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[tch and Analgesia Resulting from Intrathecal Application
of Morphine: Contrasting Effects on Different Populations of
Trigeminothalamic Tract Neurons

Hannah R. Moser and Glenn J. Giesler, Jr.
Graduate Program in Neuroscience and Department of Neuroscience, University of Minnesota, Minneapolis, Minnesota, 55455

Intrathecal application of morphine is among the most powerful methods used to treat severe chronic pain. However, this approach
commonly produces itch sufficiently severe that patients are forced to choose between relief of pain or itch. The neuronal populations
responsible for processing and transmitting information underlying itch caused by intrathecal application of morphine have not been
identified and characterized. We describe two populations of antidromically identified trigeminothalamic tract (VIT) neurons in anes-
thetized rats that are differentially affected by morphine and explain several aspects of opioid-induced itch and analgesia. We found that
intrathecal application of morphine increased ongoing activity of itch-responsive VIT neurons. In addition, intrathecal application of
morphine increased responses to pruritogens injected into the skin and greatly heightened responses to innocuous mechanical stimuli.
In contrast, the ongoing activity and responses to noxious pinches in nociceptive VIT neurons were frequently inhibited by the same dose
of morphine. These results reveal that i.t. application of morphine affects specific subpopulations of VIT neurons in ways that may

produce itch, hyperknesis, alloknesis, and analgesia.

Introduction

Morphine remains one of the most commonly prescribed drugs
for treatment of severe chronic pain, and intrathecal application
of morphine is one of the most powerful treatments available for
patients. However side effects, including itch, can limit the max-
imum tolerable dose, and thus the effectiveness of morphine for
producing analgesia. The incidence of opioid-induced pruritus is
especially high (20-100%) following intrathecal administration
(Baraka et al., 1982; Bromage et al., 1982; Ballantyne et al., 1988;
Szarvas et al., 2003; Ganesh and Maxwell, 2007). Itch can be
accompanied by debilitating phenomena such as hyperknesis,
increased itch caused by pruritogens, and alloknesis, itch caused
by innocuous mechanical stimuli that normally do not cause itch.
Opioids likely play a role in producing both; morphine admin-
istration causes hyperknesis (Fjellner and Higermark, 1982;
Onigbogi et al., 2000), and opioid receptor antagonists reduce
alloknesis (Heyer et al., 2002). Endogenous opioids are likely
involved in producing pruritus associated with atopic derma-
titis, chronic urticaria, or cholestasis, as itch accompanying
these conditions is treated with opioid receptor antagonists
(Phan et al., 2010).
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Surprisingly, pruritus caused by intrathecal application of mor-
phine is often localized to facial regions of patients (Scott et al., 1980;
Baraka et al., 1981; Collier, 1981; Bromage et al., 1982), suggesting
the value of using animal models of facial itch to study this phenom-
enon. Pruritogens and algogens produce distinct behavioral re-
sponses when applied to the face of mice (Shimada and LaMotte,
2008) or rats (Klein et al., 2011), indicating that sensory neurons
receiving input from rodent facial skin are valuable for investigating
mechanisms of itch and pain. Spradley et al. (2012) showed that
itch-related facial scratching is reduced by p-opioid receptor antag-
onists while pain-related wiping is reduced by morphine, suggesting
that p-opioid receptor activation has opposite effects on itch versus
pain signaling related to the face. In addition, intracisternal injection
of morphine causes robust body and facial scratching in rats
(Koenigstein, 1948; Lee et al., 2003) as does injection of morphine
within the spinal trigeminal nucleus (Thomas and Hammond,
1995). Thus, the rat trigeminal system appears to be valuable for
studies of the mechanisms underlying morphine-induced itch.

We (Moser and Giesler, 2011) examined the responses of tri-
geminothalamic tract (VIT) neurons of rats to facial application
of algogens and pruritogens. Approximately two-thirds of such
neurons were powerfully activated by intradermal injections of
pruritogens such as chloroquine, histamine, and serotonin into
the face. Serotonin evokes robust itch responses in rats (Berendsen
and Broekkamp, 1991; Thomsen et al., 2001; Klein et al., 2011)
and humans (Weisshaar et al., 1997; Thomsen et al., 2002; Hosogi
et al., 2006; Rasul et al., 2012) and it is elevated within the skin in
various human dermatologic diseases that produce itch
(Lundeberg et al., 1999; Soga et al., 2007).

Here, we examined the effects of intrathecal application of
morphine on rat VI'T neurons. Our findings indicate that mor-
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phine often inhibits nociceptive VI'T neurons but activates
pruriceptive VIT neurons and increases their responses to
pruriceptive and innocuous mechanical inputs. The activation
and increased evoked responses of pruriceptive VIT neurons
likely contribute to itch, hyperknesis, and alloknesis.

Materials and Methods

Adult male Sprague Dawley rats (300—450 g) were used according to
protocols approved by the Institutional Animal Care and Use Committee
at the University of Minnesota. Animals were deeply anesthetized with
urethane (1.5 mg/kg, i.p.; Sigma) and tracheostomized. An intravenous
catheter was placed in the left jugular vein for intravenous injections. A
laminectomy was performed over the first cervical segment (C1) to allow
recording of neurons with receptive fields on the face below the eye and
caudal to the vibrissal pad, an area corresponding to that in which pru-
ritogens were applied in behavioral studies (Shimada and LaMotte, 2008;
Klein etal., 2011). A craniotomy was performed over the right thalamus.
The dura was removed from brain and spinal cord. A low-impedance
stainless steel electrode was positioned at stereotaxic coordinates for the
ventroposterior medial (VPM) nucleus in the thalamus. Pulses of elec-
trical current (300—500 uA, 200 ws, 3 Hz) were delivered through the
electrode as an initial search stimulus. A stainless steel recording elec-
trode (10 MQ); FHC) was lowered through the dorsal horn of the con-
tralateral caudal medulla and C1 to search for time-locked single unit
responses, which met the following criteria for antidromically activated
VTT neurons: (1) stable response latency (<0.05 ms variation), (2) abil-
ity to follow stimulus trains of =300 Hz, and (3) collision of orthodromic
spikes with putative antidromic responses. Single-unit responses that
met these criteria and had cutaneous facial receptive fields located caudal
to the vibrissal pad were used for further study. Action potentials were
amplified, filtered, and digitized and waveform discriminated using
DAPSYS data acquisition processor system software (www.dapsys.net).

Axon projection mapping. The amount of current required to elicit an
antidromic spike was determined at 200 wm intervals throughout verti-
cal stimulating tracks separated by mediolateral and rostrocaudal inter-
vals of 300-500 wm. The point at which the threshold for antidromic
activation was lowest (=30 wA) was assumed to be the most accurate
indication of the position of the axon terminal (Burstein et al., 1991;
Dado et al., 1994). If the antidromic latency did not change at any more
rostral position, it was assumed that the axon did not extend rostrally
beyond the identified low threshold point.

Characterization of neurons with mechanical and chemical stimuli. In-
nocuous brushing with a soft-bristled brush and the minimum necessary
amount of noxious stimuli were used to identify the mechanical receptive
field boundaries for each antidromically identified VIT neuron. Brush-
ing and pressure and pinch applied with small clips were used to classify
each neuron as high threshold (HT; responsive only to noxious pinch-
ing), wide dynamic range (WDR; responsive to brushing with higher
discharge rate in response to pressure and pinching), or low threshold
(maximally responsive to innocuous brushing).

Each cell was characterized using the following established pruritogens
in rodents (Klein et al., 2011; Wilson et al., 2011): histamine dihydro-
chloride (600 mu; Sigma), serotonin creatinine sulfate complex (47 mm;
Sigma), chloroquine diphosphate salt (100 mm; Sigma), and/or bovine
adrenal medullary 8-22 peptide (BAM8-22, 1 mm; Tocris Bioscience).
Each drug was injected intradermally in a 10 ul volume within the me-
chanical receptive field; every effort was made to use sites separated by
>5 mm whenever possible. The effects of injection of pH-matched 0.9%
normal saline vehicle were always determined before an active stimulus.
Drugs were injected in random order on each trial, with a minimum of 5
min between drug injections. If a cell responded to a pruritogen, no other
pruritogen was applied and the effects of morphine were determined.

Morphine sulfate (100 ng in 500 wl; Sigma) or vehicle was applied to
the surface of the spinal cord using a syringe and polyethylene tubing.
Agar was used to build a dam enclosing the caudal medulla and the first
and second cervical spinal cord segments. When testing effects of mor-
phine on subsequently applied stimuli, the second stimulus (serotonin,
intradermal or brush/pinch) was applied =15 min after intrathecal ap-
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plication of vehicle or morphine. Naloxone hydrochloride (1 mg/kg;
Tocris Bioscience) was delivered via intravenous catheter.

Histology. At the end of each experiment, low-threshold antidromic
stimulation site(s) in the thalamus and recording site(s) were marked
with electrolytic lesions. Rats were perfused with 0.9% normal saline
followed by 10% formalin with 1% ferrocyanide (for Prussian blue reac-
tion at lesion sites). The brain, including thalamus, medulla, and rostral
cervical spinal cord, was removed and sectioned (50—75 um) on a freez-
ing microtome and stained with neutral red. A rat brain atlas (Paxinos
and Watson, 1982) was used to identify thalamic nuclei.

Data analysis. A cell was considered responsive to a stimulus if it ex-
hibited a change in mean ongoing discharge rate of =50% after stimulus
application, with alonger duration than any change due to vehicle. For all
analyses, discharge rates were normalized to 60 s of baseline activity
before treatment. For effects on ongoing activity, mean responses to
vehicle, morphine, or naloxone were measured during a 3 min period
beginning 1 min after stimulus application. For effects on subsequent
applications of pruritogen, the mean response to serotonin was mea-
sured over the 5 min period following injection of the pruritogen. To
examine effects of morphine on responses to mechanical stimuli, mean
responses to brush or pinch were calculated over the 10 s of brush or
pinch application. Histograms are reported in 1 s bins, unless otherwise
noted. All error bars indicate SEM. Wilcoxon rank sums or Kruskal—
Wallis ANOVA analyses with Dunn’s post-test were used to compare
effects across treatments, with p < 0.05 considered significant.

Results

The effects of morphine were tested on two populations of anti-
dromically identified nociceptive VIT neurons located within
the caudal medulla and C1 spinal segment: pruriceptive cells and
nociceptive (nonpruriceptive) cells. Pruriceptive cells responded
to noxious stimulation and to at least one pruritogen. Nocicep-
tive cells responded to noxious stimulation but not to any tested
pruritogens.

Effects of intrathecal application of morphine on

ongoing activity

The intrathecal application of morphine excited pruriceptive
cells and inhibited nociceptive cells. An example of the effects of
intrathecal application of morphine on a pruriceptive VIT neu-
ron is shown in Figure 1. This cell was recorded in the superficial
dorsal horn (sDH) (Fig. 1A) and had a receptive field located
below the eye and caudal to the vibrissal pad (Fig. 1B).The cell
was activated by high-frequency stimulus trains with stable anti-
dromic latencies, and orthodromic action potentials collided
with antidromic spikes (Fig. 1C). Its axon terminated in the con-
tralateral VPM nucleus in the thalamus (Fig. 1D). This VTT neu-
ron responded to innocuous and noxious mechanical stimuli
(Fig. 1E) as well as to intradermal injection of serotonin (Fig. 1F),
and was therefore classified as a pruriceptive VI'T neuron. Vehi-
cle applied to the cord had no effect on the ongoing response of
the cell to serotonin. However, intrathecal application of mor-
phine resulted in a pronounced increase in ongoing discharge,
which lasted >5 min. The mean discharge rate during morphine
application reached a level that exceeded its response to the pru-
ritogen by greater than fourfold. Intravenous injection of nalox-
one reduced activity to the level seen before morphine
application (Fig. 1F), indicating that the effect was likely medi-
ated via opioid receptors.

An example of the contrasting responses of nociceptive VIT
neurons to intrathecal application of morphine is illustrated in
Figure 2. This cell was recorded within the sDH of the caudal
medulla (Fig. 2A) and projected to the contralateral VPM nucleus
in the thalamus (Fig. 2C). This neuron responded to innocuous
and noxious mechanical stimulation of the receptive field (Fig.
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Figure1.  Example of activation of a pruriceptive VTT neuron by intrathecal (i.t.) application of morphine. 4, Lesion at the recording point (arrow) in sDH of (1 segment. B, Receptive field. €, Ten
overlaid spike traces exhibit ability to follow high-frequency stimulus train with a fixed latency (11.4 ms) between antidromic stimulation (25 wA) and recorded spike (top), and collision of
orthodromic spike (arrow) with antidromic spike (asterisk at expected latency) (bottom). D, Lesion at the stimulation point (arrow) in the thalamus. 3V, third ventricle; Po, posterior nucleus; ml,
medial lemniscus; ic, internal capsule. E, Responses to brush, pressure, and pinch. F, Response to intradermal (i.d.) injection of serotonin (5-HT) into the receptive field, i.t. application of vehicle and
morphine, and intravenous injection of naloxone. Onset of i.d. and i.v. injections denoted by arrows; onset of i.t. application denoted by dotted line, with duration denoted by shading. Insets, Ten
overlaid consecutive spike traces, beginning at arrow.
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Figure2.  Example of inhibition of a nociceptive (nonpruriceptive) VTT neuron by intrathecal (i.t.) application of morphine. 4, Lesion at the recording point (arrow) in the sDH of caudal medulla.
B, Receptivefield. C, Lesion at the stimulation point (arrow) in thalamus. Hb, habenular nucleus; PF, parafascicular nucleus, others are asin Fig. 1. D, Responses to brush, pressure, and pinch. E, Firing
levels following intradermal (i.d.) injections of vehicle, serotonin, histamine (HA), chloroquine (CQ), and BAM8 —22 (BAM) into the receptive field. F, Responses during i.t. application of vehicle and
morphine, and intravenous injection of naloxone.
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2B,D) but not to any of the four tested
pruritogens (Fig. 2E). Application of vehi- A
cle to the spinal cord had no effect,
whereas the same dose of intrathecally ap-
plied morphine resulted in a reduction in
discharge rate, which was reversed by nal-
oxone (Fig. 2F); administration of nalox-
one often resulted in an increase in
activity to a higher level than observed be-
fore morphine application, a phenome-
non that has been noted in several past
studies (Le Bars et al., 1975, 1976; Henry,
1979; Lombard and Besson, 1989; Jones et
al., 1990).

The mean responses of pruriceptive D
and nociceptive VIT neurons to intrathe-
cal application of morphine are illustrated
in Figure 3. In pruriceptive VI'T neurons,
including cells responsive to serotonin
(n = 7), histamine (n = 3), and chloro-
quine (n = 1), morphine significantly in-
creased the mean firing level in response
to the pruritogen by more than twofold
(Fig. 3A,B; p = 0.008). Seven of the 11
tested pruriceptive VI'T neurons met our
criteria for activation. None of the pruri-
ceptive neurons were inhibited by intra-
thecal application of morphine (Fig. 3C).
Activity in none of the pruriceptive VIT
neurons was significantly affected by in-
travenous injection of 100 ng of morphine
(Fig. 3B), indicating that the same dose
given intrathecally has a spinal site of ac-
tion. In contrast, intrathecal application
of morphine significantly decreased on-
going discharge rate in nociceptive VIT
neurons (Fig. 3D,E; p = 0.02). None of
the nociceptive neurons were excited by morphine (Fig. 3F). As
was the case with pruriceptive VIT neurons, intravenous injec-
tion of 100 ng of morphine had no significant effect on the firing
of nociceptive VIT neurons (Fig. 3D). In all cases, the effect of
morphine was reversed with intravenous injection of naloxone.

Four pruriceptive VIT neurons were classified as HT and
seven as WDR. Five nociceptive VIT neurons were classified as
HT and six as WDR. Seven pruriceptive VI'T neurons were re-
corded in the sDH and four in the deep dorsal horn (dDH). Six
nociceptive VI'T neurons were recorded in the sDH and 5 in the
dDH. Six pruriceptive VI'T neurons projected to the VPM nu-
cleus, two to the posterior thalamus, and two to the ventral lateral
geniculate nucleus; the axon location was not recovered for one
pruriceptive VI'T neuron. Seven nociceptive VI'T neurons pro-
jected to the VPM nucleus, two to the posterior thalamus, and
one to the medial geniculate nucleus; the axon location was not
recovered for one nociceptive VI'T neuron (data not shown). In
summary, there were no distinct differences noted in response
classification (HT vs WDR), cell body position, or thalamic axon
location for pruriceptive and nociceptive VIT neurons.

Response normalized
to baseline

Response normalized
to baseline

Figure 3.

Effects of intrathecal application of morphine on subsequent
responses to pruritogens

Morphine can cause hyperknesis in humans (Fjellner and
Hiagermark, 1982) and rats (Onigbogi et al., 2000). Figure 4A
illustrates an example of a neuron in which the pruritogen sero-
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Mean responses of VTT neurons to intrathecal (i.t.) application of morphine. 4, Mean histogram (3 s bins) of response
of pruriceptive cells (1 = 11) toi.t. application of vehicle and morphine, and intravenous injection of naloxone during an ongoing
response to a pruritogen. Gray bars represent SEM. B, Mean changes in firing rate for pruriceptive cells during four conditions.
Dotted line indicates level of no change. *, Statistically significant difference from vehicle. C, Discharge rates for each pruriceptive
cell, including cells responsive to serotonin (black), histamine (gray), and chloroquine (white), during baseline and after i.t.
application of morphine. Arrow indicates cell used in Figure 1. D, Mean histogram (3 s bins) of response of nociceptive cells (n = 11)
toi.t. application of vehicle and morphine, and intravenous injection of naloxone during ongoing activity. £, Mean changesin firing
rates for nociceptive cells during four conditions. *, Statistically significant difference from vehicle. Error bar for Morphine, intra-
venous condition too small to visualize (SEM = 0.0098). F, Discharge rates for each nociceptive cell during baseline and after i.t.
application of morphine. Arrow indicates cell used in Figure 2.

tonin was injected intradermally before and then repeated a sec-
ond time after intrathecal application of vehicle, and a third time
after intrathecal application of morphine. In each of the four
neurons tested, the response to intradermal injection of sero-
tonin was reduced after intrathecal application of vehicle, al-
though the mean response was not significantly different from
baseline (p = 0.06). Intrathecal application of morphine in-
creased the response to intradermal injection of serotonin in each
of the four neurons. The magnitude of the response to intrader-
mal injection of serotonin was significantly increased after intra-
thecal application of morphine compared with either the baseline
response (p = 0.04) or to the response after intrathecal applica-
tion of vehicle (p = 0.02) (Fig. 4B). These results suggest that
morphine may cause hyperknesis by increasing responses of pru-
riceptive VIT neurons to pruritogens.

Effects of intrathecal application of morphine on responses to
innocuous versus noxious mechanical stimuli

Opioids have also been implicated in the production of alloknesis
(Heyer et al., 2002). We tested the effects of intrathecal applica-
tion of morphine on responses evoked by innocuous brushing in
pruriceptive and nociceptive VIT neurons and found that re-
sponses to brushing were increased by morphine in 8 of 10 pru-
riceptive VI'T neurons. An example of a dramatically increased
response of a pruriceptive VI'T neuron to brushing during intra-
thecal application of morphine is illustrated in Figure 5A. Mean
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Figure 4.  Effects of intrathecal (i.t.) application of morphine on responses to the pruritogen serotonin. 4, Example of responses of a single cell to intradermal (i.d.) injections of vehicle and

serotonin into the receptive field under baseline conditions, to a second i.d. injection of serotonin 15 min after i.t. application of vehicle, and to a third i.d. injection of serotonin 15 min afteri.t.
application of morphine. B, Effects of i.t. application of vehicle or morphine on mean response to subsequent application of serotonin (n = 4).
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histograms of response of pruriceptive cells (

and low-threshold (n = 5) VTT neurons to brushing.

responses of pruriceptive cells to brushing were increased fivefold
in the presence of morphine (Fig. 5B,E; p = 0.02). These in-
creases were reversed by naloxone (Fig. 5E). Neither intrathecal
application of vehicle nor intravenous injection of morphine
(100 ng) altered responses to brushing (Fig. 5E).

Unlike in pruriceptive cells, the mean response of nociceptive
VTT neurons to brushing was not significantly affected by intra-
thecal application of morphine (Fig. 5C, D, F); the response to
brushing was increased by morphine in only 1 of 10 nociceptive
cells. In addition, intrathecal application of morphine had no
effect on responses to brushing in nonpruriceptive cells that re-

morphine (100 ng) had no effect (Fig. 6E).
Figure 6F summarizes and compares the
effects of morphine on pinch-evoked re-
sponses of pruriceptive and nociceptive
cells. These results suggest that, although
both types of VIT neurons are clearly ac-
tivated by noxious pinching, intrathecal
application of morphine at the dose used inhibits pinching re-
sponses only in nociceptive neurons. Reduced ongoing activity
(Fig. 3C,D) and responses to noxious stimuli by nociceptive VI'T
neurons may contribute to analgesia resulting from intrathecal
application of morphine.

Discussion

We have found that intrathecal application of morphine has dra-
matically different effects on pruriceptive and nociceptive VTT
neurons. Pruriceptive signaling was increased by morphine. In
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some cases, intrathecal application of
morphine increased by up to fourfold the
ongoing discharge rates produced by in-
tradermal injection of a pruritogen. If in-
creased discharge rates in pruriceptive
VTT neurons signal itch, then it would
seem that the dramatically increased dis-
charges caused by morphine should
greatly increase the intensity of itch. In ad-
dition, responses to intradermal injection
of the pruritogen serotonin following in-
trathecal application of morphine were
increased, possibly contributing to hyper-
knesis, and responses to innocuous
brushing were greatly increased, possibly
contributing to alloknesis. None of the
pruriceptive VIT neurons were inhibited
by morphine. In contrast, intrathecal ap-
plication of morphine inhibited ongoing
activity and pinch-evoked responses in
nociceptive VI'T neurons without affect-
ing responses to brushing. None were ex-
cited by morphine. The consistent nature
of these effects, if confirmed, would sug-
gest that excitation or inhibition resulting
from intrathecal application of morphine
alone could be sufficient to identify these
two cell types in future studies. Together,
these changes to discharge in both pruri-
ceptive and nociceptive VIT neurons
produced by intrathecal application of
morphine would appear to act to increase
itch and reduce pain sensations (Fig. 7).
There is a great deal of evidence sup-
porting an inhibitory role for morphine
on nociceptive spinal neurons, including
projection neurons; supporting data have
come from a variety of species, experi-
mental preparations, and routes of ad-
ministration (Satoh et al., 1971; Kitihata
et al.,, 1974; Le Bars et al., 1975, 1976;
Yoshimura and North, 1983; Hylden and
Wilcox, 1986; Willcockson et al., 1986;
Craig and Serrano, 1994; Chen and Pan,
2002). However, morphine can also cause
excitation of ongoing activity in some cells
in the dorsal horn (Jones etal., 1990; Craig
and Hunsley, 1991). Willcockson et al.
(1986) showed that a minority (~25%) of
nociceptive spinothalamic (STT) neurons
was excited, rather than inhibited, by ion-
tophoretic application of morphine in the
monkey dorsal horn. No clear differences
were detected between excited and inhib-
ited STT neurons that might explain the

dramatically differing responses to morphine. The effects of pru-
ritogens on the neurons examined in this previous study were not
determined and thus neurons could not be categorized as pruri-
ceptive or not. We have found that a similar fraction (~30%) of
primate STT neurons is pruriceptive (Davidson et al., 2012), sug-
gesting that the STT neurons activated by morphine in the study
by Willcockson et al. (1986) may well have been pruriceptive. If
this conclusion is correct, it would suggest that morphine may
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Figure 6. Differing effects of intrathecal (i.t.) application of morphine on responses to noxious pinching. A, Example of a
pruriceptive VTT neuron’s baseline response to pinching and similar response in the presence of morphine. B, Mean histograms of
responses of pruriceptive cells (1 = 10) to pinching under three conditions. €, Example of a nociceptive VTT neuron’s baseline
response to pinching and greatly reduced response in the presence of morphine. D, Mean histogram of responses of nociceptive
cells (n = 10) to pinching under three conditions. £, Normalized mean discharge rates during pinching for nociceptive cells during
four conditions. F, Effects of i.t. application of vehicle and morphine on normalized mean responses of nociceptive and pruriceptive
VTT neurons to pinching.
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Figure 7.  Schematic diagram illustrating potential changes to inputs and outputs of VTT neurons caused by intrathecal (i.t.)
application of morphine. 4, Under normal conditions, nociceptive VTT neurons (red) receive painful and innocuous input while
pruriceptive VTT neurons (green) receive painful, innocuous, and itchy input. B, During i.t. application of morphine, painful input
is decreased to nociceptive VTT neurons and innocuous and itchy input is increased to pruriceptive neurons, resulting in reduced
pain and increased itch sensations. Although inputs are denoted with a single arrow, these inputs could be either monosynaptic or
polysynaptic. Changes in relative strength of inputs and outputs in presence of morphine are indicated by changes in thickness of
lines.

activate pruriceptive and inhibit nociceptive STT neurons in pri-
mates as it does VI'T neurons in rats.

Morphine has been implicated in the excitation of pruricep-
tive spinal neurons via activation of the opioid receptor subtype
MORID. Upon activation by morphine, MORID has been
shown to create a heterodimer with the gastrin-releasing peptide
receptor (GRPR), leading to phospholipase C/inositol 1,4,5-
trisphosphate-mediated increase in intracellular calcium in het-
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erologous cells (Liu et al., 2011). GRPR-knock-out mice as well as
mice in which GRPR-containing neurons have been ablated ex-
hibit reduced scratching in response to several pruritogens, with-
out exhibiting behavioral abnormalities in pain assays (Sun and
Chen, 2007; Sun et al., 2009). Therefore, spinal neurons that
contain GRPR likely play a major role in the production of itch,
and may produce opioid-induced pruritus via activation of
MORI1D by morphine. However, the presence of MOR1D in the
rat spinal cord has been questioned (Oldfield et al., 2008), and it
is as yet unknown whether spinal projection neurons or interneu-
rons, or both, contain GRPR. The current data do not necessarily
implicate the involvement of excitatory w-opioid receptors; exci-
tation of pruriceptive VI'T neurons by morphine could also be a
consequence of disinhibition via activation of inhibitory
w-opioid receptors on inhibitory interneurons.

In addition to causing itch, morphine has been implicated in
the production of hyperknesis and alloknesis. In humans, itch
produced by intradermal injection of histamine was signifi-
cantly increased by coadministration of morphine as well as
B-endorphin or the methionine-enkephalin analog FK 33-824
(Fjellner and Hagermark, 1982). Similarly in rats, morphine in-
creased the amount of scratching caused by intradermal injection
of chloroquine (Onigbogi et al., 2000). In addition, intrathecal
application of morphine increased responses to injection of his-
tamine into the skin by dorsal horn neurons for which axonal
projections had not been determined in rats (Jinks and Carstens,
2000). In our study, morphine increased responses of pruricep-
tive VI'T neurons to intradermal injection of serotonin in the face
of the rat, possibly a contributing mechanism for hyperknesis. To
our knowledge, the role of intrathecal application of morphine in
alloknesis has not been experimentally addressed. The endoge-
nous opioid system likely plays a role in the production of al-
loknesis, since the opioid receptor antagonist naltrexone can
block experimentally induced alloknesis (Heyer et al., 2002). We
show that morphine may contribute to alloknesis by greatly in-
creasing the excitability of pruriceptive VI'T neurons to innocu-
ous mechanical stimuli.

Although responses to pinch were greatly reduced in nociceptive
VTT neurons by intrathecal application of morphine, such re-
sponses were unaffected in pruriceptive VI'T neurons. This result
might suggest that responses in pruriceptive VI'T neurons to nox-
ious stimuli could contribute to any remaining pain sensation pres-
entafter intrathecal morphine administration. Alternatively, it could
suggest that responses to noxious stimuli in pruriceptive VIT neu-
rons do not contribute to nociception. A similar conclusion has been
reached recently regarding the responses to noxious stimuli of pru-
riceptive mouse MrgprA3 receptor-containing dorsal root ganglion
neurons (Han et al., 2012). Thus, our results and those of Han et al.
(2012) suggest the existence of peripheral and spinal projection neu-
rons that, although responsive to nociceptive and pruriceptive stim-
uli, only contribute to itch.

In human patients, intrathecal delivery of morphine for pain
relief is most often administered caudal to the spinal cord, at the
level of the lumbar vertebrae. Following intrathecal application of
morphine at this level, patients experience itch (often on the face)
1-3 h after intrathecal injection (Szarvas et al., 2003). This corre-
sponds to the time period in which drugs reach peak concentra-
tions in CSF at the level of the rostral cervical spinal cord
following intrathecal delivery at lumber vertebral levels
(Reiselbach et al., 1962; Max et al., 1985; Payne and Inturrisi,
1985), suggesting that the latency of pruritus following intrathe-
cal lumbar injection of morphine may depend on the time course
of rostral spread of the drug. In rodent studies, scratching in-
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duced by intrathecal application of morphine is reported to occur
with a shorter latency. In mice, intrathecal application of mor-
phine at the lumbar vertebral level produces an increase in
scratching within 5 min of injection, which peaks at 10 min
postinjection (Liu et al., 2011). Thomas and Hammond (1995)
observed that facial scratching begins to increase within 10 min,
reaching a statistically significant level 20 min after microinjec-
tion of morphine into the rat medullary dorsal horn. Likewise,
Lee et al. (2003) reported that intracisternal application of mor-
phine in rats causes significantly increased scratching 20 min
after administration; scratching at earlier time points was not
reported. Frenk et al. (1984) observed vigorous scratch-like be-
haviors within 1.9 * 0.9 min of intrathecal application of mor-
phine in rats. In the present study, morphine increased ongoing
activity in pruriceptive VI'T neurons ~2 min following intrathe-
cal application (Fig. 3A). Therefore, the results of the previous
behavioral studies in rodents correspond reasonably well to the
results reported here.

It has been suggested that morphine may also produce itch by
actions in the peripheral nervous system. There is evidence that
morphine can activate receptors on mast cells in the skin, causing
the release of histamine (Hermens et al., 1985). However, opioid-
induced itch is generally not treatable with antihistamines and
can be produced by opioid drugs, such as the selective w-opioid
receptor agonist fentanyl, which does not cause histamine release
(Kjellberg and Tramér, 2001; Szarvas et al., 2003). Clinically, itch
as a side effect is much more common following spinal versus
systemic application of morphine (Ganesh and Maxwell, 2007).
In primates, scratching induced by intrathecal application of
morphine is blocked by systemic administration of w-opioid re-
ceptor antagonists, but not by forms of antagonists that do not
readily cross the blood—brain barrier (Thomas et al., 1993; Ko et
al., 2004). We found that morphine excites pruriceptive VTT
neurons only during intrathecal application; the same amount of
morphine delivered systemically had no effect. Together, these
results strongly suggest that pruritus induced by intrathecal ap-
plication of morphine is mediated by actions at u-opioid recep-
tors in the CNS.

There are several potential mechanism(s) underlying mor-
phine’s ability to simultaneously inhibit and excite functionally
different populations of VIT neurons. Intrathecally applied
morphine could conceivably act on opioid receptors located ei-
ther directly on VIT neurons, or on primary afferent terminals
and/or spinal interneurons that provide input to VIT neurons. If
the opioid receptors underlying morphine’s inhibitory effects on
nociceptive cells were located on the cell bodies or dendrites of
VTT neurons, we would expect responses to all inputs to be de-
creased. If the same were true for pruriceptive cells, then we
would expect responses to all inputs to be increased. The presence
of input-specific effects on responses of both types of neurons
suggests that morphine is not likely generating postsynaptic ex-
citatory or inhibitory effects in VIT neurons. It appears more
likely that morphine exerts its effects by activating receptors on
primary afferent terminals or spinal interneurons, leading to in-
direct effects in VI'T neurons. Identification of the excitatory or
inhibitory opioid receptor subtypes and cellular circuitry in-
volved in morphine’s distinctly different effects on pruriceptive
versus nociceptive VI'T neurons remains an important area for
future research and the development of better treatment options
for both itch and pain. The rat VIT appears to be a promising
system for such studies.
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