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Abstract
Mammals and other advanced vertebrates possess a population of neurons
located in the spinal cord that put forth axons to the thalamus. These cells are
responsive to somatosensory stimuli and in humans are required for the normal
perception of mechanical, thermal, and chemical stimuli. The studies contained
in this thesis examine both the development of this pathway, called the
spinothalamic tract (STT), and its physiological responses to stimuli that evoke
somatosensory experiences. Experiments in adult mice show that the whole
STT is made up of about 7000 cells and these are located in a pattern
homologous to the STT in rat, cat and monkey. Experiments in neonatal and
embryonic mice show that the axons of the STT reach the thalamus before
birth. A study of the physiological characteristics of STT neurons located in the
marginal zone of the spinal cord dorsal horn in the adult rat suggests that STT
axons are topographically organized within the ventrobasal complex of the
thalamus according to their responses to thermal stimuli. Studies in primates
show that axons from the STT that project to the nuclei of the posterior
thalamus are responsive to multiple modalities of somatosensory stimuli but
differ from neurons projecting to VPL in some functional properties. A special
focus of this thesis explores the poorly understood sensation of itch. Evidence
is provided for at least two pathways for itch; one that is activated by cutaneous
administered histamine and another that is activated by the protease contained
within the spicules of the tropical legume cowhage. Despite this specificity for
types of itch, each of these pathways is also responsive to noxious and/or
innocuous mechanical, thermal and/or chemical stimuli. The population of cells
that is responsive to histamine is transiently inhibited by scratching the skin
during the histamine response, suggesting a mechanism for the well known
relief from itch that is produced by scratching. The main conclusions from the
studies in this thesis are that the STT is extant before the time of birth; that, in
adults, it is a complex pathway that can contribute to the encoding of specific

somatosensory sensations from cells that are responsive to multimodal stimuli.
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INTRODUCTION
Anatomy and Physiology of the Spinothalamic Tract

Several early clinical cases in which injury to the spinal cord blocked the sense
of pain suggested that axons carrying nociceptive information crossed within
the spinal cord and then ascended within the anterior white matter (White and
Sweet, 1969; Willis and Coggeshall, 2004). These observations led to the first
surgical attempts to relieve chronic pain by cordotomy, i.e., cutting the
anterolateral quadrant of the spinal cord, the area now known to carry an
overwhelming majority of spinothalamic tract (STT) axons (Figure 1).
Cordotomy can eliminate pain for patients, but the positive effects are short
lived and pain often returns within several months. It is not known which tracts

begin to carry the nociceptive information following a cordotomy.

Anatomical studies in a variety of species including primates demonstrated that
lesions of the spinal cord caused degeneration of axons within the thalamus
(Mehler et al., 1960; Mehler, 1969). Both anterograde and retrograde tracing
studies have since determined the locations and numbers of the cells of origin
of the STT (Trevino and Carstens 1975; Willis et al., 1979; Apkarian and Hodge
1989; Burstein et al., 1990), as well as the areas of termination of STT axons
within the thalamus (Bowsher 1961; Boivie, 1979; Berkley, 1980; Apkarian and
Hodge 1989b, Craig 2004). Antidromic activation and extracellular recording
techniques have been used to identify and functionally characterize the
stimulus-response properties of STT neurons to mechanical, thermal, and
chemical stimuli (Applebaum et al., 1975; Giesler et al., 1981; Zhang et al.,
2000; Simone et al., 2004).
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Figure 1. Schematic of the somatotopic organization of the spinothalamic tract.
Axons from neurons located in the lumbar spinal cord shift laterally as axons
from thoracic and then cervical progressively occupy the medial region of the
lateral funiculus. Somatotopic organization is maintained in the ventroposterior
lateral nucleus which is one of the major sites of spinothalamic tract termination.
Other regions of STT termination are indicated within the thalamus. VPL
neurons project to primary somatosensory cortex (SI) forming a cortical
somatotopic representation of the body. Somatotopy: lumbar, blue; thoracic,
orange; cervical, green. Abbreviations: MD, mediodorsal nucleus; CL, central
lateral nucleus; VPL, ventroposterior lateral nucleus (Davidson and Giesler
2008).



The cells of origin of the STT are found within the spinal gray matter at all levels
of the spinal cord. STT cell bodies and dendrites receive glutamatergic and
several types of peptidergic inputs (Willcockson et al., 1984a, b). It has been
estimated that there are between 15 and 18 thousand STT neurons on one side
of the spinal cord of primates (Apkarian and Hodge 1989). The upper cervical
segments have been shown to contain 1/3 of all cells of origin of the STT.
Within the gray matter, STT neurons are concentrated in the marginal zone
(lamina 1) and within the deep dorsal horn (lamina V). STT neurons are also
found within the intermediate gray zone and the ventral horn. Most axons of
STT neurons decussate at a level near the cell body and then turn to ascend
within the ventrolateral funiculus. STT axons originating from marginal zone
neurons ascend in a position that is dorsal to STT axons originating from
neurons within the deep dorsal horn (Zhang et al., 2000b). Within thoracic
levels, STT axons of marginal zone neurons are generally located dorsal to the
denticulate ligament in the dorsal lateral funiculus, whereas the axons of lamina
V neurons are found within the ventral part of the lateral funiculus (Zhang et al.,
2000a). There is a somatotopic organization of ascending STT axons such that
axons from lumbosacral levels ascend on the periphery of the lateral funiculus,
whereas STT axons from progressively rostral levels are located closer to the
gray matter (Applebaum et al., 1975). STT axons continue to ascend through
the lateral and ventral brainstem. Collateral branches are frequently given off by
these axons supplying nociceptive sensory information to a number of nuclei,
particularly within the reticular formation (Hylden et al., 1989; Zhang et al.,
1990).

STT axons terminate in three principle regions of the thalamus including the
ventral posterior lateral (VPL), central lateral and adjacent parts of the medial
dorsal nucleus, and posterior thalamic nuclei (Mehler et al., 1960; Mehler 1969;
Mantyh 1983; Ralston and Ralston 1992; Apkarian and Hodge 1989b; Craig
2004; 2006). STT terminations within VPL are somatotopically organized.
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Axons ascending from lumbosacral levels terminate within the lateral part of
VPL whereas those from cervical levels end within the medial part of the
nucleus. A high percentage of nociceptive neurons within the primate VPL can
be antidromically activated from primary somatosensory cortex, indicating that
nociceptive input to VPL neurons via STT axons is transmitted to the cortex
(Kenshalo et al., 1980). A second area of termination of the STT is the central
lateral nucleus and the adjacent lateral region of the medial dorsal nucleus. STT
neurons projecting to this region are often located within the intermediate zone
and ventral horn of the spinal cord. Many of the nociceptive neurons within this
area of the thalamus have large, bilateral, even whole-body receptive fields
(Dong et al., 1978). Thus it is unlikely that this region is involved in localization
of nociceptive stimuli, and instead may be involved in the production of
affective/emotional responses to nociceptive stimulation. STT axons that
terminate in the posterior thalamic nuclei appear to arise predominantly from
neurons of the marginal zone. A recently described area of primate thalamus,
the posterior part of the ventral medial nucleus, is suggested to receive a large
proportion of STT inputs (Craig et al., 1994; Craig 2004).

Responses of STT neurons to a variety of somatic and visceral stimuli have
been examined. In primates, the vast majority of STT neurons have been
classified as nociceptive, responding either preferentially (wide dynamic range,
WDR) or specifically (high threshold, HT) to mechanical noxious stimuli (Figure
2). In most studies, higher percentages of HT-STT neurons have been found in
the marginal zone and more WDR neurons within the deep dorsal horn (Willis et
al.,, 1974; Price et al.,, 1978; Chung et al., 1979; Kenshalo et al., 1979;
Ferrington et al., 1987). Cutaneous receptive fields of neurons in the marginal
zone tend to be smaller, sometimes being restricted to a single toe. The
receptive fields of deeper neurons often cover much of the ipsilateral leg. Many
STT cells are activated by noxious thermal stimulation of their receptive fields.
Response thresholds to noxious heat stimuli are often between 45 and 55°C



(Ferrington et al.,, 1987; Kenshalo et al., 1979). Repeated applications of
noxious heat stimuli lead to sensitization including reduced response
thresholds, increased response to identical noxious heat stimuli, and the
production of ongoing activity. STT neurons also receive nociceptive input from
muscles and joints (Foreman et al., 1977; Meyers and Snow, 1982), and they
can be activated by noxious chemicals (Foreman et al., 1979; Chung et al.,
1985; Simone et al., 1991).
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Figure 2: Typical responses of spinothalamic tract neurons to mechanical
stimulation. Wide dynamic range (WDR) neurons respond to brushing across
the receptive field and increase their firing rate in response to more intense
mechanical stimulation (top). High threshold (HT) spinothalamic tract neurons
respond only to intense stimulation (bottom). A typical receptive field for each
class of cell is indicated (Davidson and Giesler, 2008).

STT neurons can also be activated by noxious stimulation of visceral tissues
(Milne et al., 1981; Katter et al., 1996). In almost all cases, STT neurons that

respond to stimulation of a visceral organ have somatic receptive fields as well.
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Frequently, somatic receptive fields are located in areas to which noxious
stimulation of an organ would produce referred pain in human. STT axons are
therefore capable of carrying nociceptive visceral information, and the
convergence of somatic and visceral nociceptive input probably contributes to
the phenomenon of referred pain (Hobbs et al., 1992).

The development of nociceptive circuits has become an important area of study
recently because surgical intervention to address problems around the time of
birth has become more common (Lee et al., 2005). Data are accumulating
about peripheral development of nociceptors, early synaptic transmission in the
dorsal horn, and cortical responses to noxious stimuli in neonates (Fitzgerald
2005). However, little more is known about the central ascending pathways
from the spinal cord to the brain than that adolescent rats possess a pattern of

STT neurons similar to the adult (Huang 1989).

Proper care for neonates exposed to noxious stimuli is of paramount
importance because injury early in life can lead to abnormal pain experience
later on (Anand et al., 1999; Ruda et al., 2000). This early plasticity reflects a
period of rapid anatomic and functional development that occurs in the
nociceptive circuits during the perinatal period (Fitzgerald 2005). Also of
concern is the level of the neuraxis that nociceptive information reaches at
progressive developmental time points, and therefore the growing potential for
the experience of pain (Lee et al., 2005). Recent hemodynamic imaging and
electrophysiological studies suggest that information specific to nociceptive
processing can reach cortical areas in preterm humans (Fernandez et al., 2003,
Bartocci et al., 2006; Slater et al., 2006). However, conclusions about pain
experience from these studies must be tempered because of the lack of data
describing the development of nociceptive circuits in the central nervous

system. In particular, the nociceptive pathways ascending from the spinal cord



to supraspinal targets that are required for the perception of pain have not been

examined during the perinatal period.

Neurons in the rat spinal cord differentiate beginning at embryonic day 12 (E12)
from precursor cells which migrate from the ventricular zone (Altman and Bayer
1984). Among this migrating population are cells fated to become spinothalamic
tract (STT) neurons. STT neurons in adult rats are concentrated within several
areas of the spinal cord including the marginal zone, lateral cervical nucleus,
nucleus proprius, intermediate zone and ventral horn (Giesler et al., 1979;
Kevetter and Willis, 1983; Granum 1986; Burstein et al., 1990; Kobayashi 1998;
Al Khater et al., 2008). These cells, in adults, carry nociceptive information
about thermal, mechanical and chemical stimuli to the thalamus (Giesler et al.,
1976; Dado et al., 1994; Zhang and Giesler 2005; Zhang et al., 2006). Using
thymidine radiography and retrograde labeling, the majority of STT neurons in
lumbar cord were found to have been generated on E13 and E14 in rats (Beal
and Bice, 1994). The STT is one of the longest axon pathways in the nervous
system and consequently it is unknown when the axons from STT neurons

finally reach their destination in the thalamus.
A Role for the Spinothalamic Tract in ltch

Itch is an unpleasant sensation associated with the desire to scratch.
Permanent relief from most everyday itches can be achieved by briefly
scratching the region of itching skin. However, in patients with pruritus due to
chronic skin diseases including atopic dermatitis (eczema) and psoriasis, the
intensity of itching rebounds quickly after scratching. Systemic diseases such
as diabetes mellitus, cholestasi s,

produce intense pruritus in patients leading to skin damaging itch-scratch cycles
that produce distress and no lasting relief (Keele and Armstrong, 1964,
Wabhlgren, 1991; Bernhard, 1994; Oaklander et al., 2002; Yosipovitch et al.,

8
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2003; Ikoma et al., 2006). Sadly, patients given epidural morphine for alleviation
of chronic pain are burdened with a high incidence of difficult to control pruritus
(Ballantyne et al., 1988; Cohen et al.,, 1992; Szarvas et al., 2003). Anti-
histamines are effective for relieving some types of itch, but for most clinically
relevant itches there is no specific treatment (Wahlgren, 1991; Yosipovitch et
al., 2003; Paus et al., 2006; lkoma et al., 2006).

Noxious counter-stimuli including scratching, pin-prick, capsaicin, electrical,
heat, and cold have been repeatedly shown to block itch (Bickford 1938;
Graham et al.,, 1951; Murray and Weaver, 1975; Fruhstorfer et al., 1986;
Bromm et al., 1995; Ward et al., 1996; Nilsson et al., 1997; Brull et al., 1999;
Yosipovitch et al., 2002, 2005). Several hypotheses have been suggested that
explain the inhibition of itch by noxious stimuli: 1) occlusion (masking) of the itch
signal by activity in the pain pathway at the level of the spinal cord (Handwerker
1992; McMahon and Koltzenburg, 1992); 2) inhibitory spinal interneurons
activated directly by nociceptive primary afferent fibers that inhibit pruriceptive
spinothalamic tract neurons (LaMotte 1992; Brull et al., 1999) and; 3)
descending inhibition of pruriceptive spinal neurons from supraspinal sites in
the brainstem (Carstens 1997; Mochizuki et al., 2003).

Psychophysical experiments indicate central modulation of itch

Itch can be induced experimentally when histamine is pricked into the skin,
injected intradermally, or applied by iontophoresis (Bickford, 1938; Simone et
al.,, 1987; Magerl et al.,, 1990) or when cowhage spicules from the tropical
legume Mucuna pruriens are inserted into the skin (Graham et al., 1951,
Shelley and Arthur, 1955, 1957; Murray and Weaver, 1975; Tuckett, 1982). The
active agent in cowhage is a protease named mucunain (Reddy et al., 2008)
which produces itch through a non-histaminergic mechanism (Johanek et al.,
2007). Because many clinically relevant itches are poorly controlled with anti-
histamines, the identification of an experimentally applicable non-histaminergic



itch producing agent is a potentially important tool for the identification of novel

pathways in the peripheral and central nervous system involved in pruritus.

Both histamine and cowhage produce itching at the site of application and
subsequentl vy, a |l arge surrounding area of
which light stroking with a blunt object can rekindle the sensation of itch

(Bickford 1938, Graham et al., 1951; Simone et al., 1991; Brull et al. 1999;

Atanassoff et al. 1999). Alloknesis is thought to develop through centrally

mediated mechanisms analogous to those responsible for the spread of

allodynia, i.e. sensitization of dorsal horn neurons with heterogeneous sources

of peripheral input (Simone et al., 1991; LaMotte et al., 1992; LaMotte, 1996;

Ikoma et al., 2006).

Current evidence indicates that noxious counter-stimuli inhibit itch within the
central nervous system rather than at the periphery. Noxious counter-stimuli
abolish itch when delivered several centimeters distal to the area of itching. This
suggests that the counter-stimuli do not act directly on the primary afferent
fibers responsible for signaling itch (Graham et al., 1951; Murray and Weaver,
1975; Fruhstorfer et al., 1986; Ward et al., 1996; Nilsson et al., 1997;
Yosipovitch et al., 2005). Skin in a state of secondary hyperalgesia and
allodynia has been shown to prevent the development of itch (Bickford, 1938;
Graham et al., 1951; Brull et al. 1999). For example, an intradermal injection of
histamine within an area of capsaicin induced allodynia was prevented from
producing itch despite the normal development of wheal and flare typically
associated with a histamine injection. This observation indicates that the
centrally mediated process responsible for allodynia can also act to block the
itch signal from perception whereas the peripheral mechanisms remain intact
(Brull et al., 1999). Pain signaling appears to interact centrally to block itch,
however it is not clear at what level(s) of the central nervous system these

interactions occur.
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Peripheral substrates of itch

Bickford (1938) demonstrated that itch (and pain) sensation remained after
myelinated fibers were selectively blocked by a pressure cuff indicating that the
peripheral pathways responsible for itch were likely to be thinly myelinated or
unmyelinated fibers. Intraneural microstimulation of individual C-fibers in human
can evoke the sensation of itch (Ochoa and Torebjork, 1989). Primary afferent
C-fibers have been shown to be activated by cowhage (Torebjork, 1974;
Tuckett and Wei, 1987), and microneurography experiments showed that
histamine activates a population of C-mechano-heat (CMH) fibers in human
subjects (Torebjork, 1974; Handwerker et al., 1991). More recently, Schmelz et
al. (1997, 2003) identified a population of pruriceptive C-fibers that were
mechanically insensitive. These fibers are among the most slowly conducting,
and their responses to histamine match the time course of itch in humans.
These advances show that responses to pruritogens are coded by selective
peripheral pathways and that that information is carried into the dorsal horn.
Furthermore, recent studies on peripheral fibers have demonstrated that
subclasses of C-fibers respond preferably to histamine or to cowhage
suggesting multiple, separate pathways for itch in the peripheral nervous
system (Johanek et al., 2007; Namer et al., 2008).

Involvement of neurons in the dorsal horn

Both deep and superficial dorsal horn neurons have been shown to respond to
histamine in the rat (Yao et al., 1992). Repeated histamine injections delivered
several minutes apart did not desensitize responsive neurons in the dorsal horn
indicated those neurons did not suffer tachyphylaxis (Carstens, 1997; Carstens
and Jinks 1998; 2000; 2002; Jinks et al., 2002). Noxious heat and scratching of
the receptive field were tested during histamine evoked discharges of dorsal
horn neurons and a large percentage (seven of eleven units tested) were
additively excited for the duration of the counter-stimulus, and then displayed a
subsequent reduction in activity for a brief period immediately after the counter-
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stimulus (Carstens, 1997). Stimulation of the PAG also suppressed the
response to histamine of all three dorsal horn neurons tested (Carstens, 1997).
A clear inhibition of the ongoing discharge elicited by histamine injection was
observed when a cold stimulus was delivered near the injection site (Jinks and
Carstens, 1998). These studies demonstrate that activity evoked by histamine
in dorsal horn neurons could contribute to itch and that this activity can be
inhibited by noxious cutaneous counter-stimuli and stimulation of descending
pathways. However, because histamine does not elicit scratching behavior in
rats (Kuraishi et al., 1995; Jinks and Carstens, 2002) and these dorsal horn
neurons also responded to noxious stimuli, important questions remain about
whether these neurons in the rat contribute to itch and/or pain. A recent study
by Akiyama et al. (2009) showed that agonists for the protease-activated
receptor (PAR2) can excite dorsal horn neurons in mice. This is interesting
because PAR2 is thought to be a candidate receptor for mucunain. Whether the
same modulations can be observed in pruriceptive neurons that project to the
brain, and are therefore more likely to play a direct role in the perception of itch,
still needs to be assessed.

Involvement of the spinothalamic tract

Surgical lesion of the anterolateral quadrant in human patients for relief from
chronic pain also eliminates the perception of itch below the lesion and within
the analgesic zones (Bickford, 1938; White and Sweet, 1969). Wei and Tuckett
(1991) found that axons of wide dynamic range neurons ascending the
ventrolateral funiculus in cats could be activated by an application of cowhage
to the skin. Andrew and Craig (2001) described a small number of STT neurons
in the superficial dorsal horn of cats that responded to histamine iontophoresis.
These neurons were not responsive to mechanical stimulation or application of
the chemical algogen mustard oil. These results suggest a selective central
pathway for itch. These neurons had no spontaneous activity and it was
proposed that they received tonic inhibitory input (Schmelz, 2001). Work in the
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Giesler laboratory has recently identified STT neurons in the monkey that
responded to intradermal histamine (Simone et al., 2004). Using an antidromic
mapping technique they were able to determine the projection targets of

histamine responsive STT neurons within the thalamus.

Inhibition of the pruritogen evoked response of spinothalamic tract
neurons

Nociceptive processing is modulated in the spinal cord by descending inputs
from the brain. A descending pain modulating pathway has become well
established (Basbuam and Fields, 1978; Mayer, 1984). Emotions and
psychological factors can elicit and modify the perception of itch (Wahlgren
1991; Yosipovitch et al., 2003; Ikoma et al. 2006); therefore, there exists the
possibility of a similar supraspinal influence on itch as for pain. In fact, human
subjects pricked with histamine show increased cerebral blood flow in some of
the same regions of the brain also activated by pain (Hsieh et al., 1994,
Drzezga et al., 2001; Mochizuki et al., 2003). In a recent imaging study
Mochizuki et al. (2003) found that the PAG was activated during simultaneous
presentation of both an itch producing stimulus and a noxious cold stimulus that
suppressed the feeling of itch. In these experiments the PAG was not active
when either stimulus was presented alone. The authors hypothesized that the
PAG might be involved in the suppression of itch by pain. These results are
consistent with the finding by Carstens (1997) that unidentified histamine
responsive neurons in the rat dorsal horn were inhibited by stimulation in the
PAG. Neurons in the PAG project to the nucleus raphe magnus and other
brainstem nuclei that can directly inhibit STT neurons (Willis 1988). These
descending projections could activate inhibitory interneurons in the dorsal horn
or directly inhibit STT neurons. It is not yet established whether pruritogen

responsive STT neurons are subject to descending modulation from the brain.
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The gate control theory, which posits suppression of pain by activation of
mechanoreceptors (Melzack and Wall, 1965), has been adapted to explain the
inhibition of itch by counter-stimulation (Schmelz 2001; Greaves and Khalifa,
2004; Paus et al., 2006). But unlike pain, itch is most effectively suppressed by
noxious stimuli such as scratching that activate small diameter nociceptors.
Central terminals of nociceptive primary afferent fibers have been shown to
make synaptic contacts onto GABAergic interneurons in the primate superficial
dorsal horn (Alvarez et al., 1992). Electrical stimulation capable of activating
unmyelinated fibers in the sural or sciatic nerve can inhibit the activity of primate
spinothalamic tract neurons (Chung et al., 1984a, 1984b). Therefore, the
necessary anatomical and physiological mechanisms exist to produce inhibition
of spinothalamic tract neurons by noxious counter-stimuli within the spinal cord.
Recently, a careful electrophysiological study has demonstrated that a subset of
C-fibers make direct synaptic contacts onto GABAergic interneurons within the
substantia gelatinosa; these GABAergic interneurons (Islet neurons), in turn,
make contacts onto excitatory interneurons which receive direct input from very
slowly conducting C-fibers (Lu and Perl, 2003). Considering that histamine
responsive C-fibers have been shown to be extremely slowly conducting
(Schmelz et al., 1997; 2003), we hypothesize that this circuit is a candidate to

explain inhibition of itch by noxious counter-stimuli.

Statement of Purpose

This dissertation aims to improve the understanding of the form and function of
the STT in mammals. The first studies demonstrate a new method for the
examination of STT neurons in neonatal and embryonic mice. This is followed
by analysis of the pattern and number of cells making up the mouse STT at
several ages from before birth to adulthood. The next studies examine the
response properties of STT neurons in rats and monkeys to natural stimuli and

map the termination sites of axons within the thalamus. Finally, STT neurons
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are assessed for responses to itch-producing agents and those responses are
further tested by stimuli that are known to modulate the experience of itch in
humans. The overall purpose of these studies is to characterize previously
unexplored anatomical and functional properties of STT neurons that may help

to explain the neural correlates of pain, itch and general somatosensation.
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CHAPTER 2

Microinjection of a neural tracer into deep structures

of embryonic and neonatal mouse brain in vivo

16



Microinjection of a neural tracer into deep structures of

embryonic and neonatal mouse brain in vivo

ABSTACT

We developed a simple pressure injection technique to deliver a neural tracer
(Fluorogold) into specific regions of the embryonic and neonatal mouse brain in
vivo. The injected animals survived for the duration of transport (24-48 hrs) and
were then sacrificed and perfused with fixative. We show that a small injection
of 50 nL or less labels distant cells of origin in several model neural pathways.
This technique can be used to identify the projection targets of neural
populations labeled with transiently expressed molecular markers, to identify
projection neurons in slice preparations, and to administer vectors directly into
specific neural targets during development. An examination of the form of
neural pathways during early stages of life may lead to insights regarding the
functional changes that occur during critical periods of development and provide

an anatomic basis for some neurodevelopmental disorders.
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INTRODUCTION

Our understanding of the organization of the mature nervous system has
advanced with the use of neural tracers. However, the difficulty of targeting
tracers into specific brain areas in embryonic and neonatal organisms has
retarded analyses of neural pathways during development. Several methods
have been described to circumvent the direct injection of tracers into embryos
and neonates in vivo. Crystallized lipophilic dyes (e.g. Dil) or horseradish
peroxidase (HRP) can be placed into tissue post-fixation and allowed to
passively diffuse along axonal pathways (Godement et al., 1987; van der Togt
and Feirabend, 1990; Hu et al., 2004). Unfortunately, these dyes travel
relatively short distances and can require long transport times. Other studies
have taken advantage of explanted tissue preparations to trace longer
pathways using dextran-amines or HRP (Smalheiser et al., 1981; Glover et al.,
1986).

Intraperitoneal injections of the retrograde tracer Fluorogold has been used to
label neurons in young rats (Leong and Ling, 1990). Stereotaxic placement of
electrodes or pipettes has been described for neonatal rats (Hoorneman, 1985;
Joosten and van Eden, 1989) and direct injections of neural tracer into the
cortex of embryonic rats has been demonstrated in vivo (Sbricolli et al., 1999).
Mice have recently become the model organism of choice for studies of
developmental neurobiology because of the availability of strains with targeted
genetic alterations. Moreover, the delivery of genetic material directly into the
ventricles of embryonic mice in vivo has been demonstrated (Saito, 2006;
Shimogori and Ogawa, 2008). Here we describe a simple procedure to inject by
pressure neural tracers into deep brain structures of embryonic and neonatal
mice in vivo. This procedure introduces neuroanatomical tract tracing to
embryonic and neonatal mice and demonstrates the targeting of deep brain

structures in vivo.
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METHODS

Animals

Timed pregnant female mice (CD1, Charles River) and neonatal mice, born on
postnatal day O (P0), were used in this study with the approval of the University
of Minnesota IACUC. Neonates were housed with their mother before and after

the injection.

Stereotaxic Apparatus

Experiments in both neonates and embryos were performed with the apparatus
described here. Most stereotaxic systems can be adapted for these
experiments. We used an electrode manipulator stand which consists of a
square aluminum bar fitted to an aluminum base plate. Attached to the
aluminum bar was a 3-axis manipulator with an attached microinjection unit
(Model 1449 Electrode Manipulator Stand, Model 1460-61 Electrode
Manipulator, and Model 5000 Microinjection Unit; David Kopf Instruments,
Tejunga, CA). A 5 uL manual syringe (Model 95, Hamilton, Reno, NV) was fitted
to the Microinjection Unit. Pipette tips were pulled from thin walled borosilicate
glass capillary tubes (with filament) with an outer diameter of 1.0 mm and inner
diameter of 0.76 mm. Pipettes were backfilled with light mineral oil and then
forward filled with 4% Fluorogold (Fluorochrome, LLC, Denver, CO). For
injections into embryos, a short length of PE-10 plastic tubing was glued
surrounding the pipette shaft leaving only a portion of the tip exposed. The
tubing worked as a stopper so that the depth of the injection would not exceed
that which was desired. All injections were done with the aid of a dissecting
microscope. Anatomical borders in the perinatal mouse brain were determined
with the assistance of the Atlas of the Developing Mouse Brain (Paxinos et al.,
2007)

Neonatal Injections
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For injections into neonatal mice, a stage was cut from a small block of
expanded polystyrene foam and fixed to the center of the base plate with
adhesive. This stage was used for pups from PO to P5 to position the body and

help stabilize the head (Figure 1).

A neonate was taken from its home cage and placed in a container of crushed
ice for about two minutes until the onset of hypothermia induced anesthesia.
Animals were considered anesthetized when non-responsive to a 3 second toe
pinch. In albino mice the transverse and superior sagittal sinuses can be easily
seen through the skin and skull. In pigmented mice the sinuses become difficult
to discern after about P3. The sinuses were used as landmarks to identify the
desired pipette insertion point. A dot was drawn on the skin surface at the
insertion point with a fine felt-tipped marker (Figure 2A). For injections into the
thalamus of PO-P5 neonates, the pipette insertion point was 0.7 mm lateral of
the superior sagittal sinus and 1.2 mm rostral of the transverse sinus. The
pipette was inserted to a depth of 2.2 mm from the surface of the skin. For
injections into the caudate/putamen the insertion point was 1.3 mm lateral of the
superior sagittal sinus, 2.2 mm rostral of the transverse sinus and the depth
from the skin was 2.0 mm. The cerebellum could be directly observed through
the bone and skin and a dot was placed on the skin at the injection site. The
depth for injections into the cerebellum was 1.8 mm from the surface of the
skin. For neonates at P5 (and older), the parietal bone is thick enough to
prevent easy penetration by the pipette. In these animals a 30 gauge needle

was first used to make a small puncture at the pipette insertion point.

Once anesthetized, the neonate was removed from the ice and placed on the
stage in the appropriate orientation for forebrain (Figure 1B) or
hindbrain/cerebellar (Figure 1C) injections. The head was held in position by the
finger tips of a second investigator. Importantly, the skin around the pipette
insertion point was gently stretched taut with the fingertips while the head was
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held in place (Figure 2B). This greatly improved the ability of the pipette to
penetrate the skin and bone at the designated location by preventing the skin
from slipping over the bone. The pipette was lowered to the skin surface under
a dissecting microscope, and then lowered to the appropriate depth. Thirty to 50
nL of 4% Fluorogold were delivered over 15 seconds and the pipette was
removed after 60 seconds. The neonate was immediately placed under a
warming lamp and on a warming pad. After approximately one minute color,
movement, and reaction to touch appeared normal and the neonate was
returned to the home cage. No animal failed to recover after this procedure.
Neonates could be injected one after another as long as care was taken to

ensure the tip of the pipette did not clog with tissue or crystallized dye.

Embryonic surgery and injections

All instruments were sterilized and sterile saline was used to keep the exposed
organs moist during the surgery. Timed pregnant females carrying embryonic
day 17 (E17) embryos were anesthetized with sodium pentobarbital (60 mg/kg
ip) and placed on a heating pad which was placed over the base plate of the
stereotaxic apparatus. The hair covering the abdomen was clipped and the skin
swabbed with an antiseptic. A 2.5 cm longitudinal incision was made with
scissors along the midline of the abdomen to gain entry to the abdominal cavity.
A portion of the uterus containing 2 or 3 embryos was gently extracted.
Ritodrine hydrochloride (100 pL at 14 mg/ml in saline) was applied directly to
the surface of the exposed uterus to relax the smooth muscle. An individual
embryo was manipulated in utero under a dissecting microscope using hand-
held ring forceps. Care was taken to avoid contact of the forceps with the
placenta. A second forceps with flat, blunted edges was used to assist in
positioning the embryo within the uterine sac. The head of the embryo was
gently positioned so as to be upright with the crown facing the pipette tip. For
injections into the striatum the head was rotated slightly along the longitudinal
axis so that the pipette would penetrate more laterally. The head of the embryo
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was held in direct contact with the uterine wall. The transverse and superior
sagittal sinuses can be seen through the uterine wall and through the skin and
bone of the embryo and were used as landmarks. Once the embryo was held
stationary a second investigator lowered the pipette through the uterine wall, to
the depth of the stopper (Figure 3, inset) and 30 nL of Fluorogold was ejected.
The pipette remained in place for 10 seconds after completion of the injection
and then was withdrawn. A few easily accessible embryos on each side were
injected and then placed back into the body cavity. The mother was sutured and
recovered on a warming pad for 1 hour and then moved back to her home
cage. The mother was re-anesthetized 24 hours later with pentobarbital and the
abdominal incision reopened to access the embryos for hypothermia induced

anesthesia and fixation by perfusion.

Fixation and Histology

Fluorogold transports quickly after an injection and animals sacrificed after two
hours for transport displayed bright labeling of fiber bundles up to 2 mm away
from the injection site (unpublished observations). For robust filling of cells we
allowed a transport time of 24 hours for embryonic injections and 48 hours for
neonatal injections. After this time the embryo or neonate was put on ice for
hypothermia induced anesthesia. The mouse was then pinned ventral side up
to a polystyrene block. Under a dissection microscope the ribcage was cut out
with fine scissors to provide access to the heart. The right atrium was lanced
and a blunted 27 gauge needle inserted into the apex of the heart. Five
milliliters of 0.9% saline was perfused through the heart to clear the vasculature
and then 5 mL of 4% paraformaldehyde (PFA) was perfused to fix the tissue.
Solutions were delivered by pump at 1 mL/minute. Animals were then dissected
so that only the skull and vertebral column remained intact, i.e. organs, limbs,
skin were all removed. The combined skull and vertebral column containing the
brain and spinal cord were placed in a container of 4% PFA at 4 degrees

overnight. The next day the nervous system was carefully removed from skull

22



and vertebrae under a dissecting scope. The brain and spinal cord were
separated at the level of the tectum and embedded in cutting medium. Both
were then sectioned in 50 micron sections on a cryostat, mounted onto a gel
coated slide, dried and coverslipped. Fluorogold was visualized with an
Olympus BX50 microscope under a UV light source. Micrographs were
captured digitally with a Scion 1.4 megapixel grayscale scope-mounted camera
and Scion Capture v2.0 software. Brightness and contrast of whole images

were uniformly adjusted using Adobe Photoshop CS3.

RESULTS

Neonatal Injections

Under hypothermia induced anesthesia, neonatal mice were areflexive and
could easily be positioned upon the stage in either the forebrain or hindbrain
configuration. A typical litter of 10 pups could be injected in about an hour.

Two days after the injection neonates were perfused and dissected. Whole
mount brains were then quickly inspected under a UV light for successful
injection of Fluorogold. In some cases dye failed to flow from the pipette tip and

these brains were discarded before sectioning.

An example of a whole PO-injected mouse brain containing 50 nL of 4%
Fluorogold in the lateral cerebellum is shown in Figure 4. Successfully injected
brains were sectioned to identify the spread of tracer around the injection site. A
coronal section through the cerebellum shows the limited extent of tracer (Fig.
4B). Retrogradely labeled neurons were found in the contralateral inferior olive
(Fig. 4C) and in Clarkeds column of).
An example of an injection into the thalamus (injected on PO and perfused on
P2) is illustrated in figure 5. The fluorescence was observed in the whole brain
under a UV light source and a coronal section through the injection site
revealed that the tracer was contained within the thalamus (Fig. 5B). Labeled
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cells of origin were observed in the contralateral spinal cord (Fig. 5C) including
within the marginal zone (Fig. 5D). These spinothalamic tract neurons represent
one of the longest axonal pathways in the CNS indicating that within 48 hours

Fluorogold labels cells located maximally distant from the injection site.

Embryonic Injections

After deep anesthesia of the pregnant female mouse, injections into 4-7
embryos typically took less than 30 minutes. One day after injections into the
embryos a second laparotomy was performed and the individual embryos were
removed for perfusion. Occasionally some embryos did not survive and these
were discarded. Whole embryos removed from the uterus were placed under a
UV light to determine whether Fluorogold was injected successfully and
embryos containing the tracer were perfused. An example of an injection into
the thalamus of an E17 mouse is shown in Figure 6A. Similar to the neonatal
results, labeled cells of origin were observed in the spinal cord (Figure 6B) and
individual cells and their processes were observed (Figure 6C). Another embryo
received an injection into the basal ganglia at the level of the anterior
commissure (Figure 7A). Labeled cells of origin were observed within the

substantia nigra pars compacta and the ventral tegmental area (Figure 7B).

DISCUSSION

Projection neurons are critical for transmitting information and integrating
distant regions of the nervous system. Tracers have greatly enhanced our
knowledge about the form of neural pathways and increased our understanding
of their functions. The injection of neural tracers into deep brain structures in
embryonic and neonatal mice had not previously been described; therefore we
used the retrograde tracer Fluorogold to label cells of origin from several neural
pathways in neonatal and embryonic mice. The technique is fast and simple
and requires minimal equipment and preparation. We tested the validity of our
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method by comparing the pattern of labeled cells in perinatal mice with what
would be anticipated by previously described patterns of labeling in rats or adult
mice. Although gross brain morphology changes over the course of
development, we assumed that the neural pathways in immature animals, if
already extant, would appear similar to those of adults. We found that for the
targets we injected, the pattern of labeling was generally consistent with the
adult form. Each of the projections systems we targeted: the spinothalamic
tract, the climbing fibers of the inferior olive, and the substantia nigra-ventral
tegmental area dopaminergic pathway, appeared similar to previously reported
forms (Sotelo et al., 1984; Burstein et al., 1990; Anderson et al., 2001; Hu et al.
2004). This technique should allow the quantification of projection cell
populations during development and can be combined with other methods to
characterize cells. For example, immunohistochemistry has been successfully
combined with Fluorogold labeling (Burgunder and Young, 1988; Fried et al.,
1989; Ju et al., 1989).

Mice are increasingly being used as models in anatomical studies largely
because of the availability of various gene-targeted or transgenic mice.
Transcription factors and other molecular markers that are expressed
transiently in the developing embryo and neonate have been used to identify
specific populations of neurons in the spinal cord (Lee and Jessell, 1999; Helms
and Johnson, 2003) and in the cortex (Molyneaux et al., 2007; Leone et al.,
2008). One difficulty for these studies has been the inability to determine of the
projection targets of molecularly identified neurons. An understanding of the
projection targets of identified cells can provide information about the functional
relevance of labeled populations.

We used Fluorogold in these experiments, but the injection apparatus also
allows the introduction of pharmacological agents, vectors for genetic materials,
or other types of neural tracers. For example, the injection of a lentivirus into
one week old mouse forebrain has been used to study the effects of the
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injected gene later on in life (Welch et al., 2007). In addition to developmental
analyses, retrogradely labeled neurons can be used in slice electrophysiology
preparations, in which very young animals are typically used, to record from

cells with identified projection targets.

Critical periods during development are important for establishing proper
sensory and motor functions later in life and require both refinement and growth
of neural pathways (Hensch, 2004). The size of a projection and its connectivity
is dependent in part on environmental stimuli during early life (Trachtenberg
and Stryker, 2001). Aberrant growth of developing neural pathways can
contribute to the establishment of neurodevelopmental disorders (Wolterink et
al., 2001; Bouwmeester et al., 2004). Using neural tracing techniques during
early stages of life could be an important tool for increasing our understanding
of the neural mechanisms that produce developmental disorders and assessing

the success of therapeutic interventions.
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Figure 1

Figure 1. Stage dimensions and positioning of neonates. A) The stage was cut
from expanded polystyrene foam (often used as packing material) into the
dimensions shown. B) Position of the neonate on the stage for injections into
forebrain structures. The head of the neonate is held to the stage by hand using
the fingers to stretch the skin at the injection point. C) Position of the neonate
used for injections into hindbrain/cerebellum. The head is bent down with the
jaw in contact with the side of the stage to provide access to the hindbrain and

cerebellum.
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Figure 2

Figure 2. Injection of tracer into neonatal mouse in vivo. A) A dot of ink marks
the injection target for a thalamic injection. The transverse and mid-sagittal
sinuses can be seen through the skin (arrowheads) and were used as
landmarks. B) The pipette is lowered through the skull and into the brain at the
target location. The fingertips of the second investigator apply gentle pressure
to keep the head in position and to stretch and make taut the skin at the

insertion point.
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Figure 3

Figure 3. Injection of tracer into embryonic mouse in utero, in vivo. Under a
dissecting microscope, the embryo is manipulated within the uterine sac with
ring tipped forceps to position the head below the tip of the pipette. Once
positioned and stable, the pipette is lowered the distance permitted by the

ifistopper o and the tracer is delivd0 ed.

tubing fitted over the tip and glued to the glass so that only the desired length of
the tip is exposed. In this case, for thalamic injections the exposed tip length
was 2.0 mm.
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Figure 4

Figure 4. Example of an injection of Fluorogold into the cerebellum of a PO

mouse fixed 48 hours later with 4% PFA. A) Whole brain after an injection of
Fluorogold into the lateral cerebellum. The skull is removed and the injection
confirmed under UV light. Arrow shows the injection point. Scale bar: 1.0 mm.

B) Coronal section through the plane of maximum tracer spread. Inset: plane of

section is illustrated in sagittal (upper) and coronal (lower) drawings. C) Labeled

neurons with projection to the cerebellum located in the contralateral inferior
olive (climbing fibers), and in al(@®rkeds
Scale bar for (B), (C) and (D): 100 pum.
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Figure 5

Figure 5. Injection site and retrogradely labeled neurons of a P2 mouse that
had an injection of Fluorogold into the thalamus on PO. A) Whole mount of brain
under UV light showing the location of the injection site (arrow). Scale bar:
1.0mm. B) Coronal section showing the extent of 50 nL of Fluorogold within the
thalamus. Abbreviations: 3V, third ventricle; CPu, caudate/putamen; Ctx, cortex;
ic, internal capsule; H, hippocampus; MD, mediodorsal nucleus; VB,
ventrobasal complex. Scale bar: 0.5 mm. C) Transverse section of the dorsal
horn of the cervical spinal cord with labeled cells in the lateral cervical nucleus
(arrows), deep dorsal horn (arrowheads) and in the marginal zone (box) Scale
bar. 50 um. D) Labeled neurons of the spinothalamic tract located in the
marginal zone of the spinal cord dorsal horn shown at higher magnification.
Scale bar: 50 pm.
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Figure 6

Figure 6. Injection of Fluorogold into the thalamus of an E17 mouse. A) After
24 hours the tissue was sectioned. The injection site was localized to the lateral
thalamus and did not spread to the contralateral side. Scale bar: 500 um. B)
Labeled cells of the spinothalamic tract observed in the spinal cord dorsal horn.
Scale bar: 100 um. C) Processes of individual neurons in the dorsal horn are

visible. Scale bar: 50 pm.
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Figure 7

Figure 7. Injection of Fluorogold into the striatum of an E17 mouse. A) After 24
hours for transport of a 50 nL injection of Fluorogold in the caudate-putamen
the tissue was sectioned and photographed under a UV light source. ac,
anterior commissure; LS, lateral septal nucleus; LV, lateral ventricle. Scale bar:
500 um. B) Labeled cells in the substantia nigra pars compacta (SNC) and the
ventral tegmental area (VTA) that project to the striatum. SNR, substantia nigra
pars reticulata; fr, fasciculus retroflexus. Scale bar: 100 pm.
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A quantitative analysis of spinothalamic tract neurons

in adult and developing mouse

ABSTRACT

An understanding of the development of nociceptive circuits is important for the
proper treatment of pain in newborns and infants. The spinothalamic tract is a
crucial pathway for the transmission of nociceptive information to the brain, yet
the stage of development when axons from the spinal cord finally reach the
thalamus is unknown. Therefore, we characterized the spinothalamic tract at
various stages of development in a standard laboratory mouse using the
retrograde tracer Fluorogold. The adult mouse contained ~3500 neurons
located in the spinal cord retrogradely labeled from the thalamus. Eighty
percent of the labeled cells were on the side of the cord contralateral to the
injection site. Sixty-three percent of all labeled cells were located within the
cervical cord, 18% in thoracic cord and 19% in the lumbosacral spinal cord.
Postnatal mice aged P2 and P7 did not differ from the adult in number or
distribution of retrogradely labeled spinothalamic tract neurons. Retrogradely
labeled cells in embryonic day 18 mice were distributed similarly to older mice
as well. Embryonic and early neonatal mice possessed cells of lesser diameter
than those of older mice. Biotin-dextran injected into spinal cord of postnatal
day 2 and 7 mice revealed rich arborizations and boutons within the ventrobasal
complex of the thalamus. These data indicate that while spinothalamic tract
neurons continue to mature during the postnatal period, axons of these neurons
reach the thalamus before the time of birth and possess some of the cellular

features required for functionality.
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INTRODUCTION

Proper care for neonates exposed to noxious stimuli is of paramount
importance because injury early in life can lead to abnormal pain experience
later on (Anand et al., 1999; Ruda et al., 2000). This early plastic capacity
reflects a period of rapid anatomic and functional development that occurs in
the nociceptive circuits during the perinatal period (Fitzgerald 2005). Also of
concern is the level of the neuraxis that nociceptive information reaches at
progressive developmental time points, and therefore the growing capacity for
pain (Lee et al., 2005). Recent cortical hemodynamic imaging and
electrophysiological studies suggest that information specific to nociceptive
processing can reach cortical areas in preterm humans (Fernandez et al., 2003,
Bartocci et al., 2006; Slater et al., 2006). However, interpretations about pain
experience from these studies must be tempered in light of the lack of data
describing the development of nociceptive circuits in the central nervous
system. In particular, the nociceptive pathways ascending from the spinal cord
to supraspinal targets that are required for the perception of pain have not been

examined during the perinatal period.

Neurons in the dorsal horn, some of which make up the ascending nociceptive
system, receive inputs from unmyelinated and thinly myelinated primary afferent
fibers (Light and Perl 1979; Sugiura et al., 1986). In rats, central projections of
myelinated A-fibers enter the grey matter on embryonic day 15 (E15),
unmyelinated fibers enter at E18, and the non-peptidergic class of unmyelinated
fibers have not been observed in the grey matter until postnatal day 5 (P5;
Mirnics and Koerber 1995; Jackman and Fitzgerald 2000; cf. Lorenzo et al.,
2008). In the mouse, primary afferent innervation of the spinal grey matter
occurs in a similar pattern but with the first central projections penetrating the

grey matter on E13, consistent with the shorter gestation period of mice (Ozaki
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and Snider 1997). These studies suggest that peripheral nociceptive pathways

reach the spinal cord before birth.

Dorsal horn neurons develop from precursor cells that migrate from the
ventricular zone between E12 and E18 (Altman and Bayer 1985). Among this
migrating population are cells fated to become spinothalamic tract (STT)
neurons which, in adults, carry nociceptive information about thermal,
mechanical and chemical stimuli to the thalamus (Willis and Coggeshall 2004).
STT neurons are born relatively late compared with other populations of dorsal
horn cells (Beal and Bice, 1994). Because the STT represents one of the
longest axon pathways in the nervous system it is not clear when, after the birth

of the neurons, their axons reach their destination in the thalamus.

The use of mice in experiments examining behavior and physiology relating to
pain, itch, and thermal senses has increased recently because of the growing
availability of genetically altered models (Zhang and Bao 2006). Recent
advances in the characterization of transcription factors involved in the
differentiation of spinal cord neurons has peaked interest in the contributions
these newly specified populations make to particular neural pathways (Helms
and Johnson 2003). The STT of the adult mouse has not been previously
examined, nor has the STT been characterized during the perinatal period in
any species. Here we used retrograde and anterograde tracers to quantify the
cells of origin and examine the terminations of spinothalamic tract neurons in
mice throughout development. These experiments show that the STT is
completed before birth and that the pattern of labeling in mice is similar to that

found in rats and other mammals.

METHODS

Surgery and Anesthesia
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CD1 mice were used for all procedures. Adult mice were male, neonates (born
on P0) and embryos (plug visible on EQ) were of either sex. Animals were
housed in a temperature controlled facility with ad libitum food and water and 12
hour light/dark cycle. Neonates were housed with their mother before and after
the procedure. All procedures were conducted in accordance with the

guidelines of the University of Minnesota Institutional Care Facility.

Adult mice

Adult mice weighing 28 i 40g were anesthetized with pentobarbital (60 mg/kg,
IP) and fixed to a stereotaxic frame. A longitudinal incision was made along the
midline over the skull and a small bur hole was drilled through the bone over the
approximate location of the thalamus. A pulled borosilicate glass pipette with a
tip diameter of ~5um was attached to a 5 pL Hamilton syringe filled with mineral
oil. A solution of 4% Fluorogold (Fluorochrome LLC, Denver, CO) was forward
filled into the pipette. The syringe was attached to a manipulator and the tip was
then zeroed over Bregma and moved to the coordinates: AP -2.0 mm, ML 1.8
mm, DV 3.0 mm and AP -1.8, ML 1.8 mm and DV 2.8 mm. Two separate
injections of 75 nL of Fluorogold were administered into the thalamus by
pressure. The incision was sutured closed and the mouse recovered on a warm
pad and upon waking was returned to the home cage. Mice were sacrificed one
week later with an overdose of pentobarbital and perfused with normal saline
and then 4% paraformaldehyde. The brain and spinal cord were removed and
post-fixed overnight. Brains and spinal cords were sectioned transversely at 75

pm and 50 um respectively on a microtome.

Neonatal and Embryonic mice

Neonatal mice were anesthetized by hypothermia and positioned on a stage
designed for stereotaxic injections in young animals. The procedure was
previously described (Chapter 2). Briefly, the transverse and superior sagittal

sinuses can be seen through the skin and skull and were used as landmarks. A
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dot was drawn with a fine felt-tipped marker on the skin surface over the
location of the thalamus and injection target. For PO-P5 neonates, the pipette
insertion point was 0.7 mm lateral of the superior sagittal sinus and 1.2 mm
rostral of the transverse sinus. The pipette was inserted to a depth of 2.2 mm
from the surface of the skin. For neonates P5 and older a small puncture at the
pipette insertion point was first made with a 30 gauge needle. 50 nL of 4%
Fluorogold were delivered over 15 seconds and the pipette was removed after
60 seconds. The neonate was immediately placed under a warming lamp and
on a warming pad. After approximately one minute color, movement, and
reaction to toe pinch returned and the neonate was replaced in the home cage

with its mother.

In several neonatal mice the anterograde tracer 10% biotinylated dextran amine
(BDA, 10,000 MW, lysine fixable, Molecular Probes, Eugene, OR) was injected
by pressure into the spinal cord grey matter. Because of the longer duration of
this procedure, mice were anesthetized with 10% pentobarbital in saline
(50mg/kg IM) and hypothermia. A laminectomy was performed over the cervical
enlargement and one or two vertebrae removed with fine forceps. A pipette
attached to a 5 pyL Hamilton syringe was lowered into one side of the spinal
cord to a depth just below the surface and 30 nL of biotin-dextran was
delivered. Neonates received a single suture and a dab of cyanoacrylate glue to
close the wound. After one hour on a heating pad, neonates were returned to
their home cage with their mother. After 48 hours the neonates were

anesthetized with pentobarbital and perfused as described below.

Timed pregnant females carrying embryonic day 17 (E17) embryos were
anesthetized with sodium pentobarbital (60 mg/kg ip) and placed on a heating
pad. A laparotomy was made and a portion of the uterus containing 2 or 3
embryos was gently extracted. Ritodrine hydrochloride (100 pL at 14 mg/ml in
saline) was applied directly to the surface of the exposed uterus to relax the
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muscle. An individual embryo was manipulated in utero under a dissecting
microscope using hand-held ring forceps. The head of the embryo was held in
direct contact with the uterine wall so that the transverse and superior sagittal
sinuses could be clearly seen. A pipette was lowered through the uterine wall,
through the skull of an embryo and into the thalamus where 30 nL of Fluorogold
was ejected by pressure. The pipette remained in place for 10 seconds after
completion of the injection and then was withdrawn. A few easily accessible
embryos on each side of the uterus were injected and then placed back into the
body cavity. The mother was sutured and recovered on a warming pad for 1
hour and then moved back to her home cage. The mother was re-anesthetized
24 hours later with pentobarbital and the abdominal incision reopened to access

the embryos for hypothermia induced anesthesia and fixation by perfusion.

Fixation and Histology

The transport time was one day for embryonic injections and two days for
neonatal injections. After this time the embryo or neonate was placed in ice to
induce anesthesia by hypothermia. Deeply anesthetized mice were perfused
with 5 mL 0.9% saline through the heart and then 5 mL of 4%
paraformaldehyde for fixation. Solutions were delivered by pump at 1
mL/minute. Partially dissected neonates/embryos were placed in a container of
4% paraformaldehyde overnight. The next day the nervous system was
removed from within the skull and vertebrae under a dissecting microscope and
the brains and spinal cords were separated at the level of the tectum and
embedded in cutting medium. Both were sectioned in 50 pum transverse
sections with a cryostat. For retrograde experiments the tissue was mounted
onto a gel coated slide, dried and coverslipped. After injection sites were
confirmed to be contained within the thalamus, labeled neurons were mapped
in the spinal cord using a camera Lucida drawing tube attached to a microscope

equipped for ultraviolet reflected illumination. To visualize BDA in the spinal

40



cord and brain the ABC-DAB reaction was used (Vectastain Elite ABC Kit,

Vector Laboratories, Burlingame, CA).

Labeled cells in every 50 um section of spinal cord were counted. Counting on
the first cervical segment began on the section immediately caudal to the
pyramidal decussation. The Abercrombie correction factor was applied to
reduce error from double counting cells split between sections (Abercrombie,
1946; Burstein et al., 1990; Klop et al., 2004). Additional adult, P7, P2, and E18
mice were injected in the thalamus with Fluorogold following the protocols
detailed above and the spinal cords were sectioned in the sagittal plane to
determine the diameter of labeled cells from superficial and deep dorsal horn.
These diameters were used in the equation: Thickness of section / (thickness of

section + mean cell diameter) = correction factor.

Images were captured digitally using Scion Capture v2.0 software with a Scion
1.4 megapixel grayscale camera mounted to an Olympus BX50 microscope.
Brightness and contrast of whole images were uniformly adjusted using Adobe
Photoshop CS3. Anatomical borders in the perinatal mouse brain were
determined with the assistance of the Atlas of the Developing Mouse Brain
(Paxinos et al., 2007).

RESULTS

Four mice in each age group: E18, P2, P7 and adult were used to assess the
population of STT neurons. One additional mouse in each group was used to
obtain cell diameters in sagittal sections. Fluorogold injections into the
embryonic and neonatal mice generally spread to fill the thalamus. In adult mice
thalamic injections were targeted to fill the mediolateral extend of the caudal
thalamus. Retrogradely labeled neurons in the mouse spinal cord were found in
the superficial dorsal horn (SDH), the lateral cervical (LCN) and lateral spinal
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nuclei (LSN), the deep dorsal horn (DDH) and the ventral horn (VH). Sixty-three
percent of the labeled cells were located within the cervical spinal cord. The
remainder was split evenly between the thoracic and lumbar cord. The pattern

of labeling was similar for adult, P7, P2 and E18 (Figures 1-4).

Photomicrographs of the injection site in an embryo show the extent of the
injection and the spread of tracer within the thalamus (Figure 4). Injection sites
were rejected for analysis if Fluorogold spread into the midbrain. Fluorogold
injections into the thalamus of the embryo produced a pattern and number of

labeled cells in the spinal cord no different from the adult or neonates.

Sagittal sections throughout the length of the spinal cord from each age group
were examined to determine the diameter of labeled neurons. Sections through
the lumbar enlargement are shown for comparison (Figure 5 A-D). No
differences were detected within adult, neonatal or embryonic groups in the
diameter of labeled cells between cervical, thoracic or lumbar levels (One-way
ANOVA, p > 0.05). Therefore, the diameters of labeled cells from all levels of
the spinal cord were pooled to test for differences between groups (Figure 6A).
The diameters of cells from embryonic mice were found to be significantly less
than cells at P2 (9.8 £ 0.4 um; 12.4 + 0.3 um, respectively; One-way ANOVA, p
< 0.001, Dtesh far Gnsiltiplp comparisons). Cell diameter of P2 cells
were less than P7 cells (14.3 £ 0.5 um). Adult cells (13.3 £ 0.6 pm) did not differ

in size from P7.

The total number of cells throughout the entire spinal cord in each age group
did not differ between ages (One-way ANOVA, p = 0.32), indicating that the
constituent number of cells contributing to the STT in mice is present before
birth. The mean, corrected number of cells making up half the STT in mice is
about 3,500 (Figure 6B). In all age groups approximately 80% of neurons were
found contralateral to the injection site (Figure 6C).
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Retrogradely labeled neurons were categorized as SDH (marginal zone and
substantia gelatinosa), DDH (nucleus proprius, lateral reticulated area and cells
dorsal of the central canal), LCN/LSN (ventral to the head and lateral to the
neck of the dorsal horn and outside of the reticulated area) or VH (intermediate
zone, around the central canal and cells ventral to the central canal).
Retrogradely labeled cells were counted within each described region of the
spinal cord in every age group (Figure 7). To determine whether axons from
some regions of the spinal cord reached the thalamus before other regions, the
number of cells in each region of the spinal cord was compared across all age
groups. No differences were detected in the number of retrogradely labeled
cells within any region of the cervical and thoracic spinal cord across any of the
age groups. However, embryonic mice displayed significantly fewer retrogradely
labeled cells than the neonatal and adult groups in the contralateral DDH.
Fewer neurons were labeled in the embryonic VH than in both neonatal groups
but not in adult. Additionally, in lumbar cord the P7 mice displayed significantly

more neurons in the ipsilateral VH than the other groups.

The anterograde tracer biotin-dextran was injected into the cervical spinal cord
in P2 and P7 neonates (Figure 8). Axon arborizations possessing boutons were
observed at both ages in the ventrobasal complex of the thalamus. These data
confirm that axons from spinal cord neurons reach the thalamus early in life and

possess some of the cellular structures required for neural transmission.

DISCUSSION

The mouse has become an important model organism because of the
availability of genetically altered strains and therefore neuroanatomical studies
must now be performed to confirm the organization and enumerate the
magnitude of various pathways in this species. Here we show that the
spinothalamic tract, a major ascending pathway required for the normal
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processing of pain in humans, is present in the adult mouse. Furthermore, the
location of cells making up the STT is homologous with previous studies of the
STT in adolescent and adult rats (Lima and Coimbra 1988; Burstein et al.,
1990; Huang, 1989; Li et al., 1996; Yu et al., 2005), in cats (Carstens and
Trevino 1978; Craig et al., 1989; Klop et al., 2004) and monkeys (Hayes and
Rustioni, 1980; Apkarian and Hodge 1989; Willis et al., 2001). The largest
numbers of neurons were located in the nucleus proprius, lateral reticulated

area, lateral cervical and spinal nuclei, marginal zone, and the ventral horn.

The number pattern of retrogradely labeled neurons from Fluorogold injections
into the thalamus of embryos was no different from the number of labeled
neurons in neonates or adults. This suggests that the gross organization of the
STT is completed before birth. However the STT cannot be considered mature
before birth because the neurons continue to increase in size until one week
postnatal. Approximately 3500 spinal projection neurons can be labeled from
the contralateral thalamus in mice. An anterograde examination of the thalamic
projections from spinal neurons in neonatal mice showed that axons posses
terminal arborizations and boutons within the ventral basal complex. Taken
together, these data suggest that while the organization of the STT is
completed before birth, and the terminals possess some of the cellular features
involved in synaptic transmission, the neurons are not yet fully matured and

continue to increase in diameter during the early neonatal period.

The spread of Fluorogold around the injection sites did not always extend to the
rostral thalamus especially in adults, but did extend across the mediolateral
extent of the thalamus in caudal planes at the level of the posterior thalamus.
Because Fluorogold is taken up by axons of passage (Dado et al., 1990) most
axons passing onto the rostral parts of the thalamus are expected to take up

Fluorogold in transit through the caudal portion of the thalamus. Nevertheless,
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some thalamic projecting spinal neurons may have been missed possibly

leading to an underestimation of number of cells in the pathway.

A period of cell death during early development is common in many neural
populations and has been described for interneurons in the spinal cord of rats
(Lawson et al., 1997) and humans (Vilovic et al., 2006). In rats peak apoptosis
in the spinal cord occurs on the day of birth and continues until about P7
(Lawson et al.,, 1997). Programmed cell death is thought to play a role in
removing ferroneouso projections (Cowan et
and in size-matching of synaptically linked populations (Purves 1988;
Oppenheim 1989). Our data do not support that spinothalamic tract neurons
undergo a period of cell death because the total number of STT neurons
remains constant between E18 and adult and the ratio of contralateral to
ipsilateral STT neurons does not change with age. However, only a direct test
for markers of apoptosis in spinal neurons retrogradely labeled from the
thalamus can determine whether any STT neurons die after their axons reach
the thalamus.

Central projections of primary afferent fibers continue to refine their termination
zones and do not appear mature until several weeks after birth (Fitzgerald et
al., 1994; Coggeshall et al., 1996; Mirnics and Koerber, 1997; Beggs et al.,
2002). Similarly, there exists the possibility that axons of spinal projection
neurons grow and retract as the organism matures. Axons from spinal cord
neurons may reach the thalamus early, and then retract to other termination
points in the brainstem or upper cervical cord later. This would lead to an
overestimation of the number of cells counted in the embryonic or neonatal
period. However, this seems unlikely because the number of STT neurons is
not different in adult and younger animals. Therefore if retraction of axon
projections occurs the retracting axons must be replaced by the same number

of newly arriving axons emanating from the spinal cord. Furthermore, the idea
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of retracting primary afferent fibers has been recently rebuked (Woodbury et al.,
2000; Boada and Woodbury, 2008). More work is needed to determine whether
long spinal axons could undergo pruning after reaching an initial target in the

thalamus.

The major functional classes of skin sensory primary afferent fibers are present
in neonatal rats and can respond to chemical, thermal and mechanical
stimulation (Fitzgerald, 1987). However, somal spike characteristics, conduction
velocity and response properties have been suggested to mature later (Fulton,
1987; Fitzgerald and Fulton, 1992; Koltzenburg et al., 1997; Mirnics and
Koerber, 1997; Ritter et al.,, 2000). For example, the latency to record action
potentials in neonatal rat dorsal horn neurons to electrically stimulated A-fibers
displays a four-fold decrease between P3 and P21 and spike activity evoked
from C-fiber stimulation does not appear until after one week of birth (Jennings
and Fitzgerald 1998). Furthermore, the size of dorsal horn cell peripheral
cutaneous receptive field decreases with age suggesting continued refinement
of sensory fiber innervation during the neonatal period (Fitzgerald 1985). No
study has examined the physiological properties of STT neurons in the neonate;
however, the fact that STT neurons do not reach full size until nearly a week
after birth supports the hypothesis that their physiological characteristics could

also be immature until then.

One of the main findings of this study is that the STT is organized before birth.
This suggests the possibility that nociceptive information may reach the brain
via the STT at early stages of development and supports the conclusions of
electroencephalographic and hemodynamic imaging studies that have
demonstrated activity generated in the cortex of preterm humans produced by
noxious stimuli applied to the skin (Fernandez et al., 2003; Bartocci et al., 2006;
Slater et al., 2006). Although no physiological data supports the idea that STT
neurons are functional during the neonatal period, STT neurons are potentially
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functional and possess arborizations and boutons in the ventrobasal complex of
the thalamus. Future studies should determine the progression of functionality
of postnatal STT neurons. Such studies would help to explain at what level of
the neuraxis nociceptive information reaches throughout development and help
to inform decisions about the use of anesthetics and pain relieving drugs in

preterm and neonatal humans.
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Figure 1

Figure 1. Adult Mouse Spinal Cord

Figure 1. Cells of origin of the spinothalamic tract in the adult mouse. Top, sites
in the thalamus into which Fluorogold was injected. Bottom, retrogradely
labeled spinothalamic tract neurons in representative segments of the spinal
cord. A single dot was placed at the location of each labeled cell in every 50 pm
section of the segment and each section within the segment was compounded
into a representative camera lucida tracing. No correction factor was used to
produce these reconstructions. The total number of labeled cells in the adult
mouse represented in this figure was 3,007 (corrected).
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Figure 2

Figure 2. P7 STT

Figure 2. Cells of origin of the spinothalamic tract in a neonatal mouse injected
on P5 and perfused on P7. Top, sites in the thalamus into which Fluorogold was
injected. Bottom, retrogradely labeled spinothalamic tract neurons as in Figure
1. Total number of corrected spinothalamic tract neurons in this mouse was
4,252,
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Figure 3

Figure 3. P2 STT

Figure 3. Cells of origin of the spinothalamic tract in a neonatal mouse injected
on the day of birth and perfused 48 hours later. Top, sites in the thalamus into
which Fluorogold was injected. Bottom, retrogradely labeled spinothalamic tract
neurons as in Figure 1. Total number of corrected spinothalamic tract neurons
in this mouse was 3,047.
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Figure 4

Figure 4. E18 STT

Figure 4. Cells of origin of the spinothalamic tract in an embryonic mouse
injected on E17 and perfused 24 hours later. Left, sites in the thalamus into
which Fluorogold was injected. Solid line represents the injection site and the
dotted line represents the regions to which tracer spread. Right, retrogradely
labeled spinothalamic tract neurons as in Figure 1. Total number of corrected
spinothalamic tract neurons in this mouse was 3,944.
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Figure 5

Figure 5. Sagittal sections through the deep dorsal horn of the lumbar
enlargement. The diameter of retrogradely labeled spinothalamic tract neurons
were measured to determine the Abercrombie correction factor for each age
group. Top left, E18 cells appeared generally spherical but small and with few
distinct processes. Top right, P2 cells. Bottom left, P7 cells appear larger and
processes are robust. Bottom right, Adult cells; inset, location of the
approximate section through lumbar enlargement of each panel.
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Figure 6

A B
s 16 *]
TR R I o o K
8 12 —H B 4K] —+ _|_
2 40 -
T © 3K
O 8 E
% E g2K-
Z 4
8 1K
E18 PO P5 Adult E18 P0 P5 Adult
C Cervical Thoracic Lumbar
E1(:I0-
‘g 90 _
5 801 _
™ 70-
j =
5 &
50-
© L
S 30-
g 20-
o 101
E18 P2 P7 Adult Whole
cord
all ages

Figure 6. Quantification of retrogradely labeled cells. A) Diameters of cells in
each age group. Spinothalamic tract neurons progressively increase in size
during the early postnatal period. B) No differences were detected between the
total mean numbers of corrected spinothalamic tract neurons at each age
group. C) Percent of retrogradely labeled cells located contralateral to the
injection site in the thalamus.
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Figure 7
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Figure 7. Number of retrogradely labeled cells (corrected) in each region of the
spinal cord across all ages. No differences across age groups were detected in
the number of cells in any given region within the cervical and thoracic cord.
Embryonic mice had fewer cells in the contralateral DDH than all older mice and
fewer cells in the VH than neonatal mice. Postnatal day 7 mice had a larger
number of cells in the ipsilateral ventral horn than all other ages (One-way
ANOVA with Student-Neuman-Kuels post-test for multiple comparisons).

54



Figure 8

Figure 8. Anterograde transport to the thalamus of biotinylated dextran amine
injected into the spinal cord. A) Spinal cord of a mouse injected on P5 and
perfused on P7. B) lllustration of the location of labeled axons in the
ventrobasal complex of the thalamus. C) Axon arborizations and boutons from
the injection in A located in the box in B. D) Spinal cord of a mouse injected on
the day of birth and perfused 48 hours later. E) Axon arborizations and boutons
located in the ventrobasal complex.
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CHAPTER 4

Thermally identified subgroups of marginal zone
neurons project to distinct regions of the ventral

posterior lateral nucleus in rats
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Thermally Identified Subgroups of Marginal Zone
Neurons Project to Distinct Regions of the Ventral

Posterior Lateral Nucleus in Rats

ABSTRACT

Spinal marginal zone (MZ) neurons play a crucial role in the transmission of
nociceptive and thermoreceptive information to the brain. The precise areas to
which physiologically characterized MZ neurons project in the ventral posterior
lateral (VPL) nucleus of the thalamus have not been clearly established. Here,
we examine this projection in rats using the method of antidromic activation to
map the axon terminals of neurons recorded from the MZ. Thirty-three neurons
were antidromically activated using pulses of (80 pA in the contralateral VPL. In
every case, the most rostral point from which the MZ neuron could be
antidromically activated was surrounded by stimulating tracks in which large-
amplitude current pulses failed to activate the examined neuron, indicating the
termination of the spinothalamic tract (STT) axon. Each of 30 examined
neurons responded to noxious but not innocuous mechanical stimuli applied to
their cutaneous receptive fields, which ranged in size from two digits to the
entire limb. Of 17 thermally tested neurons, 16 responded to innocuous or
noxious thermal stimuli. Among STT neurons that responded to thermal stimuli,
50% responded to innocuous cooling as well as noxious heat and cold, 31%
responded to noxious heat and cold, and 19% responded only to noxious heat.
Axons from cells responsive to innocuous cooling terminated in the core region
of VPL, significantly dorsal and medial relative to other thermally responsive
subgroups. In rats, thermally responsive subgroups of MZ neurons project
directly to distinct regions of VPL.
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INTRODUCTION

Marginal zone (MZ) neurons in the spinal cord receive direct and modality-
selective input from Al and C primary afferent thermoreceptors and nociceptors
(Christensen and Perl, 1970; Light et al., 1979) and play an important role in
transmitting sensory information regarding the discrimination of thermal and
noxious stimuli to thalamus (Willis et al., 2002). Neurophysiological studies in
cats and monkeys have shown that thermoreceptive and nociceptive
spinothalamic tract (STT) neurons in the MZ project to the ventral posterior
lateral nucleus (VPL) (Willis et al., 1974; Price et al., 1978; Ferrington et al.,
1987; Craig and Dostrovsky, 2001; Simone et al., 2004). However, this
projection has remained unexplored in the rat. Because useful
neuropathological models and neuropharmacological and behavioral studies
related to pain and analgesia are overwhelmingly performed in the rat, we
sought to assess for the first time the response characteristics of MZ neurons

projecting to VPL in this species.

Based on cat and monkey experiments, Craig and colleagues (Dostrovsky and
Craig, 1996; Craig et al., 2001) have proposed that spinothalamic MZ neurons
fall within three main categories defined by their response to thermal and
mechanical stimuli. Nociceptive-specific cells respond to noxious mechanical
and heat stimuli, polymodal nociceptive cells respond to noxious mechanical,
heat , and col d s tcellsnespond to ammoduoud EHAliAYLaind
noxious cold. These cell types are believed to have differing morphology,
conduction velocities, and projection targets within the thalamus (Han et al.,
1998; Craig and Dostrovsky, 2001; Craig et al., 2001). Thermally driven
projection neurons have been documented recently within the rat MZ (Bester et
al., 2000; Todd et al., 2005); however, no physiological study has characterized
the response of MZ STT neurons to a range of thermal stimuli or determined

their projection sites within the thalamus.
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Marginal zone neurons have been antidromically activated from the thalamus in
previous neurophysiological studies using stationary, large-amplitude stimulus
pulses, making the nuclei to which the axons project difficult to determine and
leaving open the possibility of stimulating axons of passage (Willis et al., 1974,
Price et al., 1978; Ferrington et al., 1987; Dostrovsky and Craig, 1996).
Furthermore, the potential that current spread out of the thalamus to activate
axons that terminated in other areas of the diencephalon cannot be ruled out.
Whether a meaningful population of MZ neurons project to VPL at all has been
guestioned recently for primates and cats (Craig et al., 1994; Blomqyvist et al.,
2000; Craig, 2004), sparking debate (Willis et al., 2001, 2002; Graziano and
Jones, 2004). In the rat, a comprehensive anatomical study documenting
terminations of spinal MZ neurons in the diencephalon showed that VPL was
the single largest projection target (Gauriau and Bernard, 2004).

The goals of the present study were to (1) map the projection areas of MZ
neurons to VPL in the rat, (2) characterize the responses of these cells to a
series of innocuous and noxious mechanical and thermal stimuli, and (3)
determine whether the categories of MZ STT neurons described in cats and

monkeys also exist in rats.

MATERIALS AND METHODS

In accordance with the Institutional Animal Care and Use Committee, male
Sprague Dawley rats weighing 300i 450 g were deeply anesthetized with
urethane (1.3 g/kg, i.p.), artificially ventilated, and paralyzed with Flaxedil (20
mg/h) through a cannula inserted into the external jugular vein. End-tidal CO2
and core temperature were monitored and maintained at physiological levels.
The cervical or lumbar enlargement of the spinal cord was exposed by
laminectomy. The dura was retracted, and a pool of warm mineral oil was

formed over the exposed area of the spinal cord. A craniotomy exposed the
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brain over the diencephalon to allow the insertion of stainless steel monopolar
stimulating electrodes. Cathodal current pulses (500pA, 200us, 10 Hz)
delivered through the stimulating electrode placed in the contralateral posterior
thalamus served as the search stimulus. This protocol has been shown to
stimulate axons with a wide range of conduction velocities, including the
unmyelinated range (Zhang and Giesler, 2005). Single units in the cervical or
lumbar enlargement of the spinal cord were recorded using stainless steel
electrodes (51 10 MY). The criteria used for antidromic activation consisted of
the following: response at a relatively constant latency (0.2 ms variability),
ability to follow high-frequency stimuli (03 33 Hz ) , collsiondof puthtige
antidromic with orthodromic action potentials (Lipski, 1981). Once an
antidromically activated unit was isolated, antidromic mapping was done to

locate the axon termination within the thalamus.

Antidromic mapping in the contralateral diencephalon was done as described
previously by Dado et al. (1994a) and Zhang et al. (1995). Briefly, after unit
isolation, the stimulating electrode was moved rostrally, and a row of electrode
penetrations was made every 30071 500 um across the mediolateral extent of the
contralateral hemisphere. Within each track, the electrode was lowered in 200
pm intervals from the dorsal to the ventral surface of the brain, and antidromic
thresholds were determined at each step. If the neuron could be antidromically
activated from a level rostral to the thalamus or from the hypothalamus, the unit
was discarded and a search for another spinal unit followed. If the neuron could
not be activated antidromically from this rostral level, the stimulating electrode
was moved 1 mm caudally and another row of electrode penetrations was
made across the mediolateral extent of the hemisphere. This was repeated until
the most rostral point within the thalamus was found at which the MZ neuron
could be antidromically activated by a current pulse CBO pA, defined as a low-
threshold point. Current pulses CB0 pA have been shown to activate
spinohypothalamic tract axons at a distance of G400 um from the stimulating
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electrode (Burstein et al., 1991; Dado et al., 1994a). To resolve the putative
terminal area of the axon, the most rostral low-threshold point was surrounded
rostrally, medially, and laterally with stimulating electrode penetrations in which
the axon could not be activated antidromically with up to 500 pA. Failure to
activate the axon antidromically with a 500 YA pulse was taken as evidence that
the axon did not pass through the stimulated areas (Zhang et al., 1995). Each
unit in this studywasant i dr omi cal | y 30aué turrentaptises and
each low-threshold point was histologically confirmed.

Cutaneous receptive fields and the response characteristics of recorded cells
were determined using innocuous and noxious mechanical stimuli. Neurons
were classified as @Aahigh t hr igesfibldfaileddo
increase the firing rate by 1.5 spikes/s over baseline; otherwise, they were
classified as /i wWDR). Theynalsstimulcwene appligkto the
area of the cutaneous receptive field in which mechanical stimuli produced the
highest frequency response. Thermal stimuli were delivered using a peltier-type
stimulator with a contact area of 9 X 9 mm (Wilcox and Giesler, 1984) for a
duration of 30 s and with an interstimulus interval of 180 s. The stimulated
surface of the skin was maintained at 35°C during the interstimulus intervals.
The mean response frequency to each stimulus was defined as the mean
frequency during the stimulus subtracted by the mean frequency during the 30 s
before each stimulus. An increase in the firing rate by 1.5 spikes/s was defined
as the response threshold. To minimize the effect of sensitization caused by
noxious stimuli, the series of thermal stimuli were delivered in the following
order: innocuous warm (35 and 40°C), innocuous cool (30, 25, and 20°C),
noxious heat (45, 50, and 55°C), and finally noxious cold (15, 10, 5, and 1°C).

Temperatures were increased by 10°C/s and decreased by 2°C/s.

At the end of each experiment, an electrolytic lesion was made at the tip of the
stimulating electrode located at the low-threshold point in the brain (25 pA for
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40 s) and at the tip of the recording electrode in the spinal cord (25 pA for 15 s).
Rats were perfused with 0.9% saline, followed by 10% Formalin containing 1%
potassium ferrocyanide (Prussian blue reaction). The areas of the brain and
spinal cord containing lesions were cut transversely using a freezing microtome
into 75 and 50 pum sections, respectively. Sections were counterstained with
neutral red and examined under a microscope. The locations of lesions were
reconstructed with the aid of an attached camera lucida. For statistical analysis
of the locations of the lesions marking low-threshold points in the brain, the
distance of each lesion was measured from the border between ventral
posterior medial nucleus (VPM) and VPL using the camera lucida
reconstructions,and t hen t htestvas appliednTthéaslas of Paxinos
and Watson (1986) was used to help identify the locations of lesions within the

brain.

RESULTS

Marginal zone neurons project directly to VPL in rats

Thirty-three MZ neurons were antidromically activated by current pulses CB0 pA
in the contralateral VPL. Each of these low threshold points was surrounded by
stimulating tracks in which 500 pA could not activate the cell. An example is
illustrated in Figure 1. The stimulating electrode was initially placed at the level
of the posterior thalamus. After a single, antidromically activated unit was
isolated in the spinal cord, the stimulating electrode was moved rostrally, and
rows of stimulating tracks were made in the diencephalon while the minimum
current amplitudes that could antidromically activate the neuron were recorded
(Fig. 1A). The low-threshold point for antidromic activation was 15 pA, and the
latency for the action potential to reach the soma from this point was 9.7 ms.
The low-threshold point was surrounded medially, laterally, and two levels
rostrally by ineffective stimulation tracks in which 500 pA pulses could not
activate the neuron antidromically, indicating that the axon terminated in this
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area. A lesion marking the low-threshold point was located in VPL (Fig. 1B).
The neuron was recorded from the MZ of C7 (Fig. 1C), had a small cutaneous
receptive field on the ipsilateral forelimb (Fig. 1D), and responded to intense
mechanical stimulation (Fig. 1E). Antidromic action potentials (Fig. 1F) occurred
at a constant latency (f1), followed high-frequency stimulation (f2), and collided
with orthodromic action potentials (f3), indicating a direct projection from the MZ
to VPL. This neuron responded to thermal stimulation in the range of noxious
heat (Fig. 1G, H). Photomicrographs of representative lesions that marked the
low threshold point in the VPL of the thalamus and at the recording point in the

MZ are shown in Figure 2, A and B.

A representative example of a neuron that responded well to innocuous cool
temperatures applied to its receptive field is illustrated in Figure 3. The low-
threshold point was surrounded in VPL near the border of VPM, and the cell
was recorded in the MZ (Fig. 3Ai C). It possessed a large receptive field on the
ipsilateral forelimb and was activated only by intense mechanical stimuli (Fig.
3D, E). Figure 3F shows a graded, increasing response to decreasing
temperatures applied to the receptive field. At the holding temperature (35°C),
the discharge rate was reduced compared with background activity recorded at
room temperature (23°C). The cell also responded intermittently as the

temperature approached 55°C (Fig. 3G, H).

Figure 4 illustrates an antidromically activated MZ neuron that terminated in
VPL (Fig. 4Ai C, F) and responded well to noxious heat and cold (Fig. 4G I).
During the thermal ramp to innocuous warm and cool temperatures, a phasic
and weak discharge was observed. This cell was also activated by intense

mechanical stimulation of its receptive field (Fig. 4D, E).

Classification by response to cutaneous thermal stimuli
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Seventeen MZ neurons antidromically activated from VPL were tested for
responsiveness to a series of thermal stimuli, including innocuous warming and
cooling, noxious heat, and cold. Sixteen of 17 responded to at least one kind of
thermal stimulus applied to their cutaneous receptive field. Of the 16 thermally
responsive MZ neurons, each could be classified as one of three types. Half
(eight) responded in a graded manner to innocuous cooling. These cells also
responded to noxious cold and high heat stimuli as well as to noxious
mechanical stimuli applied to their receptive fields (Fig. 3). This group of
neurons appeared to be best suited to code for innocuous cooling of the skin
and were classified as the COOL type. The individual and overall mean = SE
responses of the eight neurons with this pattern of activation by thermal stimuli
are shown in Figure 5, A and D. Spontaneous activity at room temperature
allowed these cells to be easily identified from other cell types (Fig. 6A). A
reduction in spontaneous activity always occurred during contact with the 35°C
thermal probe, indicating that the activity was a response to room temperature
(Fig. 3G). Six of eight COOL cells responded to the 30°C stimulus; one cell
responded at 25°C and another at 35°C. As temperatures decreased from
threshold to 15 or 10°C, the response increased linearly. When temperatures in
the noxious range (10 1 1°C) were delivered, the neural firing rate reached a
plateau. Every COOL cell responded to high noxious heat (50 i 55°C), although
the responses were small and of an irregular pattern (Fig. 3G).

Five neurons responded to noxious heat, cold, and intense mechanical stimuli
but did not respond or responded weakly to innocuous cool or warm. This group
of cells was classified as the polymodal nociceptive type. An example of this
cell type is shown in Figure 4. Two polymodal nociceptive-type cells displayed
phasic activity to innocuous cool temperatures above 20°C. However, these
could be distinguished from COOL cells by (1) a lack of spontaneous activity at
room temperature (Fig. 6A), (2) no inhibition to the 35°C probe, and (3) a
graded, increasing discharge to noxious cold and heat (Fig. 4G, H). The
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individual and overall mean £SE responses of five polymodal-nociceptive-type
neurons to thermal stimuli are shown in Figure 5, B and E. Three neurons
responded only to noxious heat and mechanical stimuli and were classified as
nociceptive-specific-type neurons. An example of this cell type is shown in
Figure 1. The individual and overall mean +SE responses of nociceptive-

specific neurons to thermal stimuli are shown in Figure 5, C and F.

Stimulusi response curves of thermally identified subgroups were plotted within
their respective temperature coding ranges on a double-logarithmic plot (Fig.
6B). The slope of each regression line equals the exponent of a power function
representative of the relationship between thermal stimulation and firing
frequency. For cooling and cold stimuli, the slope of the COOL cell response
from 30 to 10°C was 0.93 (r* = 0.99) and for the polymodal cells from 20 to 1°C
was 1.3 (r* = 0.65). The polymodal cells also coded for heat at 45, 50, and 55°C
with a regression line of slope 1.5 (r* = 0.99), indicating a positively accelerating
function. By extending each regression line to the point at which it intercepts the
1.5 spikes/s increase over baseline firing rate, the threshold for response to
thermal stimulation was extrapolated. For cooling, the COOL cell threshold was
33.3°C and polymodal cell threshold was 22.8°C. For heating, the threshold for

response of polymodal cells was 40.0°C.

Mechanical stimulation of cutaneous receptive fields

Thirty of the 33 antidromically activated neurons were physiologically
characterized by responses to mechanical stimulation delivered to their
receptive fields. Every unit responded to noxious but not innocuous mechanical
stimuli and was therefore classified as HT. Examples of three MZ STT neurons
that responded to noxious but not innocuous mechanical stimuli are shown in
Figures 1E, 3E, and 4E. All 30 examined neurons had cutaneous receptive
fields that were restricted to the ipsilateral limb or paw (Fig. 7). Of thermally
tested units, all COOL neurons had receptive fields that extended over parts of
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the entire limb, including digits, paw, and forelimb. Fewer than half of polymodal
nociceptive and none of the nociceptive-specific neurons had receptive fields as
large. Of the units not thermally tested, approximately half had receptive fields

extending over parts of the entire limb.

Conduction velocity

The mean antidromic latency to record an action potential in the cervical
enlargement from the low-threshold points in the contralateral VPL of the
thalamus for 30 examined MZ neurons was 7.7 + 0.9 ms (range of 4.1i 14.8
ms). Assuming that the axons crossed in the spinal cord and then ascended in
a straight path to the thalamus, the estimated mean conduction velocity was 5.0
+ 0.3 m/s (range of 2.47 8.8 m/s) (Fig. 8A). The mean conduction velocity for
three lumbar STT axons was 8.6 + 0.7 m/s. The conduction velocities of
different thermally responsive groups are shown in Figure 8B. Although COOL-
type cells appeared to have the fastest and nociceptive-specific cells and the
slowest average conduction velocities, the differences between the groups were
not significant (p . 0.05).

Recording sites and axon terminal localization

Thirty MZ neurons were recorded in the cervical enlargement and three in the
lumbar enlargement. The locations of lesions marking 26 recovered recording
sites in the cervical enlargement plus three in the lumbar enlargement are
shown in Figure 9C. Four lesions in the cervical enlargement were not
recovered, but each was recorded at a depth of “ 100 um from the surface of
the cord, indicating that these were also likely to be located in the MZ. No
difference regarding the location of the recording points among the three
functionally identified types of STT neurons could be determined (Fig. 9D).

All 30 neurons in the cervical enlargement and three neurons in the lumbar

enlargement were antidromically activated from low-threshold points in the
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contralateral VPL of the thalamus (Fig. 9A). Each of these low-threshold points
was surrounded medially, laterally, and rostrally by ineffective tracks in which
500 pA current could not activate the neuron antidromically. In three cases, two
separate low-threshold points from the same neuron were found in different
nuclei within the thalamus. One low-threshold point from each of these three
axons was located in VPL. Two neurons possessed an additional low-threshold
point in the posterior nucleus of thalamus, and the other neuron was
antidromically activated from a low threshold point in the dorsomedial nucleus.

These results show that, in rats, some MZ STT neurons may have collateral
branches that terminate in multiple thalamic nuclei as has been shown
previously in monkey (Applebaum et al., 1979; Giesler et al., 1981). Five axons
were activated from VPL at two different rostrocaudal levels. The low-threshold
point at the caudal level always had a shorter latency, indicating the activation
of an axon of passage. In these cases, as in all others, the most rostral point

was surrounded and marked.

Most of the low-threshold points were located within the middle rostrocaudal
extent of VPL (-3.6 and -2.8 mm from bregma) (Fig. 9A). Each thermally
identified subgroup of MZ STT neuron is plotted in Figure 9B. The low threshold
points of COOL-type axons were located an average of only 32.9 + 16.6 um
from the border of VPM, significantly dorsal and medial relative to the
polymodal and nociceptive-specific types of MZ cells (345.9 + 90.8 and 213.1 +
54.6 um, respectively; p © 0.01). The three neurons recorded in the lumbar cord
had projections to the hind limb representation area in lateral VPL. The mean +
SE current for antidromic activation from all 33 low-threshold points in the
contralateral VPL of the thalamus was 23.4 + 1.3 pA.
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DISCUSSION

The results from this study demonstrate that spinal cord marginal zone neurons
transmit noxious mechanical and a wide range of thermal information directly to
distinct regions of VPL in rats. All but a single examined MZ STT neuron that
projected to VPL responded to thermal stimuli. Three groups of thermally
responsive STT neurons in the MZ were identified, in agreement with previous
studies in the cat and monkey (Dostrovsky and Craig, 1996; Craig et al., 2001).
COOL cells responded in a graded manner to innocuous cool stimuli and
maximally to noxious cold, but, unlike reports in the cat and monkey, COOL
cells in the rat also responded consistently to noxious heat and noxious
mechanical stimulation. Nociceptive-specific cells were activated by noxious
heat and mechanical stimuli, and polymodal nociceptive cells responded to
noxious heat, cold, and mechanical stimuli. Our results are consistent with the
view that MZ STT neurons that project to VPL play an important role in sensory-
discriminative aspects of thermal and mechanical pain sensation, including the

quality, location, and intensity of the stimulation (Willis et al., 2002).

The activity of COOL cells increased linearly to decreasing innocuous cool
stimulation from 30 to 15°C, but, as temperatures decreased below 157 1°C,
these cells maintained a constant peak-firing rate. This result is consistent with
previous studies that describe a saturated response beginning at 12.5°C in the
monkey and 15°C in the cat, although cold stimuli below 9°C were not tested in
these species (Dostrovsky and Craig, 1996; Craig et al., 2001). COOL cells in
the rat spinal MZ had little activity when exposed to warm temperatures (35i
45°C), but high noxious temperatures (501 55°C) elicited an intermittent
response in each COOL cell. A corresponding stimulusi response pattern was
documented in a class of primary afferent AU fibers that responded in a graded
mannert o cool i ng but dolinteose lieat Oodi ahd Zoitecrearh, | y 0
1952; LaMotte and Thalhammer, 1982).
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Christensen and Perl (1970) recorded from cells responsive to innocuous
cooling in the marginal zone of decapitated cats and found that approximately
half responded to noxious mechanical and/or heat stimuli. In later studies,
mechanical and heat sensitivity were tested in COOL cells identified as
projecting to the thalamus of cat and monkey, but these rarely responded to
mechanical stimulation and responded only weakly or not at all to noxious
(paradoxical) heat (Dostrovsky and Craig, 1996; Craig et al., 2001). The
temperatures tested were often just above noxious, and therefore a greater
percentage could possibly have been activated with higher heat. Nevertheless,
these results led to the conclusion that COOL cells projecting to the thalamus
were part of a il ab-kil e 0 t hat uousdeinpedature (Craig @t al.,
2001). In the rat, however, many of the COOL cells recorded in the superficial
medullary dorsal horn responded to noxious heat and/or were responsive to
innocuous or noxious mechanical stimulation (Hutchison et al., 1997). The
present findings, that all spinal MZ COOL cells projecting to VPL in the rat
responded to a squeeze with greater activity than to a pinch and to noxious
heat stimuli, raises the question of whether COOL cells can code for any one

modality with specificity.

All but a single (94%) of the thermally examined MZ neurons that projected to
VPL responded to noxious thermal stimuli. Half were classified as COOL,
suggesting that this type is relatively common in the rat. In a previous study, our
laboratory reported that the MZ projection to the hypothalamus contained cells,
85% of which were responsive to noxious heat and only 23% responsive to
cooling and/or noxious cold (Dado et al., 1994b). Only 60% of MZ neurons that
terminated in the rat posterior thalamus (Po) responded to noxious thermal
stimuli, and none responded to innocuous temperatures (Zhang and Giesler,
2005). No rat MZ neuron with a projection to or through the parabrachial nuclei
(PB) was responsive to innocuous cooling, and only one-third were responsive

to noxious cold, although nearly all PB-projecting cells were responsive to
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noxious heat (Bester et al., 2000). It is clear that thermally sensitive MZ cells
terminate in several regions of the diencephalon and brainstem, but the present
findings point to VPL as the principal target for thermal discriminative

processing, particularly for cool and cold temperatures.

The combined response properties of the three main types of MZ STT neurons
appear to be able to account for much of the range of physiologically relevant
environmental temperatures except, notably, for innocuous warm. Only 10 MZ
STT neurons in cats responded to innocuous warm temperatures from a
sample of 474 (Andrew and Craig, 2001); therefore, a much larger sample of
STT neurons in rats would likely be required to determine whether any neurons
responsive to temperatures between 30 and 45°C exist. Although no cell in this
study clearly responded to innocuous warming of its receptive field, some
polymodal cells responded weakly to heat below the noxious range. The
polymodal cells characterized in this study closely resemble the heat, pinch,
cold (HPC) cells documented in lamina | of the cat (Craig et al., 2001). In the
cat, most of the HPC cells had a threshold for response to cooling above 20°C
and a threshold to heating above 45°C. Polymodal cells in the rat likewise
responded weakly to innocuous cool temperatures above 20°C but also

appeared to begin responding to heating at temperatures below 45°C.

In psychophysical experiments, the perceived magnitude of a stimulus can be
described by a power function of the stimulus magnitude (Stevens, 1970).
Measurements on the perception of pain from contact noxious heat are
described by power functions with exponents of ~2.1 (Price, 1988). The
polymodal cells in this study responded to heat with a moderately accelerating
stimulusi response function described by an exponent of 1.5. In response to
cooling and cold, polymodal cells had an exponent of 1.3 and a threshold for
response at 22.8°C. COOL cells responded with an exponent of 0.93 to

innocuous temperatures, demonstrating near-linear coding in close agreement
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with psychophysical measures of cool to cold temperatures (Chery-Croze,
1983). The activity of thermally responsive subgroups of MZ neurons that
project to VPL appear capable of contributing to the neural processing of cool,

cold, and noxious heat intensity perception.

On the basis of their responses to mechanical stimuli, all MZ neurons projecting
to VPL found in this study were classified as HT. No other ascending projection
from the MZ in rat has been described in which all recorded neurons were
activated only by noxious mechanical stimuli. In previous studies, 80% of rat MZ
cells projecting to the posterior thalamus were classified as HT (Zhang and
Giesler, 2005), 75% of rat MZ cells projecting to the parabrachial nuclei were
documented as HT (Bester et al., 2000), and MZ neurons projecting to the
hypothalamus in rat were ~50% HT (Burstein et al., 1991; Dado et al., 1994;
Zhang et al., 2002). Therefore, VPL appears to be the principle target for MZ
projection neurons with specific input from high-threshold mechanical
nociceptors in rat. MZ STT neurons in the cat are almost exclusively HT (Craig
and Kniffki, 1985), which contrasts with the MZ STT cells antidromically
activated from VPL in monkeys in which WDR neurons account for
approximately half of the population (Ferrington et al., 1987; Zhang et al.,
2000).

Thermally identified subgroups of MZ STT neurons terminated within distinct
areas of the rat VPL. Polymodal nociceptive and nociceptive-specific neurons
projected to the ventral and lateral region of VPL, but COOL neurons
terminated in the medial and dorsal region of VPL. In cats, functional classes of
MZ spinothalamic neurons have been shown to possess discernible projections
within the thalamus (Craig and Kniffki, 1985; Craig and Dostrovsky, 2001).
However, in cats, the STT primarily projects to the ventral and medial borders of
VP (Craig and Burton, 1985), a pattern that is different from monkeys and rats.
In these species, the STT primarily terminates within VPL (Mehler, 1969;
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Gauriau and Bernard, 2004). Additionally, in the monkey, marginal zone
nociceptive and thermoreceptive neurons have been reported to project to
anot her r egi o nlocatedmedibl and\pdsrermonto VPL (Craig et al.,
1994; Dostrovsky and Craig, 1996). Cells responsive to innocuous cooling have
been recorded in monkey VPL, ventral posterior inferior nucleus, Po, and the
region of VMpo as well as in analogous areas of the human thalamus, although
no localization of thermally responsive subareas within these nuclei has been
established (Lenz et al., 1993; Apkarian and Shi, 1994; Craig et al., 1994; Lenz
and Dougherty, 1998; Davis et al., 1999). Interestingly, cooling-responsive cells
have been localized within the medial and dorsal area of VPM (Bushnell et al.,
1993). The present results support the hypothesis that subareas of VPL have
selective functions in sensory processing in rat. The ventral or ventrolateral
area likely involves nociceptive processing, whereas innocuous cooling may be
processed in the medial and dorsal region of VPL. Additional experiments
localizing thermally responsive cells in VPL could more fully resolve the issue of

subnuclear functional specialization.

The spinothalamic projection is a heterogeneous system. Previous studies
along with the present work indicate that MZ neurons project to several different
nuclei of the diencephalon as well as to other areas within the brainstem.
Marginal zone neurons can transmit information about location, quality, and
intensity to the somatosensory processing system in the thalamus and to parts
of the limbic and autonomic systems. The results from this study show that MZ
STT neurons that project directly to rat VPL consist of three main functional
groups distinguishable by their responses to a range of temperatures. Each
type likely receives specialized primary afferent input and sends a specific set
of thermal and noxious mechanical information to different regions of VPL.
These results support the case for compartmentalized regions of VPL as sites

for specific thermal and mechanical processing.
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Figure 1. Example of a nociceptive-specific neuron in C7 spinal cord with an
axon that projects to the contralateral VPL of the thalamus. A) A dorsal
representation of stimulating electrode penetrations into the diencephalon at
multiple rostrocaudal levels. This region is indicated by the black square in the
whole-brain inset. The minimum current required for antidromic activation in
each penetration is represented by a symbol (right inset). Note that the low-
threshold point was surrounded medially, laterally, and rostrally by ineffective
stimulation tracks, indicating the axon terminal area. CL, Centrolateral nucleus;
MD, mediodorsal thalamic nucleus. B) Coronal section showing a lesion
marking the low-threshold point in contralateral VPL. C) Lesion marking the



recording site in the marginal zone. D) Receptive field on ipsilateral forepaw. E)
Response of this neuron to increasingly intense cutaneous mechanical stimuli.
Mean firing frequency (mean frequency during stimulation - mean background
frequency) is indicated in parentheses. F) The antidromic response had a stable
latency (3 overlapping traces), followed a high-frequency (333 Hz) train and
collided with an orthodromic action potential within the critical window. Note that
the stimulus artifact has been reduced for clarity here and also in Figure 4 F. G)
H) The neuron responded to noxious heat stimuli applied to its cutaneous
receptive field. The peculiar brief discharge during the cooling stimulus offset
was unique to this particular cell. 1) Line graph showing the response to a range
of thermal stimuli.

FIGURE 2

Figure 2. Photomicrographs of representative lesions. A) Lesion marking a
completely surrounded low-threshold point for antidromic activation in the
contralateral VPL of the thalamus. CL, Centrolateral thalamic nucleus; IC,
internal capsule; LD, laterodorsal thalamic nucleus; MD, mediodorsal thalamic
nucleus; RT, reticular thalamic nucleus; VM, ventromedial thalamic nucleus;

ZI, zona incerta. B) Lesion marking the recording site in the marginal zone of
the cervical enlargement.
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Figure 3. Example of a COOL neuron in the C7 segment with an axon that
projected to contralateral VPL. A) Schematic representation of dorsal view of
the brain indicating locations of stimulating tracks. The low-threshold point was
surrounded medially, laterally, and rostrally by tracks in which 500pA current
pulses did not antidromically activate this axon. B) Cross section showing the
low-threshold point located in contralateral VPL. IC, Internal capsule; LD,
laterodorsal thalamic nucleus; MD, mediodorsal thalamic nucleus. C) Recording
site in the marginal zone of C7. D) Receptive field covered the entire ipsilateral
forelimb. E) This cell responded to only high-intensity mechanical stimuli
applied to its cutaneous receptive field. F and G) Innocuous cool, noxious cold,
and heat stimulation elicit increased activity from this unit. H) Line graph shows
the response of this unit to thermal stimuli across a range of temperatures.
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FIGURE 4
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Figure 4. Example of a polymodal nociceptive neuron in the C7 that projected
to contralateral VPL.A) Schematic representation of the dorsal view of the brain
indicating locations of stimulating tracks. The current amplitude required to
activate the neuron antidromically is indicated. B) The lesion marking the low-
threshold point was located in contralateral VPL. CL, Centrolateral thalamic
nucleus; IC, internal capsule; LD, laterodorsal thalamic nucleus; MD,
mediodorsal thalamic nucleus; VL, ventrolateral thalamic nucleus. This neuron
was recorded in C7 (C) and had a relatively small cutaneous receptive field on
the forepaw (D). The neuron responded only to noxious mechanical stimulation
and was classified as an HT neuron (E). F) The antidromic response had
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a stable latency (3 overlapping traces), followed a high-frequency (333 Hz)
train, and collided with an orthodromic action potential. G and H) The neuron
responded to both noxious heat and cold stimuli applied to its cutaneous

receptive field in a graded manner. I, Line graph showing the response of this
cell to thermal stimuli.
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Figure 5. Stimulusiresponse plots for thermally identified subgroups of
marginal zone neurons. A) Individual responses of COOL-type neurons to
noxious heat, cool, and noxious cold stimuli. B) Polymodal nociceptive neurons
responded in a graded manner to noxious heat and cold stimuli. C) Nociceptive-
specific neurons responded only to noxious heat. Mean + SE stimulus-response
curves for COOL (D), polymodal (E), and nociceptive-specific-type (F) cells.
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FIGURE 6
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Figure 6. Characteristics of thermally defined subgroups of marginal zone
neurons. A) At room temperature (23°C), COOL-type neurons had a greater
level of spontaneous activity (10.8 +1.8 Hz) than the polymodal neurons (POLY)
(0.6 £ 0.4 Hz) or the nociceptive-specific neurons (NS) (0.1 £ 0.1 Hz; p * 0.01).
B) Double-logarithmic plot describing the stimulusiresponse functions of
thermally tested subgroups within their temperature coding range. The abscissa
represents the change in stimulus temperature from the holding temperature,
and the ordinate represents the neural discharge frequency. The threshold for a
response (O 1 .spikes/s) is illustrated with a horizontal dotted line, and the
threshold temperatures are indicated for each subgroup (arrows). The slope, X,
of the regression line is equal to the exponent in St evensd power
regression analysis was not completed for COOL and NS cells in the heating
range because these subgroups responded to only two test temperatures.
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FIGURE 7
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Figure 7. Cutaneous receptive fields of each examined MZ neuron with a
projection to VPL. Receptive fields of COOL cells always included parts of the
entire limb, including digits, paw, and limb. Polymodal and nociceptive-specific
cells rarely had receptive fields as large. Only noxious mechanical stimulation
applied to the receptive fields were adequate to activate MZ STT neurons

projecting to VPL.
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FIGURE 8
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Figure 8. Conduction velocities of examined axons. A) Conduction velocities of
marginal zone STT neurons were measured from the recording site in the
cervical enlargement to the low-threshold point in the contralateral VPL of the
thalamus. B) Comparison of conduction velocities of the three different groups
of thermally responsive marginal zone neurons.
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FIGURE 9

-2.8 mm
from
Bregma

-3.6

-4.3

e : Cervical
A Lumbar

Cervical

* : Cool

o : Poly
A NS /\

Figure 9. Summary of the locations of lesions in the thalamus and spinal cord
marking 36 low-threshold points and 33 recording points. A) Locations of
lesions marking 33 surrounded low-threshold points were in VPL, and three
surrounded low-threshold points were located in other thalamic nuclei. The
distance from bregma of each plane is indicated to the left of each section. MD,
Mediodorsal thalamic nucleus; RT, reticular thalamic nucleus; VM, ventromedial
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thalamic nucleus; ZI, zona incerta; PF, parafascicular thalamic nucleus; VL,
ventrolateral thalamic nucleus. B) Locations of lesions marking low-threshold
points of the three functionally identified subgroups of thermally responsive MZ
neurons. C) recording sites of 26 neurons in the cervical enlargement and three
neurons in the lumbar enlargement. D) lllustration of the recording sites from 16
units divided into thermally responsive subgroups. Cool, COOL-type neurons;
Poly, polymodal neurons; NS, nociceptive-specific neurons.
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CHAPTER 5

Termination zones of functionally characterized
spinothalamic tract neurons within the primate

posterior thalamus
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Termination Zones of Functionally Characterized
Spinothalamic Tract Neurons within the Primate

Posterior Thalamus

ABSTRACT

The primate posterior thalamus has been proposed to contribute to pain
sensation but its precise role is unclear. This is in part because spinothalamic
tract (STT) neurons that project to the posterior thalamus have received little
attention. In this study, antidromic mapping was used to identify individual STT
neurons with axons that projected specifically to the posterior thalamus in
Macaca fascicularis. Each axon was located by antidromic activation at low
stimulus amplitudes (<30 pA) and was then surrounded distally by a grid of
stimulating points in which 500 pA stimuli were unable to activate the axon
antidromically, thereby indicating the termination zone. Several nuclei within the
posterior thalamus were targets of STT neurons: the posterior nucleus,
suprageniculate nucleus, magnocellular part of the medial geniculate nucleus,
and limitans nucleus. STT neurons projecting to the ventral posterior inferior
nucleus were also studied. Twenty-five posterior thalamus-projecting STT
neurons recorded in lumbar spinal cord were characterized by their responses
to mechanical, thermal, and chemical stimuli. Sixteen of 25 neurons were
recorded in the marginal zone and the balance was located within the deep
dorsal horn. Thirteen neurons were classified as wide dynamic range and 12 as
high threshold. One-third of STT neurons projecting to posterior thalamus
responded to noxious heat (50°C). Two-thirds of those tested responded to
cooling. Seventy-one percent responded to an intradermal injection of
capsaicin. These data indicate that the primate STT transmits noxious and
innocuous mechanical, thermal, and chemical information to multiple posterior

thalamic nuclei.
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INTRODUCTION

The posterior thalamus is proposed to be an important region for the
transmission of pain and thermal information, but debate about its anatomy,
function, and input from the spinal cord remains. The posterior thalamus
consists of several nuclei located caudal to the primary somatosensory nuclei
(the ventral posterior lateral [VPL] and ventral posterior medial [VPM] are
referred to as VP here). It includes the posterior nucleus (Po), suprageniculate
nucleus (Sg), limitans nucleus (L), and the magnocellular part of the medial
geniculate nucleus (MGmc), all of which are sites of termination for
spinothalamic tract (STT) axons (Apkarian and Hodge 1989; Boivie 1979; Craig
2004; Jones 2007; Mehler 1969 Mehler et al. 1960; Ralston and Ralston 1992;
Willis and Coggeshall 2004). The ventral posterior inferior nucleus (VPI), which
we include in the term O6posterior t

from the STT, and it is located adjacent to the dorsal and rostral border of Po.

Single neurons within the primate posterior thalamus are activated by noxious
mechanical and thermal stimuli (Apkarian and Shi 1994; Casey 1966; Craig et
al. 1994; Perl and Whitlock 1961). In several studies the percentage of
nociceptive neurons within the posterior thalamus has been found to be greater
than in VP (Apkarian and Shi 1994; Guilbaud et al. 1977; Poggio and
Mountcastle 1960). In humans, low amplitude stimulation within thalamic
regions caudal and inferior to VP leads to the sensation of pain and
temperature, and neurons in the same area exhibited responses to noxious
mechanical and thermal stimuli (Lenz et al. 1993a, b; Ohara and Lenz 2003). A
nucleus within monkey and human posterior thalamus specific for pain and
temperature information, the posterior part of the ventral medial nucleus
(VMpo), has been proposed to be the major target of marginal zone
spinothalamic tract terminals (Blomqvist et al. 2000; Craig et al. 1994; Craig
2004). The proposal of this nucleus has generated controversy and renewed
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efforts to understand the role of the posterior thalamus in somatosensation
(Craig 2004; Craig and Blomqvist 2002; Graziano and Jones 2004; Jones 2002,
2007; Willis et al. 2002).

The relative contributions to the perception of pain and temperature by VP and
the posterior thalamus are not clear. Recently, two reports (Kim et al. 2007;
Montes et al. 2005) examined patients who have lesions of VP that spared the
medial posterior thalamus where VMpo is thought to be located. The lesions
were sufficient to produce post-stroke central pain and cold dysesthesia, which
was interpreted to indicate that some areas of posterior thalamus are not
required for these disorders. Consistent with those conclusions, cool and
mechanically responsive neurons have been found in primate VP (Bushnell et
al. 1993; Kenshalo et al. 1980; Lee et al. 1999; Lenz and Dougherty 1998).
Also, VPL has been identified as a projection target of cool responsive,
nociceptive neurons from the rat marginal zone (Zhang et al. 2006). These
studies indicate that VP is a candidate region for cold and mechanical
processing. However, stimulation of the posterior thalamus produced the
perception of cold in humans, and neurons recorded in the posterior thalamus
responded to cool stimuli (Davis et al. 1999), suggesting that cold may be
processed in areas caudal to VP as well. Furthermore, responses to cooling
were recorded from neurons in primate marginal zone with axons antidromically
activated from VMpo (Dostrovsky and Craig 1996). The distal target of those
STT axons was not determined however, leaving open the possibility that they

may have passed through posterior thalamus en route to VP (Willis et al. 2002).

Recent retrograde tract tracing studies have shown that marginal zone STT
neurons can be preferentially labeled from the posterior thalamus, whereas
neurons located in the deep dorsal horn were preferentially labeled from
injections in VP (Craig and Zhang 2006; Craig 2006). Because many marginal

zone neurons respond selectively to and encode the intensity of noxious
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mechanical and thermal stimuli (Christensen and Perl 1970; Craig et al. 2001,
Ferrington et al. 1987; Hylden et al. 1986; Zhang et al. 2006), the posterior
thalamus may play a qualitatively different role in pain sensation from VP. Other
studies in which tract tracing (Gauriau and Bernhard 2004a; Graziano and
Jones 2004; Willis et al. 2001) or electrophysiological methods (Applebaum et
al. 1979) were used have shown that marginal zone neurons project both to the
posterior thalamus and to VP. Tracing studies lack functional assessment and
electrophysiological studies have not specifically examined the population of
spinal cord cells projecting to posterior thalamus in primates. Here we present
findings on functionally characterized primate spinothalamic tract neurons with
axons that terminated specifically within the posterior thalamus as revealed by

the antidromic mapping technique.

METHODS

Animal Preparation

Macaca fascicularis between 2.5110 kg were used in accordance with
guidelines from the University of Minnesota. Monkeys were initially sedated with
ketamine (10 mg/kg given intramuscularly) and then a catheter was placed in
the median vein of the forelimb. Sodium pentobarbital (20 mg/mL) was given
intravenously (IV) to produce a depth of anesthesia sufficient for intubation.
Alpha chloralose (65 mg/kg IV) was administered and then monkeys were
placed on a feedback controlled heating pad and fixed in a stereotaxic frame. A
mixture of sodium pentobarbital (37110 mg/kg/hr), gallamine triethiodide
(Flaxedil; 5i 14 mg/kg/hr), and saline was delivered IV continuously with a
pump. A laminectomy was performed over the lumbar enlargement and a
bilateral craniotomy (interaural O to 20 mm rostral and from the midline to 15
mm lateral, bilaterally) exposed the cortex over both thalami. The dura was
opened over the exposed areas of the brain and spinal cord. The spinal cord

was covered with warm mineral oil and the brain was covered with a mixture of
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mineral oil and petroleum jelly. Pneumothoraces were placed to reduce
movement of the spinal cord. The monkey was artificially ventilated and CO,
was monitored continuously along with arterial blood pressure, heart rate and

body temperature.

Antidromic Technique

To locate VPL, a low impedance recording electrode was placed into the
thalamus (initial coordinates: interaural: +8.0 mm, midline: +8.0 mm, depth from
cortical surface: -18.0 mm) in search of neurons activated by tactile stimulation
of the contralateral body. Once VPL was somatotopically mapped and its
caudal boundary identified, the electrode was repositioned 2 mm caudal, 2 to 3
mm medial, and 1 to 2 mm ventral from the most caudal coordinates at which
activity could be recorded from mechanical stimulation of the hind limb. This
location was presumed to be within the posterior thalamus. While the electrode
remained in place, the headstage was removed and replaced by the cathode
from a stimulus isolator; the anode was placed in contact with the animal, which
had been grounded. A second electrode was placed in caudal VPL within the
area representing the hindlimb. Once both stimulating electrodes were in place,
a repeating square-wave pulse (search stimulus: 5 Hz, 200 us, 500 pA) was
simultaneously delivered through both electrodes allowing for the stimulation of
a wide area of the posterior thalamus and caudal VPL. During the search
stimulation, a stainless steel recording electrode (epoxylite insulated,
approximately 10 MY) was i nser tasadhnoidhr ough
into the dorsal horn of the spinal cord. The recording electrode was repositioned
until an action potential was found meeting the criteria for antidromic activation:
constant latency from the stimulation, ability to follow a > 300 Hz train, and
collision between an orthodromic and an antidromic action potential (Lipski
1981). The stimulating electrode located within the hindlimb representation of
VPL and the electrode within the posterior thalamus were then alternately
switched off to determine which of the two electrodes provided the stimulus for
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the action potential recorded in the spinal cord. Often, action potentials could be
generated by both stimulating electrodes. In this situation the more rostral VPL
electrode typically generated action potentials with longer latency than the
electrode located in the posterior thalamus, indicating that the axon passed
through the posterior thalamus en route to VPL. Action potentials generated by
the search stimulus in the posterior thalamus that could not initially be
antidromically activated by the VPL electrode were investigated further by
moving the VPL electrode medially and then laterally from the initial position in
500 um increments. At each new position the stimulating electrode was lowered
ventrally 400 um at a time while the recording was continuously monitored for
the identified antidromic action potential. If no antidromic action potential could
be generated within the plane, the electrode was moved 1 mm caudal and a
new mediolateral plane was stimulated as described. This procedure was
repeated until an antidromic action potential was reliably established or, if none
could be established even in caudal planes with the VPL electrode, then

antidromic mapping was continued with the electrode in the posterior thalamus.

Once an antidromically activated action potential was reliably established, the
stimulus amplitude was then lowered to such a level that the action potentials
were generated at a 50% success rate. This amplitude of current was recorded
and the electrode then repositioned to determine the current thresholds around
the axon. The most rostral position at which antidromic action potentials could
be gener a30ad was ynam& the low threshold point (LTP). This
amplitude has been demonstrated only to activate axons that are within 400 pm
of the tip of the stimulating electrode (Burstein et al. 1991; Dado et al. 1994;
Ranck 1975; Zhang et al., 2000a). Axons that were antidromically activated at
LTPs within the posterior thalamus and that were surrounded in three
dimensions by current pulses above 500 pA that were unable to generate
antidromic action potentials were identified as posterior thalamus projecting

STT neurons and functionally assessed.
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Functional Assessment

For each posterior thalamus projecting STT neuron, the receptive field location,
size and shape were determined using innocuous mechanical stimuli.
Mechanical sensitivity was determined during brushing of the receptive field
with a soft bristled brush, pressure applied using an arterial clip, and pinch with
a smaller, frankly painful arterial clip. Cells that did not respond to these
mechanical stimuli were tested further with a more intense stimulus: squeezing
the skin with forceps. Cells were classified as either high threshold (HT; those
that did not respond to innocuous stimuli), or wide dynamic range (WDR; those
that responded to both innocuous stimuli and, at higher frequencies, to more
intense mechanical stimuli). Thermal stimuli were applied to the receptive field
with a contact thermal probe (9x9 mm surface area; Yale Instruments). Stimuli
of 40°C, 45°C, and 50°C were applied at a rate of 3°C/s from a holding
temperature of 30°C. Cold stimuli of 20°C, 15°C, 10°C and 5°C were applied
from a base temperature of 30°C. All thermal stimuli were held at the test
temperature for 5 s. For some cells only the 50°C stimulus was applied. Cells
for which no response to 50°C was observed were tested with stronger heat
stimuli up to 55°C. Subsequent trials were begun after > 90 seconds and after
activity returned to baseline levels. A cell was considered responsive if the
mean firing rate changed at least 150% from baseline during the 5 second
thermal stimulus. Baseline was calculated as the mean firing rate over 30
seconds during the holding temperature prior to the thermal stimulus. Finally,
cells were tested for sensitivity to an intradermal injection of capsaicin (10 pg in
10 uL of 7% Tween-80 in normal saline) using a 28 gauge tuberculin syringe.
Action potentials were collected for one minute prior to the injection, and then
until 10 minutes had elapsed after the injection of capsaicin. Analog voltage
recordings were amplified, filtered (10 - 30K Hz), digitized at 33 kHz, and then
wave-form discriminated and saved on a PC using DAPSYS software

(www.dapsys.net).
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Histology

At the end of the experiment, an electrolytic lesion was made at the LTP in the
thalamus (15 pA, 45 s) and at the recording point in the spinal cord (25 YA, 20
S). Monkeys were perfused with 1 L of room temperature normal saline and
then with 3 L of cold 10% formalin with 1% ferrocyanide to produce a Prussian
blue reaction at the locations of the lesions. The brain and spinal cord were
removed and placed in 10% formalin/1% ferrocyanide overnight and then
blocked the next day. Sections were cut on a freezing microtome in 75 um or 50
um sections for the brain and spinal cord, respectively. The tissue was stained
in neutral red and the sites of the lesions were identified. All thalamic nuclei
were identified in histological sections by location, intensity of staining, size and
orientation of cells, and the pattern of fibers passing through the area. The
nomenclature for the macaque thalamus in this study was derived from
Olszewski (1952) as modified by Hirai and Jones (1989) and Jones (2007). The
nuclei included in the posterior thalamus are the suprageniculate, limitans,
posterior nucleus, and the magnocellular part of the medial geniculate nucleus.
We have additionally included cells in this study with axons that projected to
VPI because STT neurons projecting to VPl have not previously been

examined.

Data Analyses

Stimulation grids were superimposed over traced representations of thalamic
sections using the lesion marking the LTP as an anchor point and the distance
between track marks and the track mark orientation as guides. Color contour
plots of the minimum current amplitude required to produce antidromic action
potentials at a 50% success rate at each grid point were generated with
SigmaPlot v10.0 (Systat Software, Inc). Conduction velocity was estimated by
dividing the distance between the stimulating electrode and the recording point
by the latency of recording an action potential in the dorsal horn after
stimulation in the thalamus (Zhang et al. 1999). Receptive fields were drawn
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onto standard monkey hindlimb templates using vector graphics software
(CorelDRAW Graphics Suite 12) and the number of pixels contained within the

illustration of the receptive field was calculated to compare receptive field size.
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RESULTS

Figure 1 illustrates antidromic mapping of an STT axon that passed through
posterior thalamus en route to VPL. Figure 1 A1l and B1 show the locations of
lesions marking the LTPs in VPL and in Sg, respectively. The LTPs identify the
locations where antidromic acti vation required O 30 OA
approach of the stimulating electrode to the axon. The lesion sites suggest that
the axon was routed through Sg and then continued to project rostrally and
laterally to VPL. Figure 1 A2 and B2 show tracings of the sections in A1 and B1
superimposed with a contour plot indicating the minimum amplitude of current
required for antidromic activation at each location within the grid of stimulation
points. The LTPs in VPL and Sg were both surrounded in the mediolateral
plane by stimulating points at which the current required for antidromic
activation increased with the distance from the LTP until the axon could not be
activated with 500 pA. The recording site was located in the marginal zone of
the dorsal horn (Figure 1 C). The antidromic action potential had a longer
latency from VPL than from Sg indicating the axon passed through posterior
t halamus en route to VPL (Figure 1 D). Ant
either of the LTPs generated action potentials at the recording site that
maintained a constant latency, followed a train of stimuli at > 300 Hz, and could
demonstrate collision between an antidromic and orthodromic spike (Figure 1 E
and F). Thirty-three neurons recorded over the course of this study were
antidromically activated from VPL. Thirteen were recorded from the marginal
zone and 5 of these were classified HT. Twenty were recorded from deeper
laminae and 5 of these were classified HT. The mean conduction velocity of
marginal zone and deeper cells was 28.0 £+ 11.6 m/s and 34.2 £+ 7.4 m/s,
respectively. Previous studies have shown a small projection of the STT to
ventral lateral (VL) nucleus in cats (Jones and Burton 1974) and primates

(Boivie 1979; Craig 2008). In this study we did not surround the rostral end of
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axons that were antidromically activated in VPL. Therefore, it is possible that

some axons antidromically activated within VPL continued rostrally into VL.

In contrast to the STT neurons that could be antidromically activated from VPL,
25 cells could only be activated within the posterior thalamus. Figure 2
illustrates an example of this type of STT neuron. The lesion marking the LTP
(Figure 2 B1, arrow) was located in Po, just medial to the dorsal part of the
medial geniculate nucleus. The current required to activate the axon at the LTP
was 15 pA and increased as the distance from the LTP increased (Figure 2 B2).
One millimeter rostral to the plane of the low threshold point the axon could not
be antidromically activated with current ampl i tudes O 500
This neuron had a cutaneous receptive field over the shin of the left hindlimb
(Figure 2 C) and was recorded in nucleus proprius (Figure 2 D). The neuron
was classified as a WDR type. Figure 2 E demonstrates that an antidromic
action potential occurred in the soma at a constant latency, followed a > 300 Hz
train, and that an orthodromic action potential collided with an antidromic action
potential. The latency for the antidromic action potential to reach the recording

site was 7.6 ms (conduction velocity = 30.7 m/s).

An example of a second posterior thalamus-projecting STT neuron, and its
functional characterization, is shown in Figure 3. Antidromic thresholds in a
combined horizontal and coronal view are indicated in Figure 3 A. Three
parallel, mediolateral rows were examined for stimulation sites that could
produce antidromic action potentials. Two rostral rows passing through VPL are
shown in the horizontal view. Within these rows 500 pA stimuli were unable to
produce antidromic activation. However, within the most caudal row (interaural:
+6.7 mm) the axon could be activated. The lowest antidromic threshold within
each mediolateral track is indicated (Figure 3 A). An illustration of this caudal
plane is shown in the coronal view with antidromic thresholds indicated at each

stimulation point (Figure 3 A). A photomicrograph of the coronal section from
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this caudal plane is shown in Figure 3 B with an arrow indicating the lesion at
the LTP (21 pA) within the posterior nucleus. The cell did not respond to
brushing the receptive field, but did respond to more intense stimuli and was
classified as an HT type neuron (Figure 3 C). The receptive field is shown
(Figure 3 D). The cell was recorded from nucleus proprius (Figure 3 E).

All STT neurons that projected to the posterior thalamus had a mechanically
sensitive receptive field. These varied in size from a single toe to most of the
hindlimb. Figure 4 A shows the receptive field for posterior thalamus-projecting
STT neurons grouped by mechanical sensitivity and the region of the dorsal
horn where the recording site was lesioned. Receptive fields colored in black
indicate that the cell was responsive to a 50°C heat stimulus. The mean size
and standard deviation of receptive fields in each of the different groups is

shown in Figure 4 B.

Posterior thalamus-projecting STT neurons could be classified as high
threshold (n=12) or wide dynamic range (n=13; Figure 5). Both HT and WDR
type cells significantly increased their firing rates when the stimulus intensity
was increased from pressure to pinch, suggesting that they can distinguish
between innocuous and noxious mechanical stimuli. The mean spontaneous
activity assessed before mechanical testing was not different for HT and WDR
type neurons: 2.2 Hz £ 0.1 Hz and 2.2 Hz £ 0.2 Hz, respectively.

Thirty-three percent (8/24) of posterior thalamus-projecting STT neurons were
excited by a 5 second 50°C heat stimulus. An example of a response to 50°C
and the mean of all eight responses are shown in Figure 6 A. Neurons that did
not respond to 50°C were often tested further with heat up to 55°C, but only
1/11 responded (Figure 4 A). That particular neuron also responded to cool
temperatures. Nine posterior thalamus-projecting STT neurons were tested with

cooling stimuli and six responded. Five of thesesix al so responded t
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50°C. An example of a response to cold (10°C) and the mean response to cold
is shown in Figure 6 B. The response of each thermally excitable neuron and
the overall mean response to a range of stimulus temperatures are shown in
Figures 6 C and D. These results indicate that some posterior thalamus-
projecting STT neurons are capable of responding to thermal stimuli. However,
discharge rates were typically low and graded changes in the thermal stimuli did

not consistently elicit graded changes in the magnitude of responses.

Seventy-one percent (12/17) of posterior thalamus projecting STT neurons
responded to an intradermal injection of capsaicin with a discharge at least 1.5
times baseline lasting longer than 1 minute. An example of a typical response is
shown in Figure 7 A. The average response of the 12 STT neurons projecting to
posterior thalamus that were responsive to capsaicin is shown in Figure 7 B. All
neurons that responded to 50°C that were subsequently tested with capsaicin
responded (4/4). Surprisingly, 67% (8/12) of neurons that responded to
capsaicin did not respond to heat. The Mann-Whitney U test was used to
determine whether groups of capsaicin sensitive, posterior thalamus-projecting
STT neurons responded differently to capsaicin. Neurons that were not
responsive to heat had a greater response to capsaicin than neurons that were
heat sensitive (Figure 7 C; p < 0.001). Also, high threshold type neurons
responded more vigorously to capsaicin than did WDR type neurons (Figure 7
D; p < 0.001).

The location of the termination zone of each posterior thalamus-projecting STT
axon is shown in one of four anterior-posterior levels spanning approximately 3
mm (Figure 8). Axons projected to several nuclei of the posterior thalamus: Po
(13), VPI (6), Sg (3), MG (1), MGmc (1), and L (1). The location of each LTP in
the posterior thalamus is indicated along with the location of the cell of origin in
the dorsal horn. Each axon projecting to VPI originated from a neuron located in

the marginal zone. Other nuclei in posterior thalamus received input from the

97



marginal zone as well as the deep dorsal horn. The projection target of each
STT neuron and the class of mechanical sensitivity (WDR or HT) of the cell of
origin is indicated (Figure 8). Termination zones of neurons that were
responsive to a 50°C heat stimulus are shown. A large proportion of heat
responsive neurons projected to or around VPI. These results indicate that the
STT provides innocuous and noxious mechanical and thermal information to

several nuclei of the posterior thalamus.

The average conduction velocity (mean £ SD) of all 25 posterior thalamus-
projecting STT neurons was 22.3 + 11.6 m/s. Marginal zone and deep neurons
did not propagate at significantly different rates (MZ = 19.2 £ 9.7 m/s; Deep =
27.4 £ 13.3 m/s), nor were conduction velocities dependent on the thalamic
projection target (Po = 25.2 £ 12.8 m/s; VPI = 20.6 £ 12.6 m/s; Sg/L/IMGmc =
17.4 £ 5.3 m/s). The mean conduction velocity of axons that projected to the
posterior thalamus was significantly slower compared with axons that projected
to VPL (31.7 £ 9.7 m/s; p < 0.05).

Lesions marking the recording points in the dorsal horn are shown in Figure 9.
Both WDR and HT type STT neurons projected to the posterior thalamus.
Sixteen neurons in the marginal zone and eight neurons from the deeper

laminae projected to several nuclei within the posterior thalamus.

DISCUSSION

In this study, 25 STT neurons were identified that projected directly to the
posterior thalamus in monkeys. These cells were characterized by responses to
mechanical, thermal and chemical stimuli. Sixteen of 25 neurons were recorded
in the marginal zone and the rest were located in the deep dorsal horn. Half of
the total was classified as wide dynamic range and half as high threshold. One-
third of STT neurons projecting to posterior thalamus responded to noxious
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heat (50°C). Two-thirds of those tested responded to cooling. Seventy-one
percent of neurons responded to the noxious chemical capsaicin. Axons ending
in the posterior thalamus were found to project mainly to the posterior nucleus
and ventral posterior inferior nucleus. The suprageniculate nucleus,
magnocellular part of the medial geniculate nucleus, and the limitans nucleus
received fewer projections. These data indicate that the primate spinothalamic
tract transmits noxious and innocuous mechanical, thermal, and chemical

information to multiple nuclei within the posterior thalamus.

To identify STT axons that project to the posterior thalamus it is important to
surround distal axon projections using antidromic mapping techniques because
STT axons often pass through this region en route to rostral targets. Here, we
localized the axons of STT neurons in the posterior thalamus by using
antidromic activation at low stimulus amplitudes (< 30 pA). The distal end of
each axon was then surrounded by a large 3-dimensional grid of stimulating
points where 500 pA stimulus pulses were unable to activate the neuron
antidromically, indicating that the axon did not pass through the stimulated area.
These methods allowed us to map the location of the termination zone for each

axon that was antidromically activated from the posterior thalamus.

Although the focus of this study was on STT neurons that projected solely to the
posterior thalamus, in several experiments we observed that the same STT
axon could sometimes be antidromically activated from VPL as well as from
multiple locations within posterior thalamus. At some of those locations in the
posterior thalamus the latency was longer than the latency from VPL
(unpublished observations). We could not achieve LTPs at these additional
locations, nor did we surround the locations with ineffective stimulating tracks to
determine the endpoint of the axon and, therefore, we did not include these
neurons as part of the posterior thalamus population. However, the longer
latency from posterior thalamus can be explained by the activation of a
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collateral branch off of a parent axon. Collateral branches might target posterior
thalamic nuclei, even though the parent axon continues rostrally to VPL.
Consistent with this idea, double labeling experiments have shown that as
many as 10-20% of STT axons branch and terminate in both medial and lateral
thalamic nuclei (Applebaum et al. 1979; Craig et al. 1989; Giesler et al. 1981,
Kevetter and Willis 1983). A subpopulation of STT neurons that project to both
the posterior thalamus as well as to VPL could contribute to nociceptive

processing at both sites.

Previously we described STT neurons projecting directly to posterior thalamic
nuclei in rats using similar antidromic mapping techniques (Zhang and Giesler
2005). A majority of the rat STT neurons projecting to posterior thalamus were
located in the marginal zone, a finding that is consistent with the present results
in monkeys. Receptive fields in rats ranged from a single digit to most of the
limb, a result that is also similar to present observations in monkeys. Seventy-
seven percent of STT neurons projecting to the posterior thalamus were
classified as HT in rat and half were HT in monkey. In rats, the posterior
triangular nucleus received the most projections from STT neurons followed by
the medial geniculate, posterior nucleus, posterior intralaminar nucleus, and
suprageniculate. Monkey STT projections to posterior thalamus were mostly to
Po, followed by VPI, Sg, L, MG, and MGmc. The rat posterior triangular nucleus
and the monkey posterior nucleus share the position of having the highest
proportion of STT input in the posterior thalamus, suggesting that they may
possess overlapping functions. Interestingly, in the rat almost 70% of neurons
responded to noxious heat (O 55AC);
to noxious heat (O 55AC). A lrassoesporaedltoy
cold stimuli, but 6 of 9 tested in monkey responded to cold. The differences
between rodent and primate might reflect different roles of the posterior

thalamus in thermal coding in these species.
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The input to the posterior thalamus from the STT has been studied using
degeneration (Boivie 1979; Mehler 1969; Mehler et al. 1960), retrograde (Craig
2006; Craig and Zhang 2006; Willis et al. 2001), and anterograde tracing
methods (Apkarian and Hodge 1989; Beggs et al. 2004; Craig 2004; Gauriau
and Bernard 2004a; Ralston and Ralston 1992; Stepneiwska et al. 2003). Each
method has confirmed that neurons of the dorsal horn send projections to the
posterior thalamus. Craig and colleagues have recently advanced a hypothesis
that marginal zone neurons preferentially target VMpo and that VPL receives
input from neurons located within the deeper laminae (Craig 2006; Craig and
Zhang 2006). The present study confirms that the posterior thalamus receives a
relatively high proportion of marginal zone projections. However, we also found
that marginal zone neurons projected frequently to VPL, consistent with earlier
anatomic (Gauriau and Bernhard 2004a; Graziano and Jones 2004; Willis et al.
2001) and antidromic activation studies (Ferrington et al. 1987; Simone et al.
2004; Zhang et al. 2000a, b).

Poggio and Mountcastle (1960) first observed that more than half of the
neurons in the posterior thalamus of cats could be activated by noxious
mechanical stimulation. Nociceptive responses elicited by mechanical, thermal,
and electrical stimuli from neurons in the posterior thalamus have since been
observed in rats (Bordi and LeDoux 1994; Gauriau and Bernard 2004b;
Guilbaud et al. 1980), cats (Benedek et al. 1997; Brinkhus and Carstens 1979;
Calma 1965; Carstens and Yokota 1980; Curry 1972; Curry and Gordon 1972,
Guilbaud et al. 1977; Matsumoto et al. 1988; Nyquist and Greenhoot 1974), and
monkeys (Casey 1966; Craig et al. 1994; Perl and Whitlock 1961; Whitlock and
Perl 1961). In humans, neurons recorded caudal to the principle somatosensory
nuclei (presumably within the posterior thalamus) were found to be responsive
to noxious mechanical and thermal stimuli, and electrical stimulation within the
microampere range elicited thermal and pain sensations (Davis et al. 1999;
Lenz et al. 1993a, b; Ohara and Lenz 2003). Our results show that several
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nuclei within the posterior thalamus receive direct projections from nociceptive
and thermoreceptive spinal cord neurons and suggest that the STT makes an
important contribution to the response properties of neurons in the posterior

thalamus.

A nucleus specific for nociceptive and thermal input located within the primate
posterior thalamus has been proposed (VMpo; Blomqvist et al. 2000; Craig
2004; Craig et al. 1994). VMpo was originally based on the location in the
posterior thalamus of labeled axon terminations that ascended from the
marginal zone (Craig et al. 1994). Nearly all of the neurons that were recorded
from the thalamic region where these terminations were found were reported to
exhibit responses to noxious or cool stimuli (Craig et al., 1994). VMpo was
further defined by a discrete axonal plexus that was immunoreactive for the
calcium binding protein calbindin (Blomqvist et al. 2000; Craig 2004; Craig et al.
1994). There are several reasons to be cautious about accepting the VMpo
hypothesis (Graziano and Jones 2004; Jones 2007; Ralston 2003; Willis et al.
2002). Studies differ on the extent and concentration of calbindin
immunoreactivity in the posterior thalamus and whether fibers arising from the
marginal zone are themselves immunoreactive for calbindin (Blomqgvist et al.
2000; Craig 2004; Craig et al. 1994; Graziano and Jones 2004; Rausell et al.
1992; Stepneiwska et al. 2003). Because VMpo is positioned within previously
named nuclei (i.e., posterior nucleus, suprageniculate, and ventral posterior
medial nucleus) to which spinothalamic and trigeminothalamic fibers have been
shown to project, it is difficult to identify the borders of VMpo without the use of
an aid such as the calbindin stain. Also, the claim that VMpo is a specific pain
relay nucleus is difficult to assess because the projections from VMpo to cortical
or subcortical regions have not been specifically demonstrated. Additionally, a
study examining STT neurons thought to project to and therefore contribute to
the function of VMpo (Dostrovsky and Craig 1996) did not establish the distal
projection targets of the antidromically activated axons. Therefore, axons of
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passage may have been inadvertently stimulated (Willis et al. 2002). The
hypothesis that VMpo is necessary for the generation of post-stroke central pain
was recently examined and challenged (Kim et al. 2007; Montes et al. 2005).
Finally, the present data do not support the hypothesis of a direct marginal zone
projection to a discrete nucleus located posteromedial to VP and ventral to the
anterior pulvinar and centre median nucleus. Our stimulating electrode
penetrations passed through the area described as VMpo and we have
antidromically activated only a few axons that projected there. Instead, marginal
zone neurons in this study projected to several nuclei of the posterior thalamus,
and these nuclei also received input from neurons located deeper within the
dorsal horn. Additionally, many of the neurons projecting to the posterior
thalamus were not nociceptive-specific (i.e., high threshold) or thermoreceptive,
observations that are also inconsistent with the VMpo hypothesis. In this study,
the ventral posterior inferior nucleus received the highest proportion of high

threshold marginal zone input.

We observed cool responsive STT neurons that projected to the posterior
thalamus. This is consistent with a study in which stimulation in human posterior
thalamus evoked cold sensations and neurons recorded from the same area
were responsive to cooling the skin (Davis et al. 1999). Noxious heat
processing has been hypothesized to take place within the posterior thalamus
because lesions within VP failed to disrupt the sensation of noxious heat
(Montes et al. 2005). In this study, 1/3 of neurons projecting to posterior
thalamus responded to noxious heat (50°C). These results support the
hypothesis that some thermal processing occurs in the posterior thalamus.
However, most of these neurons had low discharge rates to thermal stimuli and
displayed a limited ability to discriminate between temperatures. In contrast,
77% (22/29) of STT neurons antidromically activated from VPL responded to
noxious heat. In previous studies, STT neurons projecting to VPL often
responded to graded temperatures with graded responses indicating that the
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neurons likely encode the intensity of thermal stimulation (Ferrington et al.
1987; Kenshalo et al. 1979; Willis et al. 1974). Our data suggest that the STT
provides different thermosensory information to the posterior thalamus and
VPL.

A large proportion (71%) of STT neurons projecting to the posterior thalamus
responded to an intradermal injection of capsaicin. All of the heat responsive

neurons tested responded to capsaicin, but surprisingly, 67% of neurons

responsive to capsaicin did not respond

heat-insensitive STT neurons had a greater discharge to capsaicin than did the
heat-responsive STT neurons. Ringkamp et al. (2001) described myelinated
primary afferent fibers in monkeys that were powerfully activated by capsaicin
but were insensitive to heat. TRPV1 is thought to be the primary molecular
mechanism underlying responses to both capsaicin and heat (Caterina et al.
1997; Patapoutian 2003). On the basis of recordings from excised patches of
DRG, Nagy and Rang (1999) hypothesized that different molecular
configurations of the TRPV1 channel could be selectively responsive to either
heat or capsaicin. In addition, Lu et al. (2005) found that one splice-variant of
the TRPVL1 gene is activated by heat but not capsaicin, suggesting that different
molecular configurations of TRPV1 channels confer selective sensitivity.
Although the molecular mechanisms that produce capsaicin sensitive cells
unresponsive to heat are unknown, our results suggest that STT neurons that
project to the posterior thalamus are capable of conveying chemical nociceptive

information independently from information about noxious heat.

Responses in the posterior thalamus have been evoked by both somatosensory
and auditory stimuli, sometimes in the same cell (Bordi and LeDoux 1994; Curry
1972; Poggio and Mountcastle 1960). This is likely because of overlapping axon
terminations in the posterior thalamus from cells in the spinal cord and the
inferior colliculus (Jones and Burton 1974; LeDoux et al. 1987; Rockel et al.
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1972). These data suggest that a role of the posterior thalamus might be to
process convergent sensory information from multiple systems. Indeed, several
studies have shown that the posterior thalamus is involved in fear conditioning,
which is established by pairing an auditory tone with a noxious foot shock
(LeDoux 2000; Shi and Davis 1999). In rats, the posterior thalamus has been
shown to project to the amygdala, a structure necessary for the acquisition of
fear conditioning (Bordi and LeDoux 1994; Ledoux et al. 1990). The efferent
pathways from the posterior thalamus also project to Sl and to the insula
(Burton and Jones 1976; Calma 1965; Friedman and Murray 1986; Stevens et
al. 1993). Recently electrophysiological and anatomical methods were
combined to show that nociceptive neurons recorded in the posterior thalamus
of rats projected to Sl whereas non-nociceptive neurons projected to the insula
(Gauriau and Bernard 2004b). The insula and SlI are frequently activated in
positron emission tomography and functional magnetic resonance imaging
studies of responses of human cortical regions to noxious stimuli (Apkarain et
al. 2005; Casey et al. 1994; Coghill et al. 1994; Treede et al. 2000). These
studies indicate that STT neurons projecting to the posterior thalamus provide
information about noxious stimuli to supraspinal systems that are identified to

be involved in the processing of pain.

The projection of the STT to the posterior thalamus arises from neurons in both
the marginal zone and the deep dorsal horn and terminates within several
nuclei including Po and VPI. In addition, both HT and WDR type neurons
project to the posterior thalamus in primates. Our results indicate that the STT
projection to the posterior thalamus is more complex than previously suggested.
It will be interesting in future studies to explore the functional contributions of

each of these posterior thalamic nuclei to cortical nociceptive processing.
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Figure 1. Example of a single antidromically activated STT neuron showing the course
of its axon through Sg to VPL. A1) Photomicrograph of the lesion marking the LTP in
VPL (arrow). A2) lllustration of A1 with a superimposed grid (gray dots) indicating each
point at which antidromic stimulation was tested. Contour plot indicates the current
amplitude required for antidromic activation. B1) The lesion marking the LTP in Sg
(arrow) of the same axon. B2) lllustration as in A2. C) Recording point in the marginal
zone. D) Antidromic activation from VPL had a longer latency than from Sg. E)
Antidromic activation from VPL. Top trace: three antidromic action potentials recorded
in the dorsal horn. Middle trace: collision of an orthodromic action potential (black
arrowhead) with an antidromic action potential (white arrowhead). Bottom trace: Train
of 333 Hz stimuli at the VPL LTP (12 pA). F) Antidromic activation from Sg as in E.
Stimulus artifacts reduced for clarity. Abbreviations: CL, centre lateral; CM, centre
median; eml, external medullary lamina; L, limitans; LD, lateral dorsal; LP lateral
posterior; MG, medial geniculate; MGmc, magnocellular part of medial geniculate; MD,
medial dorsal; Pla, anterior pulvinar; Pli, inferior pulvinar; PIl, lateral pulvinar; Po,
posterior nucleus; VMb, basal ventral medial; VPI, ventral posterior inferior; VPL,
ventral posterior lateral; VPM, ventral posterior medial; Sg, suprageniculate.
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FIGURE 2
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Figure 2. Example of an STT neuron projecting directly to the posterior nucleus
of the thalamus. A1) Photomicrograph of a section 1.0 mm rostral to the LTP
where stimulation with O 5000A was
potentials. A2) lllustration of the same section with each antidromic stimulation
test site marked by a gray dot. B1) Photomicrograph of a lesion marking the
LTP in the posterior nucleus (arrow). B2) lllustration of B1 with each stimulation
test site indicated and a contour plot showing the amplitude of current required
to activate the neuron antidromically. C) Receptive field. D) The neuron was
recorded in nucleus proprius (arrow). E) Antidromic activation from Po: Top
trace: series of 3 antidromic action potentials time locked to the 3 stimuli. Middle
trace: collision between an orthodromic (black arrowhead) and blocked
antidromic action potential (white arrowhead). Bottom trace: 333 Hz, 8 pA
stimulus train.
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FIGURE 3
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Figure 3. Example of a functionally characterized STT neuron projecting
directly to the posterior nucleus. A) Top: Horizontal view of stimulating electrode
penetration sites through the thalamus. The lowest amplitude of current that
produced antidromic action potentials is indicated for each mediolateral
position. The current amplitude of the LTP is circled (21 pA). Gray dots indicate
electrode penetrations that were unable to evoke antidromic action potentials
with O 500 OA. Bottom: Coronal view
above. B) Photomicrograph of the coronal plane shown in A with a lesion
marking the LTP in Po. Scale bar = 1.0 mm. C) Characterization of the
response to mechanical stimuli. B = brush; Pr = pressure; Pi = pinch; S =
squeeze. This cell was classified as an HT neuron. D) Receptive field. E)
Recording point in nucleus proprius.
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FIGURE 4
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Figure 4. Receptive fields of STT neurons that projected directly to the
posterior thalamus. A) Receptive fields organized by mechanical classification
and location of the recording site. MZ = Marginal Zone. Neurons that responded
to noxious heat (50°C) are shown in black. Receptive fields are not shown to
scale. Asterisk indicates receptive field of neuron that responded to 52°C but
not 50°C. B) Size of receptive fields for each group (mean = SD).
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Figure 5. Mean £ SEM responses to mechanical stimuli for high threshold and
wide dynamic range type posterior thalamus-projecting STT neurons. Both HT
and WDR type cells significantly increased their firing rates from pressure to
pinch, suggesting that they can encode innocuous and noxious mechanical
stimuli. One-way ANOVA with Tukey post-test (p < 0.05). WDR-Squeeze was
not included in the statistical analysis because the number of tests was small (n

= 3).

10

FIGURE 5

High Threshold

[ — 7l
Brush  Pressure Pinch  Squeeze
L | ' I I

20 30 40 50 B8O 70 80
Seconds

Impulses/s

111

40

w
o

N
(=]
1

10 4

Wide Dynamic Range
 r—3l

Brush Pressure Pinch Squeeze
— — — —

10 20 30 40 50 60 70 80
Seconds



FIGURE 6

30°C
sec B v i:
40°C 20°C
30°C .

10°C

E

5
w 504 ] 4+
] 7]
@ a 31
530 5
(=% o 24
E E
101 11 | I
10 20 30 40 50 10 20 30 40 50 60 70 80
Seconds e Seconds
@ 501 m
r %10
g g
=2 1 =
£ E s
104
10 20 30 40 50 10 20 30 40 50 60 70 80
Seconds Seconds
100
80 35
60
40 30
20
10 25
w [7;]
5 9 @
88 @ 20
37 =]
[=} (=}
Es E 151
5
4 10 1
3
2 5
1
5 10 15 20 30 40 45 50 510 1520 30 4045 50
Dearees (C°) Degrees (C*)

Figure 6. Responses of posterior thalamus-projecting STT neurons to thermal
stimuli. A) Top: An example of a response to noxious heat (50°C). Bottom:
Mean + SEM of all heat responsive neurons to 50°C. B) Top: An example of a
response to cold (10°C). Bottom: Mean + SEM of all cold responsive neurons to
10°C. C) Responses to a range of thermal stimuli for each thermally responsive
neuron. Each point represents the mean firing rate during the 5 s thermal
stimulus. Note the scale change on the ordinate. Bold and dashed lines indicate
data used for examples in A and B, respectively. D) Mean + SEM response of
all thermally responsive neurons with the baseline activity at the holding
temperature subtracted.
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FIGURE 7
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Figure 7. Responses to capsaicin of posterior thalamus-projecting STT
neurons. A) Example of a typical response to capsaicin. Arrow indicates the

time of injection. B) Mean + SEM response of each capsaicin responsive

neuron calculated in 15 s bins. C) Mean = SEM response to capsaicin of
neurons responsive and not res pheanizve t o
SEM response to capsaicin of HT and WDR type neurons.
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FIGURE 8
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Figure 8. Location of all lesions in the posterior thalamus marking LTPs of
functionally characterized STT neurons. Left column: camera lucida tracings of
four sections through the anterior-posterior extent of the posterior thalamus.
Nuclei within the posterior thalamus receive input from HT and WDR type
neurons located both in the marginal and the deep dorsal horn. VPI appears to
receive a high percentage of its input from marginal zone neurons. Each section
represents approximately 750 um. Abbreviations: Hb, habenula; LGN, lateral
geniculate nucleus; pc, posterior commissure; R, reticular nucleus.
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FIGURE 9
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Figure 9. Locations of lesions marking recording sites of 24 neurons in the
lumbar dorsal horn. Recording sites of HT and WDR type neurons are shown in
the top row. The bottom row shows the recording sites of HT and WDR type
neurons and to which nucleus in the posterior thalamus they project. One
recording site from a WDR type cell was not recovered.
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CHAPTER 6

The itch-producing agents histamine and cowhage
activate separate populations of primate

spinothalamic tract neurons
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The itch-producing agents histamine and cowhage
activate separate populations of primate spinothalamic

tract neurons

ABSTRACT

Itch is an everyday sensation but when associated with disease or infection it
can be chronic and debilitating. Several forms of itch can be blocked using
antihistamines, but others cannot and these constitute an important clinical
problem. Little information is available on the mechanisms underlying itch that is
produced by non-histaminergic mechanisms. We examined the responses of
spinothalamic tract neurons to histaminergic and, for the first time, non-
histaminergic forms of itch sensation. Fifty-seven primate spinothalamic tract
(STT) neurons were identified using antidromic activation techniques and
examined for their responses to histamine and cowhage, the non-histaminergic
itch-producing spicules covering the pod of the legume Mucuna pruriens. Each
examined neuron had a receptive field on the hairy skin of the hind-limb and
responded to noxious mechanical stimulation. STT neurons were tested with
both pruritogens applied in a random order and we found 12 that responded to
histamine and 7 to cowhage. Each pruritogen-responsive STT neuron was
activated by the chemical algogen capsaicin and two-thirds responded to
noxious heat stimuli, demonstrating that these neurons convey chemical,
thermal and mechanical nociceptive information as well. Histamine or cowhage
responsive STT neurons were found in both the marginal zone and the deep
dorsal horn and were classified as high threshold and wide dynamic range.
Unexpectedly, histamine and cowhage never activated the same cell. Our
results demonstrate that the spinothalamic tract contains mutually exclusive
populations of neurons responsive to histamine or the non-histaminergic itch-

producing agent cowhage.
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INTRODUCTION

Itch and scratching perform an important function in protecting the skin from
common threats but itch can become intolerable and lead to vicious itch-scratch
cycles and self injury (Keele and Armstrong 1964; Wahlgren 1999; Oaklander
2003). Pruritus often accompanies skin and systemic diseases, and can be a
symptom of neuropathy (Yosipovitch et al., 2003; Ikoma et al., 2006). Several
types of itch are produced by histaminergic mechanisms and pruritus is
commonly treated with antihistamines. Moreover, intracutaneous application of
histamine produces dose-dependent itch and a flare response (Simone, 1987,
1991; Magerl, 1990). However, anti-histamines often fail to block clinically
significant pruritus (Klein and Clark, 1999; Wahlgren, 1999), and itch can be
induced by electrical stimulation without the flare that follows the release of
histamine into the skin (Ikoma et al., 2005). These findings indicate that itch can
also be produced through non-histaminergic mechanisms (Steinhoff et al.,
2003; 2006).

Cowhage (which consists of trichomes covering the pod of the tropical legume
Mucuna pruriens) has long been employed in the production of experimental
itch. A single trichome can produce an intense itch lasting several minutes that
begins shortly after insertion into the skin (Graham et al., 1951; Shelley and
Arthur 1957; Tuckett 1982). An early biochemical study by Shelley and Arthur
(1955) indicated that cowhage spicules contain an itch-producing proteinase
they named mucunain. Applications of cowhage produce little, if any, flare and
an itch that cannot be blocked with antihistamines (Graham et al., 1951,
Johanek et al., 2007). In this study, cowhage was used as a model of non-

histaminergic itch.

The spinothalamic tract (STT) is thought to play an important role in conveying

ascending information related to itch. In support of this idea, anterolateral
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cordotomy eliminates the perception of itch produced by poison ivy, histamine,
and cowhage from within the analgesic zones (Bickford 1938; Hyndman and
Wolkin 1943; White and Sweet 1969). Also, a subset of axons recorded from
the ventrolateral funiculus of cats was found to be responsive to cowhage
applied within their cutaneous receptive fields (Wei and Tuckett, 1991). More
recently, histamine sensitive neurons in the marginal zone that were
antidromically activated from the thalamus were discovered in cats (Andrew and
Craig, 2001). These histamine sensitive STT neurons did not respond to
mechanical stimulation or mustard oil suggesting that they constituted a
selective central pathway for itch. However, because these units were not
tested for a response to the painful chemical capsaicin their inability to also

process pain information remains uncertain (Schmelz et al., 1997; 2003).

In primates, wide dynamic range (WDR) neurons antidromically activated from
the ventral posterior lateral (VPL) nucleus of the thalamus responded to
histamine and also to capsaicin, challenging the idea of an itch specific STT
pathway (Simone et al. 2004). Here, we examined whether primate STT
neurons with projections to somatosensory thalamus responded to histamine
and cowhage. Both pruritogens were sequentially applied to the receptive fields
of high threshold (HT) and WDR STT neurons located in deep and superficial
dorsal horn. We found that some cells responded to histamine and others to
cowhage but surprisingly, none responded to both. Our results suggest that

dual, independent central pathways exist for itch.

METHODS

Surgical Preparation

Macaques (fascicularis or mulatta) of either sex were used in accordance with
protocols approved by the Animal Care Committee of the University of
Minnesota. Each animal was initially sedated with ketamine (10 mg/kg i.m.) and

119



an i.v. catheter was placed in the forelimb. Sodium pentobarbital (20 mg/ml i.v.)
was given to produce a depth of anesthesia suitable for surgery. A tracheotomy
was performed and the brachial artery catheterized to monitor blood pressure
and heart rate. Alpha chloralose (60 mg/kg i.v.) was delivered and the monkeys
were fixed to a stereotaxic frame. Body temperature was monitored and
maintained at 37.5°C with a feedback controlled heating blanket. Monkeys were
paralyzed with gallamine triethiodide and artificially ventilated. End tidal CO,
was monitored continuously and maintained between 3.6 T 4.2%. A mixture of
sodium pentobarbital (20%), gallamine triethiodide (30%), and 0.9% saline
(50%) was infused continuously (i.v.; 2-7 mg/kg/hr of sodium pentobarbital to
maintain a sufficient level of anesthesia). Experiments were ceased and the
animals sacrificed by overdose of pentobarbital when blood pressure dropped
below 65 mm Hg.

The lumbosacral enlargement was exposed by laminectomy and a bilateral
craniotomy over the thalami was performed to allow electrodes through the
cortex and into the thalamus. The dura was retracted from the brain and spinal
cord. The spinal cord was bathed in warm mineral oil and the cortex was
bathed in a mixture of petroleum jelly and mineral oil. Bilateral pneumothoraces
were performed when required to stabilize the spinal cord from movement due

to respiration.

Identification of spinothalamic tract neurons

Spinothalamic tract neurons were identified by antidromic stimulation from the
thalamus (Zhang et al., 1999). First, the somatotopic organization of VPL was
determined by recording multi-unit activity during gentle mechanical stimulation
of the contralateral body surface. Then, a stainless steel monopolar stimulating
electrode was positioned within the distal hindlimb region in the caudal third of
VPL and a second stimulating electrode was placed 2 mm caudal and 2 mm
medial relative to the VPL electrode within the posterior thalamus. We used this
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arrangement because many axons of the STT terminate within or pass through
the posterior thalamus. Using two electrodes for a search stimulus allowed a
broader area for current to spread and could therefore activate a greater
number of STT axons. This reduced the possibility of omitting STT neurons
from our sample that did not have axonal projections to VPL. A search stimulus
was generated simultaneously at each stimulating electrode (cathode: 500 pA,
200 pus, 5 Hz).

Single STT neurons were located by repeatedly lowering a 5-10 MY st eel
microelectrode within the dorsal horn until antidromic action potentials could be

recorded. STT units were identified by an ability to generate an action potential

at a constant | atency from the stimul us,
could demonstrate collision between an antidromic action potential and an
orthodromic action potential (Lipski 1981). Once an STT unit was identified, the
stimulating electrode was systematically repositioned in the thalamus until the

axon could be antidromically activated with < 30 pA. This amount of current has

been shown to activate axons O 400 Om fror
et al., 1991; Dado et al., 1994). Action potentials were amplified, filtered, and

converted to a digital signal to be displayed on custom software and analyzed

offline. The average conduction velocity along each axon was determined as

described by Zhang et al. (1999).

Stimulus application and unit classification

The receptive field of each neuron was mapped using minimally noxious
mechanical stimuli. Units were classified as WDR if responsive to brushing and
pinching, or HT if responsive to pinching only. Brushing was done with a
handheld soft-bristled brush; pressure was applied with a large arterial clip;
pinch with a painful, small arterial clip; and squeeze, when necessary because

of a lack of response to less intense stimuli, was done with forceps.

121



Histamine dihydrochloride (20 pg in 10 pL 0.9% saline; pH 5.0) or a pH
matched vehicle was delivered intradermally through a 28 gauge needle
(Simone et al., 2004). In initial experiments, cowhage was applied by pressing
the entire pod onto the receptive field leaving 50-100 trichomes inserted in the
skin. Later, cowhage was plucked from the pod and inserted into a cotton tipped
swab so that each trichome pointed out. Approximately 20 trichomes were
applied by pressing the swab against the skin. Cowhage was rendered inactive
by placing the pod in an autoclave for 20 minutes. Inactive cowhage was
applied in the same manner in which active cowhage was applied. Autoclaved
(inactive) cowhage did not produce itch the experimenters, but the structural

integrity of the trichomes was maintained.

Every cell received each of the four treatments; the vehicle always preceded
histamine and the inactive form always preceded the active form of cowhage.
Four equidistant points were marked within the mechanically identified receptive
field and each control or pruritogen application occurred near one of these
points. Thus, stimuli were applied to skin that was free of a bleb or wheal
caused by injection. The order of presentation of histamine and cowhage was
randomized to test for possible cross-tachyphylaxis or sensitization. Trichomes
from active and inactive cowhage were removed from the skin after the test with
a piece of low-tack paper tape (TimeMed Labeling Systems, Burr Ridge, IL). A
minimum of 20 minutes was taken between stimulus applications. STT neurons
were considered responsive to an itch-producing agent when 1) the rate of
action potentials increased O 1.5 ti
during 30 s or 60 s immediately prior to the application and 2) outlasted any
response to the <cont r edtstimuus (ramped © 50 C;
maintained for 5 s) was delivered with a peltier-type stimulator (contact area of 9
X 9 mm). The stimulated surface of the skin was maintained at 30°C for at least

60 s before the stimulus. A response was defined as a change in the frequency

of action potentials of O 1.5 compared t
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immediately prior to the heat ramp. At the end of testing for responses to itch-
producing agents, 10 ug of capsaicin in 10 pl of 7% Tween 80 in normal saline

was injected intradermally.

Identification of stimulating and recording sites

At the end of the experiment, a lesion (25 YA, 40 s) was made at the stimulation
point in the thalamus at which the smallest current was required to
antidromically activatetheax on (O 30 OA) . A |l esion
s) at the recording site. Monkeys were perfused with 0.9% saline and 10%
formalin with 1% potassium ferrocyanide. Tissue was stored at 4°C in 10%
formalin for several days. Brains were blocked and cut on a freezing microtome
in 50 um serial coronal sections. Spinal cords were cut in the transverse plane.
The tissue was stained with neutral red and lesions were identified by the
Prussian blue reaction. Thalamic nuclei were identified according to Jones
(2006).

Data Analysis

The Fischer exact test was used to compare nonparametric categorical
statistics, with a value of p < 0.05 considered significant. Single units were
assessed in 1 second bins. For averaged data, the number of action potentials
was assessed in 15 second bins. To reduce the effects of cell to cell firing rate
variability each cell was normalized to its firing rate (per 15 second bin) during
the histamine injection. The normalized responses were averaged and plotted
with standard error. Average conduction velocities were compared with the

S t u d e-tedt @nd a value of p < 0.05 was taken to be significant.

RESULTS

General Characteristics
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Fifty-seven dorsal horn STT neurons were tested for responses to both
histamine and cowhage. Nineteen (32%) STT neurons responded to one
pruritogen or the other; no cell responded to both histamine and cowhage. The
exclusive response to histamine or cowhage occurred regardless of the order of
application. Males and females had similar proportions of STT neurons that
responded to histamine or cowhage (Fischer exact test; p = 0.14). Fifty-eight
percent (18/31) of STT neurons that did not respond to a pruritogen were
excited by a 50°C stimulus. This ratio was similar for cowhage responsive (4/6)
or histamine responsive (8/12) STT neurons. After testing STT neurons for
responses to itch-producing agents, the receptive field of each pruritogen
responsive neuron was injected with 10 pg capsaicin. Every pruritogen
responsive unit also responded to capsaicin (Simone et al., 2004).

Histamine responsive STT neurons

Figure 1 illustrates an example of an antidromically identified STT neuron
activated by histamine. Small current pulses of 15 pA from a stimulating
electrode placed in the posterior nucleus of the thalamus (Fig. 1A) elicited
action potentials that were recorded in the superficial dorsal horn (Fig. 1B).
Action potentials had a constant latency (Fig. 1Di), followed a > 300 Hz train
(Fig. 1Dii), and demonstrated collision between an orthodromic action potential
and the antidromic action potential (Fig. 1Diii). This neuron was classified WDR;
it responded to innocuous and noxious mechanical stimuli within its receptive
field (Fig. 1C; data not shown). Inactive cowhage and cowhage were applied
first and then vehicle and histamine. There was no response to cowhage or
vehicle (Fig. 1E, F), but approximately 20 minutes of activity was produced by
an injection of histamine (Fig. 1G). This duration of activity is consistent with
psychophysical reports of the duration of itch from 20 pg of histamine (Simone
etal., 1991).
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An example of an HT STT neuron is illustrated (Fig. 2). The axon was
antidromically activated from the ventral posterior inferior nucleus (Fig. 2A).
Antidromic action potentials were recorded from the marginal zone (Fig. 2B).
The receptive field extended over the appendages of the hind foot (Fig. 2C).
This neuron responded to squeezing the skin with forceps, but not to brushing,
pressure, or pinching within its receptive field (Fig. 2D). Figure 2E illustrates the
response of this STT neuron to a noxious heat stimulus. The discharge
produced during the injection of histamine was greater than the discharge
during the injection of vehicle as shown in figure 2F. The level of activity
remai ned greater than that of the wvehicle
injection (Fig. 2F). The histamine responsive unit was later tested for a
response to inactive and active cowhage but neither produced a discharge even
when an area of > 5.0 cm? in the center of the receptive field was covered with

trichomes by direct application of the entire pod (Fig. 2G).

Twelve STT neurons (21%) responded to histamine and the mean responses of
these neurons normalized to their individual peak discharge during the
histamine injection are presented in figure 3. Eight of the twelve neurons
continuously responded for between 5 and 25 minutes. Four neurons
responded for > 90 seconds and < 5 minutes. Histamine produced a higher
peak discharge than the vehicle and neurons maintained a higher firing rate
over the course of the recording period (Fig. 3A). The vehicle produced an initial
discharge during the injection but the firing rate quickly returned to baseline.
Figure 3B illustrates the activity levels when these same neurons were tested
with inactive cowhage and cowhage. No responses were observed.

Cowhage responsive STT neurons

Seven cowhage responsive units were recorded. An example of one cowhage
responsive STT neuron is shown in Figure 4. The stimulating site was located
along the border of the posterior nucleus and the dorsal part of the medial
geniculate nucleus (Fig. 4A). The recording site was located in the superficial
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dorsal horn (Fig. 4B). The receptive field was located on the hairy skin of the
medial part of the hind foot (Fig. 4C). This neuron was classified WDR (Fig.
4D). Vehicle and histamine produced a brief discharge during the intradermal
injection, but no lasting response occurred over baseline activity (Fig. 4E).
Inactive cowhage did not produce a discharge but active cowhage produced a
brief peak response at the time of the application, a short period of quiescence,
and a response lasting several minutes (Fig. 4F). A short period of quiescence
after the application of cowhage was observed in 4/7 cowhage responsive
neurons (e.g., Fig. 5).

Figure 5 illustrates one of two cowhage responsive neurons on which we tried
repeated cowhage applications; both neurons responded similarly. The axon
was stimulated from the suprageniculate nucleus (Fig. 5A) and the cell was
recorded from the deep dorsal horn (Fig. 5B). The receptive field extended over
the entire hind foot (Fig. 5C). Vehicle and histamine injections did not produce a
response (Fig. 5D), nor did application of inactive cowhage to the receptive field
(Fig. 5E). In contrast, cowhage produced an initial peak response followed by a
period of gui escence and mihuenTheacowhags
was reapplied after 25 minutes and a third time 10 minutes later. Each
additional application produced a similar discharge pattern (Fig. 5E). Figure 5F
illustrates the response of this neuron to intradermal injection of capsaicin.

Mean responses to cowhage and inactive cowhage are shown in Figure 6A.
The mean duration of discharge for cowhage was < 5 minutes compared with >
10 minutes for a 20 ug injection of histamine (Fig. 3). Inactive cowhage never
produced a lasting response although action potentials were sometimes elicited
during the application. Injections of vehicle and histamine typically produced

action potentials during the injection but no lasting response (Fig 6B).

Recording sites and conduction velocity

126

charge



The recording sites in the dorsal horn for histamine and cowhage responsive
STT neurons are illustrated in Figure 7. Both histamine and cowhage
responsive neurons were found in the superficial dorsal horn (Fig. 7A, B). Sixty-
seven percent (12/18) of marginal zone units tested were responsive to one
itch-producing agent or the other. Neurons within the deep dorsal horn also
responded to pruritogens, but less frequently: 7/39 (18%). Within the deep
dorsal horn histamine responsive units were found in nucleus proprius and
cowhage responsive units were concentrated in the lateral reticulated area.

Pruritogen responsive HT and WDR STT neurons were recorded from both the
superficial and the deep dorsal horn (Fig. 7A, B). No relationship between the
mechanical classification of a neuron and its ability to respond to cowhage or
histamine was detected (Fisher exact test p = 0.37). The recording sites of
nociceptive STT neurons not activated by histamine or cowage are illustrated in
Fig. 7C for comparison. 16 of 23 non-pruriceptive STT neurons tested

responded to capsaicin for longer than 1 minute.

The average conduction velocity of histamine responsive STT neurons (22.8
m/s = 2.0 m/s) was significantly slower than the cowhage responsive STT
neurons (33.2 m/s = 5.1 m/s; p < 0.05). When only the marginal zone neurons
were considered, histamine responsive STT neurons were significantly slower
than cowhage responsive STT neurons (22.2 = 3.1 m/s vs. 35.6 m/s = 2.9 m/s,
respectively; p < 0.05).

DISCUSSION

The goal of this study was to determine how ascending sensory information
underlying histaminergic and non-histaminergic forms of itch is carried in
primate STT neurons. Only two studies have examined the responses of STT
neurons to applications of histamine (Andrew and Craig, 2001; Simone et al.
2004), and none have examined the responses of STT neurons to non-
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histaminergic forms of itch. We used antidromic activation to identify primate
spinothalamic tract neurons and then tested each neuron for sensitivity to
histamine and cowhage. We found that 21% of examined STT neurons
responded to histamine and 12% were activated by cowhage. Surprisingly, STT
neurons responded either to histamine or to cowhage, but never to both,
indicating that there are at least two, separate populations of STT neurons that

convey pruritic information to the brain.

Most STT neurons activated by histamine responded between 5 and 25
minutes. This time course reflects the expected time course of itch in humans
injected with the same amount of histamine (Simone et al., 1987; 1991). Each
histamine-responsive STT neuron was also activated by noxious mechanical
stimuli and was classified as either HT or WDR. Sixty-seven percent of
histamine responsive neurons also responded to a noxious heat (50° C)
stimulus. Histamine responsive STT neurons were located in both the marginal

zone as well as in the nucleus proprius.

STT neurons responded to cowhage usually after a short latency period of 10 -
20 seconds and with a time course of several minutes. The latency and duration
of the responses to cowhage parallel the sensation of itch reported in
psychophysical studies (Graham et al., 1951; Shelley and Arthur, 1957; Tuckett,
1982; Johanek et al., 2007). All cowhage responsive STT neurons were
classified as HT or WDR and 67% responded to a 50° C heat ramp. STT
neurons responsive to cowhage were located within the marginal zone and the
lateral reticulated area of the dorsal horn. Cowhage could be applied repeatedly
without a decrement of the response, suggesting that the pathway is not subject
to tachyphylaxis. Furthermore, in about half of the pruritogen responsive STT
neurons, the second pruritogen applied (cowhage or histamine) produced the
response indicating that cross-tachyphylaxis between the two types of

pruritogens does not occur.

128



Histamine responsive neurons with unidentified axonal projections have been
recorded in the rat superficial and deep dorsal horn (Carstens, 1997; Jinks and
Carstsens, 1998; 2000). These neurons in rats all responded to other noxious
mechanical or chemical stimuli consistent with our results of histamine (and
cowhage) responsive neurons in primate dorsal horn. However, rats do not
scratch to intracutaneous injections of histamine (Jinks and Carstens, 2002);
therefore, it could be concluded that the responses to histamine in rats are
nociceptive rather than pruriceptive. In contrast, both histamine and cowhage
elicit scratching directed to the application site in monkeys (RH LaMotte,
personal communication). Additionally, like humans, monkeys have been
shown to scratch in response to intrathecal morphine and this scratching is not
attenuated by anti-histamines (Ko and Naughton, 2000; Ko et al., 2004). These
data support the use of monkeys as an appropriate animal model to investigate

the central neural mechanisms of both histaminergic and non-histaminergic itch.

Our data predict that STT neurons receive input from populations of primary
afferent fibers that respond to histamine or cowhage, but not both. However, the
current understanding of pruritic mechanisms in the periphery is incomplete.
Several lines of evidence indicate that separate peripheral mechanisms exist for
coding histamine or cowhage produced itch. As noted, cowhage produced an
itch without flare and the itch was not blocked by antihistamine. In addition,
desensitization of the skin with topical capsaicin prevented cowhage induced,
but not histamine induced itch (Johanek et al., 2007). Furthermore, cowhage
applied to the hairy skin of cats excited a majority of polymodal C-fibers tested
(Tuckett and Wei, 1987). In contrast, histamine applied iontophoretically weakly
excited only a subset of polymodal C-fibers in human (Handwerker et al., 1991,
Schmelz et al., 1997). These data indicate that polymodal C-fibers encode the
itch produced by cowhage. However, a recent study in monkeys demonstrated
that single polymodal C-fibers can be excited by both an application of cowhage
as well as an intradermal injection of histamine (Johanek et al. 2005). Thus, the
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role of polymodal C-fibers in encoding histamine induced itch remains
enigmatic. Additional studies are needed to determine the sources of input to

the two types of pruritogen responsive STT neurons in monkeys.

Important studies of itch have advocated the specificity theory (Andrew and
Craig, 2001; Schmelz et al. 1997), which states that itch is generated by a
subpopulation of neurons in the periphery and spinal cord that respond
exclusively to itch-producing stimuli. The seminal observation in support for this
idea came from microneurography experiments that identified a population of
slowly conducting C-fibers which were mechanically insensitive and responded
to histamine for a duration that matched the duration of itch sensation in
humans (Schmelz et al., 1997). Because these histamine-sensitive fibers failed
to respond to mechanical stimuli and also to the chemical algogen mustard oil,
they were i ni tispllcy filabel ddlodweéeverch furthe
capsaicin and bradykinin demonstrated that these histamine-sensitive fibers
also responded to painful chemicals (Schmelz et al., 2003). Moreover, the
ability of many dorsal root ganglion neurons to respond to histamine has
recently been shown to be contingent upon the expression of the capsaicin
responsive receptor TRPV1, and TRPV1 null mice exhibit diminished scratching
in response to histamine compared to wild-type (Shim et al., 2007; but see:
Nicolson et al., 2002). Thus, even the strongest candidate primary afferent
fibers for the transduction of histamine-produced itch also respond to painful
chemicals. Similarly, primary afferent fibers that respond to cowhage are also
all activated by noxious mechanical and heat stimuli (Tuckett and Wei, 1987,
Johanek et al. 2005). These findings suggest that itch and pain are inexorably
linked in the peripheral nervous system. Our results demonstrate that STT
neurons responsive to histamine or cowage can also be activated by capsaicin,
noxious mechanical, and heat stimuli, indicating that the link between noxious

and pruritic information is preserved in the responses of primate STT neurons.
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Responses mirroring those of t h-se p eadif feir@d t

were recorded from STT neurons in the marginal zone of cat (Andrew and Craig
2001). In that study, neurons from the deep dorsal horn were not examined for
responses to histamine, nor were marginal zone neurons that responded to
mechanical stimuli. Our present findings indicate that mechanically sensitive
STT neurons in the deep and superficial dorsal horn of primates are capable of
contributing to the itch sensation. Importantly, in the study by Andrew and Craig
(2001), STT neurons that responded to histamine were not tested for sensitivity
to capsaicin. In our study, all primate STT neurons that responded to histamine
or cowhage also responded to capsaicin. This is consistent with previous
observations in primates (Simone et al.,, 2004). Because each pruritogen-
responsive neuron responded to mechanical stimulation and to the painful
chemical capsaicin, our data further complicate support for a specific itch
pathway. Although a population of truly itch-specific peripheral fibers and spinal
cord neurons may yet be found in primates, alternatives to the specificity theory
have been considered in the past (McMahon and Koltzenburg, 1992;
Handwerker, 1992; LaMotte, 1996) and deserve reevaluation in light of the lack
of evidence for a labeled-line pathway for itch. Our data are consistent with a
theory of itch which recognizes that there are no primary afferent fibers that
respond exclusively to pruritogens. Instead, itch is generated when a subset of
central neurons is activated by inputs from primary afferent fibers responsive to
both noxious and pruritic stimuli. On the other hand, pain is perceived when
nociceptive-specific (i.e., not pruritic) primary afferent fibers excite additional
non-pruritic spinal neurons. In primates, we found that roughly two-thirds of STT
neurons respond to noxious, but not to pruritic stimuli, and that about one-third
responds to both pruritic and noxious stimuli. Noxious mechanical and chemical
stimuli would likely activate both classes of STT neurons and produce pain.
Sole activation of the STT neurons that are activated by pruritic and noxious

stimuli could signal itch.
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Our results indicate that separate, parallel populations of STT neurons carry
ascending sensory information underlying the itch produced by histamine or
cowhage. It will be valuable in future studies to determine whether other types
of non-histaminergic itch stimuli, possibly including those that more closely
mirror clinical forms of itch, activate cowhage responsive- or a separate
population of STT neurons. In addition, it will be interesting to determine
whether processing of histaminergic and non-histaminergic forms of itch is also

performed by separate populations of neurons within higher levels of the CNS.
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Figure 1. Antidromic activation of a histamine responsive STT neuron. A)
Location of the lesion at the stimulating point in the posterior nucleus. Scale bar
= 2.0 mm. B) Location of the recording point in the marginal zone of lumbar
spinal cord (arrow). C) Receptive field. Letters indicate the location of each
stimulus: H T Histamine; V i Vehicle; C T Cowhage; | i Inactive cowhage. D)
Five overlaid traces demonstrate the constant latency of 11.6 ms from the
stimulation (15 pA) to recording (i). The neuron followed a > 300 Hz train
without failure (i), and (iii) an ascending orthodromic action potential (arrow)
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collided with an antidromic action potential (asterisk located at the anticipated
latency). E and F) Stimuli were applied in the order illustrated. This neuron was
not excited by cowhage or vehicle applied to the receptive field by a cotton
tipped swab. Bin width for this and all single unit histograms = 1 second. G) The
response to histamine lasted 20 minutes.

Abbreviations: C i caudate; cc i corpus callosum; CL i centre lateral n.; CM i
centre median n.; eml T external medullary lamina; H T habenula; HPT i
Habenulopeduncular tract; LD 7 lateral dorsal n.; LG i lateral geniculate n.; LP
T lateral posterior n.; MD 1T mediodorsal n.; MG i medial geniculate n.; Pf 1
parafascicular n.; Pla i anterior pulvinar; Pli T inferior pulvinar; PIl 7 lateral
pulvinar; PIm 7 medial pulvinar; Po 1T posterior n; R i reticular n; SG i
suprageniculate n.; VMb 1T ventrobasal part of the ventral medial n.; VPI i
ventral posterior inferior n.; VPM i ventral posterior medial n.; VPL T ventral
posterior lateral n.
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FIGURE 2
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Figure 2. Example of a HT histamine responsive spinothalamic tract neuron.
A) Location of the lesion marking the stimulating point in the ventral posterior
inferior n. of the thalamus. The axon was antidromically activated with 27 pA.
Scale bar = 1.0 mm. B) Lesion at the recording point in the marginal zone. C)
The receptive field extended over the hairy skin of four toes. D) Histogram of
responses during: Brush (B), Pressure (Pr), Pinch (Pi), and Squeeze (S) of the
receptive field. E) Response of this neuron to a heat ramp to 50° C. F) Vehicle
(top) and histamine (bottom) were injected intradermally (arrows). Impulse
record is shown below the histogram. G) Inactive cowhage (top) and cowhage
(bottom) were applied (arrows) to the skin via a Mucuna pruriens pod. See Fig.
1 legend for abbreviations.
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FIGURE 3
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Figure 3. Mean = SEM of 12 histamine responsive STT units normalized to the
peak discharge during intradermal histamine injection. Data points are the
mean of consecutive 15 second bins. A) Response to histamine and vehicle.
Arrows indicate the time of injection. In some cells, the largest number of action
potentials per 15 second bin came after the injection; therefore the normalized
peak did not equal 1.0. B) Response of the same cells in A to inactive and
active cowhage.
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FIGURE 4
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Figure 4. Example of a cowhage responsive spinothalamic tract neuron. A)
Location of the lesion marking the stimulating point on the border of the medial
geniculate n. and the posterior n. of the thalamus. The antidromic threshold was
25 PA. Scale bar = 1.0 mm. B) Recording point in the marginal zone. C)
Receptive field over the hairy skin of hind paw. D) Histogram of responses to
mechanical stimulation. This unit was classified WDR. E) Vehicle and histamine
produced a brief discharge during the intradermal injection. F) Inactive cowhage
produced no discharge, but cowhage produced a response lasting

approximately four minutes after a latent period. See Fig. 1 legend for
abbreviations.
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FIGURE 5
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Figure 5. Example of the repeatability of the response to cowhage. A) Location
of antidromic stimulating point (24 pA) in the suprageniculate n. of the thalamus.
Scale bar

= 1.0 mm B) Recording point in the lateral reticulated area. C)

Receptive field over the entire hind paw. Cap refers to capsaicin. D) Intradermal
injection of vehicle and histamine. Impulse record is shown below the
histogram. E) Application of inactive cowhage (top) and cowhage at three time
points. F) Response to 10 pg of capsaicin. See Fig. 1 legend for abbreviations.
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FIGURE 6
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Figure 6. Mean = SEM of 7 cowhage responsive STT units normalized to the
peak discharge during intradermal injection of histamine. A) Inactive and active
cowhage. B) Responses from the same cells to vehicle and histamine.
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FIGURE 7
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Figure 7. Location in the dorsal horn of each pruritogen responsive STT neuron
with HT or WDR classification indicated. A) Histamine responsive STT neurons
were mostly located in the marginal zone and the nucleus proprius. B)
Cowhage responsive units were located within the marginal zone and also
within the lateral reticulated area. C) Location of the 29 recovered recording
points of the 38 total STT units not excited by either histamine or cowhage.
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CHAPTER 7

Relief of itch by scratching: state-dependent

inhibition of primate spinothalamic tract neurons
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Relief of itch by scratching: state-dependent inhibition

of primate spinothalamic tract neurons

ABSTRACT

Itch is relieved by scratching but the neural mechanisms responsible are
unknown. Spinothalamic tract (STT) neurons respond to itch-producing agents
and transmit pruritic information to the brain. We observed that scratching the
cutaneous receptive field of primate STT neurons produced inhibition during
histamine-evoked activity, but not during spontaneous activity or activity evoked
by a painful stimulus, suggesting that scratching inhibits the transmission of itch

within the spinal cord in a state-dependent manner.
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Itch is an unpleasant sensation associated with the desire to scratch. For most
itches, relief is obtained by scratching in or around the region of itchy skin.
However, itch coincident with skin disease or systemic disorders can be severe.
In these circumstances the desire to scratch is often overwhelming but
incessant scratching is harmful and leads to itch-scratch cycles that damage the
skin and exacerbate the problem (Ikoma et al., 2006). The mechanism by which
scratching suppresses itch is unknown. However, it has been hypothesized to
occur within the CNS because noxious counterstimuli (e.g. scratching) reduce
itch when delivered many centimeters away from the site of itching, and itch
does not develop within a zone of cutaneous centrally mediated allodynia
(Graham et al., 1951; Ward et al., 1996; Brull et al., 1999; Yosipovitch et al.,
2007). Histamine-sensitive dorsal horn neurons with unidentified projections
were found to be variably depressed by counterstimuli in rats (Carstens, 1997);
however, unlike monkeys (Johanek et al., 2008), rats do not scratch to

histamine complicating the interpretation of these data with regard to itch.

In humans, anterolateral cordotomy eliminates the perception of itch from
contralateral body sites below the lesion, implicating the spinothalamic tract
(STT) in the transmission of pruritic information to the brain (White and Sweet,
1969). STT neurons can be activated for many minutes following the cutaneous
application of itch-producing agents such as histamine (Andrew and Craig,
2001; Simone et al., 2004; Davidson et al., 2007), matching the sensation of
itch in humans (Simone et al., 1987). Therefore, we examined whether the
responses to histamine in primate STT neurons could be inhibited by scratching
within the receptive field (RF). STT neurons were recorded in the lumbar dorsal
horn and were identified by antidromic stimulation (Supplementary Fig. 1).
Neurons were functionally characterized and their responses to initial scratching
of the RF with a hand-held metal edge were determined. Every neuron tested
had a mechanically sensitive RF and was excited by scratching (n=28). Figure 1
shows that repeated scratches to the RF of single STT neurons reliably evoked
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similar discharges. Two-thirds of STT neurons exhibited an after-discharge

following scratching (e.g. Fig. 1b).

Histamine (20 pg in 10 pL) was then injected intradermally into the RF. In 8
neurons that responded to histamine (Supplementary Fig. 2), the RF was
scratched for 10s during the response. Each histamine-responsive neuron
exhibited fewer action potentials during the 10s period immediately following the
scratch than during the 10s period prior to the scratch (Fig. 2). Most neurons
increased their discharge during scratching; two cells appeared to reduce their
discharge during scratching (e.g. Fig. 2d). Scratching the RF of histamine-
responsive neurons before the application of histamine did not produce
inhibition (Fig. 2e, 3c). However, during the response to histamine the mean
discharge during the 10s immediately following scratching was reduced to 62 *
8% of the pre-scratch level (Fig. 2f, g). Neurons exhibited lower frequency
discharge rates for about 30s following scratch and then returned to pre-scratch
levels (Fig. 2f). Neurons were recorded in the marginal zone (e.g. Fig. 2b; n=4)
and within the deep dorsal horn (n=4) and were classified wide dynamic range
(7/8) or high threshold (1/8). Histamine-insensitive neurons were not inhibited

following scratching (Fig. 3c).

We further examined whether the scratch-induced inhibition of the histamine
response was a resul t drbm thefcambineg axeitatonof STT
responses produced by a chemical stimulus and scratching. At least 20 minutes
after the response to histamine, the chemical algogen capsaicin (10 pg in 10pL)
was injected intradermally into the RF 1-2 cm from the site of the histamine
injection. All histamine responsive STT neurons responded to capsaicin (8/8) as
expected because histamine-sensitive peripheral fibers respond to capsaicin
and are TRPV1 positive (Schmelz et al., 2003; Shim et al., 2007). The RFs from
four histamine-responsive neurons that were previously inhibited by scratching

during histamine were scratched again during their response to capsaicin.
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Unlike during the response to histamine, none of these neurons exhibited a
decrease in discharge rate during the 10s period following scratching (Fig. 3b
left). Seven additional STT neurons were exposed to scratching during a
response to capsaicin and together with the 4 neurons from the histamine-
responsive group, exhibited an overall increase in mean discharge rate after
scratching (Fig. 3b right). These data show that STT neurons responding to a
potent chemical stimulus are capable of higher frequency discharge following a
counterstimulus. Figure 3c shows that scratching inhibited STT neurons only

during a response to histamine.

Histamine elicits itching in humans (Simone et al., 1987) and scratching is an
effective means of partially reducing that itch (Yosipovitch et al., 2007). A
noxious counterstimulus was previously shown to reduce activity in brain
regions activated by histamine (Mochizuki et al., 2003). The present data
suggest that relief of itch by scratching results from a reduction in the discharge
rate of STT neurons responding to an itch-producing stimulus. Ongoing activity
of STT neurons was not reduced when scratching was given prior to histamine,
or during a response to capsaicin. The reduced activity following scratching
occurred only when delivered during a response to histamine, suggesting that
itch produces a state during which scratching engages a central inhibitory
mechanism. These data provide a mechanism by which supraspinal activity and
sensation regarding itch can be modulated by changes in activity at the level of
the spinal cord. Future work should determine whether the state-dependent
inhibition of pruriceptive STT neurons is mediated by local inhibitory
interneurons and/or a descending mechanism from the brain (Carstens, 1997,
Mochizuki et al., 2003).
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Figure 1: STT neurons are reliably activated by scratching, often with an after-
discharge. A) A histamine-sensitive STT neuron scratched before the histamine
application (inset: RF and direction of scratching). B) A histamine-insensitive
STT neuron scratched before the histamine application. The time of each action
potential is represented by a vertical line located below the histogram. All
experiments were approved by the Institutional Animal Care and Use
Committee of the University of Minnesota.
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FIGURE 2
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Figure 2: Scratching inhibits histamine-evoked activation of STT neurons. A)
Discharge rates of an STT neuron activated by histamine before, during, and
following repeated scratching (black bars) of the cutaneous RF. The time scale
is magnified below. B) Recording site (arrow) and RF (C) of the neuron in a.
H=histamine injection site. D) Another histamine-sensitive STT neuron inhibited
by repeated scratching. E) Mean + s.e.m. firing rate 10s before and after (dotted
lines) scratching (solid black bar) in histamine-responsive STT neurons before
the histamine application was not different (n=8, Wilcoxon signed rank test,
p=0.2). F) The time-course before and after scratching of the mean + s.e.m.
firing rate during a response to histamine. G) Mean discharge rate of each
histamine-responsive STT neuron during the 10s before and the 10s
immediately after scratching during the response to histamine. Arrowhead
indicates the high-threshold STT neuron.Open circles represent the group
mean = s.e.m. which is significantly reduced after scratching (n=8, Wilcoxon
signed rank test, p=0.008).
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Figure 3: State-dependency of inhibition. A) The neuron shown in Figure 2d
was not inhibited following scratching during a response to capsaicin. B) Mean
+ s.e.m. discharge rate during the response to capsaicin was not inhibited after
scratch in histamine-responsive neurons (n=4, Wilcoxon signed rank test,
p=0.25), and was increased for all STT neurons scratched during capsaicin
(n=11, Wilcoxon signed rank test, p=0.02). C) Only histamine-sensitive neurons
scratched during the histamine response were inhibited (Kruskal-Wallis ANOVA
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SUPPLEMENTAL FIGURE 1
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Supplementary Figure 1: Antidromic activation and mechanical classification of the
STT neuron in Figure 2a. A) lllustration of section through the thalamus where
antidromic stimulation occurred. Within each track the current amplitude required to
activate the neuron is indicated. B) The lesion site (arrow) was located in the posterior
nucleus of the thalamus. C) This cell was activated by antidromic stimulation of 28 pA
from this location (bottom trace) at a constant latency, followed a >300Hz train and an
orthodromic action potential (arrow head) collided with an antidromic action potential
(arrow). D) This cell was classified as wide dynamic range and responded to brushing
of the receptive field (B), pinching (Pi) and squeeze of the skin with forceps (S). Pr =
pressure. Bin width=2s. Abbreviations: CM, centre median n.; CTT, corticotectal tract;
Hm, medial habenula; HI, lateral habenula; LD, lateral dorsal n.; LGd, dorsal lateral
geniculate; MD, medial dorsal n.; MGd, dorsal medial geniculate; MGv, ventral medial
geniculate; Pla, anterior pulvinar; Pli, inferior pulvinar; Po, posterior n.; PT, pretectal n.;
VMD, basal ventral medial n.; VPL, ventral posterior lateral n.
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SUPPLEMENTAL FIGURE 2
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Supplementary Figure 2: Magnitude of the response to histamine. In eight
STT (7 wide dynamic range and one high threshold) neurons that met the
criteria for a response to histamine (see Methods) the number of action
potentials was summed from a 30 second period before (baseline) and a 30
seconds period immediately after an injection of saline (vehicle) or histamine.
The data were normalized to the vehicle baseline level for each cell and the
mean * s.e.m. for each group is shown. Histamine injection produced a
significant increase in mean activity compared with each of the other groups.
One way repeated measures ANOVA with Tukey post-test; p=0.002.
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SUPPLEMENTAL METHODS

Animal Preparation

Macaca fascicularis were used in accordance with guidelines from the
University of Minnesota. Monkeys were sedated initially with ketamine (10
mg/kg intramuscularly) and a catheter was placed in the median vein of the
forelimb. Sodium pentobarbital (20 mg/mL) was given intravenously (IV) to
produce a depth of anesthesia sufficient for intubation. Alpha chloralose (65
mg/kg 1V) was administered and monkeys were placed on a feedback
controlled heating pad and fixed in a stereotaxic frame. A mixture of sodium
pentobarbital (3 T 10 mg/kg/hr), gallamine triethiodide (Flaxedil; 5 i 14
mg/kg/hr), and saline was delivered IV continuously with a pump for the
duration of the experiment. A laminectomy was performed over the lumbar
enlargement and a bilateral craniotomy (interaural 0 to 20 mm rostral and from
the midline to 15 mm lateral, bilaterally) exposed the cortex over both thalami.
The dura was opened over the exposed areas of the brain and spinal cord. The
spinal cord was covered with warm mineral oil and the brain was covered with a
mixture of mineral oil and petroleum jelly. Pneumothoraces were placed to
reduce movement of the spinal cord. The monkey was artificially ventilated and
CO, was monitored continuously along with arterial blood pressure, heart rate

and body temperature.

Antidromic Technique

A low impedance recording electrode was placed into the thalamus (initial
coordinates: interaural: +8.0 mm, midline: +8.0 mm, depth from cortical surface:
-18.0 mm) in search of neurons within the ventral posterior lateral (VPL)
nucleus that were activated by tactile stimulation of the contralateral hindlimb.
Once the borders of VPL were determined, the electrode remained in place and
the headstage was removed and replaced by the cathode from a stimulus
isolator. The anode was placed in contact with the animal, which was grounded.
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A repeating square-wave pulse (search stimulus: 5 Hz, 200 us, 500 pA) was
delivered through the electrode for the stimulation of somatosensory thalamus.

During the search stimulation, a stainless steel recording electrode (epoxylite

insulated, ~10 MY) was i nser t-aaghndidrando u g h

into the dorsal horn of the spinal cord. The recording electrode was repositioned
until an action potential was found meeting the criteria for antidromic activation:
constant latency from the stimulation, ability to follow a > 300 Hz train, and
collision between an orthodromic and an antidromic action potential (Lipski
1981). The stimulus amplitude was then lowered to such a level that the action
potentials were generated at a 50% success rate. This amplitude of current was
recorded and the electrode then repositioned to determine the current
thresholds around the axon. The most rostral position at which antidromic
action potentials could be generated by O 30 OA was de
amplitude has been demonstrated only to activate axons that are within 400 pum
of the tip of the stimulating electrode (Burstein et al. 1991; Dado et al. 1994,
Ranck 1975; Zhang et al., 2000a).

Functional Assessment

For each STT neuron, the receptive field location, size and shape were
determined using innocuous mechanical stimuli. Mechanical sensitivity was
determined during brushing of the receptive field with a soft bristled brush,
pressure applied using an arterial clip, and pinch with a smaller, frankly painful
arterial clip. Cells that did not respond to these mechanical stimuli were tested
further with a more intense stimulus: squeezing the skin with forceps. Cells
were classified as either high threshold (those that did not respond to innocuous
stimuli), or wide dynamic range (those that responded to both innocuous stimuli

and, at higher frequencies, to more intense mechanical stimuli).

Scratching was performed with a metal edge dragged across the receptive field
from proximal to distal. Scratches only contacted the skin in one direction and
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occurred at a frequency of ~2Hz. Two hand-held devices were used. Initially, a
serrated coping blade (0.6mm thickness) was used with an applied force of 0.7-

1.0 N. A second device was fashioned to approximate three, side-by-side

monkey fingernails. Each Afingernail o had

12mm and could be used independently or together at an applied force of 0.6N
each. Both scratching instruments left superficial abrasions on the

experimentersd skin that disappeared

Histamine dihydrochloride (20 pg in 10 pL 0.9% saline; pH 5.0) or a pH
matched vehicle was delivered intradermally through a 28 gauge needle
(Simone et al., 2004). Every cell received two injections and the vehicle always

preceded histamine. STT neurons were considered responsive to histamine

wi t hi

when: 1) the rate of action potentials for

times the mean baseline frequency calculated during 30 s or 60 s immediately
prior to the application and 2) out|l
Sensitivity to an intradermal injection of capsaicin (10 pg in 10 pL of 7% Tween-
80 in normal saline) was determined using a 28 gauge tuberculin syringe.
Action potentials were collected for one minute prior to the injection, and then

until 10 minutes had elapsed after the injection of capsaicin.

Histology

At the end of the experiment, an electrolytic lesion was made at the stimulation
site in the thalamus (15 YA, 45 s) and at the recording point in the spinal cord
(25 pA, 20 s). Monkeys were perfused with 1 L of room temperature normal
saline and then with 3 L of cold 10% formalin with 1% ferrocyanide to produce a
Prussian blue reaction at the locations of the lesions. The brain and spinal cord
were removed and placed in 10% formalin/1% ferrocyanide overnight and then
blocked the next day. Sections were cut on a freezing microtome in 75 um or 50
um sections for the brain and spinal cord, respectively. The tissue was stained

in neutral red and the sites of the lesions were identified.
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Data Analyses

Analog voltage recordings were amplified, filtered (10 - 30K Hz), digitized at 33
kHz, and then wave-form discriminated and saved on a PC using DAPSYS
software (www.dapsys.net). Statistical analyses were performed with SigmaPlot
v10.0 (Systat Software, Inc). The pre-scratch period was defined as the 10
seconds before scratching and the post-scratch period was the 10 seconds
immediately following scratching. The comparison between pre- and post
scratching periods in the same cells was done with the Wilcoxon signed rank
test and a p value of <0.05 was considered significant. To compare changes in
activity between different groups of cells a one-way Kruskal-Wallis ANOVA was

used foll owed-tdsty Dunnds post
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CHAPTER 8

A possible neural correlate for alloknesis and
observations on the termination zones of pruriceptive

spinothalamic tract neurons
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A possible neural correlate for alloknesis and
observations on the termination zones of pruriceptive

spinothalamic tract neurons

A state in which the response to pain is increased is termed allodynia if the pain
can be elicited by a non-noxious stimulus and hyperalgesia if the increased
response to pain is elicited by a noxious stimulus. Similarly, the term alloknesis
has been coined to describe a state in which the sensation of itch is evoked by
a non-noxious, non-pruritogenic stimulus (Simone et al., 1991). Alloknesis is
usually elicited from a region o f Aitchy skino, which 1is

been spontaneously itchy.

Monkey spinothalamic tract neurons were tested for responses that could
contribute to alloknesis. Each STT neuron (recorded and studied as described
in chapters 5 - 7) was tested prior to exposing the receptive field to any
pruritogen in order to characterize the response to stroking across the receptive
field with a cotton-tipped swab, poking the receptive field with a 160 mN
monofilament, and lightly (80 mN) pricking the receptive field with a sharp
tipped barb, which, in humans elicits a short lasting and weak spontaneous itch

sensation.

Spinothalamic tract neurons responsive to the itch-producing agent histamine
produced significantly more action potentials during the stroke test after the
histamine response had just ended than compared with before the histamine
was injected (Figure 1). Stroking after a response to cowhage produced no
sensitization of the response, nor did poking or pricking the receptive field

before and after either pruritogen (Figure 2).
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Using the antidromic mapping technique, terminal locations of pruriceptive STT
axons were established within the thalamus (Figure 3). No single nucleus was
the recipient of axons from pruriceptive STT neurons. Rather, pruriceptive STT
neurons projected to a large region including the posterior nucleus, ventral
posterior lateral nucleus, ventral posterior inferior nucleus, and the
suprageniculate nucleus. However, a small region of the posterior thalamus,
within the posterior nucleus, was the recipient of a large number of histamine
responsive STT neurons. This region has been described as the posterior part
of the ventromedial nucleus, although it is unclear, without data characterizing
the output of this circumscribed region, whether it is simply part of the posterior

nucleus that surrounds it or is itself a nucleus.
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Figure 1. Histamine responsive STT neurons are sensitized to innocuous
mechanical stimuli after a response to histamine. A) responses to 4 x 1 second
strokes of a cotton tipped swap across the receptive field (arrows) before the
injection of histamine. B) Responses to the same stimuli after the neuron
returned to baseline activity levels.
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FIGURE 2
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Figure 2. Responses of pruriceptive STT neurons to various mechanical stimuli
before and after an application of the pruritogen. Only innocuous stroking after
histamine produced a modulation of the responses of STT neurons. The
change in activity was positive, indicating these neurons are sensitized and may
contribute to alloknesis (t test, p < 0.05).




FIGURE 3

Not Surrounded VPL Histamine Not Surrounded VPL Cowhage

Surrounded PO Histamine Surrounded PO Cowhage

Figure 3. Locations of the stimulation points that could elicit antidromic action
potentials in a recorded pruriceptive STT neuron. All indicated points used an
electrical stimulus of fewer than 30 pA at a 200 ps duration. Caution is
warranted regarding the terminal locations in the posterior thalamus (PO) that
were not surrounded. These cannot be excluded from the group of axons
terminating in more rostral locations. The single yellow dot indicates the
stimulation point of an STT neuron that responded to both histamine and
cowhage.
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CHAPTER 9

GENERAL DISCUSSION
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GENERAL DISCUSSION

The spinothalamic tract (STT) is an integral part of the ascending pathways of
the spinal cord that contribute to thermal sensation, pain and itch. The studies
contained in this thesis address questions spanning from the formation of the
spinothalamic tract in embryonic mice to the axon terminal locations of
functionally characterized STT neurons in the adult primate thalamus. These
studies make contributions to an already established wealth of data that
describe the form and functions of the pain pathways.

A method to identify STT neurons in embryonic and neonatal mice was
developed and the results were compared with the previously uncharacterized
STT in the adult mouse. The STT was found to be formed before birth in mice
and from birth to adulthood the spinal cord contains about 7,000 neurons that
project to the thalami. These results support the hypothesis that cortical activity
recorded in neonates and preterm humans produced by noxious stimuli may
depend on signals transmitted within the classically defined pain pathways.
Although it is not known, and perhaps cannot be known, whether a fetus or
neonate can Afeel 0 pain, t heguestibru @hatass
if neurons of the pain pathways that signal at the level of the diencephalon can
be activated for prolonged periods by noxious stimuli early in life, might they
become developmentally altered? If so, this could lead to enhanced pain
experience later in life or possibly an increased susceptibility to chronic pain
conditions. Future work examining the functional development of STT neurons
and whether normal development can be altered by noxious challenge during
critical developmental periods is needed to better understand this issue. The
implications relate directly to prenatal and neonatal surgical interventions and

the use of anesthetics and pain relieving drugs early in life.
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Studies in primates indicate that there are separate populations of neurons
within the STT that respond to different types of itch producing agents. The
responses of STT neurons to applications of histamine or cowhage last for a
duration similar to what is reported for the duration of the itch sensation when
these agents are applied in psychophysical studies. The findings of the study in
chapter 6 provide an explanation for why anti-histamines are often ineffective
when given for certain types of itch. Complicating the interpretation of these
results are data suggesting that the same neurons responsive to itch producing
agents are also responsive to a select myriad of other somatosensory stimuli
including mechanical, thermal and noxious chemical. How then is itch perceived
differently from pain? One possible explanation is that pain is signaled by a
population of neurons a large percentage of which lack the ability to respond to
pruritogens. Itch could be signaled when only the population of STT neurons
responsive to pruritogens is activated. Figure 1 depicts a simplified schematic

explaining the population hypothesis for itch and pain.

The best known and most commonly used method for the relief of itch is
scratching. Scratching is not recommended for severe or chronic itch because it
can lead to itch-scratch cycles that damage the skin. The fact that scratching
can produce relief suggests the existence of intrinsic neural mechanisms that
control itch. A study on pruriceptive primate STT neurons was conducted to
better understand the mechanisms that underlie the relief of itch from
scratching. The results of this study demonstrate that scratching produces a
transient inhibition of the ongoing response to histamine in STT neurons. Unlike
during the response to histamine though, scratching the receptive field of STT
neurons during a response to intradermal capsaicin did not produce any
inhibition. This suggests that STT neurons respond differently depending on
whether or not there is an itch signal present. A diagram depicting the possible
organization of inputs to the STT neuron that is consistent with these findings is
illustrated in Figure 2.
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Future work should address the most salient feature of this hypothesized wiring
diagram, i.e., whether inhibition of a pruriceptive STT neuron by scratching is
dependent on an inhibitory interneuron. Identifying the location and type of cell
(if one exists) that directly controls the STT response to itch would provide a
starting point for pharmacological intervention to alleviate clinical itch.

In several studies, antidromic mapping of the axons of functionally
characterized STT neurons led to descriptions of projection target preferences
for STT neurons with various response characteristics. For instance, marginal
zone neurons in the rat that responded in a graded manner to cooling of the
receptive field were found to target the mediolateral border of VPL, whereas
marginal zone neurons that had graded responses to heat projected to a
relatively more ventral location within VPL. Along the same vein, primate STT
neurons that projected to the posterior thalamus generally encoded thermal
stimuli less faithfully than STT neurons projecting to VPL. Finally, there is
evidence that the axons of histaminergic STT neurons have robust projection to
a region of the posterior thalamus within the posterior nucleus, in addition to a
more diffuse projection to other posterior thalamic nuclei and VPL. These data
suggest that in addition to the somatotopic organization of the STT projection,
there is also a Aimodal otopicdo organi
to project preferentially to different targets in the thalamus, and perhaps even
within nuclei, based in part on the specific modalities that neuron encodes.
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FIGURE 1

Stimuli: Pruritogen Noxious Mechanical

STT Neurons: WDR
Non-pruri

WDR+Pruri  HT+Pruri

Sensation:
Touch + - + =
Pain + + + +
Itch + + - -

Figure 1. Schematic of the hypothesis that unique populations of neurons are
responsible for the signaling of pain or itch. Noxious stimuli activate all types of
STT neurons and collectively produce pain. Pruritogenic stimuli only activate a
subset of STT neurons and the sole activation of this group is proposed to
produce itch. Touch sensation can be modulated by innocuous mechanical
input to the subgroup of STT neurons that are wide dynamic range.
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FIGURE 2

’ ltch
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—! Pain

(Scratch)
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Figure 2. Diagram of one possible model for the inhibition of pruriceptive STT
cells by scratching. Itch responsive primary afferent fibers make one synaptic
contact (directly or indirectly) onto an STT neuron and another contact onto an
inhibitory interneuron. The contact onto the STT neuron is proposed to be
strong enough to drive action potential production, but the contact onto the
inhibitory interneuron is proposed to be too weak to drive action potential
production alone. However, simultaneous activation of the primary afferent itch
fiber and activation of another primary afferent fiber responsive to pain
(scratching) that also provides input to the inhibitory interneuron provides
adequate signal to excite the inhibi
interneuron is proposed to have strong inputs to the STT neuron and can block
the response evoked by histamine. Also depicted is a possible involvement of a
descending pathway hypothesized to arise from the PAG.
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