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Abstract

 

The endogenous pain modulatory system is a complex network of brain areas that control nociceptive transmission
at the spinal cord by inhibitory and facilitatory actions. The balance between these actions ensures effective modu-
lation of acute pain, while during chronic pain the pronociceptive effects appear to prevail. The mechanisms
underlying this imbalance were studied as to the role of two medullary components of the pain modulatory system:
the dorsal reticular nucleus and the caudal ventrolateral medulla, which function primarily as pronociceptive and
antinociceptive centres, respectively. Both areas are connected with the spinal dorsal horn by closed reciprocal
loops. In the spino-dorsal reticular nucleus loop, the ascending branch is strongly inhibited by spinal GABAergic
neurons, which may act as a buffering system of the dorsal reticular nucleus-centred amplifying effect. In the spino-
caudal ventrolateral medulla loop, the ascending branch is under potent excitation of substance P (SP) released
from primary afferents, which is likely to trigger the intense descending inhibition detected in acute pain. During
chronic pain, the activity in the lateral reticular formation of the caudal ventrolateral medulla changes, so that the
action of the caudal ventrolateral medulla upon SP-responsive spinal neurons shifts from inhibitory to excitatory.
The mechanisms of this modulatory shift are unknown but probably relate to the decresed expression of 

 

µ

 

-opioid,

 

δ

 

-opioid and GABA

 

B

 

 receptors. Normalizing receptor expression in the caudal ventrolateral medulla or controlling
noci-evoked activity at the dorsal reticular nucleus or caudal ventrolateral medulla by interfering with neurotrans-
mitter release is now possible by the use of gene therapy, an approach that stands out as a unique tool to mani-
pulate the supraspinal endogenous pain control system.
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Introduction

 

Nociceptive transmission from the spinal dorsal horn is
modulated from several brain areas, which are collectively
known as the supraspinal endogenous pain control sys-
tem. The existence of a system that modulates pain trans-
mission at the spinal dorsal horn was already postulated by
the gate control theory (Melzack & Wall, 1965). It is cur-
rently accepted that the endogenous pain control system
sets up the level of excitability of spinal nociceptive second-
order neurons. Departing from initial observations that

electrical stimulation of the periaqueductal grey (PAG)
inhibits behavioural responses in acute pain tests (Mayer et al.
1971) and nociceptive activation of spinal dorsal horn neurons
(Lieberskind et al. 1973), it is now established that stimulation-
produced analgesia can be triggered from several supraspinal
areas, most of which are located in the brainstem.

The endogenous pain control system is organized in a
very complex way (cf. initial and recent reviews in Basbaum
& Fields, 1984; Millan, 2002). Descending modulation is
exerted by three main neurochemical systems – noradrenergic,
serotonergic and opioidergic – which interact in an intricate
manner (reviewed by Jones, 1992). Besides the extensively
explored anti-nociceptive effects, the system also triggers
descending pain facilitation (pronociception). Pain facilit-
ating components are mainly located at the medulla
oblongata. The rostroventromedial medulla (RVM), which
encompasses the nucleus raphe magnus and adjacent reti-
cular formation, is known for its biphasic (i.e, pronociceptive

 

Correspondence

 

Dr Isaura Tavares, Institute of Histology and Embryology, Faculty of 
Medicine, University of Porto, Alameda Hernâni Monteiro, 4200-319 
Porto, Portugal. T: 351 22 5513654; F: 351 22 5513655; 
E: isatav@med.up.pt

 

Accepted for publication

 

 20 March 2007



 

Targeting the descending pain control system, I. Tavares and D. Lima

© 2007 The Authors
Journal compilation © 2007 Anatomical Society of Great Britain and Ireland

 

262

 

and antinociceptive effects). The dorsal reticular nucleus
(DRt) exerts unique pronociceptive effects revealed by the
enhancement of nociceptive responses of spinal dorsal
horn neurons and behavioural responses to pain upon
local stimulation (reviewed by Lima & Almeida, 2002). The
biological significance of pain facilitation is a matter of
dispute (Ossipov & Porreca, 2006).

Chronic pain appears to be related to imbalance of
descending modulation, with pro-nociceptive actions
prevailing over anti-nociceptive effects (reviewed by Ren
& Dubner, 2002; Dubner & Ren, 2004). The mechanisms
underlying this modulatory shift are starting to be un-
ravelled (Danzinger et al. 2001) and probably account for
the establishment and perpetuation of chronic pain (Ren
& Dubner, 2002; Dubner & Ren, 2004). Further complexity
is added to the endogenous pain modulatory system by its
role in integrating nociception with other body functions
(e.g. cardiovascular and motor responses). One of the most
representative examples is provided by the involvement of
the caudal ventrolateral medulla (cVLM) in the integration
of blood pressure and pain responses (Maixner, 1991; Lima
et al. 2002). Such integrative processes are only possible
because of the network properties of the circuits that com-
pose the endogenous pain modulatory system and play a
fundamental role in homeostasis (reviewed by Mason, 2006).

Direct targeting of the supraspinal pain control system
through local electrical stimulation (Simpson, 1994) has been
used as a therapeutic approach mainly in intractable pain
(Bittar et al. 2005). Two main limitations impair, however,
a generalized use of electrical stimulation for pain control:
(1) it interferes with other physiological functions of the
pain modulatory centres leading to deleterious side-effects,
and (2) it excludes specific manipulation of pain facilitatory
centres, which are known to play a major role in chronic pain
maintenance. Based on the special role of the DRt and
cVLM in pain modulation, the next two sections will present
anatomo-functional data indicating that both areas can
be more effectively manipulated by targeting specifically
neuronal groups misfunctionning during chronic pain.

 

The dorsal reticular nucleus plays a unique 
pronociceptive role

 

The DRt is situated in the reticular formation medial to the
spinal trigeminal nucleus, pars caudalis (Sp

 

5

 

C), lateral to
the nucleus tractus solitarius, ventral to the cuneate nucleus
(Cu) and dorsal to the ventral reticular nucleus (VRt; Fig. 1A).
DRt neurons respond exclusively or mainly to noxious stimu-
lation at the periphery (Villanueva et al. 1988). DRt stimu-
lation induces hyperalgesia in acute pain (Almeida et al.
1996), whereas lesioning the nucleus induces analgesia
both in acute (Almeida et al. 1996) and in sustained
(Almeida et al. 1999) pain. These pronociceptive actions
are mediated by spinal cord neurons, as demonstrated by
the increase in post-discharge after DRt stimulation (Dugast

et al. 2003) and the decrease in spinal Fos expression after
DRt lesioning (Almeida et al. 1999). The descending pro-
nociceptive effects of the DRt appear to be conveyed by
direct descending projections to the spinal dorsal horn
(Tavares & Lima, 1994). DRt fibres establish putatively exci-
tatory synaptic contacts upon lamina I neurons that project
back to the DRt (Fig. 1A; Almeida et al. 1993). Excitatory
synaptic contacts also occur between DRt-projecting spinal
cells and spinally projecting DRt neurons (Almeida et al.
2000). A similar facilitatory effect upon the deep dorsal
horn (Dugast et al. 2003) was proposed to be mediated by
dorsal horn inhibitory interneurons (Fig. 1A).

Mechanisms buffering the amplifying effect of the rever-
berative spino-DRt-spinal loops probably include GABAergic
inhibition at the spinal level. The expression of GABA

 

B

 

receptors in DRt-projecting spinal neurons is higher than
in other spinofugal pathways (Castro et al. 2006b). The

Fig. 1 Pain facilitating circuits centred in the DRt. (A) Location of the DRt 
in a coronal section of the medulla oblongata obtained at 5.3 mm caudal 
to the interaural line (Paxinos & Watson, 1998) depicting the spino-
DRt-spinal loops. The buffering role of GABAergic spinal neurons in 
counteracting the amplifying effect of the loop is included. (B) Interactions 
of the DRt, not only with the spinal cord, but also with other brain structures, 
namely the components of the pain control system (PAG, RVM, NTS and 
cVLM). The bold thick lines represent the circuit involved in signal 
amplification; dotted lines represent the circuit mediating aversive pain 
reactions; thin solid lines represent the circuit involved in counteracting 
signal amplification; dashed lines represent the signal transmission 
pathway. Filled neurons/arrows: excitatory actions; empty neurons/arrows: 
inhibitory actions. Adapted from Lima & Almeida (2002). Abbreviations: 
cc, central canal; Cu, cuneate nucleus; cVLM, caudal ventrolateral 
medulla; DRt, dorsal reticular nucleus; NTS, nucleus tractus solitarius; 
PAG, periaqueductal grey; RVM, rostroventromedial medulla; Sp5C, 
spinal trigeminal nucleus, pars caudalis; VRt, ventral reticular nucleus.
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projection of amplified signals from the DRt to supraspinal
pain inhibitory centres is also likely to play a role in the
buffering process (Fig. 1B; Lima and Almeida, 2002). However,
the pattern of DRt projections to the brain is widespread,
targeting areas involved in motivational-affective aspects
of pain along with pain-associated motor behaviours
(Fig. 1B; Leite-Almeida et al. 2006). Direct targeting of DRt
neurons involved in spino-DRt-spinal amplifying loops
would therefore be an important strategy for pain control.

 

The caudal ventrolateral medulla strongly 
inhibits acute pain and is a nociceptive 
integration centre

 

The cVLM is one of the main inhibitory components of the
endogenous pain modulatory system (reviewed by Tavares
& Lima, 2002). Stimulation of the cVLM induces analgesia
in acute pain and inhibits nociceptive responses of spinal
cord neurons (Gebhart & Ossipov, 1986), some of which
participate in the spinothalamic tract (Janss & Gebhart, 1988).
The reticular formation known as cVLMlat (Fig. 2), located
in the lateralmost part of the cVLM between the Sp

 

5

 

C and
the lateral reticular nucleus (LRt), appears to be the cVLM
region responsible for pain modulation. The analgesia
induced upon cVLMlat stimulation is more intense and
long-lasting than from the other cVLM regions (Gebhart &
Ossipov, 1986). Furthermore, projections from the cVLMlat,
but not from the LRt, specifically target spinal laminae
involved in pain transmission, namely laminae I, IV–V and
X (Tavares et al. 1998). The cVLMlat also targets the dorsal
horn indirectly through other components of the pain
modulatory system. A disynaptic pathway relaying in the
pontine A5

 

 

 

noradrenergic cell group was described which
conveys the 

 

α

 

2

 

-adrenoreceptor-mediated analgesia triggered
from the cVLM (Tavares et al. 1996). Spinally projecting
noradrenergic efferents from the pontine A5

 

 

 

noradrenergic
cell group receive excitatory afferents from fibres origin-
ating in the cVLMlat (Fig. 2; Tavares et al. 1996). An A

 

5

 

-
cVLMlat negative feedback control loop was revealed based
on the demonstration that most A5 noradrenergic neurons
that participate in the cVLMlat-A5-spinal pathway send
collaterals back to the cVLMlat (Fig. 2; Tavares et al. 1997a).
The cVLMlat also projects to other components of the
supraspinal endogenous pain modulatory system, namely
the RVM (Tavares et al. 1996), suggesting that it may acti-
vate several components of the supraspinal pain modula-
tory system. Arrival of nociceptive input at the cVLMlat is
a probable trigger of descending modulation. Spinal
neurons projecting to the cVLM are activated by noxious
stimuli of various natures (Tavares et al. 1993), probably in
response to substance P release by primary afferents, as
suggested by the large amount of spinal-cVLM neurons
that express NK1 receptors (Todd, 2002; Castro et al. 2006b).

The extensive anatomo-functional characterization of
circuits centred in the cVLM indicates that this region is

particularly suited to integrate cardiovascular and motor
responses to the noxious event, which can be related to a
putative role of that medullary area in maintenance of
homeostasis (Mason, 2006). The cVLM exerts vasodepres-
sive effects (Day & Ro, 1983; Murugaian et al. 1989) from
areas that include the cVLMlat (Tavares et al. 1997b),
through GABA-mediated inhibition of the vasopressor
centre located at the rostroventrolateral medulla (Fig. 2;
Agarwal & Calaresu, 1991). cVLMlat lesioning prevents the
hypertension-related inhibition of noxious-evoked Fos
expression in spinal neurons in several animal models of
hypertension (Randich & Robertson, 1994; Tavares et al. 1997b;
Morato et al. 2006). The cVLM is also likely to instigate motor

Fig. 2 Diagram of circuits centred in the cVLMlat and participating in 
pain modulation (continuous lines) and cardiovascular control 
(punctated lines). The arrival of nociceptive input to the cVLMlat (the 
reticular formation lying between the Sp5C and the LRt) triggers pain 
control by activation of the A5 noradrenergic cell group, which induces 
noradrenaline-mediated inhibition of pain transmission at the spinal 
dorsal horn, along with feedback inhibition of the cVLMlat. A direct 
effect of the cVLMlat in pain descending control by closed spino-cVLMlat 
loops was also included. Blood pressure rises activate cVLM neurons by 
afferents from the nucleus tractus solitarius (NTS), which will inhibit the 
pressor area located at the rostroventrolateral medulla. For simplification 
of the diagram the connections of the LRt relevant for motor control (see 
text) were not represented. Filled circles/arrows: excitatory actions; empty 
circles/arrows: inhibitory actions. Abbreviations: cc, central canal; cVLM, 
caudal ventrolateral medulla; DRt, dorsal reticular nucleus; LRt, lateral 
reticular nucleus; NTS, nucleus tractus solitarius; RVM, rostroventromedial 
medulla; Sp5C, spinal trigeminal nucleus, pars caudalis.
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reactions to noxious events, through nociceptive activation
of the LRt, an area with a well-established involvement in
motor control (Alstermark et al. 1981; Cledenin et al. 1974).

The multiple anatomical studies carried so far indicate that
different cVLM neurons participate in the anti-nociceptive,
cardiovascular and motor control (Fig. 2). It is therefore
possible to take advantage of the strong analgesic efficacy
of the cVLM by elucidating more direct and specific ways
of manipulating cVLM nociceptive neurons than the current
approaches that interfere with the integrative role of this
medullary area.

 

Chronic pain affects the endogenous 
supraspinal pain modulatory system

 

The pain modulatory system has been mainly studied in
acute pain tests but it is reasonable to assume that the
nociceptive barrage from the spinal cord during chronic
pain deeply affects the system (Ren & Dubner, 2002;
Vanegas & Schaible, 2004). During chronic pain, increases
in nociceptive activation of spinal neurons bearing NK1
receptors are detected, but the nociceptive activation of
GABA

 

B

 

-expressing spinal neurons decreases (Fig. 3; Castro
et al. 2005). Thus, chronic pain is likely to interfere with
the activity of the DRt and cVLM given that both areas are
targeted by spinal neurons expressing those receptors
(Castro et al. 2006b). As regards the DRt, the decrease in
nociceptive activation of GABA

 

B

 

-expressing neurons dur-
ing chronic inflammatory pain, together with the strong
participation of these neurons in the ascending branch of
the spino-DRt-spinal loop (Fig. 1; Castro et al. 2006b), indi-
cates that the amplification process carried out by that
loop is depressed by chronic pain. These GABA-mediated
changes in the spinal inhibitory control are in agreement
with the increase in GABA levels during chronic inflamma-

tory pain (Castro-Lopes et al. 1992). Neuronal activity in
the supraspinal pain modulatory system appears, how-
ever, to be generally increased during chronic pain (Porro
et al. 1991; Neto et al. 1999; reviewed by Porreca et al. 2002).
This might be related to the specific supraspinal effects of
chronic pain in the decreased expression of receptors
involved in pain inhibition, as demonstrated for 

 

µ

 

-opioid
and GABA

 

B

 

 receptors in the DRt and cVLM during chronic
inflammatory pain (Pinto et al. 2003, 2006b; Castro-Lopes
et al. 2006). These changes appear to be functionally
relevant as ongoing studies show that the effects of opioid
agonists administered in the DRt differ between acute and
chronic pain conditions (Pinto et al. 2006b).

The precise effect of chronic pain in the functioning of
spino-medullary loops centred in the DRt and cVLMlat
needs to be ascertained. Regarding the DRt, the increase
in spinal GABAergic buffering mechanisms discussed above
probably results in a decreased recruitment of supraspinal
pain-inhibitory components targeted by the DRt (Fig. 1B).
In the cVLM, a shift from anti-nociceptive to pronocicep-
tive in the descending modulatory action upon spinal NK1-
positive neurons takes place (Castro et al. 2006a). This nicely
matches structural data showing that the descending
branch of the cVLM-spinal loop includes both inhibitory
and facilitatory components (Tavares et al. 1998) and
recent electrophysiological data showing that the cVLM
contains cells associated with pain inhibition (OFF cells)
along with neurons associated with pain facilitation
(ON cells) (Pinto-Ribeiro et al. 2006). The decrease in
both 

 

µ

 

-opioid and GABA

 

B

 

 receptor expression in the
cVLM (Pinto et al. 2003, 2006b; Castro-Lopes et al. 2006)
may account for the overtake of descending facilitation
during chronic pain.

Based on the network organization of the pain modula-
tory system, changes induced by chronic pain in one

Fig. 3 Effect of chronic pain in the nociceptive activation of spinal neurons bearing NK1 or GABAB receptors. (A,B) Confocal images of neurons double-
immunostained for NK1 receptors and Fos protein (double arrows in A) or GABAB receptors and Fos protein (double arrow in A,B). The 
photomicrographs also depict cells labelled only for NK1 (arrow in A) or for the Fos protein (arrowheads) which was induced in response to noxious 
mechanical stimulation of the skin close to a chronically inflammed joint. The dotted lines mark the border between lamina I and the dorsal funiculus 
(DF). (C) Percentages of NK1- or GABAB-immunoreactive neurons in spinal laminae I or IV–V that express Fos in non-inflamed (control) or inflamed 
(monoarthritic) animals. Nociceptive activation of NK1-expressing neurons increases significantly in lamina I (P < 0.001) and IV–V (P < 0.05) whereas 
that of GABAB-expressing neurons decreases in lamina I (P < 0.01). Adapted from Castro et al. (2005).
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component will affect the activity of the others (Pinto et al.
2006a). In the case of the DRt-cVLM reciprocal connection
(Almeida et al. 2002; Cobos et al. 2003; Leite-Almeida et al.
2006), a positive correlation of nociceptive activation between
the two areas occurs during chronic pain (Pinto et al.
2006a). In general, the data indicate that the effects of
chronic pain on descending pain modulation from the DRt
and cVLM are very complex and that specific targeting of
system components for chronic pain control cannot be
achieved with the currently available methods.

 

Gene therapy: an eclectic way to manipulate 
the supraspinal endogenous pain 
modulatory system

 

Gene therapy allows local expression of missing receptors
(Xu et al. 2003) and to direct gene expression to specific
neuronal populations (reviewed by Cronin et al. 2005).
Both issues should be taken into account in the design of
strategies to manipulate the supraspinal pain modulatory
system, considering the data reviewed in the sections
above. Encouraging results were provided by gene ther-
apy studies directed to anti-nociceptive components of the
supraspinal pain modulatory system, with inhibition of
acute pain (Kang et al. 1998; Jasmin et al. 2003). In chronic
pain, gene therapy has been directed only to the spinal
level (Glorioso et al. 2003; Pohl et al. 2003). Replication-
defective forms of Herpes Simplex Virus type 1 (HSV-1)
have been the vectors of choice due to specific affinities of
this vector to the nervous system, namely its affinity to
neuronal cells and ability to be retrogradely transported
(Frampton et al. 2005). HSV-1 vectors codying for opioid
peptides were peripherally applied and retrogradely
transported to the dorsal root ganglion and produced a
significant release of the transgene product at the spinal
dorsal horn, as well as sustained analgesia (Braz et al. 2001).
Other viral vectors have been used in gene therapy of
pain, each presenting specific features that should be con-
sidered, namely the levels of immunogenicity, toxicity,
transduction efficiency and capability of transgene inser-
tion (Cope & Lariviere, 2006). Besides HSV-1, the most
promising viral vectors are the adenoviruses, owing to
their high transduction efficiency of both dividing and
non-dividing cells (Finegold et al. 1999; Milligan et al. 2005).
However, adenoviral expression is transient and the virus
induces inflammatory responses, leading to the appear-
ance of adeno-associated viruses (AAV), which have been
used in chronic inflammatory pain models (Gu et al. 2005).
Recent studies used lentiviral vectors to overexpress neuro-
trophic factors at the spinal cord in a sustained manner,
which opened new perspectives in the use of these deliver-
ing systems in gene therapy for chronic pain (Pezet et al.
2006). Non-viral vectors, in which naked plasmid DNA is
introduced in liposomes, have the advantage over viral
vectors of decreasing the immunological responses. Although

the efficiency of non-viral vectors needs to be improved,
promising results were obtained in bladder pain (Chuang
et al. 2003).

Based on the affinity of HSV-1 to the neuron and the
appearance of improved HSV-based constructs, like ampli-
cons (Jerusalinsky & Epstein, 2006), this will still be a viral
of choice in gene therapy for chronic pain. In order to use
HSV-1-based gene therapy to target the endogenous pain
modulatory system, it is important (1) to distinguish
neurons involved in nociceptive processing from neurons
participating in other brain functions, and (2) to ascertain
how HSV-1 constructs will migrate retrogradely upon local
delivery. The first requirement has been addressed for the
cVLM, in which vasodepressor, motor control and anti-
nociceptive neurons have been distinguished on the basis
of the anatomy and neurochemical organization of the
respective circuits, as described in earlier sections of this
review. The study of the migration dynamics of an HSV-1
vector containing the 

 

lacZ

 

 reporter gene, under the con-
trol of the human cytomegalovirus promoter (hCMV),
from the DRt and cVLM has revealed viral expression in
several of their afferents. However, transgene product
release was also observed in axonal terminal arborizations
in few central areas other than the DRt and cVLM through
axonal collaterals, which was more pronounced in the case
of the cVLM (Martins et al. 2004). These data indicated
that the desired amplification of the HSV-1-based gene
therapy effects, which would be achieved by targeting
multiple DRt and cVLM afferent areas, can only be obtained
without widespread collateral effects by directing viral
expression to relevant components of the pain modulatory
system. A detailed neurochemical characterization of brain
neurons transduced upon HSV-1 injected in the DRt or
cVLM showed that the noradrenergic components of the
endogenous pain modulatory system are strongly tar-
geted without significant release of transgene product in
axonal terminations (Martins et al. 2005).

Based on all the results summarized above, a major out-
come for chronic pain control would be to decrease the
pronociceptive effects of the DRt and cVLM. Two comple-
mentary gene therapy strategies (Fig. 4) could be used:
local transduction of DRt and cVLM nociceptive neurons to
overexpress the receptors depressed during chronic pain
(

 

µ

 

-opioid, 

 

δ

 

-opioid and GABA

 

B

 

), and transduction of DRt
and cVLM noradrenergic afferent neurons. For the first
strategy, lentiviral vectors appear to be especially suited
owing to its transduction being restricted to local neurons.
The second strategy should rely on the administration in
the DRt and cVLM of HSV-1 constructs in which the
noradrenaline synthesizing promoter – tyrosine hydro-
xylase (TH) promoter – is used to restrict the expression of
various transgenes, such as the enkephalin precursor (pre-
proenkephalin) or the GABA-synthesizing enzyme (GAD
67) to noradrenergic neurons. This would be even more
relevant inasmuch as the TH promoter was shown to allow
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a very long transgene expression (Wang et al. 2004).
Although it is important to discard effects in functions
besides pain control by detailed studies of the transduced
circuits and animal behaviour, it is likely that this gene
therapy strategy will produce the specific and sustained
effects necessary for chronic pain control. Studies of other
components of the supraspinal endogenous pain modula-
tory system, similar to those summarized in the present
review for the DRt and cVLM, may allow to expand the
applications of gene therapy to other pain control areas.

 

Concluding remarks

 

Manipulating the endogenous pain control system for
pain control purposes prompts the development of methods
that interfere in a specific and sustained manner with
neurons involved in nociceptive control. A detailed ana-
tomical and functional characterization of the system is
required as regards the characteristics of pain modulatory
units and their interplay with other body functions. Gene
therapy may represent an important strategy for pain con-
trol from supraspinal levels as very specific viral vectors can
be constructed based on the specific characteristics of the
components of the endogenous pain control system to be
targeted. These studies may provide the basis for trans-
lational application of gene therapy to pain control areas
that are more easily accessed surgically than the DRt and
cVLM. As animal studies have not demonstrated adverse
effects of gene therapy, and the improvement of transgene-
delivering systems is a fast-growing field, it is possible that
the application of gene therapy to the endogenous supra-
spinal pain modulatory system may be used in the near
future to control refractory and severe pain.
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