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            Abstract
Neural activation increases blood flow locally. This vascular signal is used by functional imaging techniques to infer the location and strength of neural activity1,2. However, the precise spatial scale over which neural and vascular signals are correlated is unknown. Furthermore, the relative role of synaptic and spiking activity in driving haemodynamic signals is controversial3,4,5,6,7,8,9. Previous studies recorded local field potentials as a measure of synaptic activity together with spiking activity and low-resolution haemodynamic imaging. Here we used two-photon microscopy to measure sensory-evoked responses of individual blood vessels (dilation, blood velocity) while imaging synaptic and spiking activity in the surrounding tissue using fluorescent glutamate and calcium sensors. In cat primary visual cortex, where neurons are clustered by their preference for stimulus orientation, we discovered new maps for excitatory synaptic activity, which were organized similarly to those for spiking activity but were less selective for stimulus orientation and direction. We generated tuning curves for individual vessel responses for the first time and found that parenchymal vessels in cortical layer 2/3 were orientation selective. Neighbouring penetrating arterioles had different orientation preferences. Pial surface arteries in cats, as well as surface arteries and penetrating arterioles in rat visual cortex (where orientation maps do not exist10), responded to visual stimuli but had no orientation selectivity. We integrated synaptic or spiking responses around individual parenchymal vessels in cats and established that the vascular and neural responses had the same orientation preference. However, synaptic and spiking responses were more selective than vascular responses—vessels frequently responded robustly to stimuli that evoked little to no neural activity in the surrounding tissue. Thus, local neural and haemodynamic signals were partly decoupled. Together, these results indicate that intrinsic cortical properties, such as propagation of vascular dilation between neighbouring columns, need to be accounted for when decoding haemodynamic signals.
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                    Figure 1: Selectivity of blood vessel dilation to sensory stimuli in species with and without cortical orientation maps.[image: ]


Figure 2: Stimulus selectivity of single vessels and of spiking activity in the surrounding tissue.[image: ]


Figure 3: Stimulus selectivity of single vessels and of excitatory synaptic activity in the surrounding tissue.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Glutamate release is organized into orientation maps.
a, Region of cat visual cortex labelled with iGluSnFR. Pixels are colour-coded by preferred orientation with the brightness indicating the response strength. Time courses and polar plots (averages of four trials) are shown for three regions of tissue with different orientation preferences. b, Orientation maps of iGluSnFR responses from a different cat. Time courses and polar plots are averages of ten trials.


Extended Data Figure 2 Arteriole dilation in the absence of glutamate signalling or local spiking.
a, Time courses and polar plots of arteriole dilation (red) and the release of glutamate in a 400-μm-diameter window surrounding an arteriole (blue). Averages of eight trials are shown for vessel dilation and ten trials for glutamate responses. In time courses, error bands represent s.e.m. and grey bars represent the periods of visual stimulation. The responses to the 135° and 180° stimuli (outlined by the black box over the time courses) are large for the vessel dilation but virtually non-existent for the glutamate activity. b, Quantifying the relative amplitude of the vessel and neural responses to each of the eight stimulus directions for the single cat experiment shown in a. Each data point in the scatterplot represents the average response of the vessel and of the neural tissue surrounding it to a single direction of visual stimulation, normalized by the response to the best direction. c, Quantifying the relative amplitude of vessel and neural responses across all cat experiments. Top panel shows glutamate versus dilation data (n = 37 windows and vessels in 5 cats) and the bottom panel shows calcium versus dilation responses (n = 19 windows and vessels in 8 cats). Each data point in the scatterplot is as described in b. The histograms at the top and right show the distributions of neural and dilation responses, respectively. In both population scatterplots, there are many data points in the top left quadrant, indicating stimuli that drove robust dilation responses but minimal glutamate or calcium responses. All data are from cat visual cortex layer 2/3.


Extended Data Figure 3 Direction selectivity of parenchymal vessels and of local spiking and synaptic activity.
a, Population distributions of the direction index of calcium (green, n = 19 windows in 8 cats), glutamate (blue, n = 37 windows in 5 cats) and vessel dilation (red, n = 79 vessels in 18 cats) responses. All data were obtained from cat visual cortex and neural responses were pooled over 400-μm-diameter windows. The DI of spiking activity was greater than the DI of synaptic responses (P < 0.01, Mann–Whitney test) and the DI of vessel dilation (P < 0.0005, Mann–Whitney test). The DI of synaptic activity was not different from the DI of vessel dilation (P = 0.70, Mann–Whitney test). Solid bars are medians and boxes show the interquartile range. b, For each vessel that had a corresponding 400-μm-diameter window of calcium or glutamate activity, the vessel direction index is plotted against the corresponding neural direction index. There was no significant correlation for calcium (R = 0.2, P = 0.43, n = 19 pairs) or glutamate (R = 0.2, P = 0.23, n = 37 pairs).


Extended Data Figure 4 Dilation and velocity responses in parenchymal blood vessels with different baseline diameters.
a, The diameter of all vessels and their OSI values from cat visual cortex layer 2/3. For arterioles, OSI was determined based on dilation (n = 79 vessels in 18 cats) whereas for capillaries, OSI was calculated from blood velocity measurements (n = 15 vessels in 7 cats). b, The distribution of OSI for the three subgroups of layer 2/3 vessels analysed in our study (>15 μm, n = 44 vessels in 15 cats; ≤15 μm, n = 35 vessels in 14 cats; capillaries, n = 15 vessels in 7 cats). The OSI of the ≤15 μm vessels was greater than the OSI of the >15 μm vessels (P < 0.05, Mann–Whitney test). The OSI of the ≤15 μm vessels was not different from the OSI of the capillaries (P = 0.16, Mann–Whitney test). Solid bars are medians and boxes indicate the interquartile range. c, The OSI distribution of dilating vessels and 400 μm-diameter windows of calcium and glutamate responses.


Extended Data Figure 5 Onset latency of dilation in parenchymal vessels.
a, Vessel-by-vessel comparison of the onset latency difference between the response to preferred and orthogonal (null) stimulus orientations. Each whisker diagram represents a single vessel with the circle position indicating the standardized mean difference (SMD; calculated as Hedge’s g) in latency. The whisker length represents the 95% confidence interval (CI) of the SMD. The size of the circle represents the weight given to the vessel when calculating the population summary SMD. The population summary SMD is shown by the solid square with the error bands giving the 95% CI. The population average shows that parenchymal vessels responded significantly faster for the preferred than the null stimulus orientation. b, As a control, the analysis shown in a was repeated after randomizing the assignment of preferred and null on individual trials for each vessel. All data are from cat visual cortex layer 2/3 (n = 79 vessels in 18 cats).


Extended Data Figure 6 Dilation measurements with circle fitting.
a, The steps of the circle fitting algorithm are illustrated for a blank and a stimulus frame corresponding to the penetrating arteriole shown in the bottom panel of Fig. 1b. The raw image data (first panel) is oversampled by linear interpolation between pixels (second panel). Then a luminance threshold (a fraction of the gradient between the brightest and darkest pixel of the image) is applied (third panel). Finally, a two-dimensional sobel filter is applied to the thresholded pixels to detect the edge of the vessel (fourth panel). The circle fit is only applied to the pixels in the fourth panel but it is overlaid on all the panels for illustration purposes. b, As the threshold is increased, fewer pixels pass the threshold and therefore the baseline diameter changes. However, the percentage change in diameter across baseline and stimulus presentations (the response amplitude) and the response selectivity remain the same. Note that for vessel geometries needing an elliptical fit rather than a circular fit (see Extended Data Fig. 8c and Methods), the shorter axis of the fitted ellipse was used to estimate the vessel diameter.


Extended Data Figure 7 Dilation measurements using the cross-section algorithm do not depend on the precise location and angle of the selected cross-section.
a, Example cat pial artery (from Fig. 1c) labelled with Texas Red Dextran. b, Another pial artery from a different cat labelled with the artery-specific dye Alexa 633. Both arteries show similar tuning for cross-sections drawn >100 μm apart and also drawn perpendicular and obliquely relative to the vessel walls.


Extended Data Figure 8 Dilation measurements in small arterioles and comparison of dilation measurement techniques.
a, A penetrating artery (#1, the responses of which are shown in the top panel of Fig. 1b) and its daughter branch (#2) in cat layer 2/3 labelled with Texas Red Dextran. Red lines indicate the position of the laser scan path across the vessels for line-scan diameter measurements. b, Individual line-scans are stacked next to each other to create X-time (XT) images. The four large rectangular panels are XT images of a blank and stimulus frame for each of two vessels shown in a. The small panels to the right are the average across the image (~0.96 s) for each of the four frames. The computed diameter values are also shown. These images were oversampled by interpolating between pixels (by 5 times for vessel 1 and by 20 times for vessel 2) before the diameter was calculated. c, The time courses and polar plots of the responses for three different diameter measurements are shown for vessel 1—as a line-scan, a cross-section from a full-frame imaging run (seven trials), and the circle fit from the full-frame imaging run. In this particular example we used an ellipse rather than a circle because of the elongation of the vessel due to its diving obliquely to the imaging plane. d, Time courses of the vessel responses to preferred stimulus orientations for the three groups of vessels shown in Extended Data Fig. 4b. The responses for each vessel were aligned by stimulus onset and binned in 400-ms bins. The population average was then smoothed with a three-frame running average. Mean responses in dark colours and light bands indicate s.e.m. Note that the similar error bands and temporal profiles indicate that the smallest vessels had a similar quality of responses to the larger ones.


Extended Data Figure 9 Comparison of orientation selectivity in regions of calcium responses with and without neuropil.
a, In vivo anatomical image of cells labelled with OGB-1 AM in cat visual cortex and selection of two different masks for quantitative analysis of orientation selectivity. Left, a 400 μm-diameter mask comprising soma pixels only. Right, a 400 μm-diameter mask comprising all significantly responding pixels (see Methods). b, The time courses of calcium responses computed from the two masks. Time courses are averages of five trials, error bands represent s.e.m. and grey bars represent the periods of visual stimulation. c, For a population of 16 imaged regions (from 7 cats), the OSI was computed with the two masks and found to be indistinguishable (cell bodies only OSI mean ± s.e.m. = 0.46 ± 0.04; cell bodies and neuropil OSI mean ± s.e.m. = 0.47 ± 0.04; P = 0.12, paired t-test).


Extended Data Figure 10 Orientation-selective responses in layer 1 neurons and synapses.
a, Region of cat visual cortex labelled with OGB-1 AM (to measure spiking activity) and SR101 (to distinguish astrocytes). Note the much sparser density of neuronal cell bodies in layer 1 (left) compared with the higher density of cells deeper in layer 2/3 (right). The polar plots are the responses of the two layer 1 neurons labelled in the image. b, Region of cat visual cortex labelled with iGluSnFR (to measure synaptic activity). Again the density of cell bodies (the small black holes) in layer 1 (left) is much lower than in layer 2/3 (right). The polar plots are the responses of a 400-μm- and 100-μm-diameter window of layer 1 glutamate activity.
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Haemodynamic signals and neural function
Functional imaging techniques exploit changes in blood flow to infer neural activity, but how strongly the two are correlated is a subject of debate. Prakash Kara and colleagues imaged vascular and neural responses to a range of visual stimuli in cat and rat primary visual cortex. Responses of parenchymal vessels in cat visual cortex displayed similar orientation preference as both spiking activity and synaptic activity in the surrounding tissue, but showed less orientation selectivity. Accordingly, parenchymal vessels in cat visual cortex could respond to sensory stimuli that evoked little or no neural activity in the surrounding tissue. Surface arteries in cat and rat visual cortex or parenchymal arteries in rat visual cortex (which does not contain orientation maps) did not show any orientation selectivity. This study indicates that vascular signals are partially decoupled from local neural signals.

show all

    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
