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Abstract

Transcranial direct current stimulation (tDCS) has been shown to induce changes in cortical excitability and perfusion in
a rat ischemic stroke model. Since perfusion disturbances are a common phenomenon, not only in ischemic but also in
hemorrhagic stroke, tDCS might have a possible beneficial effect on cerebral perfusion in hemorrhagic stroke as well.
We applied tDCS in a rat model of subarachnoid hemorrhage (SAH) and evaluated its impact on vasospasm. SAH was
induced using the double-hemorrhage rat model. TDCS was applied on day 3 and 4. For vasospasm assessment magnetic
resonance angiography was performed on day |, day 2 and day 5. A total of 147 rats were operated, whereat 72 rats died
before day 5 and 75 rats survived the whole experiment and could be analyzed. The cathodal group consisted of 26 rats,
the anodal group included 24 rats. Thirteen rats served as controls without tDCS, and twelve rats underwent a sham
operation. The cathodal group revealed the lowest incidence of new vasospasm on day 5 (p =0.01), and the lowest
mean number of vasospastic vessels per rat (p =0.02). TDCS influences the vasospasm incidence in an SAH-model in
rats, where cathodal-tDCS was associated with a lower vasospasm incidence and severity.
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Introduction . : o
context of different cerebrovascular diseases justifies

the evaluation of tDCS not only in ischemic but
also in hemorrhagic stroke model. Aneurysmal sub-
arachnoid hemorrhage (aSAH) is a devastating

Neuromodulation is an emerging field in neuroscience
with an increasing number of clinical indications, due
to constant technical development and a growing
knowledge concerning the physiological and patho-
physiological mechanisms behind the observed effects.

Transcranial direct current stimulation (tDCS) is a
non-invasive neuromodulation technique with an
observed effect on motor function after ischemic
stroke.'™ Furthermore, several animal studies have
reported polarity-specific changes of cortical excitabil-
ity and cerebral perfusion after tDCS in ischemic stroke
models.” ® Whether these perfusion-related effects are
evoked by neurovascular coupling mechanisms or if
they are related to a direct effect on the vessel wall,
remains unclear. However, the possibly beneficial
effects of tDCS-induced perfusion changes in the
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cerebrovascular disease affecting younger patients
compared to other stroke types with a high mortality
and morbidity rate with subsequent functional disabil-
ity.”!° The primary brain injury caused by the initial
bleeding itself as well as delayed ischemic complica-
tions, occurring in the following 14 to 21 days, are
mainly determining the patients’ outcome after the
bleeding. However, despite ongoing research in this
field, effective preventive and therapeutic options for
delayed ischemic complications after aSAH are still
scarce.'"'* Since cerebral perfusion has a leading role
during the pathophysiological processes after aSAH,
tDCS-induced modulation of cerebral perfusion
might have a positive effect on delayed ischemic com-
plications after aSAH as well. In contrast to ischemic
stroke, reports on tDCS in the setting of aSAH are
currently lacking. In this study, we applied tDCS in a
SAH-model in rats and assessed its impact on the inci-
dence and severity of cerebral vasospasm, as one of the
main contributors to delayed ischemia and poor out-
come after aSAH. The rationale of our study was to
transfer the existing concepts to the experimental set-
ting of aSAH and to assess possible interactions with
cerebrovascular disturbances after aSAH. Our hypoth-
esis was that tDCS induces polarity-specific changes of
the cerebral vessels” lumen with a subsequent impact on
the incidence of cerebral vasospasm after aSAH.

Materials and methods

Ethical statement

All experiments were conducted in accordance with the
“Guide for the Care and Use of Laboratory Animals of
the NIH” and were ecthically approved by the
Government of Lower Saxony (AZ 13/1055). The arti-
cle was written according to the ARRIVE guidelines.'®

Experimental setting

The experiments included 147 male Sprague-Dawley
rats (Charles River, Germany), whereof 135 rats were
assigned to the SAH-group and 12 rats to the sham-
group. Seventy-two out of 135 rats in the SAH-group
died before day 5 and 63 rats with aSAH survived the
whole experiment and could be analyzed. The cathodal
group consisted of 26 rats, the anodal group included
24 rats, 13 rats served as controls without tDCS, and
twelve rats received a sham operation. The mortality
rate in the SAH-group was 53%, which was compara-
ble to the previously reported mortality rate of 50% in
the double blood injection model.'” The rats were ran-
domly assigned to the SAH-group or the sham-group.
The animals were housed in a temperature- and
humidity-controlled room on a 12-hour light/12-hour

dark cycle in single cages under standard laboratory
conditions, with food and water ad libitum. All rats
were delivered with a body weight of 200 g and had
one week of accommodation time before the experi-
ments started. The duration of the experiment was
Sdays: on day 1 and day 2 the blood was injected; on
day 3 and day 4, the stimulation was performed accord-
ing to the randomly assigned treatment group. On day
5, the experiment was finished by transcardial perfu-
sion and removal of the brain.

Induction of subarachnoid hemorrhage

Anesthesia was applied by intraperitoneal injection of
an anesthetic cocktail (1 ml), consisting of 0.3 ml mede-
tomidine (Cepetor® 1mg/ml) and 0.7ml ketamine
(Ketamin® 10% Solution) with a dosage of 0.1 ml per
100 g body weight. Since this anesthesia does not com-
promise the animals’ respiration, an intubation of the
rats was not necessary. During the procedure, the body
temperature was maintained between 36.5 and 37.5°C
by a heating blanket, controlled by a rectal temperature
probe (Homeothermic Monitor, Harvard Apparatus,
Hugo Sachs Elektronik, Germany). SAH was induced
using the modified double hemorrhage model, as first
described by Giiresir et al and recently utilized by our
study group.'”!® This model includes the injection of
0.25ml autologous arterial blood into the cerebellome-
dullary cistern on two consecutive days. In the sham-
group, the same volume of saline solution was injected
instead of blood. The blood/saline solution injection
was performed via a suboccipital approach through a
midline incision. The tip of the injection catheter was
placed within the right cerebellomedullary cistern and
not in the midline position in order to avoid injury of
the medulla oblongata. Post-surgery, the animals were
positioned in a prone position with 15-30° head down
in order to facilitate a better blood distribution within
the subarachnoid space. For postoperative pain con-
trol, all rats received buprenorphine (Temgesic®,
RB Pharmaceuticals Limited, Berkshire, United
Kingdom) (0.03-0.05 ug/kg to 0.1 pg/kg body weight
s.c.) as well as 5ml saline solution s.c. twice per day,
metamizole (1.33 mg/ml drinking water p.o.) was con-
tinuously administered via drinking water. The animals
were clinically examined at least three times per day by
a veterinarian and buprenorphin was additionally
injected, if clinical signs of pain were detected.

tDCS-protocol

TDCS was applied on day 3 and on day 4. The dura-
tion of every single tDCS-session was 15 minutes. The
tDCS intensity has been set at 400 pA. These stimula-
tion parameters were chosen according to the findings
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of previously published safety studies of our working
group evaluating different stimulation protocols.®*

The rats were randomly assigned to the following
stimulation groups: anodal tDCS and cathodal tDCS
with a number of stimulation sessions ranging from
once a day to four times per day, respectively. The
time interval between two stimulation sessions was
one hour. During the stimulation period, the rats
received no anesthesia or any other type of sedation.
During the stimulation period, the tDCS electrode was
connected to a tube that was fixed to the skull using
glass inomer cement (Ketac™, Cem Maxicap™,
ESPE Dental AG, Seefeld, Germany). The position
of the electrode was standardized on the right skull;
2mm behind the coronal suture and 4 mm lateral to
the sagittal suture. The surface area of the epicranial
electrode was 3.5 mm?, as described in a previous pub-
lication of our study group.®® For the application of
tDCS, a constant current stimulator (CX-6650,
Schneider Electronics, Gleichen, Germany) was used.
The tube was filled with saline solution in order to
allow a sufficient electrode contact area. The tubing
was attached to the skull directly after the second injec-
tion (blood or saline solution), which was performed in
all rats (SAH group and sham group as well). The set-
ting is being illustrated in Figure 1.

Imaging protocol

Magnetic resonance imaging (MRI) was performed on
day 1 before the first injection as a baseline measure-
ment, on day 2 after the second injection and on day 5
at the end of the experiment. The MRI was done in all
rats including the sham group. The MRI examinations
were performed on a 3-Tesla MRI scanner (3.0 Tesla,

Figure I. Setting of transcranial direct current stimulation
application in an awake rat, sitting in a glass box to reduce free
movement (the upper cable is the stimulation electrode, the
lower cable is connected to the earthing electrode on the chest).

Magnetom TIM Trio, Siemens Germany). The follow-
ing sequences were included: TI1-weighted, T2-
weighted, T2*-weighted and time-of-flight (TOF)
sequence. The MRI-data were analyzed by two blinded
neuroradiologists (one with more than five years of
experience) to the treatment groups focusing on the
incidence of large vessel vasospasm (internal carotid
artery [[CA], middle cerebral artery [MCA], anterior
cerebral artery [ACA] and basilar artery [BA]) as well
as on the detection of ischemic lesions. Vasospasm was
defined as vessel lumen narrowing of the basal cerebral
arteries, visualized by MRI TOF-sequences, of at least
50, compared to the baseline data from day 1. Our aim
was to evaluate possible effects of tDCS on vasospasm
in general as well as on moderate to severe vasospasm
in particular. Therefore, vasospasm severity was divid-
ed into three severity grades: mild (arterial narrowing
of <50%), moderate (arterial narrowing of 50-75%)
and severe (arterial narrowing of >75%). In a previous
publication, we have already defined the reference
values for the assessment of vasospasm based on
MR-angiography (MRA) in rats.'® Examples of
normal and spastic vessels are shown in Figure 2.

Primary outcome parameters

The primary outcome was the development of new
vasospasm on day 5, after the application of tDCS
on day 3 and day 4. Secondary endpoints were the
deterioration or amelioration of preexisting vasospasm
on day 5 that was already detected on day 2, the sever-
ity of vasospasm on day 5 and the number of vessels
affected by vasospasm, respectively. In order to assess
the effect of the applied stimulation on the incidence
and severity of vasospasm, we focused separately on
the incidence of new-onset vasospasm on day 5, on
the deterioration or reduction of pre-existing vaso-
spasm (i.e. changes in vasospasm severity) and on the
number of vasospastic vessels within the individual
treatment groups. A neurological assessment was per-
formed on day 3, day 4 and day 5 using a neuroscore
(ranging from 0 to 4) for experimental subarachnoid
hemorrhage.'” The neuroscore was calculated accord-
ing to the following parameters: normal motor activity
(neuroscore 0), pathologic (disturbed) postural reflex
(neuroscore 1), rotation to the contralateral side (neu-
roscore 2), fall to the contralateral side (neuroscore 3),
no spontaneous motor activity (neuroscore 4).

Statistical analysis

All analyses were performed with the statistic software
R (version 3.6.1; R Core Team 2018) using the R-pack-
age lme4 (version 1.1.18.1; Bates et al. 2015) for the
mixed effect linear and logistic regression, glmmTMB
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Figure 2. The images are showing the Willis circle in rat depicted by MRA with normal right middle cerebral artery (blue arrow on
the left image) and with severe spastic right middle cerebral artery (red arrow on the right image), respectively.

Table I. Overview of the treatment groups with number of rats included in each group.

SAH-group
Treatment group Control group Cathodal group Anodal group Sham group
tDCS once a day n (%) 0 5(19) 5(21) 12 (100)
tDCS twice a day n (%) 0 5(19) 521
tDCS three times a day n (%) 0 5(19) 4 (16)
tDCS four times a day n (%) 0 Il (43) 10 (42)
All n (%) 13 (100) 26 (100) 24 (100)

(version 0.2.1.0; Brooks et al. 2017) for some of the
mixed effect logistic regression models, and ggeffects
(version 0.12.0; Ludecke 2018) for the marginal effect
predictions. Binary outcomes were modeled using
mixed effect logistic regression analysis; continuous
outcomes were modeled using mixed effect linear
regression models as well.?*>* The animal was included
as a random factor, accounting for correlated measure-
ments in the same individuals across time. The data
showed no normal distribution. Therefore, non-
parametric tests were applied. For the evaluation of
differences between the treatment groups one-way
ANOVA analysis was used. Factor of interest was the
treatment group or the stimulation frequency within
each group and its interaction with time. The signifi-
cance level was set to alpha = 5% for all statistical tests.

Results

The experiment was conducted in 147 rats (12 rats with
sham operation and 135 rats with SAH induction) with
a mortality rate of 51% resulting into a total of 75 rats,
which survived the whole experiment and could be con-
sidered for the analysis in this study. A total of 75 rats

were included in this study, whereof 63 rats were in the
SAH-group and 12 rats received a sham operation.
A summary of the treatment group composition is pro-
vided in Table 1.

A clinical deterioration with pathological neuro-
score on day 3 was found in 34.9% of all SAH-rats,
of whom 4.7% had a neuroscore of 3, 27.2% a neuro-
score of 2, and 68.1% had a neuroscore of 1. The
mean neuroscore on day 3 and on day 5 is presented
in Table 2. We found no statistically significant differ-
ence in neuroscore between the experimental groups
neither on day 3 (one-way ANOVA analysis,
p=0.92), nor on day 5 (one-way ANOVA analysis,
p=0.79).

Incidence of vasospasm before (day 2) and after
tDCS (day 5)

We found no vasospasm in the sham group. The over-
all vasospasm incidence on day 2 of all SAH-rats was
65% (49/63 rats), whereof 13 rats (27%) had severe, 10
rats (20%) moderate, and 22 rats (53%) mild vaso-
spasm. There was no significant difference in the vaso-
spasm incidence on day 2 between the three groups
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Table 2. Differences in vasospasm incidence and severity as well as in neuroscore between the three experimental groups on day 5

compared to day 2.

Treatment groups

Anodal Cathodal
Parameters Control group tDCS group tDCS group p-value
Vasospasm on day 2
Overall vasospasm incidence on day 2 76.9% (10/13) 75% (18/24) 80.7% (21/26) 0.88
Moderate to severe vasospasm on day 2 38.4% (5/13) 25% (6/24) 38.4% (10/26) 0.62
Number of vasospastic vessels on day 2
- Mean 292 3.67 2.85 0.19
-SD 1.66 0.87 2.17
- 95%Cl 1.92-3.92 3.30-4.03 1.97-3.72
Vasospasm on day 5
Newly developed vasospasm on day 5 53.8% (7/13) 75% (18/24) 50% (13/26) 0.17
Newly developed moderate to severe vasospasm on day 5 38.5% (5/13) 45.8% (11/24) 26.9% (7126) 0.003*
Number of vasospastic vessels on day 5
- Mean 1.15 1.66 0.85 0.02*
-SD 1.28 1.30 1.19
- 95%Cl 0.38-1.93 I.11-2.22 0.37-1.33
Vasospasm aggravation rate on day 5 15% (2/13) 33% (8/24) 27% (7/26) 0.50
of already existing vasospasm on day 2
Vasospasm reduction rate on day 5 54% (7113) 42% (10/24) 58% (15/26) 0.52
of already existing vasospasm on day 2
Neuroscore
Neuroscore on day 3
- Mean 0.46 0.42 0.50 0.68
-SD 0.66 0.83 0.71
- 95%Cl 0.06-0.86 0.06-0.77 0.21-0.79
Neuroscore on day 5
- Mean 0.08 0.08 0.04 0.79
-SD 0.28 0.28 0.19
- 95%Cl —0.09-0.24 —0.03-0.20 —0.04-0.12

(one-way ANOVA analysis, p=0.88). We found no
statistically significant difference in the mean number
of vasospastic vessels on day 2 (one-way ANOVA anal-
ysis p=0.19). The vasospasm incidence and severity in
the three experimental groups are summarized in
Table 2. On day 5, vasospasm was present in 87%
(55/63 rats) of all SAH-rats, whereof 14.5% (8/55
rats) had mild, 21.8% (12/55 rats) moderate, and
63.6% (35/55 rats) severe vasospasm. New vasospasm,
that was not already present on day 2, occurred in
60.3% (38/63 rats) of all SAH-rats on day 5, whereof
42.1% (16/38 rats) had mild vasospasm, 18.4% (7/38
rats) moderate, and 39.5% (15/38 rats) severe vaso-
spasm. Referring to the evaluated vessels (a total of
441 vessels in 63 rats), on day 2 vasospasm was
detected in 164 (37.1%) and new vasospasm occurred
on day 5 in 87 of the 277 vessels (31.4%) without pre-
existing vasospasm on day 2. New vasospasm occurred
on day 51in 19.7% (18/91 vessels) in the control group,
in 26.1% (44/168 vessels) in the anodal group and in
13.7% (25/182 vessels) in the cathodal group (p =0.01,

Figure 3). Moderate to severe vasospasm was newly
found on day 5 in 45.8% (11/24 rats) within the
anodal group, which was significantly higher compared
to the incidence (26.9%, 7/26 rats) in the cathodal
group (p=0.003), whereas the vasospasm incidence
was not significantly different between the control
group (38.5%, 5/13 rats) and the cathodal group
(p=0.10). The mean number of vasospastic vessels
on day 5 was statistically significant lower in the cath-
odal group compared to the anodal group (p=0.02,
Figure 4). A pathological neuroscore (1-4) was
observed in 28.9% (11/38) of the rats with new vaso-
spasm on day 5. There was no difference in the pres-
ence of pathological neuroscore between the treatment
groups (29.4% in the anodal group, 28.5% in the cath-
odal group, and 28.5% in the control group).

An aggravation of already existing vasospasm
occurred on day 5 in 26.9% (17/63 rats) of all SAH-
rats. With regard to the vessels affected by vasospasm,
a deterioration of vasospasm was found in 43.5%
(17/37 spastic vessels) in the control group, in 26.5%
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Figure 3. Incidence of new vasospasm on day 5 independent on
the vasospasm severity showing significantly lower incidence in
the cathodal group compared to the control group (p =0.01).
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Figure 4. Number of spastic vessels per rat showing signifi-
cantly lower median number of spastic vessels in the cathodal
group (median 0.5, 95%CI 0 to |) compared to the control group
(median I, 95%CI 0 to 4), and the anodal group (median 2, 95%Cl
| to 3), Kruskal-Wallis test of one-way ANOVA, p =0.02.

(17/64 spastic vessels) in the anodal group, and in
20.8% (15/72 spastic vessels) in the cathodal group,
p=0.59. A reduction of already existing vasospasm
was observed on day 5 in 50.7% (32/63 rats) of all
rats. With regard to the spastic vessels, an amelioration
of vasospasm was found in 28.2% (11/37 spastic ves-
sels) in the control group, in 31.2% (20/64 spastic ves-
sels) in the anodal group, and in 46.6% (30/72 spastic
vessels) in the cathodal group, p=0.27.

Vasospasm incidence in relation to frequency and
side of applied stimulation

In all side-specifically evaluated vessels (ICA, MCA,
and ACA), the vessel diameter was significantly nar-
rowed on the right side compared to the left side
(» <0.0001). On day 2 vasospasm was found in 52%
(98/189 vessels) on the right side and in 30.2% (57/189
vessels) on the left side. A deterioration of pre-existing
vasospasm occurred in 31.6% (31/98 vessels) of the

Side-specific vasospasm trend from day 2 to day 5
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Figure 5. Side-specific vasospasm deterioration showing
significantly higher deterioration rate on the right side compared
to the left side (Fisher Exact test, p =0.001); Side-specific
vasospasm amelioration showing significantly higher amelioration
rate on the left side compared to the right side (Fisher Exact test,
p <0.0001).

affected vessels on the right side and in 8.7% (5/57
vessels) on the left side (p=0.001, Figure 5). An ame-
lioration of pre-existing vasospasm was found in 21.4%
(21/98 vessels) on the right side and in 64.9% (37/57)
on the left side (p < 0.0001, Figure 5). Looking at sub-
groups receiving anodal tDCS with an increasing fre-
quency (range 1-4 times per day), the likelihood to
develop vasospasm within the ACA was 1.6 fold
higher (p =0.04) in the subgroup with anodal stimula-
tion once per day, compared to the subgroups with
a stimulation frequency of 2-4 times per day; the
likelihood to develop vasospasm within the ICA was
significantly higher (1.8 fold, p =0.001) in the subgroup
with anodal tDCS twice per day compared to the other
subgroups. In the cathodal group, we found no signif-
icant difference in the vasospasm incidence between the
subgroups receiving cathodal tDCS with an increasing
frequency (range 1-4 times per day).

Discussion

The field of neuromodulation is experiencing a con-
stantly growing number of experimental and clinical
applications in neuroscience. TDCS is a neuromodula-
tion technique, whose application has been demon-
strated to be safe in animals and humans, resulting
into its broad spectrum as a therapeutic tool in several
neurological fields.**?” Several tDCS induced effects
that have been reported so far might be possibly
useful in the context of SAH as well. On a neurophys-
iological level, these effects are primarily based on the
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electrical properties of neurons, where tDCS induces
polarity-specific excitability changes, which translate
into changes in cortical activity and subsequently into
a modulation of the cerebral perfusion. This neuro-
physiological pathway implies the involvement of neu-
rovascular coupling, which is a frequently assumed, but
still not proven scientific explanation for the mentioned
effects. Another hypothesis to explain these effects is a
possible direct stimulation effect on the vessel wall.
This assumption has its origin in earlier experiments
in the 1970s, demonstrating a vasodilatation induced
by direct current stimulation.”® While tDCS has been
extensively studied in ischemic stroke, data on a possi-
ble impact on the pathophysiological processes induced
by SAH are missing. In this study, we used tDCS in the
experimental setting of SAH and for the first time, we
were able to demonstrate that tDCS has an impact on
the incidence of vasospasm and its severity after exper-
imental SAH. Whereupon, cathodal tDCS revealed the
lowest incidence of new-onset vasospasm, but also the
lowest number of vasospastic vessels, compared to
both, the control and the anodal group.

Cerebral vasospasm in experimental SAH models

Cerebral vasospasm has been detected in different
experimental SAH models with the lowest incidence
found in the perforation model and the highest
incidence accounted to the double hemorrhage
model.?*** In order to properly assess the impact of
tDCS on cerebral vasospasm, we used the double hem-
orrhage SAH model in rats. Previous studies were able
to demonstrate that this specific model facilitates the
reliable induction of severe SAH with a high incidence
of vasospasm, making it specifically suitable for the
evaluation of this phenomenon.'”'®3! In the present
study, we found an overall high incidence of cerebral
vasospasm on day 2 (65%) as well as on day 5 (86%),
which again reflects the aforementioned benefits of this
experimental SAH-model. Considering vasospasm
severity, expectedly, severe vasospasm was seen more
often on day 5 (49%) compared to day 2 (21%).

Attempted pathophysiological explanation of
beneficial cathodal tDCS-effects on vasospasm
in SAH models

In our study, the cathodal tDCS was associated with
beneficial effects on the occurrence as well as on the
severity of vasospasm. These findings are more likely
related to a direct tDCS effect on the vessel wall with a
subsequent vasodilatation, than with an activation of
neurovascular coupling mechanisms through a reduc-
tion of cortical activity and a consecutive vasoconstric-
tion, followed by a decrease in cerebral perfusion.

Two previously published studies have demonstrated
polarity-specific changes in vasomotor reactivity (abil-
ity of dilation and constriction) of cerebral vessels,
whereat anodal tDCS caused a reduction and cathodal
tDCS an increase in vasomotor reactivity.>>** An acti-
vation of the nitric oxide synthase (NOS) has been pro-
posed to be responsible for the aforementioned
effects.’® While the incidence of vasospasm and its
severity were lower in the cathodal group, anodal
tDCS was associated with a significant increase in the
incidence of cerebral vasospasm. On a pathophysiolog-
ical basis, these findings would imply a potentiation of
an inverse neurovascular coupling that has already
been demonstrated to occur after SAH, showing that
neuronal activity rather constricts than dilates cerebral
vessels.** In a recently published study, a persistent loss
of neurovascular coupling could be demonstrated in a
mice SAH perforation model, which should be consid-
ered as a relevant factor impacting the results’ interpre-
tation in our study on tDCS effects.®>> Furthermore, the
correlation of tDCS effects with the function of neuro-
vascular coupling merits a dedicated evaluation in a
future study.

This pairs with the finding that intraparenchymal
arterioles rather constrict than dilate in response to
neuronal activation in an experimental SAH-model.>
An increased voltage-dependent calcium channel activ-
ity after SAH was suspected to be the underlying cause
for this unexpected finding. This is contradictory to the
reported tDCS effects under physiological conditions
and in the setting of ischemic stroke, where neuronal
activity leads to vasodilation with a subsequent
increase in cerebral perfusion.'” However, the patho-
physiological processes in ischemic stroke differ from
those occurring after SAH, which might be an expla-
nation for the contradictory results. The role of tDCS
in the context of SAH and especially its potential inter-
action with the mechanisms of neurovascular coupling
still remain unclear. Since our study was not primarily
conducted to investigate the direct impact on neuro-
vascular coupling, the results are not deemed to pro-
vide a final answer to the questions concerning the
pathomechanisms of the observed tDCS effects.
Future studies are needed to address these questions
separately.

Considering the results of human studies, showing a
beneficial effect of anodal tDCS on motor function
during rehabilitation after ischemic stroke, we assumed
a positive impact of anodal tDCS in the setting of SAH
as well, due to a tDCS-induced increase in cerebral
perfusion.™ A logical explanation for the seemingly
contradictory findings might be provided by the fact
that brain tissue responds differently to tDCS during
the acute stroke phase, characterized by impaired
autoregulation and neurovascular communication,
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compared to the post-stroke rehabilitation period.
Since cortical activity demands energy, which cannot
properly be delivered in the acute phase, further tissue
damage might be a consequence. On the other hand, an
increase in cortical activity might lead to motor func-
tion improvement during the rehabilitation period.
Additionally, synergistic effects have been reported by
combining tDCS with increased attention, which led to
long lasting network effects during the rehabilitation
phase. Positive effects of increased excitability by
anodal tDCS on fatigue also supports the motor
improvement during post-stroke rehabilitation.?’

Side-specific tDCS effects

Interestingly, we observed side-specific differences con-
cerning the vasospasm incidence in relation to the side
of the applied stimulation, whereby a significantly
higher vasospasm incidence was found on the stimula-
tion side. A reduction of already existing vasospasm
occurred more often on the left side in both stimulation
groups (cathodal and anodal tDCS), compared to the
control group without tDCS application, whereat the
reduction of vasospasm was most frequently found on
both sides. These findings might be related to side-
specific tDCS effects in terms of transcallosal inhibi-
tion. In a previously published study, anodal tDCS
increased the interhemispheric inhibition from the stim-
ulated hemisphere to the non-stimulated hemisphere,
whereas cathodal tDCS reduced the interhemispheric
inhibition in both directions.*® These findings are par-
tially in conjunction with the results of our study.
Further studies are warranted to evaluate changing
stimulation effects by including bi-hemispheric and
left-sided tDCS. In our study, the cathodal tDCS-
effects were independent of tDCS frequency. Further
studies are necessary to evaluate, whether a prolonged
stimulation period beyond five days instead of only
two days could potentiate the positive effects of cath-
odal tDCS.

Limitations of the study and future perspectives

We provide first experience with tDCS in the setting of
SAH, demonstrating a polarity-specific impact on the
incidence of cerebral vasospasm in an experimental
SAH rat model with a beneficial effect of cathodal
tDCS. We applied a previously published neuroscore
for the assessment of the neurological status in rats
with  experimental  subarachnoid  hemorrhage.
However, the assessment of clinical symptoms in
humans with SAH cannot be directly transferred to
that in rats. Furthermore, rodents usually show fast
clinical recovery, which was also the case in this
study. Almost all rats achieved full clinical recovery

on day 5. The development of a neuroscore allowing
a more comprehensive assessment of SAH-specific
symptoms in rats would allow us to better evaluate
the correlation of vasospasm treatment with the neuro-
logical status of the rats. This is an important clinical
issue, since only symptomatic and/or hemodynamically
relevant vasospasm requires treatment. In a recently
published study, the development of large vessel cere-
bral vasospasm was evaluated by serial intravenous
catheter angiography in the SAH perforation model
in mice.” The authors found a negative correlation
of large vessel vasospasm and cerebral perfusion mea-
surement with the survival time of the animals. The
correlation of vasospasm with cerebral perfusion as
well as survival time is a relevant issue for clinical prac-
tice. Since the animals in our study died prior to the
MRI examination, directly after the first or second
blood injection, a correlation of vasospasm and surviv-
al time could not be evaluated.

A limitation of the study is the small number of rats
included in some of the treatment groups. Additionally,
we did not have the possibility to directly monitor
tDCS-induced changes in cortical activity, e.g. by elec-
troencephalography or conventional angiography to
directly visualize tDCS-induced effects on the vessel
wall. Therefore, the findings of our study do not
allow to formulate definite conclusions concerning
the origin of the observed effects on cerebral vaso-
spasm, which merits further evaluation in future experi-
ments. Last but not least, a better understanding of
tDCS-interactions with neurons, astrocytes and micro-
glia cells might shed light on tDCS-effects on neuro-
vascular communication in the setting of SAH.

Conclusion

TDCS has an influence on the incidence and severity of
cerebral vasospasm in a SAH rat-model, whereby cath-
odal tDCS was associated with a reduced vasospasm
incidence and severity. Future experiments are neces-
sary to study the underlaying physiological mechanism,
which would open the possibility to potentiate these
effects with a subsequent risk reduction of SAH-
induced ischemic lesions.
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