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Abstract: Chronic pain (CP) is a condition characterized by a wide spectrum of clinical signs and symptoms,
missing a sound modelling at the neuronal network scale. Recently, we presented a general theory showing
common electrophysiological traits in different CP rat models, i.e. a collapse of relevant functional connectivity
network properties, such as modularity, in the somatosensory thalamo-cortical (TC) network. In this work, we
preliminary investigated by an in silico accurate simulator of the six-layer mammalian cortical networks that
evidenced the crucial collapse of network modularity in CP simulated conditions and the consequent reduction of
network adaptive processes. On this track, in studies on CP experimental animals affected by sciatic nerve multiple
ligature (Bennett-Xie model), by synchrotron-generated X-ray microbeam (MB) irradiations (7 parallel beams,
100um width), we targeted in vivo the CP involved hindlimb somatosensory projection cortex that, because of the
doses radiation (360 Gy, peak at each beam), non-invasively produced fast and precise tissue destruction along
the 7 beam projections. These parcellated the cortical tissue and restored the cortical network statistics related to
modularity and information processing efficiency as evidenced from post irradiation in vivo electrophysiological
recordings. In addition, by MB treatment there was an ensuing removal of behavioral signs of allodynia and
hyperalgesia accompanied by recovered normal gait schemes yet preserving the normal sensory thresholds of the
experimental rats up to three months after the MB irradiation. Finally, novel and unprecedented therapeutic
appraisals for CP are devised.

Significance Statement

Chronic pain (CP) is an excruciating condition with severe effects on patients’ life. Apart from many clinical and
experimental studies no current theory on CP is generally accepted. Recently, we proposed a general theory of
CP in experimental animals as characterized by strong alteration of the connections among neurons in different
brain regions. We show here on in silico simulations that specific connectivity changes in the somatosensory
cortex recover the lost functional integrity. Concurrently, in experimental animals, we re-modulated, in vivo, some
anatomical connections of the somatosensory cortex by extremely thin synchrotron generated X-ray microbeam
irradiations. The resulting behavioral and electrophysiological signs of CP disappeared yet maintaining normal
sensory responses. No adverse or pathological effects on blank animals were observable.

Introduction

Chronic Pain (CP) is a multiform sensory disorder (Basbaum et al. 2009; Descalzi et al. 2015) combining plural
signs and symptoms with genetic and epigenetic (Liang et al. 2015) traits. Despite the stream of works dedicated
to many aspects of CP (Apkarian, Baliki, and Geha 2009; Melzack 2001), a general model of CP is not yet
available at the scales of neuronal networks. In a recent appeared novel interpretation, different experimental
models of CP shared a common set of anomalies of the neuronal network connectivity in the thalamocortical axis
(A.G. Zippo et al. 2016). In a recent model, CP has been conformed to an altered connectivity disorder where the
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somatosensory thalamocortical network exhibits reduced capabilities of information processing along with
weakened information transfer and overall topological network degradation. As a whole, these conditions concur
to generate stereotyped network configurations, which seemingly appear as anatomo-functional counterparts of
the continuous percept of pain, a picture recoverable from all the examined CP models. The model is theoretically
sustained by the fact that persistent acute pain elicits massive hyperactivation of thalamocortical neurons strongly
modifying the synaptic loads (Vierck et al. 2013; Mansour et al. 2014), which in turn dramatically alter the
functional organization of the involved neuronal networks (Spisék et al. 2017; Gustin et al. 2012). In this dramatic
context, actual conventional CP therapies do not appear adapt to relocate or repair within original limits the
disordered network connectivity. This may be potentially due to many factors such as the relocation of countless
functional multiscale parameters (e.g. ion channel typing, synaptic dynamics or again plastic responses to
environmental requirements). Novel putative strategies appear, thus, long awaited eventually changing the current
therapeutic approaches, those being pharmacological or neurosurgical (Price et al. 2018). With the assumption
that CP appears too much a complex multiscale disorders, we conjectured that a widely encompassing intervention
focussed on the physical re-arrangement of the involved thalamocortical network architectures could prompt
concurrent modifications in the information processing leading to sensory re-conversion back to match control
conditions (Francis and Song 2011).

From an anatomo-functional point of view, the dense cortical somatotopic projections are characterized by
dynamic borders maintained on a delicate balance of excitation/inhibition through the cortical circuits, especially
with horizontal connections (B A Johnson and Frostig 2016; Brett A Johnson and Frostig 2018; Négyessy et al.
2013). These refined networks, designing a functional modularity in the cortical somatotopic projection fields,
undergo a failure in CP with integer contiguity loss and a derangement of projection field independence. This loss
of modularity (the edge fraction belonging to the given groups minus the expected fraction in comparison to
randomly distributed edges) may have strong implications on the circuitry dynamics (Darian-Smith and Gilbert
1994). A strategy based on an “artificial” restoration of module-like architecture could retrace a design more apt
to better responding to the functional needs of the local cortical circuits. The hypothesis is based on a previous
paper by our group, proposing a novel theoretic context for chronic pain. Namely, that CP, analyzed by
simultaneous thalamic and cortical massive microelectrode neuronal recordings, could be described as a loss of
functional connectivity and reduced thalamo-cortical information transfer. Here, by a large-scale cortical six-layer
column simulator, we investigated the pivotal role of intercolumnar connectivity. Operatively, such connections
are hard to modulate though. However, by Synchrotron driven high-dose (360 Greys, Gy) X-ray microbeams
(MB) irradiation into the brain in vivo (i.e. X-rays generated by a synchrotron light source are collimated into
wafers of parallel microbeams few tens of microns wide, separated by a few hundred microns) we induced non-
invasive thin cuts (e.g. 100 um wide) within the primary somatosensory cortex in order to induce connection
discontinuities, orthogonal to the cortical surface (Babadi et al. 2014). Concurrent researches on other pathologies,
such as epilepsy, have shown the successful technical application and feasibility of this procedure on living rats
by the delivery of microbeams in hippocampal regions (Pouyatos et al. 2016; Romanelli et al. 2013). Due to the
technical features of the X ray emitting source and the anatomical constraints mainly horizontal connections have
thus been addressed, though their still unclear role in CP, just to start an experimental series aiming to explore
how tiniest X-ray guided brain network microlesions in “closed sky” conditions (with no actual classical surgical
invasive skull opening technique) could achieve functional crucial results able to manipulate sensory functional
connectivity and the related neural processing.

In experimental animal sessions, these behavioral and electrophysiological results suggest novel therapeutic
approaches potentially reforming current outcomes.

Materials and Methods

Ethical Statement. All the animals (28 albino Sprague-Dawley male rats 225-250g) have been used in accordance
to the Italian and European Laws on animal treatment in Scientific Research (Italian Bioethical Committee, Law
Decree on the Treatment of Animals in Research, 27 Jan 1992, No. 116, guideline n. 86/609/ European
Community). The research was approved by the Ministry of Health and classified as “Biella 3/2011 and further
as “Biella 1/2014” into the files of the Ethical Committee of the University of Milan, Italy and 14 ethax16 for the
experiments at the ESRF ID17 beamline (European Synchrotron Radiation Facility, ESRF, Grenoble, France).

Results
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The results report a multianalytic picture of the effects of high-dose sevenfold X-ray microbeams (MBSs)
irradiation through the intact skull on the somatosensory cortex of experimental rats in vivo anesthetized with a
model of neuropathic Chronic Pain (CP, Figure 1A-F) and control (CR).

Early computational inspections

Preliminary, in silico exploratory analyses offered the possibility to evaluate the effects of guided connectivity
interventions on functional and topological substrates of the cortical network. Specifically, a comparable network
of the hindlimb six-layer primary somatosensory cortex (2.4mm x 3mm, ~1.5 millions of neurons) was simulated
by means of the “Vertex Simulator”, a Matlab (The MathWorks, Inc., Natick, Massachusetts, United States)
toolbox for large-scale cortical models (Tomsett et al. 2015). Our working hypothesis was that, since network
adaptivity is directly correlated with network modularity, by artificially increasing the number of network
modules, the network capability to adapt to the chronic nociceptive conditions should increase accordingly. Novel
network modules were generated by reducing horizontal connections resulting in the best strategy to jointly
maximize the number of novel modules and minimizing the number of removed connections. To this purpose, we
reproduced virtual recording sessions, a facility provided by the toolbox, of a small subset of neurons (about one
hundred, comparable to a conventional multielectrode experimental recording session) in four different
conditions: i) a physiological state where activity is ignited by stochastic inputs that replicated relevant cortical
dynamics; ii) a nociceptive state simulated by five to tenfold stronger inputs; iii) a physiological state (as in i))
characterized by weakened horizontal connection (horizontal transection, HT); iv) a nociceptive state (as in iii))
characterized by weakened horizontal connection.

Primarily, the influence of the relative amount of removed horizontal connections was evaluated on the complex
network statistics of interest that were the Clustering Coefficient (C), the Efficiency (E) and the Modularity (Q),
direct indicators of the network integrity. From 0 (original network) to 100 (all horizontal connection removed)
with a resolution step of 1, we repeated the simulations 100 times to face the inherent randomness of the model.
We found that all network statistics peaked between 7 and 9% (Figure 2A-C). Thus, we chose 8% as the relative
quantity of randomly remove horizontal connections from the original network model in order to maximize
modularity, efficiency and clustering coefficient.

Results of such simulations showed that network modularity collapsed in nociceptive conditions (P < 0.001, N =
1000, Wilcoxon non-parametric ranksum test with Bonferroni correction) in accordance with experimental
works(A.G. Zippo et al. 2016). Modularity in networks with weakened horizontal connections was increased in
comparison to nociceptive states (see Figure 2F; “Pain-HT”: P < 0.001, N = 1000; “Control-HT”: P < 0.001, N =
1000, ranksum tests) while unaltered when applied in the normal state (P = 0.362, N = 1000, ranksum test).
Likewise, an incremental pattern was found for relevant network statistics like the clustering coefficient (Figure
2D; “Pain-HT”: P < 0.001, N = 1000; “Control-HT”: P < 0.001, N = 1000, ranksum tests) and the network
efficiency (Figure 2E; “Pain-HT”: P < 0.001, N = 1000; “Control-HT”: P < 0.001, N = 1000, ranksum tests)
suggesting that, in the simulated conditions, a complete restoring of the normal topological properties was
achievable by opportune modulation of the horizontal connectivity.

Therefore, in silico results supported a non-invasive intervention in which the ablation of a limited percentage of
the cortical horizontal connections could provide a topological recovering of non-noxious states.

Sensory tests: thresholds and latencies

According to literature (Millan et al. 1987), young rats underwent a transitory decline of the physiological body
weight increment after the chronic sciatic ligature, a trend also confirmed in animals treated with X-ray
microbeams (MB, Figure 3A).

In order to assess the effective emergence of hyperalgesia and allodynia in the CP experimental animals we
performed the von Frey and the Hot Plate tests (Figure 3B-C). Indeed, the VVon Frey score (Figure 3B), that
presents important central responses (Ziegler et al. 1999), was reduced from an average of 4.73 £ 0.53 (standard
deviation) in Control (CR) to 3.81 £ 0.41 in Chronic Constriction Injury (CCI) rats (P < 0.001, N = 28, non-
parametric Wilcoxon ranksum test). The CCI-MB-treated rats showed instead a recovery from both allodynic and
hyperalgesic conditions with an increase toward control values of 4.68 + 0.55 after the MB treatment (CCI-MB)
(P =0.004, N = 28, ranksum test), statistically indiscernible from MB-treated control (CR-MB) (P = 0. 643, N =
28, ranksum test). Qualitatively, the videos S1-4 show the postural changes occurred in an exemplar CR animal
before (Movie 1) and after (Movie 4) the MB treatment and in exemplar CCI animal before (Movie 2) and after
(Movie 3) the MB treatment.

Results of the Hot Plate test, equally presenting important central effects(Gardmark, Hoglund, and Hammarlund-
Udenaes 1998), showed (Figure 3C) a reduced latency in the CCI group (P < 0.001, N = 28, ranksum test) with
retracted paws, reduced movement spans, and asymmetric posture in resting and walking schemes, restored in the
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MB treated animals (P = 0. 401, N = 28, ranksum test). Also, in this test the MB intervention did not significantly
affect control (CR-MB) rats (P = 0. 873, N = 28, ranksum test).

Altogether, these results showed that MB-treated animals behaved like control ones and that the MB treatment in
control animals did not alter the physiological somatosensory light and nociceptive thresholds.

Ultimately, to furtherly confirm the postural changes in the diverse experimental conditions, we tracked the paw
volar surfaces painted with black ink. Footprints showed comparable shapes in CR (Figure 3D, i), CR-MB (Figure
3D, ii) and CCI-MB (Figure 3D, iv) while strong differences were recoverable in the CP footprints (Figure 3D,

).

Electrophysiological experiments

Acute electrophysiology recordings of the somatosensory thalamocortical complex were performed in all four
groups of experimental animals (CR, CCI-MB, CCI, CR-MB) by means of couples of microelectrode matrices.
Two experimental conditions were considered: the resting state and the stimulated state where precise and fine-
tuned tactile stimulations of the affected hind limb where elicited (Antonio G. Zippo et al. 2013; A.G. Zippo et
al. 2015, 2016). We then extracted the functional connectivity between the neuronal activity dichotomized by
filtering into spiking activity and local field potentials (A.G. Zippo et al. 2013, 2015, 2016). The analysis of the
average firing rate including both cortex and thalamus (Figure 4A) during spontaneous activity showed, as
expected, a clear separation among groups, significantly increased in CR with respect to CCI (P = 0.029, N = 276,
ranksum test) as well as in CCI-MB compared to CCI (P = 0.031, N = 276, ranksum test). Also, the CR-MB
animals showed a normal firing rate, slightly higher than CCI (P = 0.015, N = 276, ranksum test). A comparable
scenario held for the tactile evoked activity (CR vs CCI: P = 0.018, N = 268; CCI-MB vs CCI: P = 0.011, N =
268; CR-MB vs CCI: P = 0.009, N = 268, ranksum tests). By analyzing the power spectra of LFP (multitaper
method) we found that the band of 10-20 Hz was severely reduced during spontaneous activity only in the CCI
group (Figure 4B, Kruskal-Wallis test: P < 0.001, N = 552) while the wavelet coefficients related by the tactile
stimulation were similar in all four classes (Figure 4C, Kruskal-Wallis test: P < 0.001, N = 552).

The neuronal functional connections were subsequently analyzed to investigate the mesoscopic scale of neuronal
populations. As in the previous works (Antonio G. Zippo et al. 2013; A.G. Zippo et al. 2016), we took into
considerations three fundamental complex network statistics, namely the clustering coefficient,
the modularity and the efficiency (the inverse of the characteristic path length) in the experimental conditions of
resting and tactile evoked states (see Methods) and for spiking and local field potential (LFP) activities. Crucially,
we found that the MB treatment restored all network properties lost after the onset of the chronic pain. Specifically,
both in the spontaneous (spiking, P < 0.001, N = 276; LFP, P < 0.001, N = 276, ranksum tests) and in the tactile
evoked (spiking, P < 0.001, N = 268; LFP, P < 0.001, N = 268, ranksum tests) activities, the loss of efficiency
due to the neuropathy (Figure 5A(i)-(ii)) was restored in the MB-treated animals while the MB treatment on
control animals (CR-MR) did not provoke any significant modification in comparison to CR animals both on
spontaneous (spiking, P =0.974, N = 276; LFP, P =0.880, N = 276, ranksum tests) and in evoked activity (spiking,
P =0.811, N = 268; LFP, P = 0.664, N = 268, ranksum tests). Complementarily, the clustering coefficient, tightly
reduced in CCI animals in spontaneous (Figure 5(iii)-(iv), spiking, P = 0.001, N = 276; LFP, P = 0.002, N = 276,
ranksum tests) and evoked (spiking, P < 0.001, N = 268; LFP, P = 0.009, N = 268, ranksum tests) activity was
recovered in the CCI-MB group (spontaneous: spiking, P = 0.944, N = 276; LFP, P = 0.908, N = 276; evoked:
spiking, P =0.623, N = 268; LFP, P = 0.581, N = 268, ranksum tests). Even in this analysis, the MB treatment on
control animals did not alter the normal topological properties of the thalamocortical functional networks both in
spontaneous (spiking, P = 0.937, N = 276; LFP, P = 0.729, N = 276, ranksum tests) and in evoked (spiking, P =
0.727, N = 268; LFP, P = 0.602, N = 268, ranksum tests) activity.

At a higher (mesoscopic) scale, the modularity indicated comparable results (Figure 5(v)-(vi)) showing a full
recovery in the CCI-MB of the normal modular organization both in spontaneous (spiking, P = 0.770, N = 276;
LFP, P = 0.650, N = 276, ranksum tests) and evoked (spiking, P = 0.545, N = 268; LFP, P = 0.877, N = 268,
ranksum tests) activity, weakened in the CCI (spontaneous: spiking, P < 0.000, N = 276; LFP, P = 0.003, N =
276; evoked: spiking, P < 0.000, N = 268; LFP, P < 0.000, N = 268, ranksum tests). Analyses showed also that in
CR-MB the modularity was not affected by the MBs in spontaneous (spiking, P = 0.652, N = 276; LFP, P = 0.819,
N = 276, ranksum tests) and evoked activity (spiking, P = 0.701, N = 268; LFP, P = 0.793, N = 268, ranksum
tests).

Eventually, the behavioral and the electrophysiological results confirmed the resolutive efficacy of the MB release
to reverse the chronic pain conditions instantiated within the central nervous districts of rat brains.

SEM analyses
Bone and MB-treated brain scans have been done by Scanning Electron (SEM) and by conventional light
transmission microscopies. Acquisitions of the irradiated skull bone have been performed to understand if bone
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lesions were detectable after the irradiation. No evident traces (20 days after the irradiation, Figure 6A-B) were
observable on the bone tiles examined but slight dashes were recoverable (Figure 6C, red dashed lines) assumedly
to be related to fast cicatrized MB induced scars. Examinations at higher magnification showed, in fact, traces of
scanty active of cell elongations (Figure 6D).

Clear tiny traces of the MB irradiation were well evident throughout the whole cortical thickness (Figure 6E). The
comparison with the accompanying image in conventional Nissl staining of the same region of the same cortical
samples, in a 5 pm thick slice 25 pm posterior to that obtained in SEM imaging along the fronto-occipital axis,
confirmed the spatial precision of the MB in their length extension (Figure 6F). These signs appear, in the SEM
imaging, significantly fading under the Corpus Callosum region and less easily detectable at the thalamic level.
At higher magnification, signs of protein coagulation due to the X-ray MB effects are clearly visible in segregated
areas well within the beam tracks (Figure 7B-C). It is interesting to note the neat boundary between the MB
involved region and the untouched surrounding tissue. Modest signs of cell elongations appear where the margins
of the scar do not exceed the MB width (Figure 7D). This implies that potential secondary degenerations
(avalanche degeneration effects) in the tissue are seemingly absent.

Percentage of C, N, O, Na, Mg, Al Si, Os, S, Ca elements were estimated in all the scans in coherent amounts of
the brain tissue, both on direct preparation for SEM and also on slices after treatments for SEM histological
examination (Figure 8A, cfr Figure 7C). Direct analyses at higher magnification (Figure 8B, cfr Figure 7D) of
beam traces within the brain tissue show slightly higher C levels, potentially due to the X-ray high-dose
deposition.

Discussion

In this work, we showed that in vivo high-dose X-ray microbeam transcranial irradiation of the hind-limb
somatosensory cortex in CCI rats abolishes all the behavioral and electrophysiological signs of CP with no
detrimental effects when delivered on control animals. Spatially fractionated synchrotron-generated X-rays (with
doses of 360 Grey) in form of arrays of seven quasi-parallel, lamellar microbeams, 100 um wide, and spaced 400
pm center-to-center, were delivered to a set of rats with and without a neuropathic chronic pain model. Local cuts
are effective on groups of horizontal neuronal connections (fibers) with these parameters. The ablation of neurons
and glial cells along the beam irradiation path becomes negligible in comparison with the efficiency of the
functional segregation achieved by the modularization. In fact, the volume of the transected horizontal fibers by
the sevenfold microcuts represents a tiny amount of the global cortical connections. However, it efficiently
interferes on the local connectivity of the hind-limb sensory cortex fibers leaving seemingly intact all the other
sensory contingents. In addition, the MB-resection scars are confined within their borders and non-noticeable in
the tissue beyond, excluding microscopically observable lateral degenerative avalanche phenomena outside the
beam track path (Studer et al. 2015; Pouyatos et al. 2016; Romanelli et al. 2013).

Diversely from the rich connectivity of the natural cortical (mini)columns, the artificial cortical moduli are
effectively mutually isolated by the MB cuts, being however able to communicate via shared thalamo-cortico-
thalamic paths (Boucsein et al. 2011; Schnepel et al. 2015; Sherman 2007). Despite these minor sources of mutual
communication, we assumed that each artificial module might develop specific own dynamic features after
network rearrangements albeit the negligible resections of contingent fibers and neurons (Ellefsen, Mouret, and
Clune 2015; Clune et al. 2013; Mengistu et al. 2016). The resultant autonomous anatomical/functional and
neuroelectric routes in each independent MB-module, when taken together express a global behavior functionally
more proficient than the integer and integral CCI condition. Indeed, this assumption is justified by the seemingly
paradoxical increase of information transfer and network graph topological restoration, that we concurrently
estimated, and, in addition, by the conversions of pathological sensory anomalies (e.g. hyperpathy, hyperesthesia
and hyperalgesia) towards control-like conditions. This goes with the observation that, in biological contexts,
modular structures appear more responsive to incoming perturbations, a natural condition in a sensory context
(Sporns 2013).

An early support of the work rationale was provided by the in silico model that, although the relevant limitation
of the anatomo-functional substrate, reproduced the intimate recovering dynamics. Therefore, the ingredients of
the reductive model were sufficient for the emergence of the observed phenomena.

Though the broad outcome of the “novel” modular cortex appears mostly realized by rules of functional addition
of its modules, this piecewise condition seems anyway adequate to enrich the local information contents to levels
matching “normal average” criteria, comparable to control animals (Rowland and Moser 2014). To note that in
control animals the lack of MB secondary effects might be ascribed to network resilience due to uncompromised
bottom-up and top-down arches of the thalamo-cortico-thalamic loop. A further reason has to be imputed to the
surprisingly low sensitivity of normal brain tissue to irradiation (Brduer-Krisch et al. 2010). If the comparable
damage in CCI-MB regions achieves the result to reinstate functionally natural-like conditions, this may suggest
that different outcomes could be envisaged depending on the original conditions. Namely, a dynamic shift from a
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CP signaling by strong horizontal connectivity may undergo a rebalancing by its weakening (Brodal 2007) as
confirmed in literature (Schnepel et al. 2015; Angelucci and Bressloff 2006; Négyessy et al. 2013). Indeed,
because intrinsic horizontal connections appear crucially involved in the rat primary somatosensory cortex tasks
(Négyessy et al. 2013), we can reasonably assume a similar involvement in the pain processing (B A Johnson and
Frostig 2016; Brett A Johnson and Frostig 2018). The advantage of a conversion from a CP statistically stationary
structure to an artificial modular complex able to augment and improve the information content is ratified, also,
by the potential advantages of partitioned architectures, as shown in many biological contexts (Bullmore and
Sporns 2012). The specific choice to generate moduli is, in fact, related to the idea of natural Brain Modularity, a
key driver for evolving nervous systems, granting for better adaptability (Ellefsen, Mouret, and Clune 2015; Clune
et al. 2013). In evolution, Modularity appears a suitable answer to selection pressures to maximize network
performance and minimize connection costs (Clune et al. 2013; Gdmez-Robles, Hopkins, and Sherwood 2014).
Besides these functional connectivity issues of CP, correlated problems such as the increased energy costs of the
involved networks seem to become more manageable. Modularization may also help or concur, indeed, to reduce
a global somatosensory metabolic problem into smaller and more manageable contexts (Bullmore and Sporns
2012). In confirming these findings, the topological approach by graph theory to network architectures helps to
clarify and potentially deepen these issues. After the X-ray microbeam delivery, the reduced information in CP,
mirrored in the graph topology degradation from modules-and-hubs to random architectures, shows a novel
conversion to control-like topology (A.G. Zippo et al. 2016). Behaviorally, this conversion appears reflected in
the reoccurrence of normal-like features, suggesting that sensory parameters may be either revived or ex-novo
regenerated by the cortical X-ray manipulation. In the former case, specific parameters such as the many plasticity
events continuously occurring in the normal somatosensory cortex may revive in the presence of strongly
modulating events. Redundant cortical functions may be thus more efficient in the closed context of moduli, as in
control animals where the network redundancy is resilient to the low grade degradation from MB (Gao, Barzel,
and Barabasi 2016). The alternative hypothesis of regeneration of properties appears weaker, in that no specific
neurogenesis after irradiation has been observed in the literature (Brénnimann et al. 2016) (except for poor
potential cell extensions as shown in Figure 7). The irradiation induces also local vascular regenerative episodes
where signs of novel vessel branches transpassing narrower MB tracks (25 pm, 500 Gy) have been observed
(Serduc et al. 2008).

On the electrophysiological side, the EEG recordings taken from 4 leads during the experiments did not show
significant power spectral differences among the four conditions (data not shown, see (A.G. Zippo et al. 2016)).
At the neuronal level, the recovery of the network topology significantly increased towards levels comparable to
controls. Specifically, the spiking and the Local Field Potential power spectra that, grossly represent the unit and
the synaptic dynamics, in CCI-MB rats per se re-presented statistical control-like parameters. This appears to
emphasize the importance of the local intramodular connectome in respect of a global dynamics and that moduli
formation could generate neurodynamic contexts more susceptible to recover collapsed features (Ellefsen,
Mouret, and Clune 2015). From a network perspective, though the vertical connectivity has largely been explored
within the cortical layers (Thomson and Bannister 2003; Levy and Reyes 2012), the horizontal connections (both
parallel for homolaminar and oblique for interlaminar connections) are gaining importance. This is true in many
cortical operations such as the diffusion of signals within sensory areas (Mao et al. 2011), in surround suppression
(the weakening of fringe excitations enhancing the stimulus detection (Adesnik et al. 2012)) or in complex
mechanisms of multiple contextual inputs coherence (Petreanu et al. 2012). Recently, a hypothesis has been
advanced that the majority of synaptic connections (~75%) a cortical neuron receives, actually originates from
outside the local volume (Stepanyants et al. 2009; Boucsein et al. 2011), even dominating the cortical network
dynamics (Schnepel et al. 2015). Despite the potential synaptic strength differences, horizontal connections seem
thus to promote robust asynchronous ongoing activity states and reduce noise correlations in stimulus-induced
activity (Boucsein et al. 2011). It is possible to hypothesize a double gating that, in presence of a horizontal
connectivity efficacy excess, a pruning operation could restitute a sound synaptic strength to the cortical circuitry.
Another issue to be weighted relates to the depth of the X-ray penetration that goes far beyond the cortical mantle
towards the subcortical structures (Romanelli et al. 2013; Serduc et al. 2008; Studer et al. 2015; Pouyatos et al.
2016). This means that, though weakened in their path through the cerebral matter, some degree of damage could
affect the tissues beneath the cerebral cortex. Most of the connections are indeed intact and not directly involved
by the X-ray beams. As from the literature (Studer et al. 2015), however, with the used irradiation parameters no
gross damage to the neural structure should be evident anyway.

Along these positive theoretical and empirical results, the experimental setting enlightens also a proof-of-concept
and seems a suitable model for potential translational medicine with some important caveats, first of all taking
into account the human gyrencephalic cortex in contrast with the rodent lissencephalic cortex. A hypothetical
translation could benefit of the multiangular, modulated X-ray beam strategy to selectively target the complex
geometries of the neural structures of interest. Eventually, as a whole, the experimental results further indicate
that chronic pain may be deeply reconsidered in the light of connectivity disorders at the central level and that
suitable treatments could be envisaged in complex practices apparently very far from the conventional ones.
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Table 1. Complex network statistics commonly used in brain connectomics. All formulas are referred to a
(undirected) graph (V, E) , with [V| = N,opportunely described by the adjacency N X N-matrix A = a;; where

a;; = 1ifand only if there exist the element (i, ;) in the set E and 0 otherwise.

Measure

Definition

Interpretation

Shortest path length

afgeriHj
where 7y, ; is the shortest path
between i and j

The number of edges encountered in
the shortest path between node i and

J

Characteristic path length

inzLiZE Ljenj=idij

. 1y n—1
IEN iEN

Measure of network integration.
Small values identify strongly
integrated networks

Clustering coefficient

1 1 2t;
nZlEN i nZlEN ki(ki—1) )

. 1
With t; = - X hen @ijQinn

Measure of fine-grain network
segregation. It counts the average
number of triangles t (3-node fully
connected graphs) present in the
network

Modularity

Q = ZueM[euu - (ZUEM euv)z]i

where M is a partition of V
(whose elements are called modules) and
ey 1S the proportion of links that connect
nodes in module u with nodes in module
v

It evaluates the tendency of the
network to be reduced in independent
(or scarcely dependent) modules

List of Figures:

Figure 1. Experimental setup of the microbeams irradiation on rat brain. (A) Schematic of the ESRF ID17
synchrotron line; the elements are not to scale. (B) Schematic of beam optoprocessing along the line.
The beam issued by the wiggler is first shaped by the slits, filtered by a series of C, Al, Cu filters which
removed the low energy components of the spectrum, monitored by an ionization chamber and
spatially fractionated by the multi slit collimator (MSC); the sample is placed on the goniometer (C)
Stereotactic placement of the rat. (D) X-ray imaging of the rat for stereotactic targeting, the Bregma
point is highlighted by the red spot and the targeted S1 area, by the seven (blue) beams, is labeled by
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the red square. (E) Spatial distribution of the seven microbeams with peak and valley relative doses. (F)
Dose deposited by the X-ray microbeams vs the tissue depth.
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Figure 2. Results of cortical network simulations. The effects of the horizontal connection removal on the
clustering coefficient (A), the efficiency (B) and the modularity (C). All plots clearly show peaks of
values around 7-9%. By removing the 8% of the horizontal connections we found a complete restoring
of the three statistics above strongly affected by noxious conditions (a simulation of sustained pain state).
Transection of horizontal connections keep unaffected network statistics of the control dynamics. In (A)-
(C), each point indicates the output of a simulation (N = 200 for each plot). Red points indicate the pain
condition while blue point refer to control. Related bands represent the 95% confidence intervals. In (D)-
(F), violin plots represent the distribution of each set of simulations.
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Figure 3. Behavioral signs of remission. (A) Box-Whisker plots of the body weight distribution in the four
different groups during the pre-treatment (white) and post-treatment (cyan) stages. Box-Whisker plots
of the von Frey (B) and the Hot plate test (C) scores. (D) Footprints of CR (i), CCI-MB (ii), CCI (iii)
and CR-MB (iv).
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Figure 4. Fundamental electrophysiological results. (A) Firing rate distribution of the recorded neurons both
from spontaneous and tactile-evoked activities. The inset matrices indicate the statistical significance
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(P < 0.05) among groups. Average LFP-power spectra in the four experimental conditions during
resting state (B) and in the 6 different LFP bands (C) . (D) Average wavelet coefficients of the tactile-
evoked activity in the four experimental conditions.
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Figure 5. Functional network statistics. (A) Functional connectivity statistics (Efficiency, Clustering
Coefficient, Modularity) extracted from the local field potentials (first row, i-iii-v) and spiking activity
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(second row, ii-iv-vi) in spontaneous state. (B) Functional connectivity statistics extracted from the
local field potentials (third row, i-iii-v) and spiking activity (fourth row, ii-iv-vi) in in tactile-evoked
state. The inset matrices indicate the statistical significance (P < 0.05) among groups.
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Figure 6. Anatomical confirmations of targeted regions. (A-B) Bone tiles excised from the irradiated skull
regions. (C) Higher magnification of a microbeam track in the bone. Red dashed lines indicate the light
bone scare trace. (D) Cell-level magnification potentially showing signs of osteoblastic activity in the
focus of the beam. (E) Nissl staining and (F) SEM imaging of the X-ray microbeam traces of the coronoal
section of the rat brain. The Nissl image is 25 um behind the slice used in SEM imaging.
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Figure 7. Analysis at progressively higher magnifications of a microbeam track within the cortical tissue.
(A) Whole field, (B-C) single beam resolution obtained with Nissl staining and SEM imaging. In
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(A), microbeams came from the top-left of the figure (the cortical surface) toward the bottom-rigth
(deeper brain tissue). The Nissl image is 25 um behind the slice used in SEM imaging. (D) Further
magnification of a detail highlighted in yellow square indicating the coagulation of the microbeam
cut border.

WD: 13.12 mm MIRA3 TESCAN

SEMHV: TO KV MIRAJ TESCAN
SEM MAG: 547 x
View field: 528 pym

v -
SEM HV: 7.0 kV wo: 1582mm | | MIRA3 TESCAN
SEM MAG: 7.62 kx Det: SE
View fleid: 37.9 pm  Date(m/dly): 10724/13

19


https://doi.org/10.1101/528539

bioRxiv preprint doi: https://doi.org/10.1101/528539; this version posted January 23, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure 8. Spectrograms of the composition of the cortical intact tissue (A) and (B) in the region of microbeam
cut (cfr. Figure 6D). To note the osmium component of the spectrograms due the SEM preparation, and
the silicium high component in the region of cut due to the presence of the slide glass and the higher
carbonium component potential congruous with the effects of high-dose X-ray MB depositions.

A T

Movies 1-4. Samples of walking patterns in CR (1), CCI (2), CCI-MB (3), CR-MB (4) animals.
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