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Abstract

Freezing of gait (FOG) is a common and debilitating, but largely mysterious, symptom of
Parkinson's disease. In this review, we will discuss the cerebral substrate of FOG focusing
on brain physiology and animal models. Walking is a combination of automatic movement
processes, afferent information processing and intentional adjustments. Thus, normal gait
requires a delicate balance between various interacting neuronal systems. To further
understand gait control and specifically FOG, we will discuss the basic physiology of gait,
animal models of gait disturbance including FOG, alternative etiologies of FOG and
functional magnetic resonance studies investigating FOG. The outcome of these studies
point to a dynamic network of cortical areas such as the supplementary motor area, as well
as subcortical areas such as the striatum and the mesencephalic locomotor region (MLR)
including the pedunculopontine nucleus (PPN). Additionally, we will review PPN (area)
stimulation as a possible treatment for FOG, and ponder whether PPN stimulation truly is the

right step forward.

Abbreviations:

CLR = cerebellar locomotor region; CNF = cuneiform nucleus; DBS = deep brain stimulation;
FOG.= Freezing of gait; MLR = Mesencephalic locomotor region; MTPT = 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine; PPN = pedunculopontine nucleus; PM = premotor area; SLR
=subthalamic locomotor region; SMA = supplementary motor area; SNr = substantia nigra

reticulata
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Introduction

Patients with Parkinson’s disease (PD) often experience debilitating episodes of freezing of
gait (FOG), during which their feet feel ‘glued to the floor’" 2. FOG is defined “as a brief
episode during which patients find it impossible to generate effective forward stepping
movements, in the absence a cause other than parkinsonism or higher cortical deficits. It is
most-commonly experienced during turning and step initiation, but also when faced with
special constraint such as a doorway, stress and distraction. Focused attention and external
stimuli'(cues) can overcome the episode. Because of its sudden and unpredictable nature,

FOG often leads to falls and injuries.”

FOG presents itself in different phenomenologies.
There are three subtypes: shuffling with small steps, trembling in place without forward
movement, or total akinesia*. In addition, the effect of special constraints (such as going
through doorways or stress) differs between patients. It remains an open question whether
these phenomenologies are the result of different severity or represent different
pathophysiologies. Most commonly FOG occurs in the OFF state, and may well be levodopa-
responsive. However, the relationship with dopaminergic medication is complex, and as the
disease progresses levodopa resistant FOG may develop. Paradoxically, sometimes FOG is
even induced or worsened by dopaminergic medication.® Freezing of upper limbs and of
speech is correlated to FOG and bears remarkable spatiotemporal similarity; however, the
added postural component renders FOG a distinct phenomenon. In this review, we will
address the physiology of levodopa-responsive and levodopa-resistant FOG. We will discuss
the current knowledge of the cerebral substrate of FOG as can be garnered using animal
studies, animal and human ‘models’ of FOG and functional brain imaging. Although FOG can
be seen in various diseases such as PD, multiple system atrophy, progressive supranuclear
palsy or vascular disease, we will focus on FOG in PD.

Normal walking would seem to demand little attention. However, in actuality it is a complex
task requiring a delicate balance between various interacting neuronal systems®. It
necessitates not only automatic movement processes involving stepping and balance, but

also attention, afferent information processing and intentional adjustments®®.
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To further understand gait control and specifically FOG, we will first discuss the normal
physiology of gait based on animal studies. Second, we will review animal models of gait
disturbance including FOG. Next, the implications of alternative etiologies of FOG are
discussed. We will show how functional magnetic resonance studies investigating FOG give
insight'to its physiology. The outcome of these animal and human studies point to the
importance of cortical areas such as the supplementary motor area, as well as subcortical
areas such as the striatum and the mesencephalic locomotor centre including the
pedunculopontine nucleus (PPN). Last, we will review PPN stimulation as a possible

treatment for FOG.

Basic physiology of gait based on animal studies

Lesioning studies have taught us important lessons concerning the cerebral control of
locomotion. Multiple cat studies have used decerebration in which input from the brain is
eliminated by cutting across different levels of the brainstem®. It has been shown that a

decerebrate cat can still walk, trot and gallop. When the decerebration is made at

precollicular-postmammillary level, the cat initiates locomotion only with electrical or chemical
stimulation applied to the mesencephalic or midbrain locomotor region (MLR)". However, if
the neuraxis is transected slightly higher at the precollicular and premammillary level, cats can
spontaneously elicit locomotion with well-coordinated postural control, accompanied by
largely appropriate equilibrium control®. Therefore a critical region exists between these
decerebrate levels. This area is recognized as the subthalamic locomotor region (SLR), which
mostly corresponds to the lateral hypothalamic area. Stimulation of the SLR evoked locomotion
after a large lesion was made in the MLR area'", indicating that the SLR has direct connections
with the brainstem locomotor pathway beyond the MLR. However, the walking in the
decerebrate preparations is machine-like and is neither goal-directed nor adaptive to the

environment. Hence, the SLR connections to the MLR are likely important for normal gait.
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Lesions in the motor cortices in cats, just like pyramidal tract transection, elicited surprisingly
minor deficits in locomotion. However, skilled performance is more severely disturbed by
postcruciate than by precruciate lesions. The precruciate area, which corresponds to
supplementary motor area (SMA) and premotor area (PM) of the primates, may be involved
in movement initiation while the postcruciate cortices (posterior sigmoid gyrus) may utilize
specific somatosensory inputs to regulate ongoing movements'? by anticipatory or feed-
forward adjustments™. Visuomotor integration is needed when an ambulating subject

encounters obstacles, which requires involvement of the posterior parietal cortex'*.

Another method for lesioning studies is to directly inject inhibitory substances into selected brain

regions. In bipedal walking monkeys, inactivation of the leg region in primary motor cortex (M1)

with injections of muscimol (GABA4 agonist) results in paresis of the contralateral leg'®. On the
other hand, injections into trunk or leg regions of the bilateral SMA largely disturb postural control
without paralysis'®. When injecting the dorsal PM, spontaneous walking is maintained, but no
walking occurs following sensory guidance. While M1 mainly projects to the spinal cord, the

17,18

SMA and PM have dense projections to the brainstem reticular formation including the

PPN area'® in addition to projections direct to the spinal cord.

So far three locomotor regions have been identified in animals: the MLR, the SLR and the

cerebellar locomotor region (CLR) in the mid-part of the cerebellum®. The MLR appears to
be present in all classes of vertebrates?'. It likely includes the cuneiform nucleus (CNF) and
the PPN, although the precise location of the locomotor regulation still remains a matter of
debate®. A recent review offers a good overview of history, precise localization and inter-
species differences of the MLR and PPN?. Importantly, the PPN is not just the ‘cholinergic
part-of the MLR’, although the cholinergic neurons serve to delineate PPN boundaries (pars
compacta and pars dissipata). The PPN is located in the ventrolateral part of the caudal
mesencephalic reticular formation, composed of a heterogeneous population of neurons,
containing GABA and glutamate in addition to acetylcholine®*. Different neuronal types within

the PPN area have different functions with their own inter-connections to multiple parts of the
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brain. There are connections to cerebral cortex, multiple basal ganglia and limbic areas, the
thalamus, the brainstem, the spinal cord and the cerebellum?®. This key location including
multiple segregate functions, renders determining the precise function of these regions quite

complicated®.

The PPN is active in suppressing muscle tone via its cholinergic projections to the pontine
reticular formation, while the CNF mostly elicits locomotion. Microstimulation of the transition
zone between the two areas (ventral CNF, dorsal PPN) induced a mixture of locomotor
rhythm with associated muscle tone suppression?*°. Moreover, blocking the pontine reticular
formation by injecting atropine sulfate, blocked the PPN-induced atonia but facilitated MLR-
induced locomotion, indicating that cholinergic PPN neurons not only control the level of
muscle tone but also modulate the locomotor pattern, and do this by effects at the pontine

level®®

. Studies in rats show non-cholinergic neurons just medial to the PPN have projections
to the spinal cord, while the cholinergic neurons of the PPN do not. This area at the
mesopontine junction may be the true MLR. In rats, the dorsal neurons of this MLR area

(laterodorsal tegmental nucleus) with spinal projections are active in locomotion, while the

ventral neurons are active in standing and do not have spinal projections®.

In the ‘locomotor pathway’, signals from the MLR also activate medullary reticulospinal
neurons, in turn commanding the spinal locomotor network to generate the oscillatory pattern
of locomotion®" *?. However, the SLR and the CLR may also activate this reticulospinal
locomotor pathway through distinct and direct projections**.(Figure 1B) Signals from the MLR
may also activate monoaminergic descending pathways including the coerulospinal and

raphespinal tracts, acting as a muscle tone excitatory system®3.

An important consideration is how the neurons in these systems are controlled and
modulated by neurons in other regions. We will now focus on the inputs of basal ganglia and
motor cortices to the MLR area. In decerebrate cats, the basal ganglia control locomotion

and posture using different GABAergic output pathways of the substantia nigra reticulata
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(SNr); the lateral part of the SNr blocks the PPN-induced muscle tone suppression, whereas

2.27.29  Recent rat

the medial part of the SNr suppresses the MLR-induced locomotion
studies confirm that inhibitory input from the SNc (GABAergic and dopaminergic) to ventral
MLR regulate posture, while inhibitory projection from the GABAergic SNr to the dorsal MLR
regulates locomotion®?. In PD, GABAergic outputs of the basal ganglia are abnormally
increased®, so excessive SNr-inhibition of the MLR may cause gait disturbance and muscle
rigidity?® *®. However, it is unknown whether these mechanisms are the same for bipedal
humans and quadrupedal animals. Furthermore, it is unclear what drives or dictates the SNr-
induced control of locomotion and posture. There are sub-compartments in the basal ganglia;
neostriatum-dorsal pallidal pathway (“dorsal pathway”) and ventral striatum-ventral pallidal
pathway (“ventral pathway”). The nucleus accumbens, as a component of the limbic system,
may be important in releasing locomotion, via GABAergic projections disinhibiting the MLR
via the ventral pallidum®® *° and via fibers to the SNr*'.(Figure 1B) Because the nucleus
accumbens also receives inputs from the hippocampus and amygdala, the ventral pathway
may be implicated in reward-oriented locomotor behaviors, as it receives inputs from ventral
tegmental area, hippocampus and amygdala. On the other hand, the more recently evolved*?
parts of the basal ganglia make up the dorsal system (Figure 1A). These parts may achieve

locomotor control depending on cognitive behavioral context, such as sensory-guided

locomotor control.

Studies using neural tracers have demonstrated abundant cortico-fugal projections to the
brainstem reticular formation from the premotor cortices (SMA/PM) in quadruped'® and
biped'” animals. Recent studies have focused onto the importance of cortico-
pedunculopontine projection in terms of motor control. The PPN receives partly separate but
essentially convergent cortical inputs not only from multiple motor-related areas representing
the same body part, but also from multiple regions representing diverse body parts*.

Probabilistic diffusion tractography in rhesus monkey as well as humans, shows that the
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SMA is strongly connected to the lateral PPN, while the dorsal PM is connected to the medial

PPN'S.

The SMA contributes to the anticipatory postural adjustment for step initiation, which is
impaired in PD patients** In the higher primate and, in particular, those with bipedal gait,
SMA/PM projections to the PPN, in addition to the pontomedullary reticular formation, may

play a crucial role of initiation of locomotion with appropriate postural control.
Animal Models of FOG

An important barrier to the discovery of the anatomic and biochemical correlates of FOG has
been the lack of an appropriate animal model. Modeling FOG in animals is difficult because
of its’dependence on intentional motor performance and responses to environment. FOG
requires that animals intend to walk during observation and the testing should include
responses to obstacles and stressors. In addition, it is necessary to assess motion and
associated physiologic parameters by using devices attached to hind legs, which is
problematic in animals. Although these problems can be resolved with appropriate training,
most-animal models of PD or other FOG associated disorders are not suitable for extensive
behavioral training due to compromised attention and learning. It is likely that “much of the
research into experimental parkinsonism and dyskinesias must be undertaken in primates,

for only those animals develop the typical clinical phenomena seen in man”*°.

Primate studies

In 1983, several cases of parkinsonism in heroin users led to the discovery that the
compound 1-methyl-4-phenyl- 1,2,3,6-tetrahydropyridine (MPTP) induces parkinsonism in
humans*®. MPP+, the toxic metabolite of MPTP, is a mitochondrial complex | inhibitor that
selectively kills dopaminergic neurons*’ via uptake through the dopamine transporter. Thus,

a primate model of parkinsonism was created that remains the only mammalian model to
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exhibit the whole motor phenotype of PD, including the resting tremor and drug-induced

dyskinesias*®.

In descriptions of humans exposed to MPTP six of seven developed typical FOG*°. The
recent observation of FOG in MPTP intoxicated non-human primates is the first step in
overcoming the deficiency of animal models®. Twenty-nine macaque monkeys were
evaluated for FOG (12 male, mean age 4.3 years) after using a standard protocol of systemic
intoxication with MPTP that produced moderate to severe parkinsonism®. For this study
FOG was defined as episodic inability to generate effective stepping during walking. The
monkeys had to be able to walk before and after the FOG episode. Fourteen of 29 (48%)
developed FOG in the hind limbs which had many of the characteristics typical of human
FOG. The episodes lasted several seconds to a minute and were accompanied by a 4-10 Hz
tremor similar to that seen in patients (Figure 2 and Video 1)°". FOG was most consistently
observed in the early morning prior to initiating dopaminergic medications. When the FOG
occurred, the monkeys often would sit to break the episode, representing a possible trick. At
the time of the publication of that report, FOG occurred in the off state in all but one animal in
whom both on and off freezing was observed. However, since the publication of the initial
observations L-dopa resistant FOG (during on and off state) has been found to be more
prominent in animals with severe parkinsonism (unpublished data). Males were more likely to
develop FOG, and the gait problem correlated with severity of parkinsonism and severity of
levodopa-induced dyskinesia. Although the differences between humans and primates
should of course be kept in mind, the study of both in this monkey model may provide greater

insight into both levodopa responsive and unresponsive FOG in the human condition.

Pathological studies of MPTP induced parkinsonism in humans and non-human primates
demonstrated changes in the dopaminergic system that recapitulate those seen in PD*.
Studies in aged primates also demonstrated non-dopaminergic lesions seen specifically in

the locus coeruleus, the primary source of norepinephrine®. In primate FOG thus far
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preliminary data suggests no significant neuronal loss in the PPN (unpublished data). The
PPN is generally unaffected in younger MPTP intoxicated animals, but in some (not all)
studies, there has been a loss of 20-30% PPN cholinergic neurons in aged MPTP treated

monkeys®°.

Attempted modeling in macaque monkeys combining lesioning the dopaminergic system with
systemic MPTP intoxication and bilateral PPN injections of UlI-Dtx (urotensin ll-conjugated
diphtheria toxin) to produce specific cholinergic lesions, did not succeed in provoking FOG.
However, it did lead to gait disorders, disequilibrium and falls unresponsive to
apomorphine®. These animals showed mostly postural instability and not FOG. Animal
studies based on selective lesioning of the PPN will be discussed further in this review.
However, none of the experiments identified have produced freezing. One might conclude to
this point that while lesions of the PPN can lead to alterations in cadence of gait, balance and

postural changes, it is unclear if there is a direct role in FOG.
Rodent studies

A study in rodents with cortical cholinergic and caudate dopaminergic lesions described
significant propensity to falls pointing to the role of attentional impairment in gait disturbances
*%, Noteworthy, with larger dopaminergic lesion, dopamine loss extending across striatal
regions (without the cholinergic lesion), gait abnormalities increase and rats also tend to slow
or stop when traversing changing surfaces, leading to falls®®. This tendency to stop and fall
in rats with extensive dopamine depletion is congruent with the observed correlation between
FOG and increased severity of parkinsonism in the primate * as well as patients with PD.
These studies did not address the impact of MLR involvement. However, a role of the PPN in
FOG has been supported by a recent rodent study where bilateral dopaminergic lesions were
combined with partial PPN destruction and the effects of stimulation on the anterior and
posterior PPN areas were analyzed °’. In this study, stimulation of the anterior PPN resulted

in apparent freezing with start hesitation, while stimulation of the posterior region improved
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their gait. The freezing episodes in rats that were observed only in certain tasks (contextual
gait), were not fully characterized and may not express the same parameters (tremor, timing,
etc.) as of the FOG in PD. Still, rodent studies are important to assess the contribution of
different brain regions in the control of gait. For example, another study in rodents implied
that the more dorsal MLR may be more important for FOG. While lesioning the ventral MLR
(pontine reticular formation) with OX-SAP toxin in rats induced typical cataplexy attacks,
lesioning the dorsal MLR (laterodorsal tegmental nucleus) produced prolonged periods of
immobility?. In contrast, stimulating this ‘dorsal MLR’ bilaterally with ibotenic acid caused

continuous rhythmic walking and vocalizations?.

A recent study using optogenetics in mice showed that glutamatergic neurons in the MLR
area are essential to initiate locomotion *®. This experiment supports that cholinergic PPN
neurons are not a critical element to initiate locomotion, but rather have a modulatory role.
Another recent study in mice showed that the medullary reticulospinal system halted
locomotion *°. Together with the studies previously mentioned, we corroborate that basal
ganglia output controls the excitability of the reticulospinal system to control locomotion via
non-cholinergic (GABAergic and glutamatergic) and cholinergic neurons in the PPN/MLR

area.

In addition, there is increasing evidence concerning the role of attentional performance
through cholinergic projections of the forebrain in falls®®. The basal forebrain has projections
to the PPN °'. In addition, it is often degenerated in PD patients®?, which correlates with
reduced walking speed . Loss of cholinergic neurons in the basal forebrain and PPN in
addition to the damage of midbrain dopamine neurons was associated with falls in PD .
Deciphering which of these is the primary source of falls, recent challenging experiments in
rats point to the importance of the combination of basal forebrain cholinergic cell loss with
striatal dopamine loss. Adding a selective cholinergic PPN lesion did not further deteriorate

performance of the rats. °® Although these experiments point to the importance of the basal
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forebrain cholinergic — striatal disruption for falls, its role for freezing remains to be

established.

Another step forward in animal modeling of FOG will be regional specific MLR lesions in the
MPTP-treated monkey, to examine if they actually generate or enhance primate FOG. It
would be critical to determine and quantify the changes in MLR cholinergic, glutaminergic
and other neuronal subpopulations that may be associated with the development of FOG in

primates as a next step toward mechanistic studies of the FOG pathophysiology.

Functional MRI studies in humans with freezing of gait

Imaging studies in subjects with FOG are also important tools in unraveling the physiology of
this gait disorder. We will focus on what functional MRI (fMRI) studies during action teach us
about the cerebral substrate of FOG, with a special focus on the PPN region / the MLR. In

addition, we will discuss how to interpret the outcomes of different fMRI paradigms.

Functional MRI measures changes in cerebral blood flow related to neural activity, while the
subject is lying in an fMRI scanner. Creative solutions have been found to solve the limitation
that walking is not possible during scanning. These solutions include the use of motor
imagery of gait, virtual reality in combination with alternating leg movements and freezing of

finger movements as alternatives to freezing while walking.

The first fMRI study in PD subjects with FOG investigated gait planning, using motor imagery
of walking®®. This approach exploits the large neural overlap that exists between planning
and imagining a movement. In addition, it avoids the confounds introduced by brain
responses to altered motor performance and somatosensory feedback during actual freezing
episodes. Twelve PD-freezers, twelve matched PD non-freezers and 21 matched healthy
controls were studied. Subjects performed two validated tasks: motor imagery of gait, and a

visual imagery control task. Imagery performance was quantified by measuring the time
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required to imagine walking on paths of different width and length, and showed matched task
performance. During motor imagery of gait, freezers showed more activity than non-freezers
in the MLR. Freezers also tended to have decreased responses in mesial frontal and
posterior parietal regions. The gait-related hyperactivity of the MLR correlated with clinical
parameters (FOG severity and disease duration). The hyperactivity was located dorsally in
the MLR, including the PPN but with a local maximum in the cuneiform nucleus and reaching
the periaqueductal grey. Another study using motor imagery of gait on 9 PD freezers versus
9 PD non-freezers showed a decrease in right globus pallidus and trends to a similar
decrease in SMA activity in those with FOG®. However, this study did not show PPN
hyperactivity (they actually showed a trend to hypo-activity), while using a stereotactically
defined region of interest analysis of the PPN with the local maximum slightly more caudal to
the area found in the first study (Talairach coordinates ®° X-0, Y -28, Z -15, ®® X +6, Y -26, Z -

11) .

When considering motor imagery studies, it should be taken into account that they may
investigate motor planning and not motor execution. In addition, patients imagined they were
walking, but not having FOG episodes. Another approach that looked at actual motor
execution and not planning, investigated repetitive hand movements with upper limb
freezing®’. Upper limb freezing has been shown to be similar to leg freezing and correlated to
FOG® % In an fMRI study, 16 PD freezers, 16 PD non-freezers and 16 controls performed a
bimanual flexion-extension task of the index fingers. During regular movement, freezers
showed decreased activity in cortical regions in the left dorsal premotor and primary motor
cortex, as well as the right dorsolateral prefrontal cortex. In addition, those with FOG showed
subcortical bilateral activation of STN, putamen and pallidum during regular movement.
Comparing regular movement with freezing of upper limb episodes, upper limb motor blocks
were associated with increased activation in the right motor cortex, dorsal premotor cortex,
SMA and left prefrontal cortex, whereas bilateral pallidum and putamen activity was

decreased. MLR involvement would not be expected in these studies.
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A third approach also investigated non-gait repetitive movements, specifically alternate leg
movements in a virtual reality walking environment. This approach showed by increasing
cognitive load during continuous movement, a decreased activity in the ventral striatum,
preSMA and left STN’. During motor blocks, a decreased in dorsolateral prefrontal cortex,
increase in frontoparietal and decrease in bilateral caudate, GPi and thalamus were found. In
addition, a decrease in MLR activity (almost same maximum as %) was found which
correlated to the severity of FOG”". The outcome of these studies point to the importance of
cortical areas, particularly the SMA, as well as subcortical areas including the striatum and

the MLR.

Beyond the individual role of these separate regions, it shows the importance of their
interplay and communication through different neural networks. It appears to be a dynamic
process (Figure 3): during continuous movement cortical activity is decreased and
(compensatory to this decreased cortical activity?) subcortical activity is increased (MLR for
the legs, STN for the hands). During subsequent episodes of freezing (of upper or lower
limb)the STN and MLR hyperactivity breaks down to hypoactivity. Subsequent increased
activity in dorsolateral prefrontal cortex and insula may be called upon to overcome the block
but may play a role in subsequent emotional response as well. This failing dynamic process
leading to freezing might become particularly evident during challenging events that require
precise regulation of step length and gait timing, such as turning or initiating walking, which
are well known triggers for FOG."? In this regard, greater resting state functional connectivity
between the SMA and the MLR positively correlates to FOG severity, possibly reflecting a
maladaptive neural compensation”. Indeed, the changes found in cerebral blood flow may
well be compensatory and not reflect the primary pathological process. FOG may be caused
by a combination of altered brain activity with impaired ability to compensate for that
alteration. This may explain the manifestation of FOG during changes in motor behaviour,
such as turning or initiating walking. These gait adaptations not only require a switch of motor

program, but also more precise regulation of step length, gait timing and postural
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adjustments®. It should be taken into account that all fMRI studies investigated levodopa-
responsive freezers. Hence, in levodopa-resistant FOG, compensation may be further

impaired.

Beyond fMRI, intrasurgical single unit recordings of (supposed) PPN and STN in PD patients
give more insight to this complicated dynamic process. Recent investigations reveal the
presence of both alpha and beta oscillations within the PPN’#%°. Beta oscillations were
identified within rostral PPN while alpha oscillations are more prominent in caudal PPN’ "
8 In general alpha oscillations were facilitatory for movements while beta oscillations were
antikinetic’®"®. Task-related modulation of PPN activity is shown to be spatially-specific:
during motor imagery of gait, alpha and beta band power is increased mostly in the
intermediate and dorsal part of the rostral PPN (around the inferior colliculus)®. In contrast,
the STN mostly changes activity on real executed hand movements®. Another study showed
more caudal PPN alpha activity to correlate with gait function.” It should be noted that these
studies were performed in the diseased and not in the healthy state. In addition, even within

the PPN, different cells on the same spot are connected to different networks. To reliably

intervene in this complicated process will be a tremendous challenge.

Primate research and interfering with the PPN

The MLR is clearly important for gait, and its PPN component has generated much attention
in relation to motor disorders®'. It also has involvement in other functions including the
regulation of cortical activity, sleep and diurnal rhythms, attention, learning and reward. In
recent years, studies in the non-human primate have suggested that dysfunction of the PPN
is at least partly responsible for axial motor symptoms of PD and that PPN stimulation may
improve gait and postural control in patients with PD.

Early studies revealed that there is significant degeneration of PPN neurons in patients with

advanced PD and in patients with multiple system atrophy with severe akinesia®* ®. The
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extent of neuronal loss in the PPN corresponds to the degree of loss of dopaminergic
neurons in the substantia nigra compacta in PD. There is also some correlation between the
degree of degeneration in the PPN and the severity of PD symptoms®.

In non-human primates, unilateral lesioning of the PPN leads to a hemi-Parkinsonian state
that resolves over time, whereas bilateral lesions in the PPN lead to a much more severe
and permanent Parkinsonian state® 2°. However, the gait disorder seen with PPN lesions is
mostly postural instability and not FOG®.

Another step forward was to electrically (macro) stimulate the PPN in normal primates® After
stereotactic implantation of a DBS electrode unilaterally in the PPN in a normal macaque, no
adverse effects on the motor performance of the animal were demonstrated. When
subsequent trials of stimulation were performed (multiple sessions at several different
frequencies ranging from 5 to 100 Hz), there was a significant decrease in motor activity with
higher frequency DBS (45 to 100 Hz; Figure 4). There was also loss of postural control with
100 Hz stimulation. Lower frequency (5 to 10 Hz) stimulation caused contralateral arm
tremor®’. This could be confounded by the close proximity of the superior cerebellar
peduncle. This series of experiments also established the practical feasibility of chronic DBS
of the PPN by a fully implanted system with no significant adverse effects—an important
consideration for further primate studies and possible clinical application.

Activating the PPN by injection of GABA antagonists leads to improvement of motor activity
in post-MPTP animals. In a series of experiments a stereotactically implanted stainless steel
cannula was placed into the unilateral PPN of a macaque (n = 2) was held in place with
dental acrylic (Figure 4). The activity of the PPN was then modulated with sequential
injections of GABA agonist muscimol, GABA antagonist bicuculline and saline (control). The
injections were then repeated after the monkey was rendered parkinsonian with intravenous
MPTP. Motor activity was recorded using automated activity counts, clinical scoring and
blinded videotape assessments®. In the pre-MPTP state, inhibition of PPN using muscimol
significantly reduced the activity of the monkey. In the post-MPTP animal, PPN stimulation
using bicuculline significantly increased the overall motor activity. Moreover, it also improved
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balance and posture. These experiments again demonstrated that inhibition of the PPN leads
to akinesia. They further established that stimulation of the PPN in the parkinsonian state can
lead to increased activity and reversal of other axial symptoms like postural control.
Moreover, both sets of experiments demonstrated marked bilateral clinical effect from
unilateral manipulation of the PPN.

Axial symptoms in advanced PD generally respond poorly to current medical and surgical
treatments, including STN and GPi DBS. To establish the feasibility of treating advanced PD
with-marked axial symptoms with PPN DBS, a DBS lead was stereotactically inserted into
the PPN of monkey’s (n = 2) and connected to the fully implanted internal pulse generator.
Serial stimulation experiments were performed. The animals were then made parkinsonian
with.intravenous MPTP and DBS repeated®*®". The results showed that low frequency PPN
DBS (5 to 10 Hz) improved the activity of the MPTP-monkeys. Moreover, when PPN DBS
and L-Dopa treatment were combined, the activity of the monkeys was significantly greater
than either treatment given alone. Based upon these observations clinical translation rapidly

followed.

PPN: Potential for treating FOG

World-wide, approximately 100 patients have received DBS of the PPN area®. The data
referred to here should be considered PPN area rather than PPN since precise localization is
difficult (See figure 5 for localization). Most human studies reported gait improvement with
low frequency (10-25 Hz) stimulation although with a significant heterogeneity within and
across studies (Table 1). Some studies show improvement of axial symptoms during ON* or
OFF** with reduction of falls® . Low frequency stimulation (10-25 Hz) seems most
effective®. Interestingly, no human study found that high frequency (>100 Hz) stimulation
had a detrimental effect on axial motor function, in contrast with the animal studies®. Similar
improvements are reported with PPN DBS in combination with other targets (caudal Zona
incerta, STN, GPi)*"*°. The effects of PPN implanted into the right side may have slightly
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better outcome, possibly suggesting the presence of a ‘dominant PPN''®. However, the

comparative efficacy of unilateral versus bilateral stimulation is far from resolved.

Afterbilateral PPN stimulation compared with unilateral stimulation, the time spent on a turn
task was less, without changes in spatio-temporal measures of gait'®'. Thus, there seems to
be a specific effect of PPN DBS on turning and body weight shifting between lower limbs.
This notion is consistent with animal studies showing that PPN stimulation mainly affects
postural tone while cuneiform nucleus (CNF) stimulation promotes stepping. Accordingly, two
case reports found a positive effect of PPN DBS on Pisa syndrome (i.e. a lateral trunk
flexion)'%% "% A clinicopathological study in two patients with progressive supranuclear palsy
(hence not idiopathic PD) found that a placement in the PPN adjacent to the CNF produced

some clinical benefit on gait initiation'®.

The mechanism of action of PPN DBS is still far from being elucidated and may be related to
an effect on the cholinergic pathways connecting PPN and thalamus and involved in
vigilance and sleep/awake cycle. In keeping with this hypothesis, PPN DBS improves
reaction times'® and attention in PD"'%* '°°. Alternative mechanisms engaging local locomotor
networks, descending pathways and disrupting pathological cortical and subcortical
oscillations with, for example, stimulation spread to the adjacent medial lemniscus or reticular
formation also need to be considered. A study using ["°0O] H,O PET in patients with advanced
PD showed unilateral PPN DBS increased blood flow in subcortical regions such as the
thalamus, cerebellum and midbrain region (including the MLR) as well as different cortical
areas involving medial sensorimotor cortex extending into caudal SMA." Interestingly,
improved imagined walking distance after DBS of the subthalamic nucleus in PD patients is

related to activity changes in the MLR, as shown by a recent PET study'®.

Problems with PPN area stimulation
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What is the actual outcome of PPN area stimulation? Results to date are unfortunately

inconclusive, both for theoretical and for methodological reasons.

Theoretical issues

Itis not clear whether it is actually the PPN that is being stimulated, and, if yes, what area
within the PPN. Indeed, the actual location of the PPN in humans remains a matter of
debate'®""" and its precise delineation is unknown. Consequently, surgical teams have set,

94,101, 112

and aimed at, different targets , making it difficult, if not impossible, to conclude on the

role of the PPN and to compare outcomes. Inter-individual variability of the brainstem further

D' 1 with a cell

complicates the matter. As noted above, the PPN has degenerated in P
loss correlated with gait disability'"®. Such degeneration of the targeted structure, together
with the heterogeneity of its cell population, questions the mechanisms underlying the

efficacy of stimulation, or lack thereof.

Practical issues

Patients under study underwent different surgical procedures from one center to the next,
ranging from bilateral PPN area implantation together with STN or caudal Zona Incerta
implantation® %8 112 pilateral PPN area implantation in patients already benefiting from
STN stimulation®, lone unilateral or bilateral PPN area implantation in patients without
previous brain surgery®™ '%. This, together with the uncertainty regarding the structure
actually stimulated, makes it difficult to interpret the reported results regarding specific PPN

area stimulation effects.

Most:studies failed to meet high quality standards, being open label and sometimes missing
pre-surgery baseline data altogether. Other confounding factors include small sample sizes,
ill-defined inclusion criteria, varied gait disorders, lack of specific gait and FOG assessments,
differences in assessment procedures and outcome criteria, and the likely withholding of
negative outcomes. Furthermore, unlike that to STN stimulation, the response to PPN area
stimulation is slow, taking days to set in. It also wanes very slowly following stimulation
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arrest. The effects also wane under stable stimulation conditions, making it mandatory to
frequently adjust parameters settings. Because of these characteristics the widely used

acute assessment protocols are inadequate to assess the effects of PPN area stimulation.

Quality of data: Close to one hundred papers have reported on PPN area stimulation in

94-96, 101, 116, 117

humans, but only 6 studies involved double-blind assessments , and one was

single-blinded®®. These studies involved small sample sizes, ranging from one'"’ to 7

101

patients ™', as well as variable stimulation periods before assessment (one hour to six

weeks). Objective assessment protocols also differed.

Assessment protocols: Methodological flaws and differences also make it difficult to pinpoint
the specific effects of PPN area stimulation. Regarding motor assessments, many studies fail
to report specific gait evaluation or objective measures of FOG before and after surgery.
Often, the UPDRS Activities of Daily Living (I1) or Motor section (lll) total scores and various
combinations of axial and gait scores were the only outcomes. These are not sensitive or

specific enough to clarify the effects of PPN area stimulation.

Furthermore, specific gait and FOG assessments lead to inconsistent or even contradictory

results. The same is true regarding quantitative gait analysis'®" ""® '8 Thus, it is not clear

G94, 96 d94, 96

whether PPN area stimulation, when effective, improves gait, FO or falls, relate or

unrelated to FOG®.

Inclusion criteria: Finally, which patients could benefit from PPN area surgery, if any, is not
clear either. Well controlled studies showed that chronic outcome is highly variable, ranging
from no effect (or even worsening), to mild or major improvement® %7 in FOG or
frequency of falls. Yet, available data provide distressingly little information on the clinical
profile of the patients and some studies failed to perform thorough pre-surgery
assessments® %> " |n all studies, the phenotype of the patients appears quite variable,
especially regarding quality of gait pattern, frequency and characteristics of falls, response to

levodopa (both overall and for FOG specifically) and, as already mentioned, the prior brain
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surgery status. Such variability in the characteristics of the patients is likely to influence the

outcome of the surgery.

The distinction between levodopa responsive and resistant FOG is an important
consideration when evaluating the effect of PPN stimulation. Levodopa responsive FOG
generally responds well to treatment of the STN''® '?°. With advancing disease, FOG
becomes levodopa-resistant, probably by progression of non-dopaminergic disease. Whether
this is due to cholinergic failure and can be addressed by stimulating the cholinergic part of
the PPN, or whether other neurotransmitters such as glutamate play their part, remains to be
determined. Future studies need to be clear concerning what phenotype of FOG is included

and which phenotype reacts most.

In summary, objective assessments suggest that PPN area stimulation might improve FOG
in some patients, without significant effects on other gait parameters. FOG reduction may
contribute to explaining a positive outcome on falls. Whether stimulation might also improve
postural stability remains to be clarified. Altogether, it will not be possible to conclude on the
best indication, if any, of PPN area stimulation until we know better where and how to
stimulate, and until controlled studies with thorough inclusion criteria and consistent

evaluation protocols are conducted.
Conclusion

While FOG remains a mysterious phenomenon, animal and imaging studies have started to
unravel the mystery. The outcome of these studies point to a dynamic process of hypo and
hyperactivation in cortical areas such as the SMA, as well as subcortical areas such as the
striatum and the MLR including the PPN. The specific role of the PPN remains unclear.
Control of locomotion is very complex. It is a network operation of multiple interacting brain
areas (or even brain networks) using multiple neurotransmitters. One way forward may be to
look at'the entire network instead of one detailed cell group in the network. When doing

experiments, one has to be highly specific on the part of locomotion (freezing, posture,
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slowness of gait) that is being studied. Whether different phenomenological subtypes of
freezing (akinetic, trembling, responsiveness to environment) have truly a different pathology
or are a reflection of a different (extent of) defective node of the network, remains to be

determined.

The dopaminergic component is a critical element. If only dopamine depletion is the problem,
this will lead to OFF freezing. If then another element (cholinergic, glutamatergic) breaks
down, the system breaks down leading to more complex freezing including ON freezing. Too

much dopamine will also cause the system to fail because of its U-shaped function'".

For levodopa responsive FOG, STN stimulation offers opportunities'?? but for levodopa
resistant FOG in PD and other disorders, we are still left to ponder. Although the PPN is
embraced as a possible target for FOG, especially for levodopa resistant FOG leading to
falls, to date evidence is inconclusive. Further work is needed to investigate where, how and
who to stimulate to get good results. Clear patient selection, thorough gait and falls
assessment and strict definition of the surgical target will be fundamental for future research.
Even then, the compensatory role of PPN area stimulation may be limited by disease

progression.

Basic science studies suggest the PPN is most involved in tone and balance, more than in
stepping. Consequently and fitting, patient studies hitherto suggest PPN stimulation may
improve falls, more than freezing of gait. Giving attention to other possibly relevant areas in
the dynamic pathophysiological process of FOG, such as the SMA or the MLR area
dorsomedial to the PPN (including the laterodorsal tegmental nucleus) may provide further

direction in the development of effective therapies.
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Figure Legends

Figure 1:

Neuronal mechanisms of controlling locomotion

A. Dorsal system for cognitive locomotor control. A visuo-motor pathway from the visual
cortex to motor cortex via the parietal cortex contributes to this control. Corticofugal
projections act on to the basal ganglia nuclei, brainstem and spinal cord. Dopaminergic
(DA) projection from the substantia nigral pars compacta (SNc) to the caudate and
putamen (CPu) may be involved in learning the locomotor behaviors. GABAergic output
from the basal ganglia nuclei (internal segment of the globus pallidus and substantia
nigra pars reticulata; GPi/SNr) acts on MLR/PPN area may control locomotion and
posture. Efferents from the midbrain locomotor region (MLR) activate both excitatory
system and locomotor pathway. The excitatory system arises from the locus coeruleus
(LC) and the raphe nuclei (RN). The locomotor pathway consists of reticulospinal
neurons arising from the ventromedial medulla corresponding to the nucleus reticularis
magnocellularis (NRMc). Cholinergic and glutamatergic projections from the PPN excite
SNc-DA neurons. Cholinergic PPN neurons also excite pontine reticular formation
neurons, which, in turn, activate reticulospinal neurons in the medial medulla
corresponding to the nucleus reticularis gigantocellularis (NRGc). These descending
tracts act on central pattern generator (CPG) in spinal cord to evoke locomotion.

Efferents from the cerebellar locomotor region (CLR) may excite locomotor pathway.

B. Ventral system for emotional locomotor control. Efferents from the amygdala (AMD) and
hippocampus (Hipp) project to the nucleus accumbens (NAc). GABAergic NAc neurons
project to ventral pallidus (VP) and the SNr, which control activity of the MLR/PPN

neurons. Efferents from the amygdala and the hippocampus also act on lateral
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hypothalamic area, which corresponds to the subthalamic locomotor region (SLR). DA
projections from the ventral tegmental area (VTA) may contribute to the reward-oriented

locomotor behaviors. See text for further details.

Abbreviations: E; extensor motoneurons, F; flexor motoneurons.

Figure 2:

Analysis of the evolution of FOG episodes in the MPTP-treated monkey.

A and B, recordings of leg movements with an accelerometer placed on the back of the leg
during the whole duration of FOG episodes (~15 s). Each episode (A and B) has regular
oscillations corresponding to tremor before the end of freezing. The traces show raw
accelerometry data. C and D, rate meters for the whole duration of the FOG episodes
corresponding to A and B, respectively. The peaks correspond to the tremor periods towards
the end of the freezing episode when walk restarts and initial oscillatory movements. Rate
meters used the data produced after detection of full phase oscillations above the threshold.
The graphs were constructed with a bin width of 500 ms, and smoothed using a Gaussian
filter. E, distribution of FOG tremor frequencies. The graph shows the frequencies (Hz) found
across 20 recordings of tremor, each in a separate FOG episode. The average rate in the

recorded tremors was 7.07 Hz (+1.47 STD). Taken from > with permission.

Figure 3:

Dynamic cerebral substrate of FOG, based on data from fMRI studies Snijders et al 2011,

Vercruysse et al 2014, Shine et al 2013a and 2013b

During repetitive continuous movement of hands or legs, or motor imagery of gait, cortical
activity in areas as the SMA and PFC is reduced, while subcortical activity is increased; for

the STN in the hands, in the MLR for leg movents or imagery of gait. During a freezing
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episode, SMA activity is still reduced, but also subcortical areas STN and MLR show reduced
activity. In contrast, frontoparietal areas and the insula show increased activity.
Abbreviations: SMA = supplementary motor area; PFC = prefrontal cortex; STN =
subthalamic nucleus; MLR = Mesencephalic locomotor region; DLPFC = dorsolateral

prefrontal cortex

Figure 4:

In normal macaque, multiple sessions of DBS unilateral PPN stimulation at several different

frequencies: significant decrease in motor activity with higher frequency DBS (45 to 100 Hz).
Figure 5:

(A) (A) Location of the PPN identified on the ICBM 2009b NLIN T1 asymmetric template by
Andreas Horn, Michael D. Fox and Clifford B. Saper, by transferring the location of ChAT-
staining of neurons in the PPN in human brain '?® to standard atlas space using

neuroanatomical landmarks.

(B) MRI with bilateral electrodes for stimulating the PPN. Note that to implant the PPN
region the surgeon has to avoid traversing the lateral ventricles which would increase the risk
of hemorrhage. To remain intra-parenchymal the surgeon approaches the target calculating
the azimuth and declination to place as many contacts in the PPN area as possible. (Part B

courtesy of Dr. Peter Silburn, Brisbane Australia

Supplementary Video 1:

Monkey with FOG in the hind limbs with many of the characteristics typical of human FOG,

including a 4-10 Hz tremor similar to that seen in patients®".
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Table 1. Summary of published clinical studies of PPN DBS for freezing of gait in Parkinson’s

disease
Study Author- N | Type patient Target Stimulation | Follow-up | Outcomes
design | year parameter in months
Stefani- 6 Disabling axial | Bilateral 2V 6 Combined therapy
2007 % signs STN and 60 ps improved axial
PPN 25 Hz motor symptoms.
Efficacy declined
over time.
Ferraye- | 6 Severe Bilateral 1.2-3.8V 12 Double-blind: no
2010 % freezing STN and 60-90 s change.
unresponsive PPN 15-25 Hz Improvement in
to levodopa OFF freezing and
and STN DBS falls. Significant
inter-subjects
variability.
Moro- 6 | Severe Unilateral 2V 12 No overall
® 2010 % freezing & falls | PPN 70 ps improvement.
;S-g unresponsive 67 Hz Improvement in ON
é to medical & OFF falls.
treatment Post-hoc: slightly
better right PPN
Khan- 7 Freezing & Bilateral 2.6V 13 Improved axial
2011 % falls PPN & Zona | 60 ps UPDRS-III
unresponsive Incerta 60 Hz subscore in OFF
to levodopa state. Synergic
effect between Zi
and PPN
stimulation.
Khan- 5 Freezing & Unilateral 27.0£19.6 Improved axial
2012% falls and Bilateral UPDRS-III
unresponsive PPN & Zona subscore in ON
to levodopa Incerta state with bilateral
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PPN stimulation.
Synergic effect of
PPN with Zi
stimulation.
Nosko- 9 | Severe gait Bilateral 0.8-2.6V 12 Lower frequency
2015 % disorders & PPN & STN 60 s more efficacious
freezing 10-25 Hz than high
frequency.
Thevatha | 11 | Severe Bilateral 2-3.7V 12.7£12.1 Speed of reaction
san-2010 freezing & falls | PPN, also 60 ps improved by
105 unresponsive | Zona Incerta | 20-35 Hz stimulation.
to medical in 3 patients
treatment
Thevatha | 8 | Severe Bilateral 2.5-4.3V 19.749.2 PPN DBS restores
san-2011 freezing PPN 60 s proximal StatReact
© 124 30-35 Hz and reaction time
g’_ Thevatha | 7 | Severe Bilateral 2.2-4.3V <2.5 Freezing improved
*% san-2012 freezing PPN 60 ps with mere electrode
g 7 35Hz insertion. Alpha
% oscillations caudal
% PPN correlate with
=
gait function
Mazzone | 23 | Freezing Unilateral 21.3£10.0 DBS improved both
-2011 1 PPN UPDRS-IIl and the
axial subscores
Mazzone | 10 | Drug resistant | Unilateral 2.5-3V 12 DBS improved
2014 "% gait disabilities | PPN 60 us some parameters
40 Hz of gait analysis
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Figure 1:
Neuronal mechanisms of controlling locomotion

A. Dorsal system for cognitive locomotor control. A visuo-motor pathway from the visual cortex to motor
cortex via the parietal cortex contributes to this control. Corticofugal projections act on to the basal ganglia
nuclei, brainstem and spinal cord. Dopaminergic (DA) projection from the substantia nigral pars compacta
(SNc) to the caudate and putamen (CPu) may be involved in learning the locomotor behaviors. GABAergic

output from the basal ganglia nuclei (internal segment of the globus pallidus and substantia nigra pars
reticulata; GPi/SNr) acts on MLR/PPN area may control locomotion and posture. Efferents from the midbrain
locomotor region (MLR) activate both excitatory system and locomotor pathway. The excitatory system
arises from the locus coeruleus (LC) and the raphe nuclei (RN). The locomotor pathway consists of
reticulospinal neurons arising from the ventromedial medulla corresponding to the nucleus reticularis
magnocellularis (NRMc). Cholinergic and glutamatergic projections from the PPN excite SNc-DA neurons.
Cholinergic PPN neurons also excite pontine reticular formation neurons, which, in turn, activate
reticulospinal neurons in the medial medulla corresponding to the nucleus reticularis gigantocellularis
(NRGc). These descending tracts act on central pattern generator (CPG) in spinal cord to evoke locomotion.
Efferents from the cerebellar locomotor region (CLR) may excite locomotor pathway.

B. Ventral system for emotional locomotor control. Efferents from the amygdala (AMD) and hippocampus
(Hipp) project to the nucleus accumbens (NAc). GABAergic NAc neurons project to ventral pallidus (VP) and
the SNr, which control activity of the MLR/PPN neurons. Efferents from the amygdala and the hippocampus

also act on lateral hypothalamic area, which corresponds to the subthalamic locomotor region (SLR). DA

projections from the ventral tegmental area (VTA) may contribute to the reward-oriented locomotor
behaviors. See text for further details.
Abbreviations: E; extensor motoneurons, F; flexor motoneurons.
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Figure 2: Analysis of the evolution of FOG episodes in the MPTP-treated monkey.

A and B, recordings of leg movements with an accelerometer placed on the back of the leg during the whole
duration of FOG episodes (~15 s). Each episode (A and B) has regular oscillations corresponding to tremor
before the end of freezing. The traces show raw accelerometry data. C and D, rate meters for the whole
duration of the FOG episodes corresponding to A and B, respectively. The peaks correspond to the tremor
periods towards the end of the freezing episode when walk restarts and initial oscillatory movements. Rate
meters used the data produced after detection of full phase oscillations above the threshold. The graphs
were constructed with a bin width of 500 ms, and smoothed using a Gaussian filter. E, distribution of FOG
tremor frequencies. The graph shows the frequencies (Hz) found across 20 recordings of tremor, each in a
separate FOG episode. The average rate in the recorded tremors was 7.07 Hz (£1.47 STD). Taken from
(Revuelta et al) with permission.
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Figure 3: Schematic cerebral substrate FOG following from fMRI studies

Figure 3:
Dynamic cerebral substrate of FOG, based on data from fMRI studies Snijders et al 2011, Vercruysse et al
2014, Shine et al 2013a and 2013b
During repetitive continuous movement of hands or legs, or motor imagery of gait, cortical activity in areas
as the SMA and PFC is reduced, while subcortical activity is increased; for the STN in the hands, in the MLR
for leg movents or imagery of gait. During a freezing episode, SMA activity is still reduced, but also
subcortical areas STN and MLR show reduced activity. In contrast, frontoparietal areas and the insula show
increased activity.
Abbreviations: SMA = supplementary motor area; PFC = prefrontal cortex; STN = subthalamic nucleus; MLR
= Mesencephalic locomotor region; DLPFC = dorsolateral prefrontal cortex
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Figure 4: In normal macaque, multiple sessions of DBS unilateral PPN stimulation at several different
frequencies: significant decrease in motor activity with higher frequency DBS (45 to 100 Hz).
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Figure 5:

(A) Location of the PPN identified on the ICBM 2009b NLIN T1 asymmetric template by Andreas Horn,
Michael D. Fox and Clifford B. Saper, by transferring the location of ChAT-staining of neurons in the PPN in
human brain 123 to standard atlas space using neuroanatomical landmarks.

(B) MRI with bilateral electrodes for stimulating the PPN. Note that to implant the PPN region the surgeon
has to avoid traversing the lateral ventricles which would increase the risk of hemorrhage. To remain intra-
parenchymal the surgeon approaches the target calculating the azimuth and declination to place as many
contacts in the PPN area as possible. (Part B courtesy of Dr. Peter Silburn, Brisbane Australia) ! +
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