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Background: Modulation of pathological neural circuit activity in the brain with a minimum of complications is an area of intense interest.
Objective: The goal of the study was to alter neurons' physiological states without apparent damage of
cellular integrity using stereotactic radiosurgery (SRS).
€ ttingen minipigs with doses of 40,
Methods: We treated a 7.5 mm-diameter target on the visual cortex of Go
60, 80, and 100 Gy. Six months post-irradiation, the pigs were implanted with a 9 mm-wide, eight-shank
multi-electrode probe, which spanned the radiation focus as well as the low-exposure neighboring areas.
Results: Doses of 40 Gy led to an increase of spontaneous ﬁring rate, six months post-irradiation, while
doses of 60 Gy and greater were associated with a decrease. Subjecting the animals to visual stimuli
resulted in typical visual evoked potentials (VEP). At 40 Gy, a signiﬁcant reduction of the P1 peak time,
indicative of higher network excitability was observed. At 80 Gy, P1 peak time was not affected, while a
minor reduction at 60 Gy was seen. No distance-dependent effects on spontaneous ﬁring rate, or on VEP
were observed. Post-mortem histology revealed no evidence of necrosis at doses below 60 Gy. In an
in vitro assay comprising of iPS-derived human neuron-astrocyte co-cultures, we found a higher
vulnerability of inhibitory neurons than excitatory neurons with respect to radiation, which might
provide the cellular mechanism of the disinhibitory effect observed in vivo.
Conclusion: We provide initial evidence for a rather circuit-wide, long-lasting disinhibitory effect of low
sub-ablative doses of SRS.
© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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There is an emergent view on the representation of neuropsychiatric disorders as disorders of the bound neuronal network, also
termed circuit disorders [1,2]. Diverse pathologies such as depression or addiction, but also neurodegenerative disorders such as
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2. Material and methods

Parkinson's disease, are characterized by hypo- or hyperactivity of
network nodes. The modulation of these distinct hubs can result in
either well describable movement dysregulation or complex psychiatric phenotypes [3]. Progress in identifying the dysregulated
network nodes, in large part through the advent of optogenetics [4]
and cellular optical imaging [5e7] has led to novel treatment
strategies for those disorders classically referred to as disorders of
the mind, e.g., depression [8].
For many decades, widely distributed but highly convergent
trajectories of tightly collimated beams of radiation have been
used clinically to treat brain pathologies with a cellularly
destructive dose of ionizing radiation. This non-invasive ablative
procedure, termed stereotactic radiosurgery, enables a large cumulative dose of radiation to be deposited within the target,
while minimally irradiating adjacent healthy brain [9,10]. By
severing brain connections, this approach to ablation has also
been used to treat functional disorders such as tremor and
obsessive-compulsive disease [11]. More recently, a new hypothesized method called radiosurgical neuromodulation or
“radiomodulation”, has been proposed to non-destructively alter
neural circuit activity, using precisely targeted lower doses below
the threshold of cellular lethality [12]. Radiomodulation has
garnered increasing attention due to its non-invasive nature, low
cost when compared with contemporary implant-based neuromodulation approaches such as deep brain stimulation (DBS)
[13e18].
The irradiation effect on cellular destruction, necrosis, and
lesion formation depends on the dose, volume, tissue type, cell
type, animal age, and the time since radiation exposure [19e31].
For example, in a 6-month-post-radiation model, when ionizing
radiation was delivered to a 7.5 mm target on the pig motor cortex,
grey matter receiving 100 Gy to the 80% isodose line, and subcortical white matter receiving 60 Gy and above, showed evidence of
cellular destruction [32]. These results are consistent with radionecrosis thresholds seen in human studies [33].
Most studies of subnecrotic radiation doses to morphologically normal tissue have involved large ﬁeld sizes, short postradiation follow-up, or both. For example, a maximum dose
(Dmax) of 20e40 Gy delivered with a 4 mm collimator decreased
the frequency of lesion-induced seizure spiking [34]. In another
study, 30 to 60 Cobalt Gy equivalents of proton beam radiation to
rat hippocampi (2.5 mm single aperture) resulted in upregulation
of heat shock protein 72 (HSP-72) but no cell loss or impairment
to elicit post-synaptic potentials [35]. Few studies have investigated the chronic effects of subnecrotic doses on small and histologically normal brain targets. In one such large animal (pig)
model, [18F]-Fluoro-D-Glucose Positron Emission Tomography
(FDG-PET) analysis showed decreased 18F-FDG-uptake within the
motor cortex target at a Dmax of 60e120 Gy, and increased FDG
uptake at 10e40 Gy doses, when observed 9 months post-SRS
[36].
€ ttingen minipigs using SRS with
In this study, we irradiated Go
varying dose levels (0, 40, 60, 80 and 100 Gy). We ask whether focal
irradiation results in a dose-dependent neuromodulatory effect at
subnecrotic doses in vivo, six months post-irradiation. We
furthermore analyzed whether there is a dose-related distancedependency of putative network changes regarding the center of
the irradiated ﬁeld. For that, we employed a multi-shank multielectrode probe inserted into the primary visual cortex, spanning
the center of the irradiated zone, where the dose is highest, and the
neighboring areas that a gradient of lower doses. We complement
the in vivo recordings with a cellular assay, allowing for resolving
cell-speciﬁc effects of irradiation.

2.1. Study design
The aim of this study is to provide evidence for the prospect of
using adjusted radiation doses for long-term neuromodulation in a
minipig model, using clinical hardware, as a reference for a future
€ ttingen minipigs were treated with
clinical study. To this end, six Go
various doses of ionizing radiation. Six months later, with two
additional control animals, an in vivo readout of local circuitry by
implanted microelectrode array followed by histology was conducted, using methods as described before and in the
Supplementary material [54e58]. To learn about the cellular basis
of the ﬁndings in vivo, iPS-derived neuronal co-cultures were
treated with various doses of X-ray and imaged 2-, 5-, 7-, 9- and 12days post-treatment, followed by a cell number assessment.
2.2. Data analysis
In vivo electrophysiology raw data were analyzed using MATLAB. Statistical analyses were performed using GraphPad Prism 9.0.
Mann-Whitney test and Kruskal-Wallis test were used. Data are
presented as means ± SEM unless otherwise stated. Imaging data
on SynFire® neural cultures were processed and analyzed using
Harmony High-Content Imaging and Analysis Software V4.9 (PerkinElmer). Values of four technical replicates were averaged for
each time point and normalized to D0 pre-treatment values. Student's t-test was used for statistical analyses.
3. Results
3.1. A cortex-penetrating multi-electrode probe spans the irradiated
and neighboring region of the primary visual cortex (V1)
€ ttingen minipigs received various doses of ionizing radiSix Go
ation (40 Gy, 60 Gy, 80 Gy, and 100 Gy prescribed to the 80% isodose
level) targeted at the right V1 (Fig. 1A), and two animals served as
controls (0 Gy, Table 1). With a collimator size of 7.5  7.5 mm, the
volumes receiving 80%, 50%, 25%, and 15% doses were ~0.15, 0.50,
1.5, and 4.0 cm3 (Table 1). All eight animals were closely monitored
throughout the six months post-irradiation period for signs of pain
and discomfort. We did not observe failure to thrive, or aberrant
behavior. No apparent signs for an impaired function of the visual
system were observed. Six months post-irradiation, a custom-made
multi-electrode probe consisting of 8 shanks and 64 electrodes [37]
with a width of 9 mm was implanted in the V1 target area (Fig. 1B).
The probe covered the irradiated and neighboring region (Fig. 1C),
and spanned the entire depth of the visual cortex, which is
approximately 2 mm in the minipig [38]. With the custom-made
64-channel probe implanted in the right V1 (Fig. 1D&E), we studied the effect of different dose radiation on spontaneous neuronal
activity by comparing spike ﬁring rates on sedated animals. We
recorded spontaneous activity from 48 (out of 64) electrodes,
which were dedicated for recordings. Out of these 48 electrodes, 24
were putatively located in cortical grey matter (the 1st, 3rd, and 4th
electrodes of each shank, Fig. 1E&F). Peaks higher than 7.5-times of
the standard deviation of the signal were counted as action potentials (Fig. 2A). In control animals, we observed a constant rate of
spontaneous activity across electrodes of the same D-V coordinates
across shanks (Fig. S1). To assess the functionality of the local V1
circuitry in the representation of visual afferents, we subjected the
sedated animals to visual stimuli comprising trains of light ﬂashes
[39]. We could reliably detect the typical VEP waveform in the
cortical electrodes, including the two components N1 and P1
(Fig. 2B).
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Table 1
Animals and stereotactic radiosurgery doses.
Central 80%
Animal Field
dose
apertures max
level
dose
(mm)
(Gy)
(Gy)

Volume
receiving
80% dose
(cm3)

Diameter of
sphere
equivalent to
80% volume (cm)

Volume
receiving
50% dose
(cm3)

Diameter of
sphere
equivalent to
50% volume (cm)

Volume
receiving
25% dose
(cm3)

Diameter of
sphere
equivalent to
25% volume (cm)

Volume
receiving
15% dose
(cm3)

Total
Diameter of
treatment
sphere
time (min)
equivalent to
15% volume (cm)

40 Gy
60 Gy 1
60 Gy 2
80 Gy 1
80 Gy 2
100 Gy
Control
1
(0 Gy
- 1)
Control
2
(0 Gy
- 2)

7.5
7.5

50
75

40
60

0.15
0.15

0.66
0.66

0.50
0.51

0.98
0.99

1.56
1.56

1.44
1.44

3.96
3.72

1.96
1.92

23.2
26.8

7.5

75

60

0.14

0.64

0.50

0.98

1.56

1.44

4.12

1.99

32.0

7.5

100

80

0.15

0.66

0.50

0.98

1.53

1.43

3.80

1.94

31.0

7.5

100

80

0.15

0.66

0.49

0.98

1.57

1.44

3.68

1.92

26.2

7.5
none

125

100

0.16

0.67

0.50

0.98

1.56

1.44

3.62

1.91

21.8

none

compared to non-irradiated control animals. At 60 Gy, the spontaneous activity rate dropped sharply (p < 0.0001), and at 80 Gy the
rate dropped further to almost nil mean activity rates.

3.2. Impact of SRS on neuronal activity is not dependent on the
distance from radiation center
At six months after irradiation, pigs were lightly anesthetized to
achieve a persistent brain state devoid of large-amplitude slow
wave ﬂuctuation [40,41]. First, we assessed the spontaneous activity rate across shanks within each irradiated animal. We found
that the ﬁring rate was not dependent to the distance to the radiation center in the probed area for animals irradiated with a dose of
40 Gy (p ¼ 0.4279, Spearman correlation) or 60 Gy (p ¼ 0.7143 for
the animal 60 Gy - 1 and p ¼ 0.1150 for the animal 60 Gy - 2) or
80 Gy (p ¼ 0.7750 for the animal 80 Gy - 1 and p ¼ 0.5667 for the
animal 80 Gy - 2), similar to the control animals (p ¼ 0.5364 for the
animal 0 Gy - 1 and p ¼ 0.9768 for the animal 0 Gy - 2) (Fig. 3A). At
80 Gy, several sites were devoid of any identiﬁable spikes. At
100 Gy, the activity vanished, and no putative spike could be
detected. We next probed, whether the distance to the irradiation
center affects visual evoked potential wave form. Within each animal, the N1 and P1 peak times were not correlated to the distance
to the radiation center along the probe width for irradiation doses
of 40 Gy (p ¼ 0.7930 and 0.3599), 60 Gy (p ¼ 0.4618 and 0.3599,
animal 60 Gy - 2), and 80 Gy (p ¼ 0.2992 and 0.5821, the animal
80 Gy - 1) (Fig. 3B&C). Notably, while spontaneous activity at 80 Gy
varied drastically between shanks, rather stable VEPs could be
recorded. At 100 Gy, no meaningful activity could be recorded due
to the probe damage during implantation.

3.4. 40 Gy radiation dose level decreased the VEP P1 peak time
With regard to the peak times upon visual stimulation, 40 Gy
irradiation resulted in a decrease of VEP P1 peak time by 35.8%
(p < 0.0001, Fig. 3F), while N1 peak time was not affected (Fig. 3E).
Note that a decrease in peak time is generally associated with
higher excitability [42]. At 60 Gy and 80 Gy, N1 peak time decreased
by 12.6% (60 Gy) respectively 22.6% (80 Gy) (p < 0.0001 for both
conditions), while P1 peak times remained similar to nonirradiated levels, albeit the 60 Gy animals exhibit a slight, yet signiﬁcant decrease by 9.8% (p ¼ 0.0074) (Fig. 3E&F).
3.5. 40 Gy radiation did not cause apparent cellular disruption or
necrosis in minipigs
Six months after irradiation, MRI scans were conducted before
the implantation of the probe to obtain stereotaxic coordinates for
probe implantation. Tissue changes were visible on the scans as a
hypointense area surrounded by a ring of bright gadolinium
enhancement (as shown in Fig. 4B, right). Moreover, since the radiation was delivered to the right hemisphere it was possible to
visually compare it to the unirradiated left hemisphere and search
for any visible tissue changes. MRI showed notable tissue changes
only on animals irradiated with doses of 80 Gy and 100 Gy. Based
on MRI measures, the approximate volume of the tissue change
(mm3) was 1200 ± 146 (80 Gy - 1), 1140 ± 93 (80 Gy - 2), and
984 ± 87 (100 Gy). After the electrophysiology experiment, animals
(except the 100 Gy animal, in which the probe was left in the brain
for about one month) were sacriﬁced, and brains were studied with
histology (Fig. 4A). The 40 Gy irradiated brain did not show any
apparent signs of destructive changes (Fig. 4B&C). In minipigs
irradiated at the dose of 60/80/100 Gy at the shown volumes

3.3. At the dose of 40 Gy, spontaneous ﬁring rates increased as
opposed to 60 Gy and higher doses
As we could not observe changes in spontaneous activity in
relation to distance within the individual probe, both in nonirradiated animals as well as in irradiated animals up to 80 Gy,
we compared the mean ﬁring rates of all 24 cortical grey matter
recording sites between animals (Fig. 3D). Notably, irradiation with
40 Gy signiﬁcantly increased the mean ﬁring rates (p ¼ 0.0133)

Fig. 1. Irradiation on the V1 of minipigs and implantation of a multi-electrode probe spanning the irradiated and neighboring region. (A) SRS procedure on the anesthetized
intubated minipigs. (B) The exposed V1 cortex (red arrow) and plastic ﬁducial marker (white dot left of the red arrow) framed by the titanium screw ﬁducial markers. (C) Schematic
€ ttingen minipig
view of the probe position in the radiosurgery ﬁeld with radiation dose color wash guide, illustrated on radiosurgery planning CT. (D) A coronal section of the Go
brain. (E) Enlarged V1 area showing approximately the location of implanted probe. Note, that the tissues sections shrink in the process of histological ﬁxation, resulting in an
underestimation of cortical thickness regarding the probe. (F) The 8-shank 64-channel multi-electrode probe design. Probe thickness: 50 mm. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Spontaneous neuronal activity and VEP recorded from the control animal 0 Gy - 1. (A) Representative spontaneous activities. Red triangles mark action potentials detected
using a threshold of 7.5-times of the standard deviation. (B) Representative ﬂash VEPs. The red trace is the average of 50 raw traces (shown in grey). Arrow indicates artifacts of LED
on/off. The peak time of the two components of VEP (N1 and P1) were measured. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web
version of this article.)
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Therefore, we irradiated the animals with the doses of 0, 40, 60, 80
and 100 Gy in this study. The neuromodulatory effects both on
spontaneous activity and on visually evoked activity are apparent at
irradiation dose levels below the threshold of signiﬁcant neural cell
loss. In our paradigm, the threshold for sub-ablative neuromodulation in the absence of tissue destruction ranges at or below
40 Gy. For assessing neuronal network function, we employed a
multi-shank, 64-electrode probe, which allows us to sample not
only the region of tissue that received the highest radiation dose,
but also neighboring areas that received very little dose. While
recordings of spontaneous activity give important insights into the
functional architecture and robustness of a local circuit, the representation of sensory afferents represents the second and maybe
even most important marker for circuit integrity. A wellestablished paradigm providing important diagnostic information
regarding the functional integrity of the visual system represents
the assessment of VEP [39]. Indeed, also in our model, the application of ﬂash VEP has been reported in Vietnamese miniature potbellied pigs [47]. Visual evoked responses in V1 do not only reﬂect
local cortical circuit function, but also require the functionality of
the ascending pathway of the visual pathway, e.g., the retina, and
the lateral geniculate nucleus (LGN).
After the in vivo electrophysiology recordings on minipigs,
brains slices were studied with histology. We did not include
markers of cell death, e.g., caspase in this study. It has been shown
that apoptosis can be detected in a relatively short time after the
irradiation (usually hours, in some studies days or weeks range)
[48e51]. In our study, animals were investigated around 6 months
post-radiation. In our recent study on the dose effect on minipigs,
histology results showed necrotic lesions in the grey matter at
100 Gy and in white matter at 60 Gy [32]. But we did not observe an
increase in the number of apoptotic cells.

(Table 1), destructive changes including necrosis caused by irradiation were noted. The span and intensity of tissue changes (necrosis, vascular changes, and astroglial reaction) caused by
irradiation were correlated with radiation dose (Fig. 4B&C, Table 2).
Based on Iba1 staining, the approximate volume of tissue changes
(mm3) was 12.6 (60 Gy - 1), 10.1 (60 Gy - 2), 1004.3 (80 Gy - 1), and
589.1 (80 Gy - 2).
3.6. Inhibitory neurons are more sensitive to X-ray irradiation in
comparison to excitatory neurons
For assessing the cellular underpinnings of the observed differential changes in function at 40 Gy versus 60 Gy and beyond, we
irradiated an iPS-derived neuronal culture, comprising of excitatory
and inhibitory neurons as well as astrocytes [43,44]. In each well,
approximately 600 inhibitory neurons and 1000 excitatory neurons
were counted pre-irradiation. Cell cultures were irradiated with
doses of 15, 40, 70, 100, and 150 Gy. The number of surviving
neurons was quantiﬁed at six time points up to 12 days postirradiation. Depending on the doses, neuron numbers varied
post-irradiation. At doses of 15 and 40 Gy, the cell viability of both
excitatory and inhibitory cells was not signiﬁcantly affected
throughout the time period of observation (Fig. 5, Fig. S2). At 70 Gy,
commencing at day 2 after irradiation, the number of surviving
inhibitory neurons signiﬁcantly dropped (p < 0.001), upon reaching
a plateau until 12 days post-irradiation (D12), while the number of
surviving excitatory neurons was not affected (Fig. 5C-E). Only at
higher doses of 100 Gy and beyond, also the number of excitatory
neurons displayed a signiﬁcant early reduction. Yet, at 100 and
150 Gy, the number of surviving interneurons dropped sharply and
were dose dependent (p < 0.0001). At 150 Gy, on D12, while 61.4%
of excitatory neurons still survived, only 10.6% of inhibitory neurons remained viable. This differential impact of increasing irradiation doses on cellular survival is reﬂected in a dose-dependent
drop of the ratio of surviving inhibitory versus excitatory cells. The
biological effects of radiation are known to depend upon not only
dose, but also the volume of tissue irradiated [45], cellular characteristics of that tissue, and time elapsed since irradiation [46]. For
these reasons, speciﬁc doses and their impact on cellular physiology in cell culture cannot be quantitatively compared to the 6months post-radiation in vivo results. Regardless, these ﬁndings
might offer insights into the cellular mechanisms responsible for
the disinhibition at low irradiation doses observed in vivo.

4.1. Low dose irradiation leads to local circuit-wide functional
reorganization beyond the irradiation focus
Within each irradiated animal, we found that the spontaneous
ﬁring rate or the VEP peak time was not correlated to the distance
to the radiation center, which suggests a relatively widespread effect of radiation while the overall function of the neural network is
preserved. It is important to stress that, we assessed network
function six months after irradiation. It seems likely that, initial
changes and neuromodulatory events occurred at the area of irradiation. However, as a response to these focal events, the entire
regional circuit is modulated. We reported a similar plasticitymediated mechanism in the context of multiple sclerosis, in
which areas of the cortex not directly affected by demyelination
and T-cell integration changed their functional status [6]. Because
the electrode probe spanned only 9 mm between shank 1 and
shank 8, we were unable to observe the full extent of network
changes. Regardless, we have demonstrated that there is network
modulation by virtue of the lateral spread between the area
maximally dosed (Shank 1), and the area at Shank 8 that received
only approximately 15e25% of that dose (Table 1). Additionally, the
VEP analysis suggested that the visual circuit from the eyes to V1
remained functional, albeit altered in a dose-dependent manner.

4. Discussion
We report a circuit-wide, long-lasting modulation effect directly
associated with ionizing radiation intensity in a minipig model.
gis (2013) provided a series of observations regarding biological
Re
effects reported with different doses and tissue volumes that supported the use of the general range of doses [12]. In our recent
study on the dose effect on minipigs, histology results showed
necrotic lesions in the grey matter at 100 Gy and in white matter at
60 Gy [32]. In another study on minipigs, FDG-PET analysis showed
decreased 18F-FDG-uptake within the motor cortex target at
60e120 Gy, and increased FDG uptake at 10e40 Gy doses [36].

Fig. 3. Irradiation on the V1 of minipigs and implantation of a multi-electrode probe spanning the irradiated and neighboring region. Raw data of (A) spontaneous ﬁring rate, (B)
VEP N1 and (C) P1 peak times. Recording sites numbers: 24, 24, 24, 21, 24, 24, 24 and 18 for 0 Gy - 1, 0 Gy - 2, 40 Gy, 60 Gy - 1, 60 Gy - 2, 80 Gy - 1, 80 Gy - 2 and 100 Gy animals.
Summary of (D) spontaneous ﬁring rate, (E) VEP N1 and (F) P1 peak times. Kruskal-Wallis test. The red line shows the median. (D) The recorded spontaneous ﬁring rates (Hz) are
0.237 ± 0.013 (0 Gy, 2 animals, 48 recording sites), 0.296 ± 0.016 (40 Gy, 1 animal, 24 recording sites), 0.060 ± 0.0094 (60 Gy, 2 animals, 45 recording sites), 0.041 ± 0.010 (80 Gy, 2
animals, 48 recording sites), and 0.0 ± 0.0 (100 Gy, 1 animal, 18 recording sites). (E) The recorded VEP N1 peak times (ms) are 40.04 ± 0.46 (0 Gy, 2 animals, 48 recording sites),
40.14 ± 0.81 (40 Gy, 1 animal, 24 recording sites), 35.00 ± 0.25 (60 Gy, 1 animal, 24 recording sites), and 31.27 ± 0.65 (80 Gy, 1 animal, 24 recording sites). (F) The recorded VEP P1
peak times (ms) are 76.79 ± 1.36 (0 Gy, 2 animals, 48 recording sites), 49.29 ± 0.76 (40 Gy, 1 animal, 24 recording sites), 69.30 ± 1.07 (60 Gy, 1 animal, 24 recording sites), and
71.98 ± 1.07 (80 Gy, 1 animal, 24 recording sites). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)
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Fig. 4. The spectrum of the tissue changes observed in MRI and histology following focused ionizing radiation. (A) Demonstration of the analyzed brain slabs. The visual cortex is
highlighted in purple, the radiation target in red, and the probe emplacement area in blue. (B) Left: MRI shows the plastic ﬁducial marker (red arrow) above the visual cortex in the
control animal. Right: MRI shows ring enhancement and necrosis (red arrow) in 100 Gy animal. (C) Spectrum of the changes visible after various doses of radiation, N&E  Nissl and
Eosin, Iba1 - microglia marker, GFAP - astroglia marker, MBP (myelin basic protein) - myelin staining. Arrows point to small bleeding caused by electrode implantation, * - Necrosis,
V - vascular changes (in 0 Gy caused by electrode implantation, in 60 and 80 Gy the effect of the radiation), triangles - glial scar, o - white matter injury in corpus callosum. Scale
bars: 2 mm. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)
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Table 2
Summary of histological changes.
Animals Necrotic changes
GM

Vascular changes

Inﬂammatory reaction

WM

0 Gy - 1 e

e

0 Gy - 2 e

e

large, not related with irradiation,
including dilated blood vessels and
hemorrhage around the probe
e

e

e

e

40 Gy

60 Gy - some signs
1
of the
necrotic
cells
60 Gy - e
2
80 Gy - þ
1

Astroglia

Microglia

e

associated with bleeding, enhanced microglial
reaction on top of the V1, close to probe entrance

e
e

some inﬂammation visible around the probe
(activated microglia)
limited microglial reaction, mostly associated with
the probe.
limited, microglial reaction mostly around probe
tracks and on top of the gyrus (cortex)

some signs of the necrotic limited, some thicker/malformed blood no large astroglial
cells
vessels, and isolated spots with micro response
bleeding.
some signs of the limited
necrosis (in contact with
vascular changes)
large

80 Gy - þ
2

large

100 Gy þ

large

quite large, isolated micro
bleeding spots, some thicker and
malformed blood vessels are present
extensive, also in part of the left
hemisphere (close to corpus callosum),
hemorrhage
large, hemorrhage

astroglial response not
noted

limited reaction around the micro-bleeding spots
and some malformed blood vessels, also around
probe tracks (microglia)
strong reaction around and within necrosis,
activated microglia and ameboid microglia/
macrophages present around the probe
strong reaction around and within necrosis,
microglia around the probe

large response around
the necrosis, dispersed
glial scar (GFAPþ)
large response around
the necrosis, dispersed
glial scar (GFAPþ)
thickening of the vessels wall, dilatation large, around the necrosis microglial reaction close to necrosis
of the blood vessels, hemorrhage

GM: grey matter, WM: white matter.

shown to reduce muscimol binding, suggesting GABAergic effects
ensuing from the radiation. Daynac et al. (2013) noted in mouse
brains that quiescent neural stem cells in the subventricular zone
exited dormancy in response to changes in GABAA receptor
signaling 2 days following irradiation at 4 Gy [28]. In an in vivo
model, Dagne et al. (2017) reported that the selective reduction of
GABAA-mediated inhibition occurred 24 h following head irradiation and disappeared by 48 h [29].
De Salles et al. (2001) created 3 mm radiosurgical lesions in the
subthalamic nucleus and substantia nigra of vervet monkeys, using
150 Gy radiation [26]. The animals were studied with MRI up to 9
months and sacriﬁced at different time intervals for histological
and histochemical analysis. Increases in glial ﬁbrillary acidic protein immunoreactivity, tyrosine hydroxylase, serotonin transporter,
and the GluR1 subunit of the alpha-amino-3-hydroxy-5-methyl-4isoxazole propionate glutamate receptor in penumbral regions of
the lesion were found and suggested to be of compensatory
neuronal adaptations.
In a functional PET study, again on minipig receiving focal irradiation, doses around 40 Gy led to an increase of local metabolism,
contrasted with a decrease of local metabolism of 60 Gy or higher
[36]. Together, there is a growing body of evidence suggesting that
low doses of irradiation may indeed be capable of increasing the
local excitability, reaching a new stable set point.

4.2. Focal radiation durably impacts the excitation/inhibition
balance
While the reduction in spontaneous activity at high doses of
60 Gy and beyond might be expected, the disinhibitory effect of
irradiation with 40 Gy, both regarding the spontaneous activity and
the VEP peak time was surprising. The cellular assay, while not
directly translatable to the in vivo situation in terms of absolute
doses, may provide evidence on the cellular underpinnings of the
disinhibitory effect. The reported higher sensitivity of interneurons
is indeed in line with one earlier study, demonstrating that inhibitory cells are more sensitive to injury [52]. Earlier studies have
shown that irradiation could affect GABA receptors and GABAergic
inhibition, and further modulate the development and function of
the central nervous system [23,28e31].
€ ntgen in 1895 [53], there has
Since the discovery of X-rays by Ro
been a great deal of study of CNS effects of various doses of radiation delivered to the whole body, or to fetal rodents in the uterus
of the mother animal [21,25]. Such approaches are well suited to
answering questions about the consequences of environmental
radiation exposure with the presence of intertwined systemic,
humoral, developmental, as well as neurological factors. For purposes of understanding the utility of focal radiation as a brain
neuromodulation tool, however, a different approach is required.
Focusing more closely on an anatomical level, some studies
concern radiation limited to the head. For example, Nair et al.
(1963) described the acute anti-convulsant effects of 100 Gy X-ray
delivered to rat heads within the 8e10 days prior to the animal's
deaths [19]. Grossly apparent pathological changes in these brains
were noted. Sherwood et al. (1967) described both convulsive and
anti-convulsive effects of radiation delivered to the heads of rats
[20]. Speciﬁcally, all doses (5, 50 and 100 Gy) were reported to
lower seizure threshold relative to control. However only the
higher doses (50 and 100 Gy) were shown to reduce the magnitude
of the seizure clonus. These studies focused on early radiation effects occurring during the ﬁrst week post-radiation.
On the receptor level, Kuznetsov et al. (1989) studied the effect
of ionizing radiation on the binding of muscimol (a GABA agonist)
by synaptic membranes in the cortex of rat brains [23]. 2 Gy was

4.3. The disinhibitory effect of low doses of radiation might open
novel avenues for the treatment of circuit disorders
To harness the clinical potential of non-ablative SRS a signiﬁcant
change in our perception of the underlying mechanism is required.
For starters, it posited that sub-ablative doses of irradiation may
provide means for achieving durable, disinhibitory upregulation as
a form of neuromodulation. The present study provides some
neurophysiological basis for approaching low-dose-irradiationmediated neuromodulation from a clinical perspective. Meanwhile, modern medicine needs to ﬁnally acknowledge both the
severity and treatment resistance of many behavioral disorders.
This is especially true for treatment-resistant depression (TRD)
major depressive disorder (MDD) and addiction. At the same time,
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Fig. 5. The impact of X-ray treatment on human in vitro neural networks. (A) Schematic representation of the timeline from seeding of induced neuronal (iN)/glia co-cultures to the
completion of the experiment. The “lightning bolt” symbol on the timeline indicates X-ray treatment on the 23rd day post-plating the stem cells, “DPP23”. (B) Images on day 12
post-irradiation (D12). Representative images of inhibitory (eGFP, green) and excitatory (tdTomato, red) iN cells. Scale bar: 50 mm. (C-E) Quantiﬁcation of cell numbers postirradiation. Relative numbers of inhibitory iN cells (C) and excitatory iN cells (D) as compared to D0 (DPP23) pre-treatment. (E) The ratio of inhibitory and excitatory cells. Line
graphs show mean and standard deviation (error bars) of data normalized to timepoint D0 (DPP23) pre-treatment. X-ray treatment doses are color coded. N ¼ 4 for all doses (except
for the dose of 15 Gy, when N ¼ 3, because one well with too few cells at timepoint D0 pre-irradiation was excluded as an outlier). (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the Web version of this article.)

impediments keep us from gaining an ideal understanding. These
include the need to know what anatomical targets should be
treated, and what functional alteration of these targets is required.
While focal radiation is not “reversible” like DBS, it does not
share the same surgical risks as passing an electrode deep within
the brain. With a better understanding of effective doses and targets, focal radiation may prove to be an effective neuromodulation
tool and proved non-invasive treatment of dysfunctional brain
circuits in human disorders.

ever better animal models and the understanding that comes from
them provide contemporary medicine with more reﬁned targets
and related avenues for improving the treatment of behavioral
diseases. The present study builds upon our early understanding of
ionizing radiation-mediated neuromodulation effects and their
neurophysiological basis. These principles could, in the future, lead
to therapies for brain circuit-based disorders, achieving resilient
neuronal networks. While it seems implicit that circuit-based disorders should be treated by circuit-based treatments, several
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