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Abstract 

The brain’s high energy requirements drive the need for close coupling of local neuronal activity to 

blood supply. Capillaries have been shown to dilate before arterioles in response to sensory 

stimulation, pointing to a key role for microvascular pericytes in mediating cerebrovascular 

dynamics.  However, many aspects of these cells’ function remain unknown and even controversial, 

from their identification, to the mechanism and regulation of their contractility in physiology and 

disease. Investigating how pericytes regulate vascular diameter is therefore likely to be the subject 

of many future experiments.  Here we provide protocols for three different techniques (ex vivo slice 

imaging, in vivo imaging and immunohistochemistry) that are highly valuable for performing such 

experiments. 

 

 

  



 
Introduction 

Brain tissue requires a constant supply of oxygen and glucose to maintain normal function 1, the 

disruption of which leads to pathophysiological consequences that form the basis of many brain 

disorders 2. The brain has a particularly high energy requirement compared to other tissues, 

comprising 2% of overall body weight, but demanding 20% of the body’s energy supply at rest 3.  This 

energy is primarily required to restore ion gradients after action and synaptic potentials 4. The 

dependence on a constant supply of energy necessitates specialised regulation of the brain’s blood 

supply: local increases in neuronal activity are spatially and temporally coupled to vascular dilation 

and hence increases in the regional blood supply, a phenomenon known as neurovascular coupling.  

This increase in blood flow in response to neuronal activity underlies the blood-oxygen-level 

dependent (BOLD) signal used in functional magnetic resonance imaging as a surrogate measure of 

neuronal activity in human imaging studies (see Hall et al. 5). 

 

Signals generated by neuronal activity 

The excitatory neurotransmitter glutamate is a key link between brain energy use and 

increased blood supply, as it drives both the largest component of energy use (reversal of ion fluxes 

through synaptic glutamate receptors) and vasodilation 6. There are a myriad of routes by which 

neuronal activity and glutamate release can affect the vasculature, however, including activation of 

nitric oxide production (predominantly in interneurons; Lecrux and Hamel 7), neuronal or astrocytic 

production of arachidonic acid and its vasoactive metabolites prostaglandin E2 (in excitatory 

neurons, interneurons or astrocytes 8 9), epoxyeicosatrienoic acids (EETs; in astrocytes), and 20-HETE 

(in smooth muscle cells, where it constricts vessels; see Attwell et al. 6) and release of vasoactive 

peptides from interneurons (e.g. neuropeptide Y, which is a vasoconstrictor 10), and potassium from 

astrocytes (which dilates or constricts vessels depending on the extracellular concentration) 11.  The 

relative contribution of these various signalling pathways and cell types to neurovascular coupling 



 
are a matter of considerable debate (see Howarth 12; Filosa et al 13; Lecrux and Hamel 14; Hall et al. 5) 

and are likely to vary with the nature of the stimulation, brain area studied or experimental 

conditions (Enager et al. 15, Hall et al. 5). 

 

Vascular responses to neuronal activity 

Classically, smooth muscle cells (SMCs) were thought to be responsible for brain blood flow 

regulation, dilating and constricting arteries and arterioles in response to signals generated by 

neuronal activity, such as those discussed above.  Constriction occurs when myosin light chain (MLC) 

is phosphorylated, allowing cross-bridge cycling with smooth muscle actin. MLC phosphorylation is 

promoted by increased intracellular calcium and activation of MLC kinase, or decreased activation of 

MLC phosphatase, for example by activation of Rho kinase 16. Conversely, dilation occurs when the 

intracellular calcium concentration is reduced, and/or the activity of MLC phosphatase is promoted.  

Second messenger molecules generally regulate smooth muscle cell tone by either altering the 

intracellular calcium concentration, often by altering the membrane potential and therefore 

regulating calcium entry through voltage-gated channels, or by activation of receptors that lead to 

alterations in the cyclic nucleotides that regulate MLC phosphatase (see Hamilton et al. 17).  

Potassium channels on SMCs are a major target of neurovascular coupling signals, their activation 

resulting in hyperpolarisation, thus promoting dilation 18.   

 

In addition to SMCs on arterioles, capillary pericytes have more recently been shown to also regulate 

cerebral blood flow 19 20. Pericytes are located on capillaries and classically possess a different 

morphology from SMCs: while SMCs appear as rings wrapping around the vessel, pericytes are 

spatially isolated and possess a ‘bump on a log’ morphology, with processes that emanate from 

these ‘bumps’ 17. However, there has been controversy in the field as to whether pericytes can be 

considered contractile or not 21. While Hall et al. 20 found that sensory stimulation induced dilation of 



 
pericyte-covered capillaries before arterioles, and predicted that up to 84% of blood flow increase 

was produced by this capillary dilation 20, Hill et al. argued that capillary pericytes lack the smooth 

muscle actin required for this cell type to be contractile, and that, unlike SMCs,  pericytes lacking 

smooth muscle actin were not contractile 22. However, this apparent discrepancy in findings appears 

to be due to differences in how pericytes and SMCs are defined 21. Zimmerman’s beautiful drawings 

in the 1920s 23 first illustrated the lack of an abrupt change between SMCs and pericytes, instead 

showing a gradual transition in cellular morphology between rings of smooth muscle, pericytes with 

circumferential and longitudinal processes, and mid-capillary pericytes with only longitudinal 

processes. Importantly, however, Zimmerman classed all cells with processes, as opposed to classic 

rings of smooth muscle, as pericytes 23 24. Recently, Hartmann et al. used transgenic mice to visualise 

individual pericytes and attempted a more specific classification of pericyte subtypes, describing 

smooth muscle-pericyte hybrids, mesh pericytes, and thin strand pericytes, each possessing differing 

levels of smooth muscle actin and morphologies (e.g. with circumferential and/or longitudinal 

processes; Fig 1a, b) and therefore differing capacities for contractility 25. Conversely, Hill et al. used 

a much more limited definition of pericytes, classifying those cells with only longitudinal processes 

as pericytes and any cell with circumferential processes as an SMC (including those with the classic 

pericyte bump on a log morphology22). These cells with circumferential processes (which would 

usually be termed pericytes) were found to express smooth muscle actin and to be contractile. In 

short, the data agrees that vascular mural cells on vessels of small calibre, commonly termed 

pericytes, are contractile up to approximately 4 branches from diving arterioles, while the evidence 

is less clear for a contractile role for mid-capillary pericytes. 

 

This debate over the very definition of a pericyte, and their functional properties, indicates 

how much more research is required in order to understand the role of these cells within the 

cerebrovascular system more fully, and how their function changes across the vascular tree. There is 



 
still much to learn about the molecular signalling pathways through which pericytes are able to 

constrict and dilate, as well as their role in disease states that implicate brain vasculature, such as 

dementias and stroke. Here, we detail experimental imaging methods that are of use in investigating 

the role of pericytes, including ex vivo slice imaging and in vivo imaging with two-photon 

microscopy. 

 

Ex vivo brain slice imaging 

While ex vivo techniques lack the ability to measure neurovascular coupling under entirely 

physiological conditions (for example, due to the absence of blood flow through the vessel), they 

remain valuable due to the increased level of experimental control this allows. Firstly, better control 

of the delivery and concentration of applied pharmacological agents is possible (but see Mishra et al. 

26).  Secondly, the very nature of measuring neurovascular coupling in vivo complicates 

interpretation of what is observed due to the complexity of vasoregulation. For example, in vivo, as 

the vasculature is a connected network of vessels, it can be difficult to isolate changes in capillary 

diameter that are caused by active constriction or dilation of pericytes from those caused by passive 

changes in blood pressure produced by changes in larger vessels up or downstream from the 

measured capillary 26. The lack of blood pressure and therefore such passive effects in brain slices, 

combined with the increased control over the local environment, and the ability to record from 

subcortical structures that are too deep to be accessible for in vivo recordings (e.g. 2-photon 

microscopy, laser Doppler flow and 2D optical intrinsic spectroscopy), make the use of brain slices a 

valuable technique for investigating the mechanisms by which neuronal activity regulates the 

vasculature. The development of pressurised arteriole preparations in brain slices 27 28 has proved a 

valuable way of increasing the physiological relevance of ex vivo studies of neurovascular coupling, 

but does not allow for the study of the smaller capillary and pre-capillary vessels required for most 

studies of pericytes, so will not be considered here. 



 
 

Protocol for imaging neurovascular coupling in ex vivo brain slices 

Summary 

Dissect the brain. In ice-cold high magnesium artificial cerebrospinal fluid (aCSF) with kynurenic acid, 

make 200 μm slices using a vibratome. Move these slices into NMDG solution for ~10 minutes for 

recovery, then into room temperature high magnesium aCSF until use. Deposit a slice onto the 

microscope stage in a bath of Standard aCSF, locate your region of interest using a low magnification 

objective, then within this, look for healthy vessels using a higher magnification objective. Ideally, 

use both bright field and a fluorescence signal from a genetic pericyte marker such as NG2/DsRed to 

locate the desired vessels. Apply the required drugs and acquire images using a software package 

such as Micromanager. Analysis can be carried out in Image J: measure the diameter of the vessel 

lumen throughout the recording, then standardise these measurements to the initial diameter to 

allow comparison between vessels. 

 

Slicing Solutions 

1. High magnesium aCSF with kynurenic acid (HM aCSF): used for slicing and maintenance of slices 

before use. The high magnesium concentration blocks NMDA receptors 29 while kynurenic acid is a 

low affinity general ionotropic glutamate receptor blocker 30. Blocking glutamate receptors during 

slicing reduces cell damage via excitotoxicity 31. In dH2O mix 124 mM NaCl; 26 mM NaHCO3; 2.5 mM 

KCl; 1 mM NaH2PO4; and 1 mM kynurenic acid. This can be stored at 4oC for 1-2 weeks. On the day 

of slicing, add 2 mM MgCl2; 2 mM CaCl2, and 10 mM Glucose.  

 

2. NMDG heat recovery solution (NMDG):  

NMDG (a methylated organic cation) replaces NaCl in the recovery solution. In addition to decreasing 

the external sodium concentration, it decreases sodium channel permeability, enhancing the 



 
neuroprotective benefits of a low sodium bathing solution on brain slices, in comparison to use of 

sucrose 32 33. By increasing buffering capacity, the inclusion of HEPES also prevents oedema in slices, 

which has been shown to be associated with glutamate receptor activation, oxidative stress and 

tissue acidosis 34. The NMDG solution has been found to increase the viability of brain slices both in 

terms of neuronal and vascular preservation 26 35, and is especially useful when using slices from 

animals older than adolescent age to prevent swelling and damage that occurs in the recovery 

process (limitation of damage in this phase appears to be more important than protection in the 

cutting process 36).  

 

In dH2O mix 93 mM NMDG; 30 mM NaHCO3; 2.5 mM KCl; 1.2 mM NaH2PO4; 10 mM MgSO4; and 20 

mM HEPES. Adjust pH with 10N HCl to 7.4. This can be stored at 4oC for 1-2 weeks. On the day of 

slicing, add 5 mM sodium ascorbate; 2 mM thiourea; 27.5 mM sodium pyruvate; 0.5 mM CaCl2; and 

25 mM glucose. Gas with 95% O2 5% CO2, and pH to 7.4. 

 

Experimental Solutions 

Standard aCSF: for use during experiments 

In dH2O mix 124 mM NaCl; 26 mM NaHCO3; 2.5 mM KCl; 1 mM NaH2PO4; and 1 mM kynurenic acid. 

This can be stored at 4oC for 1-2 weeks. On the day of slicing, add 1 mM MgCl2; 2 mM CaCl2, and 10 

mM Glucose.  

 

Dissection and production of brain slices using a vibratome 

1. Gas solutions (HM aCSF and NMDG) with 95% O2 5% CO2 at the required temperature for at 

least 30 minutes before use, to allow equilibration of dissolved gases. A bottle of HM aCSF 

should be kept on ice, while gassing, for use in cooling the brain during dissection and 

slicing. A slice storage pot should be filled with gassing HM aCSF at room temperature, and a 



 
heat recovery slice pot should be filled with NMDG solution, gassed and maintained at 32oC 

in a water bath.  

2. Prepare the slicing block: glue a cube of agarose to the surface of the slicing block upon 

which the brain will sit, so that the brain is supported during slicing. Keep all tools that touch 

the brain before and during slicing ice cold. 

3. Cull the animal using methods sanctioned by local and national regulations (Schedule 1 of 

the Animals (Scientific Procedures) Act 1986 in the UK) and remove the head into a small 

beaker filled with ice-cold HM aCSF and ice to allow initial cooling of the brain and minimise 

damage to the tissue.  

4. Dissect the brain area of interest.  For example, to prepare forebrain slices, take the head 

and with fine scissors, cut the skin down the midline towards the nose. Peel the skin away 

from the skull, and cut with the scissors from the posterior of the skull along the midline 

towards the nose. Make a cut between the eye sockets so that the skull forms two flaps. 

These can be peeled back with forceps (blunt forceps that are less likely to cut through the 

skull are most useful for this) to expose the brain. Use a small spatula to gently move the 

brain away from the base of the skull and place it into a petri dish filled with HM aCSF. To 

ensure maximal health of vessels, the dissection process should be carried out quickly, 

whilst keeping the brain as cool as possible and avoiding any damage with scissors or 

forceps. This can be aided by working swiftly and taking measures such as cooling the 

dissection tools prior to use and frequently cooling the brain in HM aCSF and ice during 

dissection. 

5. With a single edged blade, cut coronally, or as appropriate for the brain regions that you 

intend to study, to remove the parts of the brain that are not required, while generating a 

flat brain surface to mount the brain onto the slicing block. For making coronal slices of 

forebrain, cut a flat base at the dorsal end of the cerebrum. For stability, the brain can be 



 
removed from the bathing solution and placed onto HM aCSF-soaked filter paper for cutting.  

6. Glue the brain to the slicing block in the appropriate orientation for the slices you require, 

ensuring that it is supported by the agarose cube, and mount the slicing block onto the 

vibratome.  Immerse the brain in HM aCSF throughout the slicing and gas with 95% O2 5% 

CO2. We generally prepare 200 μm slices using a Leica VT 1200S, with a new sharp blade 

each time, and using a speed of 0.1 mm/s and amplitude of 1 mm. 

7. After cutting each slice, use an open ended Pasteur pipette (either cut the end off a plastic 

pipette or trim the tip off a glass pipette, flame the sharp edges, and place the rubber cap 

over the cut end so that slices can be collected with the uncut, open end of the pipette) to 

move them from the vibratome chamber to the heat recovery slice pot. Within this, slices 

should be submerged in the heated NMDG solution for ~10 minutes (<15 minutes) for 

recovery.  

8. Slices can then be placed onto a nylon mesh in room temperature HM aCSF until use (e.g. in 

the slice pot shown in Fig 2ai). Using these slices soon after slicing should ensure the best 

results as blood vessels collapse over time and endothelial cells and pericytes swell and die.  

Generally, it is substantially more difficult to locate healthy vessels after a period of 4 hours. 

Ensure that slices are adequately oxygenated during this time by removing any bubbles on 

the nylon mesh that might prevent contact between the slice and the oxygenated HM aCSF 

and keep the slices evenly spaced from one another so that access to oxygen and glucose is 

not impeded by other slices. 

Locating Vessels 

1. The experimental solutions (standard aCSF and any pharmacological compounds) should be 

gassed with oxygen (we use 20% or 95%, see Hall et al. 20) and 5% CO2 and heated to 37oC to 

mimic physiological conditions.  (Note that using 95% oxygen will generate hyper-

physiological oxygen levels throughout the brain slice. Using 20% oxygen in experimental 



 
solutions will produce physiological oxygen concentrations near the slice surface, where 

vessels will be imaged, although the slice core will be hypoxic 20 26. Consideration of the 

oxygen concentration near the vessel is important as it can alter the direction of vascular 

responses 9).  

2. Use a peristaltic pump to pump the standard aCSF to the bath where the slice will be 

imaged. Solution can be removed from the bath either with a peristaltic pump or a vacuum 

line. Deposit the slice into the bath and secure it with a harp (consisting of a thin rod of 

platinum bent into a horseshoe shape, with nylon thread wrapped and glued from edge to 

edge (fig. 2C)).  

3. Use the 4x objective to locate the desired brain region, then move to a higher magnification 

(40x or 60x) to look for individual vessels that are suitable for imaging.  

  

Whilst vessels can be imaged using bright-field alone, or differential interference contrast 

(DIC), locating pericyte-covered capillaries is made easier with the use of NG2-DsRed transgenic 

mice. These express an optimized red fluorescent protein variant in NG2-expressing cells37.  In the 

brain, the only NG2-positive cells are oligodendrocyte precursor cells or pericytes and smooth 

muscle cells on blood vessels 38. This fluorescent signal allows identification of pericyte-covered 

vessels, and also aids in the discrimination between capillaries, arterioles/precapillary arterioles and 

venules/postcapillary venules due to the differences in pericyte morphology 21 25. The health of the 

vessel is generally best judged from the bright-field image (although an excessively bright DsRed 

signal can indicate vessel death). Vessel wall thickness and red blood cell shape can be used to 

determine the health of the vessel too: walls that are thick and/or lumpy due to swollen endothelial 

cells are usually unhealthy and unresponsive, as are vessels with red blood cells that have lost their 

biconcave disc morphology. Even in capillaries, where red blood cells may be deformed due to the 

narrow vessel calibre, healthy cells usually show a hint of the biconcave morphology and have a 



 
“brighter” surface than unhealthy cells, which appear more dull and elongated (Fig 3b 26). 

 

Red blood cells and vessel walls are indicators of vessel health that cannot be provided using 

DsRed signal alone, and it is therefore recommended to use both bright field and fluorescence 

imaging in order to obtain the most information about the vessel. This might not always be possible, 

especially in areas such as the striatum where white matter tracts render imaging of vessels using 

bright field alone extremely difficult. Under conditions such as this, the DsRed signal is particularly 

useful in allowing pericyte covered vessels to be located, but information about the health of the 

vessel is limited to external indicators such as the relative brightness of the vessel and the roundness 

of the pericytes (pericytes that are overly round and protrude far from the vessel are dead or dying). 

More information about improving and judging the health of vessels in brain slices can be found in 

Mishra et al. 26. 

 

Image Acquisition 

1. Image acquisition of the vessel can be carried out using open source Micromanager 

software.  Set acquisition rate according to individual experimental requirements. A rate of 

approximately 1 frame per 3-5 seconds is sufficient for most pharmacology experiments, but 

faster rates will be required when electrically stimulating pericytes.  

2. Continually monitor the focal plane imaged. Some software allows acquisition at a slow rate 

while watching a “live preview” pane, while other software may only display the last 

acquired image.  In the latter case, a high acquisition rate may be required to allow sufficient 

monitoring of the current focal plane (and adjustment when required). In this case, surplus 

images can be deleted after image acquisition to decrease file size. To make maintaining 

focus throughout the acquisition easier, take a still image before the acquisition and use this 

as a comparison to ensure that the same vessel region is kept in focus.  



 
3. Ensure that the slice is held securely in place by the harp. Including more nylon strings on 

the harp will minimise movement of the slice during imaging, as will ensuring that the 

surface of the platinum frame is kept as smooth as possible by using minimal glue to attach 

the strings to the harp. 

4. Time how long the liquid takes to reach the slice prior to starting the experiment so that the 

start point of any solution changes are known. Drug additions to the slices should be allowed 

adequate time to reach the bath and to act on the vessels. This will depend on the bath 

turnover rate (which depends on the bath volume and flow rate) as well as the diffusion 

time of the applied compounds into the slice and the time taken for any applied compounds 

to exert their biological effects.  For experiments where we apply neurotransmitters, we 

allow ~6 min for this to occur, but longer may be required e.g. when pre-incubating with 

blocker of synthesis of a second messenger, when substrate depletion may be required to 

see a biological effect. Be aware that drug addition itself can also be problematic for 

maintaining focus, as glutamate can cause swelling in brain slices 39. If keeping the desired 

focus becomes more difficult during glutamate addition specifically, it could be beneficial to 

revise the concentration used to minimise swelling. Maintaining consistent flow rates and 

bath size can also help with avoiding focal change; more details on troubleshooting focus 

change and tissue movement can be found in Mishra et al. 26. 

 

 

Image Analysis 

Acquired stacks can be analysed using the free image processing package ImageJ (download  

packaged as Fiji, bundled with useful image processing macros, from http://fiji.sc).  

 

Registration 

http://fiji.sc/


 
Stacks must first be registered to account for any XY movement of the vessel during image 

acquisition. If you have both bright field and DsRed stacks; it is possible to register the DsRed image 

and use this to automatically register the bright field, for example using the ImageJ plugin “Image 

Stabilizer” 40.  Other useful ImageJ registration plugins include “StackReg” 41 and “Template 

matching” 42. 

 

Measurement 

Analysis from this point of vessels recorded using DsRed and vessels recorded using bright-field is 

very similar: the primary difference being whether the lumen or the external vessel wall is able to be 

measured.  

1. As bright-field images allow the lumen to be viewed, a line can therefore be drawn between 

the inner vessel walls and then adjusted to measure the diameter on subsequent frames 

(Fig. 4).  For pharmacological studies, we suggest recording the diameter at least every ~10 

seconds (i.e. every 2-3 frames). Any changes in the vessel diameter that are not captured 

using this ~10 second interval should be measured at a higher acquisition frequency; for 

example vasomotion, which exhibits oscillations that might occur at too high a frequency to 

be captured when measuring every 10 seconds 43. As vessels measured using DsRed signal 

do not generally allow the lumen to the viewed, the line must instead be drawn between 

the edges of the exterior walls and adjusted and measured over the same interval. For 

fluorescence images, automated methods are also possible, depending on the contrast 

available (see Mishra et al 26). It is important to check that diameters are measured within 

the same focal plane, so that any apparent diameter changes are not due to changes in 

focus, and also to be alert for other potential artefacts (Note 1). 

2. Diameter measurements can be exported to Microsoft Excel or other analysis software, 

where they can be converted from pixels to micrometres, if necessary. Further analysis can 



 
now be undertaken.  

 

In vivo Imaging 

Two-photon imaging for the visualisation of cortical blood flow was developed by David Kleinfeld 44, 

and allows imaging of vessels and neuronal activity in anaesthetised and, more recently, awake, 

behaving rodents. This method has great utility in measuring cerebrovascular dynamics as they 

occur under physiological conditions. The increased use of the awake preparation removes 

confounds due to the effects of anaesthetics on both neuronal activity 45 and modulation of the 

vasculature (e.g. by acetylcholine 46). Drawbacks are, however, the lack of pharmacological control 

compared to studying brain slices, the inability to record from deep brain structures, and potential 

effects on the cerebrovasculature by the cranial window preparation itself 47.  

 

Cranial Window Surgery 

If appropriate, a thinned skull window is less invasive and prevents pathological reactions in the 

tissue over time (detailed in Drew et al. 48) and does not result in changes in spine turnover and glial 

activation that affect dendritic spine plasticity, allowing a decreased probability of structural and 

functional consequences 49. However, for improved optics and deeper access within the cortex (>250 

μm 50), an open skull window is required 51 52. Our procedure largely follows the protocol described 

by Goldey et al. 52, but we made some adaptations. One of the most crucial changes is splitting the 

surgery into two parts: the preparation, which includes preparing and sterilising the surgical site, and 

the surgery, from which point onwards everything used is sterile to maintain asepsis. This adaptation 

ensures that the surgical procedure is in line with the guidelines of the Laboratory Animal Science 

Association (LASA) as described in their report “Guiding Principles for Preparing for and Undertaking 

Aseptic Surgery” 53.  

 



 
Medication for a 25-gram mouse:  

Give the mouse an intramuscular (IM) injection of 120 µg dexamethasone 4-8 hours before surgery 

to prevent inflammation of the brain and neural oedema. Either before or at the end of the surgery, 

give the mouse an IM injection of 1.2 µg of the analgesic buprenorphine. Immediately prior to the 

induction of general anaesthesia, give the mouse an intraperitoneal (IP) injection of 400 µl sterile 

saline in order to prevent dehydration and a subcutaneous (SC) injection of 6.25 µg metacam 

(meloxicam; non-steroidal anti-inflammatory/analgesic). Feed the mouse wet food mash with 10 µg 

metacam mixed through for three days after surgery, ensuring that it is eaten.  An extra SC injection 

can be given if the mouse does not eat the wet mash. 

 

Preparation: 

1. Put the mouse under general anaesthesia by placing it in an induction chamber. Infuse a 

vapour comprised of 4% isoflurane in pure oxygen until the frequency of breathing has 

reduced to ~1.5 Hz, then reduce the level of isoflurane to 2%. Flush the chamber for 4 

seconds, gently remove the mouse, administer the IP saline injection (see above) and place 

the mouse in the anaesthesia mouthpiece of the stereotax (Stoelting, US). Check the reflexes 

to ensure adequate anaesthesia levels and give the mouse the SC injection of metacam (see 

above). Whenever the breathing of the mouse becomes too slow, irregular or if the mouse is 

gasping, turn down the isoflurane level. Over the course of the surgery the percentage of 

isoflurane can be reduced to 1.5-1%, but make sure to keep checking the mouse’s reflexes 

(toe pinch) and increase the isoflurane level if necessary.  

2. Maintain the body temperature of the mouse (37°C) using a heating plate connected to a 

temperature controller (e.g. World Precision Instruments, US). Place the ear bars and keep 

the eyes moist by applying opthalamic ointment (e.g. VitA-POS, Scope Ophthalmics, UK).  

3. Trim the hair from the head of the mouse and remove the remaining hair with removal 



 
cream (e.g. Veet, Reckitt Benckiser, UK), and clean the head with saline.  

4. Clean the surgical site with 70% ethanol and apply an antiseptic (e.g. betadine, Purdue 

Products, USA) using a cotton-tipped applicator (e.g. VWR, UK) to ensure the skin is as sterile 

as possible and to minimise risk of infection. Repeat this 3 times. For the final application of 

the antiseptic start in the middle of the surgical site and spiral outwards to prevent 

contamination of the site by the surrounding unsterilized skin and hair. 

 

Surgery: 

After this point, procedures are carried out using aseptic technique. To prepare, make sure the 

working area and everything to be touched has been cleaned with 70% ethanol. Hands should be 

washed with 4% chlorhexidine gluconate (e.g. Hibiscrub, Centaur Services, UK) prior to putting on a 

sterile gown and sterile gloves. To reduce costs, autoclaved nitrile exam gloves can be used 54. 

Sterilisation of the required equipment is achieved by autoclaving (glass bead sterilisation is not 

sufficient). Before autoclaving the surgical instruments, make sure all blood/tissue from the previous 

surgery has been removed by first scraping and then placing in a bath sonicator for 5 minutes. Place 

a sterile drape on the working area and lay out all the required sterilised surgical instruments and 

other necessities (e.g. the sterile cotton-tipped applicators).  

5. Cut away an area of the skin and membrane with small spring scissors to expose the skull. 

Ensure an adequate surface area is exposed to attach the head post. For the visual cortex, 

we require the window to be placed 3mm to the left of the lambda, slightly above the 

suture, which requires skin to be removed right up to the left ear and along the back of the 

skull to partly expose the neck muscles.  

6. Partially remove the neck muscles on the side of the cranial window using forceps and spring 

scissors, while minimising any bleeding using surgical spear sponges (e.g. Fine Science Tools, 

UK). Seal the muscles and skin with a cyanoacrylate tissue adhesive such as Vetbond (3M, St 



 
Paul, US) using the wooden end of a cotton-tipped applicator from which the end is cut off 

diagonally to increase its precision. 

7. Roughen the skull with blunt forceps and use a surgical scalpel blade to make overlapping 

scores in two perpendicular directions. Avoid the region that is to be drilled, as grooves may 

cause the drill to catch. Apply Vetbond over the whole area.  

8. Determine the co-ordinates of where the cranial window is required by reference to a brain 

atlas and mark the hole to be drilled in the region of interest using a surgical marker and a 

surgical caliper to measure the size and position.  

9. Apply dental cement (Unifast Trad Self Cure Liquid and powder, Kent Express Limited, UK) on 

the exposed skull using a diagonally cut wooden applicator (as above). If you plan to make 

use of visual stimuli, mix in a small amount of black tempera powder (e.g. Reeves, UK) with 

the powder component of the cement (1:15 ratio) for light-shielding. Ensure the edge of the 

skin around the skull is sealed and apply the cement generously while avoiding the circle 

marked for drilling. Gently press the titanium head post (see Goldey et al. 52) down on the 

cement and move it until the drawn circle is roughly in the middle, while making sure the 

head post is not too close to the eye. The surface area of the head post that is attached to 

the cement needs to be as large as possible to allow for maximum stability. If necessary, to 

ensure this, more cement can be added after the head post has been placed. 

10. Ear bars can be removed once the cement has hardened. Remove the mouse from the 

mouthpiece of the stereotax and place it in a free-moving anaesthesia mask. Hold the newly 

fitted head post in place using a lock-arm with an attached clamp. As our work surface is 

magnetic, we use a lock-arm with a magnetic base. Another solution is to attach the arm to 

the base of the stereotax. 

11. Make a fenestrated drape from a small sterile drape to cover the mouse, but leave the skull 

exposed. This allows any dust created by drilling to be collected, preventing it from 



 
contaminating the wound site. 

12. Use a microdrill (e.g. Saeshin Precision Ind. Co., Korea) to remove excess cement and a 

compressed air duster to clear the surgical site of dust, then drill around the edge of the 

hole that was drawn out. It is important that the brain does not overheat during this 

process. To avoid this, take regular pauses and wet the surface with saline. Flatten the 

surface around the resulting carved circle (see Goldey et al.52) to help the window attach 

later in the procedure.  

13. Moisten the bone with saline and leave it to soak. After about a minute, lift off the bone flap 

with a microprobe and/or forceps, while controlling any bleeding with gelfoam (Avitene 

Ultrafoam, Bard Davol Inc., US). When removing the gelfoam, make sure it is sufficiently 

moist to prevent rupture of vessels. Keep replacing the foam until the bleeding stops. 

14. At this point the dura can be removed to improve the quality of imaging, allowing optical 

access to deeper cortical layers. Use super fine forceps (Dumont #5SF Forceps, Fine Science 

Tools) to gently lift up the dura in a region without vessels and drag it towards the edge. 

Carefully tear it off along the edges until all dura is removed. This procedure is likely to cause 

bleeding, so immediately apply gelfoam until the bleeding has stopped. 

15. The glass window consists of three circular coverslips glued together using UV-curing optical 

cohesive (e.g. a 5mm coverslip with two 3 mm coverslips glued underneath). The top 

coverslip needs to be slightly larger and will be attached to the skull, while the two smaller 

coverslips underneath plug the hole. Place the window in 70% ethanol before use. Dry the 

skull around the hole using a spear sponge without removing too much saline from the brain 

surface. 

16. Rinse the window in saline and place it on the exposed brain. Secure the top coverslip 

against the skull with an applicator attached to the stereotaxic manipulator arm, use the 

micromanipulator to position the applicator in the middle of the window and gently push it 



 
down. Apply Vetbond around the edge of the top coverslips such that it will seep 

underneath to bond with the skull, then seal with dental cement.  

17. Remove the applicator and drill away any excess cement that might impede the movement 

of the objective. 

18. Finally, two rubber rings can be glued on top of the head post to create an imaging well as 

described by Goldey et al. 52. 

19. Allow the mouse to wake by gradually lowering the percentage of isoflurane to 0% and wait 

until the mouse starts to move around. During recovery, it is important that the mouse is 

kept warm while monitoring its breathing until the anaesthesia has worn off. We usually 

place the heat plate in a Tupperware box and place the mouse here for recovery, but 

alternatively the mouse can also be placed in a recovery heat chamber set at 38oC. When 

the mouse starts grooming, place it back in its cage. Make sure that the cage does not 

contain any parts that can cause the head post to get stuck (e.g. use cages with plastic rather 

than wire lids).  

 

Dye Injection 

1. 2.5% (w/v) Texas Red Dextran (70 kDa) should be made up with sterile saline and 

immediately aliquoted into 100 μL syringes. Store at -20oC until use.  

2. Dye must be injected intravenously to label the blood serum and allow contrast between the 

vessel and the surrounding tissue. The dextran moiety in this dye prevents it from crossing 

the blood brain barrier and leaking from the vessels. It should remain detectable in the 

circulation for approximately 3-4 hours 47, and clearest signal will be obtained as soon as the 

dye is injected (see Note 2). 

3. Warm the mouse in a chamber at 37oC for ~10 minutes to dilate vessels. Isoflurane (4% for 

induction, 1.5% for injection) can be used to sedate the animal prior to the dye injection to 



 
prevent movement of the mouse, and to further dilate blood vessels (see Note 3). 

4. The dye is injected with a 29 gauge needle into the tail vein immediately after warming. 

Injecting the dye midway along the tail is usually most successful, but the injection can be 

made closer to the base if veins are less visible.  

 

Imaging 

When imaging, the mouse needs to be head-fixed using both of the protruding connection sites of 

the titanium head post (see Goldey et al. 52) for stable recordings. Two frames are mounted on the 

translation stage of the two-photon microscope setup on either side of the objective to which the 

head post can be tightly connected with screws. Difficulties with noise resulting from movement of 

the mouse during imaging and the improvement of this through habituation to the head restraint 

are detailed in Summers et al. 47. If appropriate for the experiment, mice can instead sit atop a free 

moving polystyrene cylinder or sphere (Dombeck et al. 55; 200 mm and 250 mm Polystyrene balls, 

Polycraft Supplies, UK), which allows the animal to voluntarily run throughout testing. The speed of 

locomotion on the sphere or cylinder can be measured using a computer mouse and vascular and 

neuronal analysis can be segregated depending on whether data were collected when the mouse 

was in locomotion or while the mouse was stationary. 

 

1. Train the mouse so that it is accustomed to moving on top of the sphere prior to 

experimentation. This will usually take place over several days (depending on the mouse’s 

progress), starting with brief sessions that gradually increase in duration. During training and 

imaging, monitor the mouse to gauge the comfort and stress level of the animal and 

whether the experiment should be continued, and supply adequate drinking water via a 

pipette. Well-trained mice were exposed to experimental sessions of up to two hours. 

2. The balance between running and stationary episodes can be influenced by changing the 



 
size of the mouse cage, the amount of enrichment in the cage and the presence of a 

treadmill. However, there is a large amount of variability between individuals, so it may take 

a degree of trial and error to achieve the desired balance. The mice are kept on a reversed 

day/night cycle so that they are active during daytime experimental sessions. Usually the 

cage enrichment consists of nesting material, a plastic or cardboard refuge and tunnel, a soft 

wooden block for the mouse to gnaw on, scattered foraging food (e.g. sunflower seeds) and 

a horizontal treadmill (e.g. Flying saucer, Small n Furry). A few days a week, the horizontal 

treadmill is replaced by a vertical treadmill (e.g. Small pet exercise wheel, Pets at Home) for 

several hours, using an adapted lid made from an upside-down cage to account for the 

height of the treadmill. Along with enough handling and training on the spherical treadmill, 

this is often adequate for the mouse to primarily run during experiments, sometimes with 

uninterrupted running bouts of up to an hour. To increase the probability of the mouse 

constantly running during experiments, the mouse can be transferred to a large luxury, 

multi-level mouse or rat/hamster cage with a treadmill during the day and ample 

opportunity for running and climbing. If the opposite is desired, i.e. a mouse that 

comfortably sits of the spherical treadmill during most of the experimental session, omit the 

treadmill when arranging its housing cage. Be aware, however, that this increases the risk of 

obesity. The initiation and end of a running episode is decided by the mouse to ensure all 

locomotion is voluntary. 

3. When using visual stimulation during imaging, light-seal the space between the head post 

imaging well and the objective using low light transmission masking tape (e.g. T743-2.0 high-

performance black masking tape, Thorlabs Ltd, UK). Take care in avoiding the mouse’s 

whiskers, as these can easily become caught; often leading to excessive grooming behaviour, 

which prevents the animal from attending to experimental stimuli. 

4. At the start of an experimental session, acquire a low magnification/high resolution Z-stack 



 
from the surface vessels down to capillaries in deeper cortical layers in order to later 

characterize the sections of vessels recorded from within the context of the vascular 

network (Fig 5a). This also allows navigation to the same region in future imaging runs 56.   

5. When recording the vessel diameter over time, it is important that, as with ex vivo slice 

imaging, it can be ensured that apparent dilations and constrictions occur as a result of real 

changes in vessel diameter and not due to changes of the focal plane. This can be addressed 

in two ways: Firstly, by determining whether any apparent diameter changes correlate with 

XY movement as detected during the registration analysis step (see below). Secondly, cross-

sectional movies of vessel diameter changes can be recorded in addition to longitudinal 

changes (Fig. 5b), if required, as changes in Z position will affect the apparent diameter less 

in these vessels (assuming the vessel diameter is constant along its length) than when shifts 

in Z position could take the imaging plane away from the vessel midline (as is the case with 

longitudinally imaged vessels), causing the appearance of artefactual vascular constrictions. 

 

Analysis 

To measure diameter change, software packages such as Igor Pro, ImageJ or MATLAB can be used. 

As with vessel diameter analysis in ex vivo slices, it is important that the vessel stack is registered in 

order that any movement throughout the recording is accounted for. If vessel diameter is measured 

concurrently with neuronal activity, these two channels must be co-registered in order that they 

remain spatially comparable, starting with the registration of the neuronal activity and using its 

parameters for the registration of the vessel recording. This procedure can be carried out in ImageJ 

using the Image Stabilizer plugin 40.  

 

A major issue when considering analysis of vessel diameter changes is signal drop-off. As red 

blood cells exclude the dextran dye 57, their passing through the vessel appears as a dark shape that 



 
blocks the signal. This drop-off in signal allows for velocity estimation using a high frequency line 

scan along the axis of the vessel. More details of how this is analysed can be found in Shih et al. 58 

and Santisakultarm et al. 59. The gaps in signal due to passing red blood cells cause noise in the 

signal, however, this can be overcome by smoothing. This involves averaging the signal so that these 

drop-offs are minimised and the signal becomes more stable, so that any real changes are more 

apparent. However, this poses a different problem: as the signal is averaged over several time 

frames, this averaging will cause a distortion of the time points at which diameter changes seem to 

occur. It is therefore important to acknowledge this fine balance between smoothing adequately to 

reduce noise while maintaining precise time points. Further discussion of this can be found in Hall et 

al. 20.  In the data presented in Fig 5b, we used 5-point smoothing on a 10 Hz recording, accepting a 

reduction in time-precision to 2 Hz.   

 

Different methods have been used to determine the vessel diameter changes over time, 

detecting vessel edges using points of inflection in the gradient of fluorescence intensity (e.g. Hall et 

al. 20), or measuring vascular area by recording the number of pixels above a given threshold (e.g. 

Nizar et al. 60, Gao and Drew 61). Alternatively, each pixel within a binarised image of the vessel can 

be coded by how far it is from the nearest pixel outside the vessel.  Along the axis of the vessel, the 

value of this distance map is equal to the radius (in pixels) of the vessel.  ImageJ contains “point and 

click” plugins for thresholding, distance map construction and skeletonisation (i.e. finding the 

midline) of an image, and will rapidly perform these steps on each frame of an image sequence. 

Figure 5b shows an example of the changes in vessel diameter during a visual stimulation, averaged 

over 20 presentations. 

 

 

Immunohistochemistry experiments  



 
 

Immunohistochemistry allows detection of the proteins expressed by pericytes in different 

experimental conditions, so is a useful tool to probe pericyte function in health and disease. NG2 is 

one of the most commonly used pericyte markers and immunohistochemical labelling (as well as 

transgenic labelling as discussed above) of this protein allows easy visualisation of pericytes and 

smooth muscle cells. Pericytes are also commonly identified immunohistochemically by their 

expression of the tyrosine kinase receptor, platelet-derived growth factor receptor-beta (PDGFRβ), 

which is also expressed in smooth muscle cells and certain neurons and neuronal progenitors 62. A 

number of other pericyte markers exist, including CD13, ɑ-SMA and desmin, however there are 

currently no pericyte-specific markers and most are dynamic in their expression and can be up- or 

down-regulated during various developmental or disease states 62. Co-labelling of various functional 

markers of the vasculature, such as the contractile protein ɑ-SMA (Fig. 7), can provide valuable 

information regarding the likely roles of the various pericytes subtypes, including their role in 

controlling blood flow.  

 

In our experiments, 200 μm slices of mouse or rat cortex are produced following the same 

slicing protocol described previously for the ex vivo brain slice experiments. The use of brain slices, 

rather than cryosection, preserves the brain’s 3D structure and allows tracking of vessels from pial 

artery through to the mid-capillary bed. If preservation of the vascular architecture is not required, 

the use of cryosection remains a useful alternative, particularly if antibody labelling is problematic, 

given that the sections used are much thinner and penetration of the antibody will be improved.  

 

Solutions 

Phosphate buffered saline (PBS) solution, 0.1 M 

PBS is a commonly used buffer solution in biological research containing phosphate, potassium 



 
chloride and sodium chloride. We typically use PBS tablets, which should be dissolved in double 

distilled H20 according to supplier instructions in order to achieve a concentration of 0.1M. We use 

Sigma Life Science PBS tablets (1 tablet dissolved in 200 ml ddH20). 

 

Paraformaldehyde (PFA) solution, 4% (w/v) 

Dissolve PFA powder (Prilled Powder, Sigma-Aldrich, UK) in 0.1M PBS, to reach 4% (w/v) 

concentration (i.e. 40 g of PFA in 1 L of 0.1M PBS). This should be dissolved by heating the PBS to 

approximately 60 °C in a ventilated fume hood. In order for the PFA powder to fully dissolve, slowly 

raise the pH by adding several drops of 10 M NaOH, until the solution turns clear. The solution 

should then be cooled, and the pH should be checked (we use pH tape to avoid contamination of a 

pH meter by PFA). The final pH should be approximately 7.4 and can be achieved by adding small 

drops of HCL The solution can then be divided into aliquots and should be stored at -20 °C until use.  

 

Blocking and permeabilising solution (block-perm) 

Block-perm solution is made by mixing 10% (v/v) serum (ideally to match the species in which the 

secondary antibody is produced) with 0.5 % (v/v) Triton X-100 solution (Sigma-Aldrich, UK) with 0.1 

M PBS. Block-perm should be stored at 4 °C and used within 2 weeks. 

 

Methods 

1. 200 μm slices are fixed by placing them in 4% (w/v) PFA solution for 30 min in a 24-well plate 

on a rotary shaker. If the immunohistochemistry is being carried out on slices that are 

already fluorescently labelled (e.g NG2/DsRed mouse), the plate should be covered in 

aluminium foil at all times in order to prevent photobleaching of the tissue.  

2. Slices should be washed in 0.1 M PBS (3 x 10 min) on a rotary shaker to remove excess PFA. 

3. Slices should then be transferred to a new set of wells containing blocking and 



 
permeabilizing solution (block-perm; enough to cover the slices). Slices should be incubated 

in block-perm for 4-6 h on a rotary shaker. 

4. The primary antibody should be diluted in block-perm. The concentration will need to be 

optimised for each antibody. Start at the concentration recommended by the supplier. 

However, when labelling brain slices as opposed to tissue sections, this usually needs to be 

increased to a higher concentration.  

5. The solution in most wells should be replaced with the prepared antibody mixture (enough 

to cover the slice), whilst the solution in the remaining wells should be replaced with fresh 

block-perm for use as no-primary antibody controls: alongside each immunohistochemistry 

experiment, an additional control test omitting primary antibodies should be performed to 

test for non-specific binding of the secondary antibody. In these slices, where there is no 

primary antibody for the secondary antibody to bind to, no fluorescent labelling signal 

should be seen when using the same microscope settings used to image the primary 

antibody labelled slices (most importantly, laser power and gain should remain the same).  

For other important immunohistochemistry controls see Káradóttir & Attwell 63. 

6. The slices should be incubated in primary antibody overnight at room temperature on a 

rotary shaker, or for 48 h at 4 °C.  

7. Following primary antibody incubation, slices should be washed with 0.1M PBS (3 x 10 min) 

on a rotary shaker.  

8. Secondary antibodies should be diluted in 0.1 M PBS. 1:500 is usually a suitable dilution for 

most secondary antibodies (we generally use those from Life Technologies, USA).  

9. The PBS in each well should then be replaced with the secondary antibody mixture 

(including the no-primary-control wells). At this stage, if not already required, the plate 

should now be covered (e.g. with aluminium foil) to prevent photobleaching of the 

secondary antibody and incubated on a shaker for 4-8 hours at room temperature, or 



 
overnight at 4 °C.  

10. Secondary antibodies should then be washed off using 0.1 M PBS (3 x 10 min) on a shaker. 

11. If desired, cell nuclei can be labelled using 300 nM DAPI during one of the washes, or by 

using a mounting medium containing DAPI.  

12. The slices can then be mounted onto microscope slides, taking care to straighten and unfold 

the edges using a fine paintbrush, under a dissecting microscope. Excess fluid should be 

removed using tissue paper or a pipette, with caution taken to avoid direct contact with the 

slice.  

13. Mounting medium (±DAPI; we use Vectashield Hard Set mounting medium with DAPI, 

Vector Laboratories, USA) should then be applied directly to the slice and the coverslip 

gently lowered into position. The coverslip can be sealed with nail varnish for long-term 

storage. Allow the mounting medium to dry for at least 10 minutes if using hard set 

mounting medium.  For medium-term storage, sealing is not required when using hard set 

mounting medium.  

14. Slides should be stored at 4°C and should be protected from light. The longevity of the 

fluorescence labelling should be determined for each experiment.  We recommend imaging 

within the first couple of weeks, but some labels will last for months.  Slides should be 

allowed to return to room temperature before imaging with confocal microscopy 26.  

 

Conclusion 

Imaging of pericytes in vivo using two-photon microscopy, ex vivo in brain slices using conventional 

wide-field microscopy, and confocal imaging of protein expression in fixed tissue can all provide 

different important information as to pericyte function. For example, two-photon microscopy 

revealed that capillaries can dilate before arterioles in vivo, showing that pericytes on these vessels 

actively regulate vessel diameter and may in fact initiate the vascular response to increased 



 
neuronal activity 20. Slice work has been extremely useful in determining the molecular pathways 

important in neurovascular coupling. For example, Lacroix et al. used a multidisciplinary approach 

that included ex vivo slice experiments and immunohistochemistry to indicate the relative 

importance of various prostaglandins in neurovascular coupling 8.  

 

Each of these techniques has its benefits; whilst ex vivo slice experiments allow increased 

control and access to deeper brain structures, they lack the ability to image under physiological 

conditions as is allowed by in vivo imaging. The implications of this are that if we wish to learn more 

about how pericytes function, it is necessary to use a variety of techniques to allow different 

information to be acquired. For example, while two-photon microscopy will allow the investigation 

of the relative importance of pericyte function in various brain states under conditions that can be 

considered more similar to physiology; in order to look into pericyte function in deeper structures or 

to look at pericytes in isolation, currently it is necessary to use slice experiments. The use of both of 

these techniques, coupled with important basic information pertaining to the protein expression 

gained from immunohistochemistry, will therefore be necessary to more fully elucidate the role 

pericytes have in cerebral blood flow, and to answer questions about their role in various disease 

states. 

 

 

Footnotes: 

1 Apparent changes in vessel diameter can occur due to focus changes, and it is important to screen 
these out of subsequent analyses. Indicators to look for are a change in focus along the vessel that 
corresponds to a change in diameter, very sudden changes in diameter, a change in how the vessel 
wall looks (and any red blood cells within the vessel), and a lack of movement of the tissue around 
the vessel that indicates constriction and dilation. (The latter can only be determined using a bright-
field image, which is another reason why it is beneficial to record both DsRed and bright-field 
channels during image acquisition). Another benefit of acquiring images from the bright-field 
channel is the increased certainty that apparent dilations are not caused by an accumulation of red 
blood cells. Although this occurs relatively rarely, any blockage in the vessel being recorded can 
cause red blood cells to be obstructed and to accumulate to such an extent that the vessel wall 



 
stretches to accommodate them. This is especially problematic as it usually occurs when vessels 
elsewhere in the tissue have constricted and therefore expelled their red blood cells, leading to an 
apparently inverted response whereby the recorded vessel appears to dilate when other vessels in 
the slice are constricting, but appears to constrict when other vessels in the tissue dilate as the red 
blood cells are able to move back into these vessels. This phenomenon is clearly visible in a bright-
field image, but cannot be detected using DsRed signal alone when the vessel is only visible 
externally. 
 
2 Other dye colours are available for different experiments; for some of our experiments, red is 
required due to use of the use of a green calcium indicator in different neuronal subtypes (GCaMP5), 
but for others, where we image DsRed-labelled pericytes, we use FITC dextran (green). 
 
3 This has the drawback of increasing the time between heating and dye injection. Anaesthetic is 
also known to affect cerebrovascular dynamics 64, and treatment with isoflurane has been shown to 
have an effect on the brains of mice for a long duration after the anaesthetic has been discontinued: 
three hours of exposure to 1% isoflurane reduced infarct volumes for 24 hours 65. This indicates 
potential long-lasting effects on cerebrovasculature in the mouse. To avoid a systematic effect of 
isoflurane (as well as the effects of fatigue), the order of acquisition of different experimental 
conditions should be counterbalanced. To circumvent issues with the effects of anaesthetic entirely, 
the dye can be injected in an awake mouse; however movement of the mouse can make this more 
difficult to perform. A restrainer can be used to secure the animal to aid with this. 
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Fig. 1. Cortical arteriole in NG2-DsRed mouse with pericytes in red. At least three branch orders from 

the penetrating arteriole (a) can be seen (b, c, d) indicating pericyte heterogeneity over different 

vessel types. Pericytes can be seen to become sparser with increasing branching order. 

 
 

 

  



 
Fig. 2. Brain slicing set-up. (a) Complete set-up including slice storage pot (i), this is comprised of a 

nylon mesh suspended within a plastic container (the heat recovery pot is in a water bath and not 

shown). (b) Ice bucket containing HM aCSF gassed with 95% O2, 5% CO2 (ii), the slice block upon 

which the brain is supported (iii), and other dissection tools. (c) A schematic of the harp used to 

secure the resulting brain slices under the microscope. Strings of nylon are attached to a platinum 

frame, bent into a shape that allows the slice to be secured beneath it. Bending a small part of the 

frame upwards (illustrated in bottom left of (c)) allows easy manipulation of the harp’s position. 

 
 



 

  



 
Fig. 3. Vessels with markers indicating poor health (a) Swollen and lumpy vessel walls as well as an 

apparent lack of biconcave morphology in the red blood cells indicates that the vessel is unhealthy 

and unlikely to respond. (b) Elongated red blood cells that have a more oblong shape also indicate 

that the vessel is unhealthy. 

 
 

  



 
Fig. 4. Adult mouse blood vessel response to Noradrenaline and Glutamate. (a) Trace of vessel 

(shown in b). Constriction was observed in response to Noradrenaline, and transient dilations in 

response to Glutamate. (b) Image of the vessel, which can be seen to undergo a decrease in lumen 

diameter in response to Noradrenaline (middle), and to increase lumen diameter in response to 

Glutamate (right). 

 
 
 

 
  



 
Fig. 5. (a) Maximum intensity Z-stack of vessels in the mouse visual cortex, from the surface to layer 

4. (b) An example of the change in diameter of a vessel in the mouse visual cortex in response to a 

visual stimulus (yellow area) averaged over 20 presentations. The inset shows the average of the 

acquired image stack with the region highlighted (white rectangle) over which the diameter changes 

were measured. The scale bar represents 10 µm. The visual stimulation consisted of a full-field 

sinusoidal Gabor grating with a spatial frequency of 0.16 cycles per degree and a temporal frequency 

of 2 Hz. The image stack was subjected to 5-point smoothing before extracting the diameter trace. 

The grey area around the averaged trace represents the standard error of the mean.  



 

 
 

 

  



 
Fig. 6. An example of the key steps involved in the immunohistochemistry protocol  

This figure highlights the key steps in using immunohistochemistry to label pericytes 

(PDGFRβ), as well as other proteins of interest, such as ɑ-SMA, a contractile protein 

expressed by a proportion of pericytes as well as vascular smooth muscle cells. We typically 

use the NG2/DsRed mouse for these experiments, and the slices should therefore be 

protected from the light at all stages to avoid photobleaching of the tissue.  Example  

images acquired using this method are shown in Fig. 7.  

 



 

 

 

 

  



 
Fig. 7. Sample immunohistochemistry images acquired following the immunohistochemistry 

protocol provided. Z-stacks were acquired using a Leica SP8 laser scanning confocal 

microscope using a 63X oil immersion objective and projected as maximum intensity 

projections using ImageJ software (NIH, Bethesda, MD, USA). (a) PGDFRβ labelling of a 

capillary pericyte in the NG2/DsRed mouse. (b) ɑ-SMA labelling of a pericyte on a first order 

capillary (1st branch from the diving arteriole) in the NG2/DsRed mouse. 
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