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Opioids are efficacious and cost-effective analgesics, but
tolerance limits their effectiveness. is paper does not present any
newclinical or experimental data but demonstrates that there exist
ascending sensory pathways that contain few opioid receptors.ese
pathways are located by brain PET scans and spinal cord
autoradiography. ese nonopioid ascending pathways includeportions
of the ventral spinal thalamic tract originating in Rexed layers
VI�VIII, thalamocortical �bers that project to the
primarysomatosensory cortex (S1), and possibly a midline dorsal
column visceral pathway. One hypothesis is that opioid toleranceand
opioid-induced hyperalgesia may be caused by homeostatic
upregulation during opioid exposure of nonopioid-dependentascending
pain pathways. Upregulation of sensory pathways is not a new
concept and has been demonstrated in individualsimpaired with
deafness or blindness. A second hypothesis is that adjuvant
nonopioid therapies may inhibit ascending nonopioid-dependent
pathways and support the clinical observations that monotherapy
with opioids usually fails. e uniqueness of opioidtolerance
compared to tolerance associated with other central nervous system
medications and lack of tolerance from excesshormone production is
discussed. Experimental work that could prove or disprove the
concepts as well as �aws in the concepts isdiscussed.

1. Introduction

Chronic pain is one of the greatest causes of human
suffering.Chronic pain becomes intractable when standard
therapiesfail to control the pain [1, 2]. In many societies and
regulatedby laws, chronic opioid therapy is reserved for patients
whosuffer from intractable pain [3, 4]. Common examples ofdiseases
that lead to intractable pain include arachnoiditis,brachial plexus
avulsion, thalamic syndrome, and multiplesurgical traumas. Patients
who suffer from these conditionsare frequently referred to pain
management physicians whomay consider invasive therapies such as
neurosurgical deaf-ferentation, peripheral, spinal cord, or deep
brain stimula-tion, or high-dose opioid therapy [5]. is paper
discussespossible mechanisms of two problems of chronic
opioidtherapy, namely, tolerance and opioid-induced
hyperalgesia.

2. Pain Is anExcitatory Process, andOpioidsAreInhibitory [6,
7]

From the �rst-order afferent receptor (mechanical, thermal,or
chemical) through the ascending tracts to the thalamo,

reticular, and mesencephalic relays to the �nal destinationin
the somatosensory cortices, anterior cingulated gyrus, andbasal
ganglia, pain is associatedwith a net excitatory stimulus.Numerous
studies and clinical observations, including thosefrom neural
blockade, cordotomy, or rhizotomy, supportthis concept [8].
Destructive lesions of the third-order tha-lamocortical neurons
that accompany thalamic syndrome ordestructive lesions of the
posterior columns of the spinal cordthat occur in � 12 de�ciency,
tabes dorsalis, and multiplesclerosis produce pain because these
neurons are inhibitory(Figures 1 and 2) [9]. erefore, these
destructive lesionsproduce a net excitatory response. Furthermore,
stimulationof the neurons in the posterior columns can produce
anal-gesia [10]. Numerous studies on the mechanism of actionof
opioids support clinical evidence that opioid effects
haveinhibitory in�uences on excitatory nociceptive pathways
[11,12].

2.1. Tolerance

2.1.1. Neuroanatomic Correlates of Opioid Receptors andAscending
Nociceptive Pathways. Opioid tolerance can be
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F 1: Hemorrhagic destruction of the thalamus is associatedwith
intractable pain (white arrow).

F 2: Destruction of posterior columns (arrow) from B 12
de�-ciency is associated with intractable pain. Subaute combined
degen-eration of spinal cord�B12 de�ciency.
pathology.mc.duke.edu.With permission.

de�ned as a decrease in analgesic response with increasingdose
or frequency of administration. Tolerance is the greatestobstacle
to the development of effective opioid treatmentfor intractable
pain. Tolerance to endogenous opioids isoen rapid, whereas
tolerance to exogenous opioids is oendelayed [13]. Opioids that are
not associated with tolerancehave not yet been developed. One
hypothesis is that opioidtolerance is not only a function of
ligand-receptor inefficiencybut in addition may be caused by
activation or upregulation(de�ned by an increased response to a
stimulus) of non-opioid-dependent divisions of ascending pain
pathways.ishypothesis is supported by the following
observations.

(1) e Human alamocortical and Spinothalamic TractsHave Divisions
at Are Not Modulated by Opioids. isobservation has not been fully
appreciated in the literaturebut is depicted in Figures 3, 4, 5,
and 6.

Sensory �bers of the thalamocortical tract project to theprimary
somatosensory cortex (S1) and secondary sensorycortex (S2) [14,
15]. In humans, opioid receptors densely

F 3: In vivo distribution of opioid receptors in human brainwith
decrease in receptors in area of S1 (arrow). Photo
ResearchersPictureNumber: SF2688. Credit: Philippe Psaila/Photo
Researchers,Inc. License: Rights Managed. Description: Opioid
receptors. Col-ored sagittal Positron Emission Tomography. (PET)
scan showingthe normal distribution of opioid receptors in the
human brain. Byinjecting a patientwith an opioid taggedwith
carbon-11 (radioactivetracer), a color-coded scan is produced,
showing the concentrationof opioid receptors from red (highest)
through yellow and green toblue (lowest).

Sensory

A�ective

F 4: Somatosensory cortex (S1) of parietal lobe
(arrow).Schematic of cortical areas involved with pain processing
and fMRIcropped.jpg FromWikipedia, the free encyclopedia.

populate S2 but are very sparse in S1 [16]. In addition,in most
studies, intrathecal or intravenous administrationof opioids does
not decrease the amplitude or latency ofsomatosensory-evoked
potentials whenmonitored at S1 [17].erefore, a nociceptive division
of the thalamocortical tractnot modulated by opioids may be
upregulated when opioidsare administered. is could be viewed as a
homeostaticmechanism that allows patients to maintain the ability
todiscriminate pain. Such upregulation of a sensory system isknown
to occur in the auditory perception of the blind andtactile and
visual sensations of the deaf [18–22]. Deleteriouseffects
associated with complete loss of pain sensation,whether genetic or
acquired, as in Hansen’s disease, arewell recognized [23, 24]. If
opioids completely abolishedpain perception, patients would not be
aware of traumaticevents such as bone fractures, cholecystitis, and
myocardial
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F 5: Opioid receptors in thalamus (red) and
secondarysomatosensory cortex, S2 (arrow). Photo Researchers
Picture Num-ber: SF2687. Credit: Philippe Psaila/Photo Researchers,
Inc. License:Rights Managed. Description: Opioid receptors. Colored
frontalPositron Emission Tomography. (PET) scan showing the
normaldistribution of opioid receptors in the human brain. By
injecting apatient with an opioid tagged with carbon-11
(radioactive tracer), acolor-coded scan is produced, showing the
concentration of opioidreceptors from red (highest) through yellow
and green to blue(lowest).

infarctions. Further support for the hypothesis that non-opioid
ascending pain pathways are upregulated is found inthe treatment of
cancer patients who are medicated with veryhigh doses of opioids.
ese patients experience profoundanalgesia aer successful cordotomy
with ablation of thelateral and medial spinothalamic tracts [8,
25].

As shown in Figure 7, opioid receptors are rarely foundin the
origin of the ventral spinothalamic tract. Unlike thelateral and
medial spinothalamic tracts, the ventral spinalthalamic tract does
not project from Rexed layer II of thespinal cord where the highest
concentrations of opioidreceptors are found [26]. Instead, the
�bers project fromlayers VI–VIII where very few, if any, opioid
receptors exist,suggesting that this tract may be opioid
independent andcould upregulate [26].

(2) Surgical Interruption of a Midline Dorsal Column Vis-ceral
Pain Pathway Produces Analgesia [27]. Clinical reportscon�rm that a
modi�ed midline myelotomy can providesuccessful visceral pain
relief especially in patients whohave become tolerant to opioids. e
analgesia producedby punctuate midline myelotomy that interrupts
ascending�bers of the posterior columns has effectively controlled
painin patients suffering from pelvic pain secondary to malig-nancy
[28]. It is not known whether this ascending nocicep-tive tract is
regulated by opioids.

(3) When Compared to Other G-Protein Ligands, a Uniqueform of
Tolerance Develops aer Opioid Administration.Patients who suffer
from hypersecretory states activated byG-protein receptors, such as
hyperthyroidism, hyperparathy-roidism, and pheochromocytoma, do not
become tolerant toendogenous hormone ligands, and they need to be
treatedby lowering the production of these hormones.
Althoughcatecholamine tolerance has been reported in
animalmodels,anecdotal reports from critical care physicians con�rm
thatnorepinephrine and dopamine administered as infusions

F 6: Secondary somatosensory cortex (S2) in green
(arrow).Schematic of cortical areas involved with pain processing
and fMRIcropped.jpg FromWikipedia, the free encyclopedia.

F 7: Ventral spinothalamic tract �bers (vst, white
arrow)originate in non-opioid Rexed layers (VI–VIII) (dark
arrow).

rarely require major adjustments secondary to tolerance [29–31].
Opioids, either endogenous (endomorphin, enkephalin,endorphin) or
exogenous (morphine, methadone, fentanyl),bind to G-protein
receptors initiating a cascade that resultsin neuronal inhibition.
Tolerance to opioid-induced con-stipation normally does not occur.
erefore, tolerance toendogenous G-protein receptor ligandsmay be
speci�c to thecentral nervous system (CNS). Some have postulated
that themilieu within the central nervous system is unique
becauseof microglia effects, and that microglia activity
contributesto opioid tolerance [32–34]. Tolerance develops to other
G-protein ligands within the CNS, including cocaine,
ethanol,benzodiazepines, amphetamines, and barbiturates, but
themagnitude of the tolerance is usually less than that seen
withopioids, and the perception associated with the tolerance
isdifferent because pain is not a consideration.

2.2. Opioid-Induced Hyperalgesia [35–37].
Opioid-inducedhyperalgesia is a condition that may occur aer
chronicadministration of large doses of an opioid. It is
characterizedby a lowering of the pain threshold with an
exaggeratedresponse to painful and nonpainful stimuli [36]. One
hypoth-esis to explain opioid-induced hyperalgesia is upregulation
ofthe non-opioid-dependent divisions of the thalamocorticaland/or
spinothalamic tract. In contrast, neural blockade is
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rarely associated with tolerance or hyperalgesia because
allproximal ascending tracts are inhibited.

2.3. Proof of Concept. e hypothesis that upregulation
ofnon-opioid-dependent ascending sensory systems is a possi-ble
cause of opioid tolerance andopioid-induced hyperalgesiais novel,
but recent reports have implied that this could betrue [38]. is
hypothesis could be proven by serial electricalrecordings and
imaging of the somatosensory cortex inpatients treated with
escalating doses of opioids to levelsthat produce signs of opioid
tolerance. Considerable dataare reported in the anesthesiology
literature that describessomatosensory-evoked potential changes
from various med-ications, and this information could be helpful
[39, 40]. Asopioid tolerance develops, functional MRI and PET
scansmay provide images that correspond to metabolic changesin the
brain, and magnetic resonance spectroscopy couldprovide evidence
for changes in glutamate and/or GABAconcentrations in the
somatosensory cortex [41–43]. Sensorystimulation during these
studies may provide insight into themechanisms of opioid-induced
hyperalgesia.

2.4. Implication for erapy. Most pain practitionersacknowledge
that opioid therapy in sufficient doses can amel-iorate acute and
chronic intractable pain, and addition ofadjuvant medications such
as antidepressants, anticonvul-sants, and anti-in�ammatory
medication improves response.However, opioids alone cannot provide
long-term reliefbecause of tolerance, opioid-induced hyperalgesia,
or sideeffects. Pain practitioners are also well aware that
othernonopioid therapies, such as intravenous infusion of
localanesthetics or ketamine, inhalation of nitrous oxide,
orconduction block, provide reliable analgesia for
patientssuffering from intractable pain probably via a
differentmechanism than activation of opioid receptors.

If upregulation of non-opioid-dependent ascending noci-ceptive
pathways is shown to be a cause of pain from opi-oid tolerance or
opioid-induced hyperalgesia, providers mayconsider adding GABA
agonist to the medication regimeof opioid-tolerant patients.
Interestingly, our patients whosuffer from intractable pain have
learned that alcohol andbenzodiazepines, both indirectGABAagonists,
provide addi-tional, but unsafe, analgesia when combined with
opioids.In addition to increasing GABA, decreasing glutamate
orblocking glutamate receptors could possibly attenuate
theexcitatory activity of non-opioid-dependent pathways.

2.5. Possible Flaws in the Hypotheses. As espoused by
mostinvestigators, opioid tolerance is believed to be caused
byligand-receptor inefficiency [44]. Evidence suggests
thatendocytosis, downregulation of receptors, upregulation
ofP-glycoprotein, and mu/delta heterodimer formation maybe causes
of tolerance [45–47]. e hypotheses presentedin this paper,
regardless of how elegant they may appear,could be inaccurate.
However, this author is not aware thatin the current medical
literature, location of human opioidreceptors has been correlated
with known ascending noci-ceptive pathways, and the signi�cance of
this observation

extrapolated to possible etiologies of opioid tolerance
andopioid-induced hyperalgesia.

3. Conclusion

Intractable pain is one of the leading causes of
worldwidesuffering. Opioids are the most consistent, efficacious,
andcost-effective analgesics available. Tolerance to opioids
limitstheir effectiveness, and some aspects of this phenomenonare
unique to opioids when compared to other G-proteinreceptor ligand
systems. One hypothesis of this paper is thatsome aspect of opioid
tolerance is caused by homeostaticupregulation of
non-opioid-mediated ascending nociceptivepathways, including the
thalamocortical and ventral spino-thalamic tracts and possibly the
midline dorsal columntract. Another hypothesis is that upregulation
of these tractsmay contribute to opioid-induced hyperalgesia. As
oneobserves in clinical practice, therapy with adjuvant
agentscombined with opioids, rather than opioids alone, producedthe
best outcome for the treatment of intractable pain. Asidefrom
presumed stimulation of descending inhibitory tractsfrom some
adjuvants, one possible explanation for theseoutcomes is that these
therapies inhibit nonopioid ascendingdependent tracts as well as
opioid-dependent tracts. ispaper offers a hypothetical explanation
based on neuro-anatomic correlation as to why adjuvants plus opioid
therapyare most successful and single-opioid therapy usually
fails.When shown a comparison of opioid and non-opioid ascend-ing
nociceptive dependent tracts, physicians and patientsmay develop a
better understanding of their therapy.
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