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Summary
Chronic pain constitutes a major burden for aﬀected patients and current analgesic treatments often remain insuﬃcient for meeting their needs. Chronic pain from bone metastasis
is highly abundant among advanced-stage cancer patients and is described to consist of
ongoing pain with severe episodes of transient breakthrough pain, which are particularly
diﬃcult to manage. Cancer-induced bone pain is associated with a multitude of peripheral
eﬀects such as osteolytic bone resorption, peripheral nerve sprouting and sensitization, as
well as increased nociceptor excitation due to tumor compression and inﬂammatory mediators. Similarly, profound alterations at a spinal cord level have been described such as
astrocyte hypertrophy and central sensitization processes, which contribute to increasing
nociceptive transmission to higher brain centers. While reorganizations in brain functional connectivity have been studied in chronic neuropathic pain states, implications of
peripheral and central eﬀects elicited by a chronic pain state arising from bone metastasis
have not been described yet.
In order to study eﬀects of cancer-induced bone pain on whole brain functional connectivity we adopted a mouse model of tibial metastasis. Bone metastases were induced
by local injection of mammary carcinoma cells (4T1 and E0771) into the bone marrow
of the tibia immediate distal to the knee joint. In ﬁrst step, we characterized peripheral mediators such as protease activity and bone destruction during progression of the
model and analyzed how these measures correlated with behavioral readouts of pain.
The activity of matrix-metalloproteinase and cathepsin K were closely associated with
bone resorption and found to signiﬁcantly increase with disease progression. In addition
to the close association of bone resorption and local protease activity, there was also a
high correlation between behavioral readouts of pain and protease activity readouts over
time. Therefore, we concluded that osteolytic bone resorption is a major driver of nociceptive input in this model of bone metastasis. In general, we found that this model
resembles the clinical representation of cancer-induced bone pain in terms of peripheral
processes and nature of pain elicited very accurately, rendering it ideal for studying effects of peripheral mechanisms on brain functional connectivity. We analyzed eﬀects of
persistent nociceptive input from bone metastasis on whole brain functional connectivity
using resting-state fMRI (rs-fMRI). Neuronal activity increases local energy demand and
oxygen consumption. The blood-oxygen level dependent (BOLD) contrast infers regional
neuronal activity through assessment of regional oxygenation levels within cerebral vessels
and capillaries over time. Rs-fMRI deduces functional connectivity between brain regions
through correlational analysis of BOLD time series; high degrees of correlation indicate
close functional association of brain regions, referred to as high functional connectivity.
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Assessing longitudinal resting-state functional connectivity in mice during development
of a chronic pain state from bone metastasis, we found signiﬁcant changes involving brain
regions such as the cingulate and prefrontal cortices, striatum and hippocampus that
have been identiﬁed as aﬀected in clinical studies on patients suﬀering from chronic back
pain, a neuropathic pain state. We tested for speciﬁcity of these regions to a developing
chronic pain state through prospective, anti-osteolytic treatment, which signiﬁcantly reduced previously observed functional rearrangements. To further test association of these
regions with developing pain, we used behavioral readouts of pain as a regressor in order
to identify the brain areas displaying alteration in their functional connectivity pattern
along the same longitudinal proﬁle. Again, the identical regions as found in the unbiased
analysis have been identiﬁed underlining the speciﬁcity of our ﬁndings towards a developing chronic pain state.
To investigate contributions diﬀerent from osteolysis to cancer-induced bone pain, we
studied the eﬀect of a novel treatment addressing eﬀects of bone cancer on peripheral
nerve endings on resting-state functional connectivity. Anti-nerve growth factor (NGF)
antibodies have been shown to signiﬁcantly reduce cancer-induced nerve sprouting and
are thought to reduce peripheral sensitization mechanisms. Prospective, as well as late
administration of anti-NGF treatment has been described to successfully attenuate development of behavioral signs of pain. We analyzed implications of prospective anti-NGF
treatment on brain functional connectivity in particular within major hubs of the descending modulatory system of pain. Using behavioral readouts of spontaneous pain,
we could conﬁrm previous ﬁndings, indicating eﬃcacy of anti-NGF treatment preventing
development of pain from bone metastasis. In addition, anti-NGF treatment was found
to prevent functional rearrangements observed in untreated animals, in particular within
regions of the descending modulatory system analyzed.
In a third study, we assessed the role of the acid-sensing G-protein coupled receptor GPR4
in a pain state from bone metastasis. Using GPR4 receptor deﬁcient mice, we analyzed the
impact of peripheral tumor-induced acidosis on longitudinal brain functional connectivity
using resting-state fMRI. Moreover, implications of peripheral and central sensitization
were assessed in the brain using stimulus-evoked fMRI, assessing evoked brain activity
through acute nociceptive stimulation. Using these readouts, we were not able to identify
GPR4 as a major contributor to rearrangements in resting-state brain functional connectivity. Similarly, stimulus-evoked activity within sensory regions upon a developing
pain state from bone metastasis was not diﬀerent in GPR4 receptor deﬁcient mice and
littermate controls.
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In summary, we developed a mouse model of tibial bone metastasis, which mirrors the
clinical representation of a cancer-induced bone pain state. The development of pain in
this model could be in large attributed to osteolytic bone resorption, which is closely
associated with peripheral cathepsin K and matrix-metalloproteinase activity as well as
development of behavioral signs of pain. Functional rearrangements in the brain were
found to be highly speciﬁc towards development of pain induced by bone metastasis and
were closely associated with spontaneous pain behavior observed in aﬀected mice. Pharmacological modulation of peripheral nociceptive input underlined the speciﬁcity of network alterations identiﬁed by rs-fMRI. The regions aﬀected by functional rearrangements
closely resemble those identiﬁed in clinical studies, suggesting translatability of preclinical ﬁndings using this model. Therefore, these ﬁndings might provide an important basis
for future directions of research that should hopefully translate into novel treatment approaches helping patients in need.
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Zusammenfassung
Chronische Schmerzen stellen eine grosse Belastung für betroﬀene Patienten dar. Die
heute zur Verfügung stehenden analgetische Behandlungen erweisen sich oft als nicht
ausreichend für eine adäquate Behandlung betroﬀener Patienten. Chronische Schmerzen
ausgehend von Knochenmetastasen sind bei Krebspatienten in fortgeschrittenem Stadium
sehr häuﬁg und beinhalten anhaltende Schmerzen mit schweren Episoden von sogenannten
Durchbruchschmerzen, welche besonders schwierig zu behandeln sind. Verschiedene periphere Mechanismen führen zu Tumor-induziertem Schmerz. Dazu gehören osteolytische
Knochenresorption, die Ausbildung von neuen peripheren Nervenendungen und deren Sensibilisierung, eine erhöhte Aktivierung von Nozizeptoren aufgrund des erhöhten intraossalen Druckes infolge des Tumorwachstums wie auch lokale Entzündungsvorgänge. Neben
diesen Veränderungen am Ort des Tumors, wurden zusätzlich speziﬁsche Veränderungen
im Rückenmark beobachtet wie zum Beispiel Astrozytenhypertrophie und zentrale Sensibilisierungsprozesse, welche zu erhöhter Reizleitung zum Gehirn beitragen. Während
Veränderungen in den funktionellen Netzwerken des Gehirns in chronischen neuropathischen Schmerzzuständen beschrieben wurden, sind die Auswirkungen von peripheren und
zentralen Eﬀekten eines chronischen Schmerzzustandes ausgelöst durch Knochenmetastasen auf zentrale Netzwerke bisher kaum untersucht.
Um die Auswirkungen von Tumor-induzierten Schmerzen im Knochen auf die funktionelle
Architektur des gesamten Gehirns zu untersuchen, haben wir ein Mausmodell mit Tumormetastasen im Knochen entwickelt. Knochenmetastasen wurden durch lokale Injektion von Mammakarzinom Zellen (4T1 und E0771) in das Knochenmark der Tibia
unmittelbar distal des Kniegelenks induziert. In einem ersten Schritt charakterisierten
wir periphere Mediatoren, welche mit der Schmerzentwicklung assoziiert sind, wie zum
Beispiel Proteaseaktivität oder Knochenresorption während des Tumorwachstums und
analysierten, wie diese Messungen mit sichtbaren Anzeichen von Schmerz korrelierten.
Die Aktivität von Matrix-Metalloproteinasen und Cathepsin K war dabei eng mit dem
Auftreten von Knochenresorption assoziiert und stieg mit fortschreitendem Krankheitszustand stetig an. Zusätzlich zu der engen Assoziation von Knochenresorption und lokaler
Proteaseaktivität wurde eine starke Korrelation zwischen den sichtbaren Anzeichen von
Schmerz und der peripheren Proteaseaktivität aufgezeigt. Wir folgerten daraus, dass die
osteolytische Knochenresorption ein Hauptfaktor für den auftretenden Schmerz in diesem
Modell darstellt. Im Allgemeinen haben wir festgestellt, dass dieses Modell dem klinischen
Bild von Tumor-induzierten Schmerzen im Knochen in Bezug auf periphere Prozesse und
Schmerz sehr gut entspricht. Damit erscheint dieses Modell als ideal für die Untersuchung
von Auswirkungen peripherer Mechanismen auf die funktionellen Netzwerke im Gehirn.
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Wir analysierten Eﬀekte von anhaltendem Schmerz herrührend von Knochenmetastasen
auf die funktionelle Konnektivität des Gehirns unter Verwendung von funktioneller Magnet Resonanz Tomographie im Ruhezustand (rs-fMRI), d.h. ohne Anwendung externer
Stimuli. Neuronale Aktivität führt zu einem lokal erhöhten Energiebedarf und Sauerstoffverbrauch. Die Abhängigkeit des Bildkontrastes vom Blutsauerstoﬀgehalt (sogenannter
BOLD Kontrast: blood oxygenation level dependent contrast) erlaubt es, Rückschlüsse auf
lokale neuronale Aktivität zu ziehen, da Kontrastveränderungen über die Zeit den lokalen,
zeitabhängigen Blutsauerstoﬀgehalt widerspiegeln. Rs-fMRI leitet funktionelle Konnektivität zwischen zwei Hirnregionen durch Korrelationsanalyse der BOLD-Fluktuationen
ab: hohe Korrelationswerte weisen auf eine hohe Synchronizität der BOLD-Fluktuation
zweier Regionen über die Zeit hin, woraus auf eine hohe funktionelle Konnektivität der
beiden Regionen geschlossen wird.
Während der Entwicklung eines chronischen Schmerzzustands aus Knochenmetastasen
haben wir die funktionelle Konnektivität im Gehirn von Mäusen als Funktion der Zeit untersucht. Mit fortschreitender Tumorentwicklung fanden wir signiﬁkante Veränderungen
in Gehirnregionen wie dem cingulären und präfrontalen Kortex, Striatum und Hippocampus. Regionen, welche auch in klinischen Studien an Patienten mit chronischen Rückenschmerzen, einem neuropathischen Schmerzzustand, als betroﬀen identiﬁziert wurden.
Wir untersuchten ob die funktionellen Veränderungen in diesen Regionen speziﬁsch sind
bezüglich eines sich entwickelnden chronischen Schmerzzustands. In der Tat führte eine
prospektive, anti-osteolytische Behandlung zu einer signiﬁkanten Reduktion der funktionellen Veränderungen, wie sie im unbehandelten Tier beobachtet wurden. Um eine
Assoziation dieser Regionen mit sich entwickelnden Schmerzen weiter zu testen, habe wir
die sichtbaren Anzeichen von Schmerz mit einer Werteskala bemessen. Diese Skala haben
wir als Modell in der rs-fMRI Datenanalyse verwendet, um Gehirnregionen zu identiﬁzieren, bei welchen funktionelle Veränderungen über die Zeit mit sichtbaren Anzeichen
von Schmerz einhergehen. Dabei wurden wiederum dieselben Regionen identiﬁziert wie
bei der vorhergehenden Analyse, was die Speziﬁtät dieser regionalen funktionellen Veränderungen bezüglich eines sich entwickelnden chronischen Schmerzzustandes unterstreicht.
Des Weiteren untersuchten wir inwiefern Veränderungen in der funktionellen Konnektivität moduliert werden können durch Behandlung mittels eines neuartigen Medikaments
welches Veränderungen in peripheren Nervenendungen bei Knochentumoren entgegenwirkt. Es wurde gezeigt, dass Antikörper gegen den Nervenwachstumsfaktor (NGF)
die Tumor-induzierte Ausbildung von neuen peripheren Nervenendungen signiﬁkant reduzieren. Zudem wird angenommen, dass periphere Sensibilisierungsmechanismen durch
diese Antikörper reduziert werden können. Die Wirksamkeit der Anti-NGF Behandlung
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wurde für prospektive wie auch therapeutische Wirkstoﬀ-Verabreichung gezeigt. Sichtbare
Anzeichen von Schmerz und Ausbildung von neuen peripheren Nervenendungen konnten
dabei signiﬁkant reduziert werden. Wir untersuchten die Auswirkungen der Anti-NGF
Behandlung auf die funktionelle Konnektivität in zentralen Regionen aufsteigender und
absteigender Schmerzleitungsbahnen des körpereigenen Schmerz-Kontroll-Systems. Die
positiven Auswirkungen der Anti-NGF Behandlung auf sichtbare Anzeichen von Schmerz
aufgrund von Knochenmetastasen konnten dabei bestätigt werden. Zudem konnten wir
zeigen das die funktionellen Veränderungen welche bei unbehandelten Tieren gefunden
wurden durch die Behandlung eﬀektiv verhindert werden konnten.
In einer dritten Studie haben wir die Rolle des säuresensitiven G-protein gekoppelten
Rezeptor 4 (GPR4) im Schmerzzustand von Knochenmetastasen untersucht. Mittels
genetisch modiﬁzierten Mäusen, bei denen keine GPR4 Rezeptoren vorkommen, wurden
die Auswirkungen der Tumor-induzierten Azidose in der Peripherie auf die funktionelle
Konnektivität im Ruhezustand untersucht. Zusätzlich wurden Eﬀekte peripherer und
zentraler Sensibilisierungsprozesse mittels fMRI untersucht bezüglich sensorischer Verarbeitung eines elektrischen Stimulus im Gehirn. Dabei konnte kein Unterschied in der
Gehirnfunktion GPR4-deﬁzienten und normalen Mäusen gefunden werden, weder in Bezug
auf die funktionelle Netzwerke in Ruhe noch in Bezug auf die Verarbeitung externer Stimuli. Dies deutet darauf hin, dass GPR4 im verwendeten Modell und zum Zeitpunkt der
Messung nicht, oder unwesentlich zu den beobachteten Eﬀekten beiträgt.
Zusammengefasst haben wir ein Mausmodell von Knochenmetastasen in der Tibia entwickelt welches sehr gut dem klinischen Bild von Tumor-induziertem Schmerz im Knochen
entspricht. Die Entwicklung von Schmerz konnte zum Grossteil der osteolytischen Knochenresorption zugeordnet werden, welche stark mit Matrix-Metalloproteinase und Cathepsin
K Aktivität assoziiert ist. Veränderungen der funktionellen Netzwerke im Gehirn erwiesen
sich als speziﬁsch gegenüber der Entwicklung von Schmerz und gingen einher mit sichtbaren Anzeichen von Schmerz. Pharmakologische Modulationen des peripheren Schmerzinputs unterstrichen die Speziﬁtät dieser Veränderungen weiter. Die betroﬀenen Regionen
im Maushirn entsprachen dabei sehr gut denjenigen Regionen, welche in klinischen Studien an Patienten mit chronischen neuropathischen Schmerzen als betroﬀen identiﬁziert
wurden, was auf Übertragbarkeit von Erkenntnissen in der Maus zum Mensch hinweist.
Das Mausmodell und die daraus gewonnenen Erkenntnisse bezüglich der Eﬀekte auf Hirnnetzwerke stellen eine wertvolle Basis für weiterführende Studien dar, was potentiell der
Entwicklung neuer Behandlungen für Patienten zugutekommt.
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1 Introduction
1.1 Pain
Pain is an unpleasant, distressing feeling, which is highly subjective and complex. The
International Association for the Study of Pain deﬁnes it as “an unpleasant sensory and
emotional experience associated with actual or potential tissue damage, or described in
terms of such damage”.1 Although pain is inherently and unquestionably unpleasant on
a physical and emotional level, it still is of major importance for sustaining physical and
emotional integrity of living organisms. For example humans with congenital insensitivity
to pain due to genetic mutations in genes such as SCN9A or PRDM12 are at high risk of
premature death because they fail to sustain physical integrity.2, 3 Beneﬁts of emotional
aspects of pain can be seen from an evolutionary perspective since these can organize and
guide goal-directed action which is of particular relevance if goals conﬂict.4 Therefore,
pain can be seen as an unpleasant but necessary evil.

Figure 1: The problem of measuring pain

Pain comes in all sorts of varieties, ranging from dull to sharp, pleasant to unbearable,
short to lifelong, and is a very subjective experience. On one side we have a good understanding of causes of pain such as excitation of peripheral nerve endings or action of
humoral mediators, but pain as such remains latent and thereby is not directly measurable
(Fig.1). To assess pain we have to rely on observable eﬀects of pain like patient reports,
pain behavior, physiological parameters like blood pressure and engagement of brain circuits using e.g. functional magnetic resonance imaging (fMRI). To infer back from such
observable eﬀects on the amount of pain, which an individual is experiencing, constitutes
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a tautology and therefore is not meaningful. Clinically, pain is most reliably quantiﬁed
using questionnaires like for example the McGill Pain Questionaire by R. Melzack.5 Many
diﬀerent pain questionnaires have been developed for acute and in particular for chronic
pain conditions. While serving the purpose of quantifying pain in a patient and evaluate
treatment outcome, pain scores cannot be taken as absolute values allowing comparisons
across patients. Pain sensation involves a highly subjective component, which is based
on previous experiences and emotional states like attention or expectation. The same
nociceptive stimulus can trigger a whole range of diﬀerent levels of pain among diﬀerent
subjects through the inﬂuence of such surrounding conditions to the conscious experience
of pain. In addition, the endogenous pain control system is capable of modulating pain
disconnecting intensity of a noxious stimulus from the pain it elicits. Therefore, objective
measurements of pain are often challenging which makes development of novel treatments
for pain a real challenge.
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1.1.1 Theories of Pain, A short History
In the 17th century, Descartes and Avicenna described pain
as a disturbance, which travels along speciﬁc nerves, independent from touch and temperature, to the brain, where it
is sensed as pain. In his famous drawing “Particles of a heat”
(Fig.2), Descartes illustrated what was two centuries later the
basis of the speciﬁcity theory of pain advocated by von Frey,
which was one of the most inﬂuential theories of pain at this
time.6 He concluded there must be pain-speciﬁc receptors
on peripheral nerve endings, which elicit pain upon activation, making pain an independent sense. Accordingly, the
“speciﬁcity theory” of pain states that these peripheral noci-

Figure 2: Descartes’ illustration of
pain pathways in "Particles of a
Heat"

ceptors bear a threshold for intensities of nociceptive stimuli
(Fig.3a). Once these intensities surpass this threshold, nociceptive transmission is activated and pain is sensed. One of the main disputes over this theory was whether or not
these peripheral receptors are speciﬁc to noxious stimuli or not. Opinions opposing the
concept of von Frey questioned the unique speciﬁcity to painful stimuli since a variety
of diﬀerent stimuli like chemical, thermal and mechanical, were observed to elicit pain.
Later on, Sherrington proposed to label stimuli according to their potential to damage
tissue into noxious and innocuous, irrespective of their nature.7
In 1874, William Erb proposed the second inﬂuential theory, the “intensity theory” of pain
(Fig.3b). He suggested that peripheral nociceptors should not be classiﬁed into high or
low-threshold depending on whether or not pain is elicited. He stated that it is the intensity of activation of peripheral nociceptors which makes a stimulus painful rather than an
inherent property of those nerve endings.8 The discovery of wide-dynamic-range (WDR)
neurons in the dorsal horn of the spinal cord supported this idea, promoting them to be
integrators of sensory input in the central nervous system (CNS) and therefore transmitting painful and non-painful stimuli alike. Pain is therefore elicited only once the intensity
of incoming stimuli surpasses a noxious threshold. Experimental proof has been provided
by B. Naunyn, who showed that repeated tactile (i.e. non-painful) stimulation leads to
pain in patients suﬀering from syphilis with degenerated dorsal columns.
With the advent of cathode-ray oscilloscope (CRO) based electrophysiological recordings,
the “pattern theory” of pain (Fig.3c) emerged which was ﬁrst postulated by J.P. Nafe9
and later advocated by Lele in 1954.10 It ignored most of the previous ﬁndings such as
the speciﬁcity of certain peripheral nerve ending to noxious stimuli and stated that most
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peripheral nerves bear a wide range of somatosensory responsiveness, which varies across
diﬀerent cells. Neurons therefore react individually to somatosensory input with diﬀerent intensities and ﬁring frequencies. Firing patterns of individual cells are integrated
in dorsal horn neurons where speciﬁc spatial and temporal proﬁles of neuronal activity
ultimately elicit pain.
Ronald Melzack and Patrick D. Wall tried to integrate previously proposed theories of pain
and critically assessed all their shortcomings, which resulted in their landmark paper in
1965, “Pain Mechanisms: A New Theory” (Fig.3d), where they proposed the “Gate-control
theory” of pain.11 It was certainly the most inﬂuential theory on pain and was a guiding
concept for the following 45 years of pain research. The core concepts of the theory were
i) large diameter, non-nociceptive aﬀerent ﬁbers (L) inhibit activity of small-diameter nociceptive aﬀerents (S) via activation of inhibitory cells in the substantia gelatinosa (SG),
resulting in hypoalgesia through a negative-feedback loop elicited by transmission (T)
cells in the dorsal horn. ii) If small-diameter aﬀerent signaling surpasses the activity of
large-diameter aﬀerents, pain is exacerbated through T cells following inhibition of inhibitory neurons in the SG, which is ampliﬁed by a positive-feedback loop. iii) The gate
control system is modulated by central control through descending signaling, which is
inﬂuenced through factors like attention, emotion or memories.11
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Figure 3: Graphical illustration of the most inﬂuential theories of pain, adopted from Perl et al12

1.1.2 Nociception
Pain is mediated by the nervous system through activation of so-called nociceptors, which
are receptors with speciﬁcity towards a certain type of stimulus, activated by noxious insults potentially causing tissue damage. Despite the close association of pain and nociception, these two modalities should be clearly distinguished since (i) the degree of nociceptive
input, i.e. tissue damage, and pain do not correlate; (ii) pain can be experienced in the
absence of nociceptive stimuli and vice versa as the conscious experience of pain depends
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on the brain’s interpretation of incoming sensory inputs. Ultimately, nociception refers to
a stimulus elicited through activation of nociceptors reaching the central nervous system
(CNS), providing information about a potentially harmful event.
Nociceptors, receptors specialized on sensing noxious mechanical, chemical or thermal
stimuli have ﬁrst been described by Charles Sherrington. There is a large variety of different nociceptors, which are classiﬁed into three major categories of sensory modalities:
thermal, mechanical and polymodal nociceptors. Axons conducting elicited action potentials from peripheral nerve endings to the cell-bodies can be classiﬁed into two main
groups: Fast conducting, myelinated Aδ-ﬁbers (speed of impulse propagation: 5-30ms−1 )
and slow-conducting un-myelinated C-ﬁbers (<2ms−1 ). Aﬀerents conducting innocuous
sensory information are typically fast conducting, myelinated Aβ-ﬁbers (33-75ms−1 ). Cellbodies of such nociceptors are located in the dorsal root ganglion (DRG) or the trigeminal
ganglion and innervate the target organ and the spinal cord. Nociceptive aﬀerents predominantly terminate in the dorsal horn of the spinal cord, but also in deeper lamina
towards the ventral segment, separating sensory modalities via anatomical allocations
within diﬀerent laminae. Nociceptive aﬀerent input is predominantly integrated within
lamina I and II in wide dynamic range neurons, projection neurons, though the vast
majority integrates to interneurons of both excitatory and inhibitory nature.13 Incoming
signals are subject to modulation through GABAergic and glycinergic signaling before entering ascending pathways to higher brain centers where incoming signals are interpreted
such as the spinothalamic, the spinoreticular and the spinomesencephalic pathway. These
ascending pathways transmit signals from a speciﬁc set of laminae to the contralateral side
of the spinal cord before ascending to higher brain structures such as the thalamus or the
amygdala via distinct brain stem nuclei such as the periaqueductal gray, the parabrachial
nucleus or the rostral ventral medulla.14 The thalamus thereby relays nociceptive information to somatosensory regions in the cortex, while the amygdala forwards input to the
insular as well as the cingulate cortex. Pain sensation is ultimately generated through
complex interplay between various brain structures as there is not one brain region solely
responsible for encoding pain.15 Supraspinal processing of acute and persistent nociceptive information in the brain each bear distinct characteristics and will be discussed in
the following.
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1.1.3 Acute vs persistent supraspinal pain processing in the brain
The advent on non-invasive imaging methods enabled studies on
supraspinal pain processing in
acute and chronic conditions making the whole brain accessible for
direct examination.

This has

mainly driven our understanding of supraspinal processes occurring upon nociception, which
was previously usually limited
to single structures in electrophysiological and neuroanatomical studies.

The most impor-

tant methods that have been
driving

our

understanding

of

pain mechanisms in the brain
comprise single photon emission
computed tomography (SPECT),
magneto- and electroencephalography (MEG, EEG), magnetic

Figure 4: Cortical and subcortical activations upon persistent pain perception with arrows indicating ascending pathways connecting individual
structures. Important structures comprise the prefrontal cortex (PF), anterior cingulate cortex (ACC), basal ganglia (BG), amygdala (Amyg), insula, thalamus, primary and secondary somatosensory cortices (S1, S2),
primary and supplementary motor cortices (M1, SMA), hypothalamus
(HT), parabrachial nuclei (PB), periaqueductal gray (PAG), posterior parietal cortex (PPC) and posterior cingulate cortex (PCC). Adopted from
Apkarian et al.15

resonance spectroscopy (MRS),
positron emission tomography (PET) and functional magnetic resonance imaging (fMRI).
It has been found that brain structures associated with acute pain processing comprise
somatosensory cortices I and II (S1, S2), anterior cingulate cortex (ACC), insular cortex
(IC), prefrontal cortex (PFC) as well as the thalamus (Th) (Fig.4).15 While these regions
are most commonly activated upon an acute noxious stimulus, there is some discrepancy
across diﬀerent imaging studies, which most likely arose from diﬀerences in technical procedures and possibly insuﬃcient power of underlying statistical analysis. Moreover, factors
such as gender, environment, instructions, nature of the stimulus, mood, attention as well
as expectations have been shown to aﬀect the outcome of imaging studies.16, 17, 18, 19, 20, 21
Among the various structures reported, activation of the cingulate cortex activation appears to be particularly robust across diﬀerent imaging and stimulus modalities.15 Common activation of regions described above lead to their denomination as “the pain matrix”,
which however has been proven not to be uniquely speciﬁc to the processing of painful
stimuli but to general processing of sensory information.22, 23, 24, 25
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Beecher introduced the term chronic pain in 1950, emphasizing diﬀerences in pain processing upon acute and chronic pain conditions. He argued that in clinical situations
painful stimuli last much longer and that there is a fundamental disconnection occurring
between pain intensity and intensity of a nociceptive stimulus or severity of an injury,
leaving the extent of pain elicited under chronic conditions unpredictable. In the last few
decades, a large body of literature has built up supporting this hypothesis by describing
molecular mechanisms of peripheral sensitization at the level of nociceptor terminals and
central sensitization on a spinal cord level. As a detailed discussion of such mechanisms is
beyond the scope of this introduction, the reader is referred to the literature.26, 27 Mechanisms speciﬁcally engaged in the development of bone cancer pain will be discussed in a
separate chapter.
Accumulating evidence from brain imaging studies suggest that distinct reorganizations
in brain functional networks occur under chronic pain conditions rendering it a neuropathological state.28, 29, 30 Thereby, reorganizations appear to be orchestrated through
excitatory glutamatergic and dopaminergic signaling in the mesolimbic circuitry involving striatal areas like the nucleus accumbens, the prefrontal and cingulate cortices, the
amygdala as well as the hippocampus.31 These reorganizations are closely associated with
mechanisms of addictive behavior and reward systems, as well as synaptic learning-based
adaptations.32 Experimental evidence is also provided by studies on rats, where optogenetic activation of corticostriatal circuitries eﬀectively relieved behavioral manifestations
of a chronic neuropathic pain condition.33 While activated areas upon acute and chronic
pain are overlapping to some extent, there are key diﬀerences between acute and persistent
pain processing as outlined above. Moreover, there are diﬀerences in ascending routes,
which are mediating such signals. While acute pain appears to be predominantly processed via the spinothalamic route, processing of nociceptive stimuli may predominantly
occur via alternative ascending routes such as the spinoparabrachial, spinohypothalamic,
and the spinoreticular pathway under chronic pain conditions.15, 34 In summary, there is
substantial evidence that chronic pain marks a unique neurological disease state dissociated from acute pain sensation.

1.1.4 Cancer Pain from Bone Metastasis
Chronic pain elicited by bone cancer is one of the most severe and life-altering pain
states.35 Bone cancer pain can arise from a primary tumor in the bone, but most often develops from skeletal metastases of common cancer types such as breast, lung and
prostate cancer. These cancer types have a high predisposition of forming skeletal metastases in marrow of bones such as femur, tibia, ribs and vertebrae.36 As a result tumor
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formation in bones frequently leads to anemia, increased risk of fracture, susceptibility to
infections and in many cases to a severe pain state, which signiﬁcantly impairs patient’s
quality of life. It aﬀects 64% of patients suﬀering from metastatic or advanced-stage
cancer, 59% of cancer patients receiving anticancer treatment as well as 33% of cured patients.37 Cancer-induced bone pain is a very complex pain state and is described as dull
in nature, constantly present and gradually increasing over time following maladaptive
bone remodeling processes.38, 39 These processes are known to cause movement evoked
pain as well as severe episodes of breakthrough pain, which are particularly diﬃcult to
manage due to their unpredictable nature.40 Commonly, ongoing cancer pain is successfully managed adhering to the World Health Organization’s analgesic ladder using
bisphosphonates, non-steroidal anti-inﬂammatory drugs and opioids in combination with
adjuvant therapies like antiepileptics, radiotherapy or surgical interventions.41 Yet these
therapies often exert severe side eﬀects, especially upon long-term use. They also fail to
address spontaneous episodes such as breakthrough pain. Therefore eﬀective treatment
of cancer-induced bone pain is still not available.

Figure 5: Peripheral mechanisms driving cancer pain from bone metastasis. Cancer cells and immune cells in the tumor
microenvironment in the bone release a variety of mediators such as protons (H+), nerve growth factor (NGF), tumor
necrosis factor α (TNFα) as well as endothelins (ET) among others. This leads to activation and sensitization of peripheral
nerve endings. Adopted from Schmidt et al.42

Molecular mechanisms driving chronic pain from bone cancer involve a variety of pro-
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cesses occurring in the periphery at the site of the tumor as well as in the spinal cord. It
comprises mechanisms of inﬂammatory, neuropathic, mechanical as well as cancer-speciﬁc
nociception. Soluble factors released by tumor and stromal cells directly act on peripheral
nociceptors, inducing peripheral sensitization. Such mediators include bradykinin, opioids, endothelins, interleukin-6, granulocyte-macrophage colony-stimulating factor, nerve
growth factor, proteases and tumor necrosis factor α (Fig.5).43 As nociceptive Aδ- and
C-ﬁbers innervating the adult bone are almost exclusively tyrosine kinase A (TrkA) positive, secretion of the TrkA agonist nerve growth factor (NGF) by tumor and invading
mast cells has been found to be a major driver of sensitization processes.44, 45 NGF
mediated TrkA activation of nociceptive aﬀerents upregulates expression of target receptors (e.g. bradykinin R), ion channels (P2X3, TRPV1, ASIC-3, NaV1.8) as well as
transcription factors (ATF-3), which are further mediating and sustaining bone cancer
pain.43 Additionally, NGF sequestering antibodies for treating cancer pain were found to
be highly eﬀective in reducing tumor-induced nerve sprouting, neuroma formation and
neuropathic aspects of bone cancer pain in mice.46, 47 Neuropathic contributions to bone
cancer pain are furthermore triggered through compression of peripheral nerves due to
tumor growth within a conﬁned space.46 An additional molecular factor contributing to
bone cancer pain is the tumor-induced generation of an acidic microenvironment following
a metabolic switch favoring anaerobic glycolysis, which leads to the release of lactic acid
even in the presence of oxygen (Warburg eﬀect).48, 49, 50, 51 Apoptotic cell death, immune
cells as well as bone resorptive osteoclasts further contribute to acidiﬁcation at the tumor
site. A decrease in pH results in activation of a range of pro-nociceptive acid-sensing
ion channels such as G-protein coupled receptors 4 (GPR4), acid-sensing ion channel 3
(ASIC3) or transient receptor vanilloid-1 (TRPV1) receptors on peripheral nociceptor
terminals.52 Beyond these mechanisms, common cancer types such as breast, lung or
renal cancers have been described to signiﬁcantly disrupt bone homeostasis, resulting in
osteoclast mediated bone resorption.36, 53 Tumor and associated stromal cells releasing
receptor-activator of nuclear factor κ-B ligand (RANKL) binding its receptor (RANK)
promotes diﬀerentiation and hypertrophy of bone resorbing osteoclasts.48, 54 Mechanical
stability decreases following degradation of collagen ﬁbers in the bone, leading to increasingly activated mechanosensitive nociceptors in the surrounding periosteum and fractures
on the bone.46, 55 Besides peripheral hyperexcitability, mechanisms on the spinal cord
level have been described leading to central sensitization upon a bone cancer pain state.
Preclinical models of bone cancer pain have revealed increasing synthesis of pro-algesic
dynorphin, astrocyte hypertrophy, c-Fos over-expression, substance P receptor internalization as well as release of interleukin-1β and tumor necrosis factor α.56 Such eﬀects have
been described in inﬂammatory or neuropathic pain conditions, but their coexistence is
unique to bone cancer pain.57 Additionally, WDR neurons in superﬁcial and deep dorsal
horn laminae shift towards nociceptive speciﬁcity, which has been shown to correlate well
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with development of behavioral readouts of pain. Additionally, distinct central sensitization processes have been described.57, 58 While central sensitization is mediated through
peripheral nociceptive inputs, NMDA receptor mediated hyperexcitability of spinal cord
neurons can be further modulated through descending 5HT dependent pathways from
brain stem regions such as rostroventral medial medulla and the periaqueductal gray region.57 Such descending modulation ultimately provides the link between higher order
cognitive and emotional processes which are capable of signiﬁcantly modulate perceived
pain.59

1.2 Optical Imaging
1.2.1 General Principal
Optical imaging techniques have been used
for diagnostic and research applications for
a long time. With the availability of ﬂuorescent reporters, and especially ﬂuorescent proteins, labeling of speciﬁc structures within biological tissue became possible, signiﬁcantly expanding the range of
biomedical research applications.

Since

then, a number of optical imaging modalities have been developed, which can be
classiﬁed roughly into two categories: ballistic and diﬀusive optical imaging systems.
Ballistic imaging systems rely on photons

Figure 6: Diﬀuse optical imaging. Principle of diﬀuse optical
imaging setup in reﬂection mode.

travelling through biological media that
are not aﬀected by scattering, which can be separated from scattered photons using techniques such as time-of-ﬂight coherence gated imaging or collimators. As biological tissue
are intrinsically scattering, such methods are restricted to thin tissue layers of a few hundred micrometers or when using thicker samples require chemical procedures to render the
tissue transparent (CLARITY60 ). Macroscopic imaging techniques such as near-infrared
spectroscopy (NIRS) or ﬂuorescence-based methods rely on diﬀuse optical imaging principles, i.e. on photons, which are scattered upon their passage through biological tissue.
For our studies we used planar diﬀuse optical imaging; therefore diﬀuse optical imaging
will be the focus of this introduction to optical imaging.
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As light propagates through tissue, photons are scattered multiple times. At a distance
longer than the mean scattering length, which depends on the type of tissue studied, light
propagation can be considered as a diﬀusive wave. Absorption of incident photons by
a ﬂuorescence moiety embedded in the tissue leads to excitation of the molecule from
the electronic ground state into an excited state, from where it can relax back to the
ground state by emission of ﬂuorescent light. The emitted ﬂuorescent light again diﬀuses
through scattering biological tissue until it reaches the surface, from where it can be detected. Through occurrence of multiple scattering events of incident and emitted photons,
reconstruction of ﬂuorescent source localization is diﬃcult. Propagation of light can be
described using the radiative transfer equation, which can be approximated for highly
scattering media by time-dependent diﬀusion equations.61, 62 Several methods for solving
this inverse problem have been proposed, e.g. the by approximating the distribution of
the ﬂuorescent sources within the tissue as a superposition of Green’s functions.63 With
the increased computational power, numerical methods based on Monte-Carlo simulations
of photon propagation or the use of Finite Element Method in combination with the diffusion equation have become more attractive.

1.2.2 Optical Imaging Probes
In optical imaging experiments, ﬂuorescent or bioluminescent constructs are among the
most commonly used reporter systems. A large collection of diﬀerent probes as well as
genetically encoded reporter systems have been established in order to address speciﬁc
biological questions. For in-vivo optical imaging experiments the preferred wavelength
for ﬂuorescent dyes lies in the near-infrared (NIR) spectrum, ranging from 650-1350nm.64
The NIR window for optical imaging is attractive for in-vivo optical imaging experiments
as light absorption by hemoglobin and desoxy-hemoglobin is at a minimum, minimizing
contributions of non-speciﬁc tissue auto-ﬂuorescence to the detected ﬂuorescence (Fig.7).
In the following, diﬀerent strategies regarding ﬂuorescent probes will be discussed.

Non-speciﬁc Fluorescent Probes In order to image the anatomy and function
of the vascular system addressing aspects such as perfusion and permeability of the vascular wall, non-speciﬁc intravascular probes can be used.65, 66 Probes such as cyanine dyes
(e.g. indocyanine green, Cy5 or Cy7), angiosense or quantum dots are popular examples
of such intravascular dyes. Conventional organic dyes suﬀer from limitations as an absorption spectrum in the NIR-window requires a large delocalized π-electron system, which
increases their hydrophobicity. In an eﬀort to overcome these limitations, inorganic ﬂuorescent nanocrystals, commonly known as quantum dots, have been developed featuring
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Figure 7: Wavelength-dependent autoﬂuorescence of tissue. Visualization of autoﬂuorescence using 2D planar ﬂuorescence
imaging in diﬀerent regions of the visible spectrum, indicating respective excitation (exc) and emission (em) wavelengths.
(Image courtesy of Jan Klohs)

an oligomeric phosphine coating making them soluble in aqueous solutions.67 Moreover,
the photostability of quantum dots is much higher compared to conventional organic dyes,
resulting in reduced photo-bleaching, i.e. the susceptibility to photon-induced destruction of the ﬂuorescent moiety. Issues when using non-targeted probes are limitations with
regard to the signal-to-background ratio (SBR).

Non-speciﬁc Fluorescent Probes In order to enhance speciﬁcity of ﬂuorescent
probes they can be supplemented with bio tags like sugar-moieties and biotin or attached
to targeting moieties such as antibodies, epitopes or artiﬁcial binding proteins as well as
low-molecular weight probes. The most important characteristics of such targeting moieties are high target speciﬁcity and aﬃnity, combined with a favorable pharmacokinetic
and pharmacodynamics proﬁle, i.e. any probe that is not interacting with the target
should be rapidly eliminated. The broad availability of antibodies and antibody fragments speciﬁc to a wide range of targets has made them a popular targeting moiety as
they typically fulﬁll the above mentioned criteria although they typically have long retention times within the circulation. In order to use antibodies for in-vivo optical imaging
they are coupled with a reporter moiety via labelling with an organic ﬂuorescent molecule
or, alternatively, by recombinant synthesis with a ﬂuorescent or bioluminescent protein.
A point to be considered is the size of the imaging probe which, in the case of a recombination protein, is signiﬁcantly increased as compared to the size of the antibody
(fragment). This will inevitably aﬀect pharmacokinetic and pharmacodynamics parameters and thereby the imaging result. In-vivo imaging using a targeted probe versus
an untargeted probe typically increases the SBR at the region of interest about 3-fold
although this is highly probe-speciﬁc. Ideally, any unbound probe should be rapidly eliminated as it gives rise to nonspeciﬁc background signal.
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Activatable probes ("Smart Probes") Signals of targeted probe are often
hampered by a high non-speciﬁc background signal, as i) the accumulation of the probe
in the target region depends on its pK and binding properties and ii) bound and unbound probe cannot be spectrally discriminated. Binding properties might depend on the
chemical environment, which can modify binding aﬃnities. Moreover, target interaction
might aﬀect conformational states of the ﬂuorescent reporter, thereby impacting ﬂuorescent quantum yield. Additionally is the signal-to-noise ratio (SNR) is limited by the one
to one ratio of binding- and ﬂuorescent-moieties in the case of fusion proteins, yielding one
ﬂuorescent moiety per probe binding to the target. Activatable (or smart) probes have
been developed to overcome these limitations very successfully. In smart probes, ﬂuorescence is quenched in an inactivated state through a quenching moiety in close vicinity.
Therefore, non-speciﬁc background signal only arises upon ineﬃcient quenching of the
probe. Activation of the probe occurs through target-speciﬁc removal of the quenching
moiety using diﬀerent strategies. A popular use of smart-probes is to assess in vivo enzyme
activity.68 For example, for mapping the activity of peptidases or proteases, a quenching moiety is attached to the ﬂuorescent moiety via a peptide linker comprising a motif
speciﬁcally cleaved by the enzyme of interest. Fluorescence intensity in such experiments
correlates with enzyme activity as ﬂuorescence gets ampliﬁed at the region of interest
according to the net enzyme activity in this region. As smart-probes are not dependent
on binding aﬃnities but rather bioavailability and ﬂuorescent signals are ampliﬁed at the
region of interest, such probes typically yield a 20-fold SNR diﬀerence between an activated and an inactivated state.

1.2.3 Instrumentation
Planar 2D ﬂuorescent optical imaging requires a high intensity light source (e.g. halogen
lamp or a laser source). The wavelength is matched to the absorption maximum of the
ﬂuorescent probe either by using a bandpass ﬁlter of typically 50nm bandwidth adapted
to the excitation spectrum of the probe, or by using a laser source of suitable wavelength.
Emitted signals are ﬁltered using an emission ﬁlter in order to improve SBR by removing
signal contribution not related the imaging probe, in particular contributions from excitation light. Such emission ﬁlters are usually highpass ﬁlters, passing all light above a
speciﬁc threshold wavelength. Correspondingly the threshold wavelength must be longer
than the excitation wavelength as the emission spectra of ﬂuorescent moieties in vivo
are red-shifted due to the Stokes-shift. Despite ﬁltering, the signals will not exclusively
depend on the ﬂuorescent molecule administered. Target speciﬁc information can be enhanced by exploiting the speciﬁc spectral features of the probe molecule. This is achieved
by recording emission spectra as multispectral image cubes, consisting of a stack of images
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at a speciﬁc spectral range, which is incremented with a 10nm step size. Photons passing
the emission ﬁlter are detected using highly sensitive, integrating photon detectors such
as charge-coupled device (CCD) or complementary metal-oxide-semiconductor (CMOS)
detectors. Such detectors consist of an array of capacitors, which are charged upon photon
arrival through the photo-electric eﬀect. Thereby the number of photon can be inferred
via the linear relationship between the number of incident photons and the accumulated
charge in each capacitor. Resulting image cubes can be spectrally unmixed in order to
remove background autoﬂuorescence as well as other unspeciﬁc ﬂuorescent contributions
from the image, enhancing probe-speciﬁc signal. These images can be analyzed within
regions of interest in terms of ﬂuorescent counts per area. In order to adequately analyze
and compare ﬂuorescence between multiple images, signal should be represented as counts
per area, per second exposure time (average counts/s).

1.3 BOLD-fMRI
Neuronal activity is propagated via synaptic transmission of action potentials, mediated
by the release of neurotransmitters from the presynaptic terminal across the synaptic
gap. Binding to postsynaptic receptors results in generation of a postsynaptic potential propagating the stimulus across the neighboring neuron. Depletion of presynaptic
neurotransmitters and regeneration of membrane potentials requires high amounts of energy provided by mitochondrial synthesis of adenosine triphosphate (ATP) causing local
up-regulated cerebral metabolism rate of oxygen (CMRO2 ). This leads to short-term regional depletion of oxygenated hemoglobin (HbO2 ) within cerebral blood vessels. As a
result, neurovascular coupling mechanisms are triggering a hemodynamic response, which
up-regulates local cerebral blood ﬂow (CBF) and cerebral blood volume (CBV). While
it would be expected that neuronal activity leads to a net depletion of HbO2 at the site
of activity, these neurovascular coupling mechanisms lead to an overcompensation of depleted HbO2 leading to a net increase of HbO2 at the site of neuronal activity.69
These hemodynamic parameters can be assessed noninvasively in a time-dependent manner using functional MRI (fMRI) methods in order to infer on neuronal activity. CBF
can be measured with perfusion MRI using intravascular contrast agents70 or arterial spin
labelling (ASL).71 Nevertheless, these methods are less suitable as they either require the
use of a contrast agent or suﬀer from low sensitivity and low temporal resolution in the
case of ASL. Instead, a label-free method that exploits intrinsic properties of blood for
contrast and also oﬀers suitable temporal resolution for studying hemodynamic responses
upon neuronal processes has evolved as method-of-choice. Ogawa et al.72 were the ﬁrst
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to notice that the MRI signal depends on the level of blood oxygenation. While HbO2 is
indistinguishable from surrounding brain tissue due to its diamagnetic properties, deoxygenated hemoglobin (Hb) is paramagnetic and therefore locally aﬀects the magnetic ﬁeld
(B0 -ﬁeld), thereby aﬀecting so-called T2∗ relaxation times. Using gradient-echo echo planar imaging sequences, contrasts based on T2∗ relaxation times can be captured with high
temporal resolution. As neural activity leads to a local increase of the ratio [HbO2 ]/[Hb],
changes in T2∗ might thus be considered a surrogate of activity. After successful application in humans,73, 74 BOLD fMRI has obtained a widespread popularity in the ﬁeld of
neuroscience. Initially, task-based or stimulus-evoked fMRI were described, in which the
evolution of the BOLD-signal was measured relative to a baseline condition to visualize
brain areas responsive to a stimulus. Typically, sensory stimulation using auditory, tactile
or visual stimuli was performed in a block-design comprising several “on” periods followed
by “oﬀ” periods. The block-design is then used as a regressor to identify brain regions in
which the BOLD-signal evolves accordingly, indicating local activity. Today, this method
is widely used in various ﬁelds of neuroscience research and helped deciphering regional
speciﬁcity in the processing of diﬀerent sensory stimuli, as well as physiological underpinnings of the origin of the hemodynamic response.75 While most fMRI studies used such
task-based or stimulus-evoked experimental paradigms, Biswal et al. reported a high degree of correlation between low frequency BOLD ﬂuctuations of ipsi- and contralateral
sensorymotor cortical hemispheres in the resting human brain.76 This was the ﬁrst report
on "resting-state" functional connectivity.

1.3.1 Resting-state fMRI
In order to assess the state of a brain in the absence of a task, fMRI data can be acquired
of a subject at rest, i.e. in the absence of any stimulus. This is referred to as resting-state
fMRI (rs-fMRI), assessing synchronicity of BOLD-signal ﬂuctuations over time between or
within brain regions. Low frequency ﬂuctuations (<0.1Hz) show strong correlations across
spatially distant brain regions reproducibly in humans as well as in rodents.76, 77, 78, 79 By
focusing on this speciﬁc frequency band, BOLD-ﬂuctuations arising as a result of neuronal
activity can be separated from confounding physiological contributions such as respiratory
(0.1-0.5Hz) as well as cardiovascular signals (0.6-1.2Hz). Such functional networks arising
from low frequency ﬂuctuations are often referred to as resting-state networks (RSNs)
and provide insights into the whole brain functional connectivity state of a brain, degrees
of consciousness or stages of cognitive development.80, 81, 82 Prominent examples of such
RSNs comprise the default-mode, somatomotor or visual resting-state network.83, 84, 84
Resting-state network activity can be up- or downregulated in response to a pathological condition, behavioral performance or pharmacological modulation, rendering rs-fMRI
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a potentially valuable tool for diagnostic purposes in neurological diseases.85, 86, 87, 88, 89
Moreover, rs-fMRI has found applications in neurosurgical planning , e.g. for tumor resections of patients aﬀected by lesions (reviewed in90 ). Today, there is compelling evidence
that resting-state fMRI constitutes a valuable tool for diagnosis of disease states as well
as for studies on information processing at the level of brain networks.

1.3.2 Resting-state fMRI Data Analysis
Several strategies to analyze rs-fMRI data have been proposed, depending on the experimental hypothesis to be tested. Common analysis techniques comprise amplitude of low
frequency ﬂuctuations (ALFF)91 or fractional ALFF (f/ALFF),92 regional homogeneity
(ReHo),93 voxel-mirrored homotopic connectivity (VMHC),94 network degree centrality,95
seed-based correlation analysis (SBA)96 and independent component analysis (ICA).97, 98
Among these, SBA and ICA are most widely used for analysis of rs-fMRI data and will
be the focus of our discussion. Independent of the analysis strategy, raw data have to
be preprocessed in order to remove artifacts and enable automated group-analysis. In
the following, common preprocessing steps will be discussed addressing such artifacts and
enabling automated analysis.

Pre-processing Gradient-echo echo planar imaging (GE-EPI) sequences used for
fMRI data acquisition acquire brain volumes with an operator-selected number of slices
repeatedly over time at a rate given by the repetition time (TR), typically in the low single digit second range. An interleaved acquisition scheme (ﬁrst odd-, then even-numbered
slices) is used to minimize crosstalk between neighboring slices upon slice-selective excitation. Therefore, timing between two neighboring slices might diﬀer by several hundred
milliseconds. This will impact subsequent correlational analysis, which is based on the
assumption that all slices of a volume were acquired simultaneously at a given TR. Slice
timing correction is therefore applied, using an interpolation approach in order to shift
time-series of all voxels in the volume to account for this confound. Positional misalignment may arise due to subject movement while acquiring data volumes over time. As
a result. The intensity value of a given voxel might be inﬂuenced by contributions of
neighboring voxels due to changes in location between individual repetitions. This problem becomes particularly apparent at sites displaying a large intensity gradient such as
tissue boundaries or tissue-vessels interfaces, where voxels of high signal intensity might
contribute to voxels of low intensity or vice versa. This can lead to introduction of artifactual ﬂuctuations in the BOLD-signal time-series of a given voxel. Motion-correction (or
realignment) accounts for volume misregistration during the serial acquisition by applying
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a rigid-body transformation using 3 translational and 3 rotational parameters. In order
to enable group-analysis on a voxel level, brain volumes from diﬀerent subjects are coregistered to an anatomical reference template using linear aﬃne transformations as well
as non-linear deformations as well as intensity normalizations across all volumes. Spatial
smoothing is applied in order to improve SNR using a Gaussian kernel with a full with at
half maximum (FWHM) larger than the voxel size. This eﬀectively cancels out random
noise at the expense of resolution. Finally, a high-pass ﬁlter is applied in order to remove
low frequency ﬂuctuations arising from the system hardware such as drifts of the static
magnetic ﬁeld (scanner-drift).

Seed-based connectivity analysis Functional connectivity analysis using a seedbased approach is a hypothesis driven way of analyzing rs-fMRI data. Thereby, a “seed”
consisting of a cube of typically 33 voxels is placed within a region of interest. The
seed is used as a mask, extracting the average BOLD time-series associated with this
particular seed. The seed time-series is subsequently used as a regressor in a general
linear model analysis for obtaining statistical maps, indicating degree of covariance of the
seed time-series with every other voxel in the volume analyzed. Higher level statistical
analysis the uses these correlation maps to infer group diﬀerences arising under speciﬁc
experimental conditions. Seed-based functional connectivity analysis is a powerful tool
for hypothesis testing as functional connectivity of individual regions of interest (ROI)
can be tested speciﬁcally. Nevertheless, results should be assessed critically, as both the
location and size of a seed largely aﬀect the outcome of such an analysis. The choice
of the seed location is hypothesis driven and user-deﬁned, which might introduce bias
leading to limited reproducibility of ﬁndings. Moreover, the seed size has been shown to
largely aﬀect ﬁndings: small seeds are subject to random noise contributions, while large
seeds might average out important temporal proﬁles or bear contributions from adjacent
nuclei.99 Seed-based analysis can furthermore be used for analyzing functional networks
across distant anatomical regions, referred to as anatomical network analysis. Thereby,
time-series are extracted from anatomically deﬁned regions of interest, which are used
as masks in order to extract the average BOLD time-series. By calculating a Pearson’s
correlation coeﬃcient for each ROI-pair, a whole brain functional connectivity network
can deduced, represented as a correlation matrix. Such correlation matrices can be used
for subsequent higher-level statistical analysis for extracting diﬀerences between groups
under investigation.

Independent Component Analysis Alternatively, rs-fMRI data can be analyzed in a purely data-driven approach without any prior knowledge using independent
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component analysis (ICA). A 4D fMRI dataset is decomposed into several spatially maximally independent components, each of which is characterized by an associated time
course. Maximal independence of the time series, but not necessarily of the spatial extent
of a component is dictated in contrast to a principal component analysis.100 This results
in decomposition of a 4D fMRI dataset into a set of spatio-temporal signals, enabling
identiﬁcation and removal of nuisance signals arising from physiological processes such
as respiration or system noise from the imaging hardware. Software packages such as
FMRIB’s ICA-based Xnoiseiﬁer (FIX,101 ) enable automatic detection of nuisance signals
in a set of components using a trained classiﬁer, which can subsequently be regressed
out from the data set. After ICA and removal of nuisance signals, the resulting set
of independent components is used as a basis for a higher-level analysis to ﬁnd group
diﬀerences upon an experimental paradigm. A common way for analyzing group diﬀerences on ICA results is dual regression. A group-level set of components is used as a
basis for extracting corresponding subject-level time courses associated with each individual group-level component in a ﬁrst linear regression. In a second step, subject-level
time courses corresponding to each group-level component are used in a second linear regression for obtaining subject-level spatial maps corresponding to individual group-level
components, yielding subject-level analogs of each group-level component.102 This set
of group-level components is analyzed individually using non-parametric statistical inference with threshold-free cluster enhancement, referred to as randomized permutation
test, to identify statistically signiﬁcant diﬀerences between groups.103 P-values obtained
after randomized permutation testing are fully corrected for multiple comparisons across
all voxels in a volume. If multiple group-level components are tested together, p-values
have to be additionally corrected (e.g. using Bonferroni correction).

1.3.3 Resting-state fMRI in Rodents
While resting-state fMRI in humans is relatively straightforward to implement, fMRI measurements in rodents bear signiﬁcant challenges. A rodent brain is roughly one order of
magnitude smaller than a human brain, with signiﬁcant implications regarding SNR. Development of high-ﬁeld MR systems has allowed overcoming these limitations and enabled
achieving reasonable temporal and spatial resolutions in rodent imaging. Furthermore,
SNR can be improved by reducing noise contributions to the signal. Noise arises from
various sources such as physiological noise from the subject, thermal noise form system
electronics and static (white) noise. With the development of cryogenic coils for MRI
operating at 3̃0K, thermal noise could be substantially reduced leading to an SNR improvement of about 2-folds provided sample noise and coil noise are of comparable order
of magnitude.104, 105 Apart from these technical challenges, the physiological state of ro-
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dents has to be tightly controlled in order to obtain reproducible results. Parameters
such as respiratory rate, blood pressure and heart rate inﬂuence hemodynamic readouts
to a large extent106, 107 and therefore need to be monitored and controlled. Respiratory
rate can be controlled by endotracheal intubation of the animal, which also ensures reproducible delivery of inhalation anesthesia. Moreover, mechanical ventilation during data
acquisition allows signiﬁcant reduction of motion artefacts through application of muscle
relaxing agents such as pancuronium bromide. Anesthesia in general is a major concern,
as it aﬀects all these parameters and intrinsically alters functional connectivity readouts
through its action on the central nervous system. For resting-state fMRI, an optimized
anesthesia regime has been described, which maximally conserves functional connectivity
readouts.108 It has been demonstrated that rats can be trained to enable imaging under awake conditions, though such measurements might still be confounded by increased
stress levels of the animals through animal restrain and exposure to high noise level during
fMRI data acquisition. Long-lasting eﬀects on functional connectivity patterns upon repeated imaging during the awake state have been described.109, 110 Anesthetics are drugs;
hence, their interference with fMRI and rs-fMRI readouts can be considered a special
case of general drug eﬀects on the CNS. Any neuroactive drug will interfere with central
processing and it remains challenging to discriminate direct drug eﬀects on brain activity
patterns from eﬀects mediated by drug activity on peripheral and central physiological
parameters, e.g. on the integrity of neurovascular coupling. Potential confounds to be
considered in such drug studies must be carefully investigated and controlled, e.g. by
using appropriate control groups.111, 88, 112 Besides these challenges, rodent fMRI oﬀers
signiﬁcant potential for mechanistic studies using novel approaches such as optogenetics
or chemogenetics which enable selective control over deﬁned neuronal populations or studies using transgenic mouse lines for evaluating the role of speciﬁc proteins or receptors,
approaches that are not amenable for human studies.113, 114, 115, 116
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Aims of the Study
The overall aim of this thesis was to assess alterations in brain functional network imposed by a chronic pain state, in particular by bone metastatic cancer-induced pain. This
involved the following sub-objectives:

• Establish a mouse model of bone metastasis through orthotopic implantation of
tumor cells.
• Characterization of peripheral mediators of pain at the site of the tumor using noninvasive optical, magnetic resonance and x-ray imaging approaches.
• Assessment of alterations in functional connectivity at the whole brain level imposed by the developing pain state from bone metastasis using functional magnetic
resonance imaging (fMRI) readouts such as resting-state and stimulus-evoked fMRI.
The central network changes should be linked to peripheral structural and molecular
readouts as well as to animal behavior.
• Demonstrate speciﬁcity of fMRI readouts and investigate mechanistic aspects (nociceptive, neuropathic and inﬂammatory pain mechanisms) contributing to bonecancer induced pain via speciﬁc pharmacological interventions targeting osteolysis
and NGF mediated nerve sprouting, as well as by genetic interventions using mice
locking GPR4 receptor. By analyzing implications of these modulations on brain
functional connectivity, the relative importance of the various contributions should
be evaluated.
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2 Mouse Models of Bone Cancer Pain Implementation and Peripheral Characterization
2.1 Introduction
The choice of an adequate model for studying pain induced by bone metastatic disease is
a crucial step. Two factors need to be taken into account: external and internal validity
of the model. In order to obtain valid results which are translatable to a clinical setting,
a model should most adequately mimic the clinical representation of cancer-induced bone
pain (CIBP), what is referred to as external validity. On the other hand, conclusions linking an observation to an anticipated cause should not be confounded by systematic errors
or bias. This is referred to as internal validity. If a model addresses these two aspects
adequately, chances that preclinical ﬁndings are translatable to the human situation will
be greatly enhanced.
The ﬁrst model of CIBP was developed almost three decades ago by Arguello et al. and
consisted of an injection of B16 melanoma cells into the left cardiac ventricle of C57BL/6
mice.117 Other than injection in the lateral tail veil, intracardiac injection resulted in
metastasis to multiple organs and a wide range of skeletal sites. Tumor cells were found
to colonize exclusively of bones rich in hematopoietic bone marrow, which led to the conclusion that hematopoietic bone marrow constitutes a niche to accommodate metastatic
colonies. Yet, the fact that multiple organ sites were found to bear metastatic colonies
introduced a high degree of variability across animals and possible confounds to outcome
measures like behavioral readouts of pain, thereby compromising the internal validity of
the model. Schwei et al developed an alternative model to overcome these limitations
by direct implantation of NCTC ﬁbrosarcoma cells into the medullary space of the femur in mice.118 Orthotropic implantation of tumor cells in the bone resulted in a much
decreased inter-animal variability and induced a phenotype that mimicked the clinical
representation of CIBP to a large extent. The model resulted in signiﬁcant development
of evoked and spontaneous pain as revealed by behavioral readouts of pain.56 Particularly
spontaneous pain behavior was found to closely mirror the clinical situation with frequent
occurrence of unpredictable episodes of severe breakthrough pain, which are particularly
hard to manage.53 As behavioral readouts of spontaneous pain indicate largest eﬀect sizes
upon CIBP development, external validity of the model appears high, at least regarding

33

these measures, rendering it ideal for developing novel analgesic treatments.119 Meanwhile, the model has been adapted to various mouse and rat strains using a large variety
of tumor cell lines and various injection sites, most often in femur and tibiae.56 Besides
the behavioral indicators of pain, a number of molecular markers have been found to be
regulated along a developing CIBP state. Increased astrocyte hypertrophy, upregulation
of c-Fos and dynorphin expression, substance P receptor (NK1) internalization and increasing abundance of IL-1β and TNF-α are among the most consistently described neuroand biochemical alterations occurring in the spinal cord.56 Some of these alterations have
also been described in clinical studies on patients with persistent nociception, e.g. upregulation of Dynorphin in the CSF of ﬁbromyalgia patients.120 Regarding bone metabolism,
increasing numbers of osteoclasts are most commonly reported eﬀects,56 another clinical
hallmark of bone metastasis. Under physiological conditions, bone homeostasis is maintained by a balance between bone forming, mysenchemal stem cell derived osteoblasts
and bone resorbing, hematopoietic stem cell derived osteoclasts. The balance between
osteoclast and osteoblast activity is regulated locally through secretion of cytokines and
growth factors by these cells, which are incorporated into newly formed bone matrix while
being released upon bone resorption.121 Moreover, homeostasis is regulated systemically
through mediators like the parathyroid hormone (PTH). In pathological conditions such
as bone metastasis this balance is most commonly disrupted towards osteolytic processes
as described in breast, lung, renal and thyroid carcinomas,122 while a shift towards osteoblastic processes has been described for prostate carcinomas among others.123 In breast
cancer, metastasis in the bone are associated with an increased production of factors such
as transforming growth factor β (TGFβ), receptor activator of nuclear factor κB ligand
(RANKL) or parathyroid hormone-related protein (PTHrP) leading to increased osteolytic activity.124 Upon bone resorption, more of these factors are released from the bone
matrix, which further stimulates osteoclast diﬀerentiation and therefore bone resorption.
This is often referred to as “the vicious cycle” of bone metastasis.125 Due to decreased
stability of the bone, mechanical nociceptors in the periosteum are increasingly activated,
which is thought to be a major cause of the typical movement-evoked and breakthrough
pain.126 Blocking of these factors or their receptors has been proposed as a treatment
opportunity. For example inhibition of the osteoprotegerin receptor, a member of the
TNF receptor family, eﬀectively reduced osteoclast dependent bone destruction.127
Peripheral protease activity is induced in bone cancer as a result of inter-cellular signaling
between tumor cells, invading inﬂammatory cells as well as bone resident cells. Matrixmetalloproteinases (MMPs) and cathepsins play major roles in remodeling processes associated with developing bone metastasis. MMPs comprise a class of zinc-dependent
endopeptidases, capable of cleaving type I collagen ﬁbers, which is the most abundant
matrix protein in bones providing mechanical stability.128 In particular, MMP-9 was
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found to be an attractive therapeutic target as MMP-9 expression highly coincides with
osteoclast recruitment. Besides MMPs, cysteine-dependent proteinases of the cathepsin
family are well described mediators associated with various cancer types.129 They are typically secreted by tumor and tumor-associated cells like endothelial cells or macrophages.
While most cathepsins act as endopeptidases within lysosomal compartments, cathepsin
K plays a signiﬁcant role in bone remodeling processes associated with osteoclast activity.
During osteoclast mediated bone resorption, protons and cathepsin K are released into
the resorptive pit.130 Generation of an acidic environment causes demineralization of the
bone and activates cathepsin K, leading to degradation of demineralized collagenous bone
matrix.131 In order to assess longitudinal MMP and cathepsin K activity during progression of the bone metastasis model, we used speciﬁc activatable ﬂuorescent in vivo optical
probes132 (a so-called smart probe), which are ﬂuorescently quenched in a non-activated
state but become highly ﬂuorescent when cleaved by a speciﬁc protease.
We also applied optical imaging methods, using a ﬂuorescently labelled bisphosphonate,
which binds Ca2+ moieties of exposed hydroxyapatite crystals within the bone matrix,
to quantitatively assess eﬀects of the growing tumor on bone turnover. In parallel, we
quantiﬁed apparent loss of bone integrity using planar radiographic imaging. In order to
visualize microstructural changes accompanying bone metastasis in the femoral model of
bone cancer we performed a μCT analysis at an early (8d.p.i.) and late (15d.p.i.) timepoint in terms of progression of the model. Additionally we quantiﬁed microstructural
changes in the tibial model of bone metastasis in an intermediate stage of the model, at
11d.p.i. in order to see which structures are aﬀected before complete disintegration of the
bone’s structure.
Taken together, there is substantial evidence based on previously published studies that a
high level of external and internal validity can be attributed to this model, which closely
resembles many aspects of the clinical representation of CIBP. We have therefore established and characterized several variants of this model in order to ﬁnd the optimal
combination of mouse strains, tumor location and tumor cell line for our purposes. In
addition, we assessed peripheral protease activities during progression of the model using
optical imaging methods. Impacts of tumor growth within the bone on bone homeostasis
was assessed using optical imaging tracers for assessing bone turnover, as well as radiographic methods such as planar x-ray imaging and micro computed tomography (μCT)
in order to assess impacts of altered bone homeostasis on bone structure and integrity.
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2.2 Material and Methods
2.2.1 Mouse Models of Cancer-induced Bone Pain
We established mouse models of bone metastasis using femur, tibia and calcaneus as
target sites for tumor injection. Additionally, we evaluated two diﬀerent strains (BALB/c
and C57Bl/6) injected with a respective syngenic cell line (4T1 and EO771) for their
suitability for optical and functional magnetic resonance imaging (fMRI) experiments.
Surgical procedures are outlined in the following:

Femoral model of bone metastasis (FBC) The original model was induced
according to published procedures.127 In brief, after anesthetizing the animal using 3%
isoﬂurane a small incision medial of the patellar ligament was performed and the knee
joint was exposed through blunt preparation and opening of the knee capsula. A hole was
drilled through the distal femoral plateau at the level of the intercondylar notch using
a high-speed dental driller. Tumor cells were inoculated into the medullary space of the
femur in a volume of 10μl using a Hamilton syringe with a KF hub needle. The injection
hole was closed using bonewax or dental cement before closing of the knee capsula using an
8-0 surgical silk. The superﬁcial incision was then closed using wound clips (see Appendix
for detailed SOP).

Calcaneal model of bone metastasis (CBC) The model was induced according to previously published procedures.133 In brief, after anesthetizing the animal
using 3% isoﬂurane, the ankle and heel was localized by palpation. Tumor cells were
ﬁlled in a 30-gauge single-use diabetic syringe, which was used to manually drill through
the calcaneus bone. Tumor cells were gently pushed inside and time was allowed for tumor
cells to accommodate within the bone. The needle was removed and gentle pressure was
applied on the heel to prevent leaking of tumor cells.

Tibial model of bone metastasis (TBC) The model was induced according
to previously published procedures.134 In brief, after anesthetizing the animal using 3%
isoﬂurane, hair was removed from the leg using a small animal shaver. After disinfection
of the skin, the knee-joint was located with a 27-gauge needle. The tibial medullary space
was accessed by drilling a hole through the skin and the tibial plateau. Correct location
of the needle was ensured by two planar radiographs recorded at a 90◦ relative angle.
After removal of the syringe, tumor cells were injected in a 10μl volume using a Hamilton
syringe with a KF hub needle. Time was given for tumor cells to accommodate in the
medullary space before removal of the syringe. To prevent leakage, gentle pressure was
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applied on the injection site for 1min (see Attachment for a detailed SOP).

Mouse Strains and Cell Lines For characterizing the mouse model of bone
metastasis we established two variations of the original model.127 We established and
characterized the model of bone metastasis in BALB/c animals injecting syngenic 4T1
TM
R
breast cancer cells (ATCCCRL2539
) as well as in C57Bl/6 animals injecting syn-

genic EO771 mammary adenocarcinoma cells.135 In both cases, mice underwent surgical
procedures at 8-10 weeks of age, while injecting 103 cells in the case of 4T1 and 105 cells in
the case of EO771. These parameters were chosen due to diﬀerences in tumor progression
speeds between the two cell lines in order to ensure similar experimental timeframes.

2.2.2 Behavioral Readouts of Pain
Development of pain during progression of the model was assessed for both strains in the
tibial model of bone metastasis. Tactile allodynia was measured in terms of paw withdrawal thresholds (PWT) using an electronic von Frey aesthesiometer (IITC, Woodland
Hills, CA). Therefore, animals were habituated in a transparent 10x10x20 compartment
with a mesh stand for 1h on two consecutive days before start of the experiment. Before
each measurement, animals were additionally habituated for 30min or until calm. For each
animal, PWTs were measured 5 times, leaving enough time between individual measurements to avoid habituation. Behavioral experiments were carried out in a blinded fashion.

2.2.3 Imaging Protocols
Magnetic Resonance Imaging Functional magnetic resonance imaging (fMRI)
was performed using a BioSpec 94/30 small animal scanner operating at 400mHz (9.4T)
with a 30cm horizontal bore. For excitation, a linearly polarized room temperature volume
resonator was used with a 2x2 cryogenic phased-array coil for signal reception. Functional
imaging experiments were conducted using a gradient-echo echo-planar imaging sequence
(GE-EPI) with the following parameters: Field of view (FOV) = 16x7mm2 and Matrix
size (MTX) = 80x35, resulting in 200x200μm2 in-plane resolution, 16 slices, slice thickness (SLTH) = 0.5mm, inter slice gap (ISG) = 0.2mm, repetition time (TR) = 1000ms,
echo time (TE) = 12ms, bandwidth (BW) = 200kHz and number of averages (NA) = 1.
Acquisition time was 6min (360 repetitions) of which the ﬁrst 20 were discarded and 340
were used for subsequent analysis. To prevent fold-over artefacts, one saturation slice was
positioned at the base of the brain. Animals were prepared for functional experiments
providing 4% isoﬂurane for 4min in a 1:5 mixture of O2/air before endotracheal intubation, maintaining anesthesia at 3% isoﬂurane. After intubation, animals were transferred
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to the MRI support and the head was ﬁxed using ear-bars. During experiments, the animal was mechanically ventilated using a small animal ventilator (CWE, Ardmore, PA)
at a rate of 80 breaths/min with a cycle of 25% inhalation and 75% exhalation and 1.8ml
inspiration volume. Anesthesia was maintained at 2% isoﬂurane after providing a bolus of
medetomidine hydrochloride (0.05mg/kg, i.v.) and pancuronium bromide (10μl, 1mg/kg,
i.v.). After 5min, inhalation anesthesia was reduced to 0.5% isoﬂurane with medetomidine hydrochloride infusion (0.1mg/kg/h, i.v.) for the time of image acquisition. Animal
temperature was maintained at 36.5±0.1◦ C using a rectal probe.

Optical Imaging MMP activity was assessed using MMPSense680, speciﬁc for MMP2, -3, -9 and -13 activity (MMPSenseTM 680, Perkin Elmer). For assessing cathepsin K
activity we used CatK680FAST, an activatable ﬂuorescent imaging agent with an optimized architecture termed FAST (Fluorescent Activatable Sensor Technology) showing
improved pharmacological proﬁles and a high speciﬁcity towards cathepsin K activity
(Cat KTM 680 FAST, Perkin Elmer). MMPSense 680 and CatK680FAST were administered (2nmol, i.v.) 24h and 6h before image acquisition at various time points during
progression of the model. Therefore, animals were anesthetized using 3% isoﬂurane in a
1:5 mixture of O2/air for 4min before transferring them to the imaging chamber, maintaining anesthesia at 2% isoﬂurane during the time of image acquisition. Images were
acquired using a Maestro Cri 500 planar ﬂuorescent imaging system using a 615-665nm
range bandpass excitation ﬁlter with a step size of 10nm and a 700nm longpass emission ﬁlter. Resulting image cubes were spectrally unmixed, isolating the smart probes’ signal by
removing background autoﬂuorescence. Relative quantiﬁcation of signal was performed in
a region of interest comprising the tibia in terms of relative ﬂuorescence signal per region
analyzed, normalized to the exposure time in seconds (scaled counts/second). Fluorescent signals in the MMPSense experiments were aﬀected due to technical issues at the
last time point (17d.p.i.) yielding signals increased by folds. In order to compare absolute
signals at 17d.p.i. with previous measurement time points at 7 and 12d.p.i., we calculated
a conversion factor from the average signals of sham-operated animals from the ﬁrst two
timepoints, assuming MMP activity to remain constant in this group. Therefore, results
describing absolute MMP-activity should be interpreted with care. Results on relative
MMP-activity can be considered solid as technical issues aﬀected both tumor-bearing
and sham-operated groups likewise.

X-ray and Computed Tomography Imaging lanar x-ray imaging was performed using a MX-20 planar x-ray cabinet (Faxitron, 35kV/10s, 4x geometric magniﬁcation) at baseline (BL), 4, 7 and 17d.p.i. in tumor-bearing and sham-operated mice.
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Therefore, animals were anesthetized using 3% isoﬂurane in a 1:5 mixture of O2/air for
4min before transferring them to the imaging chamber, maintaining anesthesia at 2%
isoﬂurane during the time of image acquisition. μCT experiments were performed using a
VivaCT 40 small animal CT (Scanco Medical, Brüttisellen, Switzerland) using an identical anesthesia paradigm as described for planar x-ray imaging. Three-dimensional images
were reconstructed with an isotropic voxel size of 10.5 μm from 500 projection images
taken over 180◦ (55 kV, 145 μA, 350 ms integration time). A 3-D Gaussian ﬁlter (sigma
1.2, support 1) was then applied to all grey-value images to remove noise, and a global
threshold corresponding to 18.0% of the maximum grey values was used to separate bone
from marrow and surrounding soft tissues.

2.2.4 Data processing & Statistical Analysis
Functional scans were normalized to a standard MRI (AMBMC) template using linear
aﬃne and non-linear greedy SyN transformation (ANTs V2.1). Using anatomical masks,
BOLD-timecourses were extracted from the cingulate cortex and ventral striatum in order
to calculate correlation coeﬃcients (Pearson’s r) both groups in all time points. Correlation coeﬃcients were plotted as boxplots indicating group means with minima/maxima as
the upper and lower boundaries. In optical, planar x-ray and μCT imaging experiments,
statistical signiﬁcance between the groups was assessed using one unpaired t-test per time
point, correcting for multiple comparisons using the Holm-Sidak method. Descriptive
statistics are indicated as means ± 1 standard deviation.
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2.3 Results
2.3.1 Mouse Models of Cancer-induced Bone Pain
All surgical procedures
described resulted in tumor growth following injection of tumor cells
into the medullary space
of femur, tibia and calcaneus (Fig.1).

Never-

theless, there were distinct diﬀerences between
the models in terms of
tumor location as well as
ease of the surgical procedure and their suitability for intended imaging
readouts.

The femoral

and the tibial model of

Figure 1: Contrast enhanced, T2-weighted magnetic resonance imaging of bone tumors in the femoral (FBC), tibial (TBC) and calcaneus (CBC) model of bone metastasis using 4T1 breast cancer cells. Yellow arrows indicate tumor mass conﬁned within
the medullary space in the FBC and TBC model, whereas the tumor mass in CBC was
found to be mostly in surrounding tissue of the target bone.

bone metastasis resulted
in conﬁned growth of the tumor mass within the medullary space until intermediate stages
of the model. Towards later stages, prominent osteolytic processes resulted in perforation
of the femoral and tibial compact bone and outgrowth of the tumor mass. For the femoral
model, the surgical intervention was delicate, time consuming, and rather invasive, which
posed signiﬁcant burden on the animals during their recovery phase. In contrast, induction of tibial metastasis involved a relatively simple and minimally invasive surgical
intervention. The calcaneal model of bone metastasis resulted in growth of the tumor
mass inside and outside of the calcaneus bone immediately after induction of the model
as no medullary space is present to accommodate tumor cells.

2.3.2 Mouse Strains and Cell Lines
Optical imaging experiments were conducted using female BALB/c mice of 8-10 weeks of
age. Syngenic 4T1 breast cancer cells were injected. The reasons for choosing this strain
was that the high absorption coeﬃcient of melanin and epidermal melanin pigmentation
in C57Bl/6 mice, which serve as photoprotective agents from potentially harmful UV-A
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and UV-B radiation.136 In the spectral domain of interest, melanin absorption prevents
the irradiation of deeper lying structures such as bone marrow, and hence aﬀects accurate measures of the ﬂuorescence intensity. By using BALB/c mice devoid of melanin
pigmentation this problem can be avoided. In fMRI experiments, assessing longitudinal
correlation values between the cingulate cortex and ventral striatum we found similar
trends for both variations of the model upon development of pain. Nevertheless, average correlation values appeared to be lower for the BALB/c model compared to C57Bl/6
(Fig.2). In addition, the BALB/c model showed much higher standard deviations of mean
correlations, thereby negatively impacting statistical power of eﬀects upon a persistent
pain state from bone metastasis in functional readouts.

Figure 2: Comparison of resting-state fMRI readouts in BALB/c vs C57/Bl6 mice. Longitudinal evolution of correlation
values between two regions of interest (cingulate cortex and ventral striatum) are represented in boxplots from min to max.
While the directionality of the group and session eﬀect is consistent, BALB/c animals yield signiﬁcantly more outliers than
C57/Bl6 mice.

2.3.3 Behavioral Readouts of Pain Development
Cancer cell implantation in the medullary space of tibiae triggered signiﬁcantly lowered
PWTs in both variations of the model, indicating development of allodynia (Fig.3). 4T1
breast cancer cells in BALB/c animals provoked a signiﬁcant decrease in PWTs at day 5,
9 and 13 post tumor injection. EO771 mammary adenocarcinoma cells signiﬁcantly affected PWT only at 20d.p.i. in C57Bl/6 mice, indicating a slower progression of the model.
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Figure 3: Longitudinal assessment of tactile allodynia (vonFrey). 4T1 cancer cells in BALB/c animals provoked signiﬁcantly
lower PWTs from 5d.p.i. while further decreasing towards later stages of the mode. EO771 cancer cells in C57Bl/6 animals
resulted in signiﬁcantly lower PWTs at 20d.p.i.. Statistical signiﬁcance was assessed using one unpaired t-test per time
point and were corrected for multiple comparisons (* p<0.05, ** p<0.01, *** p<0.001).

2.3.4 Imaging Peripheral Protease Activity
We characterized the established model of bone metastasis using 4T1 breast cancer cells
in BALB/c animals with respect to peripheral protease activity using planar optical
imaging. Absolute cathepsin K activity signal was found to be comparable to the level
of sham-operated animals at 5 and 10d.p.i.. At 14d.p.i. cathepsin activity of tumorbearing animals compared to sham-operated animals were found to be signiﬁcantly elevated (p=0.031) (Fig.4A). Absolute matrix-metalloproteinase activity was found to be
elevated at 12d.p.i., although the diﬀerence between the groups was found to be nonsigniﬁcant. At 17d.p.i., tumor- bearing animals indicated signiﬁcantly increased absolute
levels of MMP activity compared to sham-operated animals (p=0.008) (Fig.4B). Analyzing relative cathepsin K activity between the groups, we found a non-linear trend
over time. While at 6d.p.i. a relative increase of 50.2±14.6% was observed in tumorbearing animals, the value decreased to 15.6±4.6% to again rise to 51.9±13.6% at 14d.p.i.
(Fig.4C). Matrix-metalloproteinase activity was found to be elevated by 5±1% relative
to sham-operated animals at 7d.p.i. (Fig.4D). The ratio of ﬂuorescence intensity between
tumor-bearing and sham-operated animals was found to constantly increase to 21.5±6.7%
at 12d.p.i. and 40±6.9% relative increase at 17d.p.i..

2.3.5 Correlation of Protease Activity and Behavioral Measures of
Pain
To test the hypothesis that peripheral proteolytic activity (cathepsin K, matrix-metal- loproteinases) generates nociception we correlated ﬂuorescence readouts of protease activity
with behavioral measures of pain. In particular, paw withdrawal thresholds were plotted
against log-converted absolute ﬂuorescent signals obtained in the same mouse, and the
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Figure 4: Longitudinal optical imaging of protease activity in progressing bone cancer. A and B indicate absolute longitudinal MMP and CatK activity signal in the tibiae of tumor-bearing mice relative to sham operated mice. C and D indicate
corresponding relative CatK and MMP activity of tumor-bearing versus sham-operated animals. Statistical signiﬁcance was
assessed using unpaired t-tests correcting for multiple comparisons using the Holm-Sidak method (* p<0.05, ** p<0.01,
*** p<0.001).

coeﬃcient of correlation (Pearson’s r) between those two measures was calculated (Fig.5).
For both cathepsin K and matrix-metalloproteinase activity, we found linear relationships
with behavioral readouts of tactile allodynia, indicating a signiﬁcant association of those
two measures. While both protease activities indicated strong inverse correlation, association of pain readouts and protease activity was found to be slightly better for cathepsin
K (p=0.013) than for matrix-metalloproteinase activity (p=0.027).

2.3.6 Eﬀects of Bone Metastasis on Bone Homeostasis
Planar x-ray imaging was performed at baseline (BL), 4, 7 and 17d.p.i. in tumor-bearing
and sham-operated mice (Fig.6A). Integrity of the bone was found to be stable up to the
7d.p.i. time point indicating similar values for both groups. At 17d.p.i., tumor-bearing
mice indicated signiﬁcantly decreased bone integrity while values of sham-operated animals remained stable. Optical imaging using OsteoSense680 indicated a gradual increase
of ﬂuorescent signal in sham-operated mice, indicating physiological bone turnover leading to accumulation of the probe in the bone matrix particularly at the distal end of the
tibia (Fig.6B). Tumor-bearing animals indicated a lack of incorporation of the label in
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Figure 5: Correlation of behavioral readouts of pain with peripheral protease activity. Log-transformed absolute signal
intensities of CatK680FAST and MMPSense680 were plotted against respective paw withdrawal thresholds. Both protease
activities were found to be signiﬁcantly correlated with PWTs, as assessed using a linear regression.

the bone as ﬂuorescent signal remained stable over the observation period. This indicates
an impaired bone turnover as it would be expected in animals with bone metastasis.

Figure 6: Longitudinal analysis of bone homeostasis in tibial bone cancer. A) Planar x-ray imaging during model progression indicates loss of bone integrity in tumor-bearing mice while sham-operated animals remain stable. Signiﬁcant
diﬀerences were found at 17d.p.i. as assessed with multiple t-tests (one per time-point). B) Optical imaging of bone remodeling processes indicates impaired bone turnover in tumor-bearing animals as less osteosense680 is incorporated in the bone,
resulting in lower ﬂuorescent signal. Signiﬁcant diﬀerences were found at 12 and 17d.p.i. using one t-test per time-point.

In μCT assessment of bone destruction, tumor-bearing animals indicated signiﬁcant loss
of trabecular structures at 8d.p.i. and signiﬁcant loss of bone integrity at 15d.p.i. (Fig.7).
Sham-operated animals indicated intact trabecular microstructures in the medullary space
at both time-points. The site of injection appeared to be remodeled, as damages caused
by the injection needle appeared minimal. Microstructural changes were examined in the
tibial model at 11d.p.i.. Therefore, the trabecular volume of interest was selected using
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manual contouring at the proximal metaphysis and spanned 150 slices. Bone morphometric parameters were calculated within the compartment as described.137, 138

Figure 7: Visualization of osteolysis in the femoral model of bone metastasis. Tumor-bearing animals indicate signiﬁcant
loss of trabecular structures at 8d.p.i. and profound loss of bone integrity at 15d.p.i. while sham-operated animals appear
to recover well from the surgical intervention as the injection-site appears to be repaired. Anticipated route of injection is
indicated by the red dotted line in the ﬁrst image.

Microstructural changes in the trabeculae were observed in tumor-bearing animals as
trabecular number (Tb.N) and thickness (Tb.Th) were found to be decreased (Fig.8). This
is also reﬂected by an increasing trabecular separation (Tb.Sp). As a consequence, the
ratio of bone volume (BV) divided by total volume (TV) was found decreased. Decreasing
trabecular thickness leads to an increased surface per trabecular structure and thus to an
overall increase of the ratio between bone surface (BS) and bone volume. Yet, none of
these readouts were found to be signiﬁcantly altered during the disease course when using
an unpaired t-test (pBV /T V =0.1, pBS/BV =0.19, pT b.N =0.18, pT b.T h =0.21 and pT b.Sp =0.24).
Trabecular readouts (Tb.N, Tb.Th and Tb.Sp) and bone volume readouts (BV/TV and
BS/BV) were combined to a trabecular and a bone volume factor. The trabecular factor
(TF) was deﬁned as T F = T b.N × T b.T h × 1/T b.Sp while the bone volume factor (BF)
was deﬁned as BF = BV /T V × BV /BS. Statistical analysis using an unpaired t-test
indicated highly signiﬁcant diﬀerences between tumor-bearing and sham-operated groups,
indicating disruption of bone homeostasis towards osteolytic processes as indicated by
previous readouts.Taken together, analysis of tibial microstructural changes appear to be
consistent with previously described alterations in bone turnover and apparent osteolytic
processes in the mouse model of bone metastasis.
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Figure 8: Quantiﬁcation of microstructural changes observed in the tibial model of bone metastasis at 11d.p.i.. A)
Trabecular number and thickness was decreased in tumor-bearing animals, leading to increasing trabecular separation.
Overall ration of bone volume to total volume was found decreased in tumor-animals as a result, and resorption of trabeculae
was apparent by an increasing ration of bone surface to bone volume. None of the readouts indicated signiﬁcant diﬀerences
between tumor-bearing and sham-operated animals using an unpaired t-test. B) Trabecular factor and bone volume factors
indicated signiﬁcant diﬀerences between sham-operated and tumor-bearing animals as assessed using an unpaired t-test (*
p<0.05, ** p<0.01, *** p<0.001).

2.4 Discussion
We have evaluated several diﬀerent variants of a model of bone metastasis for suitability
for peripheral ﬂuorescence imaging probing proteolytic and osteolytic activity as well as
fMRI experiments probing for central readouts of nociceptive processing. With regard
to the three injection sites evaluated, tibial injection turned out to most eﬀective due to
the ease of surgical procedures, low degree of invasiveness, conﬁnement of the tumor to
the bone cavity (except for advanced disease stage) and good accessibility for ﬂuorescence
imaging. The femoral model was discarded mainly due to the complexity of the surgical
intervention, while the calcaneus model was not further pursued, as there was massive tumor outgrow from the implantation site already at early stages. Nevertheless, this model
might become attractive for studying late stage of metastatic bone cancer after loss of
bone integrity through progressive bone resorption processes.
Using the tibial model of bone metastasis we assessed the suitability of two diﬀerent mouse
strains, BALB/c and C57Bl/6. BALB/c were better suited for ﬂuorescence imaging due
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to lack of melanin, while C57Bl/6 yielded superior fMRI data quality. Both variants indicated development of pain on a behavioral level, though the BALB/c - 4T1 combination
appeared to progress faster as PWT changes preceded those observed with the C57Bl/6
- EO771 model by approximately 7 days. Apart from the better quality of fMRI data
as revealed by higher mean correlation values and lower standard deviations, the slower
development of the pain state in C57Bl/6 was better suited to study the rearrangements
of functional networks as a function of time.
The characterization of peripheral mediators crucial for development of a pain state from
bone metastasis in particular the activity of the proteases MMPs and cathepsin K revealed that MMP activity increased steadily over time. MMP activity being strongly
associated with the diﬀerentiation of osteoclasts can be used as a surrogate for the disturbed bone homeostasis. Correspondingly, increased activity may be interpreted as a
shift in the osteoblast/osteoclast balance in favor of the osteoclasts. Results for cathepsin
K were less straightforward. While analysis of the absolute measures of Cathepsin K
activity indicated a signiﬁcant increase only at late stages of the BALB/c - 4T1 model,
relative activity normalized to values in sham-operated mice also revealed an increase at
the ﬁrst time point. This might be due to the fact that both tumor cells and osteoclasts
upon bone resorption release cathepsin K. Therefore we might tentatively attribute the
early peak, corresponding to a weak absolute ﬂuorescence intensity as compared to the
late time point, to tumor-derived cathepsin K activity, while the late peak might include
the contribution of cathepsin K released from both osteoclasts and tumor cells which due
to overall tumor growth have largely increased. Apparently, an osteoclast contribution
would be associated with actual resorption of the bone matrix. Correlation of behavioral
manifestations of pain and peripheral protease activity indicated a link between molecular processes related to bone tumor development and an emerging pain phenotype. As
both proteases are closely associated with diﬀerentiation and activity of bone resorbing
osteoclasts, we concluded bone resorption to be one of the main mechanisms driving bone
cancer pain. This has been strongly suggested by the observation that inhibition of osteoclast diﬀerentiation using osteoprotegerin signiﬁcantly reduced development of behavioral
signs of pain in a mouse model of bone metastasis.127
Assessment of bone integrity using planar x-ray imaging revealed signiﬁcant bone resorption towards the end of the observation period, in line with the ﬁnding of increased
protease activity at this stage and behavioral readouts. This notion was further supported
by imaging the incorporation of ﬂuorescently labelled bisphosphonates (OsteoSense680)
in the tibial bone matrix as a measure of osteosynthesis. The signiﬁcantly reduced label
uptake in tumor bearing animals at late stages clearly indicates impaired bone homeostasis, i.e. a shift towards excessive bone resorption. Micro CT analysis revealed that this
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resorptive activity was largely conﬁned to medullary trabecular structures at early and
intermediate stages, while severe osteolysis was apparent at later time points leading to
disintegration of the compact bone layer with outgrowth of the tumor in to the adjacent
soft tissue. A quantitative analysis at an intermediate stage indicated trabecular structures to be aﬀected, leading to decreasing numbers and thickness of trabeculae. Analysis
of combined trabecular readouts (trabecular factor) and bone volume readouts (bone volume factor) indicated highly signiﬁcant diﬀerences between the groups, indicating a shift
of bone homeostasis towards osteolytic processes.
In summary, implantation of breast cancer cells into hematopoietic bone marrow of long
bones in mice reproduces key elements of the clinical representation a pain state from
bone metastasis. We imaged hallmarks of bone metastasis such as protease activity and
bone resorption, which appear closely associated with an emerging chronic pain state
from bone metastasis. Evaluation of several variants of the model indicated that injection
of tumor cells into the proximal tibia appears a suitable model for studying peripheral
and central characteristics of a developing persistent pain state from bone metastasis.
BALB/c mice injected with 4T1 breast cancer cells were found to be ideal for ﬂuorescence imaging experiments targeting peripheral mediators of pain, whereas C57Bl/6 mice
injecting syngenic EO771 mammary adenocarcinoma cells were found to yield superior
results from fMRI experiments assessing central pain processing.
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3 Longitudinal resting-state fMRI in a
mouse model of metastatic bone cancer reveals distinct functional reorganizations along a developing chronic
pain state
Buehlmann D., Grandjean J., Xandry J., Rudin M.
Adopted from Longitudinal resting-state fMRI in a mouse model of metastatic
bone cancer reveals distinct functional reorganizations along a developing
chronic pain state, PAIN (2018)

Abstract
Functional neuroimaging has emerged as attractive option for characterizing pain states
complementing behavioral readouts or clinical assessment. In particular resting-state
fMRI (rs-fMRI) enables monitoring of functional adaptations across the brain, e.g. in
response to chronic nociceptive input. We have used rs-fMRI in a mouse model of chronic
pain from breast cancer derived tibial bone metastases to identify pain-induced alterations
in functional connectivity (FC). Combined assessment of behavioral readouts allowed
deﬁning a trajectory as model function for extracting pain-speciﬁc FC changes from the
fMRI data reﬂective of a chronic pain state. Cingulate and prefrontal cortices as well
as the ventral striatum were identiﬁed as predominantly aﬀected regions, in line with
ﬁndings from clinical and preclinical studies. Inhibition of the peripheral bone remodeling
processes by anti-osteolytic therapy led to a reduction of pain induced network alterations,
emphasizing the speciﬁcity of the functional readouts for a developing chronic pain state.
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3.1 Introduction
Chronic pain aﬀects 15% of the world’s population and poses a major burden on patients’
quality of life.139 Substantial research eﬀorts on acute and chronic pain states have provided new insights into mechanisms of nociception at diﬀerent levels of the peripheral
and central nervous system.140 Yet, translation of this knowledge into the development of
novel treatments remains challenging despite more recent advances in treating chronic neuropathic pain using e.g. gabapentinoids and selective dual serotonin and norepinephrine
reuptake inhibitors.141 Development of novel therapies is often hampered by limited translatability of preclinical ﬁndings, mostly based on behavioral pain readouts.142 Remarkable
developments in functional neuroimaging provide a window for directly assessing central
processing of nociceptive input. In particular, functional magnetic resonance imaging
(fMRI), mapping whole-brain activity non-invasively has been used for characterizing
activation patterns elicited by painful stimuli in animals and humans. The so-called
“pain-matrix”, comprising somatosensory (S1,S2), cingulate (Cg) and prefrontal / insular
cortices (Pfc), thalamus (Th), periaqueductal gray (PAG) and hippocampus, was found
commonly activated upon acute painful stimulation with a high degree of correspondence
between humans and other mammalian species,143, 144 Yet, its speciﬁcity to pain has been
questioned in several studies.22, 23
While acute pain processing was extensively analyzed in rats and to a lesser extent in
mice using stimulus-evoked fMRI, studies of chronic pain in rodents remain underrepresented.145, 146 The impact of chronic nociceptive input and its eﬀects on brain connectivity may alternatively be studied by analyzing synchronicity of spontaneous activity across brain regions using resting-state fMRI (rs-fMRI).76, 147, 78, 148 In fact, rs-fMRI
studies in chronic pain patients revealed network alterations aﬀecting the default-mode
network (DMN).149, 150 While these results appear promising, longitudinal studies linking
fMRI changes to changes in clinical readouts of pain remain challenging in a clinical setting. Accordingly, rat models of chronic neuropathic pain have been characterized using
rs-fMRI revealing the involvement of limbic structures as well as widespread functional reorganizations in pain-related areas upon repeated acute stimuli have been described.150, 151
Pain arising from bone metastasis constitutes a severe chronic condition involving aspects of nociceptive, inﬂammatory and neuropathic pain.54 Mouse models of chronic pain
from bone metastasis have been extensively investigated, revealing unique neurochemical
alterations in the spinal cord.56, 152 Osteoclast-mediated bone resorption was identiﬁed
as major contributor to pain development in this model, which could be prevented by
blocking osteoclast diﬀerentiation using osteoprotegerin.127 While consequences of bone
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cancer pain are well documented at the peripheral and spinal cord level, its implications
on brain functional connectivity remain largely unknown. The aim of this study was to
analyze changes in brain connectivity associated with the development of a persistent
pain state in a mouse model of metastatic bone cancer using longitudinal rs-fMRI. The
speciﬁcity of the rs-fMRI readouts was evaluated i) by correlating functional connectivity
(FC) changes with behavioral readouts of pain and ii) by analyzing the eﬀects of peripheral anti-osteolytic analgesic therapy on altered brain functional networks.

3.2 Material and Methods
3.2.1 Animals & Experimental Design
All experiments were conducted in accordance with the Cantonal Veterinary Oﬃce of
Zurich, Switzerland. Female C57BL/6 mice were obtained from Janvier at 8-10 weeks
of age and housed at 22-24◦ C in a 12/12h alternating light/dark cycle with access to
food and water ad libitum in individually ventilated cages. Mice were allocated to cages
and cages were allocated to groups in a randomized fashion using R’s sample function.153
Groups were separated in cages to prevent previously described social transfer of pain.154
Female mice were chosen due to the higher prevalence of females to develop a chronic pain
state.155 All 4 groups were N=12 with one drop out in the Tumor-Vehicle group after the
10d.p.i. functional experiments. Group sizes were based on a power analysis from a pilot
study, assuming a power of 80%.
fMRI experiments were conducted at baseline (BL) before tumor inoculation (0d.p.i.), 10
and 20 days post injection (d.p.i.). In parallel, von Frey measurements of tactile allodynia
were conducted, before fMRI data acquisition. Guarding and Flinching behavior was assessed weekly, starting 7d.p.i.. An outline of the experimental design is depicted in Figure
S1. Surgeries were performed on two consecutive days, two groups per day. Therefore, 24
animals were measured at each time point.

3.2.2 Model of Bone Cancer Pain
EO771 (tebu-bio, Le-Perray-en-Yvelines, France) breast cancer cells were cultured to 80%
conﬂuency in RPMI medium, containing 10% fetal bovine serum at 37◦ C. For injection, 105 cells suspended in a volume of 10μl were injected per mouse. Animals were
anesthetized at 5% isoﬂurane (Piramal, Mumbai, India) in a 1:5 mixture of O2/air and
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maintained at 3% during the surgery. During the whole procedure, the animal was placed
on a feedback controlled heating mat, maintaining physiological body temperature. The
animal was prepared by removing hair and skin disinfection (KODAN FORTE, Schülke,
Nordersted, Germany) on the right hind limb. After locating the knee joint, a hole was
drilled through the distal tibial plateau using a 27 gauge needle (B.Braun, Melsungen,
Germany). The proper location of the needle was conﬁrmed using a Faxitron MX-20
digital radiography system (Faxitron, Tuscon, AZ) acquiring single shot x-ray images
(35kW/10s, 4x geometric magniﬁcation) in planar and axial direction. Cells were then
slowly injected using a 27 gauge Kel-F hub needle on a Hamilton syringe (Hamilton,
Bonaduz, Switzerland) and 1min time was given for the cells to accommodate in the
medullary space. After removing the syringe, pressure was applied to the hole to prevent
leakage of the cells. Post-operative pain was managed by subcutaneous (s.c.) injection of
Temgesic (60μg/kg, Reckitt Benckiser, Slough, UK).

3.2.3 Behavioral Readout of Pain
All behavioral experiments were conducted in parallel to fMRI experiments in a blinded
setting. Von Frey measurements were conducted using an electronic von Frey aesthesiometer (IITC, Woodland Hills, CA). Animals were placed on a home-built mesh stand,
enclosed in a transparent 10x10x20cm compartment and habituated for 2x1h before the
actual experiment. Before every measurement, mice were additionally habituated for 1h
or until calm. Per session, each paw was measured ﬁve times, ensuring enough time between measurements to avoid habituation.
Guarding and ﬂinching behavior was analyzed weekly over a period of two minutes. Animals were placed in a home-built mesh stand, enclosed in a transparent 10x10x20cm
compartment and habituated 30min before the test. Guarding was deﬁned as holding the
aﬀected paw aloft while ambulatory, ﬂinching was deﬁned as holding the aﬀected paw
aloft while not ambulatory.
Based on the behavioral readouts, a trajectory vector x = (x1 , x2 , x3 ), was deﬁned for the
correlation with the rs-fMRI data, with elements corresponding to the individual measurement points. The elements of the trajectory vector had to fulﬁl the conditions xi ∈ Z

and i xi = 0; in the absence of a signiﬁcant eﬀect in any of the behavioral readouts, xi
was set to xi = −1.
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3.2.4 Animal Preparation and Anesthesia
Anesthesia was induced providing 4% isoﬂurane in a 1:5 O2/air mixture for 4min. The
anesthetized animal was placed in supine position for endotracheal intubation using a PE50/10 polyethylene tubing (Warner Instruments, Hamden, CT), maintaining anesthesia
at 2% isoﬂurane. After transferring the animal to the animal bed, a bolus medetomidine
hydrochloride (0.05mg/kg, Pﬁzer Pharmaceuticals, New York City, NY) was administered
s.c. keeping inhalation anesthesia at 2% isoﬂurane. After 5min, anesthesia was reduced to
0.5% isoﬂurane combined with s.c. infusion of medetomidine hydrochloride (0.1mg/kg/h)
at a rate of 0.1μl/kg/h during the course of acquisition. Functional data acquisition was
consistently started 14min after start of medetomidine infusion in order to ensure reproducible physiological states of the mice during functional scans. During experiments, the
animal was mechanically ventilated using a small animal ventilator (CWE, Ardmore, PA)
at a rate of 80 breaths/min with a cycle of 25% inhalation and 75% exhalation and 1.8ml
inspiration volume. Animals were immobilized by administration of a s.c. bolus pancuronium bromide (0.5mg/kg, Sigma-Aldrich, St. Louis, MO) and the mouse head was ﬁxed
using a bite bar and ear bars. Animal temperature was monitored using a rectal probe
and maintained at 36.5±0.1◦ C. After experiments, animals were recovered on a heating
mat while still ventilated at 1% isoﬂuorane. Animals were detached from ventilation once
it showed normal reﬂexes and ability to breath independently, indicating that muscle relaxation was fully worn oﬀ.

3.2.5 Zoledronic Acid Treatment Regime
In Tumor-ZA animals, 100μg/kg Zoledronic acid (ZOLEDRONSÄURE ONCO SANDOZ,
Sandoz Pharmaceuticals AG, Rotkreuz, Switzerland) in physiological saline was administered s.c. in a volume of 50μl in the neck. Sham treated animals were injected with
physiological saline. There was a single injection in each animal at day 7 post tumorinoculation (d.p.i). At this time point behavioral readouts of pain were not diﬀerent from
baseline values and planar x-ray imaging did not reveal any indication of bone destruction.

3.2.6 MRI Acquisition
Magnetic resonance imaging (MRI) experiments were conducted using a Biospec 94/30
small animal MR system (Bruker BioSpin GmbH, Ettlingen, Germany) operating at
400MHz (9.4T) with a 30cm horizontal bore. A linearly polarized room temperature vol-
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ume resonator (inner diameter 70mm) was used for transmission in combination with a
four-element receive only cryogenic phased-array coil for signal reception (Bruker BioSpin
AG, Fällanden, Switzerland).
Resting-state fMRI: Functional data was acquired using a gradient-echo echo planar imaging (EPI) sequence sensitive to blood-oxygen level dependent (BOLD) contrast with the
following parameters: Field of view (FOV) = 16x7mm2 and Matrix size (MTX) = 80x35,
resulting in 200x200μm2 in-plane resolution, 16 slices, slice thickness (SLTH) = 0.5mm,
inter slice gap (ISG) = 0.2mm, repetition time (TR) = 1000ms, echo time (TE) = 12ms,
bandwidth (BW) = 200kHz and number of averages (NA) = 1. Acquisition time was 6min
(360 repetitions) of which the ﬁrst 20 were discarded and 340 were used for subsequent
analysis. To prevent fold-over artefacts, one saturation slice was positioned at the base of
the brain.

3.2.7 Preprocessing & Statistical Analysis
Functional scans were normalized to a MRI template (Australian Mouse Brain Mapping
Consortium) using linear aﬃne and non-linear greedy symmetric normalization (SyN)
transformation (ANTs V2.1). Raw image and normalization quality of a representative
data set are indicated in Figure S2. Independent functional components (ICs) were extracted on an individual level using MELODIC (Multivariate Exploratory Linear Optimized Decomposition of Independent Components156 ), the mean EPI image was taken as
a reference. Independent components have been derived by temporal and spatial decomposition of 4D datasets (3 spatial, 1 temporal coordinate) and represent clusters of voxels,
for which the BOLD-signal displays a unique pattern that temporally and spatially independent from all remaining voxels within the brain. Such independent components, also
referred to as resting-state networks (RSNs), are highly reproducible across naïve subjects79 and can be used as a basis to assess the impact of a disease state on BOLD-signal
ﬂuctuations within these components. This is referred to as within-network or intraregional functional connectivity and constitutes a completely data-driven approach for
analyzing fMRI data. This process included 0.01Hz high-pass ﬁltering of the 4D dataset,
spatial smoothing with a 2x2mm2 kernel and head motion correction using MCFLIRT.157
Non-physiological contributions to BOLD signal were removed using FIX (FMRIB’s ICAbased Xnoiseiﬁer,158, 101 v1.06) by an in-house classiﬁer.79 Classiﬁer accuracy was tested
using a subset of 10 baseline scans, yielding an accuracy A (A=TNR+TPR/2) of 72.5%,
TNR and TPR indicating true positive and true negative discovery rate, respectively, for
the applied threshold during analysis.
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Alternatively, fMRI data can be analyzed using regions of interest (ROI) deﬁned on the
basis of anatomical structures. Through correlation analysis of average BOLD-signal ﬂuctuations between a pair of ROIs, connectivity strength can be assessed for each ROI-pair.
High functional connectivity of a pair of ROIs is inferred from a high degree of correlation (high Pearson correlation value), i.e. high synchronicity of BOLD-signal ﬂuctuations
within the ROIs involved. This is referred to as inter-regional functional connectivity.
ROI-based network analysis was conducted using anatomical ROIs of 24 predeﬁned regions159 extracting time course data with fslmaths. Pearson’s correlation between ROIs
was calculated, yielding subject-level correlation matrices. Fisher’s Z transformed concatenated subject-level matrices were used in a linear mixed model analysis, testing for
combined group and session eﬀects. Intra-regional analysis of FC was analyzed using fsl’s
dual-regression.102 In brief, group-level individual component spatial maps were used as
spatial regressors in a multiple regression to obtain subject-level time series of each grouplevel spatial map. Resulting subject-level time series were used as temporal regressors in a
second multiple regression in the same 4D dataset set these temporal regressors were used
to obtain subject-level spatial maps of every group-level spatial map (2nd level analysis).
These were tested in a general linear model using non-parametric permutation statistical
inference with 5000 permutations, accounting for multiple comparisons with thresholdfree cluster enhancement (TFCE) followed by Bonferroni correction (3rd level analysis).
Non-parametric permutation statistical inference with TFCE is an analysis strategy to
signiﬁcantly reduce the rate of false positive results in fMRI experiments.160 To estimate
longitudinal evolution of group-level ICs, parameter estimates (PE) of the second multiple
regression were extracted on subject-level and analyzed using a linear mixed model analysis with false discovery rate (FDR) to account for multiple comparisons (R, multcomp and
lme4 package). Descriptive statistics are indicated as group means ±1 standard deviation
(SD).
Behavioral readouts of pain were analyzed using a linear mixed model analysis; false
discovery rate was used to account for multiple comparisons. Descriptive statistics are
indicated as group means ±1 standard deviation (SD).
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3.3 Results
3.3.1 Behavioral Readouts of Pain
Behavioral tests consistently indicated development of pain-related behaviors from 10 to
14 d.p.i., continuously increasing towards later time points in all the tests (Fig.1). Tactile
allodynia, assessed with von Frey measurements, was found to develop around 10 d.p.i.,
though the eﬀect was not yet signiﬁcant when compared to Sham-Vehicle mice at this time
point. At 20 d.p.i., tactile allodynia was signiﬁcantly higher in Tumor-Vehicle animals.
Guarding and ﬂinching behavior were found to be signiﬁcantly elevated in Tumor-Vehicle
animals at 14 d.p.i compared to Sham-Vehicle animals and continued to increase until 20
d.p.i.. Accordingly, a behavioral trajectory was deﬁned for use as contrast in a general
linear model (GLM) analysis on functional data (see section 3.3.3). The trajectory vector x was deﬁned according to whether or not signiﬁcant signs of pain were apparent at
the individual fMRI data acquisition time points, namely at baseline, 10 and 20 d.p.i.,
yielding x = (−1, −1, 2) (section 3.2.3). Since all behavioral assessments of pain indicated
the same developmental trajectory, this trajectory is in agreement of all three readouts
performed.

Figure 1: Longitudinal assessment of behavioral readouts of pain as means with standard deviation. (A) Guarding and (B)
ﬂinching behavior were signiﬁcantly increased in Tumor-Vehicle animals 14 and 21 days post injection (d.p.i.) compared
to Sham-Vehicle. At 7 d.p.i. no signiﬁcant diﬀerence between groups was observed. (C) Tactile allodynia tended to be
elevated at 10 d.p.i., though the eﬀect was not statistically signiﬁcant (p=0.1). At 20 d.p.i. paw withdrawal thresholds were
signiﬁcantly lower in Tumor-Vehicle animals compared to Sham-Vehicle. Statistical signiﬁcance was assessed in a linear
mixed model with FDR correction (p<0.05 *, p<0.01 ** and p<0.001 ***).

3.3.2 Longitudinal Resting-State fMRI Characterization
Resting-state fMRI readouts were analyzed assessing inter-regional alterations in functional networks using anatomical ROIs for the extraction of time course data as well as
intra-regional changes using independent component analysis (ICA) with dual regression.
Inter-regional ROI-based network analysis revealed most robust eﬀects in networks com-
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prising the cingulate and prefrontal cortex, interacting with the dorsal (pCg−dStr =0.02,
pP f c−dStr =0.01) and ventral (pCg−vStr =0.003, pP f c−vStr =0.03) parts of the striatum in
response to peripheral sensory input elicited by the tibial metastasis (Fig.2A). In addition, interactions from the cingulate and prefrontal cortices to ventral (pCg−vHp =0.04,
pP f c−vHp =0.01) and the cingulate cortex to the dorsal (pCg−dHp =0.04) parts of the hippocampus were found to be signiﬁcantly altered during development of bone cancer
pain as were interactions of striatal regions with somatosensory areas such as the motor (pdStr−M c =0.03, pvStr−M c =0.02) and parietal cortices (pdStr−pP c =0.02, pvStr−pP c =0.04)
and networks comprising the contralateral thalamus and somatosensory regions. Correlation coeﬃcients, indicating the strength of functional connectivity, were found to consistently decrease in these aﬀected regions in Tumor-Vehicle compared to Sham-Vehicle
animals as depicted for a representative network comprising the cingulate cortex and the
ventral striatum (Fig.2B). This indicates a loss of synchronicity in regional BOLD-signal
ﬂuctuations, indicating a weakening of functional connectivity between these ROI-pairs.
Independent component analysis, assessing intra-regional functional connectivity, indicated similar regions to be aﬀected in Tumor-Vehicle animals compared to Sham-Vehicle
animals.
Robust reorganizations were observed in the cingulate (p=0.003) and prefrontal (p=0.003)
cortices, yielding highly signiﬁcant p-value clusters indicating group diﬀerences (Fig.2C).
Additionally, the piriform cortex (p=0.004) as well as the ventral part of the striatum
(p=0.005) and the dorsal hippocampus (p=0.044) were found to be signiﬁcantly altered
compared to Sham-Vehicle animals. The p-values given in brackets represent the voxels
displaying the highest signiﬁcance level for each independent component after 3rd level
analysis. The degree of functional reorganizations was assessed through extraction of
parameter estimates of the 2nd level analysis in dual regression, which is a measure of
within-network coherence. The regions described consistently displayed a loss of coherence
within independent components in Tumor-Vehicle animals compared to Sham-Vehicle animals. A representative plot of the parameter estimates for the cingulate cortex for the
three measurement time points is indicated in Fig.2D. Eﬀect sizes of FC alterations, as
indicated by parameter estimates, were found largest in the cingulate (-34.7%), piriform
(-34.62%) and prefrontal cortex (-34.2%), while the ventral striatum (-21.1%) and the
dorsal hippocampus (-18.27%) were aﬀected to a lower degree. These ﬁndings are in line
with results from 3rd level analysis of the dual regression analysis on a voxel by voxel basis
using non-parametric statistical inference.
We conclude that both inter- and intra-regional correlation analyses consistently revealed
FC changes that predominantly aﬀected cingulate and prefrontal cortical, ventral striatal
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Figure 2: Inter- and intra-regional functional reorganizations during development of a chronic pain state from bone cancer.
(A) Longitudinal inter-regional ROI-based network analysis in 24 seed regions. Lower triangle indicates color-coded pvalues from linear mixed model analysis testing for group and session interaction. Upper triangle indicates signiﬁcantly
altered networks with color-coded p-values thresholded at p<0.05. Black indicates non-signiﬁcance. (B) Representative
evolution of a signiﬁcantly altered network. Longitudinal cingulate cortex to ventral striatum network correlation values
(ﬁsher’s Z transform) are plotted, indicating decreasing correlation Tumor-Vehicle animals compared to Sham-Vehicle.
Boxplots indicate median with upper and lower box limits representing 1st and 3rd quartile. Whiskers represent ±1.5
interquartile range while dots indicate data points outside of ±1.5 interquartile range. (C) Intra-regional alterations in
ICs assessed by dual-regression analysis. Pir, Pfc and Cg as well as vStr and dHp were evolving signiﬁcantly diﬀerent in
Tumor-Vehicle compared to Sham-Vehicle animals. P-values with p<0.05 are represented in a heat-map (P-valueuncorr)
after non-parametric statistical inference with threshold-free cluster enhancement testing for combined group and session
eﬀects. Bonferroni-corrected voxels are overlaid in blue (P-valuecorr). (D) Representative temporal evolution of PEs
in a signiﬁcantly altered IC comprising the cingulate cortex. Parameter estimates after dual-regression analysis indicate
signiﬁcant loss of coherence at 20 d.p.i (p<0.01) in Tumor-Vehicle animals as assessed in a linear mixed model after FDR
correction (p<0.05 *, p<0.01 ** and p<0.001 ***).

and dorsal hippocampal regions.

3.3.3 Modelling of Nocifensive Behavior to rs-fMRI
In order to validate speciﬁcity of the rs-fMRI readouts to pain, we used the trajectory of
behavioral readouts associated with pain as a regressor in a GLM analysis in order to extract independent components displaying an analogous temporal evolution. The temporal
proﬁles of each component were used for the dual regression analysis in order to extract
spatially independent component maps for individual subjects. These subject maps were
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then used for the 3rd level analysis to test for group diﬀerences, to derived statistical
maps revealing independent component that evolved according to behavioral readouts of
pain. For ﬁnal representation the resulting statistical maps were Bonferroni-corrected.
As in inter- and intraregional connectivity analysis, in the Tumor-Vehicle group robust
functional changes following the trajectory of nocifensive behavior were found in the
cingulate (p=0.0004), prefrontal/anterior cingulate (p=0.0006), piriform (p=0.0008) and
temporal associative cortices (TAc, p=0.0002) as well as the ventral striatum (vStr,
p=0.003). Moreover, less robust changes were observed in the ventral (p=0.009) and
dorsal hippocampus (p=0.033) (Fig.3A). The p-values given in brackets represent the
voxels displaying the highest signiﬁcance level for each independent component after 3rd
level analysis.
We conclude that the close association of behavioral readouts of pain with region-speciﬁc
FC alterations underlines the relevance of the rs-fMRI derived data.

3.3.4 Testing Speciﬁcity of Central Readouts
To further validate the speciﬁcity of the identiﬁed functional network alterations in response to persistent pain, we analyzed the eﬀect of modulation of the peripheral nociceptive input on the FC pattern. In a prospective treatment study, we administered
zoledronic acid (ZA), a potent nitrogen-containing bisphosphonate compound inhibiting
osteoclast activity through inhibition of farnesyl pyrophosphate (FPP) synthase causing
osteoclast dysfunction and thereby reduction of osteolytic activity.161 ZA administration
decreases osteoclast-mediated acidiﬁcation of the tumor microenvironment and therefore
reduces the decrease of bone stability besides other direct anti-tumorigenic eﬀects such as
inhibited proliferation and induction of apoptosis.162 Thus, the drug lessens physiological
and structural changes at the tumor site and was reported to reduce excitation of peripheral nerve endings and correspondingly nociceptive input.163, 164 Anti-nociceptive eﬃcacy
of zoledronic acid administered using a comparable dosing regime has been shown previously in a rat-model of metastatic bone cancer pain on the basis of behavioral readouts
of pain.164 Moreover, x-ray analysis of the aﬀected limb showing osteolysis, in particular at the proximal end of the tibia (chondyles) close to the tumor implantation site in
Tumor-ZA compared Tumor-Vehicle mice, indicate successful inhibition of osteoclast activity and thus eﬃcacy of drug treatment (Fig. S3). Based on behavioral ﬁndings in rats
and radiographic information on bone integrity we assumed that peripheral nociceptive
input was reduced in Tumor-ZA animals. Therefore we analyzed the eﬀect on central
fMRI readouts using the behavioral trajectory as a regressor as described above.
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Figure 3: Speciﬁcity of functional readouts for developing chronic bone cancer pain. (A) Functional independent components extracted using a trajectory based on behavioral readouts of pain. Within component coherence of the Pir, TAc,
Pfc, Cg, vStr, vHp and dHp were found to evolve inversely proportional to trajectory deﬁned from behavioral readouts of
pain in Tumor-Vehicle but not Sham-Vehicle animals. P-values with p<0.05 are represented in a heat-map (P-valueuncorr)
after non-parametric statistical inference with threshold-free cluster enhancement. Bonferroni-corrected voxels are overlaid
in blue (P-valuecorr). (B) Results from extraction of functional ICs using behavioral readouts of pain as a model after
application of ZA treatment. Pfc, Cg and vStr still indicated functional reorganizations after ZA treatment (Tumor-ZA)
compared to Sham-Vehicle with lower statistical signiﬁcance than in the Tumor-Vehicle group compared to Sham-Vehicle
(see A). P-values with p<0.05 are represented in a heat-map (P-valueuncorr) after non-parametric statistical inference with
threshold-free cluster enhancement. None of the voxels reached signiﬁcance after Bonferroni correction. (C) Parameter
estimates of remaining functional reorganizations (see B) after dual regression analysis of Tumor-ZA and Tumor-Vehicle
animals compared to Sham-Vehicle animals. Partial recovery towards Sham-Vehicle levels is indicated in Tumor-ZA animals. Statistical analysis was performed using a linear mixed model with FDR correction of p-values (p<0.05 *, p<0.01 **
and p<0.001 ***).

Modulated bone remodeling processes signiﬁcantly modulated the central readouts. The
reduction of within-network connectivity alterations in the cingulate (Cg, p=0.0053)
and prefrontal/anterior cingulate (Pfc, p=0.012) cortex and the ventral striatum (vStr,
p=0.0022) was signiﬁcantly smaller in Tumor-ZA compared to Tumor-Vehicle animals,
using Sham-Vehicle animals as the reference (Fig.3B). Changes in within network connectivity did not reach statistical signiﬁcance for piriform (p=0.39) and temporal associative
cortex (p=0.24), as well as dorsal (p=0.15) and ventral hippocampus (p=0.071) after
ZA-treatment (data not shown).
Extraction of parameter estimates indicated normalization of bone cancer induced FC
alterations following treatment with the osteoclast inhibitor ZA. While there was still
a trend towards a reduction of within regional coherence in the most robustly aﬀected
regions (cingulate cortex, prefrontal/anterior cingulate cortex, ventral striatum, the eﬀect
was less pronounced in the Tumor-ZA group and changes in parameter estimate levels
did not reach statistical signiﬁcance (Fig.3C). There were no signiﬁcant diﬀerences be-
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tween Sham-ZA and Sham-Vehicle animals in any of the group-level components (data
not shown). Therefore, non-speciﬁc systemic eﬀects of ZA-treatment on brain functional
networked appear negligible.
We conclude that pharmacological modulation of bone remodeling processes underlying
generation of nociceptive input caused by the formation of tibial metastasis leads to modulation of the fMRI signature attributed to developing chronic pain, thereby indicating
the speciﬁcity of the readout.

3.4 Discussion
We identiﬁed the prefrontal and cingulate cortices as well as the ventral striatum as central regions involved in network remodeling in a mouse model of chronic pain from bone
metastasis. Intra- and inter-regional connectivity involving these regions displayed a signiﬁcant reduction in correlation strength in Tumor-Vehicle as compared to Sham-Vehicle
animals. Similar alterations in FC were found in regions and networks comprising the dorsal hippocampus and the piriform cortex of Tumor-Vehicle animals, though these eﬀects
were less pronounced. Involvement of motor- and somatosensory cortical areas occurred
predominantly due to inter-regional connectivity between these regions and cingulate cortex, prefrontal cortex and ventral striatum, though we did not observe any signiﬁcant
changes in intra-regional connectivity. In general, intra-regional analysis of FC was found
more robust than inter-regional FC analysis. Cingulate and prefrontal cortices are among
the regions classically attributed to the “pain-matrix” found to play a central role both
in acute and chronic pain processing165, 143 though the role of this regions is not limited
to the processing of pain stimuli as shown for humans31, 149 and rats166, 167 have indicated
that their role is not limited to processing of pain stimuli. In fact, these hubs have been
also associated with many diverse conditions including a range of psychiatric disorders,168
stress related CNS disorders169 and neurodegenerative disorders.170 Nevertheless, the importance of cingulate and prefrontal cortices in processing nociceptive input has been
demonstrated e.g. using optogenetic modulation of cingulate or prefrontal cortical activity in rats resulting in beneﬁcial eﬀects both in acute and chronic pain models.171, 33
Reorganization of functional networks have been described in awake and anesthetized rat
studies of chronic neuropathic pain with major rearrangements in within-regional FC of
the rat limbic system.166 Alterations of within-regional FC appeared to outweigh rearrangements of inter-regional connectivity, i.e. topological properties of network organizations were largely preserved, in line with our ﬁndings. Reorganization of limbic circuits
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in chronic pain states have also been reported in clinical rs-fMRI studies during chroniﬁcation of lower back pain, and was found to be reversible by eﬀective treatment.170, 172
This has been interpreted as shift from nociceptive to emotional brain circuits, as well as
disruption of the default-mode network under chronic pain conditions in patients.31, 150, 173
The hippocampus has been identiﬁed as one of the main regions aﬀected upon chroniﬁcation of pain in neuropathic pain states both in humans and rats [47,48,53]. While our
results also indicated involvement of the hippocampus, it has not been attributed a major
role. This discrepancy might arise from the nature of chronic pain from bone cancer as it
consists of a mixture of neuropathic, inﬂammatory and nociceptive components. In addition, diﬀerences in temporal evolution of nociceptive input related to the speciﬁc pain
state induced may account for the lesser hippocampal involvement in the murine bone
cancer model. In fact, nocifensive behavior was only observed from 10 to 14 days after
inoculation of tumor cells. On the other hand, the cortico-striatal FC has been suggested
to predict a transition to a chronic pain state in lower back pain patients, indicating a
diagnostic value of these readouts.173 In line with this, we might speculate that the identiﬁcation of the ventral striatal region, noticeably comprising the nucleus accumbens, as
one of the major region involved in functional reorganization of brain networks in bone
tumor bearing mice might be indicative for the transition to a chronic pain state. This
has previously been observed in studies on rat chronic neuropatic pain models.33
Using behavioral readouts of pain as regressor for extracting alterations in FC, we could
highlight the association of the network reorganizations involving prefrontal cortex, cingulate cortex, ventral striatum, dorsal hippocampus, and to a lesser extent temporal
associative and piriform cortices with nociceptive input. This points at a relevant role
of these regions in the development of a persistent pain state. Additionally, it highlights
validity of behavioral tests as temporal evolution of FC changes in these regions were
found to be closely correlated with development of nocifensive behavior. Our ﬁnding that
administration of ZA reduced the FC changes attributed to bone metastatic pain further
support the relevance of the fMRI signatures identiﬁed. Our results also demonstrate that
osteoclast activity and osteolysis are important contributors to the pain state in the tibial
breast cancer metastasis model used. The fact that residual FC alterations have been
observed following ZA treatment can be attributed to incomplete inhibition of osteoclast
activity completely delaying the development of a pain state, but also to non-osteolytic
mechanisms, which contribute to pain sensation174 and which therefore are likely to aﬀect
FC.
The remarkable overlap of regions aﬀected by chronic pain between humans, rats and mice
advocates mice as a model organism for fMRI studies in the context of chronic pain. The
large number of genetically engineered mouse lines available oﬀers a handle for studying
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the impact of speciﬁc cellular and molecular mediators of pain involved in the functional
reorganization of brain networks during chroniﬁcation of a pain state. For example, the
observation of major functional reorganizations within the hippocampus imposed by a
chronic pain state as derived from resting-state fMRI has been traced back to impaired
hippocampal neurogenesis.175 Such mechanistic insight might be of value when developing
novel chronic pain therapies. Apart from that, functional brain imaging may be helpful in
identifying emotional and aﬀective components associated with pain perception, important information for designing novel treatment strategies. Connectivity analysis on the
basis of rs-fMRI allows assessing changes in brain networks elicited by pathology86, 176, 89
or pharmacological interventions111, 87, 177, 88 both in humans and animals with high sensitivity. This was shown to be of particular value for characterizing chronic conditions
such as chronic pain state and to monitor adaptations over time.
Nevertheless, the approach faces a number of issues that are related to the method itself,
the nature of the fMRI readout and potential eﬀects on the physiological state by administration of drugs including anesthetics. i) Hemodynamic readouts of brain activity are
susceptible to changes in physiological parameters through neurovascular coupling such
as blood pressure, body temperature and heart rate.107 It is therefore highly beneﬁcial to
tightly control animal physiology through standardized animal preparation procedures in
order to achieve a high degree of reproducibility across animals throughout all imaging
sessions. ii) Exogenous compound may aﬀect the outcome either via direct central eﬀects
or via modulation of peripheral hemodynamic parameters; this is of particular relevance
when using anesthetics. Anesthesia inherently alters neuronal activity, yet is typically
used for the ease of experimental procedures to reduce stress-levels of mice under investigation and to reduce motion artifacts. Eﬀects of diﬀerent anesthetics on mouse resting
state FC have been evaluated, a combination of low dose medetomidine with low dose
isoﬂurane has been reported to preserve FC most adequately, also in deep nuclei, though
networks involving the thalamus were found to be largely suppressed.108 To overcome limitations of anesthesia, fMRI in awake rodents has been performed, yet obtaining reliable
results turned out to be challenging.110 Imaging awake animals suﬀers from limitations,
which might confound the results: for example long-lasting eﬀects of animal restraint during imaging in the awake state on behavioral and functional readouts have been recently
described.109 Nevertheless, a recent study in awake rats analyzing alterations in stimulusevoked fMRI responses in a chronic neuropathic pain state found similar regions to be
aﬀected, endorsing awake imaging as a valuable option.178 iii) Apart from anesthetics,
neuroactive drugs will have a direct eﬀect on brain activity patterns. For example, when
considering a chronic pain state, the administration of centrally active analgesic drugs
such as opioids or neurotransmitter receptor ligands would exert direct eﬀects on brain
activity111, 177, 179 and brain FC, which are not directly associated with the sensation of
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peripheral nociceptive input. In this case it is mandatory to ﬁrst characterize drug effects in detail in order to properly interpret eﬀects of analgesic therapy in a (chronic)
pain model. This is less an issue when treating chronic conditions as in the case of our
study, fMRI measurements were carried out 3 and 13 days following drug administration,
thereby avoiding interference by eﬀects caused by high trough levels of the therapeutic.
In summary, we have identiﬁed characteristic and robust changes in functional networks
in the brain of mice in response to pain elicited by tibial breast cancer metastases. Network changes predominantly involved hubs such as the cingulate cortex, prefrontal cortex,
ventral striatum and to a lesser extent dorsal hippocampus and piriform cortex. These
regions have also been identiﬁed in patients suﬀering from chronic pain and have been associated with the development of a persistent brain state. The relevance of these network
changes is supported by the observation that they correlate with behavioral readouts of
pain and that they could be largely abolished by pharmacological inhibition of osteoclast
activity using a prospective treatment regime. The correspondence of our ﬁnding with
results obtained in chronic pain patients suggests that these fMRI signatures might be of
value for translational studies.
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Supplementary Figures

Figure S1: Experimental Design. Baseline (BL) fMRI for all experimental groups and tactile allodynia experiments
for Tumor-Vehicle and Sham-Vehicle animals were conducted in parallel one day before tumor. At day 0, tumors were
innoculated in animals of the Tumor-Vehicle and Tumor-ZA group, Sham-Vehicle and Sham-ZA animals were injected with
PBS instead. Tactile allodynia and fMRI experiments were repeated 10 and 20 d.p.i.. Behavioral readouts of spontaneous
pain behavior were conducted weekly, starting 7d.p.i.

Figure S2: Raw data and normalization quality. (A) Indicates temporal mean of a raw EPI scan for illustration of
image quality. (B) Represents raw EPI images after brain extraction with (C) indicating standard deviations extracted
using fslstats, which were found to be homogenously distributed throughout brain regions. Slightly increased values were
observed in the ventricles as well as cortical and lower dorsal regions, which can be attributed to minor motion artifacts. (D)
Brain atlas slices corresponding to acquired slices during functional scans with (E) indicating EPI-images after normalization
to the template using ANTs.
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Figure S3: X-ray analysis of ZA treatment eﬃcacy in the aﬀected limb. Tumor-bearing animals treated with ZA (TumorZA) indicate less osteolytic lesions (yellow arrows) than vehicle treated tumor-bearing animals (Tumor-Vehicle), indicating
successful inhibition of osteoclast activity.
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4 Preventive administration of anti-NGF
treatment eﬀectively suppresses functional connectivity alterations following cancer-induced bone pain in mice
Buehlmann D., Ielacqua G.D., Xandry J., Rudin M.
Adopted from Preventive administration of anti-NGF treatment eﬀectively suppresses functional connectivity alterations following cancer-induced bone pain
in mice, Submitted to PAIN

Abstract
Cancer-induced bone pain is abundant among advanced stage cancer patients and arises
from a primary tumor in the bone or skeletal metastasis of common cancer types such as
breast, lung or prostate cancer. Recently, antibodies targeting nerve growth factor (NGF)
have been shown to eﬀectively relieve neuropathic and inﬂammatory pain states in mice
and in humans. While eﬃcacy has been shown in mice on a behavioral level, eﬀectiveness
in preventing pain-induced functional rearrangements in the central nervous system has
not been shown. Therefore we assessed longitudinal whole-brain functional connectivity
using resting-state fMRI in a mouse model of cancer-induced bone pain. We found functional connectivity between major hubs of ascending and descending pain pathways to be
aﬀected by a developing cancer pain state. These changes could be successfully prevented
through preventive administration of a monoclonal anti-NGF antibody (mAb911). This
indicates eﬃcacy of anti-NGF treatment to prevent pain-induced adaptations in brain
functional networks following persistent nociceptive input from cancer-induced bone pain.
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4.1 Introduction
Common cancer types like breast, lung and prostate cancer have a high predisposition
of forming skeletal metastasis in bones like femur, tibia, ribs and vertebrae.36 Tumor
formation in bones frequently leads to anemia, increased risk of fracture, susceptibility
to infections and in many cases to a severe pain state, impairing patient’s quality of
life. Cancer-induced bone pain is a complex pain state known to cause persistent pain,
movement evoked pain and severe episodes of breakthrough pain, which are particularly
diﬃcult to manage.40 Commonly, ongoing cancer pain is managed adhering to the World
Health Organization’s analgesic ladder in combination with adjuvant therapies such as
bisphosphonates, non-steroidal anti-inﬂammatory drugs, opioids, radiotherapy or surgical
interventions.180 While these therapies often exert severe side-eﬀects especially upon longterm use, they also fail to address spontaneous breakthrough pain. Therefore eﬀective
treatment of cancer-induced bone pain is still not available.
In order to better understand mechanisms involved, a preclinical model of bone cancer
pain has been developed by orthotopic implantation of tumor cells.56, 54 The model was
shown to reproduce clinical symptoms of cancer-induced bone pain including spontaneous and evoked pain, correlating with tumor growth and cancer-induced bone remodeling.40 Besides osteoclast mediated bone resorption, tumor acidosis and mediators released
by tumor-associated stromal cells, tumor-induced damage to peripheral nociceptors was
found to be a major contributor of cancer pain.181, 42 Nociceptive Aδ- and C-ﬁbers innervating the adult bone are to the largest extent tyrosine kinase A (TrkA) positive, target
receptor of the nerve growth factor (NGF).40 NGF sequestering antibodies for treating
cancer pain were found to be highly eﬀective in reducing tumor-induced nerve sprouting,
neuroma formation and bone cancer pain in mice.46, 47 Eﬀective relieve from skeletal pain
was further indicated in clinical studies in diﬀerent disease states like osteoarthritis and
chronic lower back pain.182
Along with these peripheral eﬀects, cancer-induced bone pain show very distinct neurochemical alterations in the central nervous system (CNS) at the level of the spinal
cord such as overexpression of dynorphin and c-FOS, as well as actrocyte hypertrophy.152
These eﬀects could partly be prevented through application of anti-NGF treatment.47
While anti-NGF treatment eﬃcacy is largely described assessing peripheral, behavioral
or spinal cord level readouts, its eﬀects on the brain remain unknown. As the conscious
experience of pain is ultimately generated in the brain, assessing peripheral eﬀects of
anti-NGF treatment on the brain in a cancer pain state might give further insights into
how eﬀective pain relieve is.
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Therefore, we assessed whole brain functional connectivity (FC) using resting-state functional magnetic resonance imaging (rs-fMRI) in a mouse model of bone cancer pain.
Rs-fMRI infers FC based on the synchronicity of spontaneous activity across brain regions76, 147, 78, 148 and poses a unique window for assessing the functional state of the
brain and how it is aﬀected upon a disease state.86, 176, 89 By assessing longitudinal FC,
we evaluated eﬃcacy of the anti-NGF antibody mAb911 to modulate changes in brain
networks following a cancer-induced bone pain state in mice.

4.2 Material and Methods
4.2.1 Animals & Experimental Design
Animal experiments were conducted in accordance with regulations of the Cantonal Veterinary Oﬃce in Zürich, Switzerland. Female C57BL/6 mice at 8-10 weeks of age were
obtained from Janvier Labs (Laval, France). Mice were held in individually ventilated
cages in a 12/12h alternating light/dark cycle at 22-24◦ C with unrestricted access to food
and water, experiments were conducted during light cycle. They were allocated to groups,
and groups were allocated to cages in a randomized fashion using R’s sample function.153
Separation of groups by cages was decided to prevent social transfer of pain which has
been previously described.154 Female mice were chosen due to the higher prevalence of
females to develop a chronic pain state.155

Figure 1: Experimental design. Resting-state fMRI experiments were carried out -2, 10 and 20d.p.i.. At 0d.p.i., mice of
the tumor groups were injected with EO771 breast cancer cells (T) control mice with PBS (C). Behavioral readouts of pain
and application of treatment (*) were performed in parallel, treatment-groups receiving anti-NGF mAb911 (10mg/kg, i.p.)
while vehicle groups received physiological saline instead.

fMRI experiments were carried out at baseline (BL) before tumor inoculation, 10 and 20
days post injection (d.p.i.). Anti-NGF treatment and behavioral readouts of pain were
carried out in parallel, starting 1 week post tumor inoculation (8d.p.i.). Thereby, antiNGF treatment was injected after completion of behavioral experiments. Experimental
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groups used in this study and their characteristics are indicated in Table 1. An outline of
the experimental design is indicated in Figure 1.
Experimental Group Surgical Procedure
Treatment
Group-Size
Sham+anti-NGF
10μl PBS, intramedullary
mAb911, 10mg/kg, i.p. N=7
Sham+Vehicle
10μ PBS, intramedullary
50μl Saline
N=7
5
Tumor+anti-NGF
10 EO771, intramedullary mAb911, 10mg/kg, i.p. N=8
N=8
Tumor+Vehicle
105 EO771, intramedullary 50μl Saline
Table 1: Experimental groups as referred in the text. All surgical procedures were performed on the right tibia. mAb911
was diluted in 50μl physiological saline before injection.

4.2.2 Mouse Model of Bone Metastasis
The mouse model of chronic pain from bone metastasis was adopted form previous published procedures and reﬁned for our purposes.54, 134 In short, EO771 breast cancer cells
were cultured to 80% conﬂuency in RPMI medium supplemented with 10% fetal bovine
serum at 37◦ C. Mice of the tumor-bearing groups (Tumor+Vehicle and Tumor+antiNGF) were injected with 105 cells in 10μl in the medulla of the right tibia while mice
of the control-groups (Sham+Vehicle and Sham+anti-NGF) were injected with 10μl PBS
instead. Therefore, mice were anesthetized at 3% isoﬂuorane in a 1:5 mixture of O2 /air,
the hair was removed and skin disinfected on the injected leg. To access the medullary
space, a hole was drilled through the tibial plateau using a 27-G needle. Proper location
of the needle was veriﬁed in two planar x-ray radiographs (35kW/10s, 4x geometric magniﬁcation) of a 90◦ angle using a Faxitron MX-20 digital radiography system. Cells where
then slowly injected using a 27-G Kel-F hub needle on a Hamilton syring and 1min time
was given for cells to accommodate in the medullary space before removing the needle.
Post-operative pain was managed by subcutaneous (s.c.) injection of Temgesic (60μg/kg).
During the whole procedure, mice were placed on a feedback-controlled heating mat to
maintain physiological body temperature.

4.2.3 Behavioral Readouts of Spontaneous Pain Behavior
Behavioral experiments were conducted in a blinded fashion every 5th day, starting 1
week after tumor inoculation (8, 13 and 18d.p.i.). Thereby, the animals were placed on a
home-built mesh stand, enclosed in a 10x10x20cm compartment. Blinding was ensured by
random placing of the animals in the absence of the experimenter conducting behavioral
studies. All mice were habituated for 2x1h before start of the study. Before every experiment, mice were additionally habituated for 30min. Guarding and ﬂinching behavior was
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analyzed over the period of 2min. Guarding was deﬁned as holding the paw aloft while
ambulatory, ﬂinching was deﬁned as holding the paw aloft while steady.

4.2.4 Animal Preparation and Anesthesia
For induction of anesthesia, mice were anesthetized using 4% isoﬂuorane in a 1:5 mixture
of O2 /air for 4min before endotracheal intubation using PE-50/10 polyethylene tubing
while maintaining anesthesia at 2%. Mice where cannulated intravenously (i.v.) in the
lateral tail vein using a the tip of a 30-G needle, the animal was placed on the MRIsupport before application of pancuronium bromide (0.05mg/kg, s.c.) and medetomidine
hydrochloride (0.1mg/kg, i.v.) bolus. After 5min, isoﬂuorane anesthesia was reduced
to 0.5% and combined with a medetomidine hydrochloride infusion (0.05mg/kg/h, i.v.)
during the course of acquisition. During experiments, mice were mechanically ventilated
using a small animal ventilator at a rate of 80breaths/min with a cycle of 25% inhalation and 75% exhalation and 1.8ml inspiration volume. Functional data acquisition was
consistently started 15min after the start of medetomidine infusion in order to ensure
reproducible physiological states. In order to reduce motion artefacts, mouse heads were
ﬁxed using bite and ear bars. Body temperature was monitored using a rectal probe and
maintained at 36.5±0.1◦ C during the course of the experiments. Upon termination of
MRI experiments, animals were recovered on a heating map while still ventilated at 1%
isoﬂuorane until the eﬀect of pancuronium bromide has worn oﬀ.

4.2.5 Anti-NGF Treatment using Murine anti-NGF Monoclonal
Antibody mAb911
Murine monoclonal anti nerve growth factor (NGF) antibody mAb911 was kindly provided by Pﬁzer Inc. (Groton, CT, USA). Treatment regime and dosing were adopted
from previous publications, demonstrating the eﬀectiveness of mAb911 to reduce cancerinduced bone pain.47 Anti-NGF treatment (10mg/kg, i.p.) was initiated prospectively at
8d.p.i. and repeated in intervals of 5days following behavioral experiments.
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4.2.6 MRI Acquisition Protocol
Magnetic resonance imaging (MRI) experiments were conducted using a Biospec 94/30
small animal MR system with a 30cm horizontal bore operating at 400MHz (9.4T). For
excitation and signal reception, a cryogenic quadrature transmit/receive surface coil was
used.

Resting-state fMRI Functional data was acquired using a gradient-echo echo planar imaging (GE-EPI) sequence sensitive to the blood-oxygen level dependent (BOLD)
contrast with the following parameters: Field of view (FOV) = 16x8mm2 and Matrix size
(MTX) = 80x40, resulting in 200x200μm2 in-plane resolution, 18 slices, slice thickness
(SLTH) = 0.5mm, repetition time (TR) = 1000ms, echo time (TE) = 12ms, bandwidth
(BW) = 200kHz and number of averages (NA) = 1. Acquisition time was 15min20sec (920
repetitions) of which the ﬁrst 20 were discarded and 900 were used for subsequent analysis.
To prevent fold-over artefacts, one saturation slice was positioned at the base of the brain.

4.2.7 Data Processing and Statistical Analysis
Functional scans were normalized to a MRI template (Australian Mouse Brain Mapping Consortium) using linear aﬃne and non-linear greedy SyN transformation (ANTs
V2.1). Independent functional components (ICs) were extracted on an individual level
using MELODIC (Multivariate Exploratory Linear Optimized Decomposition of Independent Components156 ), taking the mean EPI image as a reference. This process included
0.01Hz high-pass ﬁltering of the 4D dataset, spatial smoothing with a 2x2mm2 kernel
and head motion correction using MCFLIRT.157 Independent components were classiﬁed
into physiological and non-physiological components using an in-house classiﬁer,79 nonphysiological components in the BOLD signal were regressed out using FIX (FMRIB’s
ICA-based Xnoiseiﬁer,158, 101 v1.06). Classiﬁer accuracy was tested using a subset of 10
baseline scans, yielding an accuracy A (A=TNR+TPR/2) of 72.5%, TNR and TPR indicating true positive and true negative discovery rate, respectively, for the applied threshold
during analysis. Group-level independent components of baseline scans were used as naïve
animal reference resting state networks (RSN) to analyzed projection regions of seeds in
the seed-based analysis approach.
Region of interest (ROI) -based network analysis of whole brain connectivity was performed using a ROI-template comprising 75 anatomical ROIs based on the reference atlas
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of the Allen Institute for Brain Sciences (AIBS). Using fslmaths, average BOLD-timeseries
were extracted from the normalized, ﬁltered data. Pairwise Pearson’s correlation values
were calculated between all ROI combinations to obtain subject and session speciﬁc correlation matrices. Fisher’s Z transformed correlation matrices were used in a linear mixed
model analysis to test for group and session interaction eﬀects (R, lme4 package). For
the seed-based analysis, average timeseries were extracted from seeds and used in a general linear model (GLM) analysis (fsl_glm) as a regressor. Resulting subject and session
level voxel-wise Z-score maps of seed projections were subsequently analyzed within target
ROIs using previously described resting state networks as ROIs in a linear mixed model
analysis, accounting for multiple comparisons (R, lme4, multcomp packages).
Behavioral readouts of pain were analyzed using multiple t-tests (one per time-point), statistical signiﬁcance was corrected for multiple comparisons using the Holm-Sidak method.
Descriptive statistics are indicated as means ±1 standard deviation (SD) in all plots.
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4.3 Results
4.3.1 Behavioral Readouts of Spontaneous Pain
Guarding behavior was found to be elevated in Tumor+Vehicle animals at 13 and 18d.p.i.,
while only a small increase in guarding was observed at 18d.p.i. in Tumor+anti-NGF mice
(Fig.2). There was a signiﬁcant treatment-eﬀect visible between these two groups at 13
and 18d.p.i.. Sham operated animals did not show any signiﬁcant guarding behavior irrespective of whether they were treated with vehicle or anti-NGF. Similar results have been
obtained regarding ﬂinching behavior, which was found to be elevated in Tumor+Vehicle
animals at 18d.p.i. compared to any other group. In particular, Tumor+anti-NGF animals
did not develop any signiﬁcant ﬂinching behavior resulting in a signiﬁcant treatment-eﬀect
between for tumor mice at 18d.p.i.. Behavioral readouts of spontaneous pain behavior
indicate development of pain in Tumor+Vehicle animals. This behavior could be largely
prevented through preventive treatment using anti-NGF antibody mAb911 with only little residual guarding behavior displayed at 18d.p.i. in Tumor+anti-NGF animals.

Figure 2: Behavioral readouts of spontaneous pain behavior. Guarding and ﬂinching was assessed during a period of 2min.
Statistical signiﬁcance was tested per timepoint compared to Sham+Vehicle using t-tests accounting for multiple comparisons (Holm-Sidak method). Brackets indicate signiﬁcant treatment-eﬀects, comparing Tumor+anti-NGF to Tumor+Vehicle
(* p<0.05, ** p<0.01 and *** p<0.001)

4.3.2 ROI-based Network Analysis
ROI-based analysis of longitudinal rs-fMRI data revealed distinct rearrangement of functional connectivity (FC) patterns in tumor-bearing as compared to sham-operated mice
upon vehicle treatment (Fig.3A, upper triangle). Interactions of amygdallar nuclei (Amg)
with thalamic (Th) as well as midbrain (Mb) regions were found to be most signiﬁcantly
aﬀected. A closer look on midbrain structures revealed FC changes to be mostly conﬁned in motor-related areas and the periaqueductal gray. In addition, FCs to cortical
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areas (Ctx) were found to be aﬀected; in particular interactions with temporal associative
(TAc) / insular (IC) regions and the cingulate cortex (Cg). Furthermore, FC between the
thalamus and cortical areas were speciﬁcally aﬀected in somatosensory as well as temporal associative / insular regions (Supplementary Fig.S1). Less distinct but still signiﬁcant
changes were additionally observed between striatal (Str) and midbrain as well as thalamic regions. Prospective treatment of tumor-bearing mice using mAb911 successfully
prevented previously observed eﬀects of persistent pain on FC (Fig.3A, lower triangle).
Few remaining signiﬁcant alterations were found in deep nuclei comprised in mid- and
hindbrain (Hb) regions. The distinct patterns of altered connectivities associated with
tumor development were virtually absent in Tumor+anti-NGF animals. A signiﬁcant effect of mAb911 treatment is indicated in Figure 3B (upper triangle), comparing animals
of the Tumor+Vehicle and Tumor+anti-NGF groups. FCs responding to treatment overlapped to a large extent with FCs exhibiting signiﬁcant changes due to tumor development
(Fig.3A; upper triangle). Most robust eﬀects were observed in interactions between the
amygdala and cortical regions. Particularly, a treatment eﬀect on FC between regions of
the Cg, TAc / IC and somatosensory regions was found to be most prominent. FC of the
amygdala with thalamic and midbrain regions indicate strong eﬀects of the treatment as
well as FC between regions of the hindbrain and amygdala and cortical regions. Robust
eﬀects were furthermore observed within cortical regions. Ultimately, FC between the
thalamus and cortical as well as midbrain and cortical regions indicate an eﬀect of the
mAb911 treatment. In order to exclude intrinsic eﬀects of mAb911 treatment we compared FC in Sham+Vehicle and Sham+anti-NGF mice (Fig.3B, lower triangle). We did
not ﬁnd signiﬁcant diﬀerences between the groups except minor eﬀects on FC between
midbrain and striatal and amygdallar regions indicating low signiﬁcance and random distribution across the brain.
In summary, we found distinct patterns on FC alterations within main regions of ascending and descending pain pathways in the untreated tumor-bearing group. These FC
rearrangements could be largely prevented following preventive mAb911 treatment and
signiﬁcant treatment eﬀects were found. Intrinsic eﬀects of mAb911 treatment on brain
functional networks appear to be largely absent, a least for the treatment regime applied.
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Figure 3: ROI-based network analysis of longitudinal rs-fMRI readouts. Pair-wise correlations between diﬀerent ROIs were
calculated for all sessions. Alterations in persistent pain and eﬀects of treatment were tested for statistical signiﬁcance using a
linear mixed model analysis, testing for signiﬁcant longitudinal group and session interaction. Respective p-values are plotted
in a heatmap. A) Upper triangle indicates signiﬁcant diﬀerences between Tumor+Vehicle and Sham+Vehicle animals.
The lower triangle represents the comparison between Tumor+anti-NGF and Sham+Vehicle animals indicating only little
diﬀerences between the two groups. B) Upper triangle comparing Tumor+Vehicle and Tumor+anti-NGF animals, indicating
signiﬁcant treatment eﬀects. Lower triangle indicates eﬀect of treatment comparing Sham+Vehicle and Sham+anti-NGF
animals.
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4.3.3 Seed-based Analysis
For analyzing eﬀects of cancer-induced bone pain on FC and their modulation by antiNGF treatment, a seed-based analysis was carried out using the main nuclei of ascending
and descending nociceptive pathways as seed regions. The regions were chosen according
to previously described results of ROI-based network analysis (Fig.3A) in both hemispheres separately, in nuclei of the amygdala, anterior and posterior part of the periaqueductal gray, thalamus and the motor-related portion of the superior colliculus. Alterations
of regional seed FC was analyzed within bilateral target reference resting state networks
derived from naïve animals using independent component analysis.79 Statistical signiﬁcance was assessed using a linear mixed model analysis testing for signiﬁcant group and
session interaction, corrected for multiple comparisons was conducted using false discovery rate (FDR) correction.

Figure 4: Seed based correlations were analyzed in regions of interest, plotting Z-scores as group averages. Projections
of the left amygdallar seed (L Amg) to the thalamus (Th), dorsal hippocampus (dHp) and the barrelﬁeld 1 cortex (B1c)
indicate FC changes in Tumor+Vehicle animals, while other groups were not altered. Furthermore, projections of the right
superior colliculus seed (R SCm) to the amygdalar RNS, anterior periaqueductal gray (aPAG) seed to the barrelﬁeld 2
cortex (B2c) RNS and posterior peraqueductal gray (pPAG) seed to the limb cortex RSN were found to be altered in
Tumor+Vehicle animals only. Statistical signiﬁcance was assessed in a linear mixed model testing for group and session
interaction as well as for a group eﬀect in session 3 in order to assess a signiﬁcant treatment eﬀect (* p<0.05, ** p<0.01).
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Signiﬁcant eﬀects were found for FC between the amygdallar seed (lAmg) contralateral
to the tumor site and thalamic (Th, p=0.004), dorsal hippocampal (dHp, p=0.006) and
somatosensory cortex (B1c, p=0.021) areas (Fig.4). Furthermore, FC between the anterior periaqueductal gray seed (aPAG) and barrelﬁeld 2 cortex (B2c, p=0.032), posterior
periaqueductal gray seed (pPAG) and limb cortex (Lc, p=0.032) as well as ipsilateral motor related superior collicular seed (rSCm) seed and the amygdala (Amg, p=0.035) were
found to be signiﬁcantly aﬀected in the Tumor+Vehicle group. These changes in FC could
be prevented by treatment with anti-NGF antibodies as the Tumor+anti-NGF group did
not display altered FCs in these regions when compared to Sham+Vehicle animals. FC of
the contralateral amygdallar seed to the cingulate cortex indicated the same trend, though
the eﬀect did not reach statistical signiﬁcance (p=0.136, data not shown). As a control,
FC was analyzed using a seed in the ipsilateral amygdala (rAmg), a region that does not
receive direct nociceptive input. FC from the right amygdala to the thalamus, barrelﬁeld
1 cortex and dorsal hippocampus, the corresponding regions to those displaying altered
FC to the left amygdala, was not aﬀected by the developing tumor in the right leg (Th
p=0.334, B1c p=0.479 and dHp p=0.307, Supplementary Fig.S2) as Z-scores in respective
regions were found to be stable in all groups and measurement sessions.
Assessment of treatment eﬀects at 20d.p.i
revealed that mAb911 administration prevented FC changes between the left amygdallar seed and the dorsal hippocampus (p=0.031) and barrelﬁeld 1 cortex
(p=0.013).

Furthermore, FC between

the anterior periaqueductal gray seed
and the barrelﬁeld 2 cortex (p=0.004)
as well as the posterior periaqueductal gray seed and the limb cortex
(p=0.012) were signiﬁcantly modulated
by treatment.

FC changes upon a

persistent pain from bone cancer prevented through mAb911 administration
are schematically visualized in Figure
5.

Figure 5: Visualization of FCs derived from seed-based analysis that exhibited signiﬁcant diﬀerence when comparing shamoperated mice with animals displaying persistent pain from
bone cancer as revealed by behavioral tests. All these FC
changes could be successfully prevented by treatment with the
monoclonal antibody mAb911. Individual seeds used to extract z-scores are color coded as are the FCs originating from
the respective seed. No directionality can be inferred from the
correlation analysis. P-values for the individual FCs are given
in text.
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For visualizing treatment eﬀects of mAb911, FC at 20d.p.i. was compared in animals
of the Tumor+Vehicle and Tumor+anti-NGF groups versus the Sham+Vehicle group using an unpaired t-tests on a voxel by voxel basis (fsl-randomise). Uncorrected t-statistical
maps visualized previously described eﬀects indicate voxels within a reference resting state
network, where seed FC is increasing (>) compared to Sham+Vehicle controls (Fig.6).
While Tumor+Vehicle animals consistently indicate reduced FC between seeds and reference resting state networks compared to Sham+Vehicle animals, this reduction in FC
could be signiﬁcantly prevented in the Tumor+anti-NGF group. Representative statistical maps are depicted in Figure 6, visualizing FC from the left amygdallar seed to the
barrelﬁeld 1 cortical resting state network.

Figure 6: FC of the left amygdallar seed (lAmg) to the barrelﬁeld 1 cortical RSN (B1c). Reference RSN is indicated on top
in a heatmap representation. Uncorrected t-statistical maps visualizing increasing seed FC within RSN in Tumor+Vehicle
compared to Sham+Vehicle animals are indicated in the middle panel, while Tumor+anti-NGF compared to Sham+Vehicle
animals are depicted in the bottom panel. Eﬃcacy of mAb911 treatment to prevent FC alterations is indicated through a
reduction of altered FC in the Tumor+anti-NGF compared to the Tumor+Vehicle group.
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4.4 Discussion
Using longitudinal rs-fMRI and behavioral readouts of spontaneous pain in a mouse model
of cancer pain from bone metastasis we assessed eﬃcacy of the NGF sequestering antibody mAb911 to prevent cancer-induced bone pain. The primary molecular target of
NGF is TrkA, to which it binds with a high aﬃnity, leading to the formation of homodimers.183 More recent ﬁndings suggest NGF binding to p75N T R , forming a heterodimer
which is presented to TrkA.184 Formation of such homo- and heterodimers leads to activation of secondary-messenger cascades, modulating expression patterns of receptors
and ion channels on peripheral nerve endings and induce sensitization through a variety
of neurotransmitters.185 Additionally, NGF induces sprouting and hyper-innervation of
bones in metastatic bone diseases leading to the development of skeletal pain.186 While
there is some knowledge on pathways aﬀected by NGF, the exact molecular mechanisms
and cell-type speciﬁc expression patterns are still not clear.
The eﬀects of NGF on peripheral nociceptors indicates fast sensitization of neurons towards chemical, mechanical and thermal stimuli, which translate into prolonged alterations ﬁbers aﬀecting CNS function.14 Anti-NGF treatment has been shown to prevent
such eﬀects, as typical neurochemical changes in the spinal cord as a result of cancer
induced bone pain could be prevented.47 Furthermore, anti-NGF treatment has been
shown to be eﬀective in a rat model of spinal cord injury, in which anti-NGF antibodies successfully suppressed mechanical hyperalgesia and increased responsiveness of wide
dynamic range neurons in the spinal cord.187 Nevertheless, studies indicating direct effects of NGF and anti-NGF treatment on the CNS remain sparse, probably due to the
fact that target receptor expression is largely limited to peripheral nociceptors both in
mammals and rodents.188, 189 Moreover, direct eﬀects are expected to be minimal due to
poor CNS penetration of IgG molecules (>0.1%190 ), whereas circulating concentrations
are much higher. Therefore, eﬀects of anti-NGF treatment in the CNS arise most likely
from altered peripheral nociceptive processing rather than direct central action.
Along the lines of these results, our ﬁndings indicate eﬃcacy of anti-NGF treatment to
prevent FC in the brain following cancer-induced bone pain. We have shown alterations
in in major hubs of ascending and descending pain pathways.191, 192 In particular, we
found profound alterations aﬀecting connections form the contralateral amygdallar nuclei to cortical somatosensory (B1c, B2c, Lc) and limbic structures such as cingulate,
temporal associative and insular cortex as well as the midbrain. Midbrain structures
indicated altered connectivities mostly in motor-related areas, likely reﬂecting impaired
motor function of the tumor-bearing limb. Seed-based analysis supported these ﬁnd-

80

ings and furthermore indicated altered connectivities between the anterior and posterior
periaqueductal gray and cortical structures, which are directly linked through the ascending spinothalamic tract. Connectivities involving thalamic regions were found less
aﬀected. This could be attributed to the anesthesia regime comprising medetomidine,
which is known to disrupt thalamo-cortical connectivity in fMRI experiments.193, 108, 194
While hemispheric lateralization of the amygdala in emotional processing is well documented, its role in pain processing is still not fully understood. As pain comprises a
strong emotional and aﬀective component, the amygdala plays a critical role in modulating such components as well as in direct modulation of pain perception.195 Neurons
of the latero-capsular division of the central nucleus of the amygdala (CeLC) have been
described to receive speciﬁc nociceptive inputs from diﬀerent body regions in rats. The
right amygdala receives input from deep tissue, both hindlimbs as well as the tail while
left amygdala CeLC neurons respond mostly to nociceptive input in the contralateral
hindlimb. Nevertheless, electrophysiological studies have found unique activation of the
right amygdallar CeLC in response to induction of knee arthritis.196 On the other hand,
a transient increase in left amygdallar activity has been described in a neuropathic pain
condition in vivo using electrophysiological recordings while at late stages of the model
the right amygdala was activated predominantly.197 The discrepancy between those results and our study might arise from the nature of pain derived from bone metastasis
which comprises several aspects such as nociceptive, neuropathic and inﬂammatory pain
rather than being purely neuropathic. Additionally, processing of emotional components
by amygdallar CeLC neurons has been described to occur predominantly on the right
in male subjects, while in female subjects these processes occurred predominantly in the
left amygdala.198 More recent studies have also suggested that the right amygdala is
predominantly involved in pro-nociceptive signaling, while the left amygdala processes
anti-nociceptive signals.199 Therefore, our ﬁndings might indicate a failing top-down suppression of nociceptive signaling at the last fMRI time point which has been described to
be mediated by the infralimbic medial prefrontal cortex.200
Cancer pain associated FC alterations could be successfully prevented through the preventive administration of anti-NGF antibody mAb911 with only few residual interactions.
Seed-based analysis indicated no changes in connectivity strength as indicated by Z-scores
as a function of time in Tumor+anti-NGF mice throughout the observation period. In
fact, values were not diﬀerent from those measured in Sham+Vehicle animals at all time
points. This indicates on one hand the speciﬁcity of FC alterations for tumor-associated
persistent pain, and on the other hand the eﬀectiveness of mAb911 treatment in preventing these pathological changes. Additionally, control-seeds in the ipsilateral amygdallar
nucleus did not show previously observed trends, endorsing the validity of obtained results
and further underlining their speciﬁcity (Supplementary Fig.S1). Residual alterations, as
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observed in the ROI-based network analysis, were to be expected as behavioral readouts
of pain (guarding) indicated weak but signiﬁcant spontaneous pain behavior at 20d.p.i.
in the Tumor+anti-NGF group. These eﬀects are unlikely due to direct central eﬀect
of anti-NGF treatment as the comparison of Sham+Vehicle and Sham+anti-NGF mice
displayed only minimal diﬀerences in FC patterns aﬀecting Mb regions but not pain associated ascending and descending pathways. This is in line with reports stating that NGF
target receptors are largely absent from the CNS except from basal forebrain cholinergic
neurons, where low levels of TrkA expression was described.201 The absence of central
NGF receptors together with the low CNS penetration of IgG molecules suggest minimal non-speciﬁc eﬀects on FC While anti-NGF treatment addresses important aspects of
bone cancer pain such as neuropathic and inﬂammatory nociceptive processes, additional
processes not related to NGF such as bone remodeling associated with tumor growth
will trigger peripheral mechanical pain stimuli, which might lead to residual FC changes
described. Preventive treatment using mAb911 eﬀectively prevented FC alterations observed in tumor-bearing untreated animals. It has been previously shown that anti-NGF
treatment eﬀectively reverses nerve sprouting, neuroma formation and nociceptive behavior upon preventive administration as well as under a therapeutic treatment regime in
mice.46 While preventive administration is certainly more eﬀective as it blocks pathological nociceptor alterations before they occur, it typically does not represent the clinical
situation. Therefore, eﬃcacy of anti-NGF antibody mAb911 to reverse FC alterations
after their development will have to be assessed. It should be mentioned here, that eﬀects
of anti-NGF treatment on tumor growth was not assessed speciﬁcally in the course of this
study while no obvious diﬀerences were noted.
In summary we could show that anti-NGF treatment using mAb911 not only eﬀectively
prevents peripheral nociceptive processes but also eﬀects on FC of the brain, as indicated
by rs-fMRI. This supports previously published promising eﬀects of anti-NGF antibody
mAb911 to eﬀectively prevent and treat cancer-induced skeletal pain.
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Supplementary Figures

Figure S1: Detailed overview of ROI-based network analysis within cortical regions. Signiﬁcant group and session interaction eﬀects between A) Tumor+Vehicle and Sham+Vehicle animals and B) Tumor+anti-NGF and Sham+Vehicle
animals are indicated within cortical regions (Ctx). Cortical regions are detailed for somatosensory regions (SS), temporan
associative / insular (TAc / IC) and cingulate cortex (Cg).

Figure S2: Longitudinal FC of the right amygdallar seed (rAmg) control region. Group-average Z-scores are indicated per
group and session in selected RSNs. None of the groups display signiﬁcant longitudinal changes as assessed using a linear
mixed model analysis testing for group and session interactions.
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5 Assessing the contribution of the acidsensing GPR4 receptor to peripheral
sensitization and whole brain connectivity in a mouse model of bone metastasis
Buehlmann D.,Ielacqua G.D., Schroeter A., Xandry J., Rudin M.
Chronic pain from bone cancer is a complex pain state, comprising neuropathic, inﬂammatory and nociceptive (mechanical) components of pain. Tumor growth induced peripheral
nerve sprouting and compression of peripheral nerves due to tumor growth within a conﬁned space provoke neuropathic pain sensation.46, 43 Common cancer types like breast,
lung or renal cancer have been described to trigger disruption of bone homeostasis, resulting in osteolytic bone resorption.36, 53 This leads to decreasing stability of the bone due to
proteolysis of collagen ﬁbers which ensure mechanical stability of the bone. Upon decreasing stability of the bone matrix, mechanical nociceptors in the surrounding periosteum
are increasingly activated, leading to severe episodes of nociceptive movement-evoked and
breakthrough pain. A third component provoking activation of peripheral nociceptors is
the generation of an acidic environment in bone due to proton release by bone resorbing osteoclasts as well as the metabolic switch occurring in tumor tissue to anaerobic
glycolysis even in the presence of oxygen (Warburg eﬀect), leading to the release of lactic acid.48, 49, 50, 51 Moreover, apoptotic cell death and immune cells contribute to the
generation of a local acidic environment along with other pro-nociceptive inﬂammatory
mediators.
Increasing acidity activates a range of ligand gated ion channels and G-protein coupled
receptors (GCPR) expressed on peripheral nociceptors such as acid-sensing ion channels (ASIC), transient receptor vanilloid-1 (TRPV1) or G-protein coupled receptor 4
(GPR4),52 leading to the inﬂammatory component of bone cancer pain. Consistent activation of such channels leads to sensitization of associated peripheral nociceptors, which
thereby possibly contribute to a chronic pain state from bone cancer. GPR4 is widely
expressed in human cancer cells as well as in peripheral small diameter neurons, the spinal
cord and the brain. It is activated at a pH of 7.2 and below with peak activation in a
range of pH 6.8-6.3.202 Selective GPR4 antagonists have been described to reduce pain
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behavior in rodents, making it an attractive target for novel pain treatments.203
In order to evaluate the contribution of inﬂammatory pain and speciﬁcally the role of
the acid sensing GPR4 receptor in a chronic pain state from bone cancer we performed
longitudinal resting-state and stimulus-evoked fMRI in GPR4−/− mice. Longitudinal
resting-state fMRI was assessed to characterize how whole-brain connectivity changes
upon a chronic pain state are modulated due to the lack of GPR4 receptors triggering nociception. Additionally we assessed sensitization of peripheral nerve endings using
stimulus-evoked fMRI, applying an electrical stimulation paradigm. To complement central readouts we performed behavioral measurements of pain to investigate peripheral
sensitization by assessing tactile allodynia using the von Frey method.

5.1 Material and Methods
5.1.1 Animals & Experimental Design
Experiments were conducted in agreement with the Cantonal Veterinary Oﬃce of Zurich,
Switzerland. Female BALB/c GPR4 global k.o. mice (GPR4−/− , n=11) and wild-type
littermates (GPR4+/+ , n=10) were obtained from Novartis at the age of 3-5 months. Animals were housed at 22-24◦ C in a 12/12h alternating light/dark cycle with access to food
and water ad libitum in individually ventilated cages. Resting-state fMRI experiments
were conducted at baseline (BL), 10 and 17d.p.i.. Development of peripheral sensitization
was assessed using stimulus evoked fMRI experiments at 17d.p.i. and behavioral readouts
of tactile allodynia (von Frey) at 16d.p.i..

5.1.2 Mouse Model of Bone Cancer Pain
The mouse model was induced through implantation of 4T1 breast cancer cells (103 cells
TM
R
) in the right tibial medulla in all animals (GPR4−/− &
in 10μl, ATCCCRL2539

wild-type littermates). Therefore, mice were anesthetized using 3% isoﬂurane (Piramal,
India) in a 1:5 O2 /Air mixture. Legs were shaven before disinfection of the skin using
Kodan Forte (Schülke, Germany). A hole was drilled through the tibial plateau using
a 27-gauge needle to access the medullary space. Location of the needle was conﬁrmed
acquiring 2 planar x-ray images with a 90◦ relative angle. Tumor cells were injected using
a Hamilton syringe with a Kel-F hub needle, time was given for the cells to accommodate
in the medullary space. After removal of the syringe, gentle pressure was applied for
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1min to prevent leakage of tumor cells. Post-operative pain was manages using Temgesic
(60μg/kg, s.c., Reckitt Bencksier, UK).

5.1.3 Behavioral Readouts of Pain
Tactile allodynia was assessed at 16d.p.i. using an electronic von Frey aesthesiometer
(IITC, Woodland Hills, CA). Mice were accommodated in a 10x10x20 compartment with
a mesh ﬂoor two times for 30min one day before the experiment. Before the test, mice
were accommodated additionally for 30min. Tactile allodynia was assessed on both paws
(contra- & ipsilateral to the tumor) ﬁve times, ensuring enough time between the tests to
avoid habituation.

5.1.4 Animal Preparation and Anesthesia
Anesthesia was induced providing 4% isoﬂurane in a 1:5 O2 /Air mixture for 4min. The
anesthetized animal was placed in supine position for endotracheal intubation using a
50/10 polyethylene tubing (Warner Instruments, Hamden, CT) while maintaining inhalation anesthesia at 2% isoﬂurane. After intubation, animals were placed on the MRIsupport and connected to mechanical ventilation using a small animal ventilator (CWE,
Ardmore, PA) at a rate of 80 breaths/min (25/75% in-/exhalation, 1.8ml inspiration volume). A bolus of medetomidine hydrochloride (0.05mg/kg, Pﬁzer Pharmazeuticals, New
York City, NY) was provided subcutaneous (s.c.), maintaining inhalation anesthesia at
2%. To reduce motion, animals were paralyzed using pancuronium bromide (1mg/ml,
10μl, s.c.). After 5min, anesthesia was maintained at 0.5% isoﬂurane with a constant
medetomidine hydrochloride infusion (0.1mg/kg/h, s.c.). Body temperature was maintained at 36.5±0.1◦ C using a rectal probe. After completion of resting-state fMRI experiments, medetomidine infusion was stopped and isoﬂurane anesthesia was increased to 1%
for stimulus-evoked fMRI experiments. After MRI experiments, animals were recovered
on a heating mat until the eﬀect of pancuronium bromide has worn oﬀ as indicated by
reﬂexes after a toe pinch and ability to breathe independently.

5.1.5 MRI Acquisition Parameters and Stimulation Paradigms
Magnetic resonance imaging experiments were conducted using a Biospec 94/30 small
animal MR system (Bruker BioSpin GmbH, Ettlingen, Germany) operating at 400MHz
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(9.4T) with a 30cm horizontal bore. For excitation, a linearly polarized room temperature volume resonator (inner diameter 70mm) was used with a four element receive
only cryogenic-phased array coil for signal reception (Bruker BioSpin AG, Fällanden,
Switzerland). Functional experiments were conducted gradient-echo echo planar imaging
sequence (GE-EPI) sensitive to blood-oxygen level dependent (BOLD) contrast with the
following parameters: Field of view (FOV) = 16x7mm2 and Matrix size (MTX) = 80x35,
resulting in 200x200μm2 in-plane resolution, 12 slices, slice thickness (SLTH) = 0.5mm,
inter slice gap (ISG) = 0.2mm, repetition time (TR) = 1000ms, echo time (TE) = 12ms,
bandwidth (BW) = 200kHz and number of averages (NA) = 1 with a pulse angle α = 60◦ .
Acquisition time for rs-fMRI sequences was 6min40sec (400 repetitions) of which the ﬁrst
20 were discarded and 380 were used for subsequent analysis. For se-fMRI experiments,
740 repetitions were acquired resulting in 12min20sec acquisition time. Electrical stimulation paradigm was applied to the tumor-injected (right) hind paw as followed: 180rep
baseline, 4x20sec stimulation (0.5mA, 5Hz, 0.5ms) with 120rep between stimulations. To
prevent fold-over artefacts, one saturation slice was positioned at the base of the brain.

5.1.6 Data Processing & Statistical Analysis
Resting-state fMRI data was normalized to a MRI template (Australian Mouse Brain
Mapping Consortium) by applying linear aﬃne and non-linear greedy symmetric normalization (SyN) transformation (ANTs V2.1). Additionally, data was high-pass ﬁltered at
0.01Hz and smoothed using a 2x2mm2 kernel. Average BOLD time series were extracted
from 24 predeﬁned anatomical regions of interest (ROIs) used as masks. Pairwise correlations values (Pearson’s r) were calculated per animal and session yielding correlation
matrices. Fisher’s Z transformed matrices were concatenated and tested for signiﬁcant
group and session interactions using a linear mixed model analysis (R, lme4 package).
Stimulus-evoked fMRI experiments were analyzed by hand, extracting BOLD time courses
from the contra- and ipsilateral somatosensory 1 (S1) region in the cortex using Aedes
(http://aedes.uef.ﬁ/), omitting the ﬁrst 60rep to calculate baseline BOLD signal. Statistical analysis of behavioral readouts of pain was performed using an unpaired t-test.
Descriptive statistics are indicated as means±1 standard deviation (SD).
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5.2 Results
5.2.1 Behavioral readouts of tactile allodynia
Tactile allodynia was assessed by measuring the paw withdrawal threshold (PWT) at
16d.p.i.. Both wild-type and GPR4−/− mice indicated signiﬁcantly decreased paw withdrawal thresholds in the tumor-bearing hind limb compared to the non-injected control
limb (pwt =0.004, pGP R4−/− =0.0004) (Fig.1). This indicates increasing development of
peripheral or central nociceptive input due to induction of bone cancer. There were no
signiﬁcant diﬀerences in PWT between the groups neither in the tumor-bearing hind limb
(p=0.46) nor the control hind limb (p=0.33), indicating no signiﬁcance contribution of
GPR4 to peripheral nociceptive input on a behavioral level.

Figure 1: Behavioral readouts of tactile allodynia in tumor bearing wild-type and GPR4−/− mice at 16d.p.i.. Both
groups indicated decreased PWT in the tumor-bearing hind limb compared to the control-limb. Diﬀerences between wt and
GPR4−/− mice were found to be non-signiﬁcant as assessed using an unpaired t-test.

5.2.2 Assessing contribution of GPR4 to peripheral sensitization
Contributions of GPR4 on peripheral sensitization were assessed at 17d.p.i. using stimulusevoked fMRI with an electrical stimulation paradigm on the tumor-bearing limb. Stimulusevoked changes in BOLD-contrast from baseline were assessed in the contra- and ipsilateral somatosensory cortices 1 (S1), receiving direct sensory input (Fig.2). Contralateral
S1 regions indicated an increase in the BOLD-signal of 0.25±0.05% upon all four stimulation blocks in both groups respective to baseline. Ipsilateral S1 cortical regions did
not show deviation from baseline as no direct sensory input is received. This indicates
hemispheric speciﬁcity of the stimulation as expected. Inﬂuence of GPR4 on peripheral
sensitization was analyzed using maximum values of the BOLD time series’ moving average (n=10) upon all 4 stimulation blocks. Diﬀerences in stimulus-evoked BOLD-signals
in the contralateral S1 region upon electrical stimulation between GPR4−/− and wild-type
mice were found to be non-signiﬁcant (p=0.373) as assessed using an unpaired t-test.
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Figure 2: Stimulus-evoked BOLD-signal upon electrical stimulation of tumor-bearing hind limbs. Raw BOLD time series
are indicated in gray with corresponding moving averages in black (n=10). Gray bars indicate electrical stimulation blocks.
Contralateral S1 cortices indicate stimulus-evoked increases upon stimulation in both groups with no signiﬁcant diﬀerence
in maximum signals of moving averages. Ipsilateral S1 cortices indicated no stimulus-evoked responses in BOLD-contrast
in both groups.

5.2.3 Whole brain resting-state functional connectivity
In order to assess the inﬂuence of GPR4 on whole-brain functional connectivity changes
during development of a bone cancer pain state we acquired longitudinal resting-state
functional data at baseline, 10 and 17d.p.i.. Comparing tumor-bearing wild-type and
GPR4−/− animals we found widespread functional connectivity diﬀerences between the
groups in almost all regions of interest analyzed (Fig.3). Only connectivities between
cingulate and prefrontal cortices seem to be unaﬀected by the genotype diﬀerences. Statistical signiﬁcance of group diﬀerences was found to be higher in the contralateral hemisphere to the tumor injection site particularly in sensory regions like the parietal cortical
regions, motor cortex and the thalamus. No regional speciﬁcity of functional connectivity diﬀerences was observed but rather wide-spread whole brain diﬀerences between the

89

groups were apparent. Comparing sham-operated animals of the GPR−/− and wild-type
groups, FC diﬀerences were observed between hippocampal regions and most cortical regions as well as the cingulate cortex and the hippocampus itself. Additionally we found
FC between the medial region of the parietal cortex and the motor and cingulate cortices
as well as hippocampal and striatal regions.

Figure 3: Longitudinal resting-state functional connectivity diﬀerences between wild-type and GPR4−/− tumor-bearing
mice are represented in the upper triangle. Diﬀerence between average correlation values (Pearson’s R) between wild-type
and GPR4−/− tumor-bearing mice are represented in the lower triangle for 17d.p.i.. Regions of interested are indicated
as left and right hemispheres in separate squares. Statistical signiﬁcant diﬀerences between wild-type and GPR−/− mice,
indicated as color coded p-values were assessed using a linear mixed model analysis testing for group and session interactions.
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5.3 Discussion
In order to analyze the eﬀects of the acid-sensing G-protein coupled receptor 4 in a pain
state derived from bone cancer we performed longitudinal resting-state fMRI in GPR4−/−
mice and wild-type littermates. Peripheral sensitization, to which GPR4 might contribute
due to increased activation upon tumor-induced acidiﬁcation, was assessed by behavioral readouts of tactile allodynia (von Frey) as well as stimulus-evoked fMRI with an
electrical stimulation paradigm. Behavioral readouts at 16d.p.i. indicated signiﬁcantly
increased tactile allodynia in tumor-injected but not control hind limbs, indicating peripheral sensitization occurred in both groups upon tumor growth. Nevertheless, there was no
signiﬁcant inﬂuence of GPR4 on these behavioral assessments. Assessment of peripheral
sensitization on a functional level using stimulus-evoked fMRI indicated very similar results as behavioral readouts. Electrical stimulation triggered speciﬁc unilateral responses
in the S1 cortex contralateral to the stimulation side in both groups. BOLD-traces in the
ipsilateral S1 region indicated no response upon stimulation in both groups. Diﬀerences
in contralateral S1 BOLD-response amplitudes between the groups were found to be nonsigniﬁcant indicating no eﬀect of GPR4 on peripheral sensitization upon tumor growth
using stimulus-evoked fMRI readouts. Longitudinal resting-state functional readouts indicated widespread diﬀerences upon development of a bone cancer pain state although
with no clear regional speciﬁcity. Higher signiﬁcance of changes in the contralateral hemispheres might indicate a contribution of GPR4 on longitudinal functional connectivity
changes. But as there is no clear regional speciﬁcity these changes might arise from a
general diﬀerence of the GPR4−/− phenotype compared to wild-type littermates.
A potential confounding factor thereby could be diﬀerences in sensitivity towards the
anesthetic regime as well as diﬀerences in physiological parameters which can inﬂuence
BOLD readouts to a large extent. For example it has been previously described that
GPR−/− mice have lower blood pressures (87±1mmHg) compared to wild-type littermates
(99±2mmHg) which might confound hemodynamic readouts.204 Additionally it has been
described that GPR4 is abundant in epithelial cells of blood vessels and capillaries.205 As
the BOLD-contrast is heavily inﬂuenced by reactivity of cerebral blood vessels through
neurovascular coupling mechanisms, diﬀerences in resting-state functional connectivity
could be signiﬁcantly aﬀected by the GPR4−/− phenotype independent of the eﬀects of
developing bone cancer pain. This seems likely as profound diﬀerences in resting-state
fMRI readouts between the groups were not reﬂected in behavioral readouts of pain.
Studies indicating a role of GPR4 in neurovascular couping have not been published to
our best knowledge.
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Taking together ﬁndings from behavioral assessment of tactile allodynia, stimulus-evoked
and resting-state fMRI we did not ﬁnd clear eﬀects of a global GPR4 knock out compared to the wild-type phenotype during development of a pain state derived from bone
cancer. While GPR4 has been shown to contribute to nociceptive processes,203 its role
in bone cancer pain seems to be rather unsubstantial. Bone cancer pain is composed of
various diﬀerent peripheral eﬀects, triggering activation of nociceptive, inﬂammatory and
neuropathic pain pathways. Tumor-induced acidosis has been described to be increasingly triggered in intermediate stages of bone cancer pain through a variety of diﬀerent
receptors, whereof G-protein coupled receptors are one class among others.206 A lack of
GPR4 is therefore likely to be compensated by other acid sensing channels such as ASICs,
TRPV1, and other GPCRs. Furthermore, the ovarian cancer G-protein coupled receptor
1 family (OGR1), of which GPR4 is a member, has been shown to be regulated diﬀerentially upon diﬀerent inﬂammatory models of pain.207 While T-cell death-associated gene
8 (TDAG8), another member of the OGR1 family, has been shown to contribute to the
initiation and maintenance of bone cancer pain, similar studies of GPR4 have not been
investigated to our knowledge.208 Therefore, a knockout of a single channel is likely to
make up only to a small fraction of the whole spectrum of nociceptive processes occurring
in such a pain state, leading to no substantial diﬀerences between GPR4−/− mice and
wild-type littermates.

92

6 General Conclusions and Outlook
Functional neuroimaging studies have provided compelling evidence of brain regions activated upon acute and chronic pain states. Key diﬀerences between acute and chronic
pain processing have been described and underlying mechanistic processes start to emerge,
indicating how functional processing of nociceptive information is altered upon chroniﬁcation of a pain state. We explored diﬀerent mechanistic aspects of chronic pain from
bone metastasis, evaluating contributions of nociceptive processes such as in response to
bone destruction, neuropathic mechanisms through application of anti-NGF treatment
as well as contributions of inﬂammatory processes and the microenvironment by studying mice lacking GPR4 receptors. Pharmacological or genetically encoded modulation
allowed investigating contributions of the various mechanisms involved in the generation
of a chronic pain state from bone metastasis.

6.1 The Role of Mesolimbic Pathways in Chroniﬁcation
of Pain
In general, we found that prefrontal and limbic regions such as the prefrontal & cingulate cortices, striatum, hippocampus and the amygdala to be predominantly aﬀected in
a mouse model of bone metastasis. This indicates a high level of correspondence between regions aﬀected in mice and humans, which encourages the use of mice as a model
organism for studying chronic pain states. Functional connectivity of the cingulate cortex, prefrontal cortex and the striatum were found to be most robustly aﬀected in our
study, regions that have been described frequently to be aﬀected in chronic pain states
along with the hippocampus.15, 150, 209, 210 Interestingly, these regions are interconnected
via monoaminergic circuits originating in brain stem areas such as the ventral tegmental
area, dorsal raphe and locus coeruleus.211 In particular, dopaminergic circuits originating
from the ventral tegmental area projecting to cingulate and prefrontal cortices, nucleus
acumbens, hippocampus and amygdala might play a crucial role in chroniﬁcation of a pain
state. This has been indicated in rat studies using optogenetic activation of prefrontal
cortex circuits leading to antinociceptive eﬀects in a model of chronic neuropathic pain.33
Furthermore, we might speculate that this ﬁnding provides a basis for the higher predisposition for developing chronic pain reported for smokers, as central action of nicotine
engages dopaminergic circuits, which thereby might facilitate chroniﬁcation of a persistent pain state. Along these lines, deep brain stimulation, providing pain relieve in certain pain conditions, has been associated with increasing dopaminergic metabolism in the
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striatum.212 This might open a potential direction of future research aimed at improving
existing treatments for chronic pain conditions by supplementing them with low doses of
dopamine. Thereby, mesolimbic pathways might be actively engaged providing analgesic
eﬃcacy, potentially generating a potential towards reversing alterations in chroniﬁcation
circuits. Like addictive learning mechanisms leading to chroniﬁcation of pain, these circuits might be hijacked for addictive learning of pain relief. Moreover, hippocampal to
prefrontal cortex connectivity has been found to be indicative for the transition of a subacute to a chronic back pain state in humans.210 As these mesolimbic pathways appear
to be crucial for chroniﬁcation of a pain state, they underline the accordance of aﬀective,
emotional and motivational features with purely nociceptive mechanisms in a chronic pain
state.213, 214

6.2 Descending modulation of pain in acute and chronic
pain
Interactions between prefrontal and limbic regions provide a basis on how emotional and
motivational cues, such as previous experiences or attitude towards a treatment, can
inﬂuence the actual perception of pain through modulatory activity of the descending
pain control system orchestrated in the periaqueductal gray (PAG).215, 216 The descending modulatory system plays a major role in our perception of pain through descending
facilitation or descending inhibition of nociceptive signals. From an evolutionary perspective, descending inhibition is essential for example in providing eﬀective relief from pain
under predatory attacks, while descending facilitation leads to guarding of an injured
limb. Therefore, it is evident to acknowledge beneﬁts of both systems in acute pain, while
beneﬁciary eﬀects of descending facilitation are less obvious in a chronic pain condition.
This might arise from an imperfect system, which evolved for acute pain but might be
an underlying problem under chronic condition. Human imaging studies have shown that
descending modulation of nociceptive input mediates expectation and the placebo eﬀect
from the PAG upon input from the anterior cingulate cortex through reciprocal connections to the rostroventromedial medulla (RVM).217, 218, 219 Although not subject of this
work it should be mentioned here that besides “top-down” modulation of pain mediated
from the brain to the brainstem, “bottom-up” modulation, often referred to as “counterirritation”, directed by peripheral and spinal cord processes have likewise been described as
a potent modulator of pain.220, 221 In chronic pain, descending inhibitory mechanisms are
failing, which results in increasing ascending nociceptive stimuli and increasing descending facilitation, i.e. allodynia.220, 222, 223 Clinical evidence points towards an important
role of enhanced descending facilitation for maintaining chronic pain conditions.224 This
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loss of so called diﬀuse noxious inhibitory control (DNIC) has also been observed upon
prolonged morphine exposure, rendering opioids problematic for treatment of chronic pain
conditions.225 Descending inhibition is predominantly mediated through GABAergic and
glycinergic signaling, modulating excitatory glutamatergic actions. Therefore, speciﬁc
glycinergic agonists are of particular interest as inhibitory eﬀects could be triggered in
the spinal cord, brain stem as well as higher centers. Alternatively, inhibitory GABAergic
signaling could be triggered by speciﬁc agonists in dorsal root neurons which has been
shown to mediate eﬀective relief both in rodents and humans.227, 228
Our results might indicate altered descending modulation in mice suﬀering from cancerinduced bone pain. We found functional connectivity of descending modulation centers
such as the PAG, the amygdala and the cingulate cortex to be aﬀected. These eﬀects
could be prevented through application of mAb911 treatment, blocking sensitization of
peripheral nerves. Therefore, experiments addressing the role of the descending modulation system e.g. by evaluating eﬀects of glycine and GABA agonists, might be an
interesting direction of future research. Nevertheless, rodent fMRI in deep regions and in
particular brain stem regions are challenging to study. Typically, rodent fMRI uses surface coil detectors, the sensitivity of which decrease with depth. Furthermore, main nuclei
such as RVM and PAG are very small and are located close to large ventricles displaying
high intensity signals: Residual motion, susceptibility artifacts due to the proximity if the
air-ﬁlled cavity of the inner ear and voxel-bleeding due to the ﬁnite point-spread function
renders it diﬃcult to obtain speciﬁc BOLD time courses of these regions. A potential approach for studying such mechanisms would be modulation of activity of these main hubs
using classical pharmacological modulation, while assessing eﬀects on whole brain functional connectivity. This would require highly speciﬁc receptor agonists (or antagonists)
exerting minimal direct eﬀects on target regions of the connectivity and on physiological
parameters confounding the BOLD readout. Alternatively, optogenetic or chemogenetic
stimulation would allow controlling speciﬁc neuronal populations for analyzing the eﬀect
on whole brain connectivity. In order to characterize the function of the descending modulation system and its eﬀects on the brain functional connectivity, it could in a ﬁrst step
be exploited using an acute painful stimulation while modulating activity in the RVM or
PAG using optogenetic stimulation. For chronic modulation of these hubs, chemogenetic
approaches might bear signiﬁcant potential allowing tonic modulation of speciﬁc neuronal
populations in order to address longitudinal eﬀects of the descending modulatory system
activity in chroniﬁcation of a pain state in rodents.

95

6.3 Eﬀects of peripheral processes on central functional
connectivity
We characterized several peripheral eﬀects of bone metastasis and how these correlate
with behavioral pain phenotypes. Activities of cathepsin K and matrix-metalloproteinase
were highly correlated with apparent loss of bone integrity as well as behavioral readouts
of pain, indicating a close link between these measures. Furthermore, our studies have
consistently indicated a tight link between functional readouts and behavioral readouts of
spontaneous pain behavior. Therefore, we conclude that osteolytic bone destruction might
be a major cause of pain induced in this model and could potentially be used as a surrogate
for assessing severity. Obviously, other factors such as inﬂammation, tumor microenvironment or central mechanisms in the spinal cord also play an important role, aspects not
addressed in the course of this work. Nevertheless, non-invasive x-ray or optical imaging
methods for assessing bone destruction might serve as relatively cost-eﬀective, objective
measure of pain during progression of this model, complementing behavioral readouts of
pain which have been reported to be susceptible to environmental factors, experimental
procedures as well as the experimenter itself.142 Furthermore, it is diﬃcult to attribute
alterations in behavior to either ongoing pain or rather stress, motor impairment, discomfort or simple reﬂexes when using e.g. the von Frey or Hargreaves method. In behavioral
tests assessing spontaneous pain behavior, events such as guarding or ﬂinching occur at
a low frequency compared to the observation time, resulting in large inter-subject variability.142 But the inherent problem with behavioral readouts of pain potentially has to
be seen from an evolutionary perspective (de C Williams, 2015). It has been described
that predators commonly target prey which is moving abnormally; therefore it is likely
that animals behavior evolved not to show signs of pain in order to hide vulnerability
as shown in a study on squids.229, 230 Nevertheless, behavioral readouts of pain are the
most widely used readouts for assessing pain in mice and rats as they are not limited to
a speciﬁc model of pain, like e.g. x-ray based readouts, assessing structural modiﬁcation
as in the model of bone metastasis. An alternative molecular imaging approach would
be assessment of protease activity, potentially yielding objective measures in various pain
models such as osteoarthritis, infection or lower back pain models.
To further investigate the eﬀects of peripherally active proteases in the context of pain
from bone metastasis, speciﬁc cathepsin K and MMP inhibitors should be applied in order to validate our ﬁndings on their longitudinal activity during the course of the model
as well as their association with behavioral signs of pain. Cathepsin K inhibitors have
been shown to reduce the burden of bone metastasis caused by osteoclast-mediated bone
resorption. Moreover, a reduction in tumor mass was observed through deprivation of
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the tumor from bone-derived growth factors released upon resorption, which are required
for tumor survival.231 A central role has been attributed to cathepsin K as it cleaves
the native triple helix of collagen, thereby making it accessible for cleavage by other
proteases.232 This property appears to be unique among mammalian proteases.233 Nevertheless, osteolytic bone resorption has been shown in genetic knock-out mice deﬁcient
of cathepsin K, suggesting that other proteases such as MMPs are also involved in degradation of the collagen matrix.232 Investigating the impact of speciﬁc peripheral protease
inhibitors on evolution of functional connectivity measures in the brain would directly
link the two readouts and evaluate the potential of such treatments in metastatic bone
diseases. As bone resorption is a major driver of pain in this model, treatment with bone
resorption inhibitors would most likely exert the biggest eﬀect sizes on functional connectivity preservation or rescue. Alternatively, underlying causes of the induction of bone
resorption could be modulated such as inhibition of osteoclast diﬀerentiation using osteoprotegerin127 or treatments addressing the tumor itself. These include standard molecular
and state-of-the art biomolecular treatments such as chemotherapeutics or immunotherapies. Further interesting options would include radiotherapy or tumor resection, although
the later could be challenging in a preclinical setting.
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6.4 Outlook
We have shown functional connectivity changes occurring in the brain upon persistent
pain from bone metastasis in mice. These alterations were found to emerge over time
during tumor progression induced through a variety of peripheral processes. Modulation
of these processes has been shown to inhibit or slow down the occurrence of functional connectivity changes in the brain. As discussed before, chroniﬁcation of pain occurs through
mesolimbic circuits in the brain, which to a large extent are dopamine regulated. In order
to assess the impact of dopaminergic signaling on chroniﬁcation of pain, speciﬁc brain
centers such as the ventral tegmental area (VTA) could be actively engaged or silenced
during progression of the model. This modulation should be speciﬁc towards dopaminergic neurons as well as constant over time in order to assess eﬀects longitudinal modulation
during chroniﬁcation of a pain state. An approach which combines these speciﬁcations
is chemogenetics as tonic delivery of a stimulus in an optogenetic setting is challenging.
By using genetically engineered mouse lines comprising Cre recombinase expression directed towards dopaminergic neurons, chemogenetic activation/deactivation of dopaminergic VTA-neurons could be achieved through adenoviral delivery of DREADDs (Designer
Receptor Exclusively Activated by Designer Drugs).114 Tonic activation/deactivation can
be obtained through supplementation of drinking water with clozapine-N-oxide (CNO),
the agonist for DREADDs.234 Eﬀects on functional connectivity as well as behavioral
readouts of pain could be assessed longitudinally and compared with results obtained
in the course of this work. Thereby, non-speciﬁc physiological eﬀects are expected to
be minimal as CNO has no naturally occurring receptors.114 Using this strategy, the
roles of descending modulation could be investigated as well using activating or silencing
DREADDs in GABAergic and glycinergic neurons in system hubs such as the PAG or
RVM. Similarly, acute DREADD-mediated stimulation of mesolimbic (VTA-NAc) and
mesocortical (VTA-PFC) circuits and the eﬀect on functional connectivity readouts have
been recently described in a proof-of-concept study.235 This would allow for example studies on whether failing descending inhibition leads to chroniﬁcation of pain and whether
manipulation of descending inhibition is capable of advancing and postponing such processes.
The study using GPR4−/− mice as an example of the large number of genetically engineered mouse lines available indicates the potential of studying gene-speciﬁc eﬀects on
development of chronic pain from bone metastasis. Yet, constitutive gene expression of
knock-out might result in compensatory eﬀects which may mask the study of the desired
interaction. Our study in GPR4 knock-out animals revealed no diﬀerence compared to
wild-type littermates despite plausible hypothesis that local changes in pH could activate

98

nociceptive signalig. Yet, biological systems in general bear signiﬁcant redundancies and
constitutively knocking-out one acid-sensing receptor may have led to the activation of
compensatory pathways. In order to assess the eﬀect of decreasing pH in the tumor microenvironment, such changes could be monitored longitudinally and used for correlational
analysis or as a regressor for analysis of functional data. Methods for assessing local pH
longitudinally and non-invasively include in vivo proton magnetic resonance spectroscopy
(1 H-MRS),236 magnetic resonance imaging using pH-sensitive contrast agents237 or optical
imaging using pH-sensitive dyes.238
An interesting further direction of studies would be to address the question whether, to
what extent and how fast changes in functional networks would be reversible if peripheral nociceptive stimuli are completely ablated. Using treatment, speciﬁc processes can
be blocked, thereby relieving peripheral input to some extent, though complete blockage
would remain challenging.
Integrity of the blood-brain barrier (BBB) has been found to be altered in various clinical239, 240 as well as preclinical pain conditions,241, 242, 243 and has been associated with
inﬂammatory pain mechanisms. Nociceptive mediators such as substance P have been
shown to activate BBB endothelial cells, leading to secretion of tumor necrosis factor
α (TNFα) and angiopoietin-2, thus increasing permeability of the endothelial layer.244
Additionally, increasing glial activation leads to secretion of interleukin-1β which further disrupts BBB integrity.245 Disruption of the BBB in bone cancer pain has, to our
knowledge, not been described to date though it cannot be excluded as bone cancer pain
comprises a prominent inﬂammatory nociceptive component. Longitudinal assessment of
BBB integrity could yield interesting insights into dynamics of BBB permeability during progression of the model. This could be assessed in terminal experiments through
injection of organic dyes such as Evan’s blue or FITC-dextrane at various stages of the
model although this approach might introduce signiﬁcant variability through inter-subject
comparisons. Alternatively it could be assessed longitudinally within the same subject assessing extravasation of gadolinium-DTPA using MRI or PET-imaging using 11 C-PK11195
for assessing glial activation in vivo.
A further extension of this work could be to assess overlaps between functional alterations
upon a (chronic) pain state and other exaggerated sensory perceptions such as visual or
auditory stimuli. In particular auditory processing shares a range of common features
with nociceptive processing. Thereby, in both cases a disconnection between the actual
sensory input and the conscious experience has been described. Conscious experience of
pain and auditory sensation can remain absent in the presence of a respective sensory
stimulus; on the other hand, conscious perception can occur in the absence of an actual
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stimulus, e.g. in the case of phantom limb pain after amputation or tinnitus.246 Moreover,
a disconnection between stimulus intensity and sensory perception occurs in the case of
pain (allodynia) as well as in auditory perception (misophonia). A nociceptive sensory
stimulus can trigger an enhanced sensory experience (hyperalgesia), which was similarly
described in tinnitus patients upon intense auditory stimulation (hyperacusis).246 The
amount of distress in tinnitus patients appears to be reﬂected by altered functional connectivities within cingulate cortex, insular, amygdallar as well as hippocampal regions
among others, similar to the changes observed in chronic pain patients.246 Moreover,
increasing activity of the NAc and associated paralimbic networks has been described
in chronic tinnitus patients using rs-fMRI.247, 248 As animal models of (chronic) tinnitus
have been developed,249 an interesting route for further studies would be deducing overlap
between chroniﬁcation of pain and tinnitus in terms of functional connectivity measures.
As there seems to be a remarkable overlap, ﬁndings on underlying mechanisms might be
applicable to both conditions.

6.5 Concluding Remarks
In this thesis we demonstrated how persistent pain from bone metastasis translates to
functional connectivity rearrangements in the mouse brain. We investigated how diﬀerent
aspects of the complex state of bone cancer pain such as osteolysis and NGF activity shape
the functional network interactions and identiﬁed possible underpinnings. The high degree of correspondence of our results with data obtained from clinical studies endorses this
mouse model for preclinical studies on central mechanisms underlying this bone-cancer
mediated pain state, potentially yielding important new insights that ultimately may help
patients in need.
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