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Mapping Structure-Function Relationships in the Brain 

Supplementary Information 
 
 
 
Using optogenetics to study neurovascular coupling 

BOLD-fMRI and optical intrinsic signal imaging (OISI) have been extensively used to 

indirectly examine neural activity in the mammalian brain. Because OIS and BOLD 

responses are used to indirectly measure neural activity, understanding how underlying 

electrophysiological activity, either in single or multiple cell populations, relates to the 

local hemodynamic response is essential for understanding the spatiotemporal 

capabilities of hemodynamic mapping. 

Brain imaging using blood-based contrast assumes a linear relationship between local 

changes in neural activity and the hemodynamic response (1). Generally, OIS and 

BOLD measures are most highly correlated with the local field potential (2). However, 

local spiking and/or multi-unit activity (MUA) can account for a non-negligible fraction of 

hemodynamic signaling variance, and in certain regimes, be more highly correlated with 

local hemodynamics (2, 3). The first study to examine the linearity between 

optogenetically-evoked neural activity and hemodynamic responses was in 2011 by 

Kahn et al. (4). In mice expressing ChR2 in layer 5 excitatory neurons, the authors used 

photostimulation for controlling the timing of cortical pyramidal neural activity while 

recording single-unit activity (SUA), MUA, and the local field potential (LFP) in relation 

to the BOLD response. For short stimulus trains, a linear sum of the BOLD response 

was proportional to the cumulative neural activity recorded as SUA, MUA and LPF 
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signals. In a separate study, the same group employed light trains with periodic or 

Poisson distributed pulses to generate dissociable patterns in BOLD signaling 

associated with SUA, MUA, and LFP activity. BOLD activity exhibited the strongest 

correlation to spiking activity with increasing rates of stimulation, while LFP activity 

showed a weaker correlation, challenging the common assumption that postsynaptic 

activity (as reflected by the LFP) is the dominant contributor to the BOLD signal. It is 

also important to note that photostimulation with sufficiently high power can produce 

measurable arteriolar dilations even in naïve (wild type) animals, possibly due to local 

tissue heating (5, 6). Researchers should therefore include adequate control 

experiments when using optogenetics to study the hemodynamic response in relation 

to neuronal activity. 

Photostimulating different cell-types can provide insights into which populations might 

contribute to local neurovascular coupling. For example, activity in pyramidal neurons 

does not directly result in local vasodilation and increased oxygenation, but instead 

drives activity in other cells (e.g. interneurons (7) or astrocytes (8, 9) that recruit a local 

hemodynamic response (10) (the role of astrocytes in neurovascular coupling is still 

under debate (11, 12)). Supporting this finding was a study performed by Scott and 

Murphy (13) where they showed that blocking ionotropic glutamate receptors resulted 

in appreciable reduction in hemodynamic responses to peripheral stimulation, but not 

from photostimulus-evoked responses from excitatory neurons (Thy1-ChR2 mice) (14). 

In mice expressing ChR2 in GABAergic neurons (VGAT-ChR2 mice), the same group 

showed that photostimulation of sensorimotor cortex significantly attenuated 

spontaneous spiking while increasing local cerebral blood flow (CBF) (15). Thus, 
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activation of inhibitory neurons can increase regional CBF in a manner that does not 

depend on ongoing neuronal activity. Photostimulation of parvalbumin cells expressing 

ChR2 (PV-ChR2 viral vector) results in contraction of penetrating arterioles (16) and 

increased BOLD signaling at the site of activation (17), but reductions in the BOLD signal 

in surrounding areas (17), commensurate with spike rate. Thus, local and distant neural 

activity can differentially influence regional hemodynamics. Because inhibitory and 

excitatory activity can contribute to short and long range hemodynamic signaling, 

stimulation of these different cell populations can be used for mapping local and distant 

connections within these circuits. 

 

The spatial resolution of hemodynamic mapping 

To place an upper limit on the spatial resolution achievable with blood-based mapping, 

it is important to understand the spatial extent of the hemodynamic responses resulting 

from a point-like neural stimulus (i.e., the hemodynamic point spread function (PSF)). 

Hemodynamic responses following peripheral stimulation have been shown to extend 

spatially farther than confined neurally-active tissue (18-21) (i.e., beyond 

neuroanatomical boundaries of a single barrel column), or dictated by vascular 

architecture (22) and can be driven by neural activity distant from the locus of activity 

(20). However, this spread does not necessarily prevent accurate spatial estimates of 

focal activity. Targeted blood flow and blood volume increases within neurally-active 

regions can resolve functional organization within a single barrel column (23), ocular 

dominance columns(24, 25) or iso-orientation columns within the visual cortex (26-28). 

From these studies, estimates of the width of the hemodynamic PSF are approximately 
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500 µm. 

Generally, photostimulation of ChR2-expressing neurons produces local patterns 

hemodynamic activity comparable to those following deflection of the vibrissa (4, 13), or 

peripheral stimulation of the forepaw (15, 29, 30). Because light can be focused to a 

diameter smaller than a single functional column, optogenetics can be used to establish 

an upper limit on the spatial resolution achievable with hemodynamic mapping. Vazquez 

et al., investigated this possibility in transgenic Thy1-ChR2 mice (31). Using 

fluorescence signaling from direct YFP excitation (fused to the membrane-bound ChR2) 

along with the measured LFP and MUA, the authors estimated an upper limit of the 

hemodynamic PSF between ~100 and 175 µm. Functional structures separated by a 

few hundred micrometers might be resolved with blood-based imaging. 

It’s important to note that optogenetically-evoked hemodynamic responses are highly 

dependent on the photostimulus used. The number of photostimulus-evoked action 

potentials is proportional to the stimulus intensity (32) (i.e., higher optical power 

produces larger hemodynamic responses (29, 31)), as well as the type of cell population 

stimulated. The expression profile of the promotor and light scattering within biological 

tissue will also play a role. The majority of optogenetic studies in transgenic mice are 

performed in Thy1-ChR2 mice where ChR2 is predominantly expressed in cortical layer 

5 (14, 33). However, given the strong scattering of blue light in biological tissue, 

superficial dendritic processes primarily are activated, along with orthodromic 

(downstream) targets. In the study by Vazquez et al., photo-stimulated neural activity 

and subthreshold depolarizations were confined to the activated area (31). However 

using depth electrodes, they found that activity distant from the site of stimulation 
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(>0.5mm) was mostly restricted to cortical layers 2/3. While layer 2/3 pyramidal neurons 

receive input and project back to layer 5, they also exhibit strong ipsilateral projections 

over the cortex, all of which could contribute to the spatial spread of hemodynamic 

activity. Together, these and other studies (29, 30, 34) demonstrate that optogenetic 

photostimulation of opsin-expressing neurons reliably evokes robust neuronal signaling 

that is detectable using blood- based imaging. 

Supplemental References 

1. Nemoto M, Sheth S, Guiou M, Pouratian N, Chen JWY, Toga AW (2004): Functional Signal-
and Paradigm- Dependent Linear Relationships between Synaptic Activity and
Hemodynamic Responses in Rat Somatosensory Cortex. The Journal of Neuroscience.
24:3850.

2. Logothetis NK, Pauls J, Augath M, Trinath T, Oeltermann A (2001): Neurophysiological
investigation of the basis of the fMRI signal. Nature. 412:150-157.

3. Boynton GM, Engel SA, Glover GH, Heeger DJ (1996): Linear systems analysis of functional
magnetic resonance imaging in human V1. J Neurosci. 16:4207-4221.

4. Desai M, Kahn I, Knoblich U, Bernstein J, Atallah H, Yang A, et al. (2011): Mapping brain
networks in awake mice using combined optical neural control and fMRI. J Neurophysiol.
105:1393-1405.

5. Christie IN, Wells JA, Southern P, Marina N, Kasparov S, Gourine AV, et al. (2013): fMRI
response to blue light delivery in the naïve brain: Implications for combined optogenetic fMRI
studies. Neuroimage. 66:634-641.

6. Rungta RL, Osmanski B-F, Boido D, Tanter M, Charpak S (2017): Light controls cerebral
blood flow in naive animals. Nature communications. 8:14191.

7. Cauli B, Tong XK, Rancillac A, Serluca N, Lambolez B, Rossier J, et al. (2004): Cortical
GABA interneurons in neurovascular coupling: relays for subcortical vasoactive pathways. J
Neurosci. 24:8940-8949.

8. Haydon PG, Carmignoto G (2006): Astrocyte control of synaptic transmission and
neurovascular coupling. Physiological reviews. 86:1009-1031.

9. Mulligan SJ, MacVicar BA (2004): Calcium transients in astrocyte endfeet cause
cerebrovascular constrictions. Nature. 431:195-199.

10. Zonta M, Angulo MC, Gobbo S, Rosengarten B, Hossmann KA, Pozzan T, et al. (2003):
Neuron-to-astrocyte signaling is central to the dynamic control of brain microcirculation.
Nature neuroscience. 6:43-50.

11. Nizar K, Uhlirova H, Tian P, Saisan PA, Cheng Q, Reznichenko L, et al. (2013): In vivo
stimulus-induced vasodilation occurs without IP3 receptor activation and may precede



Snyder and Bauer  Supplement 

6 

astrocytic calcium increase. J Neurosci. 33:8411- 8422. 
12. Gu X, Chen W, Volkow ND, Koretsky AP, Du C, Pan Y (2018): Synchronized Astrocytic Ca2+ 

Responses in Neurovascular Coupling during Somatosensory Stimulation and for the Resting 
State. Cell Reports. 23:3878-3890. 

13. Scott NA, Murphy TH (2012): Hemodynamic Responses Evoked by Neuronal Stimulation via 
Channelrhodopsin-2 Can Be Independent of Intracortical Glutamatergic Synaptic 
Transmission. PloS one. 7:e29859. 

14. Arenkiel BR, Peca J, Davison IG, Feliciano C, Deisseroth K, Augustine GJ, et al. (2007): In 
vivo light-induced activation of neural circuitry in transgenic mice expressing 
channelrhodopsin-2. Neuron. 54:205-218. 

15. Anenberg E, Chan AW, Xie Y, LeDue JM, Murphy TH (2015): Optogenetic stimulation of 
GABA neurons can decrease local neuronal activity while increasing cortical blood flow. 
Journal of cerebral blood flow and metabolism : official journal of the International Society of 
Cerebral Blood Flow and Metabolism. 35:1579-1586. 

16. Urban A, Rancillac A, Martinez L, Rossier J (2012): Deciphering the Neuronal Circuitry 
Controlling Local Blood Flow in the Cerebral Cortex with Optogenetics in PV::Cre Transgenic 
Mice. Frontiers in Pharmacology. 3:105. 

17. Lee JH, Durand R, Gradinaru V, Zhang F, Goshen I, Kim DS, et al. (2010): Global and local 
fMRI signals driven by neurons defined optogenetically by type and wiring. Nature. 465:788-
792. 

18. Malonek D, Grinvald A (1996): Interactions Between Electrical Activity and Cortical 
Microcirculation Revealed by Imaging Spectroscopy: Implications for Functional Brain 
Mapping. Science. 272:551. 

19. Berwick J, Johnston D, Jones M, Martindale J, Martin C, Kennerley AJ, et al. (2008): Fine 
Detail of Neurovascular Coupling Revealed by Spatiotemporal Analysis of the Hemodynamic 
Response to Single Whisker Stimulation in Rat Barrel Cortex. Journal of Neurophysiology. 
99:787-798. 

20. Devor A, Ulbert I, Dunn AK, Narayanan SN, Jones SR, Andermann ML, et al. (2005): 
Coupling of the cortical hemodynamic response to cortical and thalamic neuronal activity. 
Proceedings of the National Academy of Sciences of the United States of America. 102:3822. 

21. Frostig RD, Lieke EE, Ts, o DY, Grinvald A (1990): Cortical functional architecture and local 
coupling between neuronal activity and the microcirculation revealed by in vivo high-
resolution optical imaging of intrinsic signals. Proceedings of the National Academy of 
Sciences. 87:6082. 

22. Woolsey TA, Rovainen CM, Cox SB, Henegar MH, Liang GE, Liu D, et al. (1996): Neuronal 
units linked to microvascular modules in cerebral cortex: response elements for imaging the 
brain. Cereb Cortex. 6:647-660. 

23. Sheth SA, Nemoto M, Guiou M, Walker M, Pouratian N, Hageman N, et al. (2004): Columnar 
Specificity of Microvascular Oxygenation and Volume Responses: Implications for Functional 
Brain Mapping. The Journal of Neuroscience. 24:634. 

24. S. MR, G. GB (1999): Submillimeter functional localization in human striate cortex using 
BOLD contrast at 4 Tesla: Implications for the vascular point-spread function. Magnetic 
resonance in medicine. 41:230-235. 

25. Cheng K, Waggoner RA, Tanaka K (2001): Human Ocular Dominance Columns as Revealed 



Snyder and Bauer  Supplement 

7 

by High-Field Functional Magnetic Resonance Imaging. Neuron. 32:359-374. 
26. Kim D-S, Duong TQ, Kim S-G (2000): High-resolution mapping of iso-orientation columns by 

fMRI. Nature neuroscience. 3:164. 
27. Sirotin YB, Hillman EMC, Bordier C, Das A (2009): Spatiotemporal precision and 

hemodynamic mechanism of optical point spreads in alert primates. Proceedings of the 
National Academy of Sciences. 106:18390. 

28. Duong TQ, Kim D-S, Uğurbil K, Kim S-G (2001): Localized cerebral blood flow response at 
submillimeter columnar resolution. Proceedings of the National Academy of Sciences. 
98:10904. 

29. Iordanova B, Vazquez AL, Poplawsky AJ, Fukuda M, Kim SG (2015): Neural and 
hemodynamic responses to optogenetic and sensory stimulation in the rat somatosensory 
cortex. Journal of cerebral blood flow and metabolism : official journal of the International 
Society of Cerebral Blood Flow and Metabolism. 35:922-932. 

30. Li N, van Zijl P, Thakor N, Pelled G (2014): Study of the Spatial Correlation Between Neuronal 
Activity and BOLD fMRI Responses Evoked by Sensory and Channelrhodopsin-2 Stimulation 
in the Rat Somatosensory Cortex. Journal of Molecular Neuroscience. 53:553-561. 

31. Vazquez AL, Fukuda M, Crowley JC, Kim SG (2014): Neural and hemodynamic responses 
elicited by forelimb- and photo-stimulation in channelrhodopsin-2 mice: insights into the 
hemodynamic point spread function. Cereb Cortex. 24:2908-2919. 

32. Wang H, Peca J, Matsuzaki M, Matsuzaki K, Noguchi J, Qiu L, et al. (2007): High-speed 
mapping of synaptic connectivity using photostimulation in Channelrhodopsin-2 transgenic 
mice. Proceedings of the National Academy of Sciences. 104:8143-8148. 

33. Ayling OG, Harrison TC, Boyd JD, Goroshkov A, Murphy TH (2009): Automated light-based 
mapping of motor cortex by photoactivation of channelrhodopsin-2 transgenic mice. Nature 
methods. 6:219-224. 

34. Ji L, Zhou J, Zafar R, Kantorovich S, Jiang R, Carney PR, et al. (2012): Cortical neurovascular 
coupling driven by stimulation of channelrhodopsin-2. PloS one. 7:e46607. 


	Using optogenetics to study neurovascular coupling
	The spatial resolution of hemodynamic mapping
	Supplemental References

