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Abstract
This paper postulates that all forms of the neurological movement disorder, dystonia, can be argued
to reflect excessive function of one or more components of the brain postural system. This is based
on four central arguments. First, because some forms of postural control are already known to be
dynamic, rather than static, it is suggested that hyperkinetic dystonias reflect excessive function of
dynamic postures, rather than abnormal movements. Second, the range of functional roles served by
the postural system is hypothesized to include direct control of movement, suggesting a postural
basis for task-specific dystonias. Third, by defining posture as a neural system that maintains body
stabilization, it can be shown that the range of mechanical means of implementing stabilization,
including co-contraction of antagonistic muscles, matches the range of presentations of dystonia.
Fourth, it is shown that the above premises are able to account for previously unexplained
observations in dystonia. Based on the inhibitory influence that stabilizing mechanisms exert on
movement, it is suggested that the broad functional role that is here referred to as posture may be the
function served by the indirect pathway of the basal ganglia. Specifically, it is proposed that this
pathway centrally coordinates function of the distributed network of brain regions controlling posture
and, in conjunction with the direct pathway, coordinates posture and movement.
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I. Introduction
Motor control at the neural systems level, and particularly as it is modulated by the basal ganglia
(BG), is traditionally thought to be achieved via a balance of excitation and inhibition of
competing motor programs [1–3]. This model has been applied to explain function of the direct
versus indirect pathways of the BG, which are thought to activate versus inhibit movement,
respectively [4]. This model has also been used to guide hypotheses about motor control
generally, and to describe the neural basis for some neurological movement disorders.
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This paper presents an alternative view that motor control may be achieved by complementary,
but opposing forces of two distinct neural systems: one for movement and another for posture.
This is argued based on the hypothesis that our current view of what constitutes the brain
postural system can be expanded in such a way as to build simpler models for motor control
and movement disorders. This alternative view supports the notion that all forms of the
movement disorder, dystonia, can be viewed as an abnormal amplification of one or more
components of the brain postural control system. It also suggests that the indirect pathway of
the BG modulates activation of postural programs, rather than directly inhibiting movement;
it is just that postural function as defined here can have an inhibitory influence on movement.

Why are alternate/revised models needed?
While the concepts proposed here have implications for all aspects of our understanding of
motor and postural control, they were specifically driven by the need for improved models for
dystonia. Current models for dystonia fail to explain fundamental features of the disorder. For
example, dystonia sometimes manifests as abnormal or amplified “movements” and current
models suggest this may result from abnormal co-activation of competing motor programs,
especially when the symptoms are triggered by a specific movement or motor skill [5].
However, dystonia can also present as static (i.e. hypokinetic) postures, often in the same
individuals who present with dynamic (i.e. hyperkinetic) symptoms [6]. So what makes us call
each of these dystonia and do they have neural mechanisms in common? The conceptual model
proposed here suggests that the reason we classify hypo- and hyperkinetic dystonias as a single,
stereotyped symptom is that they each reflect abnormalities within the same functional neural
system. The kinetic heterogeneity of symptoms reflects the fact that this system exhibits a range
of static to dynamic features.

Another puzzling feature of dystonia is that this symptom can be associated with abnormal
function and/or lesions at multiple sites across the sensorimotor system, including the BG
[7], the cerebellum [8], the brainstem [9] and sensorimotor cortex [10]. Based on this, it is now
becoming accepted that dystonia is a heterogeneous disorder which can arise from a number
of different genetic and anatomical brain abnormalities [11]. What is argued here, however, is
that although there is clinical and mechanistic heterogeneity across dystonias, homogeneity of
the disorder can, indeed, be found at the systems level.

Finally, dystonia is thought to sometimes arise from a disorganized brain sensorimotor system,
as suggested by studies showing evidence for impaired sensorimotor integration [12] and
disorganized somatotopy [10] in patients with the disorder. However, why would such a highly
stereotyped symptom arise from disorganization? The conceptual model proposed here argues
that it is not functional disorganization which causes dystonia but, instead, hyperactivity within
an inherently complex functional neural system whose function is normally highly subtle and
often automatic (i.e. non-volitional).

In sum, dystonia is stereotyped clinically, but mechanistically heterogeneous. This suggests
that we have the intuition to classify all dystonias as the same type of symptom because they
all reflect a “hit” to a single functional neural system: the postural control system. Below, the
case is made that a distributed brain postural system that includes dynamic (i.e. motor-related),
as well as static components, is one of the “missing links” in our understanding of what all
dystonias have in common. In order to make this case it is necessary both to consider broadening
the scope of what we classify as postural control, and to integrate these ideas and aspects of
the existing postural literature with the movement disorders literature.

It is important to emphasize that the general concepts put forth in Section II are not dependent
on the specific mechanisms suggested in Section III. The goal is to outline a flexible,
conceptual, systems-level model for postural control and for dystonia, and then to show that
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there are indeed pieces of existing literature which can be brought together to hypothesize at
least one way in which the conceptual model might be physiologically feasible.

II. Rationale for expanding the functional domain of postural control and how
this gives us insights into motor control and dystonia
From existing literature about postural function: Posture stabilizes the body, and can be
either static or dynamic in nature

Research investigating brain control of body posture has focused on postural function in
relation to (a) body position and orientation in space and (b) maintaining balance, particularly
during movement [13–15]. Each of these functions exerts a stabilizing effect on the body.

Posture can be dynamic, as well as static—Despite the fact that postural function
stabilizes the body and that there are tonic components of postural control, particularly to
maintain normal muscle tone at rest, it is recognized in the posture literature that postural
control involves dynamic, as well as static components [13]. For example, the programs
controlling compensatory adjustment of posture in relation to balance, both during quiet stance
[16] and during movement, [14] must be dynamic and reactive. Taking into account the
potential for postural control to be dynamic, it is argued here that one must consider that some
disorders appearing to manifest as abnormal movements (e.g. hyperkinetic dystonias) might
instead manifest as abnormal function of dynamic postures.

Neural control of posture—Regions known to be involved in postural control include the
spinal cord, brainstem, cerebellum, and vestibular nuclei [17]. There is also evidence that
sensorimotor cortex, premotor regions, and the BG participate in postural control. The role of
the BG in postural control is of particular interest to movement disorders, given that a number
of movement disorders exhibit postural abnormalities, including dystonia itself. It is also
known that postural control is abnormal in Parkinson’s Disease (PD) [18], in rats with neonatal
dopamine depletion [19] and in hemiparkinsonian monkeys with lesions of the substantia nigra
pars reticulata [20]. Dopamine replacement therapy has been shown to improve background
postural tone in PD patients, but to weaken force generation to resist external displacements
[18]. Horak et al. suggested from this finding that the BG may contribute to each of these two
aspects of postural control. The current article builds on this idea by hypothesizing that the
BG, and specifically the indirect pathway, might provide a central “control station” for all
forms of posture.

How does posture relate to movement?—There are currently two prevailing theories
regarding the functional interaction of posture and movement. One is that movement itself can
be achieved via a trajectory of postural equilibrium points [21], suggesting that movement is
effectively an emergent property of shifts between static postures. Others have argued that
movement and posture are controlled by distinct neural systems which implement separate
functions (movement versus balance and body orientation, respectively) [22,23]. Neither of
these prevailing theories indicates that there might be two distinct functional systems (posture
and movement) which each play an active role in controlling movement.

From a general mechanical/motor control perspective: Why posture might be a direct
component of motor control and exert its effects via co-contraction of antagonistic muscles

As described above, posture is discussed in the literature as a stabilizing function which
maintains body shape and compensates for gravity and movement to maintain balance. From
a mechanical perspective, the best way to achieve stabilization of the body would be either (a)
to simultaneously activate (i.e. co-activate) antagonistic muscles (e.g. stabilization around a
joint or joints) [24], or (b) to maintain sustained contraction of one or more synergistic muscles
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(e.g. stabilization of a particular posture or body position). It is suggested here that all forms
of postural stabilization may be achieved by one or both of these two basic mechanisms and
reciprocally, that such functional/mechanical characteristics may be a hallmark of postural
function. Note that for purposes of simplification the term “antagonistic muscles” is used in a
general way here; this term will be used to refer both to muscles antagonistic to each other in
the context of producing opposing movements (e.g. flexors/extensors), and to opposing left/
right core postural fixators, such as the left/right paraspinal muscles, which must exert forces
in opposite directions simultaneously to maintain stable trunk posture. Note, also, that the term
“co-activation” in is used here to refer both to tonic activity occurring simultaneously in
antagonistic muscles (i.e. resting muscle tone) and to active (phasic) co-contraction of these
muscles. In other words, posture is referred to here from a mechanical perspective, rather than
by the specific muscles involved or the type of activity (tonic or phasic) in these muscles.

It is important to emphasize that when stabilization involves co-activation of opposing muscles,
the postural system’s job is either to recruit both muscles, or to make the addition of antagonistic
muscles when agonists are already active (see discussion of Fig. 1, below). Thus, while the
postural signal itself need not always recruit both agonist and antagonist muscles, co-activation
of opposing muscles is a sure sign that the postural system is functioning.

Some level of postural control, and therefore antagonist muscle activation, is
desired rather than completely inhibited in the local control of movement—Given
the above definition of how posture might be mechanically implemented, might such
stabilizing forces be applied in additional ways, suggesting a broader role for this functional
system? A key element of the conceptual model proposed here is that the component of the
postural system that mediates volitional (as opposed to default) control of body position and
orientation in space also plays a crucial role in the local control of movement, i.e. control of
the moving body part itself. It is currently thought that, given two functionally antagonistic
muscles, when one muscle (the agonist) contracts during a movement, activity in the other
muscle (the antagonist) is centrally inhibited so as not to interfere or “compete” with that
movement [3]. While it is known that movements often involve activity in both agonists and
antagonists in sequence (i.e. over time) [25], it is not thought that these muscles are “active”
simultaneously. Although activity in muscles opposing the movement must be inhibited to
some degree in order to move, it is argued here that this does not necessarily mean that these
muscles must drop out of the picture entirely during movement. Specifically, because
movements must be controlled or “sculpted” locally, and because the same movement can be
controlled to varying degrees, it is proposed that the “control” aspect of motor control is
accomplished by some component of the postural system dynamically (i.e. continually
changing in relation to the trajectory of the movement) modulating activity in antagonist
muscles to “guide” movements.

For example, individual finger movements must be controlled in order for the hand to write
and to react to any unanticipated changes or obstacles of the movement that might not be hard-
wired in the “master” writing program itself. This could conceivably be accomplished by
counteracting the agonist muscle with subtle amounts of activity in the antagonist muscle,
pulling the agonist in the desired direction and fine-tuning the trajectory of movement. Thus,
although the tonic control of antagonistic muscles observed at rest may indeed be inhibited
during movement, dynamic/phasic patterns in the same muscles would take over. In other
words, it is suggested here that neural signals both to move and to mildly oppose the movement
are activated during movement and work as complementary processes to produce what we call
motor control.

In addition to making motor programs flexible, such a dynamic postural system might provide
the equivalent of “training wheels” during motor learning. People tend to perform more
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“stiffly” when first learning a task, and then more fluidly once the task is learned; this is
consistent with the idea that there might be a higher level of postural system activation while
learning a task, with a gradual reduction of activity in this system as the task is learned.

Given the opposing effect that antagonist muscle activation exerts against agonist muscles,
such a system might also play a role in controlling movement speed (i.e. velocity, acceleration,
deceleration and stopping), with higher levels of postural function required locally, as well as
globally, for slow and decelerating movements (a possible explanation for findings by DeLong
[26]). Conversely, since such “movement-controlling” postural signals must work dynamically
along the trajectory of movement, they may themselves appear as movements if they are
abnormally amplified or occur in the absence of the opposing movement (agonist) signal itself,
despite the fact that they are not actually caused by “movement” programs.

As noted above, posture involved in the local control of movement may be implemented by
signals to co-activate agonists and antagonists, distinct from the “movement” signal to the
agonist (Fig. 1A); alternatively, it may only implement muscles antagonistic to a movement
while the movement implements agonists (Fig. 1B). A previous observation of abnormal motor
unit synchronization of antagonistic muscles during dystonia [27] suggests that the former may
be more likely than the latter. In the former case (Fig. 1A) there would be parallel and
simultaneous recruitment of the same agonist muscle by both the “movement” and the
“postural” systems. Because the activity from the two systems would be integrated
peripherally, we would only observe the net effect, not the individual components of the signal.
In either case, there would be a net co-activation of antagonistic muscles during movement,
although normally, the postural muscle activity would be relatively much less than the
movement muscle activity and not noticeable to the eye (Fig 1A, B; “Normal movement”). It
is only when the postural signal is abnormally amplified (e.g. in dystonia) that antagonist
muscle contraction (and thus co-contraction) becomes noticeable (Fig. 1A, B; “Movement with
dystonia”).

Two complementary motor control variables (i.e. posture and movement) are
more efficient than one variable in producing an unlimited range of movements
—It would be inefficient to create a different motor program for each of the infinite number
of movements the body can make, necessitating a “grandmother cell hypothesis” for all
combinations of movements ever made. Instead, it would be much more elegant from a design
perspective to start with fewer master programs which can then be modulated by a distinct, but
parallel, functional system according to ongoing modulatory variables (obstacles, size and
shape of objects manipulated, etc.) which are conveyed to the brain by sensory and vestibular
feedback.

The concept of parallel functional systems for motor control is highly consistent with models
for movement in the kinematics literature, with proposed open- versus closed-loop components
of movement. The open loop component of movement is dependent on centrally generated,
feedforward motor programs, while the closed loop component consists of positional
adjustments made in response to sensory feedback during the movement [28]. Here, it is
proposed that at least some elements of this closed loop component of movement might be
considered part of the closed loop postural system rather than the movement system per se.
The complexity and flexibility of movement would then reside not in the patterns of specific
motor programs themselves, but in the balance and interaction between the movement and the
postural control systems.

The conceptual model therefore argues that elements of both theories of posture/movement
interaction discussed above are correct: The postural system plays a major role in controlling
movements (among other things), but as a dynamic process (rather than shifting of static
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equilibrium points) which functions simultaneously and in parallel with a distinct movement
system.

From the dystonia perspective: Co-contraction of antagonistic muscles and excessive,
sustained agonist activity are salient clues that dystonia reflects amplified postural function

One of the most fundamental features of dystonia is that it often manifests as a co-contraction
of antagonistic muscles [29]. While this could be viewed as the result of a co-activation of
competing motor programs, such co-contraction is precisely what is proposed above as a
fundamental mechanism used to achieve postural stabilization. Other features of dystonia
include excessive and/or sustained contraction of agonist muscles or postural fixators [29].
While these could be viewed as the result of excessive activity in movement programs, such
sustained contraction is the other mechanism proposed above for postural stabilization. Thus,
the range of mechanisms for postural stabilization qualitatively matches the range of symptoms
we call dystonia.

The clinical presentation of dystonia might then be viewed as an over-activation or
disproportionate amplification of the signal in one or more components of the postural control
system. Thus, rather than an inappropriate activation of a movement program, dystonia may
reflect an inappropriate level of activation of an appropriate postural program. The net effect
of this is to block movement, contort posture, or generate what looks like movement, depending
on the specific component of posture affected (see Section III). Thus, it is proposed here that
the systems-level similarity of all dystonias (what makes us call them dystonia) lies in the
abnormal and disproportionate amplification of a discrete functional neural system.

Based on (a) the fact that we already know from the postural control literature that posture can
be dynamic as well as static, and (b) the hypothesis that postural control occurs within a moving
body part, this defines postural components which might underlie hyperkinetic dystonias and
task-specific dystonias, respectively. Each of these types of symptoms has previously been
considered in the movement disorders literature to reflect abnormal movement, rather than
amplified postural function.

Synthesis of the information discussed above
Logic path 1

a. The postural system recruits neural programs required for stabilization.

b. Mechanically, the most effective stabilization could be achieved via concurrent
activity in antagonistic muscles (i.e. co-contraction) or sustained contraction of a set
of agonist (synergistic) muscles.

c. If (1a) and (1b) are true, then it is possible that:

HYPOTHESIS 1: Postural stabilization is implemented by an appropriate level of co-
contraction in antagonistic muscles or by sustained contraction of agonist
(synergistic) muscles.

Logic path 2
a. Dystonia manifests as a high level of co-contraction in antagonistic muscles and/or

excessive and sustained contraction of agonist muscles.

b. If (1c) and (2a) are true, then it is possible that:

HYPOTHESIS 2: Dystonia is a disorder of amplified postural function

Blood Page 6

Biosci Hypotheses. Author manuscript; available in PMC 2009 January 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Logic path 3
a. Hyperkinetic dystonias look like “movements”

b. Although stabilizing in the right context and “dose”, some postural programs are
dynamic, rather than static

c. If (3a) and (3b) are true, then it is possible that:

HYPOTHESIS 3: Hyperkinetic dystonias reflect amplification of dynamic postural
programs, rather than “movements”

An important remaining question not answered by the above logic is how, mechanistically,
static/tonic versus dynamic/phasic components of posture might be implemented and
coordinated. This question is addressed in Section III.

III. Potential mechanisms for coordinating tonic and phasic postural
programs

Section II discussed the potential range of functional roles for postural control. These might
be organized into at least three general types of postural function:

Posture component 1
Ongoing maintenance of resting muscle tone and body shape. These are automatic (i.e. non-
volitional), tonic postural programs that maintain baseline muscle tone and body shape at rest
and background muscle tone during other states. For any given muscle, these programs may
be inhibited when movement-related (i.e. components 2 and 3) postural programs are activated.
The brainstem may contribute to control of this component. Excessive function of this
component may underlie hypokinetic and/or fixed dystonias.

Posture component 2
Phasic postural function for maintaining balance both during static states (e.g. standing) and
during movement. Although these programs may disengage when an individual is completely
at rest and mechanically supported, they are active, at least intermittently, whenever the body
must counteract gravity in any way, such as when standing, sitting, moving, or even when lying
supine for body regions which do not have complete support (e.g. side-to-side head
movements). This component likely exhibits both feedforward (anticipatory, open-loop) and
feedback (reactive, closed loop) control of balance, which might be controlled by the
supplementary motor area and the cerebellum, respectively. Excessive function of this
component may underlie hyperkinetic axial dystonias.

Posture component 3
Phasic postural function involved in actively orienting the body in space, including local control
of movement trajectory and speed, anchoring limbs at the base during skilled motor tasks (e.g.
stabilizing the shoulder while writing), and voluntary maintenance of static postures. Muscle
activity triggered by this component is normally superimposed over and smoothly integrated
with muscle activity related to movement. Primary sensorimotor cortex may contribute to
control of this component. Excessive function of this component may underlie hyperkinetic
dystonias observed within body regions executing a motor skill (e.g. task- or motor skill-
specific dystonias).

Hypo-versus hyperkinetic dystonias—It should be noted that although excessive
function of the tonic postural component would be most likely to cause hypokinetic dystonias,
and excessive function of phasic components would be most likely to cause hyperkinetic
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dystonias, the kinetic characteristics of any given dystonia might deviate from this general rule
depending on the specific sub-component of posture involved and/or the physiology of the
malfunction.

The current Section describes potential mechanisms for implementing and coordinating the
range of functional roles described above for the brain postural system.

Potential role of the BG indirect pathway in coordinating multiple postural components
Given that the BG are connected with other brain regions controlling posture [30–34], this set
of nuclei is well positioned to coordinate different anatomical and functional components of
the brain postural system. The paragraphs below discuss evidence that the indirect pathway of
the BG, specifically, may serve this role.

First, there is evidence that the subthalamic nucleus, which is part of the indirect pathway of
the BG, plays a role in postural control since focal inhibition of this nucleus leads to postural
asymmetries in rodents [35].

Second, dopamine D2 receptor antagonists (e.g. neuroleptics and antiemetics) can cause both
acute [36] and tardive [37] dystonias. If dystonia is a disorder of amplified activity in the
postural control system, then it is not unreasonable to suggest, based on these observations,
that the indirect pathway (which is mediated by D2 receptors) plays a role in controlling
posture.

Third, the indirect pathway is thought to be the component of the BG circuitry that inhibits
movement [4]. From a functional perspective, it is suggested that the mechanisms described
above for stabilization have the potential to work against or prevent movement, although the
inhibition is implemented peripherally and mechanically, rather than via direct central
inhibition of movement programs. If the postural system’s job is to recruit neural programs
required for stabilization, it is possible that this is actually what the indirect pathway does that
makes it appear to inhibit movement. This reasoning leads to a fourth, slightly more speculative,
path of logic:

Logic path 4 (also refers back to logic paths 1–3 in Section II)
a. Co-contraction of antagonistic muscles and sustained contraction of an agonist muscle

can inhibit or slow movement

b. The indirect pathway of the BG is thought to inhibit movement

c. If (4a) and (4b) are true, then it is possible that:

HYPOTHESIS 4: The indirect pathway’s job is to generate signals leading
to co-contraction of antagonistic muscles and sustained contraction of
agonist muscles

d. If (1c) and (4c) are true, then it is possible that:

HYPOTHESIS 5: The indirect pathway mediates postural function

e. If (2b) and (4d) are true, then it is possible that:

HYPOTHESIS 6: Malfunction of the indirect pathway can cause dystonia.

Although activity in the indirect pathway may be sufficient to trigger postural function, it is
may not always be necessary for postural function: given the distribution of this functional
system, postural function (and malfunction) could be generated by regions independent of the
BG. It therefore follows that certain functional abnormalities in any of the brain regions
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controlling posture could potentially lead to dystonia; the type of dystonia would reflect which
region and/or postural component was malfunctioning. However, if there were
pathophysiology in other posture-controlling regions, these functional abnormalities might, in
at least some cases, be perpetuated through the BG as part of the etiology of the resulting
abnormal motor output.

The direct pathway of the BG, in contrast, might encode programmed movements and activate
the muscles required to execute specific learned motor skills. Since the direct and indirect
pathways of the BG are extensively interconnected [38], they are well suited for efficient and
continuous communication between two parallel, but interdependent control systems (i.e.
movement and posture).

Alternative hypotheses for the relative roles of the direct and indirect pathways should also be
considered. For example, fibers in the indirect pathway might control tonic forms of posture
while fibers in the direct pathway control movement and phasic forms of posture. Alternatively,
fibers in the indirect pathway might control closed-loop forms of posture while fibers in the
direct pathway control movement and open-loop forms of posture. The general functional
concept is the same across each of the suggested scenarios, however, and the organizational
principles discussed below could be applied in a similar way to each.

A potential neural mechanism for coordinating tonic and phasic postural programs:
Collateral projections from pallidal output fibers

How, mechanistically, might the indirect pathway activate muscles controlling postural
function both at rest and during movement, given that efferents of the internal pallidal segment
(GPi) are inhibitory, and are thus thought to inhibit movement at rest? It is proposed here that
some of the inhibitory GPi output neurons themselves synapse on inhibitory neurons (or
interneurons) in their target nuclei and thereby exert a net excitatory effect on postural output
during tonic/resting states. Thus, the key to the proposed system from a mechanistic perspective
is the hypothesis that GPi output neurons can activate brain postural programs either via
inhibition of neurons in projection regions or via the removal of such inhibition. Sanger [39]
has previously proposed, in the context of dystonia, that the indirect pathway may have the
potential to both inhibit and facilitate motor-related activity, although in relation to movement
rather than postural function, and via different mechanisms than suggested in the current model.

How might such a mechanism be achieved? Axonal tracing studies in monkeys have detected
arborization patterns of GPi output fibers which seem ideally suited for such a control system.
Parent and colleagues [33] have shown that some of the output neurons of the GPi send
collateral projections to the pedunculopontine nucleus and/or the centromedian nucleus, in
addition to their projection to the motor nucleus of the thalamus (ventral anterior nucleus in
monkey, which corresponds to the ventral tier motor nuclei in humans). Ilinsky and colleagues
[40] have shown that there are axon collaterals which project to different neurons within the
motor nucleus. This included pairs of fibers in which one fiber synapsed on an excitatory neuron
and the other on an inhibitory interneuron. Through the use of such dual (or multiple)
projections, GPi output fibers could exert dual mode (tonic/phasic) control of posture, either
within a nucleus or across nuclei. Note that the BG neural activation patterns themselves need
not be tonic or phasic; this region would only need to act as a gate to activate or inhibit tonic
or phasic programs in other regions controlling posture.

Specifically, it is proposed that, for a given GPi output neuron controlling posture, one
collateral synapses directly on an excitatory neuron that controls phasic, movement-related
posture, while the other collateral synapses on an inhibitory neuron that controls a neuron
exerting tonic control of muscle tone (Fig. 2). The latter might be accomplished either by an
inhibitory neuron that projects to a region that maintains tonic muscle activity [e.g. the
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pedunculopontine nucleus to the medulla [17]; Fig. 2A] or by an inhibitory interneuron within
a region whose output maintains tonic muscle activity (Fig. 2A–C). During low/tonic levels
of dopamine receptor activity in the putamen, GPi inhibitory output neurons would be active
and inhibit phasic postural programs via the first collateral, while simultaneously inducing a
net activation (i.e. disinhibition) of tonic postural programs in the same muscle(s) via the
second collateral. Conversely, when dopamine is released in the putamen, the resulting removal
of GPi inhibition of target nuclei would activate phasic postural programs via the first collateral,
while simultaneously inducing a net inhibition of tonic postural programs in the same muscle
(s) via the second collateral. It is not possible at this time to ascertain whether such a dual effect
would be exerted within a projection nucleus (Fig. 2C) or across nuclei (Fig. 2A, B). However,
given the expected level of complexity required to control multiple components of posture, it
seems likely that both types of mechanisms may contribute.

No matter what the specific “micro-organization” of the system, the GPi output neurons that
send off collaterals provide an ideal mechanism for a dual-mode (tonic/phasic) postural control
system. The suggested mechanism would be efficient since posture both at rest and during
movement would be controlled by toggle switch of a single neuron, meaning there would be
no lag time or additional circuitry required for communication between tonic and phasic
postural systems. Such a set-up would also leave no confusion as to which component of the
system should be active at any given time.

Potential physiological mechanisms for neural “hyperactivity” in dystonia
There are several potential mechanisms for the excessive neural activity proposed to underlie
excessive postural function in dystonia, either within the BG or in other regions controlling
posture. These include a reduction or loss of tonic neural inhibition (e.g. [41], see also Fig. 2),
receptor “supersensitivity” (potentially the basis for findings by Schicatano and colleagues
[42]), long term potentiation, and abnormal increases in synaptic connectivity. It is likely that
the mechanism differs across dystonias, and influences whether a dystonia has the potential to
“remit” or improve cumulatively with treatment.

Because supersensitivity is known to develop in response to reduced innervation of a brain
region [43], such a mechanism provides a potential explanation for patients who experience
both hypokinetic and hyperkinetic dystonic symptoms: If innervation of a region is reduced or
a neurotransmitter system resides at lower than normal baseline tone, leading to hypokinetic
dystonias, this system is also more likely also to have developed receptor supersensitivity and
be hyperactive during a “bolus” of receptor activation, leading to hyperkinetic dystonias. If
supersensitivity is not uniform somatotopically or across hemispheres, hyperkinetic and
hypokinetic symptoms might even manifest simultaneously.

The idea of dopamine receptor supersensitivity is also consistent with the frequent lag-time
(several days to a few months) to maximum effectiveness of L-Dopa treatment in dopa-
responsive dystonia (DRD) [44]. L-Dopa has been shown to reverse receptor upregulation over
weeks after substantia nigra lesions in rodents [45], suggesting that this may account for some
of the effectiveness of L-Dopa in DRD, as well as in other dystonias that respond to L-Dopa.

IV. How the concepts proposed here offer explanations for seemingly
paradoxical or puzzling observations in dystonia

This Section summarizes how the concepts and potential mechanisms proposed in this paper
offer explanations for clinical or neurobiological observations in dystonia which have
previously appeared paradoxical and/or cannot be accounted for by other models for the
disorder.
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The clinical heterogeneity of dystonia
Despite the fact that dystonia can be hyper- or hypokinetic, occur during movement or at rest,
involve co-contraction of antagonistic muscles or excessive contraction of a single agonist
muscle or group of synergistic muscles, the proposed conceptual model argues that each of
these appears to be the same symptom (i.e. dystonia) because each involves excessive function
of some component of the brain postural system. Rather than describing dystonia as a disorder
which sometimes manifests as abnormal movements and other times as abnormal postures, it
might instead be described as a disorder which manifests as excessive recruitment of dynamic
or static postural programs. The precise presentation of any given dystonic symptom will
depend on the product of all of the factors involved, including which postural component(s) is
(are) affected and the anatomy, somatotopy, laterality, and pathophysiology of the abnormality.

The heterogeneity of the genetic and/or pathophysiologic basis for dystonia
The conceptual model described here puts forth, most centrally, that dystonia manifests as
abnormal activity specific to a single, but anatomically distributed, functional neural system.
Given the complexity and distribution of any functional neural system, it is not difficult to
imagine how the system could potentially malfunction due to any number of alterations in this
system at the genetic, anatomic, or pharmacologic levels. A similar concept has been put forth
for Major Depressive Disorder [46].

Varied effects of dopaminergic agents and Deep Brain Stimulation (DBS) on dystonia
Because the proposed conceptual model postulates that postural control programs can be active
during both resting/tonic and active/phasic dopamine states, it suggests that dystonia could
manifest as the result of either abnormally low or abnormally high levels of dopamine release
or postsynaptic activation in neurons controlling posture. This is consistent with the
observation that dystonia can occur after exposure either to dopamine agonists [47] or to
dopamine antagonists [36] and why dopamine antagonists can cause dystonia in some, while
improving dystonia [48] in others. This also suggests why dystonia in PD can be observed both
at peak and at end-dose of L-dopa treatment [49], even within the same individual.

Because the proposed conceptual model predicts that dystonia can manifest either as the result
of too little or too much GPi inhibitory output, this also suggests why DBS is more effective
and/or becomes effective more rapidly in some patients than in others [50]. It also suggests
that stimulation in other brain regions [e.g. putamen, external segment of the GPi, or motor
cortex [51] for “fixed” dystonias] may be more effective for some patients than GPi stimulation.
Finally, it suggests why in some cases stimulation of the GPi can lead to worsening of dystonia
(i.e. if too much GPi output causes the dystonia in the first place).

Hemispheric asymmetries and control of posture versus movement
The kinematics literature has suggested the open loop component of movement is left-
hemisphere dominant, while the closed loop component is right-hemisphere dominant [28]. If
closed loop movement is really a component of postural control, this raises the intriguing
possibility that motor and postural control exhibit opposite hemispheric dominance. A
lateralization of postural control might offer potential explanations for the hemispheric
asymmetry in dopamine D2 receptor upregulation observed in animals with 6-
hydroxydopamine lesions [52], the asymmetry of eyelid blink onset and amplitude observed
in healthy humans [53], and the abnormal microstructural asymmetries previously observed
medial to the GPi in hand and cervical dystonia patients [54].
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Sensory tricks and the role of the somatosensory system in dystonia
One of the most exciting implications of the proposed conceptual model is that it provides a
very logical explanation for the efficacy of “sensory tricks” in improving dystonia. Although
often quite effective in reducing or eliminating dystonic symptoms [55], the mechanism for
such maneuvers has remained largely elusive.

The postural system must rely on sensory feedback from the periphery to constantly update
calculations of required postural support [23]. This includes taking into account sources of
external support, in addition to the position of the body itself [56]. The less external stabilization
available, the more the brain must recruit postural programs to stabilize the body. A sensory
trick may “trick” the brain into believing that there is an increase in external stabilization and
thereby reduce the level of recruitment of hyperactive postural programs. The effects may be
so dramatic because the relevant neurons require a certain threshold of input before they
become hyperactive, so that a sensory trick need only reduce input just below this threshold to
be effective.

A sensory trick may alter the brain’s perception of required postural support in potentially two
ways. First, the application of an upward force against some part of the body (e.g. the head) or
even a simple tactile sensation can transiently “trick” the brain into believing that external
support for the body has increased and that activity in postural programs supporting that region
against gravity or movement can therefore decrease. However, since one can’t actually hold
up one’s own body, the trick only lasts until the brain realizes there is not any real external
support. In contrast, an external support device, such as an orthosis [57], may indeed have
persistent beneficial effects if it is anchored outside the dystonic body region. Second, the very
act of applying one’s own sensory trick with another part of the body (e.g. touching the hand
to the chin) leads to a change in body position. If that new position itself reduces load on the
hyperactive postural muscles, then demand for activity in and subsequent recruitment of these
muscles is also likely to decrease. This component of a trick may lead to more persistent
efficacy because it truly reduces postural load on the affected muscles; it also suggests why
sensory tricks are often more effective when the patient applies them him/herself.

Certain voluntary movements may also reduce dystonic symptoms by reducing demand on the
specific postural program causing dystonia: if the body position or motor task is changed, the
required postural control and compensation will also change. Moving also reduces the
persistence with which any given set of muscles is required to exert postural control and thus
may reduce the recruitment level of affected programs below the threshold for dystonia.

Based on the fact that sensory feedback is more critical for modulating dynamic than static
aspects of postural control, it is likely that dystonias involving tonic aspects of the postural
system (e.g. “fixed” dystonias) would be less likely than phasic aspects to respond to sensory
or motor tricks. However, hyperkinetic dystonias may also be unresponsive to sensory tricks
if the threshold for dystonia is very low and neuronal hyperactivity is severe and persistent.

Impaired sensorimotor integration in dystonia
Previous studies have suggested that sensorimotor integration may be impaired in some forms
of dystonia [12] According to the conceptual model presented here, sensorimotor (or to be
consistent with the model, “sensoripostural”) integration need not be impaired in dystonia in
the sense that there is a lack of communication or wrong information exchanged between the
two systems. However, if the postural system were hyperactive in response to normal sensory
input, the ratio of sensory to postural activity would be distorted. Given that the predicted
impairment is in activation magnitude, it is also possible that a phasic postural program might
be activated instead of a tonic one, or vice versa. In this case, the postural response would be

Blood Page 12

Biosci Hypotheses. Author manuscript; available in PMC 2009 January 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



qualitatively as well as quantitatively incorrect. Such a phenomenon might lead to the loss of
cortical center-surround inhibition previously observed in focal hand dystonia [58].

Impaired motor learning in dystonia
There is also evidence for abnormal motor learning in dystonia [59,60]. The conceptual model
proposed here suggests that motor learning may be impaired at least in part because excessive
postural function interferes with the learning process and/or task performance itself. If, as
suggested in Section II, motor learning is accompanied by increased levels of postural function,
this may amplify or unmask sub-clinically elevated levels of postural function throughout the
body in these individuals, sufficiently to interfere with motor task performance. While
interference may take place primarily at a mechanical level (e.g. making patients more
“clumsy” if a tonic component is overactive, or misguiding movement if the motor control
component is overactive), it may also take place at an attentional/cognitive level if mechanical
interference increases task difficulty.

Visibility and stability of dystonic symptoms
In many patients there may be dystonic activity in muscles which do not appear dystonic if
there is no net deviation from a normal posture (e.g. if opposing axial muscles exhibit similar
levels of dystonia). If “masked” dystonic muscles are overlooked when other muscles are
injected with botulinum toxin, they may continue to cause the patient significant discomfort.
This may be one source of the frequent differences between a clinician’s and patient’s rating
of symptom improvement after injections. Dystonia in these muscles may also be “unmasked”
after such injections in conjunction with the altered balance of muscle activity across the
patient’s body.

In addition, given that the proposal here that the muscles affected by dystonia are muscles used
for stabilization, identifying muscles for botulinum toxin injection based on the muscles known
to move the body in the direction that the dystonia moves the body may be limiting and/or
misleading. The conceptual model predicts that the ability of a muscle to stabilize, in addition
to move, a given body region should be taken into account when considering which muscles
might benefit from botulinum toxin injections.

Dystonias after injury
If dystonia is a manifestation of excessive postural function, and postural function has a
stabilizing effect, this suggests one potential reason that dystonias sometimes develop after an
injury. Injury may signal the brain to generate greater stabilization of the body part itself or
even of the body overall as a protective mechanism, such as after back injuries when many
individuals require muscle relaxants in addition to analgesic medications. In some cases,
however, this increased demand on the postural system may trigger an over-facilitation of this
system which then persists in the form of dystonia. The higher frequency of “fixed” dystonias
after injury than hyperkinetic dystonias [61] suggests that such stabilization may be
implemented by the tonic postural component, which seems logical given that it would maintain
the most constant level of stabilization.

V. Potential relevance of the conceptual model to other movement disorders
The range of function described here for the brain postural system also offers potential
explanations for the broad spectrum of symptoms across movement disorders more generally.
For example, ballism may be the opposite of a “fixed” dystonia, representing a reduction or
loss of resting postural tone, while tremor may reflect an “unstable” postural program within
a single component of posture. Since tremor usually is observed during only one type of kinetic
or postural state, and disappears when the individual switches to another state [32], this
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symptom provides evidence for the mutually opposing mechanisms of tonic versus phasic
components of posture hypothesized here, i.e., that these components cannot function
simultaneously in any given muscle. The range of symptoms in PD also likely reflects
malfunction of postural, in addition to movement, systems. For example, PD patients may have
difficulty initiating movement not only because of reduced function in movement programs,
but also because they must first counteract abnormally high levels of tonic/resting postural
function.

Tics and chorea, in contrast, may reflect amplified function of “movement” programs.
However, the sensory urge that usually precedes tics, and its reduction with botulinum toxin
injections (which reduce muscle tone) [62], suggests that the tic itself (i.e. the movement) might
be driven by an attempt to inhibit and thereby relieve abnormal focal increases in resting
postural tone.

VI. Conclusions and future implications of the conceptual model
The conceptual model presented here proposes organizational principles of postural and motor
control which aim to integrate existing knowledge about these systems at the mechanical,
clinical, and neurobiological levels. Most specifically, the model aims to define what all
dystonias may have in common, while offering explanations how and why the causes and
manifestations of this set of disorders can be so heterogeneous. The ideas presented here are
intended to establish a framework which will drive future hypothesis testing and refinement
of the model. It is hoped that the resulting knowledge will improve our understanding of basic
mechanisms for postural and motor control and guide development of new treatments for
disorders affecting these systems.
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Figure 1.
Schematic diagrams of movement system versus postural system contributions to the total
activity in agonist and antagonist muscles during movement as proposed by the conceptual
model, during healthy movement and movement with dystonia. (A) and (B) show schematic
representations of relative amounts (numbers are arbitrary and unit-less) of neural activity
transmitted to agonist and antagonist muscles by the movement system (blue numbers) and the
postural system (orange numbers) during “Normal movement” (left column) and “Movement
with dystonia” (right column). In scenario (A) the postural system is depicted as recruiting
both agonists and antagonists. In scenario (B) the postural system is depicted as recruiting only
muscles antagonistic to the movement. In either scenario, an abnormally amplified postural
signal (i.e. in dystonia) yields similar amounts of activity in both agonist and antagonist muscles
(i.e. co-contraction).
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Figure 2.
Pallidal output fiber arborization patterns in monkeys could support a system that activates (or
disinhibits) postural system function whether or not these inhibitory output neurons are active.
Some of the output neurons from the internal segment of the pallidum (GPi) in monkeys have
been shown to send off collaterals that project to regions other than the motor thalamus (ventral
posterolateral nucleus [VPL] shown here for humans; data is from ventral anterior nucleus in
monkeys). These regions include (A) the pedunclopontine nucleus (PPN) and (B) the
centromedian nucleus of the thalamus (CM) [33]. Collaterals are also sent off (C) within the
motor nucleus of the thalamus [40]. Orange lines indicate pathways controlling posture; blue
lines indicate pathways controlling movement. Solid arrows indicate neurons which are active/
disinhibited when GPi inhibition is tonically active (i.e. in the absence of dopamine-induced
activation of putamen output neurons) and inhibited when this inhibition is removed (during
dopamine-induced activation of putamen output neurons). Dotted arrows indicate neurons that
are inhibited when GPi inhibition is tonically active and active/disinhibitied when this
inhibition is removed.
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