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ABSTRACT

This dissertation will examine the phenotype of pain facilitatory neurons in the
rostral ventromedial medulla (RVM) and its role in neuropathic pain states. Activation of
the descending facilitation pathways might be the result of plasticity in the RVM that is
driven, at least in part, by the presence and activity of cholecystokinin type-2 receptors
(CCK2R) mRNA expressing neurons.
The expression of either opioid mu receptors (MOR) or CCK2R mRNA in the
RVM was confirmed by in situ hybridization (ISH). Pretreatment with CCK8(s)-saporin
resulted in a significant loss of CCK2R mRNA positive cells in the RVM, concomitant
with a blockade of CCK8(s) induced hyperalgesia. The same treatment also significantly
reduced the number of neurons labeled for MOR mRNA, hinting that MOR and CCK2R
mRNA signals may be co-localized in some RVM cells. Consistent with these data,
pretreatment with dermorphin-saporin significantly reduced the number of MOR mRNA
labeled cells in the RVM, blocked RVM CCK8(s) induced hyperalgesia and reduced the
number of CCK2R mRNA positive cells in the RVM. The co-localization was further
confirmed by a dual label ISH approach using

35

S-labeled CCK2R and Digoxigenin-

labeled MOR riboprobes. Data showed that over 80% of labeled RVM neurons coexpressed both MOR and CCK2R mRNA, ~15% expressed only CCK2R mRNA, and
very few cells expressed only MOR mRNA.
The above findings may suggest that elimination of CCK2R mRNA expressing
neurons result in removal of the driving force for descending facilitation from RVM,
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hereby block the development of neuropathic pain.

Rats pretreated with CCK8(s)-

saporin conjugates had a full reversal of thermal sensory threshold and partial reversal of
tactile threshold starting at day 5 after SNL. The lesion effects of RVM CCK-SAP were
evaluated by ISH. Comparing to saporin pretreated groups, CCK8(s)-saporin
pretreatment significantly reduced the numbers of CCK2R mRNA labeled neurons within
RVM. The data suggest that selective ablation of CCK2R mRNA expressing cells in
RVM is sufficient to block the development of neuropathic pain, and thus confirm the
hypothesis that CCK2R mRNA expressing cells may be an important player in
descending facilitation from RVM as a mechanism of neuropathic pain.
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INTRODUCTION

Pain and pain transmission pathway
Pain is a perception that is defined as an "an unpleasant sensory and emotional
experience associated with actual or potential tissue damage, or described in terms of
such damage”, according to the International Association for the Study of Pain.
Pain can be primarily classified as acute pain and chronic pain. Acute pain is an
essential physiological protective mechanism, acting as an alarm system that notifies the
body of the presence of some dangerous, noxious stimulus in the environment. It is often
characterized by redness, increased local temperature and swelling.
In contrast to acute pain, chronic pain usually continues months beyond the usual
recovery period for an illness or injury; or persists over months or years as a result of a
chronic condition, such as diabetes, herpes zoster, nerve traction or compression,
radiation

therapy

for

lung

and

other

cancers,

reflex

sympathetic

dystrophy/sympathetically maintained pain, and complications from AIDS.
The signals of painful stimuli are transmitted from peripheral tissues, through
spinal cord, finally to the conscious brain, the process called ascending pain pathway.
Many noxious stimuli such as chemical, thermal, and mechanical can activate the
sensory fibers in the injured area called nociceptors. The noxious stimulus is then
transformed from one form of energy (thermal, chemical or mechanical) by the activated
nociceptors into electrical signals that are propagated as nerve impulses. The nerve
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impulses are further transmitted along the corresponding nociceptive nerve fiber, namely,
primary afferent, to the spinal cord.
The primary afferents can be classified into three major groups on the basis of
diameter, structure, and conduction velocity.
C fibers: thin (0.4-1.2 μm in diameter), unmyelinated and slow conduction
velocities (0.5-2 m/sec). They are frequently sensitive to a number of different kinds of
noxious stimuli, including mechanical, thermal or chemical stimuli, and so have come to
be called C “polymodal” nociceptors.
A-delta (Aδ) fibers:

medium diameter (2-6 μm), thinly myelinated, and

intermediate conduction velocity (12-30 m/sec). The majority of Aδ is sensitive only to
high-intensity mechanical stimuli; small proportions also respond to noxious thermal
stimuli.
Both Aδ and C transmit information related to noxious thermal, chemical and
mechanical stimuli. Selective activation of these fibers by noxious, but not non-noxious
stimuli defines their role as nociceptors, also called "pain receptors”.
Besides the above two well-defined

“pain fibers”, A-beta (Aβ) fibers have

diameters ranging from 6–22 μm. They are heavily myelinated, and fast conducting (30100 m/sec). Aβ fibers transmit information related to muscle stretch, light touch and
position. In absence of tissue or nerve injury, cutaneous Aβ fibers are responsive only to
touch, vibration, pressure and other modes of non-noxious, low intensity mechanical
stimuli. The role of Aβ fibers in the nerve injury condition is still under investigation.
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All the above primary afferents have their cell bodies in the dorsal root ganglia
(DRG). These pseudounipolar cell bodies send out axons to both the periphery and the
spinal cord. The locations of 2nd order neurons receiving synaptic inputs from Aβ or C
fibers are different.
After entering the spinal cord, Aβ fibers continue ascending through ipsilateral
dorsal column to brainstem nucleus gracilis or nucleus cuneatus, in which these fibers
synapse onto 2nd order neurons. The 2nd order neurons cross the midline in the caudal
brainstem and project to 3rd order neurons in the ventrobasal thalamus via medial
lemniscus.
In contrast, C fibers terminate at the ipsilateral dorsal horn of the spinal cord, in
which they converge onto 2nd order neurons. The 2nd order neurons cross the midline in
the spinal cord and ascend via spinothalamic tract, to 3rd order neurons in the ventrobasal
thalamus.
These thalamic neurons further convey the ascending information from both Aβ
and C fibers to the somatosensory cortex, where the perception of pain occurs.

Peripheral neuropathy and its animal models-spinal nerve ligation
Peripheral neuropathy arises from injury to peripheral nerves, and chronic pain
states that may subsequently ensure are thought to be due to structural and /or functional
adaptations of the nervous system, secondary to injury, that take place centrally or
peripherally. In view of all its possible causes, the prevalence of neuropathic pain can be
estimated at 2% of the US population. Up to one-third of patients with this pain state
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show resistance to treatment with conventional methods. Neuropathic pain is a significant
health problem, with negative impact both in terms of quality for the afflicted individuals
and in economic impact on society.
Neuropathic pain comprises two main categories: spontaneous and evoked pain.
Evoked pain is stimulus-dependent. It can be characterized as allodynia - pain due to a
stimulus that does not normally produce pain, and hyperalgesia, an increased response to
a stimulus that is normally painful. In contrast, spontaneous pain is stimulus-independent,
as being shooting, stabbing, burning, lancinating or searing.
Animal models have been used extensively in neuropathic pain research based on
the premise that these models may serve as surrogate assays that can reliably predict
some aspects of underlying pathophysiologic mechanisms. Animal models of peripheral
nerve injury have been developed that use an injury to a peripheral nerve, such as the
sciatic nerve, to produce temporary or permanent behavioral hypersensitivity, including
tactile allodynia or thermal hyperalgesia. This chronic hypersensitivity develops over
several days after the injury. Injuries include partial constriction or complete transection
of the nerve, freezing, or metabolic (streptozotocin (STZ)-induced diabetes), chemical
(vinca alkaloid) or immune (anti-ganglioside (GD2) antibody) insults. The experiments
contained in this dissertation make use of spinal nerve ligation (SNL) model – L5 and L6
spinal nerves are tightly ligated distal to the DRG, leaving intact input from L4 branch of
sciatic nerve. The two major hallmarks of neuropathic pain, occurring after SNL, are
tactile (so called allodynia) and thermal (so called hyperalgesia) hypersensitivity.
Allodynia is the abnormal response, and change in threshold, to non-noxious stimuli,
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measured by tactile stimulation with von Frey hairs. Hyperalgesia is a decrease in the
latency of response hypersensitivity that mimic aspects of tactile allodynia observed in
humans, without producing significant behavioral motor deficits. An important advantage
of the SNL model is that the tight ligation of the L5 and L6 spinal nerves still allow for a
well-defined afferent path to the spinal dorsal horn via the L4 spinal root of the sciatic
nerve. When the injury is to one side of the sciatic nerve, the animal's ipsilateral hindpaw
is used for these behavioral tests.

Pain modulation systems - descending facilitatory pathway
Pain messages are two-way traffic. Just as there is ascending pain pathway from
body to brain, there are descending pain modulatory pathways that allow the brain to
modulate pain sensation. The brain uses descending pathways to send chemical
substances and nerve impulses back down to the spinal cord to modulate the pain
message sent up by the peripheral pain receptors.
Evidence for descending modulation came from the findings that focal electrical
stimulation in the rat midbrain periaqueductal gray (PAG) permitted abdominal surgery
in the absence of general anesthesia (Reynolds, 1969). The endogenous opioid systems
were soon found to underlie the mechanisms of pain inhibitory modulation. After this, a
large variety of brain centers were found to be involved in pain inhibition, such as PAG
and RVM (5-hydroxytryptaminergic and opioidergic systems), locus coeruleus
(noradrenergic system), caudal ventrolateral medulla (VLM), nucleus tractus solitarius
(NTS), nucleus reticularis gigantocellularis (NGC), cuneiform nucleus, thalamus,
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hypothalamus, substantia nigra, anterior pre-tectal nucleus, amygdala and cortex (see
Figure 0.2). A myriad of evidence supports that many descending influences on spinal
nociceptive processing via the medulla, specifically the RVM. For example, stimulationproduced inhibition from the PAG was completely blocked only when both the medial
and adjacent lateral parts of RVM were inactivated by local anesthetics (Gebhart et al.,
1983; Sandkuhler and Gebhart, 1984). It is now considered that the RVM may be a final
common output for descending influences from sites rostral in the brain.
Not until 1990s, the focus of investigation was on descending inhibition. We now
understand that descending modulation is actually bidirectional - descending influences
can either inhibit or facilitate spinal nociceptive processing. Growing evidence suggests
these pronociceptive actions may originate from the same areas primarily involved in
antinociception. Evidence that RVM excitatory or inhibitory actions depend on the
activation of different spinal-projecting cells has accumulated in the last decades
(Fields, 1999b). According to recent findings, different sites in the RVM appear to be at
the origin of analgesic or hyperalgesic stimulation-produced effects (Watkins et al., 1998;
Wei et al., 1999). The possibility that shifting from inhibition to facilitation may depend
on the intensity of the triggering signal was recently suggested by the finding that RVMmediated facilitation of the nociceptive response capacity of dorsal horn neurons or of
nociceptive reflexes is triggered by much less intense local chemical or electrical
stimulation than that resulting on inhibition (Gebhart, 2004). Peripheral tissue insult can
lead to long-lasting changes in excitability of cells in RVM (Gebhart, 2004).
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Descending facilitatory pathway in neuropathic pain
A number of potential mechanisms have been proposed to underlie the
neuropathic pain state. One hypothesis is that increased spontaneous and persistent
afferent discharge from injured nerves drives the development of a hypersensitive state of
spinal neurons (central sensitization) (Devor, 1991). Accumulative observations have
suggested the possibility that while the enhanced discharge associated with nerve injury
alone may be critical in the initiation of neuropathic pain, the maintenance of neuropathic
pain depends on additional mechanisms.
In normal acute pain state, the facilitatory and inhibitory modulation may be
activated at the same time and reach a homoeostatic balance. However, the balance may
be broken in the states of neuropathic pain, when plasticity in the RVM and other sites
may lead to exaggerated and sustained facilitatory output, that drive the expression of
abnormal pain. The notion that supraspinal input is essential for the development of
neuropathic pain is supported by the observation that tactile hypersensitivity induced by
L5/L6

SNL

is

abolished

by

transection

of

the

thoracic

spinal

cord

(Bian et al., 1998; Sung et al., 1998). Furthermore, selective disruption of the dorsolateral
funiculus (DLF) ipsilateral to SNL abolished tactile and thermal hypersensitivity;
whereas DLF transection in sham-operated SNL rats did not affect response thresholds
(Ossipov et al., 2000). Since RVM is the principal source of descending DLF projections,
this finding reveals that RVM plays a important role for the descending facilitation in
SNL rats. Moreover, pharmacological blockage of RVM neuronal functions by lidocaine
microinjection also blocks enhanced pain behaviors in rats with SNL pain
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(Kovelowski et al., 2000) (Pertovaara et al., 1996). Taken together, these findings
confirmed the possibility that behavioral manifestation of neuropathic pain states depends
on supraspinal descending facilitation of spinal nociceptive input from the RVM. Recent
evidence from our group (Porreca et al., 2001) suggests that removal of RVM cells that
express mu opioid receptors by a selective toxin with a saporin-MOR agonist conjugate,
prevents and reverses the expression of neuropathic pain.

Role of rostral ventral medulla on descending facilitation
Neuroanatomy
The region of RVM includes the medullary raphe nuclei and the adjacent reticular
formation ventral to the nucleus reticularis gigantocellularis and medial to the facial
nucleus (Figure 0.3). In the rats, the rostrocaudal extent is approximately from the caudal
facial nucelus to the caudal superior olive. The nuclei of this region are indistinctly
delineated on cytoarchitechtonic grounds. The medullary raphe consists of the rostrally
located raphe magnus (RM) and the ventrally located raphe pallidus (RP).
(Kruger L, 1995). At the most rostral level (Bregma -10.6 mm), the rostral RM remained,
but RP is no longer present. The reticular region overlying the pyramids, lateral to RM
and RP, is the nucleus reticularis gigantocellularis pars alpha (Watson, 1986)or
magnocellular reticular nucleus (MARN) by (Kruger L, 1995). Lateral to the pyramids
the most ventral region is termed the parapyramidal region (PPR) (Thor and Helke, 1989)
. Dorsal to the PPR the nucleus paragigantocellular reticular nucleus -lateral part
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(PGRNl) extends from the middle level of the inferior olive to the level of the trapezoid
body (Andrezik et al., 1981).

Functional characterizations of RVM cells
The RVM has generally been described as consisting of three populations of
neurons, originally classified based on their electrophysiological responses to noxious
heating of the tail (Fields et al., 1983; Fields, 1999b) (Figure 0.4). Briefly, rats were
lightly anesthetized and placed in a stereotaxic apparatus. An electrode was placed in the
RVM area to record the activity of single cells. The rat's tail was placed above a
projection heat lamp, which served as a noxious heat stimulus. A transducer was attached
to the tail and this provided a voltage pulse when the tail flick occurred.
The “On” cells are normally silent and accelerate their firing immediately before
the tail flick occurs, and the neuronal activity correlates well with the intensity of the
nocifensive reflex (Fields et al., 1988). By deduction, it is then unlikely that ON cells
contribute to the inhibition of nociception. It is rather likely that ON cells facilitate
nociceptive processing through both local interactions within the RVM and descending
systems projecting to the spinal cord. The terminals of projection neurons from the RVM,
which comprise the DLF, are concentrated in dorsal horm laminae (I, II, and V) and
contain both terminals of C fibers and cell bodies of spinothalamic tract neruons
(Fields and Heinricher, 1985). It is further characterized that ON cells express μ-opioid
receptors since their activities are inhibited by morphine (Fields et al., 1988; Heinricher
et al., 1992).
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The “Off” cells are normally active and exhibit an abrupt cessation in their firing
just prior to the nociceptive tail reflex responding to the thermal nociceptive stimuli, and
are thus considered to be associated with inhibition of nociception (Fields et al., 1991). It
is believed that opioids produce antinociception in the RVM through disinhibition of
OFF-cells (The inhibitory effects of GABAergic interneurons on OFF-cells are removed
by opioids, called disinhibition)(Fields, 1999a). Inhibition of ON cells appears to be
unnecessary for the antinociceptive effect of opioids administered in the RVM
(Heinricher and Tortorici, 1994).
The “neutral” cells showed a wide range of firing patterns, but their activities do
not correlate with nociceptive responses (Fields et al., 1991). However, these early
observations were performed in response to thermal stimuli applied to the tail. Recent
studies indicated that the neutral cells respond in either OFF-like or ON-like fashion in
response to pinch applied to other parts of the body (Ellrich et al., 2000). Thus, neutral
cells may turn out to be subsets of ON-cells and OFF-cells.

Role in descending facilitation
ON cells project from the RVM to the spinal cord dorsal horn laminae and are
likely to interact with a variety of neurons in the RVM (Fields et al., 1983; Fields and
Heinricher, 1985; Fields et al., 1991; Fields et al., 1992). The pattern of ON and OFF cell
firing is reciprocating and the tail flick latency correlates with the activity of the RVM
cells. When OFF cell activity is increased, the tail flick latency is longer; and when ON
cell activity is increased, the tail flick latency is shorter. The electro-physiological
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properties of the ON-cells are consistent with what one might expect in the activation of
descending facilitation. Therefore, it would follow that manipulations that increase
nociceptive responsiveness, indicating facilitation, would also increase ON cell activity.
In fact, the prolonged delivery of a noxious thermal stimulus produced increased ON-cell
activity along with a facilitation of nociceptive reflexes, both of which are blocked by
lidocaine in the RVM (Morgan and Fields, 1994). Additionally, selective activation of
ON cells by a low dose of neurotensin resulted in facilitation of nociceptive reflex
(Neubert et al., 2004).

Cholecystokinin-receptor-system and the role in descending facilitation
As described above, the mechanism underlying the neuropathic pain is still not
well understood. In conditions of persistent nociceptive input, neuroplastic changes might
occur in the RVM to yield a sustained facilitatory influence that drives exaggerated pain.
The nature of the RVM neuroplasticity that drives such pain is unknown. One candidate
of possible driving factors in neuropathic pain state is cholecystokinin.

Cholecystokinin: neuropeptides in CNS
The cholecystokinin (CCK) family of peptides was originally isolated from the
mammalian gastrointestinal tract and was one of the first gastrointestinal peptides to be
discovered in the brain (Jorpes and Mutt, 1966; Vanderhaeghen et al., 1975). The
octapeptide form of CCK predominates in the central nervous system of mammalian
species. All studies show a heterogenous regional distribution of CCK within the brain,
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with the highest levels being found in amygdala, cerebral cortex, olfactory lobes and
hippocampus. This pattern overlaps with that of CCK-mRNA measured using in situ
hybridization. CCK is distributed throughout cortical grey matter, midbrain periaqueductal grey (PAG), ventromedial thalamus and spinal dorsal horn, all of which are
areas known to be associated with pain modulation.
CCK is localized within neurons. Immunohistochemical studies using C-terminal
antiserum have localized CCK-like immunoreactivity within neurons throughout the
brain even in regions such as the hindbrain, where the overall concentration of the
peptide is low (Vanderhaeghen et al., 1985). It is not found within glia or other types of
brain cells. Studies using N-terminal specific antiserum have also localized CCKcontaining fibers to deeper layers of the substantia gelatinosa, lamina III, lamina X
(Williams et al., 1987)and CCK positive cell bodies have consistently been demonstrated
within the PAG(Kubota et al., 1983; Innis and Aghajanian, 1986).
CCK can be synthesized in nervous tissue as a prepro-CCK product, which
undergoes proteolytic cleavage (Goltermann et al., 1980b; Goltermann et al., 1980a;
Goltermann et al, 1985). It can be released by stimulation. In vitro and in vivo studies
have shown neuronal CCK to be released from many brain areas in a calcium-dependent
manner following depolarization by high potassium (Rehfeld et al., 1979; Dodd et al.,
1980; Emson et al., 1980). In many regions throughout the central nervous system
including the spinal cord, CCK-8 produces rapid increases in neuronal cell firing (Phillis
and Kirkpatrick, 1980; Jeftinija et al., 1981; Skirboll et al., 1981). CCK has been shown
to co-exist with a substance P-like peptide in spinal ganglia and midebrain PAG

29

(Skirboll et al., 1982; Skirboll et al., 1983; Ju et al., 1986). It is rapidly inactivated with a
serine endopeptidase being responsible for a proportion of the inactivation
(Deschodtlanckman, 1985; Rose et al., 1989).
The distribution of CCK throughout the CNS, its localization in neuronal
perikarya and nerve fibers, and its co-existence with other putative neurotransmitters
suggest that this peptide may act as either a neurotransmitter or a neuromodulator.
Extensive investigation into the physiological actions of this neuropeptide has implicated
CCK in a number of centrally mediated roles including anxiety, satiety, limbic activity,
pain reception and analgesic tolerance (Woodruff et al., 1991).
Numerous CCK-containing nerves, displaying great regional variation, have been
detected in the central nervous system of rats and guinea pigs. CCK immunoreactive
nerve cell bodies are regularly detected in the cerebral cortex, limbic system and
hypothalamus. The brain stem contains a widespread network of CCK immunoreactive
terminals with a distribution resembling that of the enkephalin immunoreactive nerves
(Stengaardpedersen and Larsson, 1981). CCK immunoreactive nerve cell bodies are
sparse and scattered throughout the reticular formation. Within RVM region including the
raphe nuclei and the medullary reticular formation, CCK immunoreactivity is
predominantly associated with fibers (Ohta et al., 1988; Baber et al., 1989). Dense
network of CCK immunoreactive fibers and terminals occur in the dorsal horns of the
spinal cord, forming dense “cap” around the dorsal grey substance. No CCK
immunoreactive cell bodies have been detected in the spinal cord. Moreover, CCK-ir
terminal
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immunoreactivity in the PAG and RVM, two brainstem regions in the rat that modulate
spinal cord dorsal horn nociceptive transmission, while the cell bodies are rarely colocalized (Skinner et al., 1997).

Cholecystokinin receptors: gene structures and localization
CCK receptors have been divided into two subtypes, namely, the CCK-1 and
CCK2R receptors both belonging to the class of G-protein-coupled receptors
characterized by seven transmembrane domains. CCK-1 receptors are located mainly in
the periphery but also found in some regions of the brain. The major population of central
CCK receptors is of CCK2R subtype, which is also found in the stomach and vagus nerve
(Noble and Roques, 1999).
The nucleotide sequence of cDNA encoding rat brain CCK2R receptor reveals
54% identity to that of CCK-1 receptor (Wank et al., 1992). The first in-frame ATG
initiates a single long open reading frame encoding a 452-amino acid protein, which is
48% identical to the CCK-1 receptor. The sequence contains four potential N-linked
glycosylation sites, three in the amino terminus and one in the third intracellular loop.
There is one potential site for protein kinase C phosphorylation in the first intracellular
loop and two potential sites for protein kinase A phosphorylation in the second
intracellular loop and cytoplasmic tail. CCK-B receptor has been localized on the
terminal short arm of chromosome 11 in humans (Song et al., 1993) and on a syntenic
region on mouse chromosome 7 (Huppi et al., 1995)(Huppi et al., 1995).
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In the rat, CCK2R mRNA was shown to be widely distributed in areas such as the
cerebral cortex, the olfactory regions, the hippocampal formation, the septum, the
amygdala, the basal ganglia and related regions (nucleus accumbens, caudate putamen,
substantia nigra), the interpeduncular nucleus and the cerebellum (Honda et al., 1993),
see Figure 0.6.
Several studies of vagal CCK receptors have reported an accumulation of binding
sites proximal to the site of ligation of the nerve, indicating the axonal transport of
receptors towards the periphery (Moran et al., 1987). Evidence that these receptors are
present on afferent neurons has been provided by the observation that they are present on
the cell soma of afferent neurons in the nodose ganglion and are lost after treatment with
the afferent neurotoxin, capsaicin. Additionally, a recent study provided direct evidence
for the both CCK-A (CCK1R) and CCK-B (CCK2R) receptors are expressed by rat vagal
afferent neurons, and reported that both receptors are expressed in human nodose ganglia
(Moriarty et al., 1997).

Cholecystokinin-receptor system: signal transduction pathways
The signal transduction cascade for CCK2R receptors has been less well
characterized because it is difficult to work with isolated neurons expressing CCK2R
receptors. Thus, many studies have investigated the signal transduction pathways by
using the expressing of a single class of CCK2R receptors in different cell lines. Studies
in these models have demonstrated functional coupling to phospholipase C via a pertussis
toxin-insensitive G protein (Gq and/or G11) (Lignon et al., 1993; Jagerschmidt et al.,

32

1995). Studies also suggested that PKC and PLA2 activation and subsequent arachidonic
acid production might be involved in CCK2R receptor-activation induced Ca

2+

influx

(Akagi et al., 1997). CCK2R receptor may couple to two G proteins: a PTX-insensitive G
protein (Gq/G11)-PLC pathway and a PTX-sensitive G protein-phospholipase A2 pathway
leading to the release of arachidonic acid.

Roles in pain facilitation
As outlined above, CCK has been found in regions of the brain known to be
associated with pain modulation. The supraspinal or spinal administration of CCK
induced pronounced hyperalgesic activity and increased dorsal horn unit activity. These
actions are suggestive of a pronociceptive role of CCK in the CNS (Jeftinija et al., 1981;
Pittaway et al., 1987; Hong and Takemori, 1989). In addition, RVM microinjection of
CCK in naive rats provoked tactile hypersensitivity and thermal hyperalgesia
(Kovelowski et al., 2000); and these effects were prevented by lesions of the DLF or
RVM cells expressing mu opioid receptors (Porreca et al., 2001). The above findings
indicate that CCK system in the RVM may mediate a descending facilitative role on its
pronociceptive effect.
In consistent, spinal application of CCK antagonists blocked thermal hyperalgesia
elicited by neurotensin in the RVM; this result points to the possibility that CCK may be
released spinally by a descending facilitatory input from the RVM (Urban et al., 1996).
The observation that CCK antagonists alone do not produce any antinociception may
indicate a lack of CCK-mediated excitatory tone (Wiesenfeld-Hallin and Xu, 2001).
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In studies on neuropathic pain animal models, intra-RVM microinjection of a
CCK antagonist blocks thermal and tactile hypersensitivity in rats with SNL injury
(Kovelowski et al., 2000). The above effects can be blocked by either DLF lesion or
lidocaine into the RVM, suggesting RVM CCK acts through descending facilitatory
pathways in neuropathic pain states (Xie et al., 2005).
Numerous studies have shown have shown that CCK attenuates antinociception,
and this peptide has been termed as an anti-analgesic or anti-opioid peptide (Han et al.,
1985; Baber et al., 1989). The infusion of CCK into the RVM attenuates the
antinociceptive effect of systemic morphine, but the mechanism through which this effect
was mediated was not determined yet (Heinricher et al., 2001).

Saporin conjugates as a targeted tool to selectively destroy receptor-expressing cells
As we already know, the cells in the RVM region are indistinctly delineated on
cytoarchitechtonic grounds. This fact presents a major challenge of how to selectively
ablate specific type of cells within this area. Luckily enough, saporin is shown to be such
a targeting tool.
SAP is a 30 KDa protein originally isolated from the seeds of the plant Saponria
Officinalis, which has long been known for medicinal properties. Saponria Officinalis are
among several plants containing ribosome-inactivating proteins. These proteins come in
two different forms. One form is exemplified by the incredibly potent toxin ricin; it
contains double-chain: a cell-binding and internalization protein and an enzyme that upon
entering the cell removes a single base from the ribosomal RNA of the large subunit of
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the ribosome. This enzyme action is a necessary characteristic of a ribosome-inactivating
protein, cleverly termed as “RIP”.
SAP is in the second form without cell-binding chains. So it cannot cross the
cellular membrane and exhibits limited toxicity to whole cells. When it is targeted to
cells, as in the form of ligand-toxin conjugates, SAP is a very efficient cytotoxic agent.
Basically, it acts as an N-glycosidase catalytically cleaving a particular adenine (A4324 in
the rat) of the 28S subunit ribosomal RNA (Endo et al., 1987; Endo and Tsurugi, 1988).
The cleaved 28S ribosome is thereby unable to bind to elongation factor 2; protein
synthesis is then irreversibly inhibited (Endo et al., 1988) (Stirpe et al., 1983).

The

above properties make SAP considerably safer to handle, and importantly, it can be used
in its native form without the toxicities associated with double-chain toxins, such as ricin.
In this dissertation, SAP was conjugated to either CCK8(s) or dermorphin
(DERM). CCK8(s) is a 33-amino acid peptide containing a carboxyl terminal octapeptide
sequence Asp-Tyr-Met-Gly-TrpMet-Asp-Phe-NH2, which confers the biological activity
of CCK, and where the tyrosine residue occurs in sulfated form. This octapeptide
CCK8(s) has high affinity for the two structurally-defined CCK receptors types, CCK1
and CCK2. CCK receptors serve as a portal of entry for the bulky SAP protein. CCK8(s)
binds to cells expressing the CCK receptors, and via a β-arrestin mediated internalization,
the conjugate is internalized into clathrin-coated pits. CCK receptors are then recycled or
degraded and SAP is free to cause cytotoxicity.
DERM-SAP is a chemical conjugate between an analog of the frog skin peptide
DERM and the ribosome inactivating protein saporin. DERM, a peptide of seven amino
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acids characterized by Ersparmer and his colleagues (Erspamer and Melchiorri, 1980),
shows excellent affinity for the mu-opioid receptor, with a much lower affinity for the
delta receptor and virtually no binding to the kappa receptor. These properties make it an
excellent targeting vehicle for cells that express the mu receptor. Similarly, MOR serves
as a portal of entry for the bulky SAP protein. DERM binds to cells expressing the MOR,
and via a β-arrestin mediated internalization, the conjugate is internalized into clathrincoated pits. MOR is then recycled or degraded and SAP is free to cause cytotoxicity.
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Figure 0.1. Ascending sensory pathways. Depicted are the primary afferent Aβ fibers and
C fibers entering the spinal cord and ascend via ipsilateral dorsal column to the dorsal
column nuclei (n. gracilus or n. cuneatus) or contralateral spinothalamic tract to the
thalamus, respectively. From the thalamus, these fibers project to the somatosensory
cortex and others.
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Figure 0.2. Diagrammatic representation of the various components of the descending
pain control system. In gray, sites that receive directly nociceptive input from the spinal
cord. A5, A6, A7, pontomesencephalic noradrenergic cell groups; AMY, amygdala;
APN, anterior pretectal nucleus; COR, cortex; CUN, cuneiform nucleus; HYP,
hypothalamus; NGC, nucleus reticularis gigantocellularis; NTS, nucleus tractus
solitarius; PAG, periaqueductal gray matter; RVM, rostral ventromedial medulla; SN,
substantia nigra; THA, thalamus; VLM, caudal ventrolateral medulla. This figure is from
(Lima et al., 2002).

39

GRN
PGRNI

MARN
PPR

GRN
PGRNI

RM
RP

py

VII

PPR

Figure 0.3. Schematic illustration of the cytoarchitecture of rostral ventromedial medulla.
The region of RVM includes the medullary raphe nuclei and the adjacent reticular
formation ventral to the nucleus reticularis gigantocellularis and medial to the facial
nucleus.

RM, raphe magnus; RP, raphe pallidus; MARN, magnocellular reticular

nucleus; PPR, parapyramidal region; PGRNl, paragigantocellular reticular nucleus lateral part; py, pyramid; VII, facial nuclei.
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Figure 0.4. Functional characterization of RVM pain modulating neurons. Left: tail-flick
(TF) apparatus and microelectrode placement in the RVM for single unit extracellular
recording in light anesthetized rats. Right: a single oscilloscope sweep showing the OFFcell pause occurring just prior to the TF reflex (the spike: a force transducer showing
movement) in response to noxious heat; Middle traces illustrate the typical ON-cell
firing, which is a burst beginning just before the TF reflex; Bottom traces show the
NEUTRAL-cell firing unchanged with TF reflex. These figures were redrawn from
Fields and colleagues (Fields et al., 1983; Heinricher et al., 1999).
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Figure 0.5. Proposed descending pain modulatory pathway. The central role of
periaqueductal grey (PAG) and rostral ventromedial medulla (RVM) to the modulation of
pain transmission in spinal dorsal horn is highlighted. Other direct projections from the
cortex, hypothalamus and nucleus tractus solitarius (NTS) to the dorsal horn of spinal
cord are not indicated for clarity. Neurons from the PAG project to the RVM. Neurons
from the RVM project to the spinal cord via the DLF. Activation of “ON-cells” is
pronociceptive, i.e., produces descending pain facilitation; while activation of “OFFcells” is antinociceptive, i.e., produces descending pain inhibition. Systemic morphine
may directly inhibit “ON-cells” and indirectly disinhibit “OFF-cells” via GABA systems
in the RVM and thus elicit descending inhibitory effects in the spinal cord and produce
antinociception.
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Figure 0.6. Nucleotide and deduced amino acid sequences of the rat brain CCK2R
receptor cDNA clone. Solid lines labeled with Roman numerals I-VII delineate the
putative transmembrane domains. The solid triangles indicate four potential sites for Nlinked glycosylation. Solid bars indicate the three potential sites for serine
phosphorylation, and solid circles indicate cysteine residues, which are potential sites for
either disulfide-bridge formation (residue 127 and 205) or palmitoylation (residue 413).
This figure is from Wank et al (Wank et al., 1992).
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Figure 0.7. Differential gene expression of CCK1R and CCK2R receptors in the rat brain.
mRNAs for both CCK1Rand CCK2R receptors were expressed mainly in the cortex,
olfactory regions, hippocampal formation, septum, and interpeduncular nucleus. Only
CCK1R mRNAs were expressed in some of the hypothalamic nuclei (paraventricular
nucleus, arcuate nucleus, and medial preoptic area). In most of amygdaloid nuclei only
CCK2R receptor mRNAs were expressed. This figure is from Honda et al
(Honda et al., 1993).
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Figure 0.8. The proposed mechanisms for cholecystokinin-saporin (CCK-SAP) or
Dermorphin-saporin (DERM-SAP) to destroy CCK receptor-expressing cells or MORexpressing cells, respectively. The binding of CCK-SAP to CCK receptor (CCKR)
activates CCKR; then CCK-SAP is wrapped in the clathrin coated vesicle and
internalized into the cytosol along with CCKR; CCKR separates from CCK-SAP: CCKR
can be degraded or recycled back to the cell membrane, while saporin exerts its
cytotoxicity by inhibiting protein synthesis. DERM-SAP acts through the same way as
CCK-SAP.

47

PART ONE

PAIN FACILITATORY CELLS IN THE ROSTRAL VENTROMEDIAL
MEDULLA ARE CHARACTERIZED BY A CO-EXPRESSION OF OPIOID MU
RECEPTORS AND CHOLECYSTOKININ TYPE 2 RECEPTORS
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ABSTRACT

Descending input to the spinal cord from the rostral ventromedial medulla (RVM)
modulates nociceptive transmission. We have shown that such input from the RVM is
critical for maintaining neuropathic pain, which could be blocked by an ablation of mu
opioid receptor (MOR) expressing cells in the RVM, or acutely by injecting a
cholecycstokinin type 2 (CCK2R) receptor antagonist into the RVM. These findings led
to the present hypothesis that pain facilitatory neurons in the RVM may be characterized
by a co-expression of MOR and CCK2R. Here we show that discrete neurons in the RVM
express transcripts for MOR or CCK2R. Of the labeled cells, over 80% co-express both
receptors. Microinjection of CCK-8 into the RVM elicited acute thermal and tactile
hypersensitivity. RVM pretreatment with the toxin, CCK8(s)-saporin, resulted in a
subsequent blockade of RVM CCK-induced hyperalgesia due to a loss of CCK2Rpositive neurons in the RVM. The pretreatment also significantly reduced the number of
MOR positive neurons. Furthermore, RVM pretreatment of the MOR selective agonisttoxin, dermorphin-saporin, led to a subsequent loss of MOR labeled cells in the RVM,
blocked RVM CCK-induced hyperalgesia and reduced the number of CCK2R positive
cells. These data demonstrate that the pain facilitatory neurons in the RVM co-express
MOR and CCK2R. CCK directly activates these neurons via the CCK2R receptors. The
phenotypic characteristics of pain facilitatory neurons in the RVM will provide insight
into the function of these neurons in pathological pain states as well as potential strategies
for targeted therapeutics.
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INTRODUCTION

The brain possesses networks that modulate the processing of nociceptive
information. Anatomical, electrophysiological and pharmacological evidence has
established the rostral ventromedial medulla (RVM) as an integral relay in descending
modulation of pain. Although the role of RVM in descending inhibition is well
established (for review, see (Fields and Heinricher, 1985), it is not until recently when
behavioral studies showed that RVM function is critical for hyperalgesia following
inflammation or nerve injury, or during prolonged morphine administration or opioid
withdrawal (Urban and Gebhart, 1999; Wei and Pertovaara, 1999; Burgess et al., 2002;
Porreca et al., 2002). RVM cells respond in a heterogeneous manner to manipulations. A
subset of RVM neurons accelerates firing immediately before the nocifensive reflex and
the response characteristics are consistent with a role in descending facilitation (called
“ON-cells”)(Fields, 1985). These descending pain facilitation cells respond to opioids
that select for the μ receptor type (MOR) (Heinricher et al., 1994). Lesion of RVM cells
that express MOR prevents (Porreca et al., 2001) and reverses (Burgess et al., 2002)
neuropathic pain in an experimental model of peripheral neuropathy. Such observations
provide a basis for proposing that abnormal descending pain facilitation may arise from
activities of these MOR expressing neurons in the RVM. Importantly, administration of
lidocaine, or an antagonist for the cholecystokinin type 2 receptor (CCK2R), L365,260,
into the RVM of nerve injured rats acutely reverses both tactile and thermal
hypersensitivity, suggesting that CCK may be an important endogenous excitatory input
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to the RVM that drives the descending pain facilitation (Kovelowski et al., 2000). Recent
data show that CCK microinjection into the RVM elicits acute tactile and thermal
hypersensitivity (Xie et al., 2005), and “ON-cells” to produce thermal hyperalgesia
(Heinricher et al., 2004).
This study aims to define the neuroanatomical basis for the CCK activity and
phenotypic characterization of the pain facilitatory cells in the RVM. Immunohistochemical analysis of the RVM is currently hampered by a lack of reliable antibodies
for labeling CCK and opioid receptors in the RVM. Here, we report the identification of
RVM neurons that express transcripts for MOR and CCK2R by in situ hybridization
using riboprobes that are highly selective for the two receptors. Co-localization of
transcripts for these two receptors was evaluated by double in situ hybridization analysis.
Co-localization of the two receptors was also validated by a selective ablation of CCK2R
expressing cells in the RVM by the toxin conjugate, CCK8(s)-saporin, or of MOR
expressing cells by the toxin conjugate, dermorphin-saporin. Pretreatment with either
toxin conjugate significantly reduced both the number of MOR positive neurons and that
of CCK2R positive neurons. The function of these cells in pain facilitation was shown by
the microinjection of CCK8(s) (sulfated form) into the RVM and determining the
transient thermal and tactile hypersensitivity induced by CCK-8. Both toxin pretreatment
blocked RVM CCK8(s) induced hyperalgesia.
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Materials and Methods

Radioligand binding
Radioligand binding was performed using whole cells preparations from HEK
transfected cells that express human CCK2R (generous gift from Dr. Alan Kopin, Tufts
University, M.D). All assays were performed in Dulbecco's Minimum Essential Medium
(Low Glucose), pH 7.4, supplemented with 1.0 mg/ml bovine serum albumin and
protease inhibitors (30 μM bestatin, 10 μM captopril, 0.37 U/ml bacitracin, and 0.1 mM
phenylmethylsulfonylfluoride). Reactions were carried out at 30̊ C for 1 hr in a final
volume of 1 mL. Ten to 12 concentrations of CCK8(s) (10-12 to 10-6 M) or CCK8(s)saporin (10-12 to 10-6 M) were used to compete the binding of [125I] CCK8(s)
(2200Ci/mmol). Each assay tube contained 20,000 dpm of the radioligand. The Kd value
of [125I] CCK8(s) was determined by saturation analysis using 0.025-4 nM of CCK8(s)
and [125I] CCK8(s) (1:65 of hot: cold) as tracer. The reaction was terminated by rapid
filtration through Whatman GF/B filters presoaked in polyethyleneimine and washed 4
times with 2 mL of ice-cold saline, and the radioactivity in the filters was determined by
gamma counting (Packard Cobra II Gamma counter). Nonspecific binding was defined as
that in the presence of 10 μM unlabeled CCK8(s). Data were analyzed by nonlinear
regression analysis using GraphPad Prism4 (Graph Pad, San Diego, CA). The Kd value
was determined as the mean ± S.E.M. from 3 independent experiments. The Ki value(s)
for each ligand in the competition analysis was determined from at least 3 independent
experiments.
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Animals used
The experiments contained in this dissertation were carried out using male
Sprague-Dawley rats (225-300 gm; Harlan; Indianapolis, IN). All animals were
maintained on a 12/12 hr light/dark cycle and provided food and water ad libitum except
during the experimental procedures. All experiments, involving animals, were performed
under an approved protocol in accordance with institutional guidelines and in accordance
with the Guide for Care and Use of Laboratory Animals as adopted by the National
Institutes of Health.

RVM cannulation
All rats were prepared for bilateral RVM drug administration as we have
described previously (Porreca et al., 2001). Rats were anesthetized with ketaminexylazine (100 mg/kg, i.p.) for stereotaxic placement of bilateral cannula in the RVM. The
skull was exposed, and two 26 gauge guide cannulas separated by 1.2 mm (Plastics One,
Roanoke, VA) were directed toward the lateral portions of the RVM using the atlas of
Paxinos and Watson (Paxinos and Watson, 1986) (anteroposterior, -11.0 mm from
bregma; lateral, ±0.6 mm; dorsoventral, -7.5 mm from the dura mater). The guide
cannulas were secured to the skull and the animals were allowed to recover for 5 d after
surgery before any drug administration. Drug administrations into the RVM were
performed by slowly expelling 0.5 Fl of drug solution through a 33 gauge injection
cannula inserted through the guide cannula and protruding an additional 1 mm into fresh
brain tissue to prevent backflow of drug into the guide cannula. At the termination of the

53

experiments, pontamine blue was injected into the site of RVM injections, and cannula
placement was verified histologically. For pretreatment, saporin (50 ng/0.5μl),
dermorphin (1.5 ng/0.5μl), CCK8(s) (1.9 ng/0.5μl), dermorphin-saporin (50 ng/0.5μl) or
CCK8(s)-saporin (50 ng/0.5μl) (all from Advanced Targeting System, CA) was
administered as a single dose into the RVM (0.5 μl volume on each side). After 28 d, rats
were given CCK8(s) (30 ng/0.5μl) bilaterally into the RVM.

Experimental design

t= - 7 d

t= 0 d

Microinjection of
single-dose
- CCK8(s)-saporin
- CCK8(s)
-Saporin
into RVM

t= +28 d

Behavioral test in a
time-course of 120 min

Microinjection of
CCK8(s) into the
RVM

OR Microinjection of
single-dose
-Dermorphin-saporin
- Dermorphin
-Saporin
into RVM

Tactile and thermal threshold testing
Response thresholds to innocuous mechanical stimuli were evaluated by
determination of paw withdrawal after probing of the paw with a series of calibrated von
Frey filaments. Each filament was applied perpendicularly to the plantar surface of the
paw, ipsilateral to the nerve injury, of rats kept in suspended wire-mesh cages. The
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withdrawal threshold was determined by sequentially increasing and decreasing the
stimulus strength ("up and down" method), analyzed using a Dixon nonparametric test
(Chaplan et al., 1994). Data are expressed as the mean withdrawal threshold. Response
thresholds to noxious thermal stimuli were evaluated by determination of paw withdrawal
from a focused beam of radiant heat. Rats were acclimated within Plexiglas enclosures on
a clear glass plate, and a radiant heat source was directed onto the plantar surface of the
hindpaw. Paw-withdrawal latency was determined by a motion detector. A maximal
cutoff of 40 sec was used to prevent tissue damage. Significant changes from baseline
control values were detected by ANOVA, followed by Fisher's least significant difference
test (software FlashCalc, v21.5). Significance was set at p < 0.05.

Cloning of CCK2R construct
Total RNA was isolated from rat brain tissue by RNAqueous kit (Ambion
Inc.,TX) One μg total RNA was used for reverse transcription reaction (RT reaction)
based on the Protocol. RT with heat denaturation of the RNA in RETROscript kit
(Ambion Inc.). 1 μl RT reaction was mixed with 1×RT-PCR buffer, dNTPmixture (0.125
mM each), forward primer (5'-3' sequence CCA CAG AGG GAA GAG TTG) and
reverse primer (5'-3' sequence TCT TAG GCG TCG GCT CAG) (5 μM each) and 0.5 U
Taq in a total volume of 20 μl. PCR was run in the sequence of 94°C 2min; 94°C for
1min, 54°C 1 min, and 72°C for 1.5 min for 30 cycles and 72°C for 5 min in the thermal
cycler PCR express (ThermoHybaid, MA). After verifying the size of PCR product in
agarose gel, the PCR product was cloned into pCRII vector using TOPO TA cloning kit
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(Invitrogen, CA). Sequence and orientation of the plasmid were verified by PCR and
sequencing. A 187 bp fragment of rat CCK2R cDNA nucleotides 73 to 260 of the coding
region) was flanked by SP6 promoter (upstream) and T7 promoter (downstream) in pCRII
vector (map of pCRII vector, see TOPO TA cloning Instruction Manual, version R, 250184).

Digoxigenin-labeled CCK2R probe synthesis
CCK2R-pCRII plasmids were linearized with EcoR I for in vitro synthesis of
antisense probe (T7 promoter), followed by purification with phenol/chloroform
extraction and ethanol precipitation. The quality and quantity of the linearized templates
were determined with agarose gel electrophoresis and A260 value on UV
spectrophotometer. The probes were generated as described in the DIG RNA labeling kit
(SP6/T7) (Roche Diagnostics, IN). Briefly, Digoxigenin-UTP-labeled CCK2R cRNA
probes were transcribed using 1μg linearized CCK2R-pCRII template, 40 U T7 RNA
polymerase, 10 × transcription buffer, 1 mM ATP, CTP, and GTP, 0.65 mM UTP, 0.35
mM digoxigenin-UTP, and 20 U RNase inhibitor. This 20 Fl mixture was incubated at 37
C for 2 hrs and the reaction was stopped with 2 Fl 0.2 M EDTA (pH 8.0). The probes
were aliquoted and stored in -80 C. The internal control reaction of the antisense probe
synthesis from controlDNA1 pSPT18-neo was run in parallel.
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Detection of labeling efficiency for Digoxigenin-labeled CCK2R probe
DIG-labeled RNA probes were diluted with freshly prepared RNA dilution buffer
(6×SSC and 20% [v/v] formaldehyde) in a series of concentration. One microliter probe
in each concentration was applied to the positively charged nylon membrane (Roche
Diagnostics, IN). In parallel, part of the nylon membrane was loaded with defined
dilutions of DIG-labeled antisense Neo RNA of which are used as standards. RNA was
fixed to the membrane by cross-linking with UV light. The nylon membrane was then
subjected to immunological detection with anti-digoxigenin-AP conjugate as following:
the membrane was rinsed briefly in washing buffer (0.1 M Maleic acid, 0.15 M NaCl,
0.3% [v/v] Tween-20, pH 7.5), incubated for 30 min in 1×blocking solution freshly
prepared (DIG Wash and Block Buffer Set, Roche Diagnostics, IN), and then incubated
for 30 min in Anti-Digoxigenin-AP solution (1:1000 dilution of Anti-Digoxigenin-AP
antiserum [Roche Diagnostics, IN] with TBS [50 mM Tris, 150 mM NaCl, pH 7.5]). The
membrane was washed twice 15 min each with the washing buffer, equilibrated for 5 min
with detection buffer (0.1 M Tris-HCl, 0.1 M NaCl, pH 9.5) and incubated in color
substrate solution (0.38 mg/ml NBT and 0.18 mg/ml BCIP) in Tris buffer with pH 9.5
(Digoxigenin Detection Kit, Roche Diagnostics, IN) in the dark until desired spot
intensities are achieved. The reaction was stopped by sterile ddH2O. Results can be
documented by photocopying wet filter or by photography.
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In situ hybridization: detection of CCK2R mRNA by digoxigenin-labeled cRNA
probe
For tissue preparation, the brains of male Sprague Dawley rats were fixed by
transcardiac perfusion of 4% paraformaldehyde-phosphate-buffered saline (PBS). After
1 hr post-fixation in the same fixative, the brains were cryoprotected in 30% sucrose in
PBS and stored at 4EC. Twenty-μm sections were prepared from the brainstem caudal to
the site of incision of the cannulas and mounted on the slides sequentially (120 μm apart).
A 187 bp CCK2R cDNA fragment (nucleotides 73-260, Genebank accession number gi
6978616) generated from rat brain RNA and cloned into pCRII vector (In vitrogen, San
Diego, CA) were used as templates for probe syntheses. The plasmid DNA was
linearized with EcoR I for in vitro syntheses of antisense probe (T7 promoter), in the
presence of digoxygenin (DIG) labeled UTP. The in situ hybridization procedures were
performed as described in the Nonradioactive In Situ Hybridization Application Manual
(Roche Diagnostics Corp., Indianapolis, IN) with minor modifications. Briefly, the
sections were deproteinated with proteinase K (1 μg/ml), post-fixed with 4%
formaldehyde and acetylated with acetic anhydride (0.25%). These sections were then
incubated with the DIG-labeled CCK2R probe (1:50 dilution) for 17 -20 hrs at 50 C in the
hybridization buffer (0.1M Tris-HCl, pH 7.6, 4× SSC, 50% formamide, 1× denhardt,
10% dextran sulphate, 150 μg/ml yeast tRNA and 150 μg/ml sheared salmon sperm
DNA). After hybridization, sections were treated with RNase A (10 μg/ml for 30 min at
37 C) and rinsed at room temperature in decreasing concentrations of Sodium chloridesodium citrate (SSC) (2× and 1×) to a final stringency of 0.1× SSC at 37 C. For
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visualization of DIG-labeled mRNA, the slides were incubated with DIG-alkaline
phosphatase Fab fragment (1:500 dilution). The sections were developed by incubating
with Fast Red overnight, counterstained with hematoxylin, and mounted with
SuperMount. Computer-assisted mapping was performed with an image-combining
computer microscope equipped with Neurolucida software (Microbrightfield Inc.,
Baltimore, MD). The boundaries of the facial nuclei and pyramidal tracts were manually
traced using a Nikon 4× objective. The sections were then systematically scanned and
mapped for labeled neurons using a Merzhauser motorized stage and a Nikon 40×
objective.

35

S-UTP labeled CCK2R probe synthesis
Radiolabeled cRNA probes for the CCK2R mRNAs were prepared by drying

down 166 pmol [35S]UTP (PerkinElmer, MA) in a SpeedVac. Half microgram of
linearized template; 5× transcription buffer; 100 mM dithiothreitol (DTT); 40 U RNAsin;
0.25 mM ATP, CTP, and GTP; 166 pmol [35S] UTP, and 20 U of T7 RNA polymerase
(Riboprobe System - SP6/T7, Promega, WI) were added. The transcription mixture was
incubated for 1 hr at 37 C and terminated by heating at 65 C for 5 min. The labeled
reaction was resuspended in SET-DTT solution (0.1% SDS; 10 mM Tris, pH 7.4; 1 mM
EDTA; 10 mM DTT).
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Detection of labeling efficiency for 35S-UTP labeled CCK2R probe
One microliter of labeled reaction was spot onto DE-81 filter; of which underwent
sequential wash with 1 M NaH2PO4, H2O and 95% ethanol. The filter was dried and
counted with scintillation fluid in Beta Counter for total radioactivity. The majority of
labeled reaction was passed through a Nick Column (Amersham Biosciences, NJ) for the
separation of incorporated [35S]-labeled CCK2R probe from unincorporated [35S] UTP.
The preservative fluid was removed from the Nick Column, followed by the wash with 3
ml SET-DTT solution. After the labeled reaction was added to the column, 400 μl SETDTT solution was eluted as void volume. Four 100-μl fractions were then collected and
the fraction with the highest radioactivity was used. The freshly synthesized and purified
probes were diluted in hybridization solution (50% formamide, 0.2 M NaCl, 10 mM Tris,
pH 8.0, 10 mM EDTA, 2 ×Denhardt's solution, 0.1 mg/ml tRNA, 2mM DTT) with a final
concentration of 1 × 107 cpm/ml. The probes were aliquoted and stored at -20 C before
use.

In situ hybridization: detection of CCK2R mRNA by 35S-labeled CCK2R cRNA
probe
35

S-labeled cRNA probes for CCK2R were prepared by in vitro transcription in

the presence of 166 pmol [35S]UTP (Perkin Elmer, Boston, MA) and diluted in the
hybridization buffer (50% formamide, 0.2 M NaCl, 10 mM Tris, pH 8.0, 10mM EDTA,
and 2×Denhardt's solution) in a concentration of 4 ×107 cpm/ml. Hybridization was for
17-20 hrs at 50 C; thereafter, the slides were washed four times in 4 ×SSC prior to RNase
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A digestion (20 μg/ml for 30 min at 37 C), rinsed at room temperature in decreasing
concentration of SSC (2, 1, and 0.5×) containing 1mM dithiothreitol (DTT) to a final
stringency of 0.5 at 50 C for 30 min. After dehydration in graded alcohols also containing
1 mM DTT and 0.5×SSC, the slides were defatted and dipped in ILFORD K-5D
emulsion (Polysciences Inc., Warrinton, PA) at 4EC for 2 weeks before development. The
sections were counterstained with hematoxylin and analyzed under bright-field
illumination.

Cloning of MOR construct
The method for MOR cloning is the same as described in the section of CCK2R
construct, except that the 5'-3' sequence of the forward primer is TGT CCG TCC CCA
GGT ATC and the reverse primer is AAT GCA GAA GTG CCA GGA. A 338 bp
fragment of rat MOR cDNA (nucleotides 628 to 965 of the coding region) was flanked
by T7 promoter (upstream) and SP6 promoter (downstream) in the pCRII vector.

Digoxigenin-labeled MOR probe synthesis and detection of labeling efficiency
The method for MOR probe synthesis is the same as described in the section of
CCK2R probe synthesis except that the MOR plasmid was linearized with EcoR V and
the in vitro transcript was conducted by SP6 RNA polymerase.

In situ hybridization: detection of MOR mRNA by digoxigenin-labeled cRNA probe
The in situ hybridization procedures was identical to that of digoxigenin-labeled
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CCK2R probe, except that the hybridization temperature is 42EC instead of 50EC.

Double in situ hybridization for CCK2R and MOR
The hybridization protocol used here for double in situ hybridization is based on
the report from Ojeda's lab (Emde et al., 1995). For hybridization, digoxigenin-labeled
CCK2R cRNA were added in 1:50 dilution to the hybridization buffer containing 4× 107
cpm/ml of

35

S-UTP MOR cRNA. Following hybridization (46EC overnight) and post-

hybridization washes, which were carried out as described above, the slides were not
dehydrated after 0.5× SSC wash, but instead were incubated overnight in 2× SSC
containing 0.05% Triton X-100 and 2% normal goat serum at room temperature. The
next day the slides were incubated with anti-DIG-alkaline phosphatase conjugate (1:500)
for 5 hrs at room temperature. The slides were then rinsed and incubated overnight at
room temperature in a chromogen solution containing 0.338 mg/ml NTB, 0.175 mg/ml
BCIP and 3 mg/ml of levamisole. After the staining reaction, the sections were quickly
dehydrated in ethanol containing DTT and 2×SSC, dried under vacuum, examined for
DIG-labeled MOR cRNA hybridization, and processed for autoradiography to detect 35Slabeled CCK2R mRNA hybrids. To avoid chemoautoradiographic signals, the slides were
dipped in ILFORD K5D emulsion without defatting. After two weeks of exposure the
slides were developed without nucleus counterstain to avoid interfering with visualization
of the immunohistochemical reaction.
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Combined Immunohistochemistry-in Situ Hybridization
To determine whether CCK2R is expressed on neurons in the RVM, a combined
IHC/ISH method was developed. Neurons were identified using monoclonal antibody
against NeuN (Chemicon, CA). This antibody stains the nuclei of most neurons of the
central and peripheral nervous system, with the exception of some subsets, such as
cerebellar Purkinje cells, olfactory bulb mitral cells, and retinal photoreceptor cells. The
presence of CCK2R mRNA was assessed using the [35S] UTP-labeled CCK2R mRNA
described above. The brains were fixed and sectioned as outlined above and then
subjected to immunohistochemistry using a procedure briefly described here. Prior
detection

of

ribonuclease

activity

in

the

different

solutions

used

for

immunohistochemistry using a fluorometric RNase detection assay (RNaseAlertTM Lab
Test kit, Ambion) demonstrated that bovine serum albumin (BSA) and goat serum
solutions had detectable ribonuclease levels. 20 μm free-floating sections were washed
twice in KPBS, incubated for 1 h in a blocking buffer containing KPBS, 2% bovine
serum albumin (BSA), 4% goat serum, 5 mM dithiothreitol (DTT) and 0.3% Triton X100 with the addition of 100 units/ml ribonuclease inhibitor SUPERaseIn (Ambion, TX),
and then overnight with the monoclonal mouse anti-NeuN antibody diluted 1:200. After
two rinses in KPBS, sections were incubated for 45 min at room temperature with the
secondary antibody, a Biotin-SP-conjugated goat anti-mouse IgG (1:250, Jackson
Laboratories) made in KPBS with 0.3% Triton X-100. Following incubation in AB
complex (Elite Vectastain, Vector Laboratories) the NeuN immunoreactivity was
developed to a light brown color with 3,3-diaminobenzidine tetrahydrochloride (DAB).
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Sections were finally washed three times in 0.02 M KPBS and mounted onto superfrostplus slides. The slides were dried overnight under vacuum at room temperature. The next
day they were hybridized with the CCK2R cRNA. Following posthybridization washes,
the sections were exposed to ILFORD emulsion for 2 weeks. At this time, the reaction
was developed, and the sections were counterstained with 1% methyl green before
microscopic examination.

Control studies
Dig-CCK2R probe on HEK293 cells over-expressing CCK1R or CCK2R
HEK293 cells over-expressing CCK1R or CCK2R were verified functionally by
radioligand binding assay. Cells were plated at a density of 1 × 106/well in Minimum
Essential Medium (GIBCO) with 1.0 mM sodium pyruvate, 10% fetal bovine serum,
100U/ml penicillin and 100 Fg.ml streptomycin in 6-well titer plates containing glass
coverslips (avoid the use of polystyrene in that it is solubilized by organic solvents)
coated with 100 Fg/ml poly-L-lysine. Coverslips were used when cells reached 80%
confluence.
The cells were washed with 1 × PBS plus 0.1% Tween-20. The coverslips were
then dipped in 4% paraformaldehyde for 5 min. The attached cells were washed with 1 ×
PBS plus 0.1% Tween-20, then dipped in the ice-cold acetone-methanol mixture (v/v 1:
1) for 30 sec twice. The coverslips with attached cells were air dry and stored at 4 °C
before hybridization.
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The coverslips with attached cells were washed with 1 × PBS 5 min twice,
followed by the permeabilization of 0.1% (w/v) pepsin in 0.1 N HCl at 37 °C for 10 min.
After twice wash with 1 × PBS, the cells were postfixed with 1% formaldehyde for 10
min, followed by twice wash with 1 × PBS again. Dig-labeled CCK2R AS riboprobes
were diluted 1:1000 in hybridization buffer (60% deionized formamide, 300 mM NaCl,
30 mM NaCitrate, 10 mM EDTA, 25 mM NaH2PO4, 5% dextran sulfate, and 250 ng/Fl
sheared salmon sperm DNA) and added to the coverslips; followed by the denaturing of
probes in 95 °C for 5 min in a humid chamber. The coverslips were then transferred to a
50 °C incubator in a humid chamber for overnight hybridization. After hybridization, the
cells were washed with 60% formamide, 300 mM NaCl and 30 mM sodium citrate 3
times at room temperature and 1 time at 37 °C. After washed with 1 × PBS for 5 min, the
cells were treated with buffer 1 (100 mM Tris-HCl, pH 7.5 and 150 mM NaCl) 10 min
twice in a shaking platform. The cells were further covered with blocking solution (buffer
1 containing 0.1%Triton X-100 and 2% normal sheep serum) for 30 min, followed by the
incubation of anti-Digoxigenin [Fab] conjugated to alkaline phosphatase (Roche
Diagnostics, IN) antibody diluted as 1:500 with buffer 1 containing 0.1% Triton X-100
and 1% normal sheep serum for 2 hrs in a humid chamber. The cells were washed with
buffer 1 for 10 min twice; incubated with buffer 2 (100 mM Tris-HCl, pH 9.5, 100 mM
NaCl, and 50 mM MgCl2) for 10 min; followed by the color substrate (buffer 2
containing 0.35 mg/ml NBT, 0.18 mg/ml X-phosphate, and 1 mM levamisole) incubation
in a humid chamber for 2-24 hrs in the dark, until the desired color was developed. The
color reaction was stopped by buffer 3 (10 mM Tris-HCl, pH 8.1 and 1 mM EDTA) and
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the coverslips were briefly dipped in distilled water. The coverslips were mounted with
Immu-Mount (Thermo Shandon, PA).

Pre-absorption by excessive unlabeled sense CCK2R probe
CCK2R-pCRII plasmids were linearized with Xba I for in vitro synthesis of sense
RNA from CCK2R (SP6 promoter). The sense RNA was transcribed by incubating 1μg
linearized CCK2R-pCRII template with 40U SP6 RNA polymerase, 10×transcription
buffer, 1 mM NTP, and 20U RNase inhibitor at 37 °C for 2 hrs. The RNA was aliquoted
and stored in -80 °C. To confirm the specificity of hybridization for CCK2R antisense
probe, sections were hybridized with the labeled antisense DIG-labeled CCK2R probe in
the presence of either 4×excess or 10× excess of unlabeled sense CCK2R RNA. The rest
of the procedures are the same as described before.

Positive control studies - poly-T oligonucleotide probe for poly-A mRNA
Poly-A sequences are present in most eukaryotic mRNAs. Oligo-dT probes
(InnoGenex, CA) bind to these poly-A sequences, and therefore may be used as positive
control probes for mRNA in situ hybridization. The ready-to-use probes were added to
the tissue sections in parallel with the experimental probes to monitor the entire steps of
in situ hybridization. Since the oligo-dT probes were end-labeled with 5 fluoresceinlinker molecules, anti-fluorescein antibody conjugated to alkaline phosphatase will be
used for the immunodetection after the hybridization.
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RESULTS

Binding affinity of CCK8(s)-saporin conjugate
Competition binding studies with 125I -CCK8(s) binding to membrane preparation
from HEK293 transfected cells that express the human CCK2R receptors demonstrated
that CCK8(s)-saporin has a Ki value of 58 nM (Log IC50 = -7.24 ± 0.06) compared with
that for CCK8(s) (Ki = 2.1 nM, Log IC50 = -8.67 ± 0.04).

Cloning and identification of CCK2R construct
A comparison of the nucleotide sequence of the CCK2R cDNA to that of the
CCK1R cDNA reveals 54% identity [GenBank release 71.0; PIR-Nucleic release 36].
BLAST two-sequences alignment (GI: 18491028 for rattus norvegicus cholecystokinin B
receptor, mRNA and GI: 6978614 for ratts norvegicus cholecystokinin A receptor,
mRNA) suggested two fragments of high homology (identities 72%-74%) between these
two receptor subtypes. The first one spans the entire transmembrane domain (TM) TM II,
TM III and excellular loop I; almost all intracellular loop II; and half of intracellular loop
I. The second one covers the entire TM VI and a small part of intracellular loop III. In
consideration of cloning a sequence specific to CCK2R for plasmid construction, two
primers were designed to amplify a sequence of 187 bp immediately upstream of the first
high homologous fragment, which covers part of extracellular N-terminus, entire TM I
and part of intracellular loop I. BLAST two-sequences alignment showed “no significant
similarity was found with CCK1R cDNA”.
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After the amplification of the 187 bp fragment by RT-PCR, this CCK2R PCR
product was cloned into the 4 kb pCRII vector and was verified by PCR, restriction
enzyme digestion and sequencing to make sure the size, sequence and orientation, see
Figure 1.1.

Labeling efficiency of DIG-labeled CCK2R probe
Determination of the yield of DIG-labeled RNA is most important for optimal and
reproducible hybridization results. Too high of a probe concentration in the hybridization
mix causes background, while too low of a concentration leads to weak signals. The
amount of synthesized RNA depends on the amount, size (site of linearization) and purity
of the template DNA. Under standard conditions approximately 10 μg of full length DIGlabeled RNA are transcribed from 1 μg template DNA. Figure 1.2 showed the dot
blotting result for the estimation of the yield of DIG-labeled CCK2R antisense probe by
comparing the dots density of newly labeled RNA to the control RNA with known
concentration.

Labeling efficiency of 35S-labeled CCK2R probe
We use

35

S-UTP, which is more stable and less expensive than CTP and gives

adequate rates of synthesis in the small volumes we required. We do not include any nonradioactive UTP in the synthesis, as our experience with that type of probe has a lower
signal-to-noise ratio. Also, since all uracil groups in the probe are labeled, it is possible to
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quantify the amount of hybridization based on the known sequence and length of the
cRNA transcript.
We usually obtain a transcription yield of 0.5 - 4.0 ×106 cpm/Fl in the final 100 Fl
of probe. The probes were diluted in hybridization solution in a concentration of 1 ×107
cpm/ml. This concentration was determined by serial dilutions of the probe and we found
that 1 ×107 cpm/ml of hybridization solution usually gives good signal with low
background on tissue sections. The concentration is on the high end of the range (5×106
to 1×107 cpm/ml) as recommended. Since the targeted mRNAs should be saturated to
give a quantifiable measure of mRNA after in situ hybridization, the concentration is
chosen in consideration of this low abundant CCK2R mRNA in RVM region.
The dilution of the radioactivity is directly equivalent to the dilution of cRNA
molecules. The addition of hybridization buffer stabilizes the probe markedly by dilution
as well as buffering. The intensity of hybridization signal decreases over time, as a
function of the half-life (87.5 days) of 35S. However, the background and signal-to-noise
ratio did not change appreciably. To normalize our experimental conditions, the

35

S-

CCK2R probes were always applied for hybridization the same day or the day after they
were made. Figure 1.3 showed the result of radioactivity in serial elution volume and the
fraction with the highest radioactivity was used as 35S-labeled CCK2R probes.
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Control study: Dig-CCK2R probe on HEK293 cells over-expressing CCK1R or
CCK2R
Appropriate negative controls for specific hybridization are essential and
currently there is no gold standard for such controls. One universally used control is
hybridization with a labeled sense-RNA strand for an indication of sequence non-specific
(background) hybridization in the tissue of interest. In that case, the probe is identical to
the mRNA target and should not hybridize to it. In reality, it may still generate
nonspecific signals since the sense strand RNA may target whatever complementary
mRNA sequences in the tissue. As the sense RNA and antisense sequence are entirely
distinct, except that they share the same GC content, it may be argured that a labeled
sense RNA probe does not control or in any way define the non-specific labeling of the
antisense probe, and thus is not a well designed control. Two alternative negative controls
are (1) pretreatment of sections with RNase A, or (2) the use of tissues known to be
negative for the target mRNA.
Because CCK2R shares the highest homology with the CCK1R, transcripts for the
latter represents the most likely target for cross-reactivity by the labeled probe for
CCK2R. Here we took advantage of transfected cells that express either CCK1R or
CCK2R and test the CCK2R probe specificity by in situ hybridization analysis on the 2
cell lines. The results shown in Figure 1.4 demonstrate that the CCK2R probe
distinguishes between CCK2R mRNA and CCK1R mRNA.
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Control study: pre-absorption by excessive unlabeled sense CCK2R probe
By interacting with the RNA probe, normal tissue components may create a nonspecific background peculiar to numerous ISH procedures. The balance between specific
signal and non-specific background (signal: noise S/N ratio) determines whether a
particular target mRNA can be detected by ISH. The signal from low abundance mRNA
like CCK2R can be easily obscured by even low backgrounds and a good S/N ratio is
crucial for its detection. We strived to optimize the hybridization and post-hybridization
washing conditions to achieve best S/N ratio for CCK2R signals. We further tested the
signal specificity of CCK2R probe by a “competition” control study. Sections were
hybridized with the labeled antisense DIG-labeled CCK2R probe in the presence of 4× or
10× excess of unlabeled sense CCK2R probe. These unlabeled sense strands compete
with the mRNA strand in tissues to the DIG-labeled CCK2R cRNA probes. Our data
(Figure 1.5) showed that the labeling is dependent on sequence complementarity to
CCK2R mRNA.

Positive control study - Poly-T oligonucleotide probe for poly-A mRNA
Figure 1.6 showed that poly-A signals are abundant in the RVM region and
present in various sizes of cells. These stains suggest that the whole ISH procedure is
effective, and the labeling characteristics will provide helpful information for the troubleshooting if the experimental probes do not generate signals. It is noteworthy that poly-A
signals are not always detectable on every cell and it may be explained with the
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sensitivity of the oligo-dT probes. Those cells with relatively low transcription activities
may not be detected by means of the oligo-dT probes.

Single-label in situ hybridization (ISH) confirmed the expression of CCK2R in
neurons in the RVM
Figure 1.7 depicts the localization and distribution of neurons expressing CCK2R
in the RVM region of adult rats. Both DIG-labeled (Figure 1.7A) and [35S]-labeled
(Figure 1.7C) cRNA probes for CCK2R on serial sections from the brainstem region of
naive rats (Figure 1.7B) showed that the majority of these CCK2R positive cell bodies
were localized to the RVM including raphe magnus, the nucleus reticularis
magnocellularis (NRMC) and the paragigantocellular nucleus-lateral part. Positive cells
were also seen in the area of the gigantocellular reticular nucleus dorsal to the RVM
region. Numerous labeled medium-sized cell bodies and many large pyramidal-shaped
neurons were distributed evenly throughout most of the RVM region in the rostrocaudal
extent. Our initial analysis that carried on successive coronal sections from the brainstem
region of naive rats (taken between -11.6 mm to -10.3 from bregma) showed that CCK2R
signals were evenly distributed throughout most of the RVM regions in the rostrocaudal
extent. Based on the above findings, we therefore chose to analyze one section within the
rostrocaudal extent of RVM from each rat for statistical analysis in the following
experiments.
Combined IHC/ISH showed that CCK2R mRNA labeling was associated
exclusively with neurons defined by NeuN labeling (Figure 1.7D). Autoradiographic
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detection of [35S] labeled cRNA for CCK2R mRNA showed that silver grains
concentrated exclusively over cells that were labeled for NeuN (brown DAB stain). On
cells that were not labeled by the anti-NeuN antibody, i.e., cell bodies depicted only by
the green nuclear stain, the silver grain density was not different from background.
CCK2R mRNA labeled neurons were primarily of medium or large diameter ranging
from 25 μm to >50 μm. Some CCK2R mRNA labeled neurons appeared to cluster.
CCK2R mRNA labeled between 10 to 15% of RVM neurons labeled by NeuN (61 ± 4 for
CCK2R mRNA labeled neurons in the RVM per section versus 532 ± 22 for NeuN
labeled neurons in the RVM per section).

MOR labeled cells in the RVM
In situ hybridization analysis using a DIG-labeled cRNA for MOR showed
similar distribution of MOR positive cells in the RVM (Figure 1.8) as that described
previously using a fluorescein-labeled partial cDNA probe (Porreca et al., 2001). In the
RVM, cells that expressed MOR transcripts were highly localized to the raphe magnus
and

the

magnocellular

reticular

nucleus;

labeling

was

also

found

in

the

paragigantocellular reticular nucleus-lateral part in fewer cells when compared with the
raphe magnus. A low density of discrete cell bodies in the gigantocellular reticular
nucleus, an adjacent region dorsal to the defined RVM, was also labeled. Comparing with
the number and distribution of cells that were labeled with CCK2R, MOR positive
neurons were relatively concentrated medial ventrally, and fewer in number in the RVM
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(64 ± 6 for MOR labeled cells per section in the RVM versus 97 ± 4 for CCK2R labeled
cells per section in the RVM).

CCK2R and MOR mRNA were co-expressed in the same cells in the RVM
Double in situ hybridization combined the use of [35S]-labeled CCK2R cRNA
probe for the autoradiographic detection of CCK2R mRNA and the colorimetric
immunodetection of DIG-labeled MOR cRNA for MOR mRNA. Figure 1.9A shows a
high magnification photomicrograph of a pyramidal neuron labeled with both silver
grains surrounding the unstained nucleus (CCK2R) and dark blue stain (MOR) in the
RVM. Mapping of RVM neurons that co-expressed CCK2R and MOR, or expressed
CCK2R but not MOR, or expressed MOR but not CCK2R, was carried out on 9 sections
from 5 rats (Figure 1.9B). The analysis showed that most of the labeled RVM cells coexpressed CCK2R and MOR. The average cell count per section was 61 ± 13. A small
number of RVM cells was labeled with only CCK2R ; the average cell count per section
was 11 ± 7. Very few RVM cells were labeled with MOR and not CCK2R; the average
number per section was 2 ± 2.

CCK8(s)-saporin pretreatment prevented RVM CCK-induced tactile and thermal
hypersensitivity, concomitant with a significant loss of CCK2R as well as MOR
labeled cells in the RVM (data contributed by Dr. Jennifer Xie)
The bilateral microinjection of saporin, CCK8(s), or CCK8(s)-saporin into the
RVM of naive rats produced no observable behavioral changes over a period of 28 days.
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Paw withdrawal thresholds to probing with von Frey filaments remained unchanged in
CCK8(s)-saporin pretreated group over this time period (15.0 ± 0 gm at baseline versus
13.6 ± 0.9 gm at day 28, p>0.05 ). Similarly, the paw withdrawal latencies to radiant heat
applied to the plantar aspect of the hind paw did not change in CCK8(s)-saporin
pretreated group over the same period (15.8 ± 0.41 s at baseline versus 14.8 ± 0.7 s at day
28, p>0.05).
On day 28, these rats were given CCK8(s) bilaterally into the RVM (30 ng/0.5μL
each side). Paw withdrawal threshold to von Frey probing and thermal latency to radiant
heat in the left hind paw was monitored over a time-course of 120 min (Figure 1.10). The
rats that were pretreated with either saporin or CCK8(s) developed tactile and thermal
hypersensitivity within 30- 45 min after CCK8(s) microinjection. The paw withdrawal
thresholds for the saporin- and CCK8(s)-pretreated groups were significantly (p # 0.05)
decreased from baseline threshold (15.0 gm) to 8.7 ± 1.6 and 8.8 ± 1.3 gm, respectively.
However, rats that were pretreated with CCK8(s)-saporin showed a threshold (12.7 ± 0.9
gm) that was not significantly different from baseline (p > 0.05) (Figure 1.10A). Rats
pretreated with either RVM saporin or CCK8(s) displayed a significant reduction in paw
withdrawal latencies upon CCK8(s) injection into the RVM (Figure 1.10B). Baseline paw
withdrawal latencies to noxious thermal stimuli diminished from 18.7 ± 1.0 s to 13.7 ±
1.3 s in saporin-pretreated group and from 18.6 ± 0.6 s to 13.8 ± 1.4 s in CCK8(s)pretreated group within 30 min after RVM CCK-8(s) (Figure 1.10B). In contrast,
pretreatment with CCK8(s)-saporin in the RVM prevented CCK-induced thermal
hypersensitivity. The CCK8(s)-saporin-pretreated group showed thermal latency of 16.6
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± 1.4s that did not differ significantly from the baseline (18.7±0.5 s; p> 0.05) (Figure
1.10B).
The RVM from these rats were examined to identify the placement of the
cannulae and serial sections prepared for in situ hybridization analysis. Initial qualitative
examination suggested that there was no significant reduction in the total number of
nuclear counterstained cells or detectable tissue necrosis. The sections taken from rats
that were pretreated with saporin or CCK8(s) showed similar densities of CCK2R labeled
cells in the RVM when compared with that observed in naVve rats above. The RVM of
the CCK8(s)-saporin-pretreated rats consists of markedly fewer CCK2R labeled cells
when compared with that of CCK8(s)- or saporin-pretreated rats. This regional loss of
CCK2R labeled cells in CCK8(s)-saporin-pretreated tissues spanned approximately 0.5
mm in the rostra-caudal extent on both sides of the cannulae. For quantitative analysis,
one section adjacent to the cannula site from each of 5 to 6 rats from each treatment
group was analyzed for significant difference (one-way ANOVA and Fisher's least
significant difference test) (Figure 1.10C). The statistical analysis showed that CCK8(s)saporin pretreatment significantly reduced the number of CCK2R expressing neurons in
RVM when compared with that of saporin-pretreated rats (p < 0.001).
We further examined the MOR labeling in the RVM in rats that were pretreated
with saporin or CCK8(s)-saporin. There was an extensive reduction of MOR staining in
the RVM in serial sections. Statistical analysis using sections from multiple rats as above
showed that CCK8(s)-saporin pretreatment also significantly reduced the number of
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MOR expressing neurons in the RVM when compared with that of saporin-pretreated rats
(p < 0.001) (Figure 1.10C).

Dermorphin-saporin RVM pretreatment prevented RVM CCK8(s)-induced tactile
and thermal hypersensitivity, concomitant with a significant loss of MOR as well as
CCK2R positive cells in the RVM (Data contributed by Dr. Shannin Gardell)
Similar to the above experiment of RVM pretreatment with CCK8(s)-saporin, the
bilateral microinjection of saporin (46.5 ng/0.5μL each side), dermorphin (1.5 ng/0.5μL
each side), or dermorphin-saporin (46.5 ng/0.5μL each side) into the RVM of naive rats
produced no observable behavioral changes over a period of 28 days. Paw withdrawal
thresholds to probing with von Frey filaments remained unchanged over this time period
(14.8 ± 0.2 gm at baseline versus 14.6 ± 0.3 gm at day 28, p>0.05). Similarly, paw
withdrawal latencies to radiant heat did not change in CCK8(s)-saporin pretreated group
over the same period (20.1 ± 0.2 s at baseline versus 20.3 ± 0.4 s at day 28, p>0.05). The
rats were then given CCK8(s) bilaterally in the RVM (30 ng/0.5μL each side). Tactile
and thermal responses in the left hind paw were monitored over a time-course of 120
min. Thirty to 45 min after CCK8(s) microinjection into the RVM, the rats that were
pretreated with either saporin or dermorphin exhibited hypersensitivity to von Frey
probing (Figure 1.11A) and radiant heat (Figure 1.11B) in the left hind paw. The paw
withdrawal thresholds and latencies of the rats with either saporin- or dermorphinpretreatment were significantly lower than their respective baseline values (p < 0.05).
Pretreatment with the toxin conjugate, dermorphin-saporin, prevented CCK8(s)-induced
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mechanical and thermal hypersensitivity. The response thresholds to non-noxious
mechanical stimuli and noxious thermal stimuli in rats pretreated with dermorphinsaporin did not differ significantly (p > 0.05) from the baseline after CCK administration
into the RVM.
Brain stem sections were prepared from the saporin, dermorphin, or dermorphinsaporin pretreated rats as above. The pretreatment with saporin or dermorphin did not
change the density of cells that were labeled with MOR in the RVM. Dermorphin-saporin
pretreatment resulted in a significant reduction in the number of RVM neurons labeled
with the MOR cRNA over 0.4-0.5 mm distal to the cannula site. For quantitative analysis,
sections taken from multiple rats from saporin or dermorphin-saporin pretreated groups
were mapped. Statistical analysis showed that dermorphin-saporin pretreatment
significantly reduced the number of MOR expressing neurons in RVM when compared
with that of saporin-pretreated rats (p < 0.001) (Figure 1.11C).
Since RVM pretreatment with dermorphin-saporin prevented RVM CCK-induced
tactile and thermal hypersensitivity, brain stem sections from these two groups were also
labeled for CCK2R. In situ hybridization using DIG-labeled CCK2R cRNA showed that
there were markedly fewer CCK2R expressing cells in the RVM of dermorphin-saporin
pretreated group when compared with that of saporin-pretreated rats. Mapping of sections
taken from multiple rats showed that dermorphin-saporin pretreatment significantly
reduced the number of CCK2R expressing neurons in the RVM when compared with that
of saporin-pretreated rats (p < 0.001) (Figure 1.11C).
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DISCUSSION

The results of the present study provide the first evidence that a specific
population of RVM neurons that co-express CCK2 receptors (CCK2R) and opioid
μ receptors (MOR) may be critical in the descending facilitatory modulation of
nociception in naive rats. Our data provide an anatomical description of the distribution
of CCK2R and MOR expressing cells in the RVM by in situ hybridization. The
functionally significance of the RVM region in pain modulation was first defined by
Fields et al (Fields et al., 1985). However, this functionally defined RVM region does not
always respect the cytoarchitectural boundaries of the nuclei in the RVM. Within this
region, the medullary raphe consists of the rostrally located raphe magnus (RM) and the
ventrally located raphe pallidus (RP). The reticular region overlying the pyramids, lateral
to RM and RP, is the nucleus reticularis magnocellularis (NRMC) (Kruger et al., 1995) or
nucleus reticularis gigantocellularis pars alpha (Watson et al., 1986). Lateral to the
pyramids the most ventral region is termed the parapyramidal region (PPR). Dorsal to the
PPR, the nucleus paragigantocellularis pars lateralis (NRPGl) extends from the middle
level of the inferior olive to the level of the trapezoid body. Our data demonstrate an
extensively overlapping distribution of cells expressing CCK2R and/or MOR in the
caudal-rostral extent. The majority of labeled cells are located in the RM and NRMC, a
place in which activation of neurons modulates dorsal horn nociceptive sensory
processing. Few cells are labeled in the regions of RP and PPR and NRPGI, a place
implicated in efferent autonomic control. In caudally located sections, cells labeled with
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CCK2R or MOR were also found in the raphe obscurus (RO) nuclei dorsally located to
the defined RVM region, a region involved in the modulation of autonomic functions.
Nevertheless, the majority of CCK2R or MOR labeled cells are located within the RVM
region involving modulation of nociceptive processing.
In the past decade it has became clear that endogenous pathways can either inhibit
or facilitate pain. RVM stimulation can either suppress or facilitate nociceptive dorsal
horn cells and nociceptive reflexes (Zhuo et al., 1990) (Zhuo et al., 1992) (Zhuo et al,
1997), whereas lesion or inactivation of the RVM attenuates both the suppression and the
facilitation of nociceptive transmission (Behbehani et al., 1979) (Gebhart et al., 1983)
(Sandkuhler et al., 1984) (Kaplan e al., 1991). These results led to the idea that RVM
contains two populations of neurons - so-called ON and OFF cells that, when activated,
mediate nociceptive facilitation and inhibition, respectively. It was also established
previously that ON cell firing is sensitive to mu opioids, suggesting that they express
MOR (Heinricher et al., 1994). Antibodies against MOR that label the spinal dorsal horn
and dorsal root ganglion neurons, however, do not label RVM cells for reasons that are
not known (unpublished observations). Our findings using in situ hybridization here and
previously (Porreca et al., 2001) provide the means to identify the MOR expressing cells
and their distribution in the RVM. Currently, study of the pain facilitatory cells is still
largely hindered by lack of a way to characterize their neurochemical phenotype
efficiently. It is, at present, not possible to characterize neurons such as ON cells without
peripheral inputs. Recently, some clues including excitatory amino acid (EAA)
neurotransmission (Heinricher et al., 1998), neurotensin (Neubert et al., 2004), or CCK
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(Heinricher et al., 2004) are shown to be crucial to the nocifensor reflex-related ON cell
burst, but these experiments did not definitively show that such manipulations directly act
on ON cells. The data in the present study provides the first direct evidence that discrete
cell bodies in the RVM co-express, thereby providing direct evidence to explain the
pharmacological actions of CCK and opiates on these pain facilitatory cells in the RVM.
Previous studies have established that CCK neurons and neurons containing opioid
peptides display striking overlap in the RVM region (Skinner et al., 1997). The nerve
terminals containing CCK or enkephalin are distributed largely in parallel to the
distribution of opiate receptors (Stengaardpedersen et al., 1981). Moreover, CCK
receptors were also found to have a regional distribution similar to that of opiate
receptors in the brain using autoradiography method (Saito et al., 1980). The finding that
a large fraction (>80%) of labeled RVM cells co-express CCK2R and MOR suggests that
CCK input has a direct antagonistic effect on enkephalinergic inoput by acting on the
same pain facilitatory neurons in the RVM.
In order to define the role of the RVM neurons that express CCK2R in nociceptive
modulation, we exploited the high affinity and specificity of CCK8(s) for CCK receptors
to direct the agonist induced internalization of the toxin complex, CCK8(s)-saporin, for a
selective toxicity on CCK2R expressing cells in the RVM. This strategy of targeted cell
ablation has been successfully applied previously to NK-1 expressing neurons in the
spinal cord (Mantyh et al., 1997) and MOR expressing neurons in the RVM (Porreca et
al., 2001) (Burgess et al., 2002). Although our data show that conjugated CCK8(s)saporin has a lower affinity for CCK2R when compared with CCK-8(s), the data showed
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that a single dose of CCK8(s)-saporin directly injected into the RVM produced a
significant decrease (85%) in the number of cells positively labeled for CCK2R
transcripts, while treatment with CCK8(s) or saporin had no effect. Bilateral injection of
the toxin conjugate into the RVM produced its greatest effect at the site of the guide
cannulae and this effect may spread approximately 0.5 mm in radius on the lateral and
vertical plane as well as in the caudal-rostral extent. In this regard, some CCK2R labeled
neurons may be found in sections distal to the cannula placement, while CCK2R labeled
cells found in the gigantocellularis dorsal to the RVM may be also ablated. The loss of
cell labeling was not the result of non-selective cytotoxicity as nuclear counterstain of the
sections showed a general lack of necrosis or cell loss.
Our studies demonstrated that RVM injection of CCK8(s)-saporin did not alter
the baseline hind paw sensitivity to tactile or thermal stimuli over a period of 28 days,
suggesting that CCK2R expressing cells are not essential for the baseline sensory
thresholds. The fact that depletion of RVM cells expressing CCK2R prevented CCKinduced tactile and thermal hypersensitivity suggests that one critical component of the
pain facilitation pathway from the RVM is the supraspinal nociceptive drive by activating
CCK2R in the RVM. Co-localization of the CCK2R and MOR expression in a significant
subset of RVM neurons predicts that the ablation of RVM by CCK8(s)-saporin would
also reduce the number of MOR labeled cells in the RVM. This prediction was supported
by the data, further substantiating the colocalization of CCK2R and MOR, and the
MOR/CCK2R phenotype may be the hallmark of pain facilitatory neurons in the RVM.
We have also substantiated these findings by using dermorphin-saporin to target MOR
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expressing cells in the RVM. The data are highly consistent with the co-expression of
MOR and CCK2R, as dermorphin-saporin significantly reduced the number of MOR
expressing cells and a concurrent reduction of CCK2R labeled cells in adjacent sections
from the same rats. Dermorphin-saporin pretreatment also prevented the tactile and
thermal hypersensitivity by RVM CCK8(s), but had no effect on the baseline sensory
thresholds. The latter is consistent with that previously observed and would be predicted
if CCK8(s)-saporin and dermorphin-saporin a similar cell population. The use of two
different toxin conjugates to evaluate the anatomical and functional consequences of the
ablation of this population of cells raises the level of confidence that the observed effects
of the toxin conjugates are indeed specific. Furthermore, the effectiveness of dermorphinsaporin in blocking RVM CCK8(s) induced sensory hypersensitivity suggests that the
small population of CCK2R positive/MOR negative neurons are either not pain
facilitatory cells, or are insufficient to promote nociceptive hypersensitivity upon
activation by exogenous CCK8(s).
Because pharmacological evidence suggests that ON cell activity can be blocked
by the mu opioid selective agonist DAMGO (Heinricher et al., 1992) and more recent
evidence shows that CCK8(s) directly given into the RVM is sufficient to induce ON cell
firing (Heinricher et al., 2004), it is possible that the CCK2R/MOR phenotype may
represent a population of the electrophysiologically defined ON cells in the RVM,
although further evidence is required to substantiate this postulation. In summary, the
results presented here support the hypothesis that pain facilitatory cells in the RVM coexpress CCK2R and MOR. Together with previous studies showing that RVM CCK2R
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antagonists reverse nerve injury-induced pain (Kovelowski et al., 2000), this phenotype
provides strong support for the view that endogenous CCK is a critical mediator of the
descending pain facilitation both in acute and in the maintenance of experimental
neuropathic pain. The phenotypic characterization of RVM neurons is pivotal to
understanding the neurochemical and functional properties of these neurons, their role in
pathological pain states, and in providing insights into potential therapeutic strategies.
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FIGURES AND LEGENDS
(PART ONE)
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Figure 1.1. Identification of CCK2R construct
A. PCR analysis to determine the presence of the insert. Forward primer (5'-3' CCA CAG
AGG GAA GAG TTG) and reverse primer (5'-3' TCT TAG GCG TCG GCT CAG) are
used to amplify the constructed plasmid. A band with the correct size (187 bp) was
amplified.

B. Restriction enzyme analysis to determine the presence of the insert. EcoR I and Xho I
sites were flanked between the insert and therefore the two enzymes were chosen for
restriction digestion. A band with the correct size was shown on the agarose gel.

XhoI
EcoRI
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Figure 1.2. Estimating the yield of DIG-labeled CCK2R cRNA. Dilutions of the labeled
control RNA and the newly labeled (experimental) RNA were spotted on, fixed to, and
directly detected on a Roche Applied Science Nylon Membrane, with colorimetric
detection. The intensity and density are compared between the two groups.

10
ug/ul

Control RNA with known conc.

Newly labeled CCK2R probe

1
ug/ul

0.1
ug/ul

0.01 0.001
ug/ul ug/ul
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Figure 1.3. Radioactivity as a function of the elution volume. The

35

S-labeled CCK2R

probes are separated from unincorporated 35S-UTP by passing the reaction mix through a
NICK column containing Sephadex G-50 DNA Grade. A typical elution profile is shown
here. The fraction of elution volume 500 μl has the highest radioactivity (the peak on the
graph).
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Figure 1.4 Control study: DIG-labeled CCK2R probe on HEK293 cells over-expressing
CCK1R or CCK2R. The specificity of the labeling for CCK2R transcripts is supported by
the ability of the cRNA probe to differentiate CCK2R mRNA from CCK1R mRNA, the
other subtype of cholecystokinin receptor family which shares 55% identities in
nucleotide with CCK2R. In contrast to the specific hybridization labeling in HEK293
cells over-expressing CCK2R (left panel), the cRNA probe did not detect any
hybridization signal in HEK293 cells over-expressing CCK1R (right panel).
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Figure 1.5 Control study: pre-absorption by excessive unlabeled sense CCK2R probe.
The cRNA probes for CCK2R mRNAs were incubated with brain stem sections by
adding to the hybridization reaction in the absence (left panel) or presence of 10-fold
excess of unlabeled, corresponding sense RNA (right panel) during hybridization. Under
this condition, no specific hybridization was detected (right panel).
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Figure 1.6 Positive control study: poly-T oligonucleotide probe for poly-A mRNA.
Oligo-dT probes for the detection of poly-A mRNA were used as positive control probes
to monitor the procedures of in situ hybridization. This figure shows the cells labeled
with poly-A mRNA (pink stainings) in the presence of nuclear counterstains (dark blue).
This picture was taken under a 10 × objective lens, showing the whole RVM region. “X”
points to a cell with pink perinuclear stainings. Noteworthy is that not all cells with
nuclear counterstainings have detectable poly-A signals.
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Figure 1.7 Localization of cholecystokinin type-2 receptor mRNA in frontal sections (20
μm) of the brainstem at the level between the caudal facial nucleus (approximately -11.6
mm from bregma) and the caudal superior olive (approximately -10.3 mm from bregma)
in which the region is referred to as the rostroventral medulla.
A, a representative photomicrograph of neurons containing CCK2R mRNA in the RVM
region by a colorimetric hybridization histochemistry method using a digoxigenin-labeled
cRNA probe generated from the coding region (nucleotides 73-260) of the rat CCK2R.
The bright-field micrograph shows the distribution of the detected CCK2R mRNA signal
as a red stain (Fast Red). The section has been counterstained with Mayer's hematoxylin
(blue nuclei). The cRNA probe labels discrete neuronal cell bodies and unlabeled cells
can been seen as blue nuclei with negligible cytoplasmic stain. Scale bar = 25 μm.
B, neurons expressing CCK2R were identified by the detection of the mRNA, utilizing a
35

S-labeled antisense RNA probe. High-power micrograph of a dipped autoradiograph

showed that two large-size cells in the RVM were labeled with the probe as indicated by
scattered silver grains surrounding the nucleus (blue stains by hematoxylin), whereas
other adjacent cells were not labeled.
C, coronal maps of neurons containing CCK2R mRNA in the RVM region and the
adjacent area dorsal to the RVM called the nucleus reticularis gigantocellularis. The maps
are plotted at successive caudal to rostral intervals (120 μm) with the section number at
the top left of each map. Each dot represents one labeled neuron. Cells that expressed
CCK2R transcripts are highly localized to the raphe magnus and the magnocellular
reticular nucleus and also found at a moderate cell density in the paragigantocellular
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reticular nucleus -lateral part and the gigantocellular reticular nucleus. CCK2R mRNA
signals are exclusively localized on RVM neurons.
D. Combined IHC/ISH is applied to detect CCK2R mRNA signals and NeuN immunoreactivity on the same sections. CCK2R signals are represented as silver grains. Neuronal
marker NeuN is shown as light brown colors. Other cell types are shown as green nucleus
staining only.
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Figure 1.7 (continued from the previous page)
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Figure 1.8 Localization of opioid μ receptor mRNA in frontal sections (20 μm) of the
brainstem at the level between the caudal facial nucleus (approximately -11.6 mm from
bregma) and the caudal superior olive (approximately -10.3 mm from bregma) in which
the region is referred to as the rostroventral medulla.
A, A representative photomicrograph of neurons containing MOR mRNA in the RVM
region by a colorimetric hybridization histochemistry method using a digoxigenin-labeled
cRNA probe in vitro transcribed from the coding region (nucleotides 628-965) of the rat
MOR. The bright-field micrograph shows the distribution of the detected MOR mRNA
signal as a red staining (Fast Red). The section has been counterstained with Mayer's
hematoxylin (blue nuclei). The cRNA probe labels discrete neuronal cell bodies and
unlabeled cells can been seen as blue nuclei with negligible cytoplasmic stain. Scale bar
= 50 μm.
B, Coronal maps of neurons containing MOR mRNA in the RVM region and the adjacent
area dorsal to the RVM called the nucleus reticularis gigantocellularis. The maps are
plotted at successive caudal to rostral intervals (120 μm) with the section number at the
top left of each map. Each dot represents one labeled neuron. Cells that expressed MOR
transcripts are highly localized to the raphe magnus and the magnocellular reticular
nucleus and also found at a lower cell density in the paragigantocellular reticular nucleus
-lateral part and the gigantocellular reticular nucleus. Comparing to CCK2R labeling, the
distribution of labeled MOR positive neurons are relatively concentrated in the midline
and there are less number of labeled MOR positive neurons.
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Figure 1.8 (continued from the previous page)
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Figure 1.9 Double hybridization histochemistry for the detection of the messenger RNAs
encoding CCK2R and MOR in the RVM.
A. A higher magnification image (×100 objective) highlighting the co-localization of
CCK2R and MOR mRNAs in RVM cells. Coronary sections were simultaneously
hybridized with a

35

S-labeled CCK2R cRNA probe (silver grains) and a digoxygenin-

labeled MOR cRNA probe (dark blue stains). Notice the overlapping of silver grains (for
CCK2R mRNA) on the pyramidal-shape dark blue staining (for MOR mRNA) devoid of
nucleus staining in the middle.
B. A representative map of cells coexpressing CCK2R and MOR mRNA, CCK2R
mRNA-only expressing cells and MOR mRNA-only expressing cells in the RVM. Based
on the analysis of 9 sections from 5 rats, over 80% of labeled RVM neurons co-express
both MOR and CCK2R, about 15% express only CCK2R, and very few cells express only
MOR.
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Figure 1.9 (continued from the previous page)
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Figure 1.10 CCK8(s)-saporin pretreatment in the RVM prevented CCK-induced tactile
and thermal hypersensitivity in the RVM. Male Sprague-Dawley rats received a bilateral
microinjection of saporin (50 ng/0.5μl, each), CCK 8(s) (1.89 ng/0.5μl, each), or
CCK8(s)-saporin (50 ng/0.5μl, each) into the RVM. After 28 d, rats were subjected to
CCK8(s) (30 ng/0.5μl) bilaterally into the RVM and were tested for mechanical (Figure
1.10A) or thermal (Figure 1.10B) hypersensitivity using von Frey filaments or radiant
heat, respectively. Rats that received saporin or CCK8(s) pretreatments in the RVM
demonstrated clearly increased sensitivity to normally non-noxious mechanical and
noxious thermal stimuli, as indicated by significantly reduced behavioral response
threshold compared with the baseline (p # 0.05, Student's t test). However, rats that were
pretreated with CCK8(s)- saporin in the RVM showed response thresholds to mechanical
or thermal stimuli that were not significantly different from baseline values (*p $0.05).
Ablation effects of saporin, CCK8(s) and CCK8(s)-saporin microinjected into
RVM at 28 days after treatment were shown at Figure 1.10C. In all instances the saporin
and CCK8(s) pretreated animals were not significantly different from normal untreated
control animals, and thus only the values for the saporin, CCK8(s) and CCK8(s)-saporin
injected animals are shown. Positive cells expressing either CCK2R or MOR messages
were detected by in situ hybridization using digoxigenin-labeled CCK2R or MOR cRNA
probe. The number of cells on each section of the RVM region was determined by an
image-combining computer microscope using Neurolucida software. CCK8(s)-saporin
pretreatment not only significantly reduced the number of CCK2R expressing neurons in
RVM, but also the number of MOR expressing neurons. Data points are expressed as the
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mean ± SEM, and the significant difference was calculated by a one-way ANOVA
followed by Fisher's least significant difference test (***p < 0.001).

(Figure A+B from Dr. Jennifer Xie)
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Figure 1.11 Dermorphin-saporin pretreatment in the RVM also prevented CCK-induced
tactile and thermal hypersensitivity in the RVM. Male Sprague-Dawley rats received a
bilateral microinjection of saporin (46.5 ng/0.5μl, each), dermorphin (1.5 ng/0.5μl, each),
or dermorphin-saporin (46.5 ng/0.5μl, each) into the RVM. After 28 d, rats were
subjected to CCK8(s) (30 ng/0.5μl) bilaterally into the RVM and were tested for
mechanical (Figure 1.11A) or thermal (Figure 1.11B) hypersensitivity using von Frey
filaments or radiant heat, respectively.

Rats that received saporin or dermorphin

pretreatments in the RVM demonstrated clearly increased sensitivity to normally nonnoxious mechanical and noxious thermal stimuli, as indicated by significantly reduced
behavioral response threshold compared with the baseline (p # 0.05, Student's t test).
However, rats that were pretreated with dermorphin-saporin in the RVM showed
response thresholds to mechanical or thermal stimuli that were not significantly different
from baseline values (*p $0.05).
Positive cells expressing either MOR or CCK2R messages were detected by in
situ hybridization using digoxigenin-labeled MOR or CCK2R cRNA probe as described
above. Dermorphin-saporin pretreatment significantly reduced the number of MOR
expressing neurons in RVM (Figure 1.11C). Similarly, marked reduction in CCK2R
expressing neurons was also found in dermorphin-saporin-treated animals (Figure
1.11C). Data points are expressed as the mean ± SEM, and the significant difference were
calculated by a one-way ANOVA followed by Fisher's least significant difference test
(***p < 0.001).

101

Figure 1.11 (continued from the previous page)

(Figure A+ B contributed by Dr. Shannon Gardell)
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PART TWO

ABLATION OF BRAINSTEM MEDULLARY CELLS EXPRESSING THE
CHOLECYSTOKININ TYPE 2 RECEPTORS PREVENTS THE MAINTENANCE
OF NEUROPATHIC PAIN IN RATS
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ABSTRACT

Behavioral manifestations of neuropathic pain states depend on descending
facilitatory drive from the RVM. RVM microinjection of L365, 260, a cholecystokinin-2
receptor (CCK2R) antagonist, blocks thermal and tactile hypersensitivity in rats with
spinal nerve ligation (SNL) injury. Recently, saporin conjugated to the μ-opioid receptor
(MOR) agonist dermorphin (DERM-SAP) was used to destroy RVM cells expressing
MOR, presumably these included pain facilitatory cells, which are known to express
MOR. Interestingly, selective ablation of RVM pain facilitatory neurons by DERM-SAP
blocked CCK-induced abnormal pain. These observations suggest the possibility that
CCK2R may serve as a surface marker for these pain facilitatory cells; elimination of
CCK2R expressing neurons may result in the removal of the driving force for descending
facilitation from RVM, hereby block the development of neuropathic pain. Male S-D
rats received a single RVM injection of CCK8(s)-saporin, saporin, or CCK8(s).
Behavioral responses to tactile (von Frey) and thermal (radiant heat) stimuli were normal
over 28 days post-injection. At day 28, the rats were injured with SNL. Rats pretreated
with CCK8(s) or saporin developed tactile and thermal hypersensitivity at day 2 and
maintained the hypersensitivity 14 days after SNL. In contrast, animals pretreated with
RVM CCK8(s)-saporin have an almost full reversal of thermal sensory threshold starting
at day 5 after SNL. Consistent with this finding, a partial reversal of tactile threshold was
also seen on animals pretreated with CCK8(s)-saporin in a similar time-course. The
lesion effects of RVM CCK-SAP were further evaluated by in situ hybridization with
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chromogenic Digoxigenin-labeled CCK2R cRNA probes. Comparing to saporinpretreated groups, CCK8(s)-saporin pretreatment significantly reduce the numbers of
CCK2R labeled neurons within RVM in both sham and SNL rats. By analyzing mRNA
signals at the adjacent sections within the same animal using Digoxigenin-labeled MOR
cRNA probes, CCK8(s)-SAP abolished MOR expressing cells in RVM to a similar
extent. The present findings show that selective ablation of CCK2R expressing cells in
RVM is sufficient to block the development of the maintenance stage of neuropathic
pain, and thus confirm the hypothesis that CCK2R expressing cells may be an important
player in descending facilitation from RVM as a mechanism of neuropathic pain.
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INTRODUCTION

Although significant advances have been made with regards to the study of acute
pain, our comprehension of underlying mechanisms governing chronic pain states is still
limited. One of the most perplexing chronic pain states is neuropathic pain. Neuropathic
pain, which is not protective in nature and generally outlasts the injury triggering its
presence, occurs when there are structural and /or functional nervous system adaptations,
secondary to injuries, that take place centrally or peripherally in many disease processes.
Recent studies have focused on possible supraspinal adaptations in response to peripheral
nerve injury-induced neuropathic pain. Blockade of established nerve injury-induced
pain behaviors achieved by lidocaine microinjection into the rostral ventromedial medulla
(RVM) provides a basis for proposing that the RVM is a significant contributor to the
supraspinal processing of nociceptive inputs (Pertovaara et al., 1996; Kovelowski et al.,
2000).
The RVM region receives inputs from the spinal dorsal horn and also from rostral
sites (Fields and Basbaum, 1978; Fields et al., 1983; Fields, 1985a; Fields, 1999b).
Importantly, neurons in the RVM project to laminae I, II and V of the spinal cord, placing
their terminals in intimate contact with nociceptive primary afferent inputs
(Fields et al., 1995). Selective disruption of the dorsolateral funiculus (DLF), which
conducts the bulbospinal projections from the RVM, blocks enhanced pain in rats with
spinal nerve ligation (SNL); whereas DLF transection in sham-operated rats did not affect
response thresholds (Ossipov et al., 2000). These findings provide neuroanatomical
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evidence that descending pain facilitation from the RVM may underlie the mechanisms in
neuropathic pain states.
An important neuropeptide that may act as a pro-nociceptive agent in nerve injury
is CCK. Although microinjection of CCK into the RVM of naive rats provoked tactile
and thermal hypersensitivity (Kovelowski et al., 2000), CCK antogonists alone do not
produce any antinociception, indicating that there is a lack of CCK-mediated excitatory
tone (Wiesenfeld-Hallin and Xu, 2001).

Instead, the application of the CCK2R

antagonist, L365,260, into RVM reversed both thermal and tactile hypersensitivity in rats
with SNL injury (Kovelowski et al., 2000), indicating a CCK-mediated descending
facilitation in neuropathic pain states. Furthermore, data from our group showed that the
pharmacological microinjection of CCK into the RVM produced tactile and thermal
hypersensitivity that was blocked by lesions of the DLF (Xie et al., 2005) or by prior
dermorphin-SAP (saporin conjugated to MOR agonist dermorphin) lesion of RVM pain
facilitatory cells which were known expressing mu opioid receptors (Porreca et al.,
2001). Taken together, these findings led us to hypothesize that endogenous CCK may
promote pain associated with the neuropathic state, and elimination of CCK receptor
expressing cells may result in removal of the driving force for descending facilitation
from RVM, hereby block the development of neuropathic pain.
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MATERIALS AND METHODS

Spinal nerve ligation (SNL) and sham surgery
Spinal nerve injury was performed according to the procedure of Kim and Chung
(Kim and Chung, 1992). Anesthesia was maintained with 0.5% halothane in O2. After
surgical preparation of the rats, a 2 cm paraspinal incision was made at the level L4-S2.
The unilateral L5 and L6 spinal nerves were exposed and tightly ligated distal to the
dorsal root ganglia using 4-0 silk suture. The incisions were closed and animals were
allowed to recover for at least 6 days prior to use. Sham-operated control rats were
prepared in an identical manner without L5/L6 nerve ligation. Rats that exhibit motor
deficiency (such as paw dragging or dropping) or failure to exhibited subsequent tactile
allodynia were excluded from further testing.

Experimental design

Anesthetized rats were placed in a stereotaxic head holder. The skull was
exposed, and two 26 ga guide cannulas separated by 1.2 mm were directed toward the
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lateral portions of the RVM. The animals were allowed to recover for 7 d after surgery
before any drug administration. Seven days later (day 0), the animals were tested for
baseline responses to non-noxious mechanical stimuli (von Frey filaments) and to
noxious radiant heat. CCK8(s)-saporin, CCK8(s) or saporin was administrated as a single
dose of 3 pmol into the RVM (1.5 pmol in 0.5 ul on each side). The animals were tested
for behavioral responses on day 2, 7, 14, and 28 after the microinjection. Twenty-eight
days after RVM microinjection, rats were subjected to either SNL or sham surgery. In the
following 14 d after surgery, the animals were tested for their responsivity to tactile and
thermal stimuli applied to the paw ipsilateral to the sham or SNL procedure starting at
day 2 on a daily basis to day 14. The brain tissues from the experimental rats (n=3 per
group) were collected as described in PART ONE for in situ hybridization at day 14 after
surgery.

Data analysis
Significant changes from baseline control values were detected by ANOVA,
followed by Fisher's least significant difference test. These evaluations were all
performed with the aid of the pharmacological statistics package. Significance was set at
p < 0.05.
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RESULTS

CCK8(s)-saporin pretreatment significantly reduced the number of CCK2R
expressing neurons in the RVM in SNL rats
The RVM of the CCK8(s)-saporin-pretreated SNL rats consisted of significantly
fewer labeled cells when compared with that of saporin-pretreated SNL rats (Figure
2.1A). This regional loss of CCK2R transcripts in CCK8(s)-saporin-pretreated tissues was
not possibly caused by differences in experimental conditions since the tissue sections
from these two groups were performed for in situ hybridization procedures in parallel.
Sections distal (>0.5 mm) to the cannula place taken from CCK8(s)-saporin- or saporinpretreated rats showed similar distributions and densities of labeled cells, suggesting that
the loss of labeling correlates with the stereotaxic delivery of CCK8(s)-saporin to the
RVM and this loss is specific to CCK8(s)-saporin treatment. Based on the above
findings, the distribution of CCK2R mRNA signals on two serial sections on each side
adjacent to the cannula placement (caudal to rostral extension) were analyzed for rats
pretreated with saporin or CCK8(s)-saporin (Figure 2.1B and 2.1C). CCK8(s)-saporin
pretreatment dramatically reduced the number of CCK2R expressing neurons in RVM by
more than 50-60% (57.4 ± 7.4 %)
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CCK8(s)-saporin pretreatment also significantly reduced the number of CCK2R
expressing neurons in the RVM in sham control rats
Similarly, the RVM of the CCK8(s)-saporin-pretreated rats followed by sham
surgery consisted of significantly fewer labeled cells when compared with that of
saporin-pretreated sham control rats (Figure 2.2A). CCK8(s)-saporin pretreatment
reduced the number of CCK2R expressing neurons in RVM over 70% (75.2 ± 4.0%).
There was no significant difference when comparing the number of CCK2R labeled cells
from saporin pretreated sham and saporin pretreated SNL rats (p>0.05). These data
suggest that qualitatively there is no significant difference in the level of expression of
CCK2R in the RVM after peripheral nerve injury post-surgery.

CCK8(s)-saporin pretreatment significantly reduced the numbers of MOR
expressing neurons in RVM both on SNL- and sham- treated rats
Studies in PART ONE suggested that the distribution of labeled MOR positive
neurons were relatively concentrated in the midline and there were less number of labeled
MOR positive neurons in the RVM, comparing to neurons labeled with CCK2R. Since
these results were collected in the experiments using tissue sections from different rats,
the possibilities of variances among individual rats or even the caudal-rostral extension
on the same rat could not be ruled out. We further verified this finding by comparison of
the number and distribution of CCK2R or MOR-labeled cells at adjacent sections in the
same animal (Figure 2.3). The number of MOR labeled cells was approximately 70-80%
of CCK2R labeled cells in the RVM region. The lesion effect of CCK8(s)-saporin on
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MOR-expressing cells in RVM was within the similar extent (60-70%) to that of CCK2R
expressing cells. The reciprocal lesion effect of CCK8(s)-saporin on MOR expressing
cells in the RVM further substantiated the findings in the PART ONE that CCK2R and
MOR were co-expressed on the same RVM neurons. Furthermore, there was no
difference in the number of MOR labeled neurons in the RVM between saporin
pretreated sham and SNL injury rats. These data also suggest that SNL injury did not
seem to alter significantly the expression of MOR in the RVM 2 weeks after injury.

RVM pretreatment with CCK8(s)-saporin did not alter the baseline of sensory
thresholds in naive rats (Data contributed by Dongqin Zhang)
The bilateral microinjection of saporin (50 ng/0.5μl each side), CCK8(s) (1.9
ng/0.5μl each side), or CCK8(s)-saporin conjugate (50 ng/0.5μl each side) into the RVM
of naive rats did not produce observable behavioral changes during the period of 28 d.
Paw withdrawal thresholds to non-noxious stimuli with von Frey filaments remained
unchanged over this time period (Figure 2.4A). Similarly, the paw withdrawal latencies
to noxious radiant heat applied to the hindpaw did not change over this 28 d period
(Figure 2.4B). Statistical analysis suggested that no significant changes (p>0.05) were
observed in any of the groups of rats on day 0 (baseline), 7, 14 and 28 days after
microinjection.
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Hypersensitivity was developed on rats by the second day after SNL treatment
(Data contributed by Dongqin Zhang)
On the 28th day after the RVM microinjections with a single bilateral injection of
saporin, CCK8(s), or CCK8(s)-saporin, each of the pretreated groups was divided into
two treatment groups, one receiving L5/L6 SNL and the other receiving sham surgery.
The behavioral responses to non-noxious tactile and noxious heat stimuli were measured
daily for 14 days. Rats with sham surgery developed no significant decreases in either
tactile or thermal threshold (Figure 2.5A, 2.5B). The rats treated with SNL in all
pretreatment groups demonstrated tactile and thermal hypersensitivity starting by the
second day after SNL. Paw withdrawal thresholds to tactile stimuli ranged between 13.9
± 0.8 and 15 ± 0 gm before SNL and were significantly (p<0.05) reduced to between 2.7
± 0.4 and 3.3 ± 0.4 gm the next day after SNL. Similarly, the paw withdrawal latencies to
noxious heat ranged from 14.62 ± 0.6 to 20.7 ± 2.7 sec before SNL and were significantly
(p<0.05) reduced to between 9.8 ± 0.5 and 11.6 ± 0.8 sec by the second day after SNL.
Tactile and thermal hypersensitivity remained evident throughout the whole 14 d time
period in rats under SNL treatment that were pretreated with saporin or CCK8(s)
microinjection into the RVM.

CCK8(s)-saporin pretreatment in the RVM reversed the hypersensitivity starting at
day 5 after SNL (Data contributed by Dongqin Zhang)
In contrast, the rats that were pretreated with CCK8(s)-saporin demonstrated a
time-related reversal of hypersensitivity to tactile and thermal stimuli that were observed
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beginning at the fifth day after SNL (Figure 2.5A and 2.5B). These rats almost showed
the complete reversal of thermal sensitivity by day 5 out to day 14, where the paw
withdrawal latency to thermal stimuli was not different from that of the pre-SNL baseline
values. Tactile sensitivity, on the other hand, was partially reversed (ranging from 4.5 ±
0.6 to 6.0 ± 0.4 gm between day 5 and day 14). This partial reversal was significantly
different (p<0.05) from rats pretreated with saporin or CCK8(s) during the whole period
of time from day 5 to day 14 (ranging from 1.3 ± 0.3 to 2.3 ± 0.3 gm).

Footnote: The Ki value of CCK8(s)-saporin showed in p.64 is very similar to that of
unsulfated CCK8(s) (Ki=56 nM) may represent the binding affinity of desulfated
CCK8(s)-saporin due to the unstability of the sulfyrl group upon storage. This fact may
explain the partial ablation effect as well as the partial reversal of tactile threshold. The
binding affinity (Ki =3.0 nM) of CCK8(s)-saporin in a newly ordered batch was recently
found very close to that of CCK8(s). Behavioral experiments will be followed-up by
using this new batch of CCK8(s)-saporin.
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DISCUSSION

The results of the present study suggest that a specific population of RVM
neurons, those expressing CCK2R receptors, is critical in the maintenance of behavioral
expression of experimental neuropathic pain. Our data provide supportive evidence for
the possibility that RVM CCK might drive the endogenous descending facilitation system
by activating CCK2R expressing neurons from the RVM.
Although peripheral nerve injury is associated with a number of initial changes in
the level of peripheral afferent and spinal cord, considerable evidence indicates that the
maintenance of neuropathic pain states depends on descending facilitation from
supraspinal sites. This concept is supported by various lesion studies of descending
pathways. The withdrawal responses to non-noxious mechanical stimulus as a result of
SNL

were

completely

reverted

by

subsequent

spinalization

(Kauppila et al., 1997; Bian et al., 1998) or ipsilateral DLF crush (Ossipov et al., 2000).
Studies further showed that the maintenance of neuropathic pain was dependent on
descending facilitation systems that arised in the RVM. Both thermal hyperalgesia and
allodynia were reverted when lidocaine was microinjected into the RVM 5 days after
ligation (Pertovaara et al., 1996; Kovelowski et al., 2000). Such facilitation may result
from plasticity in the RVM sustained by prolonged afferent inputs and/or inputs from
sites rostral in the brain (via cortical, amygdala and hypothalamic efferents).
One possibility for such descending facilitation is the class of RVM neurons
identified as “ON” cells, because they accelerate firing immediately before a nociceptive
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reflex occurs. ON cells are proposed to have a facilitatory influence on nociceptive
processing through both local interactions within the RVM and descending systems
projecting to the spinal cord Fields et al., 1983; Fields and Heinricher, 1985; Fields et al.,
1991). Conversely, OFF cells are thought to comprise a descending inhibitory system that
attenuates nociceptive information directly at the level of the spinal cord (Fields and
Heinricher, 1985; Fields et al., 1991). Although there is a paucity of data demonstrating
the role of RVM cells in the context of neuropathic pain, it is reasonable to hypothesize
that the plasticity occurs on these classes of RVM neurons under neuropathic pain state
and these changes may mediate the descending facilitation pathway. One clue is the
finding that prolonged delivery of a thermal noxious stimulus has been observed to result
in increased ON cell activity and decreased OFF cell activity (Morgan et al., 1994). This
data suggest that supraspinal mechanisms may contribute to the enhanced sensitivity of
persistent nociceptive inputs.
More recent studies tried to target specific cell surface receptors in order to unveil
the facilitating effects of certain type of RVM cells in neuropathic pain states, instead of
the physiological definition in the presence of afferent input. Microinjection of L365260,
a CCK2R antagonist, into RVM reverted both mechanical allodynia and thermal
hyperalgesia of the affected paw. This results suggest that the abnormal spinal activity
caused by nerve ligation triggers an increase in RVM CCK activity, and this in turn
causes an increase in descending facilitation, thus setting up a positive feedback circuit
between the RVM and the dorsal horn that sustained mechanical allodynia and thermal
hyperalgesia (Kovelowski et al., 2000). The other study showed that dermorphin-saporin
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conjugate, a targeted toxin to selectively ablate RVM neurons expressing MOR,
produced a partial lesion of MOR-expressing cells in the RVM and prevented as well as
reversed the behavioral manifestation on neuropathic pain when evaluated at post-injury
day 7. These results indicate that descending facilitatory influence from RVM cells,
presumably ON cells, which are the only neuron type in the RVM that responds to direct
application of an opioid agonist in vivo (Heinricher et al., 1992), are not essential for the
initial development of neuropathic signs after SNL, but are necessary for maintaining the
neuropathic syndrome. Together, these observations provide strong evidence that RVM
cells responding to CCK2R antagonist or cells expressing MOR is critical in the
expression of pain.
The results from the present study support the hypothesis that the presence and
activity of descending facilitation cells in the RVM are required for the expression of
experimental neuropathic pain. These neurons are further defined to be CCK2R
expressing cells in the RVM. This group of cells is important under pathological, but not
normal physiological, conditions because reactions to either light touch or to acute
noxious stimuli were unaltered in sham-operated rats. Previous evidence has shown that
the development of neuropathic pain is time-dependent as to the involvement of
descending facilitation mechanisms, our findings further specified the tonic CCK/CCK2R
receptor system in such a time-dependent manner. Ablation of CCK2R expressing cells in
the RVM was ineffective to the developed tactile and thermal hypersensitivity until postinjury day 5, suggesting that it is unlikely to have a tonic CCK activity of cells in this
region at this time of period. Interestingly, the time course over which the response
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thresholds were reverted by RVM CCK8(s)-saporin pretreatment is highly consistent
with the time course by dermorphin-saporin pretreatment, both at post-injury day 5,
(Burgess et al., 2002), which may provide insight about the relationship about this two
groups of RVM cells. Our observation that CCK8(s)-saporin pretreatment elicited a
comparable depletion effect on MOR expressing cells in the RVM may suggest the
possibility that CCK2R expressing cells and MOR expressing cells are the same group of
cells, co-expressing both receptors. This hypothesis is supported by the results from
PART ONE, as shown that over 80% of cells bearing both CCK2R and MOR.
We may not draw a conclusive explanation for the reasons of the partial reversal
on tactile thresholds at CCK8(s)-saporin pretreated rats at this moment. CCK8(s)-saporin
showed lower affinity than that of CCK8(s) to CCK2R (35 nM to 2.8 nM), whereas
dermorphin-saporin had a similar affinity to that of dermorphin to MOR (0.1 nM to 0.7
nM). It is possible that the partial lesion effect (55-75%) of CCK8(s)-saporin on CCK2R
expressing cells in the RVM is dose-responsive, in other words, higher lesion effect may
be achieved with the increased dose of CCK8(s)-saporin. This partial lesion effect on
CCK2R expressing cells may have a larger impact on tactile sensitivity than on thermal
sensitivity. Evidence exists in the nerve-injured rat to indicate that thermal and tactile
hypersensitivity

are

mediated

through

different

mechanisms

(Bian et al., 1998; Sun et al., 2001). Thermal hyperalgesia may be mediated
predominately through local spinal circuitry whereas ascending input to supraspinal sites
is critical to the manifestation of tactile allodynia. There exists evidence that ascending
pathways through the dorsal column nuclei activated descending nociceptive modulatory
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pathways by ways of the RVM (Rees and Roberts, 1993). Alterations in neuronal activity
within the RVM may lead to the tonic activation of pain facilitating cells expressing
CCK2R, the consequence of which may be manifestations of tactile allodynia, and to a
less extent, thermal hyperalgesia. The partial depletion of CCK2R expressing cells may
not completely remove the facilitatory influence on tactile threshold; whereas the relative
small-scale influence on thermal threshold may be easily removed even by the partial
ablation of CCK2R expressing cells in the RVM. Follow-up experiments with freshlymade, higher dose CCK8(s)-saporin is required to resolve the puzzle of partial reversal on
tactile sensitivity.
Increased CCK activity may reflect the increased CCK protein content, or CCK
release, and/or CCK2R expressing level, and/or transduction mechanisms. In the present
study, CCK2R expression levels were compared on rats 4 days after SNL and 17 days
after SNL, no significant difference was found. Although increased CCK protein
immunoreactivity was also not found in the RVM in SNL rats (Kovelowski et al., 2000),
it seems reasonable to hypothesize that tonic afferent input from the injured nerve fibers
may increase the release of CCK in the brainstem (Herman et al., 2005). Nevertheless,
quantitative ISH studies on earlier time points such as day 2 to 3 after SNL are ongoing
to compare the expression level of CCK2R to that of the maintenance stage (e.g. after day
14).
The facilitatory role of these RVM cells expressing CCK2R in the maintenance of
neuropathic pain is consistence with the pronociceptive role of ON-cells characterized by
high-dose CCK RVM microinjection (Heinricher and Neubert, 2004). Activation of these
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neurons by microinjection of CCK in the RVM is either a direct postsynaptic effect of the
peptide on ON-cells or a presynaptic effect on a synaptic input. Since CCK projections to
the RVM have already been found from PAG (Vanderhaeghen et al., 1980; Beitz et al.,
1983; Skirboll et al., 1983), our findings that RVM pain facilitatory cells express CCK2R
may suggest a direct post-synaptic effect. The other possibility is that CCK2R may exist
on GABA-ergic interneurons in the RVM, whose activation may inhibit OFF-cell activity
to attenuate descending inhibitory influence from the RVM. Current data are discrepant
on how to answer this question. Selective activation of ON-cells by CCK has no effect
on OFF-cell firing (Heinricher and Neubert, 2004) does not support this possibility. In
another experiment, however, RVM CCK application was found to attenuate opioid
activation of OFF-cells. Given the fact that ON-cells do not inhibit OFF-cell activity
(Heinricher and McGaraughty, 1998; Neubert et al., 2004), the attenuation effect of CCK
on OFF-cell firing activated by opioid may result from the activation of GABAergic
interneurons by CCK through CCK2R receptors on these interneurons. Work from
Wessendorf and Christie group (Marinelli et al., 2002) in an in vitro recording paradigm
on neonatal rats showed that most of the opioid responsive cells in the RVM were not
retrogradely labeled; and furthermore,a significant proportion of spinally projecting
RVM neurons were directly inhibited by mu-opioid agonist. Interestingly, their findings
are in some extent contradictory to what Heinricher group found that the inhibitory effect
of DAMGO on ON cells is not enough to block the tail flick reflex and only the
activation of OFF cells through disinhibition can block it (Heinricher et al., 1994). Our
finding that the ablation of CCK2R and MOR expressing cells (presumably ON cells) is
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sufficient to prevent CCK-induced hypersensitivity (PART ONE) and the maintenance of
neuropathic pain (PART TWO) is consistent with Wessendorf' s findings. It may also
reasonably speculate the possibility of existence of local GABAergic interneurons that
co-express CCK2R and MOR.
To elucidate the above questions about the expression of CCK2R on either ONcells or GABAergic interneurons in the RVM, two studies will be required in the future.
First, RVM projection neurons are identified by retrograde-labeling from spinal cord,
followed by the detection of CCK2R mRNA signals on these group of cells. Second,
RVM GABAergic interneurons identified by IHC are examined for CCK2R mRNA
signals by ISH.
Our finding that CCK2R and MOR are co-expressed on RVM pain facilitatory
cells may help explain the cellular mechanisms of RVM cell activities underneath either
experimental manipulations or pathological conditions. Basically, there are two
counteractive drives on ON-cells, excitatory input driven by CCK2R and inhibitory input
driven by MOR. Under normal circumstance, there is a dynamic counteraction between
the endogenous CCK and opioid systems. In the context of experimental manipulations,
only when enough excitatory inputs (driven by high-dose CCK) override the endogenous
ENK inhibitory inputs can the ON-cell activities be enhanced (Heinricher et al., 1999;
Heinricher and Neubert, 2004). In case of neuropathological conditions, which have
persistent damage to the nerve system (usually a peripheral nerve), CCK system activated
by prolonged inputs may overwhelm the endogenous ENK-MOR system, resulting in the
exaggerated descending facilitation. Moreover, there are numerous examples of so-called
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functional disorders (e.g. irritable bowel syndrome, fibromyalgis, temporomandibular
joint disorder, etc) that are associated with discomfort and pain and for which clearly
defined tissue pathology is absent. As the consequence of anxiety, attention, or cognitive
influences, inputs from sites rostral in the brain (e.g. via cortical amygdalar,
hypothalamic, etc, efferents) may drive RVM CCK system to facilitate descending pain
modulation, therefore normally innocuous input to the central nervous system is
interpreted incorrectly as noxious.
The current trend in this area of descending facilitation is to more completely
understand the role of different cell types in the RVM in generation of descending
facilitatory influences that affect nociceptive processing, including understanding the role
of inputs onto these cells from sites rostral in the brain. Future work also needs to unravel
the complicated pharmacology and neurochemistry of interactions between cells within
the RVM and how their behavior changes as a consequence of peripheral tissue insult. As
the evidence accumulates, it is hoped that new strategies for control of chronic pain.
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FIGURES AND LEGENDS
(PART TWO)
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Figure 2.1. Ablation effects of CCK8(s)-saporin pretreatment in the RVM on CCK2R
expressing cells in SNL rats. Positive cells expressing CCK2R mRNAs were detected by
in situ hybridization using digoxigenin-labeled CCK2R cRNA probe.
A shows the CCK2R mRNA signals on one representative section from rats that had been
pretreated with saporin or CCK8(s)-saporin. Panel a and b are bright-field micrographs
showing the cytoplasmic red stains (Fast Red) in the RVM area. The sections were
counterstained with Mayer's hematoxylin (blue nuclei). Panel c and d are the computerassisted mapping for the locations of CCK2R mRNA labeled cells (dots) in the
corresponding sections.
B shows the distribution of CCK2R mRNA signals on two serial sections on both sides
adjacent to the cannula placement (caudal to rostral extension) from a rat pretreated with
either saporin (left panel) or CCK8(s)-saporin (right panel).
C The total number of labeled cells from 8 sections (on both sides of the cannula place)
in the RVM region pretreated with either saporin or CCK8(s)-saporin was analyzed
statistically. CCK8(s)-saporin pretreatment significantly reduced the number of CCK2R
expressing neurons in RVM. Data points are expressed as the mean ± SEM, and the
significant difference were calculated by student t-test (*p < 0.05).
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Figure 2.1 (continued from the previous page)
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Figure 2.2. Ablation effects of CCK8(s)-saporin pretreatment in the RVM on CCK2R
expressing cells in sham control rats.
A shows the distribution of CCK2R mRNA signals on two serial sections in both sides
adjacent to the cannula placement (caudal to rostral extension) in rats pretreated with
either saporin (left panel) or CCK8(s)-saporin (right panel).
B shows statistical analysis of the total number of labeled cells from 8 sections (on both
sides of the cannula place) in the RVM region pretreated with either saporin or CCK8(s)saporin. CCK8(s)-saporin pretreatment significantly reduced the number of RVM CCK2R
expressing neurons in sham-treated rats. Data points are expressed as the mean ± SEM,
and the significant difference were calculated by student t-test (*p < 0.05).

126
Figure 2.3 CCK8(s)-saporin pretreatment significantly reduce the numbers of MOR
expressing neurons in RVM both in SNL and sham rats. Statistical analysis of total
number of MOR-labeled cells from 8 sections (on both sides of the cannula place) in the
RVM region pretreated with either saporin or CCK8(s)-saporin followed by either SNL
or sham treatment. MOR mRNA signals were analyzed using Digoxigenin-labeled MOR
cRNA probes at the adjacent sections within the same animal as CCK2R mRNA signals
were detected. There are relatively less amount of MOR labeled neurons in the RVM
region, comparing to that of CCK2R mRNA signals. The lesion effect of CCK8(s)saporin on MOR-expressing cells in RVM is in a similar extent to that on CCK2R
expressing cells. Data points are expressed as the mean ± SEM, and the significant
difference were calculated by student t-test
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Figure 2.4 RVM pretreatment with CCK8(s)-saporin did not alter the baseline sensory
thresholds in naive rats. Male Sprague Dawley rats received a bilateral microinjection of
saporin, CCK8(s), or CCK8(s)-saporin into the RVM. The animals were tested for
responses to non-noxious mechanical stimuli (von Frey filaments) (A) and to noxious
radiant heat (B) on day 0 (baseline), 7, 14 and 28 days after microinjectioin. No
significant changes (p>0.05) were observed in any of the groups of rats over this
observation period (one-way ANOVA). n =10 rats per group. (Data courtesy Dongqin
Zhang)
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Figure 2.5

Hypersensitivity was developed on rats by the second day after SNL

treatment and CCK8(s)-saporin RVM pretreatment reverse the hypersensitivity starting at
day 5 after SNL Male Sprague Dawley rats received bilateral microinjection of saporin
(50 ng/0.5μl each side), CCK8(s) (1.9 ng/0.5μl each side), or CCK8(s)-saporin conjugate
(50 ng/0.5μl each side) into the RVM. After 28 d, the rats were subjected to either L5/L6
SNL or sham surgery. Vertical dashed lines represent time of surgery. Paw withdrawal
thresholds to light tactile stimuli (A) and to noxious radiant heat (B) were determined
before microinjections (BL), weekly after the microinjections, and daily for 14 d after
SNL or sham surgery. Tactile hypersensitivity (A) and thermal hyperalgesia (B) were
evident in all groups with SNL during the initial 4 d of testing, as indicated by the
significant decreases in response thresholds. However, the rats pretreated with the
CCK8(s)-saporin conjugate demonstrated clear reversal of SNL-induced threshold
changes commencing at post-surgery day 5. N=6 at each group.
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Figure 2.5 (continued from the previous page, data courtesy of Dongqin Zhang)
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CONCLUSIONS

This dissertation tested the hypothesis that developing plasticity in the rostral
ventromedial medulla (RVM) might drive descending facilitatory mechanisms to
maintain neuropathic pain states induced by peripheral nerve injury. Specifically, we
explored the role of CCK and its receptor system in the RVM on these descending
influences to the spinal cord.
Recent observations suggest that descending facilitation is necessary for the
expression

of

nerve

injury-induced

pain

in

a

time-dependent

manner

(Porreca et al., 2001; Burgess et al., 2002). The mechanisms in the RVM that drive this
developing facilitation are largely unknown. One clue is the finding that RVM
microinjection of L365260, a CCK2R receptor selective antagonist, reverses established
experimental neuropathic pain (Kovelowski et al., 2000). Furthermore, the RVM
microinjection of CCK8(s) to uninjured rats produced acute tactile and thermal
hypersensitivity that are similar to those measured following nerve injury. Critically,
CCK8(s) induced tactile and thermal hypersensitivities in these rats were blocked by
lesion of the DLF or the cytotoxic lesion of RVM cells that express mu opioid receptors.
These convergent observations may suggest the existence of a CCK/receptor system in
normal conditions and the plasticity of this system under neuropathic pain states.
Based on these facts, we ask the following questions:

131
- What is the identity and distribution of CCK receptors in the RVM in normal
and nerve-injury rats? These experiments will provide a precise spatial resolution of the
distribution, and possible changes in expression, of CCK receptors in the RVM.
- What is the relationship between the predominant CCK-receptor expressing cells
and those pain facilitatory cells defined as MOR-expressing? These experiments will
provide a neuroanatomical basis for RVM CCK activity on cells that already defined as
pain facilitation (so-called ON-cells).
- Can selective lesion of RVM cells expressing CCK receptors prevent the
expression of experimental neuropathic pain? These experiments will provide substantial
functional and neuroanatomical evidence to validate the mechanisms by which RVM
CCK may mediate descending pain facilitation in neuropathic pain states.
Our data in PART ONE confirmed the presence of CCK2R receptor expressing
cells in the RVM and provided a more complete description of their distribution in this
region. The function of these RVM CCK2R expressing cells in nociceptive modulation
was further investigated by selectively ablation of these cells by cytotoxin CCK8(s)saporin conjugates. The results showed that a comprehensive destruction of CCK2R
expressing cells in the RVM was required for the prevention of RVM CCK-induced
pronociceptive response. In naive rats, RVM injection of CCK8(s)-saporin conjugates,
saporin, or CCK8(s) did not change baseline sensitivity. This suggests that CCK2R
expressing cells do not participate in the setup of sensory threshold..Together, our
findings that depletion of RVM CCK2R expressing cells prevented CCK-induced
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hypersensitivity lead us to postulate that one critical component of RVM pain facilitation
mechanisms is the supraspinal nociceptive drive from CCK2R activation in the RVM.
Since pain facilitatory cells, or “ON-cell”, are hypothesized to represent the
population of MOR-expressing cells (Heinricher et al., 1992), we further explored the
question whether the response of CCK-induced hypersensitivity would be changed if
these MOR-expressing cells were selectively ablated by dermorphin-saporin. The
extensive loss of MOR-expressing cells by RVM dermorphin-saporin application was in
parallel with the behavioral findings that dermorphin-saporin pretreatment also blocked
CCK-induced hypersensitivity. Reciprocally, CCK8(s)-saporin pretreatment also reduced
the number of MOR-labeled cells in a similar extent. Finally, the dual label of CCK2R
and MOR mRNA confirmed that a large percentage (>80%) of labeled RVM cells coexpress CCK2R and MOR in naive rats. It may be speculated that, within RVM neuron
populations, those cells that express both CCK2R and MOR may function as a “switch”,
turn-on by CCK and turn-off by opioids, to modulation the nociceptive processes.
Data in PART TWO tested the hypothesis that elimination of CCK2R expressing
neurons in RVM might result in removal of the driving force for descending facilitation,
hereby block the development of neuropathic pain. Rats that received a single dose
CCK8(s)-saporin in the RVM 28 days ago had a full reversal on thermal sensory
threshold and a partial reversal on tactile threshold starting at day 5 after SNL. The lesion
effects (55-65%) of CCK8(s)-SAP were evaluated by in situ hybridization. The present
findings showed that selective ablation of CCK2R expressing cells in RVM was sufficient
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to block the development of neuropathic pain, and thus confirmed the proposed
hypothesis.
In summary, results in this dissertation unraveled the intricate identity of RVM
pain facilitatory cells - cells co-express both CCK2R and MOR. This phenotype provides
strong support for the view that endogenous CCK is a critical mediator of the descending
pain facilitation, particularly in the maintenance of experimental neuropathic pain. The
phenotypic characterization of RVM neurons is pivotal to understanding the
neurochemical and functional properties of these neurons, their role in pathological pain
states, and in providing insights into potential therapeutic strategies.
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APPENDIX:
WORKING PROTOCOL FOR DOUBLE IN SITU HYBRIDIZATION
(Generously provided by Dr. Ojeda in Oregon Health Science University)
In Situ Hybridization

Note: slides are processed in 25-slide staining dishes (volume = 250 ml). Wear gloves
to handle slides; use sterile technique and sterile reagents.

Day 1

Note:

You can prehybridize any time before starting an in situ hybridization.
After sectioning and drying the sections o/n under vacuum, follow protocol for first day
of ISH up to the last alcohol step. Then dry sections for 2 hr under vacuum. Put slides in
black box and keep them at -20°C or 4°C until starting the ISH itself. You can start this
(second day) at any time, When you do this, take slides out of freezer and bring them to
room temperature. Then add your probe and incubate o/n as usual. The next day continue
with your ISH protocol, washes etc, etc....
Prehybridization Treatment:
1.

Bring box with sections to room temp (do not open the box immediately to

prevent water condensation). Place slides in slide carrier. For Brain and big tissue use
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250 Fl PK and for ovaries use 50 Fl PK.

2.

Incubate with 0.001% proteinase K -- 30 minutes at 37EC in TE buffer (100 mM

Tris pH
8.0, 50 mM EDTA) with proteinase at 10 Fg/ml.
For 250 mis: 25 ml 1 M Tris pH 8.0
25 ml 0.5 M EDTA (pH 8.0)
200 ml DEP H 2O
250 Fl stock 10 mg/ml proteinase K. The 10 mg/ml stock is prepared in DEP
H2O and
kept at -20EC in 250 Fl aliquots.
Prepare another 250 ml TE buffer for wash at Step 3.
3.

Rinse briefly and gently in 250 ml TE buffer. DO NOT agitate.

4.

Transfer to 0.1 M TEA (triethanolamine) at pH 8.0 - 3 min (pre-equilibration
buffer for next step).
25 ml 1 M TEA -- pH 8.0
225 ml DEP H 2O

5.

A Save this buffer

Acetylation -- transfer to TEA-acetic anhydride and incubate 10 min at room
temperature (0.0025%, to block positive charges).

add 625 Fl acetic anhydride to dry slide dish
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add 250 ml 0.1 M TEA pH 8.0 (prepared above)
then place slides in dish

6.

Rinse briefly and gently in 2 X SSC (NaCl/NaCitrate) made with DEP H2O (2
changes, 2 min each).

7.

8.

Dehydrate quickly -- in ascending ethanol concentrations
50% EtOH --

2 min

70% EtOH --

2 min

95% EtOH --

2 min

100% EtOH --

2 min

100% EtOH --

2 min

100% EtOH --

2 min

Drain, air dry for 10 min and store with desiccant under vacuum at room temp at
least 2 hr until hybridization. Can leave here overnight. Otherwise, store
desiccated at -80◦C.

Hybridization:

Note: About 70 Fl of hybridization solution are required for a 22 X 60 mm coverglass,
and 40
Fl for a 22 X 22 mm coverglass.
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The 35S-UTP probe is kept at -20EC aliquoted in hybridization buffer (1 ml aliquots,
5-10
million cpm/ml). (See attached protocol for preparation of riboprobe and
hybridization
solution).
1. Heat one aliquot (or more if needed) at 65EC for 5 min.
2. Apply hybridization solution to coverslip, and apply slide so that hybridization
solution flows up over tissue without bubbles.
3. Seal edges of coverslip with liquid DPX.
4. Incubate 20-24 hr at 55-60EC on incubator in boxes with water in bottom.

DAY 2
Post-hybridization Treatment:
Level of
Radioactivity
Hot

1. Remove tray from oven and cool slides to room temp.
Peel off dried DPX with sharp forceps. To do this, place
slides on paper towel set on a sheet of aluminum foil.

Very Hot (35S-waste)

2. Coverglass should slide off. Prepare 1 ltr of 4 X SSC.

Hot or Cold

3. Rinse 4 times (5 min each) in 4 X SSC after
coverglasses are off. Use rotor table for gentle agitation.
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Very Hot (35S-waste)

4. RNase digestion -- 30 min at 37EC (20 Fg/ml). The
RNase stock is prepared by dissolving 100 mg ribonuclease
A in 10 ml (sterile H 2O) (10 mg/ml). Make 500 Fl
aliquots, boil for 10 min, spin down briefly and store at 20EC.
500 Fl

RNase A:10 mg/ml (kept in freezer)

25 ml

5M NaCl

2.5 ml

1 M Tris (pH 8.0)

500 Fl

0.5 M EDTA (pH 8.0)

222.5 ml

dH 2O

NOTE: This concentration of RNase is for perfusion-fixed tissue.
From now on, add 250 Fl of 1 M DTT to each rinse solution. To
prepare 1 M DTT dissolve 154.2 mg DTT/ml dH 2O. Washing one
rack of slides requires a total of 2.25 ml 1 M DTT (i.e., 347 mg
DTT in 2.25 ml dH2O).

Cold

5. Rinse and gradually de-salt at room temp.
2 X SSC

(+DTT) -- 5 min

2 X SSC

(+DTT) -- 5 min

1 X SSC

(+DTT) -- 10 min

0.5 X SSC

(+DTT) -- 10 min.
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0.1 SSC
Hot

(+DTT) - 30 min at 65EC (or higher)

6. Take the 250 mls left out of bath and put on top of
counter at room temp.

Cold

7. Rinse in 0.1 SSC (+DTT) at room temp with the rest of
0.1 SSC. At this step if you are running Dig in situ do not
go to ethanol, go to LSSC incubation.

Cold

8. Dehydrate quickly in ethanol with salt and DTT.
(Add 1.5 ml of 20 X SSC and 250 Fl of 1 M DTT to each
250 ml of EtOH.
50%

EtOH (+SSC, DTT) -- 3 min

70%

EtOH (+SSC, DTT) -- 3 min

95%

EtOH (+SSC, DTT) -- 3 min

100% EtOH -- 3 min (3 changes)
9. Drain well and vacuum dry at room temp for 30 min.
10. Tape slides to 8 x 10 card and expose to x-ray film
in cassette.
a. Use Amersham β-max hyperfilm for fast (1-2 day)
exposures.
b. Use Dupont Cronex film for best resolution, but
slower exposure (4-8 days). This protocol with
DTT is good for regular In situ and Double Dig S
35

In situ. For Double or Dig In situ, you continue
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the protocol with steps after the last wash with 0.1
SSC wash. Do not dehydrate, go to the rinse with
2 X SSC No DTT. If you run Dig alone, do not
use 20X SSC, DTT or alcohols in your washes.

Immunohistochemical localization of digoxygenin-labeled hybrids
After rinsing sections in 0.1 SSC + DTT (Step 7 above):
1.

Transfer slides to 2X SSC (no DTT).

2.

Incubate overnight in LSSC (2X SSC + 0.05% Triton + 2% NGS) at RT
on shaker, using copling jars.

For 100 mls of LSSC:

For 250 MLS of LSSC

100 ml 2X SSC

241.0 ml

1.7
2
To prepare:

ml 3% Triton X-100
ml Normal goat serum

4.25 ml
5 ml

3% Trition = 3 ml triton
97 ml DEPH20
***Keep at room temp***

Day 3
1.

Wash slides twice for 5 min each in Buffer 1 (prepare 1 liter). Dry the
edges of the slides and mark them with a pap pen. Do not discard last
wash of Buffer 1.
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2.

Incubate in Anti-digoxigenin-AP conjugate (diluted 1:1,000 in L Buffer 1)
for 5 hr at RT. To do this, apply approximately 500 μl of conjugate to
each slide and place slides on plexiglass box with water on the bottom of
box and cover with lid.

Preparation of L Buffer 1:

Buffer 1 + 0.3% Triton X-100 + 1% NGS
For 10mls of L Buffer 1 (enough for 20 slides):
8 ml Buffer 1
1 ml NGS
1 ml 3% Triton (in DEP H20) + 10 μl Ab

To have the 1:1,000 dilution, add 10 μl of Anti-digoxigenin-AP conjugate to each
10 mis of L Buffer.
3.

Wash slides 3x for 5 minutes in Buffer 1(the first wash saved from step 1).

4.

Wash slides for 10 min in Buffer 2 (250 ml, prepare this buffer fresh. No
more than a week old. Check pH.). Take 10 ml from this to prepare
chromagen solution.

5.

AP staining reaction: Overnight in the dark at RT.
Mix chromagen solution from previously prepared stocks of NBT and
BCIP (NBT is 4-Nitro blue tetrazolium chloride, BCIP is 5-Bromo-4
chloro-3-indolyl-phosphate {X-phosphate}).
NBT: 75 mg/ml in 70% dimethylformamide (V/V H20)
BCIP: 50 mg/ml in 1 ml DEP
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***store at -20EC in the dark***
For 10 ml of chromagen solution:
10 ml Buffer 2
45 μl NBT ←Ref box → 4EC
35 μl BCIP ←Ref box → -20EC
3 mg Levamisole
***Room temp. protected from light***
Pipet approximately 500 μl onto each slide and place slides in plexiglass at
room temp in the dark. o/n
NOTE:

Make Buffers 1, 2, and 3 fresh before each use --buffer 2 will precipitate
over time and cause crystallization in the chromagen reaction.

Buffer 1:

100 mM Tris-HCL pH 7.5; 150 mM NaCl

For in situ
for 1L:

for 100ml:

1M Tris-HCL pH 8.0

100 ml

10 ml

5 M NaCl

30 ml

3 ml

H 2O

870 ml

87 ml

Adjust pH to 7.5
Buffer 2:

100 mM Tris-HCL, pH 9.5; 100 mM NaCl; 50 mM MgCl2
for 500 ml:

Buy

1 M Tris-HCl pH 8.0 50 ml

for 50 ml:

250 ml:

5 ml

25 ml
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prepared

5 M NaCl

10 ml

1 ml

5 ml

from

4.9 M MgCl2

5.1 ml

510 μl

2.5 ml

Signa

H 2O

435 ml

43.5 ml

217.5 ml

Adjust pH to 9.5
10 mM Tris-HCL, pH 8.0; 1 mM EDTA

Buffer 3:

for 500 ml:

for 50 ml:

1 M Tris-HCL ph 8.0

5 ml

500 μl

0.5 M EDTA

1 ml

100 μl

H 2O

494 ml

49.4 ml

500 ml

1 lt

2 lt

NaCl, 3 M

87.67 g

175.3 g

350.6 g

Na3 Citrate/2 H 2O (0.3 M)

44.1 g

88.2 g

176.5 g

H 2O

400 ml

800 ml

1,600 ml

1 liter

2 liters

20 X SSC (NaCl/Na Citrate)

Adjust pH to 7.0 with 1 M HCL
Add H 2O to

500 ml

DEPC-treated water (0.5%)
•

to 500 ml dH 2O, add 250 μl DEPC

•

stir overnight

•

autoclave

Day 4
1.

Stop staining reaction by placing slides in Buffer 3 (2X 10 min, prepared
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500 ml)
-then 3X 5 min in KPBS } 0.02 M
-then 1X 20 min in KPBS }0.02 M
0.02M KPBS
NOTE:
2.

If Dig-labeled probe used alone: go to dehydration (step 6).

For double in situ, dehydrate quickly in ethanol. (Reaction product is
somewhat soluable in EtOH).
NOTE:

If Dig-labeled probe used in combination with 35S-labeled

probe add 1.5 ml of 20 X SSC and 250 μl of 1 M DTT to each 250
ml of EtOH. Use fresh EtOH.
3 dips each:
50% EtOH (+SSC, DTT)
70% EtOH (+SSC, DTT)
95% EtOH (SSC, DTT)
100% EtOH
100% EtOH
3.

Drain well and vacuum dry at room temp for 30 min.

4.

If Dig-labeled probe used in combination with 35S-labeled probe: tape
slides onto posterboard and expose to film.

5.

Process slides for emulsion-dipped autoradiography (llford K-5).
DO NOT DEFAT

6.

After autoradiographic developing and H 2O wash, counterstain (see
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below) and quickly dehydrate sections.
Use fresh EtOH - 3 dips each:
70% EtOH
95% EtOH
100% EtOH
100% EtOH
NOTE: reaction product is completely soluble in Xylene!!!! DO NOT
USE! Do
not use counterstain when using Dig Probe, even if you are
running a
double in situ.
Dry under vacuum for 30 min. Note: When using Digoxigenin probes, do
not conterstain.
7.

Coverslip with DPX.

To Prepare NBT:

First prepare 10 mo of 70% dimethylformamide in DEPH2O
7 ml of dimethylformamide
3 ml DEP

(In ref. culture room)

10 ml
take 75 mg of NBT + 1 ml of mix alig 45 μl

146
To Prepare BCIP:
50 mg in 1 ml of DEPH2O
make 35 μl alig (in 20 freezer upright)
Anti-digoxigenin Ab: alig diret from tube 10 μl alig.
Balance
0.00000
0.3 → 300 mg
0.03→ 30 mg
0.00300→ 3 mg
0.02 M KPBS

l lt.

167 ml

0.12 M KPBS

+833 ml

dH2O

PROTOCOL FOR LOCALIZATION OF DIGOXYGENIN-LABELED cRNAs USING
ANTI-DIGOXYGENIN PEROXIDASE (SANDY PETERSON’S PROTOCOL)

After rinsing in 0.1 x SSC + DDT (Step 7 in regular protocol).
1.

Transfer slides to 2x SSC (no DTT)

2.

Rinse briefly in maleate buffer. The buffer is stable for 6 mos when stored at
room temperature.

3.

Incubate slides 1 h with mild agitation at room temperature in 5% Boehringer
Mannheim Blocking solution in maleate buffer with 0.3% triton-X (using 5-slide
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plastic mailers; each mailer holds 30 ml).
Before Use: For every 5 slides take from -20 C freezer one mailer containing 15
ml of 10% stock blocking solution. Dilute this solution 1:1 with 15 ml DEPCtreated water and add 20 ml Triton x-100 (to have a final concentration of
0.03%).
4.

Wash twice for 5 min each in maleate buffer.

5.

Incubate (in box) with anti-digoxigenin peroxidase (Boehringer-Mannheim, Cat.
No.1207 733) 1:200 in 2% blocking solution (to prepare this dilute 1:5 the 10%
stock blocking solution (ie. one aliquot of 1ml blocking solution plus 4 ml
maleate buffer + 25 μl Ab). Incubation can be carried out for 5 hours at room
temperature for high-abundance targets or for 24-48 hours at 4°C for low
abundance targets.

6.

Place slides in Coplin jars containing maleate buffer.

7.

Rinse in 0.1 M Tris pH 7.6 for 3 min.

8.

Dissolve 1 tablet (10 mg) 3:3-diaminobenzidine DAB in 50 ml 0.1M Tris pH 7.6.
Filter through Whatman paper. Add 8 μl hydrogen peroxide from 30% stock.

9.

Incubate sections for 5 min-2 hours, depending upon the background, to detect
digoxigenin-labeled probes.

10.

Reaction is stopped in 0.1 M Tris pH 7.6.

11.

Quick H2O rinse.

12.

Incubate in 70% ETOH for 3 min.

13.

When running double in situ procedure air dry and process for autoradiography of
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35s-UTP labeled probe. Use NTB-2 emulsion diluted 1:1 with distilled H2O.
1).

Maleic Buffer pH 7.5 500mls
400 ml deionized water
add 5.8 g maleic acid (MO 375 Sigma)
4.38 g NaCl
3.5 g NaOH (Pellets)
Adjust pH 7.5 using 19.4M NaOH1 then add 100 μl DEPC
Complete to 500 mls, autoclave. The buffer is stable for at least six months at
room temp.

2).

Blocking solution in Maleate Buffer with 0.3% Triton X-100.
150 ml maleate buffer
15 g blocking reagent (Boehringer-Mannheim, Cat. No)

this is 10% stock

add 150 μl DEPC stir o/n
autoclave
Make 9 aliquots of 15 mls and 15 aliquots at 1 ml each. Store at -20°C
3).

Blocking solution dilution to be used before Ab step
Dilute 1:1 with DEP water (15 mls) +90 μl
Triton X -100
(final concentration - 0.3%)

4).

To dilute anti-digoxigening peroxidase Ab
1:200 in 2% blocking solution
a). Dilute 1:5 the 10% stock blocking solution
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b). 1 aliquot of 1 ml blocking solution + 4 mls
maleate buffer + 25 μl Ab.

Probe Synthesis
1.

Dry down 250 μCi of 35 S-UTP (20 μl 1500 Ci/mMole New England Nuclear Co.
#NEG-039H (30 min in speed vac). Reconstitute in 2 μl DEP H20.

2.

Prepare in separate tube and add mixture to reconstituted isotope:
2 μl 5x transcription buffer
1 μl1 M DTT
1 μl rNasin (ribonuclease inhibitor)
2 μl mixture of GTP, CTP, ATP (2.5 mM each) diluted from 10mM stocks (10 μl
of each + 10 μl H20)

Then add:
1 μl linearized DNA template (500 ng)
1 μl Polymerase; T7, SP6 or T3
3.

Incubate at 37ºC for 1 hour (40°C if SP6 is used)

4.

Spin down briefly. Add 90 μl SET 10 mM DTT and heat at 65ºC for 5 min to
terminate transcription.
(SET = 0.1% SDS in 10mM Tris pH 7.4, 1 mM EDTA. To prepare SET-DTT
solution, add 50 μl
1M DTT to 5 ml SET)
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SET:
•

1ml 10% SDS stock in DEP H20

•

1ml 1M Tris HCl pH 7.5 (in DEP H20)

•

200 μl EDTA from 0.5 M stock

•

complete to 100 ml with DEP H20

5.

Spot 1 μl of labeling reaction onto DE-81 filter. Dry and wash with vacuum
using:
10 ml NaHP04 1M
10 ml H20
10 ml 95% ETOH
Dry filter and count in 10 ml scintillation fluid (Beta counter-Program 3)

6.

Prepare Nick column
a. Remove preservative fluid from column
b. Wash column with 3 ml SET-DTT. Let dry.
c. Add transcription reaction (100 μl) solution to column and collect effluent in
1.5 ml sterile Eppendorf tube. Let dry. Add 400 μl of SET DTT buffer and
collect effluent in the same tube. This tube is discarded. Let column dry.

7.

When the solution passes into the column, move the column to tube labeled 1 and
add 100 μl SET DTT.

8.

Collect a total of 3 tubes of 100 μl each

9.

Use scintillation counter to measure radioactivity. 1 μl from collected fraction
plus 10 ml of scintillation fluid. Labeled probe is in fraction 1 or 2.
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cRNA-LABELING
TRANSCRIPTION-No:
PROBE:
DATE:
ISOTOPE:
5 x Transcription-Buffer
(1M)
DTT
RNAsin
(2.5mM each)
rNTP’s

2 μl
1 μl
1 μl
2 μl
6 μl

Add to
35

S-UTP
PROBE
RNA-Polym.
Incubation:

(dried from 20 μl)
SP6,T7,T3

Temperature:
Time:

2 μl
DEP H2O
1 μl
1 μl
10 μl
37°C (T3, T7)
40°C (SP6)
1 hr

CD:

Add:
SET-DTT

90 μl
100 μl
at 65°C for 5 min

Heat:

cpm/ μl

Spot 1 μl to DE-8 filter-count:
Nick Column:
1
2
3
4
Need:
SOLUTION B:

1x107 cpm/ml
tRNA
DTT
rPROBE
DEP H2O

(10mg/ml)
(1M)

250 μl
50 μl
μl
μl
1,040 μl

1 μl =

Mix:
Solution B
Solution A
Vortex, spin 2 min

208 μl
792 μl
1000 μl
No. of 1 ml aliquots=

cpm
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Hybridization Solution- Detailed Recipe
1.

NOTE: Most convenient if hybridization buffer A is prepared in advance.
A.

Hybridization buffer (38ml volume; store at 4°C).
6.25ml (12.5 ml)

1. 25ml Formamide (kept in refrigerator at 4°C)

0.50ml ( 1.0 ml)

2. 2 ml 5M NaCl (room temp)

0.25ml ( 0.5 ml)

3. 1 ml 50X Denhardt’s solution (frozen at -20°C)

125 μl (250 μl)

4. 500 μl 1M Tris pH 8.0 (room temp)

25 μl

5. 100 μl 0.5M EDTA pH 8.0 (room temp)

(50 μl)

2.5 ml (5ml)
B.

6. 10ml 50% Detran Sulfate (refrigerator, 4°C)

Probe solution (5 ml)
1. 250 μl tRNA (10mg/ml); store at -20°C.
2. 50 μl 1M DTT; store at -20°C.
3. X μl of purified cRNA solution (usually fraction 4) to have a final
concentration of 5-10 million cpm/ml of hybridization solution.

X=

Total counts to be added per ml hyb. sol.
[purified cRNA sol. (cpm/μl)]

X 5 ml

4. Y μl of DEP H2O to a total colume of 1,040 μl
Y = 740-X

C.

Aliquot 792 μl of hybridization buffer A to each of 5 tubes.

NOTE: for ½ tube add 104 μl of probe solution to 396 μl of hybridization buffer A.
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D.

Add 208 μl of probe solution to each tube.

E.

Mix and centrifuge for 10 min.

F.

Store aliquots of hyrbidization solution at -20°C.

G.

Heat each aliquot at 65°C for 5 minutes before use.

Denhardt’s Solution:
Ficoll

1 gr

Polyvinylpyrrolidene

1 gr

BSA (Pentax Fraction V)

1 gr

DEP H2O to

100ml

Note: Can also be purchased from Sigma (Cat. # 2532).
Filter through a disposable Nalgene filter. Dispense into 1 ml aliquots and store at -20°C.
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