g, and i–k) and ipsilateral (b, d, f, h, l, and m) L5 DRGs of the rat
(a, b, e, f, and i–m) and the monkey (c, d, g, and h), hybridized with probes for Y2R (a–i and l), CGRP (j), Y1R (k), and NPY (m) mRNAs, 14
days after unilateral sciatic nerve cut. (a–h) Strong labeling of Y2R mRNA is observed in many large DRG neurons (arrows in a and e) and some
medium-sized DRG neurons (arrowheads in a and e) in the normal rat DRGs. After Axo, the number of Y2R mRNA1 neurons is increased in
the ipsilateral DRGs of the rat (b). More small (curved arrows), medium-sized (arrowheads), and large (arrows) neurons express Y2R mRNA (b
and f). In normal monkey DRGs only a few small neurons express Y2R mRNA (arrowheads in c and g). The number of Y2R mRNA1 small
(arrowheads in d and h) and large (arrows in h) neurons is markedly increased in the ipsilateral DRGs of the monkey 14 days after Axo. (i–k) Three
5-mm-thick adjacent sections of a normal rat DRG show that Y2R is expressed in CGRP mRNA1 medium-sized and large (arrowheads) neurons;
however, the small neurons expressing Y1R and CGRP do not have Y2R (arrows). (l and m) Two adjacent sections of a ipsilateral rat DRG 14
days after Axo show colocalization of Y2R and NPY mRNAs in many large and medium-sized DRG neurons (arrowheads). There are some NPY
mRNA1 large neurons lacking Y1R mRNA (arrows in l and m). (Bars 5 200 mm in a–d and 50 mm in e–m.)
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probes (Scandinavian Gene Synthesis, Köping, Sweden) were
used: (i) TGCTTGGAGATCTTGCTCTCCAGGTGGTA-
GACAATGCAAC, (ii) TGTGCCTTCGCTGATGGTAAT-
GGTCACTTGCAGCTCCAGGAC, and (iii) GAGTTTG-
TACTCCTTCAGGTCCAGGACATGGCTGTCGA comple-
mentary to nucleotide sequences of the intracellular loops 2
and 3, and extracellular loop 3 of the rat Y2R, respectively (25).
The probe for NPY Y1R mRNA was complementary to nt
546–585 of rat NPY Y1R (10), and for NPY Y5R mRNA to
nt 1542–1580 of the rat Y5R (26). Sequences for neuropeptide
probes were complementary to nt 1671–1714 of rat NPY (27),
nt 664–698 of rat CGRP (28), and nt 145–192 of rat SP (29).
The oligonucleotide probes were labeled at the 39 end with
[a-35S]dATP (NewEnglandNuclear) and purified as described
(21). DTT was added to a final concentration of 10 mM
(specific activities 1–43 106 cpmyng per oligonucleotide). The
in situ hybridization procedure followed published protocols
(21). After hybridization the sections were rinsed, dehydrated,
dried, dipped in NTB2 nuclear track emulsion (Kodak), ex-
posed at 48C for 2–4 weeks, developed, fixed, rinsed, and
analyzed in a Nikon Microphot-FX microscope equipped with
a dark-field condenser or stained with cresyl violet and
mounted for viewing under bright-field. Control hybridizations
with an excess of cold probe (100-fold) abolished all signals.
Immunohistochemistry. The sections were incubated with

NPY antiserum [1:800; J. Walsh, Center for Ulcer Research
and Education (CURE), Los Angeles], processed for the ABC
method (Vector Laboratories), and examined described (15).
For control, the NPY antisera were preabsorbed with synthetic
NPY (Peninsula Laboratories) at 1026 M, which completely
blocked the staining.
Quantification. The percentage of labeled neuron profiles

(NPs) were counted on cresyl violet stained sections in the Nikon
microscope (21). Every fourth section of a series (in total 5–8
sections of each L5 DRG), or every third section of a series (in
total 5–7 sections from each SCG or NG), or every fourth section
of a series (in total 10 sections of each spinal cord) from three
axotomized animals and three injured animals at each time point
were selected. A total of 912-1297 NPs from each DRG of the

rats, 1281–1742 NPs from each DRG of the monkeys, 958-1414
NPs from each rat SCG or NG, and 74–123 rat motoneuron
profiles from both spinal ventral horns were analyzed. The
number of labeled NPs was divided by the total number of NPs.
The size of NPs in the DRGs, the intensity of labeling of the

Y2R mRNA in DRGs, and the intensity of labeling of NPY
mRNA in SCGs were measured as described (21) using
National Institutes of Health IMAGE software (courtesy W.
Rasband, National Institute of Mental Health). The size of 200
NPs containing Y2RmRNA and 400 NPs with or without Y2R
mRNA from both control and ipsilateral DRGs of the rats and
the monkeys 14 days after unilateral Axo were measured. The
relative density levels of labeling of Y2R mRNA in DRGs of
three control and three axotomized (14 days) animals, and of
NPY mRNAs in SCGs of three control and three axotomized
(7 days) rats were measured. Fifty NPs from each DRG or
SCG of each animal were measured. Each image was digitized
with 256 gray levels for each picture element. The data were
assessed with the unpaired two-tailed t test.

RESULTS
Rat and Monkey DRGs. In normal rat L4 and L5 DRGs,

15–20% of all NPs were Y2R mRNA-positive (mRNA1) (Figs.
1 a and e, and 2a), with a range of 400-2700 mm2 (majority
900-1800 mm2) (Fig. 2b), that is mainly representing large neu-
rons. After Axo there was a strong increase in the percentage of
Y2R mRNA1 NPs in ipsilateral DRGs (Figs. 1 b and f, and 2a).
At 7, 14, and 21 days after Axo '35% of all NPs were positive,
with a small decrease on the contralateral side (Fig. 2a). The size
of theY2RmRNA1NPs after Axo ranged between 300 and 1500
mm2, which is a shift toward smaller neurons (Fig. 2c). Also the
intensity of the mRNA signal increased after Axo (mean of gray
level of labeling6 SEM: 15.06 1.5 in control rats versus 24.26
1.7 14 days after Axo; n 5 3, P , 0.05).
In normalmonkeyDRGs'10%of all NPswereY2RmRNA1

(Figs. 1 c and g, and 2d), with a dramatic increase after Axo (up
to 60%) (Figs. 1 d and h, and 2d). In normal DRGs the majority
of Y2RmRNA1NPs were of the small size (500–1400mm2, peak
at 700 mm2) largely overlapping with the distribution of all NPs

FIG. 2. Percentage of Y2R mRNA1NPs in control, ipsilateral, and contralateral DRGs of the rats 2, 7, 14, and 21 days (a) after and of monkeys
14 days after sciatic nerve cut (d). Size range of Y2R mRNA1 NPs in rat (b) and monkey (e) control DRGs and in rat (c) and monkey (f) DRGs
14 days after Axo. The data are presented as mean 6 SEM. p, P , 0.05; pp, P , 0.01 as compared with the control.
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(Fig. 2e). After Axo there was a shift toward larger Y2RmRNA1

NPs (Fig. 2f). Only single Y1R mRNA1 NPs could be observed
in normal and axotomized DRGs (data not shown).
In 5-mm-thick adjacent sections of normal DRGs, Y2R

mRNA was observed in CGRP mRNA1 medium-sized and
large NPs (Fig. 1 i and j) (34.2% of the NPs containedY2R plus
CGRP mRNA, 0% only Y2R mRNA, and 65.8% only CGRP
mRNA; n 5 82). Fewer NPs expressed Y2R plus SP mRNA
thanY2R plus CGRPmRNA (12.6% contained bothY2R plus
SP mRNA; 21.4% only Y2RmRNA; 66% only SP mRNA; n5
103). Colocalization of Y2R and Y1R mRNAs was not ob-
served (n 5 60) (Fig. 1 i, j, and k). In ipsilateral DRGs 14 days
after Axo, many large NPs expressed NPY mRNA and 41.8%
of counted NPY mRNA1 NPs contained Y2R mRNA (Fig. 1
i andm) (35.0% contained Y2R plus NPY mRNA; 16.3% only
Y2R mRNA; 48.7% only NPY mRNA; n 5 80). Occasionally,
Y2R and Y1R mRNA could be observed in the same NPs
(2.4% contained Y2R plus Y1R mRNA; 55.4% only Y2R
mRNA; 42.2% only Y1R mRNA; n 5 83).
Rat Autonomic Ganglia. Y2R mRNA was expressed in 0.5%

of the NPs in normal SCGs (Figs. 3 a and d, and 4a). Two days

after transection of internal and external carotid nerves, the
number of Y2R mRNA1 NPs was markedly increased ipsilater-
ally (Figs. 3b and 4a) and reached 40%of all NPs 7 days after Axo
(Figs. 3 c and e, and 4a). No detectable change was found in
contralateral SCGs (Fig. 4a). Y1R mRNA was not detected in
SCGs of normal rats andyor after carotid nerve cut (data not
shown).
In normal SCGs 74% of the counted NPs contained NPY

mRNA (Figs. 3 f and h, and 4a), with a significant increase (to
85%) 7 days after Axo (Figs. 3 g and i, and 4a). However, the
intensity of labeling was markedly reduced (Figs. 3 g and i, and
4b). This was paralleled by a decrease in NPY-like immuno-
reactivity, resulting in a clear decrease in number of positive
NPs in ipsilateral SCGs (Fig. 3 j and k).
In normal NGs about 50% of all NPs expressed Y2 mRNA

(Fig. 3 l and n) and a modest increase was observed 7 (Fig. 3m)
and 14 days after Axo (Fig. 4c). In the SPG 32.3% of the NPs
were Y1 mRNA1 (Fig. 3o), but Y2 mRNA could not be
detected (data not shown).
Rat Spinal Motoneurons. Y2R mRNA was detected in 15%

of counted motoneuron profiles in the normal spinal cord (Fig.

FIG. 3. Dark- (a–c, f, g, l, and m) and bright- (d, e, h–k, n, and o) field micrographs of control (a, d, f, h, j, l, n, and o) and ipsilateral (b, c, e,
g, i, k, and m) SCGs (a–k), NGs (l–n), and SPGs (o) of rats, hybridized with probes for Y2R (a–e and l–n), Y1R (o), and NPY (f–i) mRNAs, or
immunolabeled for NPY (j and k) 2 (b) or 7 (c, e, g, i, k, and m) days after unilateral transection of both carotid nerves. Few neurons contain Y2R
mRNA in normal SCG (arrowheads in a and d) with a small increase 2 days (arrowheads in b), and a marked increase 7 days after Axo (arrowheads
in c and e). Most neurons in normal SCGs contain NPY mRNA (arrowheads in f and h) and NPY-like immunoreactivity (arrowheads in j). The
intensity of labeling of NPY mRNA is decreased in the neurons (arrowheads in g and i) in ipsilateral SCG 7 days after Axo. The number of NPY1

neurons in ipsilateral SCG is markedly reduced (arrowheads in k). Many neurons in a normal NG express Y2R mRNA (arrowheads in l and n).
More NG neurons are Y2R mRNA1 7 days after Axo (arrowheads in m). Y1R mRNA is expressed in SPG neurons (arrowheads in o). (Bars 5
200 mm in a–c, f, g, l, and m; 50 mm in d, e, and h–l; and 20 mm in n and o.)
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4d). After sciatic cut a marked increase in the number of Y2R
mRNA1 motoneuron profiles was seen ipsilaterally at all time
intervals studied (Figs. 4d and 5).
Y5 mRNA. Y5 mRNA was not detected in L5 DRGs, SCGs,

SPs, NGs, or spinal cord of rat under normal circumstances or
after Axo (DRGs, SCGs, and NGs; data not shown). However,
this probe showed a signal in several brain areas, including
hippocampus.

DISCUSSION
The present results demonstrate that a subpopulation of mainly
large neurons in rat DRGs, constituting about 15–20%of all NPs,
express detectable Y2R mRNA levels under normal circum-
stances in agreement with a preliminary report by Gustafsson et
al. (30). The corresponding figure for the NG is around 50%. In
the SCG, a primarily noradrenergic sympathetic ganglion, the
Y2R levels are under normal circumstance very low. No Y2R
mRNA signal is detected in the normal, parasympathetic SPG. In
themonkey 10%of theDRGNPs are Y2RmRNA1, but the vast
majority is small. In several ganglia Axo causes a marked up-
regulation of Y2R mRNA levels with doubling in the rat DRG
NPs, a 6-fold increase in the monkey DRG NPs, and in the rat
SCGs around 40% of the NPs now express the receptor (up from

0%). Also Y2 mRNA in rat motoneurons increases (from 15 to
35% of the NPs). The increase in NGs was, however, modest.
Moreover, in all cases mRNA levels in individual neurons are
elevated, suggesting increased receptor protein synthesis and
levels. It should be emphasized that our methodology may not be
sensitive enough to detect low levels of Y2RmRNA, and that we
therefore underestimate the occurrence of Y2Rs. The present
results, together with previously published data, have been sum-
marized in Table 1.
Sensory Ganglia. In a previous study on the rat, peripheral

Axo caused a marked increase in 125I-labeled peptide tyrosine
tyrosine (PYY) binding over dorsal roots, and over both the
superficial and deep layers of the dorsal horn (18). Competi-
tion experiments indicated that this binding mainly represents
a Y2R. These findings and the fact that small and large neurons
project, respectively, to the superficial and deeper laminae of
the dorsal horn agree with the present results, showing that Y2
mRNA after Axo is up-regulated both in small and large
neurons.
The present and previous results show that CGRP neurons can

be subdivided into two complementary subpopulations, small
CGRPneuron expressing theY1R (21) and large CGRPneurons
expressing Y2 mRNA (present data). After Axo we frequently
found Y2R mRNA in large neurons also containing NPY
mRNA. Also the Y1R is up-regulated in large neurons after
nerve injury (21). A distinct difference between the two receptors
is, however, that the Y1Rs remain in the cell body as somatic
receptors (22), whereas the Y2Rs are transported centrally to the
dorsal horn, in high amounts especially after Axo (18), in agree-
ment with their postulated roles as post- and presynaptic recep-
tors, respectively (6). Thus, after Axo, Y2Rs may act as autore-
ceptors on primary afferents in the dorsal horn, in addition to
being activated by NPY released from local dorsal horn neurons
(14). NPY has been reported to inhibit Ca21 influx into cultured
rat DRG neurons via Y2Rs (31, 32) and to inhibit release of SP
from the terminals both in vitro and in vivo (19, 33). Spinally
administered NPY induces antinociceptive effects (34) and bi-
phasic effects on the nociceptive flexor reflex (35). The inhibitory
effects of NPY may perhaps be enhanced after Axo, because
more receptors should be available on sensory neurons.
Some species differences between rats and monkeys were

observed in the present study. The Y1R is hardly synthesized

FIG. 5. Bright-field micrograph of the ventral horn of rat spinal cord
14 days after Axo shows Y2R mRNA1 motoneurons (arrowheads).
Arrows point to Y2R mRNA-negative motoneurons. (Bar 5 50 mm.)

FIG. 4. Percentage of Y2R mRNA1

andNPYmRNA1NPs (a), and gray levels
of NPY mRNA labeling (b) in SCGs of
control rats and in ipsilateral and con-
tralateral SCGs 2, 7, and 14 after unilat-
eral carotid nerve cut. Percentage of Y2R
mRNA1 NPs in NGs (c) and in spinal
ventral horns (d) of ipsilateral and con-
tralateral side. The data are presented as
mean 1 SEM. p, P , 0.05; pp, P , 0.01 as
compared with the control.
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normally in monkey DRGs or after Axo. However, the Y2R is
expressed in small DRG neurons that often contain CGRP and
SP in normal monkeys (36). After Axo up-regulation of Y2R
occurs both in small and large neurons and this is more pro-
nounced in monkey than in rat. This is in agreement with the
results of a receptor binding study showing that Y2Rs are the
mainNPYbinding sites in the superficial dorsal horn of the spinal
cord of normal monkeys and after Axo (18). NPY has not been
detected in normal monkey DRGs, and only 2% of neurons
express NPY after Axo (36). Thus, in the monkey local neurons
in the superficial dorsal horn may therefore be the main source
of NPY acting on the primary afferent terminals containing
Y2Rs.
Autonomic Ganglia. The present study indicates that the

Y2R normally is expressed only at very low levels in SCGs,
suggesting that this presynaptic autoreceptor (6) is only of
small functional significance, and that NPY released from
sympathetic nerve endings may mainly act on postsynaptic
receptors. Interestingly, no Y2RmRNA signal was observed in
SPGs, which instead showed a low expression of Y1R mRNA
in many neurons.
A marked increase in Y2R mRNA was observed in sympa-

thetic ganglia after Axo close to the cell bodies, in parallel with
reduced NPY levels. Also, although more neurons produced
NPY peptide, the levels in individual neurons decreased, as also
reported by others (37). The functional significance of an increase
in ‘‘prejunctional’’ receptors or sympathetic neurons after Axo is
unclear. NPY has been shown to contribute to peripheral hyper-
algesia by acting on prejunctional Y2Rs on postganglionic sym-
pathetic terminals (38), which could be present at high levels on
sympathetic fibers regenerating after Axo.
In conclusion, the present data support the view that

Y2R-mediated effects may be strengthened after nerve injury.
This may offer novel approaches to treatment of, for example,
pain via agents acting on Y2Rs.
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Table 1. NPY receptors in sensory and autonomic ganglia

Y2R mRNA Y1R mRNA* Y1R protein† Binding‡

Normal Axo Normal Axo Normal Axo Normal Axo

Rat
DRGs
Small neurons 0 1 111 1 111 0 111 1
Large neurons 11 111 0 11 0 ? 1 111

Processes (DRGs) ND ND ND ND ND ND 1 111
Dorsal roots ND ND ND ND ND ND (1) 11
Dorsal horn
Laminae I 1 II 1 1 111 111 111 111 111 1111
Laminae III 1 IV 1 1 0 0 0 0 1 111

NG 111 1111 0 0 0 0 ND ND
SCG (1) 111 0 0 0 0 ND ND
SPG 0 ND 11§ ND ND ND ND ND

Monkey
DRG 11 1111 (1) (1) ND ND ? ?
DH 1 1 0 0 0 0 1111 111

1, Low; 11, medium; 111, high; 0, absent; ?, uncertain data; ND, not determined.
*From ref. 21.
†From ref. 22.
‡From ref. 18; 125I-labeled peptide tyrosine tyrosine. Mainly Y2Rs.
§Low levels.
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