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Abstract

Functional magnetic resonance imaging (fMRI) is a pivotal tool for mapping neuronal activity in the
brain. Traditionally, the observed hemodynamic changes are assumed to reflect the activity of the most
common neuronal type: excitatory neurons. In contrast, recent experiments, using optogenetic
techniques, suggest that the fMRI-signal instead reflects the activity of inhibitory interneurons.
However, these data paint a complex picture, with numerous regulatory interactions, and where the
different experiments display many qualitative differences. It is therefore not trivial how to quantify
the relative contributions of the different cell types and to combine all observations into a unified
theory. To address this, we present a new model-driven meta-analysis, which provides a unified and
guantitative explanation for all data. This model-driven analysis allows for quantification of the relative
contribution of different cell types: the contribution to the BOLD-signal from the excitatory cells is <20
% and 50-80 % comes from the interneurons. Our analysis also provides a mechanistic explanation for
the observed experiment-to-experiment differences, e.g. a biphasic vascular response dependent on
different stimulation intensities and an emerging secondary post-stimulation peak during longer
stimulations. In summary, our study provides a new, emerging consensus-view supporting the larger
role of interneurons in fMRI.
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Abbreviations

AUC — area under the curve

BOLD — blood oxygen level-dependent

CBF — cerebral blood flow

Cl — confidence interval

CMRO; — cerebral metabolic rate of oxygen
fMRI — functional magnetic resonance imaging
GABA — y-aminobutyric acid

Hb —haemoglobin

HbO — oxygenated haemoglobin

HbR — deoxygenated haemoglobin

HbT — total haemoglobin

HRF — hemodynamic response function
LDF — laser doppler flowmetry

NO — nitric oxide

NOS — nitric oxide synthase

NPY — neuropeptide Y

NVC — neurovascular coupling

OIS — optical intrinsic signal

PGE; — Prostaglandin E;

SOM - somatostatin

VGAT — vesicular GABA transport

Keywords: fMRI, BOLD, OIS, NVC, mathematical modelling, inhibitory neurons.
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Introduction

Functional magnetic resonance imaging (fMRI) is a cornerstone of neuroimaging, as it allows
researchers and clinicians to assess neuronal activation in response to stimuli (Figure 1A)(Gore, 2003;
Kim and Ogawa, 2012). fMRI does not measure neuronal activity directly but is instead sensitive to
changes in the ratio of oxygenated and deoxygenated blood (Ogawa et al., 1990; Kim and Ogawa,
2012). Thus, the neuronal activity determined from fMRI reflects temporal changes in the blood
oxygenation levels i.e., the so-called Blood Oxygen Level-Dependent (BOLD) response (Ogawa et al.,
1990; Hillman, 2014). This fMRI-BOLD response relies on a balance between the cerebral metabolic
rate of oxygen (CMRO,) and the active regulation of the cerebral blood flow (CBF), both of which are
coupled to the neuronal activity via the neurovascular coupling (NVC)(Figure 1B)(Logothetis, 2003;
Hillman, 2014). The conventional interpretation of the fMRI-BOLD signal generally assumes that
changes in the BOLD signal echo increases and decreases in excitatory, i.e. stimulating, neuronal activity
(Logothetis et al., 2001; Logothetis, 2008). In other words, the general assumption is that regions with
excitatory activation upregulate the CBF, which leads to an increased fMRI-BOLD signal. In the same
way, the assumption has been that activation of inhibitory neurons should inhibit further activity in
nearby neurons, leading to a decrease in the fMRI-BOLD signal.
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Figure 1: An overview of the study. A) Highly detailed data has been collected from mice, using optogenetic
stimulation of inhibitory (orange and yellow) and excitatory (blue) neurons, as well as sensory stimulation. These
data measure the changes in the blood oxygen saturation, either using fMRI-BOLD or optical intrinsic signalling
(OIS) imaging. B) Overview of the neurovascular coupling (NVC). Neurotransmitters are released from the synaptic
cleft, which either upregulate or downregulate surrounding neurons. Excitatory pyramidal neurons excite
surrounding neurons and inhibitory GABAergic interneurons inhibit surrounding neuronal activity. The process of
releasing neurotransmitters is energy-intensive, and the cerebral metabolic rate of oxygen (CMRO:) is high. To
replenish metabolites, some neurons can dynamically control the dilation and constriction of cerebral blood
vessels through the release of vasoactive substances that act on the vascular smooth muscles (VSM) surrounding
the blood vessel. C) These highly detailed data show: I) differences between inhibitory and excitatory stimulations
(orange vs blue), 11) stimulation intensity dependencies between low-intensity (orange line) and high-intensity
(vellow line), and 111) different response profiles when inhibitory stimulation is applied to the different GABAergic
interneurons (light red-NO and crimson-SST). D) These different attributes in data can be analysed using
mathematical modelling. A hypothesis is formulated as a model and evaluated towards the experimental data.
The hypothesis is rejected if it cannot describe the data, which leads to revision of the hypothesis. This is repeated
until a hypothesis that cannot be rejected is obtained. Using this unrejected model, prediction-based model
validation is obtained when the model can predict data it has not been trained to. Finally, such a validated model
is used to obtain mechanistic explanations of qualitative differences (I-111) and to estimate and quantify key
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98 features (IV). Herein, this approach is used to show that NO-interneurons (IV ) are the biggest contributors to the
99 BOLD response.

100 Contrary to this traditional interpretation, several recent studies (Vazquez et al., 2014; Uhlirova et al.,
101 2016; Vazquez, Fukuda and Kim, 2018; Desjardins et al., 2019; Echagarruga et al., 2020; Krawchuk et
102 al., 2020; Lee et al., 2020; Moon et al., 2021) show that y-aminobutyric acid (GABA)ergic inhibitory
103 interneuron populations affect the regulation of CBF and blood oxygen saturation to a larger extent
104  thanexcitatory neurons (Figure 1C, I). These studies typically use optogenetics, i.e. genetically modified
105 mice to with a light pulse selectively activate either excitatory or inhibitory neurons (Figure 1A).
106 Following the stimulation, hemodynamic responses, such as CBF and BOLD-signal responses, are
107  measured using e.g. fMRI or optical imaging of the optical intrinsic signal (OIS). These measurements
108  generally imply that the relationship between the BOLD response and neuronal activity is more
109  complicated than conventionally assumed. This is in part due to the high complexity of the involved
110  regulatory systems, which makes it hard to quantify the contribution of the different cell types to the
111 NVC. Furthermore, the differences in the experimental conditions of these studies mean that their
112 findings display numerous qualitative and quantitative differences in the observed responses (e.g.
113 Figure 1C, I-III). In summary, as the mechanisms behind these qualitative differences are not fully
114 understood, obtaining a unified explanation for all these responses is challenging (Figure 1C, IV).

115  An approach to establishing such a unified explanation is mathematical modelling. Mathematical
116 modelling allows for integration of prior understanding with newer experimental findings and
117  hypotheses, to gain a more holistic representation of our mechanistic understanding of the NVC (Figure
118 1D). There have been previous model efforts that have investigated NVC mechanisms (Griffeth and
119 Buxton, 2011; Havlicek et al., 2015; Kim and Ress, 2016; Lundengard et al., 2016; Di Volo et al., 2019;
120 Sten et al., 2020, 2023; Moon et al., 2021; Tesler, Linne and Destexhe, 2023). However, no existing
121 model can provide a mechanistic explanation for the new optogenetics data (Vazquez, Fukuda and Kim,
122 2018; Lee et al., 2020; Moon et al., 2021), that indicates a larger role for interneurons.

123 In this work, we present a mathematical framework that: i) quantifies cell-type-specific contributions
124  tothe fMRI-BOLD signal and ii) can explain the qualitative differences in the vasoactive response across
125  multiple experiments. By aggregating and simultaneously analysing data from multiple studies, this
126  framework allows us to establish a model-driven meta-analysis of the mechanisms making up the NVC.
127  This approach presents a critical step towards forming a consensus view of how inhibitory neurons
128  contribute to the NVC, a view which contradicts the traditional interpretation of the fMRI-BOLD signal.
129  As such, the qualitative and quantitative explanations presented in this work argue in support of a
130  paradigm shift in how neuroimaging can, and cannot, be used to infer neuronal activity.
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132 Results

133  We here present a mechanistic, model-driven, meta-analysis that supports the emerging consensus-
134  view that inhibitory neurons dominate the vascular regulation of the NVC. Our analysis offers: i)
135  quantitative estimates of the cell-type-specific contributions to the neurovascular response (Figure 2)
136  and ii) mechanistic explanations of the qualitative differences between observed responses across
137  different studies (Figures 3-7). More specifically, the quantitative estimations of the cell-type-specific
138 contribution to the BOLD signal are based on a mechanistic model trained on data from 11 different
139  experiments (Figures 2A and D). These results show that the inhibitory neurons contribute >50 % of
140 the BOLDsignalin 8 of the 11 experiments and >75 % of the vascular response in all experiments (Figure
141 2B).

142  Quantitative cell type contributions to the BOLD signal

143  Our model-based meta-analysis consists of two steps: i) Develop a model that can simultaneously fit
144 data from all considered studies (Figures 1D, 3, 5, and 7) and correctly predict new validation data
145 (Figures 3G-H, and 4), ii) Analyse the validated model, to draw mechanistic conclusions (Figures 3, 6,
146 and S3). Using this model-driven approach to the data analysis, we can quantitatively estimate the
147 contribution of different neuronal populations to the BOLD-response. Compiling these estimates across
148  the 11 different considered experiments, it is clear that inhibitory interneurons contribute more to the
149 BOLD-response than excitatory neurons (Figure 2A and D). Figure 2A illustrates this compilation in the
150 form of a spider plot, where the different neurons (and astrocytes) are represented by colour and their
151 relative contributions to the BOLD-responses for each experiment are plotted along the axes. The 11
152  experiments can be divided into 4 different stimulation paradigms: sensory stimulation, optogenetic
153  stimulation of excitatory neurons, low-intensity optogenetic stimulation of inhibitory neurons, and
154  high-intensity optogenetic stimulation of inhibitory neurons. As can be seen, the combined
155  contributions of the interneurons to the BOLD-signal are around 50-80 %, while the pyramidal neurons
156  contribute <20 %. A more detailed breakdown of the contributions reveals that the combined
157  contributions of NO and neuropeptide Y (NPY) interneurons (Figure 2D, light red and crimson bars) are
158 larger than the contributions of pyramidal neurons (Figure 2D, blue bars) in all 11 experiments. Note
159  that these results cannot be obtained by a mere inspection of the original data and that it stands in
160  contrast to the conventional interpretation of BOLD-fMRI, which assumes that the signal comes
161 predominantly from excitatory pyramidal cells.
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Figure 2: The contribution of different neuronal populations to the BOLD signal, available thanks to our model-
based analysis. A) The contribution of four different neural populations: nitric oxide (NO) interneurons (light red),
neuropeptide Y (NPY) interneurons (crimson), pyramidal neurons (Pyr, blue), and astrocytes (Ast, green), to the
blood oxygen level-dependent (BOLD) signal are presented for 11 different experiments. B) The contributions of

8


https://doi.org/10.1101/2024.10.15.618416
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.15.618416; this version posted October 17, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

167 the four neurons (NO, NPY, Pyr, and Ast) to cerebral blood volume (CBV) response in the 11 experiments. C) The
168 contributions of the four neurons (NO, NPY, Pyr, and Ast) to cerebral metabolic rate of oxygen (CMRO:) response
169 in the 11 experiments. D) Boxplots detailing the contribution of the four neuronal populations (NO light red, NPY
170 crimson, Pyr blue, Ast green), with a 95 % confidence interval, for the 11 experiments presented in A. The
171 background of each experiment indicates the type of stimulation that generated these behaviours: grey is a
172 sensory stimulation, blue is an optogenetic excitatory stimulation, orange is an optogenetic inhibitory low-
173 intensity stimulation, and yellow is an optogenetic inhibitory high-intensity stimulation.

174  These results show that in 8 out of the 11 cases, the NO-interneurons are the largest contributors to
175 the BOLD-signal, even in the cases of optogenetic excitatory stimulation (Figure 2D, blue box). For the
176  three remaining cases, NO-interneurons still have a large contribution, but the model also attributes a
177  major portion of the BOLD-signal to the astrocytes (Figure 2D, green bars). Consulting the model, we
178 can further investigate this behaviour, by subdividing the quantitative contributions to the BOLD-
179 response into a vascular contribution (changes in CBV, Figure 2B) and a metabolic contribution (changes
180  in CMRO,, Figure 2C). Studying these sub-contributions, two results stand out: i) NO-interneurons are
181 in all 11 cases the largest contributor to changes in CBV (Figures 2B and S1), and ii) pyramidal neurons
182 are in 7 of 11 cases the largest contributor to changes in CMRO; (Figures 2C and S1). Lastly, for the
183  three cases where the astrocytes contributed the most to the BOLD-response (Figure 2A, green), the
184 model attributes this behaviour to the astrocytes having a large effect on the changes in CMRO; (Figures
185 2C and S1, green) combined with relatively small changes in the total CBV response. A detailed
186  breakdown of how these quantitative estimates were acquired can be found in Supplementary Material
187  (Supplementary Material section 4). Let us now turn to the second usage of the validated model:
188  providing a mechanistic underpinning for observations, such as the high role of inhibitory neurons.

189  Inhibitory neurons as a driving force for vascular regulation

190 The results presented above (Figure 2), are contingent on the model being an accurate explanation of
191  the experimental data. The agreement between model and data are shown in Figures 3 and 5. Let us
192  first consider the results in Figure 3, which focuses on the differences between inhibitory and excitatory
193 stimulations (Vazquez, Fukuda and Kim, 2018). This data shows: the measured changes in haemoglobin
194  (oxygenated haemoglobin, HbO, Figure 3A; reduced haemoglobin, HbR, Figure 3B; total haemoglobin,
195 HbT, Figure 3C), the laser Doppler flowmetry (LDF) measurements of CBF (Figure 3D), and the relative
196  percentage change in OIS measurements for BOLD and Hb (Figure 3E). All these data show the result
197 of both an optogenetic excitatory stimulation (blue), and an optogenetic inhibitory stimulation
198  (orange). Note that the data show a larger response in Hb levels, CBF, and OIS-BOLD for stimulation of
199  the inhibitory neurons (Figure 3 orange). Note also that the model simulations (continuous lines and
200 shaded areas) agree with all the main features seen in the data (error bars). For example, changes in
201 HbT following an inhibitory stimulation (Figure 3C, orange) show a prominent peak culminating at
202 around 12 %, at ca 10 sec, for both model simulation and data. Following this peak, the response then
203 subsides and returns to baseline. This qualitative assessment was also confirmed using a y?-test
204  (Equation 11; with a test statistic f(6y;) = 2033.43 that is lower than the cut-off threshold
205  y?(a = 0.05,Dof = 3347) = 3482.70).
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207 Figure 3: The model can describe a neurovascular response driven by the inhibitory neurons. Data and model
208 simulations for inhibitory optogenetic 5 Hz stimulation (orange), excitatory optogenetic 5 Hz stimulation (blue),
209 sensory electrical stimulation on the inhibitory mice-line (grey), and sensory electrical stimulation on the
210 excitatory mice-line (dark grey). The stimulation duration is indicated by the black bar at the x-axis and is 4 s long
211 (A-E, G, H). Data is originally presented by Vazquez et al. (Vazquez, Fukuda and Kim, 2018) and describe percentual
212 concentration changes (A%) of A) oxygenated haemoglobin (HbO), B) deoxygenated haemoglobin (HbR), C) total
213 haemoglobin (HbT), D, G-H) cerebral blood flow (CBF), and E) the OIS-BOLD signal. For each graph: the mean
214 experimental data is indicated by an asterisk (*); the standard error of the mean is given by the error bars; the
215 best model simulation is displayed as the solid line; the model uncertainty is given by the coloured semi-
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216 transparent overlay, corresponding to a 95 % Cl. The sensory data and simulation are shown in the inserted graphs
217 (A-E). The x-axis represents time in seconds. F) The model simulated area under the curve (AUC) for the overall
218 vasoactive effect of NO, inhibitory dilatating vasoactive substance, and PGE;, excitatory dilating vasoactive
219 substance, are shown for the excitatory and inhibitory simulations. Error bars indicate a 95 % Cl for the AUC (F-H).
220 A model validation of blocking the NOS signalling pathway was tested by: G) stimulating with a 5 s long inhibitory
221 5 Hz stimulation and H) a 5 s long sensory electrical stimulation. The bars show the peak amplitude percentage
222 change (A%) in cerebral blood flow. The left bar represents the measured peak amplitude when the NOS pathway
223 is not blocked, corresponding to the data error bars in panel D. The middle bar represents the measured peak
224 amplitude when the NOS pathway is blocked. The right bar represents the model-predicted peak amplitude when
225 the NOS pathway is blocked.

226 A more in-depth analysis of the model shows that NO released from NO-interneurons is the dominant
227  vasoactive agent. Model simulations of the two main vasodilating substances, NO and Prostaglandin E;
228  (PGE3), can be seen in Figure 3F, for both excitatory and inhibitory stimulation. As expected, for the
229 inhibitory stimulation, NO is the dominant vasoactive agent (Figure 3F, right). Interestingly, also for
230  excitatory stimulation, NO has a contribution equally big as the PGE; contribution (Figure 3F, left).

231  Theideathat NO is the primary vasoactive substance is explored by a model validation test, simulating
232 the effects of blocking the nitric oxide synthase (NOS) pathway. The model predicts that the
233 neurovascular response is eliminated (Figure 3G, right) when NOS is blocked, and the cells are exposed
234 to an inhibitory optogenetic stimulation. This model prediction was then compared to data from
235  Vazquez et al. where this experiment was done (Figure 3G, middle). As can be seen, the experimental
236  data confirms the model prediction that the NOS-blocked response is almost non-existing (<3 %, Figure
237 3G, middle). A similar validation was done also for NOS being blocked during a sensory stimulation
238  paradigm. Here, the model predicts that the response is slightly higher (0-5 %, Figure 3H, right) which
239 s consistent with the experimental validation experiment (4-6 %, Figure 3H, middle). This low but non-
240  zero response comes from the fact that the sensory stimulation primarily activates the excitatory
241 pyramidal cells, due to the NOS-inhibition. Note that the model has not been trained to any of these
242 NOS-inhibition experiments, thus the model predictions agreeing with these experiments serve as a
243 validation of the model.

244  The model is validated by its ability to predict new data not used for model training

245  The model was further validated by predicting additional data, presented by Vazquez et al. (Vazquez,
246 Fukuda and Kim, 2018), which were not part of the model training and therefore unknown to the
247  model. These model predictions, of optogenetic inhibitory and excitatory stimulation with pulse widths
248  of 2 ms and 10 ms, are in good agreement with data and capture the main features. For instance, the
249  amplitude of the inhibitory HbO response is accurately lowered from 23 % (Figure 4F) to 15 % (Figure
250  4A) for the inhibitory stimulation (orange), comparing pulse widths of 10 ms and 2 ms respectively.
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Figure 4: The model can predict OG data which it has not been trained on. Data and model simulations for
optogenetic stimulation with a frequency of 5 HZ and the type: i) inhibitory stimulation with 2 ms pulse width
(light orange), ii) excitatory stimulation with 2 ms pulse width (blue), iii) inhibitory stimulation with 10 ms pulse
width (orange), and iv) excitatory stimulation with 10 ms pulse width (dark blue). The stimulation duration is
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256 indicated by the black bar at the x-axis and is 4 s long (A-J). Data is originally presented by Vazquez et al.

257 (Vazquez, Fukuda and Kim, 2018)and describe percentual concentration changes (A%) of oxygenated

258 haemoglobin (HbO)(A, F), deoxygenated haemoglobin (HbR)(B, G), total haemoglobin (HbT)(C, H), cerebral
259 blood flow (CBF)(D, 1), and the OIS-BOLD signal (E, J). For each graph: the mean experimental data is indicated
260 by asterisk (*); the standard error of the mean is given by the error bars; the model uncertainty is given by the
261 coloured semi-transparent overlay, corresponding to a 95 % Cl.

262  The model explains how different stimulation frequencies lead to qualitatively different
263  vascular responses

264  The training and validation data used for the model-driven meta-analysis also include data showcasing
265 a frequency-dependent behaviour in response to different optogenetic stimulations. The data,
266 presented by Moon et al. (Moon et al., 2021), are depicted together with our model simulations in
267 Figure 5. This data shows: changes in HbO (Figures 5A and D), HbR (Figures 5B and E), and HbT (Figures
268 5CandF)forab5sstimulation (Figures 5A-C) and a 20 s stimulation (Figures 5D-F), including both a low-
269  intensity (1 Hz) inhibitory optogenetic stimulation (orange) and a high-intensity (20 Hz) inhibitory
270  optogenetic stimulation (yellow). Further, the BOLD-fMRI is shown for both inhibitory stimulations
271 (Figure 5G) and for comparison, the BOLD-fMRI response to a: low-intensity (1 Hz) excitatory
272 optogenetic stimulation, high-intensity (20 Hz) excitatory optogenetic stimulation, and a 4 Hz sensory
273 stimulation is shown in Figure 5H. The model simulations (continuous lines and shaded areas) agree
274  well with all the main features seen in the data (error bars). This qualitative assessment was confirmed
275 using a the same y2-test as previously (f(6y;) = 2033.43, that passed the cut-off threshold,
276  x?*(a = 0.05,Dof = 3347) = 3482.70).
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277

278 Figure 5: The model can simultaneously describe the qualitatively different responses to the different
279 stimulation intensities. Data and model simulations for inhibitory optogenetic 20 Hz stimulation (yellow) and
280 inhibitory optogenetic 1 Hz stimulation (orange). The stimulation duration is denoted by the black bar at the x-
281 axis, 5 s long (A-C) and 20 s long (D-F). Data was originally presented by Moon et al. (Moon et al., 2021) and
282 describe the relative concentration changes (AuM) of oxygenated haemoglobin (HbO)(A, D), deoxygenated
283 haemoglobin (HbR)(B, E), and total haemoglobin (HbT)(C, F). Data for BOLD-fMRI for these two inhibitory
284 stimulations is presented in G). Optogenetic excitatory stimulations were also performed with the same
285 frequencies, blue 1 Hz and dark blue 20 Hz, and the BOLD-fMRI response is shown in H). The insert shows the
286 response for a 4 Hz sensory stimulation, grey. For each graph: the mean value of the experimental data is indicated
287 by an asterisk (*); the standard error of the mean is given by the error bars; the best model simulation is seen as
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the solid line; the model uncertainty, corresponding to a 95 % Cl, is given by the coloured semi-transparent overlay.
The x-axis represents time in seconds.

One of the interesting features seen in both model and data is a biphasic vascular response, i.e. an
initial increasing above the baseline, followed by a fall below the baseline (Figure 5G and 6A, yellow).
This behaviour is only seen for the high-intensity stimulation, and not seen in the low-intensity
stimulation. This difference is not intuitive, as one would generally associate a more intensive
stimulation with a stronger and more positive vascular response, compared to the low-intensity
response. It is therefore interesting to use the model to understand how this difference can be
mechanistically understood.
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299
300 Figure 6: The neurovascular dependency on the stimulation intensity is explained by GABA dynamics. A) A

301 simplified model illustration, showing that the stimulation (u) upregulates neuronal activity of NO interneurons
302 (Nno) and pyramidal neurons (Npy:). The neuronal activity then leads to production of vasoactive substances, NO
303 and PGE,. Additionally, Nno initiates the release of GABA, which downregulates all neuronal activity. Thus, the
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304 vasoactive response is a result of the balance between the effect of the stimulation and the inhibitory effect of
305 GABA. The biphasic behaviour seen in the Moon et al. (Moon et al., 2021) data is showcased in the box to the
306 right, with the 1 Hz stimulation being orange and 20 Hz stimulation being yellow. The simulated model behaviour
307 of B) GABA for the 1 Hz and C) 20 Hz stimulation, show that D) the AUC of GABA is larger for the 20 Hz stimulations.
308 E) the simulated model behaviour of Nno for the 1Hz stimulation, and F) the 20 Hz stimulation, similarly show that
309 the G) area under the curve (AUC) and H) peak value is relatively similar. This would not be the case if the
310 stimulation effect was not subject to saturation, F right y-axis. The 1 Hz stimulation produces the vasoactive effect
311 in 1) where the total effect (black) reflects the dilating effect of NO (red), as the constricting effect from a lack of
312 PGE: is weaker. J) The 20 Hz stimulation results in a net vasoconstricting effect (black curve below baseline) due
313 to a more substantial lack of PGE2 which cancels out the dilating effect of NO. Notably, the increase K) of NO levels
314 is not as big compared to the loss L) of PGE2comparing the high- and low-intensity stimulations. Error bars indicate
315 a 95 % Cl.

316  The model explains the biphasic response observed for the high-intensity stimulation as a balance
317 between a saturated inhibitory neuronal activity, and elevated levels of GABA. The optogenetic
318  stimulation (u) excites the NO-interneurons and GABA is released, which in turn inhibits all neuronal
319 activity (Figure 6A, Nno and Npy). For the high-intensity stimulation, there is not enough time between
320 stimulation pulses for the GABA levels to return to baseline (Figure 6C), resulting in overall elevated
321 levels of GABA (Figure 6D), compared to the low-intensity stimulation (Figure 6B). Simultaneously, the
322  activity of the NO-interneurons (Nno) is subjected to a saturation effect (Equation 7) which, together
323  with the elevated GABA levels, results in the overall neuronal activity being very similar between the
324  high- and low-intensity stimulations (Figure 6G, H). Although the bursting of neuronal activity settles at
325 a lower amplitude for the high-intensity stimulation (due to the elevated GABA levels), the resting
326  activity between spikes does not fall below the baseline (Figure 6F). Consequently, the stimulation
327  intensity has no discernible effect on the peak amplitude of Nno (Figure 6H) and only a slight effect on
328 the overall levels of neuronal activity (Figure 6G). Subsequently, the vasodilating effect of the NO-
329 release remain similar between the stimulations. This can be seen both in the amplitude of NO’s
330 vasoactive effect (Figure 6l-J, red) and the overall AUC of NO’s vasoactive effect (Figure 6K). As for the
331  pyramidal neurons, their activity (Npy) is inhibited by GABA (Figure 6A), causing a decreased release of
332  vasodilating PGE; (Figures 6l-J, blue). Due to the elevated levels of GABA during the high-intensity
333  stimulation, the vasoactive effect of PGE; is reduced substantially more (Figure 6J, blue), compared to
334  the low-intensity stimulation (Figure 6l, blue). Since both NO and PGE; have vasodilating properties,
335 the comparatively greater reduction of PGE, (Figure 6L), compared to the modest increase of NO
336 (Figure 6K), causes a net contraction of the blood vessels after an initial dilation (Figure 6J, black). This
337  dynamic results in the biphasic response seen for the high-intensity stimulation (Figure 6A, yellow).
338  The biphasic response is not present during the low-intensity stimulation due to the increase of NO
339  offsetting the reduced levels of PGE,, resulting in a net dilation of the blood vessels (Figure 6A, orange).

340 It should be noted that the saturation of neuronal activity seems to be a crucial mechanism, without
341  which the model is not able to describe the biphasic response accurately. In the model, this saturation
342 is implemented by limiting the degree to which the optogenetic stimulation can stimulate the model
343 state that represents the neuronal activity. This means that during high-intensity stimulation this model
344  state will reach a stable plateau and additional stimulation will not increase the neuronal activity
345  further (Figure 6F, see Methods for details). Without this saturation effect, the peak amplitude of Nno
346  would increase by an order of magnitude during the high-intensity stimulation (Figure 6F, right y-axis),
347  resulting in much more NO being released and an increased vasodilating effect. This increased
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348 vasodilation would counteract the decreased levels of PGE;, resulting in net vasodilation, and the
349 biphasic response would not be observed.

350 The biphasic behaviour is not present when observing a similar setup using excitatory optogenetic
351 stimulation (Figure 5H). In this case, we see the high-intensity (dark blue) stimulation produces a faster
352  and stronger response compared to the low-intensity (blue) stimulation. While this scenario seems
353  similar to the inhibitory stimulation at first glance, the underlying interactions differ. Activating the
354 pyramidal neurons release glutamate which subsequently activate the interneurons and triggers the
355 release of GABA. Crucially, this means that a balance between excitatory and inhibitory neuronal
356 activity is achieved for both the high- and low-intensity excitatory stimulations. This alters the tug-of-
357  war between neuronal activation and inhibition that we saw for the inhibitory stimulation, and the
358  vascular response instead intuitively scales in proportion to the stimulation intensity. Note that the
359 simulation of neuronal activity is still subject to the saturation effect discussed above.

360 The role of Somatostatin releasing neurons in the NVC

361 Finally, we investigate the role of somatostatin (SOM)-releasing interneurons in the neurovascular
362 response, using an expanded model structure which also included SOM-interneurons. This analysis was
363 based on data presented by Lee et. al. (Lee et al., 2020) and includes: the relative changes in HbO
364  (Figures 7A and D), HbR (Figures 7B and E), and HbT concentrations (Figures 7C and F) in response to
365 20 Hz optogenetic stimulations of SOM releasing interneurons (Figure 7, crimson), of NO-interneurons
366  (Figure 7, light red), as well as sensory stimulation (Figure 7, grey). Two stimulation lengths were
367  evaluated, 16 sec (Figures 7A-C) and 2 sec (Figures 7 D-F). The model simulations (lines) agree with all
368  the main features seen in the data (error bars). The qualitative assessment was again confirmed using
369 a y2-test (Equation 11; f(8y;) = 1013.46 which is lower than the cut-off threshold y?(a =
370  0.05,Dof = 1548) = 1640.65.
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371
372 Figure 7: The model can describe a delayed dilation using somatostatin-releasing interneurons. Data and model

373 simulations for inhibitory nNOS 20 Hz stimulation (light red), inhibitory SST 20 Hz stimulation (crimson), and
374 sensory whiskers 5 Hz stimulation (grey). The stimulation duration is denoted by the black bar at the x-axis and is
375 16 s long (A-C) and 2 s long (D-F). Data was originally presented by Lee et al. (Lee et al., 2020) and describe the
376 relative concentration changes (AuM) of oxygenated haemoglobin (HbO) (A, D), deoxygenated haemoglobin
377 (HbR) (B, E), and total haemoglobin (HbT) (C, F). For each graph: the mean value of the experimental data is
378 indicated by an asterisk (*); the standard error of the mean is given by the error bars; the best model simulation
379 is seen as the solid line; the model uncertainty corresponding to a 95 % Cl is given by the coloured semi-
380 transparent overlay. The sensory data and simulation are shown in the inserted graphs for the long stimulation

381 (A-C). The x-axis represents time in seconds.
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The data show that selectively stimulating SOM-interneurons gives rise to a double-peak response in
the Hb measurements (Figures 7A-C, crimson), which is not present for the NO-stimulation (light red),
nor for the sensory stimulation (Figures 7A—C, inserts). The model can accurately describe the observed
double peak dynamic in response to stimulating SOM neurons, given that a corresponding signalling
pathway is introduced to the model structure (Figure 8). We found that the mechanism of this double-
peak dynamic has two main components: a) the initial peak is generated by the direct vasoactive
influence of the SOM-releasing neurons; b) the second peak is generated by a delayed recovery from
the inhibition of activity in the other neuron populations (NO, NPY, and Pyramidal neurons). A detailed
analysis of this double peak response can be found in the Supplementary Materials (Supplementary
Materials section 2).
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392 Discussion

393  This work investigates the different contributions of inhibitory and excitatory neurons to the
394  neurovascular response using experimental data from several different studies in a model-driven meta-
395 analysis. This approach allows us to generate quantitative estimates for the cell-type-specific
396  contributions to the fMRI-BOLD-signal. Our analysis shows that the inhibitory neurons are the biggest
397  contributors to the BOLD-response (Figures 2A and D) in 8 of the 11 experiments (Vazquez, Fukuda and
398 Kim, 2018; Lee et al., 2020; Moon et al., 2021), and always the biggest contributor to the vascular
399  response (Figure 2C). Furthermore, the mode-based analysis accurately describes the key qualitative
400  dynamics observed in data (Figures 3, 6, and S3), and correctly predict new validation data not used for
401 model training: the response to NOS-inhibition (Figure 3G), and a 2 ms and 10 ms pulse width
402  stimulation paradigm (Figure 4). Importantly, the model could describe how the inhibitory neurons act
403  as the primary contributors to the regulation of the vascular response (Figure 3). Furthermore, the
404 model was able to explain why high-intensity, but not low-intensity, stimulations of interneurons lead
405  to a biphasic BOLD-response (Figure 6): it is because the stimulation of NO-interneurons (Figure 6G) is
406  balanced out by GABA (Figure 6D), while strongly inhibiting the pyramidal cells, causing a net
407  vasodilation (Figure 6J, black) as the release of NO (Figure 6K) cannot offset the lack of PGE, (Figure
408  6L). Finally, we could use the model to explain why there is a double-peak in response to prolonged
409 SOM stimulations (Figure 7A, crimson): a) the initial peak is generated by the direct vasoactive influence
410 of the SOM-releasing neurons; b) the second peak is generated by a delayed recovery from the
411 inhibition of activity in the other neuron populations (NO, NPY, and Pyramidal neurons)(Supplementary
412 Materials section 2). In summary, our results provide a detailed, quantitative, and mechanistic
413  underpinning for a new consensus view across 11 different experiments: that it is interneurons and not
414  pyramidal cells that dominate the BOLD response.

415  Other models investigating the neurovascular coupling

416  Various studies have developed different types of mathematical models to investigate the NVC (Griffeth
417 and Buxton, 2011; Havlicek et al., 2015; Kim and Ress, 2016; Lundengard et al., 2016; Di Volo et al.,
418 2019; Sten et al., 2020, 2023; Moon et al., 2021; Tesler, Linne and Destexhe, 2023). However, very few
419  studies have investigated the more prominent role of inhibitory neuron populations suggested by
420  recent experimental results. Firstly, the work by Moon et al. 2021 describe a 2-pole, 1-zero Laplace
421  function, which primarily focuses on capturing the qualitative temporal features of the so-called
422 hemodynamic response function (HRF)(Moon et al., 2021). However, this model offers no mechanistic
423 insights into the neurovascular response. Secondly, Tesler et al. proposes a model that describes the
424  contribution of astrocyte calcium dynamics to the relationship between neuronal activity and the fMRI-
425 BOLD response (Tesler, Linne and Destexhe, 2023). This work uses a mean-field neuron spiking model
426  (Di Volo et al., 2019) to describe selective activation of excitatory and inhibitory neurons. The Tesler
427  model is limited by only having the astrocytes, thus not including the prominent effect of NO,
428 controlling CBF and primarily focusing on excitatory neuronal stimulation. Lastly, our own prior work
429  (Sten et al., 2023) presents a model including both inhibitory and excitatory neurons that could
430 describe neurovascular control in response to different stimulation types, including optogenetic
431 stimulations. Similarly to the other mentioned models, the Sten model predominantly focuses on
432  excitatory neuronal stimulation as a main contributor to the regulation of CBF. As such, to the best of
433 our knowledge, no studies are using state-of-the-art mechanistic models to investigate the qualitative
434  differences (Figures 3-7, S3) of inhibitory neuronal populations to NVC, and no previous analysis has
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435 been able to quantify the cell-specific quantitative contributions to the BOLD, CMRO2, HBR, and CBV
436 responses (Figures 2, S1-S2) to the NVC.

437  Model explanation of key qualitative behaviours in data

438  Our model analysis, based on our mechanistic mathematical model (Figure 8), provides a cohesive
439  framework to investigate the different qualitative behaviours seen in the experimental data. We
440  present such explanations for: 1) the dominant neurovascular control of inhibitory neurons (Figure 3);
441 2) the biphasic response observed for high-intensity inhibitory stimulation (Figure 6); 3) the emergence
442 of a double-peak behaviour stimulation SOM-interneurons (Figure S3).

443  To the first point, the dominant control of inhibitory neurons, our model captures this behaviour well
444 over different data (Figure 3A-E). The simulations capture the prominent features in data: a peak value
445  occurring roughly 9 seconds after the stimulation has ceased (0-4 sec), followed by a return to baseline.
446 While explaining the change in HbO, HbR, HbT, and OIS-BOLD well (Figures 3A—C, E, orange), the model
447 slightly overshoots the CBF response (Figure 3D, orange). Similarly, the model captures the more
448  modest responses generated from the excitatory optogenetic stimulation (Figures 3A—E, blue). The
449 model also captures the qualitative difference in HbR-dynamics between the different stimulations,
450 i.e. decreasing during inhibitory stimulation and increasing during excitatory stimulation. The increase
451 in HbR is attributed to a combination of a high metabolic load and a relatively weak vascular response
452 (Figure 3D, blue). Model analysis reveals that the higher metabolic load is attributed to the stimulation
453 of excitatory neurons, which have a greater contribution to CMRO;, (Figures 2B, S1)(Meyer et al., 2011