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Duality in response of intracranial 
vessels to nitroglycerin 
revealed in rats by imaging 
photoplethysmography
Alexey Y. Sokolov 1,2, Maxim A. Volynsky 3,4, Anastasiia V. Potapenko 1,5, Polina M. Iurkova 4,6, 
Valeriy V. Zaytsev 4, Ervin Nippolainen 4 & Alexei A. Kamshilin 4*

Among numerous approaches to the study of migraine, the nitroglycerin (NTG) model occupies a 
prominent place, but there is relatively insufficient information about how NTG affects intracranial 
vessels. In this study we aim to assess the effects of NTG on blood-flow parameters in meningeal 
vessels measured by imaging photoplethysmography (iPPG) in animal experiments. An amplitude of 
the pulsatile component (APC) of iPPG waveform was assessed before and within 2.5 h after the NTG 
administration in saline (n = 13) or sumatriptan (n = 12) pretreatment anesthetized rats in conditions 
of a closed cranial window. In animals of both groups, NTG caused a steady decrease in blood 
pressure. In 7 rats of the saline group, NTG resulted in progressive increase in APC, whereas decrease 
in APC was observed in other 6 rats. In all animals in the sumatriptan group, NTG administration was 
accompanied exclusively by an increase in APC. Diametrically opposite changes in APC due to NTG 
indicate a dual effect of this drug on meningeal vasomotor activity. Sumatriptan acts as a synergist of 
the NTG vasodilating action. The results we obtained contribute to understanding the interaction of 
vasoactive drugs in the study of the headache pathophysiology and methods of its therapy.

Migraine is one of the forms of primary headache that affects about 14% of the global population according to 
recent data, which is a tangible medical and social problem1,2. Despite the obvious progress in understanding 
the neurobiology3 and treatment of this disease4–6, many issues of its pathogenesis remain controversial7–9, while 
the efficacy and safety of various therapies leave much to be desired10,11. The high prevalence, social significance, 
unmet need for therapy and the lack of a clear understanding of the mechanisms of migraine development con-
tribute to the fact that this cephalgia is the object of intensive study.

Among the many experimental and clinical approaches to the study of the pathophysiology and treatment 
of migraine, the so-called “nitroglycerin model” occupies a prominent place12. It is known that in most patients 
with this pathology, nitroglycerin (NTG) with different routes of administration causes delayed migraine-like 
headache, often accompanied by prodromal symptoms and migraine-relative neurophysiological, vascular and 
metabolic reactions13–17, the appearance of which to a certain extent can be prevented or aborted with antimi-
graine drugs18–20. In animal experiments, systemic administration of NTG is accompanied by enhanced pain 
behavior and increased excitability and/or metabolic activity of neurons of the trigemino-thalamo-cortical path-
way, which serves as the neuroanatomic basis of migraine. As a rule, these NTG-induced changes are sensitive to 
clinically effective antimigraine pharmacological agents21–25. The popularity of the NTG model in experimental 
cephalgology continues to be high, and the results obtained with its help regularly update ideas about the patho-
biology of migraine26–28.

Against the background of an abundance of data on neuronal reactions induced by NTG, there is relatively 
insufficient information about how NTG affects intracranial (in particular, meningeal) vessels12, which looks 
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like an undoubted omission, since migraine is considered to be a neuro-vascular pathology3,29–31. Indeed, the 
dural and pial arteries are positioned as one of the sources of pain32,33, and they are involved in the processes 
of spreading cortical depression30,34 and sterile meningeal inflammation7,33,35. Note that dilation of these ves-
sels is considered as a reliable marker of trigeminal activation36–38. However, the uncertainty of points of view 
regarding the role of vasomotor reactions and the causal relationship between neuronal and vascular events in 
the pathogenesis of migraine3,29 dictates the need to obtain additional data, including using new methodologi-
cal approaches.

We have recently shown that a multimodal approach using imaging photoplethysmography (iPPG) at green 
illumination synchronized with the electrocardiogram (ECG) can serve as a reliable tool for studying intracranial 
blood flow in rats under various experimental conditions39–41. In particular, we identified new optical markers of 
trigeminal afferents activation and determined their sensitivity42 to valproic acid and sumatriptan, two clinically 
effective drugs for preventive and abortive migraine treatment, respectively43. These features make it promising 
to use this approach to study various migraine-related interventions at the peripheral level of the trigemino-
vascular system. Taking into account our own positive experience of using iPPG + ECG system and the high 
informativeness of the NTG model, we set the following aims for this study: (i) to assess the effects of systemic 
administration of NTG on blood-flow parameters in meningeal vessels measured by iPPG in conditions of a 
closed cranial window; (ii) to evaluate the effect of 5-HT1B /1D receptor agonist sumatriptan on NTG-induced 
changes in the blood-flow parameters.

Methods
Animals.  All experiments were carried out according to the ethical guidelines of the International Associa-
tion for the Study of Pain, the Directive 2010/63/EU of the European Parliament and the Council on the protec-
tion of animals used for scientific purposes, and reported in compliance with the ARRIVE guidelines 2.044. The 
study protocol was approved by the Institutional Animal Care and Use Committee of Pavlov First St. Petersburg 
State Medical University before carrying out the experiments. All efforts were made to minimize animal suffer-
ing and to reduce the number of experimental subjects necessary to produce reliable data. We used adult male 
Wistar rats (mean body weight 423 ± 82 g, n = 25) that were not previously subjected to experimentation and did 
not receive any drug. Animals were purchased from the State Breeding Farm ‘‘Rappolovo” (Saint Petersburg, 
Russia) and kept in groups (2–5 per cage) under standard laboratory conditions (12-h light/dark schedule) with 
food and water available ad libitum.

Anesthesia and surgical preparation.  Anesthesia and surgical preparations were performed as previ-
ously described40,42 with minor modifications. Briefly, the rats were anesthetized by intraperitoneal injection 
with a mixture of urethane (Sigma, St. Louis, MO, USA) and a-chloralose (Sigma, St. Louis, MO, USA) at an 
initial dose of 800/60 mg/kg. After achieving surgical anesthesia, each rat was placed on a thermostatically con-
trolled heating pad, which provided a constant body temperature during whole experiment. The trachea was 
intubated for respiratory airflow and end-tidal carbon dioxide measurements. The right femoral artery and vein 
were cannulated for continuous arterial blood pressure (ABP) assessment and drug administration, respectively. 
The catheter was installed on anterior abdominal wall for intraperitoneal NTG administration. The animal’s 
head was mounted in a stereotaxic apparatus (Stoelting Co., Wood Dale, IL, USA). Closed cranial windows 
(CCWs) were formed by thinning the left and right parietal bones with a micro-drill to the state of a thin mem-
brane, until the intracranial vessels became clearly visible through the remaining intact bone. During the drill-
ing, tissues were cooled using topical application of cold saline.

All animals were paralyzed with pipecuronium bromide (“Arduan”, Gedeon Richter, Budapest, Hungary) 
at a dose of 1.0 mg/kg initially and maintained at 0.4 mg/kg, if necessary, and artificially ventilated with room 
air using a system SAR-830 (CWE, Inc., Ardmore, Pennsylvania, USA). During continuous video recording of 
meningeal vessels, the CCW surface was covered with mineral oil to minimize tissue dehydration and increase the 
transparency of the residual bone. In all experiments, the ECG was recorded using a digital electrocardiograph 
operating at a sampling frequency of 1 kHz (model KAP-01-Kardiotekhnika-EKG, Incart Ltd., Saint Petersburg, 
Russia). The contacts of the electrocardiograph were steel needles inserted into the muscle tissue of the rat limbs.

Continuous monitoring of ABP and end-tidal CO2 was carried out by the pressure sensor (MLT844, AD 
Instruments Inc., Colorado Springs, USA) and the carbon dioxide analyzer (Capstar-100, CWE, Inc., Ardmore 
PA, USA), respectively. These data were digitized at a sample frequency of 10 kHz (ADC-DAC Power1401-3, 
Cambridge Electronic Design, Cambridge, UK) and recorded on the personal computer using Spike2 version 
8 software (Cambridge Electronic Design, Cambridge, UK). The adequacy of anesthesia was evaluated by the 
absence of the withdrawal reflex after paw pinch (before myorelaxation) or severe (> 20%) blood pressure fluc-
tuations (after myorelaxation). If necessary, a supplemental dose of anesthetic mixture of urethane/α-chloralose 
was administered intravenously.

Experimental protocol.  All animals (n = 25) were randomly divided into two groups, one of which (n = 12, 
a treatment group) received an intravenous infusion of sumatriptan before NTG injection, while the second 
(n = 13, a control group) was instead pre-injected with saline in an equivalent volume (0.8 ml). Half of the ani-
mals in the treatment group were injected intravenously with sumatriptan (Tokyo Chemical Industry Co., Ltd., 
Japan) at a dose of 4 mg/kg dissolved in 0.8 ml of 0.9% NaCl, and the other half received a dose of 10 mg/kg of 
sumatriptan.

Each experiment included 13 consecutive 30-s video recordings of the state of the intracranial vessels through 
CCW with simultaneous recording of physiological parameters (ECG, ABP, heart rate, HR, and end-tidal CO2). 
Schematic of the experimental setup and the time-line of the measurement protocol are shown in Fig. 1. The 
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first, baseline recording was made before injection of any drug. Next, either sumatriptan or saline was injected, 
and the second recording (a “pre-NTG” time point) was made in 15 min after the drug administration. Then 
the animals of both groups received NTG («Perlinganit», EVER Pharma Jena, GmbH; Germany) at a dose of 
10 mg/kg via intraperitoneal catheter, and new recording of visible vessels was made immediately after injec-
tion (designated as an initial “post-NTG” time point corresponding to “0 min”) and after every 15 min within 
150 min, along with the set of physiological parameters.

Optical measuring system.  Parameters of the blood flow in the intracranial vessels were measured using 
a custom-made iPPG system synchronized with a digital electrocardiograph. The design of the system is similar 
to that described in our previous paper45. Video recording of the intracranial vessels was performed by an iPPG 
module (see Fig. 1), which includes a digital monochrome CMOS camera (8-bit model GigE uEye UI-5220SE, 
Imaging Development Systems GmbH, Germany) and an illuminator with 8 light-emitting diodes (LEDs, model 
TDS-P003L4F07, TDS Lighting Co., China). To increase the uniformity of CCW illumination, LEDs (wave-
length of 525 ± 25 nm, flux of 100 lm, and power 3 W per diode) were assembled around the camera lens (model 
M1214-MP2, Computar, Japan) with 25-mm focal length. To maintain the operating temperature of the LEDs, 
the illuminator chassis was made of aluminum. The camera lens and LEDs were covered by polarizing films with 
mutually orthogonal orientation thus reducing influence of specular reflections and motion artifacts46. The iPPG 
module has been aligned so that the normal to the CCW surface is as close to the optical axis of the camera lens 
as possible. This alignment allowed us to minimize the influence of the effect of ballistocardiographic artifacts47. 
The distance between the camera lens and the CCW was about 15 cm.

Video frames were recorded at 100 frames per second with a resolution of 752 × 480 pixels and were transmit-
ted to a personal computer via Ethernet interface in PNG format. The ECG data in two leads were transmitted 
to a personal computer together with the synchro pulses of the camera via the USB 2.0 interface, thus providing 
synchronization of frames and ECG with an accuracy of about 1 ms. At the stage of data processing, the ECG 
signal served as a cardiac timing reference.

Data processing.  Processing of the frames and synchronously recorded ECG was carried out in the follow-
ing steps.

Figure 1.   Experimental block diagram and measurement protocol. (A) Schematic of the experimental 
setup for monitoring the response of blood flow in intracranial vessels together with other physiological 
parameters to NTG administration. ABP arterial blood pressure, ECG electrocardiogram, iPPG imaging 
photoplethysmography. Nitroglycerin cannula was used for intraperitoneal administration of nitroglycerin. 
Cannulas in femoral vein and artery served for intravenous injection of sumatriptan or equivalent volume of 
saline, and for ABP monitoring, respectively. Steel needles were inserted into animal’s limbs for ECG recording 
by digital electrocardiograph. For monitoring of end-tidal CO2, a carbon dioxide analyzer was used. iPPG 
module was located above the rat’s brain to assess a reaction of the meningeal vessels through the closed 
cranial window. (B) Time-line of the experimental protocol. iPPG, ECG, and ABP were simultaneously and 
synchronously recorded during 30 s in every time point.
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1.	 Digital stabilization of tissue images was applied to minimize the influence of motion artifacts using an opti-
cal flow algorithm48 with floating time-window. Considering the multidirectional character of the motion of 
tissue sections caused by peristaltic, respiratory, and cardiac activity, we divided the whole frame into 16 × 16 
pixels segments, and applied the stabilization algorithm to each of them independently. The duration of the 
floating time-window for stabilization was equal to the average cardiac cycle, determined by the positions 
of the R-peaks of the synchronously recorded ECG. All further calculations were performed with stabilized 
video data. To reduce the processing time, the operator manually selected the region for the analysis in 
the first frame of the baseline time-point, which included only the area of CCW with visible vessels. It was 
further divided into small regions of interest (ROI) sizing 11 × 11 pixels, which was about 250 × 250 µm2 in 
the CCW plane. At all subsequent time points, the selected region and ROIs remained the same and their 
position was always tied to the spatial features of the blood-vessels pattern.

2.	 The PPG waveform was calculated by averaging the pixel values in each ROI for every frame over a period 
of 30 s, which was the same for all time points. Usually, a PPG waveform consists of fast-varying at the 
heartbeat frequency alternating component (AC) and slowly varying component (DC)45. To compensate for 
uneven illumination, we calculated the AC/DC ratio in its absolute numerical values from the pixel-value 
waveform for each ROI, since both the AC and DC components are directly proportional to the incident 
light intensity49. The resulting PPG waveform was divided into segments equal to the corresponding cardiac 
cycles determined by the R-peaks of the synchronously recorded ECG. In each such segment for each ROI, 
the amplitude of the pulsations was calculated as the span of the PPG waveform.

3.	 The obtained set of the amplitudes of pulsations is first averaged over 30-s interval of iPPG recording, and 
then over all ROIs. It is worth noting that no significant differences in the amplitude of pulsations between 
different ROIs were observed. By this way, the amplitude of the pulsatile component (APC) was calculated for 
each time point during the experiment. This parameter was used to assess the hemodynamics of intracranial 
vessels. Similarly, the ABP was averaged over each respective 30-s interval of recording. HR was assessed 
using ECG data at the same time points.

All data processing was carried out offline on a computer running the Windows 10 operating system using custom-
designed software implemented in the Matlab platform (Version R2021b, The MathWorks, Inc., MA, USA).

Statistical analysis.  For each of the 25 animals, 13 records of various physiological parameters (ABP, HR, 
and APC) with a duration of 30  s were analyzed. When comparing the dynamics of intracranial blood-flow 
among different groups of animals, the APC-parameter was normalized to that measured at the "pre-NTG" time 
point, taken as 100%; the dynamics of ABP and HR was compared in absolute values expressed in mmHg and 
bpm, respectively. Taking into account the small sample of animals in each of the experimental groups, nonpara-
metric tests (Friedman, Kruskal–Wallis, Dunn’s multiple comparisons, Wilcoxon signed-rank, and Mann–Whit-
ney U tests) were used to assess the significance of changes in the studied hemodynamic parameters. All data 
were statistically analyzed using GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA, USA). P < 0.05 was 
defined as statistically significant. For result description, the data were expressed as medians with interquartile 
ranges (Me [Q1–Q3]). Graphical presentation of the results was done using the Matlab software, the box plots 
were constructed in the style of Tukey.

Ethics declarations.  All experiments were carried out according to the ethical guidelines of the Interna-
tional Association for the Study of Pain, the Directive 2010/63/EU of the European Parliament and the Council 
on the protection of animals used for scientific purposes, and reported in compliance with the ARRIVE guide-
lines 2.0. The study protocol was approved by the Institutional Animal Care and Use Committee of Pavlov First 
St. Petersburg State Medical University before carrying out the experiments. All efforts were made to minimize 
animal suffering and to reduce the number of experimental subjects necessary to produce reliable data.

Results
Effect of NTG on systemic hemodynamics.  NTG influence on the mean ABP.  The baseline indices 
of the mean ABP were 71.4 [61.5–80.8] mmHg in the control group (n = 13) and 70.3 [61.4–88.3] mmHg in the 
sumatriptan-pretreated group (n = 12), and did not differ from each other (P = 0.94, U = 76, Mann Whitney test). 
In the control group, NTG injection resulted in a significant decrease in ABP (P < 0.0001, Fr = 65.4, Friedman 
test). After intraperitoneal administration of NTG, the mean ABP in each point of the time-course was signifi-
cantly smaller than in the baseline and pre-NTG measures (all P < 0.05, Dunn’s multiple comparisons test) as 
seen in Fig. 2 (blue boxes). Note that the saline infusion had no effect on blood pressure compared to baseline 
(P > 0.99, Dunn’s multiple comparisons test), which is also confirmed by the pairwise comparison test (P = 0.64, 
Wilcoxon matched-pairs signed rank test).

In the sumatriptan-pretreated group (n = 12), NTG administration was also accompanied by a significant 
decrease in blood pressure (P < 0.0001, Fr = 52.7, Friedman test). Post-hoc analysis revealed that after NTG 
administration, the mean ABP measured at time points of 0, 15, 60–90, 120, and 135 min was significantly lower 
compared to the pre-NTG time point (all P < 0.05, Dunn’s multiple comparisons test). However, the mean ABP 
was significantly lower at every point of the time course compared to the baseline (all P < 0.05), with the excep-
tion of the 30-min point having a "borderline" significance level (P = 0.056; Dunn’s multiple comparisons test). 
Infusion of sumatriptan at any dose was accompanied by a noticeable transient decrease in blood pressure. At 
the same time, it is worth noting that the post-hoc test did not reveal statistical differences between the baseline 
and pre-NTG time point (P > 0.99, Dunn’s multiple comparisons test), whereas significant differences occur in 
pairwise comparison (P = 0.002, Wilcoxon matched-pairs signed rank test).
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When dividing the sumatriptan-pretreated group into subgroups according to the dosages of sumatriptan 
used, namely 4 mg/kg (n = 6, red boxes in Fig. 2) and 10 mg/kg (n = 6, black boxes in Fig. 2), it was found that 
sumatriptan administration at smaller dose resulted in a significant decrease in mean ABP compared to baseline 
(P = 0.03, Wilcoxon matched-pairs signed rank test), while sumatriptan at the dose of 10 mg/kg did not cause 
significant changes in mean ABP compared to baseline (P = 0.09, Wilcoxon matched-pairs signed rank test). 
Furthermore, there were no differences in mean ABP between the control group and any of the two sumatriptan-
pretreated subgroups at every point of the time course from baseline to the 150-th minute (Kruskal–Wallis test 
with Dunn’s multiple comparisons test), see Fig. 2.

Influence of NTG on the heart rate.  The HR assessment in the baseline was 427 [387–451] bpm in the 
control group (n = 13) and 417 [386–440] bpm in the sumatriptan-pretreated group (n = 12). No difference in HR 
between the groups were observed: P = 0.69, U = 70, Mann Whitney test. In the control group (saline-pretreated 
rats), the administration of NTG did not affect HR: P = 0.54, Fr = 10.9, Friedman test. Likewise, saline infusion 
did not affect HR compared to baseline (P > 0.99, Dunn’s multiple comparisons test), which is confirmed by the 
pairwise comparison test: P = 0.5, Wilcoxon matched-pairs signed rank test.

According to the results of the Friedman test, the administration of NTG significantly affected HR in ani-
mals from the sumatriptan-pretreated group (P = 0.008, Fr = 27, Friedman test), whereas the post-hoc test did 
not reveal significant differences within the group compared to the pre-NTG time point (all P > 0.09, Dunn’s 
multiple comparisons test). Sumatriptan infusion did not affect HR (P = 0.38, Dunn’s multiple comparisons 
test), although significant differences occur in pairwise comparison (baseline vs pre-NTG): P = 0.003, Wilcoxon 
matched-pairs signed rank test.

Like for the mean ABP, the intergroup comparison did not reveal significant differences in HR between the 
control group and any of two sumatriptan-pretreated subgroups at any of the points of the time course from 
baseline to 150-th minute (Kruskal–Wallis test with Dunn’s multiple comparisons test).

Effect of NTG on the pulsation amplitude of intracranial vessels.  In the control group (n = 13), the 
intraperitoneal administration of NTG lead to a divergent change in APC index: it significantly increased in 7 
animals (P < 0.0001, Fr = 57.4, Friedman test) while a significant decrease in APC was observed in other 6 ani-
mals (P = 0.001, Fr = 32.7, Friedman test). Let us designate the former subgroup of the control group as a "posi-
tive NTG-responders", and the latter as a "negative NTG-responders". Time courses of changes in APC index in 
subgroups with positive and negative NTG response are shown in Fig. 3 by magenta and blue boxes, respectively. 
In the subgroup with positive NTG response (n = 7), the significance of differences in APC compared to the pre-
NTG point was revealed at 120-th, 135-th and 150-th minutes after NTG administration (all P < 0.05, Dunn’s 
multiple comparisons test), while with the pairwise comparison significant difference in APC was observed at 
each time point since 90-th minute (Wilcoxon matched-pairs signed rank test). In animals from the subgroup 
with negative NTG response (n = 6), the significance of differences in APC compared to the pre-NTG point was 
observed in the interval of 45–105 min and at 135-th minute after NTG administration: all P < 0.05, Dunn’s mul-
tiple comparisons test. The pairwise comparison for this subgroup revealed that the differences are significant at 
each point of the time course from 0 to 135 min: all P < 0.05, Wilcoxon matched-pairs signed rank test (Fig, 3).

At each time-point of the time course after NTG administration we carried out the intergroup comparison 
of the normalized APC parameter in respect to the pre-NTG level using the Kruskal–Wallis test. No differences 
among the 4 subgroups were revealed in the baseline point (H = 7.3, P = 0.06), whereas after NTG administration, 
significant differences were found in every time point including zero: all H > 11.3, P < 0.01. These differences 
were clarified in the post-hoc Dunn’s test, which revealed significant differences at most of time points between 

Figure 2.   Dynamics of mean ABP changes after intraperitoneal administration of nitroglycerin. Time points 
in the X axis before the gap show moments of the ABP assessment in the baseline and at the 15th minute after 
intravenous infusion of either saline or sumatriptan (pre-NTG), whereas after the gap we show moments of the 
ABP measurements in minutes starting just after NTG administration. The blue boxes correspond to rats of the 
control group (saline pretreated), the red boxes are for rats of the sumatriptan-pretreated subgroup at a dose of 
4 mg/kg, and black boxes are for rats pretreated with sumatriptan at 10 mg/kg. Significance of the differences is 
not shown, see the text to its assessment.
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the subgroups of “negative NTG responders” and “positive NTG responders”, as well as between “negative NTG 
responders” and “sumatriptan-pretreated at 10 mg/kg” as can be seen in Table 1. Attention is drawn to the per-
sistent significance of the differences between these pairs of subgroups determined at every point of the time 
course after NTG administration.

To clarify some questionable results of the Dunn’s test, the Mann Whitney test was used for pairwise com-
parison of unpaired data. This test revealed significant difference between subgroups listed in Table 1 in two 
time-points (see footnotes in Table 1) and in some points between the subgroups "negative NTG-response" and 
"sumatriptan-pretreated at 4 mg/kg" as shown in Table 2.

It is worth noting that differences between the subgroups "negative NTG-responders" and "sumatriptan-
pretreated at 4 mg/kg" were detected only in the Mann Whitney test, but not in the Dunn test for all the time 
points. At the 150-th minute, the significance of differences between the subgroups "sumatriptan-pretreated at 
4 mg/kg" and "sumatriptan-pretreated at 10 mg/kg" was revealed by the Mann Whitney test, which was a some-
what expected result, given the significance of changes in APC compared to the pre-NTG time point within each 
of the subgroups. No significant changes were found between the subgroups "positive NTG-responders" and 
"sumatriptan-pretreated at 4 mg/kg", as well as between "positive NTG-responders" and "sumatriptan-pretreated 
at 10 mg/kg".

Discussion
Our study revealed for the first time that NTG administration can lead to diametrically opposite changes in APC. 
Immediately after intraperitoneal administration of NTG, with a probability of about 0.5, there was a divergence 
in the APC evolution (either increase or decrease of this index was observed), which was progressing over time 
and stabilizing about 1.5–2 h after NTG injection. Since the systemic ABP was observed to decrease after NTG 

Figure 3.   Dynamics of the APC index normalized to its value assessed at the pre-NTG time point in reaction 
to intraperitoneal administration of nitroglycerin. The time point designations on the X-axis are the same as in 
Fig. 2. Blue boxes correspond to rats of the control subgroup with the negative NTG-response, magenta boxes 
are for rats of the positive NTG subgroup, red boxes are for rats of the sumatriptan-pretreated subgroup at a 
dose of 4 mg/kg, and black boxes are for sumatriptan-pretreated rats at 10 mg/kg. Significance of the differences 
is not shown, see the text to its assessment.

Table 1.   Statistical significance of differences in APC changes relative to the pre-NTG point between the 
subgroups of animals at all points of the time course after NTG administration revealed by the post-hoc 
Dunn test. NS no significant differences between the subgroups by the Dunn test. *Clarification by the Mann 
Whitney test: P = 0.005, U = 2. † Clarification by the Mann Whitney test: P = 0.02, U = 3.

Time-point, min “Negative NTG responders” vs “positive NTG responders”, P-value
“Negative NTG responders” vs “sumatriptan at 10 mg/
kg”, P-value

0 NS* 0.0007

15 0.008 NS†

30 0.01 0.03

45 0.02 0.005

60 0.03 0.006

75 0.03 0.002

90 0.01 0.003

105 0.02 0.003

120 0.02 0.003

135 0.01 0.01

150 0.02 0.002
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administration immediately and steadily in all cases, there is reason to believe that divergent APC trajectories 
reflect local intracranial vascular events and are hardly a consequence of changes in systemic hemodynamics. 
Accordingly, if we assume that APC is determined mainly by ABP, then in all cases we would register an exclu-
sively either decrease or increase of this index.

The pulsatile component of the PPG waveform (assessed by APC) originates from the modulation of blood 
volume in the vessels with which this light interacts50–52. Green light used in our study did not penetrate deep into 
the brain cortex. However, the light interacts with a complex three-dimensional vascular network. Its intensity 
become modulated on HR as a result of blood volume oscillations either directly in visible arteries and arterioles50 
or indirectly due to compression of the vascular network by transmural pressure51. Therefore, the magnitude of 
APC is related to summarized complex response of different vessels located at the measuring point to the pressure 
difference in systole and diastole. Depth of the vessels location that contribute to the modulation of light intensity 
can exceed the green-light penetration length into the tissue52. In the rat’s cranial cavity, when measured through 
CCW, the dural and pial small arteries and arterioles primarily contribute to the formation of PPG waveform. 
Since the change in blood volume associated with HR is regulated by vascular tone, the observed duality of the 
APC dynamics means multidirectional (both increasing and decreasing) change in the tone of the intracranial 
vessels. In a simplified sense, a decrease in the tone of the vascular wall should be accompanied by an increase 
in APC, whereas an increase in tone should lead to a decrease in APC53. The results of studies carried out by 
our group using both unconditional vasodilating agents, such as CO2

41 or the carbonic anhydrase inhibitor 
dorzolamide40, and neurogenic dural vasodilation42 fully confirm such a performance.

NTG is also well-known vasodilator54. Consequently, its administration should be accompanied by vascular 
tone diminishing, but according to the results of the current study, it has a dual effect leading to both vasodila-
tion and vasoconstriction. The dilation of meningeal vessels and / or local increase in blood flow due to NTG is 
quite an expected effect that has been time and again demonstrated in experiments on rodents by other authors 
with different methods of administration of NTG in different doses and for different periods of time after its 
administration. For example, NTG infusion (20 mcg/kg, i.v.) increased dural and pial artery diameter and 
caused an increase in local cortical cerebral blood flux within 8–12 min55,56; Laser Doppler scanning measure-
ments revealed a gradual increase of meningeal blood flow reaching its maximum 2 h after NTG (10 mg/kg i.p.) 
injection57; pial arteriolar dilatation was observed almost immediately after NTG infusion (2 mg/kg/min, up to 
10 mg/kg, i.v.) and reached its peak at 15 min and persisted for > 60 min58. On the contrary, the decrease in APC 
caused by NTG, which is probably associated with vasoconstriction and/or blood-flow diminishing contradicts 
well-established ideas about the pharmacodynamics of this drug and is an intriguing result. At the same time, 
it was previously shown that NTG can have a multidirectional effect on the tone of vessels of different caliber 
and localization, i.e., it has not only a classical dilating, but also a constricting effect. Thus, a case of paradoxi-
cal vasospastic reaction to intracoronary injection of NTG during coronary angiography is described59. It was 
shown in experiments on rats using two-photon laser scanning microscopy that arterioles react to NTG (10 mg/
kg, intraperitoneal) in two opposing ways, i.e., by constriction in dura mater and dilation in the cortex. At the 
same time, the strong constrictive response of dural arterioles did not depend on the type of skull preparation 
(cranial window or thinned skull) and the type of anesthesia (кetamine/xylazine mixture or urethane). Moreover, 
both the lack of significant vasodilation in cortical arterioles under urethane anesthesia and weaker dilation of 
cortical vessels in the case of thinner skull were observed60. In other words, in animals under urethane anesthesia 
and with a closed cranial window (we have similar experimental conditions), only NTG-induced constriction 
of dural arterioles was de facto observed. The authors explain the opposite vasomotor activity of the dural and 
pial-cortical vessels by differences in their cellular microenvironment (mastocytes in the dura and astrocytes 
in the cortex), the degree of involvement in the formation of the blood–brain barrier, and the small diameter. 
These data are consistent with previous blood-flow assessment in rats using laser Doppler flowmetry, where it was 
observed that in the dura mater, NTG (10 mg/kg intravenously) resulted in a two-phase response, represented 
by an initial decrease in blood flow followed by a significant increase61, which indicates a transient constriction 

Table 2.   Clarification of the borderline statistical significance of differences in APC between the subgroups by 
the Mann Whitney test. NS no significant differences between the subgroups by the Mann Whitney test.

Time-point, min “Negative NTG responders” vs “sumatriptan at 4 mg/kg”, P-value
“Sumatriptan at 4 mg/kg” vs “sumatriptan at 10 mg/
kg”, P-value

0 0.004, U = 1 NS

15 0.009, U = 2 NS

30 0.004, U = 1 NS

45 0.004, U = 1 NS

60 0.009, U = 2 NS

75 0.004, U = 1 NS

90 0.002, U = 0 NS

105 0.002, U = 0 NS

120 0.004, U = 1 NS

135 0.004, U = 1 NS

150 0.004, U = 1 0.04, U = 5
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of dural arterioles. Chaliha et.al suggested that exogenous NO-donors cause dilation of relatively large arteries 
and compensatory contraction of microcirculatory vessels, which leads to tissue hypoxia, activation of cranial 
nociceptors and induction of pain62. This hypothesis is confirmed by the results of a previously conducted clinical 
study using 3 T magnetic resonance imaging in which was found that NTG did not influence the Blood-oxygen-
level-dependent (BOLD) response63. The authors gave the following explanation: “the lack of effect of NTG on 
the BOLD response could be that NTG affects the macrovascular part of the vascular system and does not have 
an effect on the microvascular system that is involved in the BOLD mechanism.” Moreover, in this study it was 
shown that acetazolamide depressed the BOLD response probably by increasing cerebral blood flow, which is 
consistent with the results previously obtained in our group that the dorzolamide leads to an increase in APC40.

Comparing the results of the work63 with the data presented in the study40 we can draw interesting paral-
lels: intravenous infusion of a carbonic anhydrase inhibitor causes rapid (within 5 min) depression of BOLD 
response in humans and an equally rapid (within 3 min) increase in APC in rats, whereas NTG administration 
does not change the BOLD response in humans and does not influence APC (if APC time-courses of the sub-
groups “positive NTG-response” and “negative NTG-response” are analyzed together). These findings open up 
new facets of the pharmacodynamics of these drugs and expand the understanding of their effects on cerebral 
hemodynamics. And finally, in a recent clinical study on healthy volunteers64, it was shown that dilatation of the 
middle cerebral artery due to NTG administration was accompanied by a significant decrease in compliance 
of the downstream cerebral vasculature, which, logically, should lead to a decrease in the amplitude of blood 
pulsations in intra-parenchymal arterioles.

Considering the above listed observations and taking into account the fact that iPPG waveform reflects pul-
sations summarized over different types of vessels, we conclude that two types of intracranial vascular response 
(constricting and dilating) to NTG were experimentally observed. Such an observation confirms the previously 
suggested assumption about differential region- and vessel-type-specific effects of NTG on cranial vessels60.

In our study, it was shown that intravenous infusion of the 5-HT1B /1D receptor agonist sumatriptan at doses 
of either 4 or 10 mg/kg 15 min before administration of NTG lead to exclusively progressive increase in APC 
in all 12 animals of the "sumatriptan-pretreated" group. This means that sumatriptan blocks the feature of NTG 
to induce a decrease in APC. Sumatriptan is often positioned as a vasoconstrictor65, which is not quite correct, 
because the actual vasoconstriction was demonstrated in experiments on isolated arteries66–69 while the "vascular" 
mechanism of action of triptans in migraine is rather 5-HT1B-mediated restoration of the tone of dilated cranial 
arteries, more precisely, triptans do prevent their dilation69,70. Considering that an increase in APC is due to a 
decrease in vascular tone, we may conclude that sumatriptan in both doses did not prevent the relaxation of the 
vascular walls caused by NTG, otherwise its administration would result in a decrease in APC, or at least, in sta-
bilization at the baseline level. On the one hand, the result we obtained contradicts the accumulated experimental 
and clinical data. In particular, it was previously shown that (i) “in healthy male subjects sumatriptan prevents the 
effect of nitroglycerin-induced vasodilation in the middle cerebral artery”71; (ii) “sumatriptan reduced the NTG-
induced headache and decreased temporal and radial artery diameters”72; (iii) “nitroglycerin-induced headache 
in individuals with migraine without aura is associated with blood flow velocity changes in the middle cerebral 
artery that are reversed by administration of an oral triptan”73. In experiments with rats, sumatriptan prevented 
NTG-induced increase in cortical blood flow, as assessed by laser Doppler flowmetry74.

On the other hand, there are observations that sumatriptan did not exhibit constricting properties in relation 
to the porcine isolated meningeal artery75. Moreover, even a dilating effect on various cranial arteries was shown 
ex vivo and in vivo for triptans that indicates the selectivity, dose dependence, and species specificity of their 
vascular action, for example, in relation to humans and rodents68,76–78. As for the above-mentioned "vascular" 
effects of the NTG and sumatriptan interaction, they also cannot be called unambiguous. So, using positron emis-
sion tomography and transcranial Doppler on 12 healthy volunteers, it was revealed that nitroglycerin increased 
global cerebral blood flow while flow velocities decreased, whereas sumatriptan did not have a significant effect 
on these values79. In a study performed on primates, according to single photon emission computed tomography, 
sumatriptan just amplified the increase in cerebral blood flow caused by NTG, allowing the authors to conclude 
that effective treatment with sumatriptan may therefore be compromised with simultaneous administration of 
nitroglycerin or NO donor drugs80. This kind of conclusion correlates with the results of a later study on arterioles 
isolated from human and bovine cerebral cortex in which the L-NNA (NO-synthase inhibitor) abolished the 
sumatriptan-induced dilation and shifted the dose–response of the constriction curve to the left76. Therefore, 
the opposite assumption seems to be true, saying that an excess of NO provoked by NTG can contribute to the 
development of triptan-induced vasodilation, especially with respect to small-caliber vessels. Indeed, sumatriptan 
and rizatriptan perfused through the lumen (intraluminal infusion) of isolated rat middle cerebral artery caused 
its dilation, at the same time, relaxant effect of sumatriptan was blocked by the 5-HT(1B/1D) receptor selective 
antagonist GR 55,562 and almost completely abolished by L-NOARG (NO synthase inhibitor), indicating nitric 
oxide involvement77. There is an explanation for these observations: it was shown in cultured human coronary 
artery endothelial cells that 5-HT-induced NO production is mediated by both of 5-HT1B and 5-HT2B receptor 
activation81; an endothelial expression of the 5-HT1B receptor was found in rat and human brain microvessels82. 
It is with the mechanism of endothelium-dependent vasodilation that the authors associate the fact that they 
have identified sumatriptan increases skin flap survival through activation of 5-hydroxytryptamine 1B/1D recep-
tors and mediation of the nitric oxide system83. By the way, the involvement of the NO-signaling pathway in 
the mechanism of action of sumatriptan is noted by the authors of many modern preclinical studies to iden-
tify its new pharmacotherapeutic properties, in particular, cardioprotective84, antiallergic85, antipruritic86, and 
neuroprotective87 effects, as well as the study of its parenchymal toxicity88.

Therefore, in our study, sumatriptan acts as a synergist of the vasodilating action of NTG and prevents the 
manifestation of its "alternative" APC-inhibiting effect. This may be due, first, to the NO-mediated relaxing 
effect of sumatriptan on the walls of the meningeal microvessels and, second, to its constricting effect on the 
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large intracranial arteries89, which will counteract the dilating effect of NTG on these vessels and thereby pre-
vent compensatory constriction of the arterioles. A detailed study of the molecular mechanisms of the vascular 
reactions identified by us may become the subject of further research. The results we obtained speak in favor of 
the predominance of the neuronal mechanism of the antimigraine action of triptans over their vascular effects 
and contribute to understanding the nuances of the interaction of vasoactive drugs in the study of the headache 
pathophysiology and methods of anticephalgic therapy.

The limitations of this study include the absence of a control group for NTG itself, i.e., a separate cohort of 
animals that would receive a solvent instead of NTG. However, we purposely minimized the number of animals 
used in experiments, proceeding not only from the principles of humanism, but also from the idea that NTG is 
an indisputable trigger of migraine-like changes in various physiological parameters and controlling its effect is 
not mandatory in the light of a huge amount of experimental data.

Data availability
The data that support the findings of this study are available on request from the corresponding author (A.A.K.).

Received: 19 February 2023; Accepted: 20 July 2023

References
	 1.	 Safiri, S. et al. Global, regional, and national burden of migraine in 204 countries and territories, 1990 to 2019. Pain 163, e293–e309 

(2022).
	 2.	 Stovner, L. J., Hagen, K., Linde, M. & Steiner, T. J. The global prevalence of headache: an update, with analysis of the influences of 

methodological factors on prevalence estimates. J. Headache Pain 23, 34 (2022).
	 3.	 Ashina, M. et al. Migraine and the trigeminovascular system—40 years and counting. Lancet Neurol. 18, 795–804 (2019).
	 4.	 DeJulio, P. A., Perese, J. K., Schuster, N. M. & Oswald, J. C. Lasmiditan for the acute treatment of migraine. Pain Manag. 11, 437–449 

(2021).
	 5.	 Wang, X., Chen, Y., Song, J. & You, C. Efficacy and safety of monoclonal antibody against calcitonin gene-related peptide or its 

receptor for migraine: A systematic review and network meta-analysis. Front. Pharmacol. 12, 649143 (2021).
	 6.	 Moreno-Ajona, D., Villar-Martínez, M. D. & Goadsby, P. J. New generation gepants: migraine acute and preventive medications. 

J. Clin. Med. 11, 1656 (2022).
	 7.	 Erdener, ŞE., Kaya, Z. & Dalkara, T. Parenchymal neuroinflammatory signaling and dural neurogenic inflammation in migraine. 

J. Headache Pain 22, 138 (2021).
	 8.	 Sudershan, A., Mahajan, K., Singh, K., Dhar, M. K. & Kumar, P. The complexities of migraine: A debate among migraine research-

ers: a review. Clin. Neurol. Neurosurg. 214, 107136 (2022).
	 9.	 Mikhailov, N. et al. The role of the meningeal lymphatic system in local meningeal inflammation and trigeminal nociception. Sci. 

Rep. 12, 8804 (2022).
	10.	 González-Hernández, A., Marichal-Cancino, B. A., MaassenVanDenBrink, A. & Villalón, C. M. Side effects associated with current 

and prospective antimigraine pharmacotherapies. Expert Opin. Drug Metab. Toxicol. 14, 25–41 (2018).
	11.	 Mallick-Searle, T. & Moriarty, M. Unmet needs in the acute treatment of migraine attacks and the emerging role of calcitonin 

gene-related peptide receptor antagonists: An integrative review. J. Am. Assoc. Nurse Pract. 33, 419–428 (2020).
	12.	 Demartini, C. et al. Nitroglycerin as a comparative experimental model of migraine pain: From animal to human and back. Prog. 

Neurobiol. 177, 15–32 (2019).
	13.	 Onderwater, G. L. J., Dool, J., Ferrari, M. D. & Terwindt, G. M. Premonitory symptoms in glyceryl trinitrate triggered migraine 

attacks: A case–control study. Pain 161, 2058–2067 (2020).
	14.	 Karsan, N., Bose, P. R., Thompson, C., Newman, J. & Goadsby, P. J. Headache and non-headache symptoms provoked by nitro-

glycerin in migraineurs: A human pharmacological triggering study. Cephalalgia 40, 828–841 (2020).
	15.	 Onderwater, G. L. J. et al. Cortical glutamate and gamma-aminobutyric acid over the course of a provoked migraine attack, a 7 

Tesla magnetic resonance spectroscopy study. NeuroImage Clin. 32, 102889 (2021).
	16.	 van Oosterhout, W. P. J. et al. Hypothalamic functional MRI activity in the initiation phase of spontaneous and glyceryl trinitrate-

induced migraine attacks. Eur. J. Neurosci. 54, 5189–5202 (2021).
	17.	 De Icco, R. et al. Spinal nociceptive sensitization and plasma palmitoylethanolamide levels during experimentally induced migraine 

attacks. Pain 162, 2376–2385 (2021).
	18.	 Tvedskov, J. F. et al. The prophylactic effect of valproate on glyceryltrinitrate induced migraine. Cephalalgia 24, 576–585 (2004).
	19.	 Juhasz, G. et al. Sumatriptan causes parallel decrease in plasma calcitonin gene-related peptide (CGRP) concentration and migraine 

headache during nitroglycerin induced migraine attack. Cephalalgia 25, 179–183 (2005).
	20.	 Thomaides, T. et al. Intravenous valproate aborts glyceryl trinitrate-induced migraine attacks: A clinical and quantitative EEG 

study. Cephalalgia 28, 250–256 (2008).
	21.	 Greco, R., Demartini, C., Zanaboni, A. M. & Tassorelli, C. Chronic and intermittent administration of systemic nitroglycerin in 

the rat induces an increase in the gene expression of CGRP in central areas: Potential contribution to pain processing. J. Headache 
Pain 19, 51 (2018).

	22.	 Akerman, S. & Romero-Reyes, M. Targeting the central projection of the dural trigeminovascular system for migraine prophylaxis. 
J. Cereb. Blood Flow Metab. 39, 704–717 (2019).

	23.	 Akerman, S. et al. Therapeutic targeting of nitroglycerin-mediated trigeminovascular neuronal hypersensitivity predicts clinical 
outcomes of migraine abortives. Pain 162, 1567–1577 (2021).

	24.	 Gölöncsér, F. et al. Involvement of P2Y12 receptors in a nitroglycerin-induced model of migraine in male mice. Br. J. Pharmacol. 
178, 4626–4645 (2021).

	25.	 Yamamoto, T. et al. Selective targeting of peripheral cannabinoid receptors prevents behavioral symptoms and sensitization of 
trigeminal neurons in mouse models of migraine and medication overuse headache. Pain 162, 2246–2262 (2021).

	26.	 Pan, Q. et al. Sphingosine-1 phosphate receptor 1 contributes to central sensitization in recurrent nitroglycerin-induced chronic 
migraine model. J. Headache Pain 23, 25 (2022).

	27.	 Chen, H. et al. IL-17 crosses the blood–brain barrier to trigger neuroinflammation: A novel mechanism in nitroglycerin-induced 
chronic migraine. J. Headache Pain 23, 1 (2022).

	28.	 Gerasimova, E. et al. Hyperhomocysteinemia increases cortical excitability and aggravates mechanical hyperalgesia and anxiety 
in a nitroglycerine-induced migraine model in rats. Biomolecules 12, 735 (2022).

	29.	 Mason, B. N. & Russo, A. F. Vascular contributions to migraine: Time to revisit?. Front. Cell. Neurosci. 12, 233 (2018).
	30.	 Hansen, J. M. & Schankin, C. Cerebral hemodynamics in the different phases of migraine and cluster headache. J. Cereb. Blood 

Flow Metab. 39, 595–609 (2019).



10

Vol:.(1234567890)

Scientific Reports |        (2023) 13:11928  | https://doi.org/10.1038/s41598-023-39171-w

www.nature.com/scientificreports/

	31.	 Hoffmann, J., Baca, S. M. & Akerman, S. Neurovascular mechanisms of migraine and cluster headache. J. Cereb. Blood Flow Metab. 
39, 573–594 (2019).

	32.	 Fontaine, D. et al. Dural and pial pain-sensitive structures in humans: new inputs from awake craniotomies. Brain 141, 1040–1048 
(2018).

	33.	 Spekker, E., Tanaka, M., Szabó, Á. & Vécsei, L. Neurogenic inflammation: The participant in migraine and recent advancements 
in translational research. Biomedicines 10, 76 (2022).

	34.	 Carneiro-Nascimento, S. & Levy, D. Cortical spreading depression and meningeal nociception. Neurobiol. Pain 11, 100091 (2022).
	35.	 Levy, D., Labastida-Ramirez, A. & MaassenVanDenBrink, A. Current understanding of meningeal and cerebral vascular function 

underlying migraine headache. Cephalalgia 39, 1606–1622 (2019).
	36.	 Khan, S. et al. Meningeal contribution to migraine pain: A magnetic resonance angiography study. Brain 142, 93–102 (2019).
	37.	 Dolgorukova, A., Osipchuk, A. V., Murzina, A. A. & Sokolov, A. Y. The influence of metoclopramide on trigeminovascular noci-

ception: Possible anti-migraine mechanism of action. Neuroscience 425, 123–133 (2020).
	38.	 Christensen, C. E. et al. Intradural artery dilation during experimentally induced migraine attacks. Pain 162, 176–183 (2021).
	39.	 Lyubashina, O. A., Mamontov, O. V., Volynsky, M. A., Zaytsev, V. V. & Kamshilin, A. A. Contactless assessment of cerebral 

autoregulation by photoplethysmographic imaging at green illumination. Front. Neurosci. 13, 1235 (2019).
	40.	 Mamontov, O. V. et al. Animal model of assessing cerebrovascular functional reserve by imaging photoplethysmography. Sci. Rep. 

10, 19008 (2020).
	41.	 Volynsky, M. A. et al. Study of cerebrovascular reactivity to hypercapnia by imaging photoplethysmography to develop a method 

for intraoperative assessment of the brain functional reserve. Biomed. Opt. Express 13, 184–196 (2022).
	42.	 Sokolov, A. Y., Volynsky, M. A., Zaytsev, V. V., Osipchuk, A. V. & Kamshilin, A. A. Advantages of imaging photoplethysmography 

for migraine modeling: New optical markers of trigemino-vascular activation in rats. J. Headache Pain 22, 18 (2021).
	43.	 Robbins, M. S. Diagnosis and management of headache: A review. JAMA 325, 1874–1885 (2021).
	44.	 Percie du Sert, N. et al. The ARRIVE guidelines 2.0: Updated guidelines for reporting animal research. PLOS Biol. 18, e3000410 

(2020).
	45.	 Kamshilin, A. A., Krasnikova, T. V., Volynsky, M. A., Miridonov, S. V. & Mamontov, O. V. Alterations of blood pulsations parameters 

in carotid basin due to body position change. Sci. Rep. 8, 13663 (2018).
	46.	 Sidorov, I. S., Volynsky, M. A. & Kamshilin, A. A. Influence of polarization filtration on the information readout from pulsating 

blood vessels. Biomed. Opt. Express 7, 2469–2474 (2016).
	47.	 Moço, A. V, Stuijk, S. & de Haan, G. Ballistocardiographic artifacts in PPG imaging. IEEE Trans. Biomed. Eng. 63, 1804–1811 

(2016).
	48.	 Kearney, J. K., Thompson, W. B. & Boley, D. L. Optical flow estimation: An error analysis of gradient-based methods with local 

optimization. IEEE Trans. Pattern Anal. Mach. Intell. PAMI-9, 229–244 (1987).
	49.	 Liu, H., Wang, Y. & Wang, L. The effect of light conditions on photoplethysmographic image acquisition using a commercial 

camera. IEEE J. Transl. Eng. Heal. Med. 2, 6917212 (2014).
	50.	 Reisner, A., Shaltis, P. A., McCombie, D. & Asada, H. H. Utility of the photoplethysmogram in circulatory monitoring. Anesthesiol-

ogy 108, 950–958 (2008).
	51.	 Kamshilin, A. A. et al. A new look at the essence of the imaging photoplethysmography. Sci. Rep. 5, 10494 (2015).
	52.	 Kamshilin, A. A. & Mamontov, O. V. Physiological origin of camera-based PPG imaging. in Contactless Vital Signs Monitoring 

(eds. Wang, W. & Wang, X.) 27–50 (Academic Press, 2022). https://​doi.​org/​10.​1016/​B978-0-​12-​822281-​2.​00010-X.
	53.	 Park, J., Seok, H. S., Kim, S.-S. & Shin, H. Photoplethysmogram analysis and applications: An integrative review. Front. Physiol. 

12, 808451 (2022).
	54.	 Pearson, R. & Butler, A. Glyceryl trinitrate: History, mystery, and alcohol intolerance. Molecules 26, 6581 (2021).
	55.	 Gozalov, A., Jansen-Olesen, I., Klaerke, D. & Olesen, J. Role of BK(Ca) channels in cephalic vasodilation induced by CGRP, NO 

and transcranial electrical stimulation in the rat. Cephalalgia 27, 1120–1127 (2007).
	56.	 Gozalov, A., Jansen-Olesen, I., Klaerke, D. & Olesen, J. Role of KATP channels in cephalic vasodilatation induced by calcitonin 

gene-related peptide, nitric oxide, and transcranial electrical stimulation in the rat. Headache 48, 1202–1213 (2008).
	57.	 Markovics, A. et al. Pituitary adenylate cyclase-activating polypeptide plays a key role in nitroglycerol-induced trigeminovascular 

activation in mice. Neurobiol. Dis. 45, 633–644 (2012).
	58.	 Srikiatkhachorn, A., Anuntasethakul, T., Phansuwan-Pujito, P., Patumraj, S. & Kasantikul, V. Effect of serotonin depletion on nitric 

oxide induced cerebrovascular nociceptive response. NeuroReport 12, 967–971 (2001).
	59.	 Roberto, M., Vuille, C. & De Benedetti, E. Paradoxical coronary spasm after intracoronary nitroglycerin injection. Cardiovasc. 

Med. 19, 300–304 (2016).
	60.	 Pryazhnikov, E. et al. Opposite reactivity of meningeal versus cortical microvessels to the nitric oxide donor glyceryl trinitrate 

evaluated in vivo with two-photon imaging. PLoS ONE 9, e89699 (2014).
	61.	 Greco, R. et al. Temporal profile of vascular changes induced by systemic nitroglycerin in the meningeal and cortical districts. 

Cephalalgia 31, 190–198 (2011).
	62.	 Chaliha, D. R. et al. A paradoxical vasodilatory nutraceutical intervention for prevention and attenuation of migraine—A hypo-

thetical review. Nutrients 12, 2487 (2020).
	63.	 Asghar, M. S., Hansen, A. E., Pedersen, S., Larsson, H. B. W. & Ashina, M. Pharmacological modulation of the bOLD response: A 

study of acetazolamide and glyceryl trinitrate in humans. J. Magn. Reson. Imaging 34, 921–927 (2011).
	64.	 Moir, M. E. et al. Vasodilatation by carbon dioxide and sodium nitroglycerin reduces compliance of the cerebral arteries in humans. 

Exp. Physiol. 106, 1679–1688 (2021).
	65.	 Tfelt-Hansen, P. & Hougaard, A. Sumatriptan: A review of its pharmacokinetics, pharmacodynamics and efficacy in the acute 

treatment of migraine. Expert Opin. Drug Metab. Toxicol. 9, 91–103 (2013).
	66.	 MaassenVanDenBrink, A. & Saxena, P. R. Coronary vasoconstrictor potential of triptans: A review of in vitro pharmacologic data. 

Headache 44, S13–S19 (2004).
	67.	 Edvinsson, L. et al. Triptan-induced contractile (5-HT1B receptor) responses in human cerebral and coronary arteries: Relation-

ship to clinical effect. Clin. Sci. 109, 335–342 (2005).
	68.	 Saracheva, K. E. et al. Effects of the novel high-affinity 5-HT(1B/1D)-receptor ligand frovatriptan on the rat carotid artery. Folia 

Medica (Plovdiv) 59, 31–36 (2017).
	69.	 Benemei, S. et al. Triptans and CGRP blockade—impact on the cranial vasculature. J. Headache Pain 18, 103 (2017).
	70.	 Friberg, L., Sperling, B., Olesen, J. & Iversen, H. K. Migraine pain associated with middle cerebral artery dilatation: Reversal by 

sumatriptan. Lancet 338, 13–17 (1991).
	71.	 Schmetterer, L. et al. Cerebral and ocular hemodynamic effects of sumatriptan in the nitroglycerin headache model. Clin. Phar-

macol. Ther. 60, 199–205 (1996).
	72.	 Iversen, H. K. & Olesen, J. Headache induced by a nitric oxide donor (nitroglycerin) responds to sumatriptan. A human model 

for development of migraine drugs. Cephalalgia 16, 412–418 (1996).
	73.	 Thomaides, T., Karagounakis, D., Spantideas, A. & Katelanis, S. Transcranial Doppler in migraine attacks before and after treatment 

with oral zolmitriptan or sumatriptan. Headache 43, 54–58 (2003).
	74.	 Read, S. J., Manning, P., McNeil, C. J., Hunter, A. J. & Parsons, A. A. Effects of sumatriptan on nitric oxide and superoxide balance 

during glyceryl trinitrate infusion in the rat. Implications for antimigraine mechanisms. Brain Res. 847, 1–8 (1999).

https://doi.org/10.1016/B978-0-12-822281-2.00010-X


11

Vol.:(0123456789)

Scientific Reports |        (2023) 13:11928  | https://doi.org/10.1038/s41598-023-39171-w

www.nature.com/scientificreports/

	75.	 Mehrotra, S. et al. Effects of current and prospective antimigraine drugs on the porcine isolated meningeal artery. Naunyn. 
Schmiedebergs. Arch. Pharmacol. 374, 163–175 (2006).

	76.	 Elhusseiny, A. & Hamel, E. Sumatriptan elicits both constriction and dilation in human and bovine brain intracortical arterioles. 
Br. J. Pharmacol. 132, 55–62 (2001).

	77.	 Hansen-Schwartz, J., Løvland Hoel, N., Nilsson, E., Tfelt-Hansen, P. & Edvinsson, L. Endothelium-Dependent Relaxant Responses 
to Selective 5-HT1B/1D Receptor Agonists in the Isolated Middle Cerebral Artery of the Rat. J. Vasc. Res. 40, 561–566 (2003).

	78.	 Labastida-Ramírez, A. et al. Lasmiditan inhibits calcitonin gene-related peptide release in the rodent trigeminovascular system. 
Pain 161, 1092–1099 (2020).

	79.	 Bednarczyk, E. M. et al. Brain blood flow in the nitroglycerin (Gtn) model of migraine: measurement using positron emission 
tomography and transcranial doppler. Cephalalgia 22, 749–757 (2002).

	80.	 Oliver, D. W. & Dormehl, I. C. Cerebral blood flow effects of the nitric oxide donor, nitroglycerin and its drug combinations in 
the non-human primate model. Arzneimittelforschung 49, 732–739 (1999).

	81.	 Ishida, T., Kawashima, S., Hirata, K. & Yokoyama, M. Nitric oxide is produced via 5-HT1B and 5-HT2B receptor activation in 
human coronary artery endothelial cells. Kobe J. Med. Sci. 44, 51–63 (1998).

	82.	 Riad, M. et al. Endothelial expression of the 5-hydroxytryptamine1B antimigraine drug receptor in rat and human brain microves-
sels. Neuroscience 86, 1031–1035 (1998).

	83.	 Dehdashtian, A. et al. Sumatriptan increases skin flap survival through activation of 5-hydroxytryptamine 1b/1d receptors in rats: 
The mediating role of the nitric oxide pathway. Plast. Reconstr. Surg. 144, 70e–77e (2019).

	84.	 Sheibani, M. et al. Sumatriptan protects against myocardial ischaemia–reperfusion injury by inhibition of inflammation in rat 
model. Inflammopharmacology 27, 1071–1080 (2019).

	85.	 Hemmati, S. et al. Inhibition of ovalbumin-induced allergic rhinitis by sumatriptan through the nitric oxide pathway in mice. Life 
Sci. 236, 116901 (2019).

	86.	 Haddadi, N.-S. et al. Pharmacological evidence of involvement of nitric oxide pathway in anti-pruritic effects of sumatriptan in 
chloroquine-induced scratching in mice. Fund. Clin. Pharmacol. 32, 69–76 (2018).

	87.	 Mumtaz, F. et al. Neuroprotective effect of sumatriptan in pentylenetetrazole-induced seizure is mediated through N-methyl-D-
aspartate/nitric oxide and cAMP response element-binding protein signaling pathway. Fund. Clin. Pharmacol. 36, 250–261 (2022).

	88.	 Mobasheran, P., Rajai, N., Kohansal, P., Dehpour, A. R. & Shafaroodi, H. The effects of acute sumatriptan treatment on renal 
ischemia/reperfusion injury in rat and the possible involvement of nitric oxide. Can. J. Physiol. Pharmacol. 98, 252–258 (2020).

	89.	 Caekebeke, J. F. V., Ferrari, M. D., Zwetsloot, C. P., Jansen, J. & Saxena, P. R. Antimigraine drug sumatriptan increases blood flow 
velocity in large cerebral arteries during migraine attacks. Neurology 42, 1522 (1992).

Author contributions
A.Y.S. conceived and designed the study, performed the majority of the experiments, processed the data, wrote 
the manuscript, discussed the results, and supervised the research. M.A.V. provided hardware, performed the 
experiments, processed the data, discussed the results, and edited the manuscript. A.V.P. and P.M.I. performed the 
experiments and edited the manuscript. V.V.Z. provided hardware and performed the experiments. E.N. edited 
the manuscript and discussed the results, A.A.K. proposed a methodology concept, designed the software, and 
wrote and edited the manuscript. All authors read and approved the final manuscript.

Funding
The study was financially supported by the Russian Science Foundation (grant No. 22-65-00096).

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.A.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Duality in response of intracranial vessels to nitroglycerin revealed in rats by imaging photoplethysmography
	Methods
	Animals. 
	Anesthesia and surgical preparation. 
	Experimental protocol. 
	Optical measuring system. 
	Data processing. 
	Statistical analysis. 
	Ethics declarations. 

	Results
	Effect of NTG on systemic hemodynamics. 
	NTG influence on the mean ABP. 

	Influence of NTG on the heart rate. 
	Effect of NTG on the pulsation amplitude of intracranial vessels. 

	Discussion
	References


