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Abstract: Bulbospinal pathways regulate nociceptive processing, and inhibitory modula-
tion of nociception can be achieved via the activity of diffuse noxious inhibitory controls 
(DNIC), a unique descending pathway activated upon application of a conditioning stimu-
lus (CS). Numerous studies have investigated the effects of varied pharmacological systems 
on the expression status of a) DNIC (as measured in anaesthetised animals) and b) the 
descending control of nociception (DCN), a surrogate measure of DNIC-like effects in 
conscious animals. However, the complexity of the underlying circuitry that governs 
initiation of a top-down inhibitory response in reaction to a CS, coupled with the metho-
dological limitations associated with using pharmacological tools for its study, has often 
obscured the exact role(s) of a given drug. In this literature review, we discuss the 
pharmacological manipulation interrogation strategies that have hitherto been used to 
examine the functionality of DNIC and DCN. Discreet administration of a substance in 
the spinal cord or brain is considered in the context of action on one of four hypothetical 
systems that underlie the functionality of DNIC/DCN, where interpreting the outcome is 
often complicated by overlapping qualities. Systemic pharmacological modulation of 
DNIC/DCN is also discussed despite the fact that the precise location of drug action(s) 
cannot be pinpointed. Chiefly, modulation of the noradrenergic, serotonergic and opioider-
gic transmission systems impacts DNIC/DCN in a manner that relates to drug class, route 
of administration and health/disease state implicated. The advent of increasingly sophisti-
cated interrogation tools will expedite our full understanding of the circuitries that mod-
ulate naturally occurring pain-inhibiting pathways. 
Keywords: endogenous pain modulation, descending pain control, diffuse noxious 
inhibitory controls, descending control of nociception, conditioned pain modulation, 
monoamines

Introduction
DNIC expression, quantified in unconscious animals as the inhibitory effect of 
a conditioning stimulus (CS) on spinal or trigeminal wide dynamic range (WDR) 
neuron activity, requires the application of two remote, noxious stimuli. Classically, 
the first stimulus applied is called the test stimulus (TS), while the second repre-
sents the CS (which may be applied subsequently, or concurrently, to the TS). The 
purpose of this review is to present knowledge regarding the distinct pharmacolo-
gical systems that sub-serve functional DNIC expression. The study selection 
details are based on PubMed database search as of 11th January 2021 for: 
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“(((diffuse noxious inhibitory controls) OR diffuse nox-
ious inhibitory control) NOT humans [MeSH Terms]) 
NOT review” (See Scheme 1).

The purported measurement of the impact of pharmaco-
logical manipulation on the functionality of a “DNIC-like” 
pathway in conscious behaving animals (where pain-like 
behaviours are modulated upon application of a CS) is also 
discussed, where descending control of nociception (DCN) 
terminology is applied as recently advised.1

Mechanistic Underpinnings
The mechanism underlying the observed inhibition of 
spinal wide dynamic range neurons to a TS upon applica-
tion of a CS involves, in part, neurotransmitter release 
from a yet undefined brainstem nucleus and its ensuing 
descending projection. Here we name this the descending 
effector system. This descending effector system acts via 
a so-called executive system to inhibit spinal nociception. 
Therefore, the top-down modulatory system consists of the 
internal brain circuits modulating the descending brain-
stem neuron of the effector system while the bottom-up 
modulatory system consists of two ascending branches 
(activated upon application of the TS and CS) (Figure 1).

Following this logic, local application of 
a pharmacological agent in the executive system has the 
limitation of affecting not only the executive system but 
also the transmission of the ascending TS branch and the 
terminals of the descending effector system. This compli-
cates the interpretation of the results obtained, where assign-
ing drug action to one discreet target is not possible. An 
added layer of complexity occurs when considering the 
pharmacological action of an agent in a rodent model of 
chronic pain, where the dominant pharmacological target 
ie, receptor subtype activated by a given agent may change 
according to the disease.2,3 To simplify this interpretation, we 
have conducted a thorough review of pharmacological DNIC 
studies with respect to the drug class, route of administration, 
readout method, and health/disease state implicated.

Experimental Drug Targeting and 
Subsequent Impact on DNIC 
Expression
Our analysis revealed that of 122 original DNIC and/or DCN 
research manuscripts, 42 studies investigated the impact of 
manipulation of a pharmacological system on DNIC expres-
sion status (Scheme 1). Of the 42 drugs tested, 14 acted on 
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Spinal WDRs [17]
Halotane [10]
Isoflurane [7]

Medullary WDRs [10]
Halotane [9]
Urethane [1]

Halotane [1]
Sevoflurane [2]

Urethane [1]

Awake [11]
Halotane [1]

Urethane [1]

Electrophysiology [27]

PHARMACOLOGICAL 
STUDIES [42]

Electromyography [4]

Behaviour [12]

Immunohistochemistry [1]
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* Searched on PubMed as of 11th Jan 2021 for: (((diffuse 
noxious inhibitory controls) OR diffuse noxious inhibitory 

control) NOT humans[MeSH Terms]) NOT review

Scheme 1 Selected papers for analysis in this review. From 122 DNIC papers, 42 studies focused on the impact of pharmacological interventions on DNIC and/or DCN 
expression. 
Abbreviations: WDR, wide dynamic range neurons; DNIC, diffuse noxious inhibitory controls; DCN, descending control of nociception.
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the serotoninergic system, 11 on the noradrenergic system, 9 
on the opioidergic system, and 10 on other systems (Table 1). 
The most recurrent were studies of systemically administered 
morphine (µ- and δ-opioid receptor (MOR and DOR, respec-
tively) agonist) (9 studies), followed by investigation of the 
systemic actions of naloxone (a non-selective opioid recep-
tors antagonist) (7 studies), and investigation of citalopram, 
escitalopram, duloxetine or fluoxetine (selective serotonin 
reuptake inhibitors (SSRI)) (4 studies).

DNIC and/or DCN pharmacology was also investi-
gated in the context of disease, where the most common 
diseases studied were nerve injury models of peripheral 
neuropathy, osteoarthritis and brain injury. The readout 
methods utilised reflect the separate DNIC/DCN mechan-
ism studied (27 single unit electrophysiological studies 
and 12 behavioural studies, respectively) (Scheme 1). 
A complete table of reviewed literature can be found in 
the supplementary table (Supplementary Table 1).

Pharmacological Manipulation of the 
Descending Effector System
Several lines of evidence suggest a supraspinal, brainstem 
origin of DNIC and methodologies including lidocaine 
block of conduction at the level of cervical spinal cord,4 

as well as cervical cord transection,4,5 have initiated the 
search for the origin nucleus of DNICs. Lesions to the 
dorsolateral funiculus (DLF) evidenced that DNIC des-
cending fibres travel via a pathway ipsilateral to the 
WDR neuron being recorded.6,7 A set of brainstem trans-
ection experiments narrowed the area for DLF somas 
involved in DNIC to a joint between the medulla and 
pons.8 While a search for the exact origin nucleus is 
ongoing, several pharmacological studies have shed light 
on the potential neurotransmitter(s) involved in sub- 
serving the functionality of DNICs.

Two studies utilised selective inhibitors or neurotoxins 
that target monoaminergic neurons both spinally and 

Figure 1 Schematic representation of the hypothetical systems involved in functional DNIC circuitry. The bottom-up modulatory system consists of input from two noxious 
stimuli: the testing stimulus (TS) and the conditioning stimulus (CS). The definition of the TS and CS is interchangeable, although traditionally the noxious stimulus first 
applied is referred to as the TS. To trigger DNIC, both the TS and CS must be presented to remote body regions. Recordings are made from wide dynamic range (WDR) 
neurons in spinal or medullary dorsal horns. Upon activation of nociceptors by the TS and CS, the descending effector system is activated. The effector system acts locally 
via receptors comprising the executive system to inhibit spinal nociceptive processing. Further complexity is introduced when considering that the spino (TS/CS)-bulbo 
(brainstem)-spinal (TS/CS) DNIC loop is additionally modulated by higher brain centres comprising the top-down modulatory system.
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Table 1 List of Drugs Tested to Influence DNIC Expression

Drug Pharmacology 5HT NA Opioid Other

5,7-dihydroxytryptamine Neurotoxin depleting serotonergic fibers

p-chlorophenylalanine Irreversible inhibitor of tryptophan hydroxylase (serotonin 

depletion)

5-hydroxytryptophan Serotonin precursor

Sumatriptan succinate 5-HT1 receptor agonist

WAY-100635 5-HT1A receptor antagonist

Metergoline 5-HT1, 5-HT2 and 5-HT7 receptor antagonist

Cinanserin 5-HT2A and 5-HT2C receptor antagonist

Ondansetron 5-HT3 receptor antagonist

AS-19 5-HT7 receptor agonist

SB269970 5-HT7 receptor antagonist

Citalopram SSRI

Escitalopram 
hydrochloride

SSRI

Fluoxetine SSRI

Duloxetine SNRI

Dopamine beta- 

hydroxylase saporin 

complex

Neurotoxin ablating noradrenergic neurons

Phentolamine mesylate α1/2-adrenoceptor antagonist

Phenylephrine α1-adrenoceptor agonist

Yohimbine α2-adrenoceptor antagonist

Atipamezole α2-adrenoceptor antagonist

Dexmedetomidine 

hydrochloride

α2-adrenoceptor agonist

Propranolol Non-selective β-adrenoceptor antagonist

Reboxetine mesylate NRI

Desipramine 
hydrochloride

NRI/TCA

Tapentadol NRI and MOR agonist

Buprenorphine 

hydrochloride

Partial MOR agonist

Morphine MOR agonist

DAMGO MOR-DOR agonist

Deltorphin II DOR agonist

(Continued)
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supraspinally. In the first study, Dickenson et al delivered 
systemic p-chlorophenylalanine (p-CPA), an irreversible 
inhibitor of tryptophan hydroxylase that depletes whole- 
brain serotonin levels, and subsequently quantified DNIC 
expression by means of single unit electrophysiological 
WDR neuronal recordings in the lumbar spinal cord. The 
authors concluded an implied partial involvement of ser-
otonergic pathways in DNIC functionality, “partial” 
because up to 35% of WDR neuronal inhibition upon 
application of the CS remained.9 In a second study, 
5,7-dihydroxytryptamine (5,7-DHT), a neurotoxin that 
depletes descending serotonergic fibres, was injected 
intrathecally and DCN expression was assessed. 
Behaviourally assessed DCN expression was intact sug-
gesting that descending serotonin is not a direct mediator 
of DCN at the effector site.10 However, interestingly the 
same study reported that intracerebroventricular injection 
of dopamine β-hydroxylase saporin conjugate (DβH-Sap), 
a neurotoxin that ablates noradrenergic neurons, abolished 
DCN expression.

No ablation studies targeting dopaminergic fibres and 
subsequent impact on DNIC and/or DCN expression have 
been published to date. However, based on publicly avail-
able RNAseq datasets, the expression of receptors for 
dopamine in the spinal cord is scarce, therefore the execu-
tion of functional DNIC by descending dopaminergic path-
ways that sub-serve transmission in the spinal cord itself, 
lacks support.11

Pharmacological Manipulation of the 
Executive System
The concept of DNIC as depicted in Figure 1 proposes 
a local spinal (and trigeminal) release of neurotransmitter-
(s) from descending fibres upon application of a CS. 
Released mediator would be presumed to manifest its 
action via the relevant receptor expressed in the spinal 
(or medullary) dorsal horns to ultimately inhibit nocicep-
tion. Since the exact origin nucleus of the DNIC projection 
remains under investigation, exact receptor(s) of the 
executive system remain elusive also.

Table 1 (Continued). 

Drug Pharmacology 5HT NA Opioid Other

Naloxone Opioid receptor antagonist

Naltrindole DOR antagonist

Nor-binaltorphimine KOR antagonist

ES 52 Inhibitor of enkephalinase (derivative of Thiorphan)

Sulpiride Dopamine receptor 2 antagonist

Isoflurane General anaesthetic

Kynurenate Excitatory amino acid receptors antagonist

Lidocaine Voltage-gated sodium channels blocker

Muscimol Neurotoxin, GABA-A agonist

Capsaicin TRPV1 agonist

Celecoxib COX-2 inhibitor

Pregabalin Blocker of α2δ1 of voltage-gated calcium channels (VGCCs) 
trafficking to cell membrane (indirectly inhibits 

neurotransmitter release)

RP67580 NK1R antagonist

RP67581 NK1R inactive antagonist

Notes: There were 42 drugs tested to influence DNIC expression. 14 acting on serotoninergic system. 11 acting on noradrenergic system. 9 acting on opioidergic system. 
10 acting on other systems. 
Abbreviations: TCA, tricyclic antidepressant; SSRI, selective serotonin reuptake inhibitor; NRI, selective noradrenaline reuptake inhibitor; SNRI, selective serotonin- 
noradrenaline reuptake inhibitor; MOR, μ-opioid receptor; KOR, κ-opioid receptor; DOR, δ-opioid receptor; COX2, cyclooxygenase 2.

Journal of Pain Research 2021:14                                                                                                     http://doi.org/10.2147/JPR.S258602                                                                                                                                                                                                                       

DovePress                                                                                                                       

1087

Dovepress                                                                                                                                                     Kucharczyk et al

http://www.dovepress.com
http://www.dovepress.com


The general ablation studies (see section A) suggest that 
noradrenaline is a major neurotransmitter involved in the 
mediation of DCN via the effector system. This couples well 
with the local spinal action of selective α2-adrenergic receptors 
(α2-AR) antagonist atipamezole in abolishing DNIC expres-
sion in healthy anaesthetised animals.12 Atipamezole was also 
shown to abolish DNIC expression in the early stage of 
monoiodoacetate (MIA) model of osteoarthritis (OA).13 

Furthermore, intrathecal application of another α2-AR antago-
nist yohimbine, also potently abolished DCN expression in 
three independent behavioural studies14–16 (Table 2).

The literature suggests that two separate descending 
monoaminergic systems interact in the executive sys-
tem, where the balance in transmission that ensues is 
crucial for functional DNIC expression. An imbalance 
of facilitatory serotoninergic and inhibitory noradrener-
gic controls may be the reason why, in some pathologi-
cal states including peripheral neuropathy, DNIC 
expression is abolished.3,12,13 The dysfunctional DNIC 
phenotype can be rescued upon spinal application of 
both noradrenaline reuptake inhibitors (NRI)12 and 
selective serotonin reuptake inhibitors (SSRI),3 high-
lighting the complexity of monoamine modulators in 
the overall DNIC response. Mechanistically, an ability 
of the SSRIs to reveal functional DNIC in spinal nerve 
ligated rats was linked to spinal 5-HT7 and 5-HT1a 

receptors (Table 2),13,15 while a separate study sug-
gested that dopamine receptor 2 is involved in DNIC 
expression in the trigeminal system.17 Interestingly, 
despite the fact that many studies have focused on the 
role of the opioidergic system in DNIC functionality, 
a role for opioids in the DNIC executive system has not 
been directly tested, nor has the involvement of other 
systems including those utilising GABA and glutamate 
transmission. Whether other neurotransmitters such as 
GABA or enkephalin are directly involved in DNICs’ 
executive system remains unknown. However, despite 
the fact that GABAergic long-range (bulbospinal) fibres 
exist, their inhibitory actions tend to be modality spe-
cific and DNIC actions are polymodal.18

Pharmacological Manipulation of the 
Bottom-Up Modulatory System 
(Ascending TS and CS)
Local spinal receptors and peripheral nociceptors are 
documented as being involved in the transmission of test 
and/or conditioning stimulus noxious impulses, meaning 

that they too can affect DNIC. Unsurprisingly, a peripheral 
block to the nerve conducting either the TS or CS has been 
shown to negatively impact DNIC expression.19 Opioid 
receptors were shown to be involved in the ascending 
signalling aspect of DNIC since both selective MOR ago-
nist (DAMGO) and DOR agonist (Deltorphin II) abolished 
DNIC expression when applied intrathecally in the region 
specific to the CS input.20

Identification of the precise transmission system(s) 
involved whereupon DNIC is triggered and/or executed 
remains equivocal. However, recently a strong recommenda-
tion was put forward regarding the involvement of spinal 
lamina I projection neurons expressing neurokinin receptor 1 
(NK1R). The spinal NK1R neurons constitute a major noci-
ceptive transmission system in rodents, projecting chiefly 
from the superficial dorsal horns to the pontine lateral para-
brachial area (lPB).21,22 An elegant study by Lapirot et al 
demonstrated that a local antagonism of spinal NK1R by 
a compound called RP67580 abolished DCN in behaving 
rats. The authors also showed that inhibition of the lPB area 
with a GABAA agonist muscimol, reduced DNIC-evoked 
inhibition in recorded medullary WDR neurons.23 Since 
DNIC were not completely abolished in this study, the invol-
vement of other ascending circuits remains to be elucidated 
(Table 3).

Given the complexity of the DNIC circuitry, the results 
discussed could be also viewed from a different angle, 
whereby the local application of an agent in the CS or 
TS input area would also act on the executive system. In 
short, separation of ascending CS/TS and executive des-
cending system(s) cannot be precisely addressed with 
pharmacological tools such as those described. Rather, 
selective neuron-type-specific receptor knockout studies 
and activation/inhibition of discreet, genetically-defined, 
neuronal populations with novel tools such as chemo- or 
optogenetics is required to answer this question.

Pharmacological Manipulation of the 
Top-Down Modulatory System
The spino (TS/CS)-bulbo(brainstem)-spinal (TS/CS) DNIC 
loop is also modulated by higher brain centres comprising 
the top-down modulatory system. We have subdivided the 
top-down modulatory systems into those originating from 
the medullary nuclei and those from higher brain centres 
(located rostrally to the brainstem) (Table 4). The former 
could be also considered as part of the bottom-up circuits, 
however their exact role(s) requires further study.
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Regarding higher brain centres, Patel and Dickenson pre-
viously reported that lidocaine inhibition of the infralimbic 
(ILC) region of the medial prefrontal cortex abolishes DNIC 
expression in healthy rats, while restoring DNIC expression in 
SNL animals.24 Focusing on the mesencephalon, morphine 
injected in the medioventral periaqueductal grey (MV-PAG) 
abolished DNIC expression in healthy animals.25 Previously, 
Phelps et al demonstrated that microinjection of nor- 
binaltorphimine (nor-BNI), a κ-opioid receptor (KOR) antago-
nist, into the right central nucleus of amygdala (RCeA) restored 
DCN and DNIC expression in neuropathic animals.26 Similar 
results were obtained in a morphine-primed environmental 
bright light stress model (MP-BLS).27 Cumulatively, the results 
propose an opioid sensitive top down modulation of DNIC and 
DCN circuitry from the RCeA. Interestingly, another paper 
reported that a MOR/DOR agonist morphine microinjected to 
the RCeA restored DCN in neuropathic rats.28 The data suggest 
an opposite role of MOR/DOR and KOR receptors within the 
RCeA in terms of their control of DNIC/DCN expression.

Turning to the brainstem, morphine microinjection in 
the nucleus raphe magnus (RMg) did not abolish DNIC 

expression in healthy rats.29 Interestingly, antagonism of 
KOR by nor-BNI in the rostral ventromedial medulla 
(RVM) did not restore DCN in MP-BLS animals,27 but 
naloxone (a non-selective opioid receptors antagonist) 
injected therein had no effect on DCN expression in rats 
with muscle inflammation.30 Caudal parts of the medulla 
seem to have different sensitivity to opioids. For instance, 
naloxone dosed in the medullary reticularis dorsalis 
nucleus (MdD) abolished DCN in rats with muscle 
inflammation,30 and so did its injection in the dorsal reti-
cular nucleus (DRt).24 Intriguingly, in neuropathic animals 
lacking DNIC expression, microinjection of naloxone to 
the DRt restored DNIC.24

These studies advocate for the complexity of interac-
tions for pharmacological systems in terms of the func-
tionality of DNIC pathways.

Systemic Pharmacological 
Administration
Systemic drug administration is of the upmost importance 
when considering the potential translation of animal studies 

Table 3 Pharmacological Manipulation of the Bottom-Up Modulatory System (Ascending TS and CS). Listed by the Drug

PMID Condition Drug Injection Site Anaesthesia Readout DNIC 
Expression 

Before Drug

DNIC 
Expression 
After Drug

Pharmacology

3,763,236 Naïve Morphine 

sulfate

i.th. (Sacral) Halothane Eph Expressed Expressed 

(paw)

MOR-DOR 

agonist
Not 

expressed 
(tail)

19,231,081 Naïve RP67581 i.th. (L4/L5) N/A Beh Expressed Expressed NK1R inactive 
antagonist

19,231,081 Naïve RP67580 i.th. (L4/L5) N/A Beh Expressed Not 
expressed

NK1R 
antagonist

19,231,081 Naïve Muscimol Lateral 
parabrachial area 

(lPB)

Halothane Eph Expressed Not 
expressed

Neurotoxin, 
GABA-A 

agonist

23,843,537 Naïve DAMGO- 

enkephalin

i.th. (L4/L5) Halothane Eph Expressed Not 

expressed

MOR agonist

23,843,537 Naïve Deltorphin 

II

i.th. (L4/L5) Halothane Eph Expressed Not 

expressed

DOR agonist

8,973,815 Naïve Capsaicin Directly on the 

sciatic nerve 

(cotton ball)

Thiamylal 

sodium

EMG Expressed Not 

expressed

TRPV1 agonist

Abbreviations: SNL, spinal nerve ligation model; OA MIA, monoiodoacetate model of osteoarthritis; i.p, intraperitoneal; i.th, intrathecal (L4/L5 - lumbar 4/5); Beh, 
behaviour; Eph, in vivo electrophysiology; EMG, electromyography; MOR, μ-opioid receptor; DOR, δ-opioid receptor.

http://doi.org/10.2147/JPR.S258602                                                                                                                                                                                                                                                                                   

DovePress                                                                                                                                                                

Journal of Pain Research 2021:14 1090

Kucharczyk et al                                                                                                                                                     Dovepress

http://www.dovepress.com
http://www.dovepress.com


Ta
bl

e 
4 

Ph
ar

m
ac

ol
og

ic
al

 M
an

ip
ul

at
io

n 
of

 t
he

 T
op

-D
ow

n 
M

od
ul

at
or

y 
Sy

st
em

. L
is

te
d 

by
 t

he
 T

ar
ge

te
d 

St
ru

ct
ur

e

P
M

ID
C

on
di

ti
on

D
ru

g
In

je
ct

io
n 

Si
te

A
na

es
th

es
ia

R
ea

do
ut

D
N

IC
 E

xp
re

ss
io

n 
B

ef
or

e 

D
ru

g

D
N

IC
 E

xp
re

ss
io

n 
A

ft
er

 

D
ru

g

P
ha

rm
ac

ol
og

y

H
ig

he
r 

br
ai

n 

ce
nt

re
s

31
,5

18
,4

52
Sh

am
-S

N
L

Li
do

ca
in

e
IL

C
Is

ofl
ur

an
e

Ep
h

Ex
pr

es
se

d
N

ot
 e

xp
re

ss
ed

Vo
lta

ge
-g

at
ed

 s
od

iu
m

 c
ha

nn
el

s 
bl

oc
ke

r

31
,5

18
,4

52
SN

L
Li

do
ca

in
e

IL
C

Is
ofl

ur
an

e
Ep

h
N

ot
 e

xp
re

ss
ed

Ex
pr

es
se

d
Vo

lta
ge

-g
at

ed
 s

od
iu

m
 c

ha
nn

el
s 

bl
oc

ke
r

29
,3

69
,9

67
M

P-
BL

S
N

or
-b

in
al

to
rp

hi
m

in
e

R
C

eA
N

/A
Be

h
N

ot
 e

xp
re

ss
ed

Ex
pr

es
se

d
κ-

op
io

id
 r

ec
ep

to
r 

an
ta

go
ni

st

30
,8

70
,3

21
SN

L
N

or
-b

in
al

to
rp

hi
m

in
e

R
C

eA
N

/A
Be

h
N

ot
 e

xp
re

ss
ed

Ex
pr

es
se

d
κ-

op
io

id
 r

ec
ep

to
r 

an
ta

go
ni

st

30
,8

70
,3

21
SN

L
N

or
-b

in
al

to
rp

hi
m

in
e

R
C

eA
Is

ofl
ur

an
e

Ep
h

N
ot

 e
xp

re
ss

ed
Ex

pr
es

se
d

κ-
op

io
id

 r
ec

ep
to

r 
an

ta
go

ni
st

31
,7

25
,0

62
SN

L
M

or
ph

in
e 

su
lfa

te
R

C
eA

N
/A

Be
h

N
ot

 e
xp

re
ss

ed
Ex

pr
es

se
d

M
O

R
-D

O
R

 a
go

ni
st

6,
66

4,
23

6
N

aï
ve

M
or

ph
in

e
M

V-
PA

G
H

al
ot

ha
ne

Ep
h

Ex
pr

es
se

d
N

ot
 e

xp
re

ss
ed

M
O

R
-D

O
R

 a
go

ni
st

M
ed

ul
la

31
,5

18
,4

52
SN

L
Li

do
ca

in
e

RV
M

Is
ofl

ur
an

e
Ep

h
N

ot
 e

xp
re

ss
ed

Ex
pr

es
se

d
Vo

lta
ge

-g
at

ed
 s

od
iu

m
 c

ha
nn

el
s 

bl
oc

ke
r

21
,3

30
,2

19
M

us
cl

e 

in
fla

m
m

at
io

n

N
al

ox
on

e
RV

M
N

/A
Be

h
Ex

pr
es

se
d

Ex
pr

es
se

d
O

pi
oi

d 
re

ce
pt

or
 a

nt
ag

on
is

t

29
,3

69
,9

67
M

P-
BL

S
N

or
-b

in
al

to
rp

hi
m

in
e

RV
M

N
/A

Be
h

N
ot

 e
xp

re
ss

ed
N

ot
 e

xp
re

ss
ed

κ-
op

io
id

 r
ec

ep
to

r 
an

ta
go

ni
st

20
,3

57
,1

57
N

aï
ve

Ph
en

yl
ep

hr
in

e
R

M
g

Se
vo

flu
ra

ne
EM

G
Ex

pr
es

se
d

N
ot

 e
xp

re
ss

ed
α 1

-a
dr

en
oc

ep
to

r 
ag

on
is

t

9,
72

9,
39

0
N

aï
ve

M
or

ph
in

e 

hy
dr

oc
hl

or
id

e

R
M

g
H

al
ot

ha
ne

Ep
h

Ex
pr

es
se

d
Ex

pr
es

se
d

M
O

R
-D

O
R

 a
go

ni
st

24
,6

81
,0

00
N

aï
ve

M
us

ci
m

ol
R

M
g

H
al

ot
ha

ne
Ep

h
Ex

pr
es

se
d

N
ot

 e
xp

re
ss

ed
N

eu
ro

to
xi

n,
 G

A
BA

-A
 a

go
ni

st

24
,6

81
,0

00
N

aï
ve

Ky
nu

re
na

te
R

M
g

H
al

ot
ha

ne
Ep

h
Ex

pr
es

se
d

Ex
pr

es
se

d
Ex

ci
ta

to
ry

 a
m

in
o 

ac
id

 r
ec

ep
to

rs
 

an
ta

go
ni

st

21
,3

30
,2

19
M

us
cl

e 

in
fla

m
m

at
io

n

N
al

ox
on

e
M

dD
N

/A
Be

h
Ex

pr
es

se
d

N
ot

 e
xp

re
ss

ed
O

pi
oi

d 
re

ce
pt

or
 a

nt
ag

on
is

t

31
,5

18
,4

51
Sh

am
-S

N
L

N
al

ox
on

e 

hy
dr

oc
hl

or
id

e

D
R

t
Is

ofl
ur

an
e

Ep
h

Ex
pr

es
se

d
N

ot
 e

xp
re

ss
ed

O
pi

oi
d 

re
ce

pt
or

 a
nt

ag
on

is
t

31
,5

18
,4

51
SN

L
N

al
ox

on
e 

hy
dr

oc
hl

or
id

e

D
R

t
Is

ofl
ur

an
e

Ep
h

N
ot

 e
xp

re
ss

ed
Ex

pr
es

se
d

O
pi

oi
d 

re
ce

pt
or

 a
nt

ag
on

is
t

A
bb

re
vi

at
io

ns
: S

N
L,

 s
pi

na
l n

er
ve

 li
ga

tio
n 

m
od

el
; M

P-
BL

S,
 m

or
ph

in
e 

pr
im

in
g 

+ 
en

vi
ro

nm
en

ta
l b

ri
gh

t 
lig

ht
 s

tr
es

s;
 IL

C
, i

nf
ra

lim
bi

c 
re

gi
on

; R
C

eA
, r

ig
ht

 c
en

tr
al

 a
m

yg
da

la
; R

M
g,

 n
uc

le
us

 r
ap

he
 m

ag
nu

s;
 R

V
M

, r
os

tr
al

 v
en

tr
om

ed
ia

l m
ed

ul
la

; 
M

dD
, m

ed
ul

la
ry

 r
et

ic
ul

ar
is

 n
uc

le
us

 d
or

sa
lis

; D
R

t, 
do

rs
al

 r
et

ic
ul

ar
 n

uc
le

us
; M

V-
PA

G
, m

ed
io

ve
nt

ra
l p

er
ia

qu
ed

uc
ta

l g
re

y;
 B

eh
, b

eh
av

io
ur

; E
ph

, i
n 

vi
vo

 e
le

ct
ro

ph
ys

io
lo

gy
; E

M
G

, e
le

ct
ro

m
yo

gr
ap

hy
.

Journal of Pain Research 2021:14                                                                                                     http://doi.org/10.2147/JPR.S258602                                                                                                                                                                                                                       

DovePress                                                                                                                       

1091

Dovepress                                                                                                                                                     Kucharczyk et al

http://www.dovepress.com
http://www.dovepress.com


to the general clinical picture, however the functional infor-
mation gained is impeded by the fact that it is not possible to 
pinpoint the precise location of actions observed.

Nonetheless in principal, mechanistic insight can be 
gained when using systemic drug administration. An infor-
mative approach, however, comes from recapitulating the 
systemic effect(s) of a drug by its microinjection to 
a discreet part of the body in order to infer its main 
target(s). In several instances the local action of a drug 
could differ from its overall systemic picture. Interestingly, 
a seemingly opposite action of a given drug administered 
in a discreet location may contribute to the final systemic 
effect equally. For example, an inhibitory action of nora-
drenaline via α2-ARs located on inhibitory interneurons 
would result in a net facilitation by removing inhibitory 
tone from those interneurons. Therefore, the activation of 
a seemingly “inhibitory” receptor could result in net facil-
itation. What is more, the same agent may have different 
receptors affinities, confusing an overall response if the 
dosing is not careful and accurate location of drug action is 
not identified (ie noradrenaline has 6 times higher affinity 
to inhibitory α2-ARs than to excitatory α1-ARs).

Furthermore, considering the main pharmacokinetic 
components (liberation, absorption, distribution, metabo-
lism, and excretion (LADME)), it is especially important 
to test many doses of a drug delivered systemically. An 
opposite action may be apparent when a drug reaches 
sufficient concentrations at only the peripheral vs CNS 
targets. Therefore, systemic studies should involve 
a broad range of doses to confidently state the exact role 
of a given drug.

Frequently such studies have involved systemic mor-
phine (9 studies) or naloxone (7 studies) (Supplementary 
Table 2). As presented earlier, the complexity of supraspinal 
actions of opioids can be informative regarding their overall 
mechanism of action when analysing the effects of their 
systemic administration. For instance, systemic administra-
tion of naloxone abolishes DNIC31,32 and DCN14,15,30,33 

expression in naïve rats. This recapitulates the involvement 
of opioidergic mechanisms from the DRt or MdD where 
naloxone also abolished DNIC expression,24,30 but not 
those from the RVM, where DNIC were not affected by 
microinjected naloxone.30 However, it is still unclear if the 
systemic effect of naloxone is mediated by other cerebral, 
spinal (or possibly) joint mechanisms, as the drug is distrib-
uted throughout the body within minutes.

Agonism of MOR/DOR by systemic morphine consis-
tently abolished DNIC34–39 and DCN27,40 expression. In 

some instances, morphine was also administered jointly with 
naloxone, either by intravenous or intracerebroventricular 
injection, and DNIC expression remained functional.34,35,38,39 

In 2 additional studies systemically administered morphine did 
not abolish DNIC expression in PAG lesioned rats,35 nor DCN 
expression in rats receiving a continuous morphine delivery 
from osmotic minipumps.27 While the results of the former 
study suggest an involvement of the PAG in DNICs’ sensitivity 
to morphine, the latter is inconclusive as another 2 studies also 
delivered morphine continuously and a diminished DNIC36 or 
DCN40 response resulted. Interestingly, systemic administra-
tion of KOR antagonist nor-BNI restored DCN in the spinal 
nerve ligation (SNL) model of peripheral neuropathy, and in 
the MP-BLS model, recapitulating those results observed upon 
RCeA administration.26,27 Similarly tapentadol, a joint nora-
drenaline reuptake inhibitor (NRI) and MOR agonist, given 
systemically restored DNIC in SNL rats and late stage OA 
models.12,13,41

Surprisingly, the systemic action of noradrenergic 
drugs has not been extensively studied. Systemic atipame-
zole, an α2-ARs antagonist, recapitulates the effects 
observed when administered locally on the spinal cord in 
terms of abolishing DCN expression in healthy animals.10 

Strangely however similar effects were observed upon 
systemic administration of α2-ARs agonist dexmedetomi-
dine and α1-ARs agonist phenylephrine.42

Regarding the serotoninergic system, systemic administra-
tion of metergoline, an antagonist of 5-HT1, 5-HT2 and 5-HT7 

receptors, abolished DNIC expression in healthy rats.43 

Contrasting, 5-HT2A and 5-HT2C receptor antagonist cinan-
serin has an inconclusive role; in one study it abolished DNIC 
expression,43 while in another its systemic administration did 
not affect DCN expression.44 This feeds into the current view-
point regarding the differential mechanistic underpinnings of 
DNIC versus DCN. A reduction in pain-like behaviours upon 
application/administration of a conditioning stimulus evidently 
portrays execution of distinct top down modulatory processes 
compared to measurement of a functional DNIC response in 
anaesthetised animals.1 Explicitly, the subject’s conscious state 
now encompasses cognitive inputs that will impact the 
response observed upon conditioning. That said the functional 
expression of DNIC was previously shown modulated by 
pharmacological manipulation of subcortical brain regions26 

bolstering a hypothesised scenario whereby DCN may involve 
DNIC mechanisms, but not the other way round. Meanwhile, 
sumatriptan, a 5-HT1 receptor agonist, abolished DCN expres-
sion in naïve animals suggestive of an important role for this 
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serotonin receptor subtype (jointly with the result of 
metergoline).40

Systemic administration of monoamine reuptake inhi-
bitors has also been extensively tested. In the SNL model 
of peripheral neuropathy citalopram and fluoxetine, both 
SSRIs, failed to restore DNIC,3 but escitalopram (also 
SSRI) restored DCN in traumatic brain injury (TBI) 
model, however an effect of the latter was not abolished 
by systemically applied atipamezole.10 Duloxetine, an ser-
otonin noradrenaline reuptake inhibitor (SNRI), restored 
DCN expression in late stage OA and PSNL models,16 as 
well as in a TBI model.10 Interestingly, systemic reboxe-
tine, a NRI, did not restore DCN in TBI animals,10 but its 
local spinal application did restore DNIC in SNL 
animals.12 Those SSRI, SNRI and NRI studies jointly 
suggest that, as for their systemic action, SNRIs are 
drugs of choice in terms of restoring dysfunctional DNIC 
expression. The fact that local spinal NRIs are sufficient to 
restore DNIC suggests that a serotoninergic component is 
likely involved in both the spinal and supraspinal mechan-
isms necessary for functional DNIC expression.

Finally, other agents like celecoxib, a cyclooxygenase type 
2 (COX2) inhibitor, given orally, did not restore DCN in 
PSNL nor in late stage OA rats.16 Systemic pregabalin (an 
analgesic acting on voltage-gated calcium channels (VGCCs) 
inhibiting calcium currents and de facto the release of neuro-
transmitters) also failed to restore DNIC and DCN expression 
in the late stage OA model and in an injury model of peripheral 
neuropathy.16,41

Precisely, noradrenergic mechanisms are essential for the 
proper functioning of the DNIC pathway. A clear investigative 
focus on the reciprocal connectivity of brainstem noradrener-
gic nuclei with respect to their functionality upon conditioning 
is crucial to delineate the hierarchy of nucleus contributions to 
this unique type of inhibitory control. The effects of other 
modulators appear to depend on 1) local levels in the transmis-
sion system, where the observed effect itself changes accord-
ing to receptor subtype(s) preferentially activated and/or 2) the 
circuitry modulated in the pain neuroaxis, where an immedi-
ate-future research focus on the precise forebrain modulation 
of the DNIC pathway is of high interest. In all instances, 
pharmacological modulatory mechanisms are impacted by 
disease state highlighting the importance of studying the 
DNIC/DCN circuitry in health as well as disease.

Conclusions
While many systems are involved in the final expression status 
of DNIC and/or DCN (where overlapping commonalities are 

under investigation), not all have been pharmacologically 
tested. Despite many studies, question marks remain regarding 
peripheral versus central mechanisms of action for the opioids 
as well as the modulatory role of serotonin, likely not to be 
a direct mediator of DNIC at least. This links to difficulties 
interpreting the spinal versus supra-spinal mechanisms of 
substance action, where the overlapping features of the circui-
tries involved in, for example, the descending effector and 
executive system, means that teasing apart functionality using 
pharmacology is difficult.
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