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Abstract

Restlessness is a core symptom underlying restless legs syndrome (RLS), neuroleptic-induced akathisia, and opioid withdrawal.
These three conditions also share other clinical components suggesting some overlap in their pathophysiology. Recent prospective
studies demonstrate the frequent incidence of RLS-like symptoms during opioid withdrawal and supervised prescription opioid
tapering. Based on the therapeutic role of p-opioid receptor (MOR) agonists in the three clinical conditions and recent preclinical
experimental data in rodents, we provide a coherent and unifying neurobiological basis for the restlessness observed in these three
clinical syndromes and propose a heuristic hypothesis of a key role of the specific striatal neurons that express MORs in akathisia/
restlessness.
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Statement of Significance

We analyze the significant overlap between the symptomatology and pharmacology of the restlessness of restless legs syndrome,
neuroleptic-induced akathisia, and opioid withdrawal. Their significant common dependence on opioid mechanisms allowed us
to establish a unifying neurobiological hypothesis and postulate a key role of the specific striatal neurons that express p-opioid
receptors in the restlessness associated with the three clinical conditions.
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Introduction

Restless legs syndrome (RLS) is a common neurological disorder
affecting between 2.5% and 15% of the general population [1].
Four key clinical symptoms have been described as necessary
characteristics for RLS diagnosis. These include an uncontrollable
need or urge to move the legs, often associated with an uncom-
fortable or unpleasant sensation in the legs (essential feature 1),
that is induced by rest or decreased arousal (essential feature 2)
in a circadian-dependent manner (decreased symptomatology in
the morning, and increased symptoms in the evening and first
half of the sleep cycle; essential feature 3), and that is substan-
tially relieved by movement, standing, walking, or an increase
in attention or arousal (essential feature 4) [2]. “Idiopathic” RLS
(henceforth denoted as RLS) includes the four basic clinical cri-
teria but also excludes confounding conditions: leg cramps, posi-
tional discomfort, local leg injury, arthritis, leg edema, venous
stasis, peripheral neuropathy, radiculopathy, habitual foot tap-
ping, myalgia, anxiety, and drug-induced akathisia [2]. The first
known recorded medical description of RLS appears to have been
by Sir Thomas Willis in 1672 [3]. Karl Ekbom, in 1944 [4], is cred-
ited with defining the four basic criteria of RLS and, in later pub-
lications, further elaborating on broader clinical features [5, 6].

The term akathisia (from Greek, “inability to sit”) was coined
by Ladislav Haskovec in 1901 [7] to describe the symptoms in two
patients who were unable to sit and who compulsively needed to
move to relieve a sensation of “jumping.” Although the description
of the two patients by Haskovec could today potentially fit the
diagnosis of RLS, the term “akathisia” has become synonymous
with neuroleptic-induced akathisia (NIA), which was recognized
in the early 1960s to be one of the most common and distressing
side effects of neuroleptic medication (for a historical overview,
see [8]). There are clinical similarities between the restlessness
observed in an RLS patient and that observed in those with NIA
(described below), and several cases of RLS have been diagnosed
as secondary to neuroleptic treatment, with symptoms subsiding
upon drug withdrawal (reviewed in [9]).

“Restlessness” is also a common symptom of opioid with-
drawal and is an essential domain in a variety of clinical opi-
oid-withdrawal scales (CINA, COWS, OOWS, and SOWS) [10-12].
Several recent case reports and clinical studies have described
this opioid-withdrawal “restlessness” as “RLS symptoms,” as the
patients fulfilled the four essential diagnostic criteria for RLS dur-
ing their opioid withdrawal or taper. In a retrospective analysis
of 120 patients with opioid use disorder (OUD), Scherbaum et al.
found 15 patients who spontaneously reported transient symp-
toms of RLS during detoxification [13]. This prevalence is most
likely an underestimate; however, a systematic interview of all
patients had not been undertaken. In a prospective study of 124
patients with OUD during detoxification withdrawal, 50% fulfilled
the four essential clinical criteria of RLS [14]. Similar results were
later reported in another study with 19 patients with OUD under
detoxification withdrawal [15]. A more recent prospective study
of 97 patients with chronic pain who underwent supervised pre-
scription opioid tapering found that 35% of the patients devel-
oped de novo symptoms of RLS [16].

Here we analyze the brief literature that addresses similarities,
as well as differences between RLS, NIA, and opioid-withdrawal
restlessness, and their pharmacological approaches, stressing
the significant therapeutic effect of p-opioid receptor (MOR) ago-
nists in the three clinical conditions. We then posit that their
similar features stem from common opioid-moderated neuronal
mechanisms and propose a heuristic hypothesis of a key role

of the specific striatal neurons that express MORs in akathisia/
restlessness.

Phenotypic and Pharmacological
Comparison of RLS, NIA, and Opioid-
Withdrawal Restlessness

In an early description of three cases, Blom and Ekbom concluded
that NIA described in the literature, as well as that seen in their
patients, may be “extremely like RLS,” but with some differences,
such as restlessness that is not constrained to the legs, and less
circadian dependence [17] (Figure 1). Even periodic leg move-
ments during sleep (PLMS), an RLS clinical feature (“the motor
sign of RLS”) that contribute to sleep disruption in this syndrome
[1], can be observed in some patients with NIA, although much
less frequently and (when present) with many less movements
than in patients with RLS [18].

Iron provides another convergence between RLS and NIA
(Figure 1): low iron levels or frank iron deficiency is one of the
major environmental factors associated with triggering or wors-
ening RLS symptoms [19]. A recent meta-analysis has shown a
relationship between low iron and risk of developing NIA [20].
On the other hand, RLS and NIA have distinct pharmacological
responsiveness. For instance, propranolol, which has no clinical
benefits in RLS, is commonly used as a first-line treatment for
NIA. Mirtazapine (a serotonin 5-HT,, receptor antagonist), which
may aggravate RLS, has been shown to be of value in treating
NIA, but at higher doses, can worsen NIA symptoms [21].

Even though a significant proportion of patients with opi-
oid-withdrawal restlessness fulfill the main diagnostic criteria of
RLS [14, 16], to the best of our knowledge, no attempts have been
made to characterize in detail the phenotypic similarities and
differences between these types of restlessness. Nevertheless, a
need to move that occurs when at rest, improves with movement,

Clinical Components of Akathisia/Restlessness
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Figure 1. Putative representation of the distinctive and shared clinical
components of akathisia/restlessness of RLS, NIA, and the opioid-
withdrawal syndrome (OWS). In RLS the restlessness is generally
localized in the legs (focal), while in NIA and OWS is usually more
generalized (non-focal) and does not show dysesthesias. RLS has

a circadian component, shared with OWS, and sensitivity to low
peripheral iron levels, shared by NIA. PLMs are predominant in RLS, and
an anxiety component is present in OWS. Finally, the three distinctive
neuropsychiatric conditions share as a common component the
therapeutic response to opioids.



and is worse at night appears to be present in both conditions,
while a component of anxiety is commonly present in the rest-
lessness of opioid withdrawal (Figure 1) [10-12]. Furthermore,
there are common effective treatments for opioid-withdrawal
restlessness and RLS, which is integral to gaining an under-
standing of the two conditions’ potential neurobiological over-
lap. RLS is effectively treated with agonists of dopamine D,-like
receptors (which include D,, D, and D, receptor subtypes, here
abbreviated D,R, D.,R, and D,R) and a,d ligands, as well as MOR
agonists [22]. The D,-like receptor agonist pramipexole and the
a,d ligand gabapentin have also been reported to be effective in
opioid-withdrawal-induced restlessness [23, 24]. The effective-
ness of opioids in treating RLS and brain autopsy studies have
led to the proposal that intrinsic deficits in the opioid system
underlie RLS [25]. Finally, the opioid codeine has been reported
to be effective in reducing NIA [26], altogether supporting shared
neuronal mechanisms for NIA, RLS, and opioid-withdrawal rest-
lessness, involving opioid-moderated brain circuits (Figure 1).
Although other forms of NIA (e.g. tardive akathisia or akathisia
with drug withdrawal) do occur, the clinical entity for which a
comparison appears feasible is acute drug-induced akathisia. In
fact, a second analysis of the study with codeine suggested that
the least responsive patients with tardive akathisia [27], in which
symptoms appear upon prolonged treatment with neuroleptics
and, different from acute NIA, persist after the neuroleptic treat-
ment is withdrawn.

Aiming at a Common Neuronal Mechanism
of Akathisia/Restlessness in RLS, NIA, and
Opioid-Withdrawal Restlessness

The striatum is the main input structure of the basal ganglia,
which can be subdivided into two major functional compart-
ments: the dorsal striatum (caudate and putamen), innervated
by the dopaminergic neurons of the substantia nigra pars com-
pacta (SNpc), and the ventral striatum (nucleus accumbens),
innervated by the ventral tegmental area (VTA) [28, 29]. There are
two types of striatal GABAergic efferent neurons, which express
different subtypes of dopamine receptors and project to different
basal ganglia nuclei. Those are the striatopallidal neuron, which
expresses D,Rs, and the striatonigral neuron, which expresses
D,Rs (Figure 2). In the dorsal striatum, the striatopallidal neuron
projects to the external segment of the globus pallidus (eGP; glo-
bus pallidus in rodents), and in the ventral striatum, it projects
to the ventral pallidum (VP) [28, 29]. The striatonigral neuron of
the dorsal striatum projects to the internal segment of the glo-
bus pallidus (iGP; entopeduncular nucleus in rodents) and to the
SNpc or the substantia nigra pars reticulata, and it also projects
to the VP and the VTA in the ventral striatum (Figure 2) [28, 29].
Postmortem studies and results from CSF analysis and imag-
ing studies (positron emission tomography and single-photon
emission computerized tomography) indicate the existence of a
presynaptic hyperdopaminergic state in RLS, with an increased
synthesis of dopamine and synaptic dopamine by the dopamin-
ergic cells that innervate the caudate and putamen (dorsal stria-
tum), with a possible secondary downregulation of dorsal striatal
D,Rs [30-32]. This may create an imbalance in the normal dopa-
minergic receptor activation of the striatonigral and striatopalli-
dal neurons, with increases in presynaptic synthesis and release
of dopamine promoting a preferential activation of postsynap-
tic D,Rs versus D,Rs. The presynaptic hyperdopaminergic state
has been reproduced in the iron deficiency rodent model of RLS,
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which also showed striatal D,R downregulation and, in addition, a
significant downregulation of adenosine A, receptors (A Rs) in the
brain [33]. Importantly, A Rs do not only mediate the brake that
adenosine imposes on striatal glutamate release and on dopa-
mine synthesis and release (which is dependent on glutamate
release), but also on D R signaling (through A R-D R complexes
or heteromers). A R downregulation therefore provides a putative
mechanism for the presynaptic hyperdopaminergic state and for
an increased dopaminergic sensitivity of the striatal GABAergic
neurons that express D Rs [34, 35]. It has then been proposed that
the akathisia of RLS is mostly mediated by presynaptic and post-
synaptic mechanisms that promote an increased activation of
the striatal GABAergic neurons that express D,Rs [36] (Figure 2).
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Figure 2. Scheme of cortical-striatal-pallidal-thalamic and cortical-
striatal-pallidal-habenular basal ganglia circuits. Glutamatergic,
GABAergic, and dopaminergic neurons are represented in green, red,
and blue, respectively. D,R and D,R represent two main subtypes of
striatal GABAergic neurons, the striatonigral and the striatopallidal
neurons, expressing dopamine D, receptors (D,Rs) and dopamine D,
receptors (D,Rs), respectively. The GABAergic striosomal D,R-MOR
neurons are represented in black. It is postulated that an imbalance

in the normal dopaminergic receptor activation of the D,R and D,R
neurons and the specific increased activation of the striosomal D, R-
MOR neurons, leading to inactivation of the pallidal-habenular neurons,
mediates the akathisia/restlessness in RLS, NIA, and opioid withdrawal
(see text). In NIA, this is dependent on an increased dopamine release
(a), secondary to autoreceptor blockade, and a concomitant blockade
of postsynaptic D,Rs (b). In RLS, there is also an increased dopamine
release (a), secondary to glutamate release, a downregulation of D,Rs
(b), and a concomitant increase in D,R sensitivity (c). With opioid
withdrawal, there is no presynaptic component, but a significant
increase in the sensitivity of the striosomal D,R-MOR neurons (c).
Abbreviations: eGP/VP, external segment of the globus pallidus/ventral
pallidum; iGP, internal segment of the globus pallidus; IHb, lateral
habenula; rmTg, rostromedial tegmental nucleus; SNpc, substantia
nigra pars compacta; SNpr, substantia nigra pars reticulata; VTA,
ventral tegmental area. For simplification, the indirect connection of
the GPe to the GPi and SNpr through the subthalamic nucleus is not
included. Also, only the cortex is shown as an input to the striatum,
but it also receives inputs from the midline and intralaminar thalamic
nuclei, and the ventral striatum also receives inputs from the
hippocampus and amygdala.
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To understand the paradox of the efficacy of low doses of D,-
like receptor agonists (pramipexole, ropinirole) in RLS, as well
as the paradox of the restlessness of NIA, which is generally
accepted to be mediated by D,R receptor blockade and should
therefore be expected to promote motor depression, we need
to turn to the dopamine autoreceptors. These are D,-like recep-
tors (mostly of the short isoform of the D,R, or D,R, and the D,R
subtypes) that are localized at the somatodendritic level and
in the nerve terminals of dopaminergic cells and exert a strong
inhibitory control on their ability to synthesize and release dopa-
mine [37-40]. Dopamine autoreceptors mediate the classically
described decreased locomotor activity in rodents induced by
low doses of nonselective D,-like receptor agonists, as well as the
locomotor activation induced by low doses of D_R antagonists [41,
42]. Low doses of D,-like receptor agonists preferentially activate
dopamine autoreceptors versus postsynaptic D,Rs (mostly of the
long isoform of the D,R, or D, R [37]), counteracting the presynap-
tic hyperdopaminergic state of RLS [36, 42, 43]. On the other hand,
their blockade by neuroleptics promotes dopamine synthesis and
release [40-44], which should preferentially activate postsynaptic
D, Rs, since a significant proportion of postsynaptic D,R are con-
comitantly blocked. Therefore, the same as for the akathisia of
RLS, it has been proposed that NIA depends on presynaptic and
postsynaptic mechanisms that promote an increased activation
of the striatal GABAergic neurons that express D,Rs [36] (Figure
2).

There is still another level of complexity in the striatal archi-
tecture, the matrix, and striosomes (or patches) sub-compart-
ments [29, 45]. A classical distinction of the striosomes is their
high density of MORs, which are practically absent from the
matrix [46]. Both sub-compartments contain the two subtypes of
GABAergic efferent neurons, but MORs are mostly expressed by
the striatonigral neuron of the striosomes, the striosomal D R-
MOR neurons [47, 48]. Another important distinction between
the matrix and striosomes sub-compartments is the differential
projections of the striatonigral neuron. The matrix striatonigral
neuron projects to the GABAergic neurons of the substantia nigra
pars reticulata and the GPi, while the striosomal D,R-MOR neu-
ron projects specifically to glutamatergic neurons of the iGP or VP
and to the dopaminergic neurons of the SNpc and VTA (Figure 2)

[47-50].
Akpinar (1987) was the first to propose an opioid-dopaminer-
gic interaction in RLS: “. . . disturbance in the dopamine system

is primary whereas dysfunction in the system of opioid peptides
may be secondary .. " [51]. We hypothesize that the striosomal
D R-MOR neurons that project to glutamatergic neurons of the
GPi (and possibly the VP), which are known to be involved in
arrest and withdrawal from aversive stimuli [49, 50], represent
a key neuronal target of the opioid-dopaminergic interactions
that underlie akathisia/restlessness. The iGP/VP glutamatergic
neurons project to glutamatergic neurons of the lateral habe-
nula, which innervate GABAergic neurons of the rostromedial
tegmental nucleus, which finally innervate and tonically inhibit
the dopaminergic cells of the SNpc/VTA (Figure 2). Activation
of the pallidal-habenular neurons leads, therefore, to inhibition
of the dopaminergic neurons, which leads to arrest behavior. A
recent study in mice [48] demonstrated that acute activation of
MORSs in the nerve terminals of the striosomal D,R-MOR neurons
of the dorsal striatum inhibits their GABA release in the iGP, while
the withdrawal from chronic opioid treatment leads to sensitiza-
tion of the striosomal D,R-MOR neurons and increased iGP GABA
transmission, leading to inactivation of the pallidal-habenular

neurons, which we postulate underlies akathisia/restlessness.
With the present hypothesis, nevertheless, we need to assume
that an increased activation or sensitivity of the striosomal D, R-
MOR neurons should provide a predominant excitatory effect on
SNpc (and possibly VTA) dopaminergic neuronal activity medi-
ated by the inactivation of pallidal-habenular neurons, over their
potential inhibitory effect mediated by their direct innervation of
the dopaminergic neurons (Figure 2).

Conclusion and Future Directions

The three clinical conditions, RLS, NIA, and opioid-withdrawal-in-
duced restlessness, have phenotypic similarities but also distinc-
tions. We propose that their similar features stem from common
neuronal mechanisms. Based on converging clinical data indicat-
ing a significant role of opioids in the treatment of RLS and NIA
and on recently reported RLS-like symptoms during opioid with-
drawal and supervised prescription opioid tapering [14-16], and
recent preclinical experimental data in rodents [48], we propose
the heuristic hypothesis of a key role of the striosomal D,R-MOR
neuron in akathisia/restlessness. This hypothesis can be tested in
animal models of RLS [43, 52] and opioid-withdrawal syndrome
[48] as well as in animals acutely treated with D,R antagonists.
These studies could then provide a more coherent and unifying
neurobiological basis for the restlessness observed in these three
clinical syndromes. Figure 1 shows a still putative representation
of the distinctive and shared clinical components of akathisia/
restlessness of RLS, NIA, and opioid withdrawal. Future studies
should consider more careful, comparative phenotyping, as well
as comparative pharmacologic treatment responses, to better
clarify those distinctions and similarities [53-55]. Finally, objec-
tive measures used in RLS, such as the suggested immobilization
test or PLMS, may provide further understanding of these pheno-
types [53].
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