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Chapter 1 
 

Introduction 
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1. Introduction 
 The brain consists of 1012 neural cells and 1015 synapses. In brain, the elaboration of external 

inputs (visual, olfactory, auditory, tactile and gustatory stimuli) generate an output response that 

allows the interactions of the body with the surrounding environment. The intricate network of 

information processes and the rules of human brain functions are not still completely unveiled. In 

order to facilitate the investigation of brain processes biology, animal models are required. The 

most studied models are rat and mice brains due to the easy availability of these animals and the 

high analogy between rodents and human brains. Molecular and genetic techniques of DNA 

manipulation permit to easily generate transgenic mice, mimicking specific pathologies phenotype 

in animals. Moreover, the use of rodent brain slices facilitates the investigations of neuronal 

mechanisms. Animal models represent an optimal strategy of investigation to gain more 

understanding of brain functions. 

 

 

1.1 The Cerebellum 

The brain weighs a1.5kg and contains about 100 billion of neurons. Although the cerebral cortex 

represents the 82% of the brain mass, it contains only a minority of neuronal cells. Surprisingly, the 

cerebellum weighs 154g and is formed by 69 billions of neurons, most of that as granule cells 

(GrCs) (Herculano-Houzel, 2009). In fact, in the cerebellar cortex GrCs are extremely packed. 

 The cerebellum is one of the most primitive parts of the brain. The mass of the cerebellum 

constitutes only the tenth part of the brain but it contains most of central nervous system (CNS) 

neurons (Herculano-Houzel, 2010). Besides, it is well known the role of cerebellum in motor 

behavior, movements coordination, timing and sensory functions, its involvement in cognitive and 

emotional functions was widely debated. 

 During the last decades, the cerebellum has been deeply investigated by anatomists, 

physiologists and scientist interested in defining its structure, function and connections. The studies 

of the physiologist Flourens underlined the involvement of the cerebellum in motor control (the first 

pillar of the classic cerebellar doctrine), paving the way for the more recent discoveries about 

cerebellar functions (Galliano and De Zeeuw, 2014). Sometime later, the invention of the 

histological technique “black reaction” by Camillo Golgi, allowed Ramon y Cajal to identify the 

single neurons of the cerebellar network and to describe the connectivity of these elements in the 

cerebellar cortex (Galliano and De Zeeuw, 2014). The latter discovery constitutes the second pillar 

of the cerebellar doctrine. The third pillar was formulated more recently thanks to the studies of 

David Marr, James Albus and Masao Ito about the cellular mechanisms of synaptic transmission 
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(Marr, 1969; Albus, 1971; Ito, 2006; Galliano and De Zeeuw, 2014). In the cerebellum, synapses 

are able to modify their structural and/or functional properties in response to different spatial and 

temporal input stimuli, showing different degrees of plasticity. These brought to the assumption that 

the cerebellum is involved in motor learning. 

 

 

1.1.2 Anatomical organization of the cerebellum 

 The cerebellum is located behind the brain stem and it is organized in lobes. The primary 

fissure separates the anterior and the posterior lobes while the posterior and flocculonodular lobes 

are divided by the posterolateral fissure. Three peduncles (superior, middle and inferior) connect the 

cerebellum to the rest of the brain. The superior peduncle consists mostly of efferent fibers 

connecting the cerebellum to the brain stem, thalamus and hypothalamus; the middle peduncles 

contain the afferents from the contralateral pontine nuclei and connects the cerebellum to the pons; 

in the inferior peduncles, the afferents (posterior spinocerebellar, cuneocerebellar, 

trigeminocerebellar tracts, olivocerebellar and vestibulocerebellar fibers) connect the cerebellum to 

the brain stem and the spinal cord, while the efferent fibers to the vestibular nuclei. The central 

region of the cerebellum, the vermis, separates the left from the right hemisphere. The gray matter 

of the cerebellum formed the cerebellar cortex which contains most of the cerebellar neurons. The 

inner white matter formed the so called arbor vitae and contain the deep cerebellar nuclei (Fig. 1.1) 

(Swenson et al., 1984).  
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Figure 1.1 |  Comparison between human and mouse brain. In human, the cerebellum is located under 

the temporal and parietal lobe of the brain and dorsally to the pons (top panel, left). In rodents, the 

cerebellum is located behind the midbrain, on the dorsal surface of the pons (top panel, right) (Cryan and 

Holmes, 2005). In both cases, the three peduncles connect the cerebellum to the brain. In the lower part of 

the figure the sagittal section of the vermis shows the anatomical organization of the cerebellum (bottom 

panel). 

 

 

 The cerebellar cortex is divided into three different layers: the inner granular layer (GL), the 

intermediate Purkinje cells (PCs) layer and the molecular layer (ML). In the GL, the excitatory 

granule cells (GrCs) receive glutamatergic excitatory inputs from the mossy fibers (MFs), and 

GABAergic inhibitory inputs from Golgi cells (GoC) (Fig 1.2). The GL is therefore the input stage 

of the cerebellar cortex. Excitatory and inhibitory connections among MFs, GrCs and GoCs are 

located in peculiar structures called cerebellar glomeruli, that contain GrCs dentrites, GoCs axons 

and MFs terminals (or rosettes), enwrapped by a glial sheathing. 

 The GrC axons arise from the GL (as ascending axons) and reach the ML where they 

bifurcate originating the parallel fibers (PFs), that make excitatory glutamatergic synapses with 

PCs, GoCs and molecular layer interneurons (MLIs) dendrites. The Purkinje cells are organized in a 

monolayer, situated between the GL and the ML. The PCs represent the only output of the 

cerebellar cortex. PCs dendrites receive excitatory inputs from PFs and climbing fibers (CFs, from 

the inferior olive); GABAergic inhibitory inputs from MLIs such as basket and stellate cells (BCs 

and SCs, respectively); while their axons penetrate into the white matter where they make inhibitory 
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synapses with deep cerebellar nuclei (DCN) neurons (the output stage of cerebellum) (Fig. 1.2) 

(Witter et al., 2016). Besides the function of the main cell types of the cerebellar cortexhas been 

well investigated and described, not much is known about the non-traditional large cells (NTc), 

such as unipolar brush cells (UBCs), Lugaro cells, synarmotic neurons, candelabrum neurons and 

the perivascular neurons of the GL (Ambrosi et al., 2007). 

 

 
 
Figure 1.2 |  Cerebellar cortex circuit organization. The cerebellar cortex consists of three layers in 

which different cell types interact among each other. The complex network of the cerebellum processes the 

incoming information conveyed by MFs and CFs. The DCN carry the output response (Purves et al., 2001). 

 

 

1.1.3 Functions of the cerebellum 
 The cerebellum may be divided in three different functional divisions: vestibulocerebellum, 

spinocerebellum and neocerebellum. The vestibulocerebellum or archicerebellum is the most 

ancient part of the cerebellum and includes the flocculonodular lobe that is involved in the 

regulation of balance and eye movement; the spinocerebellum or paleocerebellum includes the 
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vermis and the intermediate part of the hemispheres that controls body and limb movements 

including feedback adjustments; the part of the cerebellum of most recent formation is the 

cerebrocerebellum or neocerebellum, which includes the lateral part of the hemispheres and have 

many functions in the planning of movements and in cognition (Rand and Swenson, 2006). The 

sensory inputs coming from different regions of the brain are stored and processed in the 

cerebellum who tunes the motor activity. This latter traditional view of motor function has been 

confirmed during the years. Nevertheless, in the last years the hypothesis of cerebellar cognitive 

functions has been increasingly debated and questioned. 

 Besides its role in control, coordination, adaptation and learning of motor behavior, recent 

evidence reports a role for the cerebellum in cognition (Glickstein and Doron, 2008; Kansal et al., 

2017) and described its anatomical connections with higher cognitive areas such as the neocortex 

(Middleton and Strick, 2001). Moreover, in cerebellar cognitive affective syndrome (CCAS), 

patients with cerebellar lesions showed cognitive dysfunctions (Schmahmann and Sherman, 1998). 

The region of the cerebellum involved in cognitive functions was recently demonstrated to be the 

hemispheres (Glickstein and Doron, 2008), although cerebellar connectivity to the neocortex is 

revealing to be more complex than expected and this field of investigation is constantly growing. 

Furthermore, investigations on human fMRI showed that cerebellar vermis and hemispheres 

respond with different BOLD signals (respectively linear and non-linear) in relationship to the grip 

force application during the same motor task, suggesting that different cerebellar regions might 

process information in different ways (Alahmadi et al., 2017). 

 

 

1.1.4 Cerebellar plasticity 

 Plasticity increases or reduces the strength of synaptic transmission in neurons. The activity-

dependent changes in synaptic transmission, namely long-term potentiation (LTP) or depression 

(LTD), provide the biological basis for learning and memory in the brain. The modifications in 

connections structure (morphology of dendrites and boutons) and function (neural excitability and 

synaptic efficacy) are properties distributed throughout the whole cerebellar network, involving 

almost all neuronal types studied so far. 

 In the cerebellar cortex, PF-PC synapse LTD, under the control of CFs activation, is often 

considered as the basis mechanism for cerebellar learning. Nevertheless, novel hypotheses consider 

that not only the PF-PC synaptic depression is essential for learning process, but that all the 

different forms of cerebellar plasticity synergistically cooperate in the generation of the cerebellar-

derived behavioral responses (Gao et al., 2012; D'Angelo et al., 2016). Several experiments 
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described the existence of different form of synaptic and non-synaptic cerebellar plasticity (Mapelli 

et al. 2015). The excitatory MF-DCN and inhibitory PC-DCN synapses may generate both forms of 

long-term plasticity (LTP or LTD), in slice (Morishita and Sastry, 1996; Ouardouz and Sastry, 

2000). The theta-burst stimulation (TBS; consisting in 10 pulses at 100 Hz bursts, repeated at 4 Hz) 

of MFs and the sensory tactile stimuli organized in theta patterns (theta sensory stimulation, TSS) 

proved able to induce long-term synapse modifications (LTP or LTD) in cerebellar cortex 

respectively ex vivo (Armano et al., 2000; Mapelli and D'Angelo, 2007) and in vivo (Roggeri et al., 

2008; Ramakrishnan et al., 2016). Moreover, the changes in GrCs intrinsic excitability are 

associated to the genesis of LTP or LTD at MF-GrC synapses (Armano et al., 2000). 

 At the MF-GrC relay, synaptic potentiation involves the glutamate-dependent NMDARs and 

mGluRs activation which lead to external Ca2+ entry and Ca2+ release from intracellular 

compartments (D'Angelo et al., 1999). The LTP-LTD balance can be regulated by stimulation 

patterns, likely depending on a threshold set by [Ca2+]i. MFs high frequency long stimulation 

induced a great increase in intracellular [Ca2+], leading to LTP. LTD is generated by short and less 

frequent bursts that determine a minor Ca2+ entry (Armano et al., 2000; Gall et al., 2005)LTP-LTD 

balance may be controlled also by neuromodulators such as acetylcholine. In fact, short MFs 

stimulation pattern in presence of acetylcholine or nicotine (nicotinic receptors agonist)  activate the 

D7 isoform of the nicotinic receptor (D7-nAChRs) inducing an increase in intracellular level of 

Ca2+that facilitate the LTP at MF-GrC synapse but not LTD (Prestori et al., 2013). Moreover, the 

vasoactive agent NO works as retrograde messenger that orchestrates the equilibrium between LTP 

or LTD at MF-GrC synapse through a NMDAR/nNOS-dependent mechanism. The retrograde 

signal generated by NO release, regulates the pre-synaptic release of glutamate and facilitates LTP 

(Maffei et al., 2003). The duality function of NO in synaptic plasticity modulation and 

neurovascular coupling events suggests the pivotal role of this molecule in brain. 

 

 

1.2 Neurovascular coupling 

 In humans, the blood flowing in the a644km of brain vessels provides nutrients to all 

districts of the central nervous system (Sweeney et al., 2018). The primum movens of the blood 

flow is the heart, as described in the pioneering study De motu cordis wrote by Harvey in 1628 

(Ribatti, 2009). The main vessels which transported blood from and to the brain are veins and 

arteries. In 1661, the Italian anatomist Marcello Malpighi identified the microscopic blood vessels 

connecting small veins and arteries, called capillaries (Romero, 2011). These tiny vessels actively 

participate in the exchange of substances between blood and organs in human body (Krogh, 1929). 
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Capillaries widely contribute to the control of local blood flow through the action of pericytes, a 

kind of contractile cells located on microvasculature (Attwell et al., 2016). 

 In the brain, the internal carotid artery and the vertebral artery distribute the blood to the 

central nervous system. The vertebral artery anastomoses at the level of the pons into the basilar 

artery that supplies blood to the cerebellum. The basilar artery branches off in the anterior inferior 

cerebellar artery, superior cerebellar artery and posterior cerebral artery. The ramifications of 

these arteries give off the small capillaries that supply the cerebellum (Fig. 1.3) (Miller et al., 2005). 

The proximal portion of the basilar artery generates the posterior cerebral arteries which 

communicate with the internal carotid artery through the posterior communicating arteries. The 

anterior cerebral arteries rising from the internal carotid arteries are linked with the anterior 

communicating artery. This network of vessels originates the so-called circle of Willis (Fig. 1.3). 

Therefore, superficial biggest vessels of the brain give off arterioles and capillaries which supply 

with blood the brain (Lee, 1995). Immunostudies conducted on mouse cerebral cortex showed how 

superficial arteries  and penetrating arterioles branch into pre-capillary arteriole and then capillaries 

giving rise to the dense network of brain microvasculature (Grant et al., 2017).   

 In order to ensure the proper nutrients and oxygen requirements to the brain, blood flow 

needs to be finely regulated. In fact, neuronal activity regulates blood vessel diameter changes and 

controls cerebral blood flow (CBF) adaptations. The existence of interactions between neuronal 

cells and blood vessels has first been described by Angelo Mosso, in 1880, and by Roy and 

Sherrington, in 1890 (Iadecola, 2002). This phenomenon is called neurovascular coupling (NVC) or 

“functional hyperemia”. The NVC ensures the proper supply of nutrients and metabolites to the 

brain during steady states and during sudden changes in neuronal activity range. 
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Figure 1.3 |  Circle of Willis. Scheme of the principal arteries that constitute the circle of Willis in the 

central nervous system. In the superior part of the circle, the arteries gave off the vessels that supply the 

frontal region of the brain. In the bottom part of the figure, the vessels bifurcate into the small arterioles and 

capillaries that supply the cerebellum (Lee, 1995). 

 

 

1.2.1 Neurovascular unit 

 The regulation of the local CBF by neural activity is mediated by the release of different 

substances acting on brain blood vessels. In brain, neurons and glial cells synthesize several 

molecules that directly or indirectly determine blood vessels dilation or constriction, called 

vasoactive agents. The release of neurotransmitters triggers the signaling pathways for the synthesis 

of these molecules (Filosa and Blanco, 2007; Filosa et al., 2016; McConnell et al., 2017). 

 The hemodynamic changes of CBF adjustments require tight interactions between neuronal 

and vascular cells. The anatomical coupling of neurons, interneurons, astrocytes, endothelial cells, 

vascular smooth muscle cells (VSMCs) and pericytes is called neurovascular unit and constitute the 

functional blood-brain barrier (BBB) that protect the nervous central system from toxic substances. 

These cells also cooperate to regulate the CBF making sure that brain tissue receive the proper 

supply of nutrients. The signaling among neural and vascular components of the brain generates the 

NVC (Fig. 1.4, left) (Sá-Pereira et al., 2012; Muoio et al., 2014).  

 Besides its important structural role, it is widely accepted that endothelial cells give an 

essential contribution to the NVC through various interactions with the rest of neurovascular unit 

elements (Guerra et al., 2018). Pericytes cover and enwrap the surface of blood vessels and regulate 
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the permeability of the BBB. There are different types of pericytes: ensheating pericytes (EP) (on 

pre-capillary arterioles), mesh pericytes (MP) and thin-strand pericytes (TSP) (on capillaries) 

(Attwell et al., 2016; Grant et al., 2017). They also play an important role in angiogenesis, 

inflammation and in CBF control. The presence of the contractile system similar to that in VSMCs 

and the susceptibility to vasoactive agents make pericytes able to participate in the changes in small 

brain capillaries diameter. Astrocytes partially enwrap the walls of the vessels with their 

cytoplasmic extroflexions called end-feet. Glial cells contributes both to the stability of the BBB 

and to vessel caliber regulation (Lok et al., 2007). 

 

 

 

 
 

 
Figure 1.4 |  Anatomical interactions among neurovascular unit elements. In the CNS, the anatomical 

and functional interactions between neurons, astrocytes, pericytes and VSMCs regulate blood flow in 

arterioles and capillaries (left figure) (Nippert et al., 2018).The diameter of the superficial pial arteries is 

controlled by a thick layer of VSMCs and perivascular innervations surrounding endothelial cells. The 

arteries penetrating in the Virchow-Robin space in the brain became arterioles. At this level, the control of 

local blood flow is mediated by glial end-feet and central neurons that make direct contact with VSMCs. 

Low depth capillaries are surrounded by glial end-feet and central neurons that regulate their inner vessel 

diameter through pericytes action. Capillaries does not have VSMCs around the endothelium and receive 

projections from local interneurons and from distant areas of the brain (right figure) (Drake and Iadecola, 

2007). 
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 Vasodilation or vasoconstriction can occur both at arteries, arterioles or capillaries level. In 

the brain, superficial pial arteries and penetrating arterioles diameters are controlled by VSMCs 

surrounding vessel walls, while capillaries inner diameter is regulated by pericytes contraction (Fig. 

1.4, right). The status of relaxation/contraction of VSMCs and pericytes is controlled by neuronal- 

or astrocytic-derived vasoactive molecules (Filosa and Iddings, 2013; Nippert et al., 2018). 

Recent investigation demonstrates that capillaries can dilate before the arterioles in response to 

neural activity and pericytes activation (Hall et al., 2014). Moreover, the vasodilation signal could 

propagate from capillaries to arterioles through the gap-junctions in nearby endothelial cells 

(Mishra, 2017). Furthermore, capillary dilations are the main responsible for blood flow increase 

during functional hyperemia, and pericytes control of vessel diameter is thought to be the principal 

regulator of CBF. The coupling between capillaries and pericytes seems to be involved in the 

genesis of the imaging signals detected by fMRI (Hall et al., 2014).  

 

 

1.2.2 Mechanisms of NVC 

 The fine tuning of vessel diameters ensures the appropriate delivery of blood to the brain. 

The inter-synaptic neurotransmitters released activate the post-synaptic signaling pathways for 

vasoactive molecules synthesis. The most influencing neurotransmitter on NVC is glutamate. 

However, GABA-activated pathways also contribute to the net increase or decrease of the CBF (see 

below). Glutamate involvement in this phenomenon is well known in hippocampus, neocortex and 

cerebellum, where it influences blood flow with several biochemical pathways (Drake and Iadecola, 

2007).  

 Glutamate activates post-synaptic NMDA receptors (NMDARs) that trigger the Ca2+-

dependent pathway that leads to activation of the neuronal isoform of nitric oxide synthase (nNOS) 

and thus to nitric oxide (NO) production. NO is a well-known substance able to diffuse across 

neuron membranes and to act as potent vasodilator (Fig. 1.5) (Attwell et al., 2010). In the 

cerebellum, neuronal-derived NO directly mediates the NVC (Iadecola et al., 1995; Yang and 

Iadecola, 1997; Yang et al., 1998; Yang et al., 1999). In in-vivo experiments on rats barrel cortex, 

the presence of NOS inhibition caused a reduction in functional hyperemia events, measured as 

laser doppler flowmetry percent change, suggesting that NO contribute to increase CBF (Liu et al., 

2008). Besides the vasodilating action, NO is also known to inhibit 20-HETE (a well-known 

vasoconstrictor) synthesis by blocking the 4A isoform of the cytochrome P450 (CYP4A) enzyme 

(Attwell et al., 2010). In Mapelli and Gagliano (2017), we addressed the role of NO as a 

vasodilator. Here, experimental evidence demonstrated that, in cerebellar GL, microvessels 
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responded with a dilation upon MFs electrical stimulations. Importantly, we never observed 

vasoconstriction (in absence of selective vasoactive agents inhibitors), suggesting that NO released 

during neuronal activity could inhibit the vasoconstriction pathway (Mapelli et al., 2017).   

Also in the cerebral cortex, the inhibition of the vasoconstriction by NO plays a permissive role for 

vasodilation and CBF control (Nippert et al., 2018). In conclusion, NO plays a mediating vs 

permissive role in NVC. 

 Moreover, NMDARs activation and intracellular [Ca2+] increase also activate the 

phospholipase A2 (PLA2) enzyme. The arachidonic acid (AA) generated from PLA2 can be 

metabolized into prostaglandins (PGs), potent vasodilators of brain vessels (Attwell et al., 2010; 

Muñoz et al., 2015). 

 Glutamate could diffuse to astrocytes where it activates metabotropic glutamate receptors 

(mGluRs) thus increasing the intracellular [Ca2+] which is essential for the production of vasoactive 

agents. In astrocytes, the activation of PLA2 and AA metabolism generate PGs and 

epoxyeicosatrienoic acid (EET) that dilate the neighboring vessels. Furthermore, AA could diffuse 

from astrocytes membranes to endothelial cells where it is converted into 20-HETE, a well-known 

vasoconstrictor (Petzold et al., 2011; Otsu et al., 2014). Moreover, the intracellular increase in 

[Ca2+] activate Ca2+-dependent K+ channels. This astrocytic leakage of K+ leads to an increase in 

extracellular [K+] that facilitates the inward rectifier potassium channels (Kir) that hyperpolarize 

VSMCs. The relaxation of VSMCs causes vessels dilatation (Fig 1.5) (Filosa et al., 2016). The 

vasoactive neural-derived molecules diffuses to pericytes, which control blood vessel diameter in 

NVC (Sweeney et al., 2016). 

 Several neurons take direct contact with vessels and release neuromodulators or 

neuropeptides that contribute to NVC. Serotonin could induce either vasoconstriction and 

vasodilation depending on the target cells. Several evidences assigned constrictor power to 

norepinephrine and dopamine while acetylcholine generates vessel dilation and its action is 

associated to CBF increase through endothelial NO synthesis (Drake and Iadecola, 2007). The 

vasoactive intestinal peptide (VIP) is known to dilate vessels, otherwise somatostatin and 

neuropeptide Y which have a vasoconstrictor effect in brain (Uhlirova et al., 2016). 
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Figure 1.5 |  Neural pathways for NVC. Glutamate released during synaptic transmission triggers 

different pathways in neurons and astrocytes in order to mediate NVC. In neurons (blu), NMDARs activation 

and intracellular [Ca2+] increase lead to the production of vasodilator agents such as NO and PG. In 

astrocytes (green), the activation of mGluRs and the intracellular [Ca2+] increase could activate either 

vasodilators (EET, PG and K+) or vasoconstrictor (20-HETE) molecules synthesis (Attwell et al., 2010). 

 

 

 The neurotransmitter GABA may be involved in the control of blood flow but its direct 

action on vessels is uncertain (Drake and Iadecola, 2007; Attwell et al., 2010).  

In the cerebral cortex, glutamate activation of GABAergic interneurons located between pyramidal 

cells and microvessels leads to the release of vasoactive molecules, as VIP and NO causing dilation 

(Cauli and Hamel, 2010). Moreover, GABAergic interneurons also produce somatostatin that 

induces vessel constriction (Cauli et al., 2004).  

 The relationship between neural cells and vessels regulates the CBF but how these elements 

cooperate and which mechanisms drive NVC are still poorly understood. Furthermore, the 

complicated double role of NO makes this phenomenon not easy to investigate. Also, the role of 

glial cells in NVC has been deeply investigated. The strategic position of astrocytes favors the 

bidirectional signaling with vessels and neurons that is fundamental for NVC regulation (Mishra, 

2017). The activation of astrocytic pathways leads to capillary diameter changes via pericytes action 

(Mishra et al., 2016). Glial cells are also thought to be involved in the maintenance of resting vessel 
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tone during basal neural activity (Duchemin et al., 2012). Moreover, astrocytes may play a role in 

the late phase of NVC due to their slow action (Rosenegger and Gordon, 2015). 

 In the last few years, NVC has been considered a complex process in which all signaling 

pathways of the cerebrovascular network cooperate to finely tune the constriction and dilation of 

vessels in different brain districts and promote brain health (Iadecola, 2017). Although 

controversies arose about the methods (in-vivo or in-vitro) used to study the basis of neurovascular 

processes (Iadecola and Nedergaard, 2007), an increased scientific effort on NVC would allow to 

further unveil the recent discovered neurovascular pathways, to confirm the well-known 

mechanisms of NVC, and get new light on all processes underlying this phenomenon which are still 

uninvestigated or not completely understood. These improvements in our understanding of NVC 

would help overcoming current debates on these issues. In this work, we identified GL molecules 

involved in cerebellar NVC and their signaling pathways through a pharmacological approach and 

using a bright-field microscopy system. This strategy allowed us to monitor and describe NVC 

events in the GL of cerebellar rodent slices at different ranges of activity of the circuit. 

 

 

1.2.3 Energy consumption and requirements of the brain 

 Although human brain represents only the 2% of whole body mass, it accounts for almost 

the 20% of the total energy consumption. The nervous central system can use two different 

strategies to produce energy. The first energy source used by the brain derives from the oxidative 

metabolism (aerobic condition), while in temporary absence of oxygen (anaerobic condition) 

nervous cells obtain energy from glucose metabolism or glycolysis (Drake and Iadecola, 2007).  

 In the cerebral cortex, pyramidal cells employ the 59% of the total energy use for synaptic 

transmission (postsynaptic receptors activation, neurotransmitter recycling and presynaptic Ca2+ 

entry and vesicles cycling). The rest of the energy is used to generate action potentials and to 

regenerate the resting potential (Na+/K+ ATPase maintain the resting potential across the membrane 

in excitable cells by reversing Na+/K+ fluxes across the membrane). 

 In the cerebellum, synaptic transmission accounts for the 29% of the energy use, while 

action potentials just for the 17%. Here, the major part of the energy (54%) is spent by GrCs to 

restore the potential of the membrane in their long axons. PCs consume a great percentage of 

energy to generate action potentials. In the cerebellar cortex, inhibitory interneurons, BCs and SCs 

energy use is less than that of principal spiking cells. Although ATP/cell use by GrCs is much lower 

than that of PCs, GL shows the most energy requirement in the cerebellar cortex taking into account 

the high cellular density (Howarth et al., 2012) (Fig. 1.6). GrCs are the most energy demander of 
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the cerebellum due to their high abundance and to their characteristic rapid activity increase when 

the cerebellar circuit is activated. Infact, taken together GrCs consume the 67% of cerebellar cortex 

energy. Therefore, in the cerebellum energy consumption of excitatory cells exceeds that of 

inhibitory cells (Howarth et al., 2010). 

 

 
 

Figure 1.6 |  Energy use in the cerebellar cortex. (A) Graph of the ATP use per cell in the cortex of the 

cerebellum. P = Purkinje cell; Go = Golgi cell; s = stellate cell; b = basket cell; g = granule cell; mf = mossy 

fiber; cf = climbing fiber; a = astrocytes; Bg = Bergmann glia. (B) Graph of the ATP use taking into account 

cellular density in the cerebellar cortex. P = Purkinje cell; Go = Golgi cell; s = stellate cell; b = basket cell; g 

= granule cell; mf = mossy fiber; cf = climbing fiber; a = astrocytes; Bg = Bergmann glia (Howarth et al., 

2012). 

 

 

 The NVC processes are essential to adapt local blood flow to neural activity increase or 

decrease, in order to satisfy specific energy requirements for each brain region and sub-region. 

Therefore, CBF dysregulation may have catastrophic consequences for neurons. Indeed, NVC 

dysfunction is also one of the causes of cells neurodegeneration in disorders like Alzheimer’s 

disease (Zlokovic, 2011). A few years ago, blood flow changes were thought to be controlled by the 

so called “metabolic signal" (decrease in blood O2 and glucose or increase in CO2 concentration) 

generated by the energy demand after ATP use.  Nevertheless, blood deoxygenation was found not 

directly involved in CBF regulation, this latter being controlled by neural activation also in the 

presence of high O2 availability (Lindauer et al., 2010). Also, increases in arterial glucose 

concentration and hyperoxia conditions did not affect neurovascular response in in-vivo 
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experiments in rats (Wolf et al., 1997). At last, the theory that H+ dissociated from the excess of 

CO2 in the blood can dilate brain vessels, was confuted. Indeed, during neural activity the 

extracellular compartment appeared alkalized due to both Ca2+, H+-ATPase activation caused by 

increases in [Ca2+]i, and vessels dilation that sweep away the excess of CO2 (Attwell et al., 2010). 

Today, these theories were replaced with the hypothesis of a neural-induced neurovascular 

mechanism that controls blood flow. In the cerebellar cortex, glutamate-mediated NMDARs 

signaling pathway activates the production of the vasoactive molecule NO that directly dilates 

capillaries (Mapelli et al., 2017). In the cortex, Ca2+-mediated signaling following astrocytes 

activation leads to vasoactive agents synthesis that regulates capillaries motility (Mishra et al., 

2016). In conclusion, it is accepted that NVC is triggered by neural activity instead, through a 

neurotransmitter-mediated signaling. 

 

 

1.3 Neurovascular coupling application 
 The dynamic changes in CBF that occur in response to neuronal activity can be indirectly 

exploited by neuroimaging techniques like functional magnetic resonance imaging or fMRI. Unlike 

magnetic resonance imaging (MRI), that generates structural images of the brain, fMRI technique is 

used to map brain activity changes. NVC contributes to generate the blood-oxygen-level-dependent 

(BOLD) signals used by fMRI. The BOLD responses reflect the ratio between oxy- and deoxy-

hemoglobin (HbO2 and Hbr respectively) in brain blood vessels (Fig.1.7) (Attwell and Iadecola, 

2002). Oxygen (O2) is transported in the blood bound to the heme group iron atom of hemoglobin 

(Hb), contained in red blood cells. During an increase in cellular metabolism, the O2 release by Hb 

changes the magnetic properties of the iron atom. In diamagnetic ferrous iron (Fe2+) that is bound to 

the O2, the disposition of the coupled electrons in the external electronic orbital generates a null 

magnetic moment. The paramagnetic ferric iron (Fe3+) is not bounded to the O2. In this condition, 

the uncoupled electrons in the external atomic orbital produce a not null magnetic moment. The 

paramagnetic iron generates a strengthening magnetic field when influenced with an external 

magnetic field. Therefore, the increase in cellular activity and the consequent formation of Hbr 

generate signals detected by imaging techniques. The variation of the fMRI signals is called BOLD 

effect (Garreffa et al., 2003; Logothetis and Wandell, 2004). Nevertheless, the neuronal origin of 

BOLD signals is still not well understood (see below, paragraph 1.3.1) and further investigations 

are needed to understand the mechanisms underlying this phenomenon. 
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 NVC is also investigated in several pathologies such as stroke, hypertension and 

Alzheimer’s disease, in which neurovascular functions were found altered. In Alzheimer, BBB 

breakdown (structural and functional capillary alterations, pericyte, endothelial cells and VSMCs 

degeneration) contributes to cerebrovascular dysregulation (inadequate brain perfusion or 

hypoperfusion) which anticipate the cognitive damage that characterizes the dementia (Zlokovic, 

2005; Girouard and Iadecola, 2006; Zlokovic, 2011). In a recent review on Alzheimer’s disease, 

Zlokovic and colleagues reported the “two-hit vascular hypothesis” for this pathology. According to 

this theory, vascular damage (hit 1), AE-dependent mechanism (hit 2) and the consequent 

neurovascular alteration lead to neuronal dysfunction and thus to dementia (Kisler et al., 2017). 

NVC is essential to brain health, for this reason its dysregulation causes severe pathological 

conditions. Therefore, investigating the mechanism that regulate CBF could be useful in the study 

of degenerative disorders in which the NVC is altered. 

 

 

 
 

Figure 1.7 |  Scheme of how BOLD signals are generated. Sequence of events that generate the images 

observed with fMRI. The stimulus-evoked increase in neural activity (inhibitory or excitatory) activate NVC 

signaling that change the hemodynamic responses (increasing or decreasing in blood flow) responsible of the 

imaging signals (BOLD responses) detected by fMRI (Arthurs and Boniface, 2002). 

 

 

1.3.1 Neuronal activity and BOLD signal interpretation 
 The assumption that neuronal activity generates a visible response in fMRI can be 

misleading in interpreting BOLD signals origins. As a fact, these signals could reflect the activation 

of distant neuronal cells, therefore it could not be assumed that the regions originating the BOLD 

signals are the activated ones. The lack of overlap between the areas effectively generating the 
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signals and the ones showing the BOLD response has many explanations. One explanation of this 

mismatch resides in the intrinsic properties of blood vessels. In brain, neuronal-evoked stimulus of 

vasodilation can be propagated (back and forward) to distant vessels causing the increase in blood 

flow that originates a BOLD signal in regions where no neuronal activation is present (Duchemin et 

al., 2012). In particular, experimental evidence showed that cerebellar cortex PFs electrical 

stimulation induced diameter increases in arterioles located from 0.1 mm to 0.9 mm from the site of 

stimulation. Moreover, no field potential (neuronal activity) or laser doppler flowmetry (cerebellar 

blood flow) recordings were produced where arteriolar propagation of dilation was observed 

(Iadecola et al., 1997). It is clear, then, that further investigation on the complex properties of 

neuronal activity and its effect on NVC is essential to improve our understanding of BOLD 

representations. 

 In the brain, the activity state of microcircuits relies on the fine tuning of the excitation (E) - 

inhibition (I) balance. The hemodynamic responses can be influenced by the neurons activity states. 

The net excitatory activity results in fMRI responses increase, as well as during contemporary rise 

of both excitatory and inhibitory neuronal activity. The reduction of excitation and inhibition causes 

a decrease in fMRI responses (Fig. 1.8). During prevailing net inhibitory activity, the hemodynamic 

response might decrease leading to a negative BOLD signal, depending on the activated type of 

cells and their circuit (Fig. 1.8) (Logothetis, 2008). 
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Figure 1.8 |  E-I microcircuit in brain and possible fMRI responses. (a) Model of cerebral 

microcircuit in the brain. Neuronal interactions occur through excitatory (in red) and inhibitory synapses (in 

black). (b)E-I balance of neuronal activity of a typical microcircuit in brain. The increase or decrease in E-I 

balance in brain microcircuits generate different fMRI responses (Logothetis, 2008). 

 

 

 Since the neuronal origin of the signals, the interpretation of BOLD responses is not easy. In 

monkey brain, the investigation of the relationship between fMRI signals and neural activity 

showed a high correlation between local field potential (LFP) and BOLD signals than that observed 

between the same imaging responses and single- and multi-unit spiking activity. LFPs represent the 

synaptic excitation of a group of neurons and reflect the sum of the intracellular currents of each 

cell. The imaging signals of fMRI are determined by input activity and processing but not by output 

activity (Logothetis et al., 2001). In conclusion, it is difficult to correctly interpret fMRI results due 

to the sensibility of hemodynamic changes to the size of the neuronal population activated and to 

the circuit functional organization of these cells in the brain. For these reasons, the basic 

mechanisms underlying the BOLD signal and the nature of the neuronal activity giving rise to it are 

not well understood yet. That is the major limitation of fMRI (Logothetis, 2008).   

 

In conclusion, glutamate-dependent neuronal activity mediates the changes in blood flow that 

generate different BOLD responses. In order to correctly decode these imaging signals and to 

deepen our understanding on the physiological basis of the BOLD signal (Hall et al., 2016), further 

investigations on neuronal signaling (on molecular, cellular and vascular levels) coupled with fMRI 

and BOLD analysis are needed. 

  

 

1.3.2 Neurovascular coupling and the cerebellum 

 Given that different NVC mechanisms has been described, each brain region is likely to 

have a specific strategy to ensure proper oxygen supply. The cerebellar cortex is very suitable for 

the study of this phenomenon due to its functional and structural properties. The lack of excitatory 

collateral from PCs axons and the massive inhibitory synaptic activity of interneurons make 

impossible the genesis of epileptic events in cerebellar cortex (Lauritzen, 2001). Furthermore, the 

lack of Na+ -channels in PCs dendrites and the presence of inhibitory collaterals from PCs axons to 

the nearby PCs disadvantage the onset of cortical propagated depression events, unlike in the 

cerebral cortex (Lauritzen et al., 2012). The organization of cerebellar cortex components remind 
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the Cartesian coordinate system and facilitate the investigations of neuronal activity-dependent CBF 

variation and cerebral metabolic rate of oxygen (CMRO2) consumption (Lauritzen et al., 2012). 

Finally, the electrophysiological properties of the cerebellar circuit have been well described 

(D'Angelo et al., 1995; D'Angelo and De Zeeuw, 2009; Mapelli et al., 2014). 

 The investigations about cerebellar NVC by Martin Lauritzen and Costantino Iadecola 

identified respectively LFP as the neural activity correlate of hemodynamic changes and NO as the 

main vasoactive agents involved in this process. One of the first studies on NVC in the cerebellum 

hypothesized that the main contribution to the flow response came from PCs rather than from MLIs 

action (Yang et al., 1998). Electrophysiological experiments demonstrated that CFs and PFs 

stimulation increased PCs activity and thus CBF via glutamatergic AMPA receptors activation. 

Nevertheless, PFs stimulation also activates GABAergic MLIs that inhibit PCs. Indeed, it has been 

shown that an increase in CBF and CMRO2 following cerebellar cortical activation might not be 

correlated with PCs firing, that can remain silent (Mathiesen et al., 1998; Caesar et al., 2003; 

Thomsen et al., 2009). Therefore, blood flow adaptations are dissociated from PCs spiking activity 

but may be originated from MLIs excitation (Thomsen et al., 2004). In the cerebellar cortex, 

GABAergic interneurons activation and GABA release does not contribute to blood flow changes 

(Mathiesen et al., 1998). 

 The main issue about the correlation between excitatory postsynaptic LFP and CBF resides 

in the lack of temporal coupling from synaptic input to hemodynamic response. The rapid LFPs 

were observed a few milliseconds after neural activation but CBF changes occurs after one second. 

In order to correlate electrophysiological and hemodynamic signals, it resulted appropriate to sum 

neural activities (¦LFP). In the cerebellum, the existence of temporal coupling (linear correlation) 

between ¦LFP and CFs system and non-linear correlation for the PFs system has been shown. In 

fact, PFs stimulation lead to spiking output decrease of PCs via MLIs activation but resulted in 

increased CBF. In this case, the ¦LFP-blood flow relationship is non-linear. The non-linearity 

could make the interpretation of BOLD signals difficult (Lauritzen et al. 2012, Mathiesen, Caesar 

and Lauritzen 2000, Lauritzen 2005). 

 Therefore, the differences in fMRI responses depend on the type of neurons activated, on the 

microcircuit, and on the balance between vasodilators and vasoconstrictors release. Moreover, the 

same cell could release distinct vasoactive agents depending on the region where it is activated 

(Akgoren et al., 1997). According to this view, brain cells exploit different molecular strategies for 

NVC. Concerning the molecular mechanisms involved, it has been shown that PFs stimulation 

induces CBF increase through glutamate and NO release. NO activates the soluble guanylyl cyclase 

(sGC) which elevates the cyclic guanosine monophosphate intracellular concentration [cGMP]I thus 
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inducing vasodilation (Iadecola et al., 1995; Iadecola et al., 1996; Yang and Iadecola, 1996, 1998; 

Yang et al., 1999). Moreover, the functional isoform of NOS is expressed in MLIs but not in PCs 

(Rodrigo et al., 1994; Rancillac et al., 2006). According to this model, the knock-out mice for cyclin 

D2 (regulatory protein of cycle cell) with a down-regulation in the number of SCs showed a 

reduced CBF (Yang et al., 2000). These evidences suggest that in the ML, NVC is drove by NO 

signaling. It is also important to stress that D2-null mice showed a reduction in GrCs number.  

 It should be noted that all the studies cited so far were conducted on the cerebellar molecular 

layer and focused on PCs and MLIs activity, taking into account PFs and CFs inputs. In order to 

understand the generation of the hemodynamic response in the cerebellum, it should be also taken 

into account that: i) GrCs are the most abundant brain neurons (3-7 106/mm3) and the most energy 

consuming elements in the cerebellum (Howarth et al., 2010); ii) the GL shows high expression of 

NMDARs (Monaghan and Anderson, 1991) and of the neuronal isoform of NOS (nNOS) (Southam 

et al., 1992); iii) and GrCs produce and release NO following high frequency MFs stimulation 

(Maffei et al., 2003). It is therefore compelling to investigate the role of the GL in cerebellar NVC 

and its contribution in originating BOLD signals. 
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Chapter 2 
 

Scope of the thesis 
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 In this thesis, the attention was focused on the study of the NVC in the GL of the cerebellum 

(a detailed description of this phenomenon and the structures studied in this work can be found in 

chapter 1) with particular attention to the responses of the vascular system during the activation of 

the MF input. 

 The second part of this work (chapter 4, 5 and 6) is related to the investigations of the 

biochemical and molecular pathways of NVC in the cerebellum GL. The biochemical strategies 

driving this phenomenon were defined through a pharmacological approach coupled to the electrical 

stimulation of the tissue. Albeit the neurovascular mechanisms as well as the direct involvement of 

neurons and pericytes in vessel diameter modification have been largely investigated in the ML, 

there was no data in literature about the role of the GL in this phenomenon so far. Herein, we 

showed the anatomical interaction between the neurovascular unit components (neurons, brain 

vessels and pericytes) of the cerebellar cortex and the basic mechanisms of the NVC in the 

cerebellar GL. After unveiling the signaling pathways of NVC we moved to the next step of the 

investigation. 

 The aim of the third part of this work was to investigate the NVC in two different cerebellar 

regions, the vermis and the hemisphere (chapter 7 and 8). Recent fMRI studies on human subjects 

revealed that cerebellar vermis and hemisphere showed different BOLD responses to the same 

motor task (Alahmadi et al., 2017). These results suggest that the cerebellum might operate a 

complex region-specific information processing. Nevertheless, it has to be considered that this 

difference might arise from diverse cortico-cerebellar inputs. Here, in order to describe the 

neurophysiological basis of the different BOLD signals, we studied capillary responses to different 

patterns of neuronal activation in the cerebellar GL of both vermis and hemisphere. Our results 

strongly stand for a region-dependent NVC in the cerebellum, with different neurovascular 

responses, allowing to infer that a cerebral cortex-independent information processing in the 

cerebellum is responsible for the different BOLD signals observed in vermis and hemisphere. 

 In conclusion, chapter 9 contains a general discussion about the data showed in our work in 

order to summarize the findings reported in the previous chapters. 

 
Chapter 4, 5 and 6 consist respectively of one already published letter, abstract and paper about the 

investigation of the biochemical and molecular pathways of NVC in the GL of cerebellum. 

Chapter 7 and 8 consist of one in press abstract and one in preparation paper about the 

investigation of NVC in cerebellar vermis and hemisphere. 
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Candidate contribution to the thesis 
This thesis was realized autonomously by the candidate Giuseppe Gagliano as doctoral dissertation 

of the work performed during his three years of PhD. The introduction (chapter 1) was obtained 

from scientific literature research of papers related to the field of interest and their interpretation. 

Chapter 3 included the proceedings of samples preparation for experiments and the 

electrophysiological techniques used by the candidate during the three years of PhD. In this thesis, 

results were divided into two studies. The first part of results (chapter 4, 5 and 6) is related to the 

investigations of biochemical pathways involved in cerebellar NVC. Here, the candidate collected 

and analyzed data reported in the published letter, abstract and paper, wrote the abstract (chapter 5) 

and partly contribute to the drafting of the manuscript (chapter 6) (already published in Journal of 

Neuroscience) in which he was co-author because of his equal contribution together with the first 

author to this paper. The second part of results (chapter 7 and 8) contained recent studies about the 

investigations of NVC in two different regions of the cerebellum. All data collection, analysis, 

interpretation, abstract (chapter 7) and paper (chapter 8) writing were realized by the candidate 

during the last part of the PhD program. In conclusion, Giuseppe Gagliano highly contributed to 

this work reaching more results than expected during the three years of the project.   
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Chapter 3 
 

Methods 
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3. Materials and methods 

 Experiments were performed on 17-23 days old Wistar rats or C57BL/6 mice of both sexes, 

depending on the working project. The animals were located in cages in which water and food were 

available ad libitum. The day-night cycle was 12 hours (12 hours light from 06.00 am - 06.00 pm, 

12 hours dark from 06.00 pm - 06.00 am). All experimental protocols were conducted according to 

the international guidelines of the European Directive 2010/63/EU on the ethical use of animals and 

were approved by the local ethical committee of the University of Pavia and by the Italian Ministry 

of Health (authorization n. 645/2017-PR). 

 

 

3.1 Cerebellar slices preparation 

 Parasagittal slices were obtained from the cerebellum of rats or mice and were used in two 

independent sets of experiments. Animals were anesthetized with halothane (Sigma Aldrich) and 

killed by decapitation. Then, acute slice of 220μm thickness were cut in cold Krebs solution with a 

vibroslicer (LEICA VT1200S) and were maintained for 1h in the same solution in order to recovery 

from the slicing procedure. Krebs solution used for cutting and experimental procedures had the 

following composition (mM): 120 NaCl, 2 KCl, 1.2 MgSO4, 26 NaHCO3, 1.2 KH2PO4, 2 CaCl2, 

and 11 glucose, and was equilibrated with 95% O2/5% CO2 (pH 7.4). For the sets of experiments on 

rats, cerebellar slices were preincubated  for 1 hour in 75 nM U46619 (Tromboxane A2 mimetic) or 

200 μM L-NAME (N-ω-nitro-L-arginine methyl ester hydrochloride), when specified, or 100 μM D-

APV (D-(-)-2-Amino-5-phosphonopentanoic acid)+ 50 μM 7ClKyn (7-chlorokynurenate), or 10 

μM ODQ (1H-[1,2,4]Oxadiazolo[4,3-a]quinoxalin-1-one), or 500 μM MCPG ((R,S)-α-Methyl-4-

carboxyphenylglycine) + 300 μM CPPG ((RS)-α-Cyclopropyl-4-phosphonophenylglycine), were 

added to the extracellular solution. These substances were obtained from Sigma Aldrich except 

U46619, L-NAME, D-APV, 7-Cl-Kyn, MCPG, CPPG, and ODQ (Abcam). 

 Finally, slices were transferred to a recording chamber (2ml) mounted on the stage of an 

upright microscope (Slicescope; Scientifica) (Fig. 1.8) where Krebs solution was perfused 

(2ml/min) with an external peristaltic pump (ISMATEC) and maintained at 32°C or 37° (according 

with the different sets of experiments) with a Peltier feedback temperature controller (TC-324B; 

Warner Instrument Corporation). At the end of this process, slices were ready for experimental 

protocols.  
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3.2 Capillary diameter changes observation in the GL of the cerebellum 

 Cerebellar slices of both rats and mice obtained as described above were transferred to a 

recovery chamber with Krebs solution in which 75nM U46619 (thromboxane agonist) was added in 

order to restore the original vascular tone, loss during the slicing procedure. Slices incubation with 

U46619 for 1 h is essential in ex vivo experiments where vessels lack their intraluminal flow and 

pressure. 

We exploited a sophisticate bright-field imaging system, consisting of an upright SLICESCOPE 

microscopy (Scientifica Ltd) with a 60X objective (LumPlanFl 60X/0.90 W; Olympus) (Fig. 1.9) 

mounted on an anti-vibration table, to identify microvessels and pericytes in the GL.  

 

 
 

Figure 1.9 |   Imaging system. The microscope was mounted on an antivibration table. The slices were 

mantained at 32 ° or 37° C in the recovery chamber of the microscope, depending on the experimental 

procedure (right). The electrode of stimulation was mounted near the microscopy (left) and moved by an 

external manipulator.           

   

      

 In order to investigate capillary responses to neural activity in cerebellar GL, we stimulate 

MFs with 12-15V intensity, at 50 Hz frequency for 35s, using a bipolar tungsten electrode (Warner 

Instruments), in rat/mice cerebellar slices. In the case of mice, the experimental protocols consisted 

in the stimulation of MFs with 12-15V of intensity using different frequencies (6, 20, 50, 100 and 

300 Hz) for 35s at physiological temperature (37°C) (Fig. 1.10). 
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Figure 1.10 |   Cerebellar slices of mice. MFs stimulation using a bipolar tungsten electrode in vermis 

lobule V (left) and hemisphere lobule VI (right) of cerebellar slices of mice. 

 

 
 Time-lapse image acquisitions of capillary diameter changes were obtained through a CCD 

camera (DMK41BU; Imaging Source) and the IC-capture 2.1 software (Imaging Source). Although 

MFs were stimulated for 35s, the duration of the acquisition was set at 130s in order to observe 

vessels behavior before and after electrical stimulation. The acquisition rate was set at 30s per 

image or 1s per image, depending on the experimental protocol, and the exposure time was set at 

5ms. 

 The experiments were performed only in microvessels with an internal diameter <10μm and 

only one capillary per slice was used. 

 

 

3.2.1 Images acquisition and analysis 

 In order to estimate the distance between the stimulating electrode and the capillary chosen 

for the experiment, we used a calibration slide before applying the experimental protocol. The slide 

consists of a 1mm ruler observable under the microscope system (Fig. 1.11). The distance between 

each bar allows to calibrate the distances showed by the computer monitor and to convert these 

measures with the real distance in Pm between the stimulating electrode and the vessel. 
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Figure 1.11|  Calibration slide. The slide used before the experiments allowed to measure the real 

distance between the electrode of stimulation and capillaries. The total length of the slide was of 1mm. 

 

 

 Data were analyzed manually using ImageJ. The offline measuring tool of this software 

permits to place a line perpendicular to the capillary walls in the acquired sequence of images and 

to measure the inner caliber length in all images of the acquisition file (Fig. 1.12). Moreover, the 

adjust tool allows to modify the brightness and the contrast of the acquired images to better identify 

the walls of the capillary for a more accurate analysis (Fig. 1.13). Statistical comparisons were 

carried out using paired or unpaired Student’s t-test and ANOVA test. Statistical significance was 

assessed when p<0.05. Data in the text are reported as mean ± SEM.  

 

 
 

Figure 1.12 |   ImageJ tool for image analysis. The software permit to open the acquisition file as images 

sequence and to analyze the inner diameter of the vessel through the yellow bar showed in the figure. 
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Figure 1.13 |  ImageJ tool for images modification. The tool permit to change the brightness and the 

contrast of the images sequence before to measure the diameter modification of the capillary. 

 

 

3.3 DAF-FM signals in the cerebellar GL 
 After the slicing procedure, cerebellar slices from rats where recovered for 1h with 

oxygenated Krebs solution added with 75 nM U46619 and 12 μM DAF-FM (Invitrogen, Thermo 

Fisher), for 40 minutes, for the staining procedure. At the end of the staining the slices were 

transferred to a recovery chamber with Krebs and U46619 for at least 20 minutes. The fluorescence 

signal of DAF-FM reaction with nitrogen derivatives, such as N2O3, NO2 or ONOO, reflects NO 

released upon MF stimulation in the cerebellar GL. The excitation light (495/20 nm) of a MHAB-

150W source (Moritex) was delivered to the tissue and then collected to the camera through a 

system of filters (excitation, dichroic and emission filters). The wavelengths of dichroic and 

emission filter were respectively 515 nm LP and 530/30 nm. The fluorescence was detected using a 

MICAM01 CCD camera (Brainvision), controlled by the Brainvision software for remote 

acquisition and shuttering. The acquisition rate was set at 15ms (339 frames for about 5s recording). 

 In the case of slices incubated with 200 μM L-NAME or 100 μM D-APV + 50 μM 7ClKyn 

in Krebs solution, recordings were acquired after 1h or 20 min of drug exposure, respectively. The 
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fluorescence traces were analyzed with Clampfit (pClamp10, Molecular Devices) and using ad-hoc 

Matlab routines (Mathworks). 

 

 

3.4 Recordings of GL activity in the cerebellum 

 Parasagittal mouse cerebellar slices were also used to investigated the activity of GL during 

MFs stimulation in both vermis lobule V and hemisphere lobule VI. After the slicing procedure and 

1-hour recovery and incubation with U46619 (75 nm), the slices were ready for experimental 

manipulation. Cerebellar neuronal activity in the GL was recorded as local LFP during single 

impulse stimulation of vermis and hemisphere MFs. 

 In order to investigated neuronal activity, we exploited a cutting-edge electrophysiology system 

called BioCAM X (3Brain AG, Wädenswil, Switzerland) (Fig. 1.14). This system is an HD-MEA 

(high-density multi-electrode array) and consist of a MEA platform, a CMOS microchip (Arena 

probe) and a workstation computer with the BrainWave X running software. The platform presents 

a bay in which the microchip for electrical recordings was inserted and locked (Fig. 1.14). The 

microchip consists of a glass chamber (diameter 25mm; height 7mm) containing the probe (4096 

recording microelectrodes arranged in a 64 x 64 matrix in an area of 2.67mm x 2.67mm). The 

electrode size is 21μm x 21 μm with a pitch of 42 μm. This system was completed with a perfusion 

system consisting of an external peristaltic pump (ISMATEC) where Krebs solution was perfused 

(2ml/min) and maintained at 37° with a Peltier feedback temperature controller (TC-324B; Warner 

Instrument Corporation). Moreover, the stimulation system consisted of the integrated stimulator 

unit in the BioCAM X, connected to a bipolar tungsten electrode (Warner Instruments) mounted 

over an external micromanipulator (PatchStar, Scientifica Ltd) (Fig 1.15, left). 

Firstly, cerebellar vermis or hemisphere slice was carefully positioned over the probe and stabilized 

with a platinum anchor to improve tissue coupling with the electrode array. Secondly, the electrode 

was positioned on the MFs of vermis lobule V or hemisphere lobule VI. Finally, we applied the 

stimulation protocol (delivery current pulses of 50 μA for 200 μs) and acquired LFP responses with 

BrainWave X software (Fig. 1.15, right). All signals were sampled at 17840.7 Hz/electrode. Data 

export and analysis were conducted with ad-hoc Matlab routines (Mathworks).  
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Figure 1.14 | Multielectrode array system. High density MEA (BioCAM X) used for LFP recordings in 

the GL of mouse cerebellar slices. In green, the CMOS chip with the recording chamber and the 

microelectrodes. 

 

 

 
 

Figure 1.15 | Recording chamber of HD-MEA and data acquistion. Microchip probe and cerebellar 

slice (in this case vermis) with metallic anchor and stimulating electrode positioned on lobule V. Adapted 

glass capillaries were used to perfuse Krebs solution during the experiments (left). Brainwave software 

rendering of the cerebellar slice on the left, during spontaneous activity. In red, autorhythmic spiking activity 

of PCs (right).  
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4.1 Objectives 
 The tight coupling between local neuronal activity and local cerebral blood flow, or 

neurovascular coupling (NVC), originates the blood-oxygen-level-dependent (BOLD) signals used 

by neuroimaging techniques to map changes in brain activity. In the cerebellum, the NVC has been 

investigated in the molecular layer, showing poor association with Purkinje cells firing, which 

represent the sole output of the cerebellar cortex. At the present no information is available about 

the control of microvascular tone in the granular layer, at the cerebellar input stage. This is 

surprising since granule cells (GrCs) are the most abundant brain neurons and produce nitric oxide 

(NO) in response to mossy fibers (MF)stimulation. 

 

4.2 Materials and methods  
 Herein we exploited time-lapse bright-field microscopy, using a 60x magnification, on 

juvenile rat cerebellar slices in order to assess whether and how the MF- mediated activation of the 

granular layer modulates arteriole diameter changes. In particular, MFs were electrically stimulated 

with 30s 50Hz train pulses using a bipolar tungsten electrode. The slices were pre-incubated with 



35 
 

the vasoconstrictor U46619, since the vascular tone is usually disrupted due to the slicing 

procedure. 

 

4.3 Results 
 MF stimulation determined a 20% increase in the arteriolar diameter in the granular layer. 

This vasodilation was abolished both by perfusion of NMDA receptor blockers (APV and 7- 

clorokynurenic acid), and in the presence of a NO synthase (NOS) blocker (L-NAME). 

 Interestingly, in both cases the vasodilation was turned into vasoconstriction. This switch 

proved to be mostly dependent on the vasoconstrictor 20-hydroxyeicosatetraenoic acid (20-HETE), 

whose synthesis is known to be blocked in the presence of NO. 

 

4.4 Conclusions 
 These data strongly suggest that synaptic activation of GrCs causes arteriolar vasodilation in 

a NMDA and NO dependent manner. Notably, GrCs are known to produce NO through an activity-

dependent and NMDA-dependent pathway, and this mechanism proved to be critical for MF-GrC 

synaptic plasticity. It would be therefore intriguing to correlate arteriolar diameter changes in 

relation to different patterns of granular layer activation. These data provide new insights into the 

NVC at the granular layer, that is likely to majorly contribute to the cerebellar BOLD signals. 
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5.1 Introduction and methods 
 The tight coupling between neuronal activity and cerebral blood flow (CBF) is called 

neurovascular coupling (NVC). This phenomenon controls blood vessel diameter to ensure the 

proper supply of oxygen and nutrients to the brain and contributes to generate the BOLD (blood-

oxygenation-level-dependent) signals in functional magnetic resonance imaging (fMRI). The NVC 

has been investigated in several brain regions, but its neuronal drive and biochemical pathways in 

the cerebellum are still unclear. In particular, attention has been mostly given to the cerebellar 

molecular layer components, as parallel fibers (Bouvier et al., 2016a), local interneurons (Akgören 
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et al., 1994), and Purkinje cells (where NVC was found dissociated from spiking activity, (Thomsen 

et al., 2004). This may be due to the inability of these cells to release nitric oxide (NO), a well 

known vasoactive agent. Surprisingly enough, there is no information about the role of the granular 

layer in this phenomenon, even though granule cells (GrCs): i) are the most abundant brain neurons 

and the most energy consuming elements in the cerebellum (Howarth et al., 2010), ii) show a high 

expression of NMDA receptors (NMDARs) (Monaghan and Anderson, 1991) and of the neural 

isoform of nitric oxide synthase (nNOS) (Southam et al., 1992), and iii) produce and release NO 

following high frequency mossy fibers (MFs) stimulation (Maffei et al., 2003). NO is also 

implicated in long-term synaptic plasticity at the MF-GrC connection in the cerebellar granular 

layer (D'Angelo, 2014). 

 Therefore, the granular layer is particularly suitable for the study of NVC mechanisms and it 

was then compelling to investigate its role in cerebellar NVC. At first, we described the vascular 

organization of the rat cerebellar cortex in immunostained slices. Secondly, we investigated whether 

and how synaptic activity was coupled to vascular motility in the granular layer, by combining 

bright-field microscopy an NO-related imaging techniques. We focused our attention on MF-GrC 

synapses (the cerebellar input stage) and on capillaries, since these vessels are able to change their 

lumen diameter earlier than upstream arterioles, in response to neuronal activity and following 

pericytes activation (Hall et al., 2014). 

 

5.2 Results 
 In immunostained cerebellar slices, the molecular layer showed a more regular vascular 

architecture compared to the granular layer, with arterioles originating from the surface of the 

lamella, penetrating deep into the layer and giving off capillaries (Fig.1A). In the granular layer, 

these capillaries (inner diameter 4.23±0.29 Pm, n=26) are surrounded by GrCs and are in close 

contact with pericytes (Fig. 1B, arrow). 

 In slices treated with the thromboxane A2 agonist (U46619; 75nM) to restore the vascular 

tone, MFs stimulation (35s at 50Hz, 15V) induced a rapid initial vasodilation followed by a slower 

increase in lumen diameter at pericytes location (10.89±2.35%, n=13; p=0.00006) (Fig. 2).The 

vasodilation was converted into vasoconstriction in the presence of NMDARs and NOS inhibitors 

(respectively 100PM D-APV+50PM 7-ClKyn; -5.9±1.8%, n=7; p=0.02 and 200PM L-NAME; -

9.0±1.4%, n=9; p=0.000004) (Fig. 3A-B) and partially turned into vasoconstriction in presence of 

guanylyl cyclase (sGC) inhibitor (10PM ODQ; -3.6±0.9%; n=10; p=0.005) (Fig. 3C). Moreover, L-

NAME perfusion alone reduced capillary diameter (-55.7±2.8%; n=8; p=0.004) (Fig. 3b inset), 

reflecting a tonic NO release by vascular endothelial cells. In the presence of TTX (4PM), the 
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stimulation failed to cause changes in capillary diameter confirming the synaptic drive of this 

process (Fig. 2). Therefore, MF-GrC synapses activation, and NMDARs, NOS and sGC 

recruitments are necessary to increase the local CBF. To further investigate this pathways, slices 

were pre-incubated with 12 μM of the NO production-related fluorescent dye DAF-FM. The 

granular layer responded to MFs stimulation with a fluorescence peak (0.029±0.003ΔF/F0) (Fig. 

4A) which was absent in the presence of NMDARs and NOS inhibitors (respectively 100PM D-

APV+50PM 7-ClKyn; -0.007±0.006ΔF/F0*ms; n=6 and 200PM L-NAME; 0.001±0.003 

ΔF/F0*ms; n=7) (Fig. 4B, top). Moreover, in control condition the integral of the fluorescence 

signal showed a trend to increase, suggesting a residual NO production in the granular layer, (Fig. 

4A, red trace) that was no longer observed in the presence of NMDARs and NOS blockers (Fig 4B, 

bottom). Moreover, the distance from the stimulating electrode where fluorescence peaks were 

observed was comparable to the distance where vessels showed the vasoactive response (158r10Pm 

vs 191r10Pm; n=20 and n=50, respectively).Interestingly, the fluorescence signal kinetics and the 

linear fitting of the vessel dilation rate showed a similar trend (p=0.37), allowing to speculate that 

the kinetics of vessel dilation might be dictated by the rate of NO production. 

 Besides promoting vasodilation, NO released by granular layer neurons could block the 

synthesis of the vasoconstrictor 20-HETE (Attwell, 2010). MFs stimulation during the perfusion of 

20-HETE synthesis inhibitor (1PM HET-0016) and of metabotropic glutamate receptors (mGluRs) 

inhibitors (500μM MCPG+300 μM CPPG) respectively reduced (-4.2±1.9%; n=9; p<0.007) (Fig. 

5A) and abolished (1.1 ± 1.5%; n=15; p=0.9) (Fig. 5B) the vasoconstriction shown in the presence 

of L-NAME. These data support the conclusion that mGluRs drove the synthesis of 20-HETE 

during synaptic transmission at the MF-GrC relay. 

 

5.3 Discussion and conclusion 
 Herein, we demonstrated that synaptic activation of the cerebellar granular layer caused a 

NMDARs/NOS-dependent capillary vasodilation that required cGMP synthesis by sGC, 

presumably in pericytes. Our results are also compatible with a role of glial cells in mediating the 

vasoconstriction through a mGluRs-dependent mechanism leading to20-HETE synthesis. Actually, 

in pericytes 20-HETE is synthesized from the arachidonic acid released after mGluRs activation on 

astrocytes (Sweeney et al., 2016). Therefore, synaptic activity and glutamate release could activate 

two different competing signaling pathways (promoting either vasorelaxation or vasoconstriction), 

both involved in the CBF control. In conclusion, GrCs are likely to play a pivotal role in the NVC 

in the cerebellar circuit. These cells are also known to elaborate and store complex spatio-temporal 

patterns at the cerebellar input stage (D'Angelo and De Zeeuw, 2009). Taken together, these 



40 
 

evidences strongly stand for a huge role of GrCs in the coordination of computational and metabolic 

functions in the cerebellar network. Notably, since the granular layer regulation of local 

microvessels caliber might contribute to change the cerebellar BOLD signals (Diedrichsen et al., 

2010), our results may help cerebellar fMRI data analysis, besides shedding new light on the 

mechanisms of NVC in this brain structure. 

 

 

 
 

FIGURE 1 |  Identification of capillary microvessels in the cerebellar granular layer. A) ML= 

molecular layer; GL= granular layer. B) granule cells nuclei (blue), vessel walls (green), pericytes  

(red). 

 

 

 

 
 

 
FIGURE 2 | MFs stimulation determines capillary vasodilation. MFs stimulation caused an increase in 

vessel diameter that is abolished by TTX perfusion. 

 



41 
 

 
 
 
FIGURE 3 |  NMDARs, NO and cGMP mediate the vasodilation. A) MFs stimulation turned 

vasodilation into vasoconstriction, in the presence of NMDARs blockers. B) The vasodilation war turned 

into vasoconstriction, in presence of NOS inhibitor during MFs stimulation. C) The perfusion of sGC blocker 

caused a vasoconstriction, during MFs stimulation. 
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FIGURE 4 |  Related NO production in the granular layer. A) DAF-FM fluorescence signal during 

MFs stimulation (black trace); integral of the fluorescence signal (red trace) during MFs stimulation. B) Top: 

DAF-FM fluorescence signal in control condition (black) and in presence of L-NAME (green) and of 

APV+7ClKyn (orange) during MFs stimulation; Bottom: Integral of the fluorescence signal in control 

condition (red), in presence of L-NAME (green) and of APV+7ClKyn (orange) and without MFs stimulation 

(grey). 

 

 

 
 
FIGURE 5 |  20-HETE and mGluRs mediate vasoconstriction. A) MFs stimulation in the presence of 

20-HETE synthesis inhibitor significantly reduced vasoconstriction. B) MFs stimulation in the presence of 

mGluRs inhibitors abolished the vasoconstriction. 
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6.1 ABSTRACT 

 Neurovascular coupling (NVC) is the process whereby neuronal activity controls blood 

vessel diameter. In the cerebellum, the molecular layer is regarded as the main NVC determinant. 

However, the granular layer is a region with variable metabolic demand caused by large activity 

fluctuations, that shows a prominent expression of NMDA receptors (NMDARs) and nitric oxide 

synthase (NOS) and is therefore much more suitable for effective NVC. Here we show that, in the 

granular layer of acute rat cerebellar slices, capillary diameter rapidly changes following mossy 

fiber stimulation. Vasodilation required neuronal NMDARs and NOS stimulation and subsequent 

guanylyl cyclase activation that probably occurred in pericytes. Vasoconstriction required 

metabotropic glutamate receptors and CYP Z-hydroxylase, the enzyme regulating 20-HETE 

production. Therefore, granular layer capillaries are controlled by the balance between vasodilating 

and vasoconstriction systems, that could finely tune local blood flow depending on neuronal activity 

changes at the cerebellar input stage. 

 

6.2 Significance statement 

 The neuronal circuitry and the biochemical pathways that control local blood flow supply in 

cerebellum are unclear. This is surprising given the emerging role played by this brain structure not 

only in motor behavior, but also in cognitive functions. While previous studies focused on the 

molecular layer, here we shift attention onto the mossy fiber-granule cell (GrC) relay. We 

demonstrate that GrC activity causes a robust vasodilation  in nearby capillaries via the N-methyl-

D-aspartate receptors-neuronal nitric oxide (NO) synthase signaling pathway. At the same time, 

metabotropic glutamate receptors mediate 20-HETE-dependent vasoconstriction. These results 

reveal a complex signaling network which hints for the first time at the granular layer as a major 

determinant of cerebellar blood-oxygen-level-dependent (BOLD) signals. 

 

6.3 INTRODUCTION 
 Neurovascular coupling (NVC) is the mechanism whereby changes in regional cerebral 

blood flow (CBF) ensure the proper supply of oxygen and glucose in response to local neuronal 

activity. This coupling between neuronal activity and the hemodynamic response generates the 

blood-oxygen-level-dependent (BOLD) signals used in functional magnetic resonance imaging 

(fMRI) (Iadecola, 2004). Therefore, determining the cellular and molecular underpinnings of NVC 

is essential not just to understand local blood-flow regulation but also to interpret BOLD signals as 

a function of brain activity (Logothetis, 2008; Hillman, 2014). 
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 The vascular tone is determined by the balance between competing vasoconstrictor and 

vasodilator factors. The nonconventional gaseous neurotransmitter, nitric oxide (NO), contributes to 

vasodilation in several brain regions (Iadecola, 2004). NO production is triggered by N-methyl-D-

aspartate (NMDA) receptors (NMDARs)-mediated Ca2+ inflow, which activates the Ca2+-dependent 

neuronal isoform of NO synthase (nNOS) (Attwell et al., 2010). In the cerebellum, the mossy fiber 

(MF)-granule cell (GrC) relay receives and processes the incoming afferent signals before relaying 

them to Purkinje cells - which constitute the sole output of the cerebellar cortex – through GrC 

parallel fibers (Mapelli et al., 2015). So far, attention has been mostly given to the role of nNOS 

revealed in parallel fibers (Bouvier et al., 2016b) and molecular layer interneurons, such as stellate 

cells and basket cells. Since nNOS is absent in Purkinje cells, parallel fibers and molecular layer 

interneurons have long been regarded as the main sources of NO for cerebellar NVC (Akgoren et 

al., 1994; Yang et al., 1999). Conversely, the role played by GrCs in the regulation of local 

microvessels has been neglected. This is surprising for several reasons. First, the cerebellum 

granular layer has the highest expression of NMDARs (Monaghan and Anderson, 1991) and nNOS 

(Snyder, 1992; Southam et al., 1992) in the whole brain (de facto also the nNOS present in parallel 

fibers belongs to GrCs). What is the reason for this high expression is only party understood, 

although GrCs-derived NO has been implicated in long-term synaptic plasticity (Maffei et al., 2003; 

D'Angelo, 2014). Secondly, GrCs are the most abundant brain neurons (3-7 106/mm3) and recent 

calculations suggested that they are the most energy consuming elements in the cerebellum 

(Howarth et al., 2010). Thirdly, once stimulated, MFs release glutamate that excites postsynaptic 

GrCs by activating NMDA and non-NMDARs (D'Angelo et al., 1999). NMDARs-mediated Ca2+ 

entry activates nNOS and leads to NO production (Maffei et al., 2003). Interestingly, the first 

demonstration at all that NO could act as a vasodilator in the brain was provided in seminal papers 

showing that cerebellar GrCs suspensions released NO upon NMDA report stimulation thereby 

causing smooth muscle relaxation through a guanylil cyclase-dependent mechanism (Garthwaite 

and Garthwaite, 1987; Garthwaite et al., 1989). Reasonably, GrCs-released NO could induce 

vasodilation in adjacent microvessels, thereby increasing local CBF. Fourthly, granule cells are 

almost silent at rest and respond to incoming MF bursts (Chadderton et al., 2004; Rancz et al., 

2007b; Powell et al., 2015) generating dense activity clusters (Diwakar et al., 2011), thereby 

implying a local neuron-gated mechanisms for blood-flow regulation. Finally, whereas NO only 

plays a permissive role in the neocortex, NO is the primary mediator of the increase in CBF 

occurring in response to cerebellar activation (Akgoren et al., 1994; Yang and Iadecola, 1997). This 

would, however, be hard to explain by considering the molecular layer only, where NVC is 

dissociated from the spiking activity of Purkinje cells, which cannot produce NO (Mathiesen et al., 
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1998; Caesar et al., 2003; Thomsen et al., 2004). Despite this body of evidence, the relationship 

between GrCs and CBF has hitherto remained undetermined.  

 Therefore, we investigated whether and how synaptic activity was coupled to vascular 

motility in the granular layer by combining bright-field microscopy and fast NO imaging in acute 

cerebellar slices in rats. We focused on capillaries, since stringent evidence has been provided 

demonstrating that they aid arterioles in initiating functional imaging signals in the cerebellum (Hall 

et al., 2014) 

 

6.4 METHODS 

6.4.1 Preparation of acute cerebellar slices 

 Acute rat cerebellar slices were obtained as reported previously (D'Angelo et al., 1995; 

Armano et al., 2000; Mapelli et al., 2009). Briefly, 17- to 23-days-old Wistar rats of both sexes 

were anesthetized with halothane (Aldrich, Milwaukee, WI) and killed by decapitation. Parasagittal 

220 μm-thick  acute slices were cut from the cerebellar vermis in cold Krebs solution and recovered 

for at least 1 hour before being transferred to a 2-ml recording chamber mounted on the stage of an 

upright microscope (Slicescope, Scientifica Ltd, UK). The preparations were perfused with Krebs 

solution (2 ml/min) and maintained at 32°C with a Peltier feedback device (TC-324B, Warner 

Instruments, Hamden, CT). Krebs solution for slice cutting and recovery contained (in mM): 120 

NaCl, 2 KCl, 1.2 MgSO4, 26 NaHCO3, 1.2 KH2PO4, 2 CaCl2, and 11 glucose, and was equilibrated 

with 95% O2-5% CO2 (pH 7.4). When specified, slices were preincubated for 1 hour in 75 nM 

U46619 or 200 μM L-NAME. When specified, 100 μM D-APV + 50 μM 7ClKyn, or 10 μM ODQ, 

or 500 μM MCPG + 300 μM CPPG, were added to the extracellular solution. 

All drugs were obtained from Sigma-Aldrich, except U46619, L-NAME, D-APV, 7-Cl-Kyn, 

MCPG, CPPG, and ODQ (Abcam). 

All experimental protocols were conducted in accordance with international guidelines from 

the European Union Directive 2010/63/EU on the ethical use of animals, and approved by the local 

ethical committee of the University of Pavia, Italy. 

 

6.4.2 Immunofluorescence 

 Immunofluorescence of pericytes and capillaries in cerebellar slices was performed as 

described previously (Mishra et al., 2014). In brief, 220 Pm slices were fixed with freshly prepared 

4% paraformaldehyde in PBS for 25 min in a Petri dish. Slices were washed three times and then 

permeabilized and blocked with a solution containing 5% Triton X-100, 10% BSA in PBS 

overnight at 4°C. Slices were incubated for one day at room temperature on a rotary shaker with 
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primary antibodies diluted in PBS. Rabbit anti-NG2 chondroitin sulfate proteoglycan (Millipore, cat 

no. AB5320, 1:200 dilution) was used to stain pericytes and FITC-isolectin B4 (Sigma-Aldrich, cat. 

no. L2895; a stock solution of 2 mg/ml FITC-IB4 in H2O was diluted 1:200 in PBS) was used to 

stain blood vessels. To prevent photobleaching Petri dishes were covered with aluminium foil. After 

three 15 min washes with PBS, slices were incubated for 4h at room temperature with fluorescent 

secondary antibody, 1:500 dilution (Jackson ImmunoResearch Inc. cat. no.111-295-045 Rhodamine 

Red-X-AffiniPure Goat Anti-Rabbit IgG ). Slices were then washed three times for 15 min with 

PBS, mounted on microscope slides, ProLong® Gold antifade reagent with DAPI (Molecular 

Probes) and coverslips affixed. Slides were examined with a TCS SP5 II LEICA confocal 

microscopy system (Leica Microsystems, Italy) equipped with a LEICA DM IRBE inverted 

microscope. Images were acquired with 20X, 40X or 63X objectives and visualized by LAS AF 

Lite software (Leica Application Suite Advanced Fluorescence Lite version 2.6.0). Negative 

controls were performed by incubating slices with non-immune serum.  

 

6.4.3 Time-lapse bright-field imaging of granular layer capillaries dynamics 

 Acute parasagittal cerebellar slices were prepared as previously described. Microvessels in 

the granular layer were identified using a 60X objective (LumPlanFl 60X/0.90 W, Olympus, Japan) 

during bright field visual inspection of the granular layer. Only vessels with internal diameter <10 

μm were accepted for the experiments. In all cases slices were pre-incubated in 75 nM of the 

thromboxane agonist U46619, to avoid vessel relaxation due to the slicing procedure and typical of 

ex-vivo conditions, where vessels lack intraluminal flow and pressure. Only one capillary per slice 

was used for experiments. We focused on capillary sections covered by at least 1-2 pericytes sitting 

on the abluminal wall. Pericytes were identified by their large soma usually emitting two primary 

projections along the vessel (Hamilton et al., 2010) (see Fig. 2Bc). In each slice, a suitable capillary 

was identified and the objective focus was finely adjusted in order to determine the capillary 

diameter near pericytes, where vasoconstriction was most evident featuring a sphincter-like 

structure (Peppiatt et al., 2006; Fernandez-Klett et al., 2010). The focal plane on which the capillary 

diameter was measured, did not necessarily coincide with that of the pericytes, which therefore 

appear blurred in some images. 

 Brain slices have long been employed to unveil the molecular pathways and the local 

microcircuitry involved in NVC (Peppiatt et al., 2006; Rancillac et al., 2006; Hall et al., 2014), but 

we reasoned that it was physiologically more relevant to assess the effect of synaptic stimulation 

rather than directly administrating a neurotransmitter (e.g. glutamate), which could cause the 

unspecific activation of the whole neuronal circuit. MFs stimulation was obtained using a bipolar 
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tungsten electrode (Warner Instruments, UK) and consisted in 12-15 V stimuli delivered at 50 Hz 

for 35s. This stimulation protocol allowed vessel tone (either vasodilation or vasoconstriction) to 

attain near-maximal changes (e.g. observed between 2s and 30s in the case of vasodilation, Fig.2B). 

The stimulation frequency of 50Hz was chosen in order to efficiently activate NMDARs and 

calcium entry (D'Angelo et al., 1995; D'Errico et al., 2009). The consequent granular layer 

responses are likely to span over distances longer than about 200 μm from the stimulating electrode, 

where vessel responses were detected, as suggested by previous observations using voltage-

sensitive dye imaging (Prestori et al., 2013). Time-lapse bright-field acquisitions of capillaries 

dynamics were obtained through a CCD camera (DMK41BU, Imaging Source, Germany) using the 

IC-capture 2.1 software (Imaging Source, Germany), acquiring images either every 30s (for >1h 

acquisition of basal U46619 or L-NAME effects on vessel tone) or every 1s (for acquisitions during 

and after MFs stimulation) with an exposure time of 5ms. The analysis of capillary inner diameter 

changes was made offline using the Image J measure tool, by manually placing the measurement 

line perpendicular to the vessel, at the location where maximal effect was visually detected, as 

elsewhere described (Hall et al., 2014). The average distance from the stimulating electrode of the 

vessels used in the analysis was 191±10 μm (n=50). The percentage change in capillary resistance 

and in blood flow caused by capillary dilation has been calculated according to (Peppiatt et al., 

2006; Hall et al., 2014). Statistical comparisons were carried out using the Student's t test (paired or 

unpaired depending on the applicability). Statistical significance was assessed when p<0.05. Data in 

the text are reported as mean ± SEM. 

 

6.4.4 Contribution of capillary vasodilation to the increase in cerebellar blood flow 

 Recent work has clearly shown that capillary vasorelaxation initiates before arteriole dilation 

in the molecular layer of the cerebellum (Peppiatt et al., 2006; Hall et al., 2014; Mishra et al., 2014). 

The percentage increase in granular layer blood flow produced by capillary vasodilation was 

evaluated by following the procedure described in (Peppiatt et al., 2006) and (Hall et al., 2014). 

Peppiatt and coworkers based their calculations on a mathematical model which attributes to the 

whole capillary bed a resistance that is 45% of the resistance in pre-capillary arterioles and arteries 

(Lu et al., 2004; Peppiatt et al., 2006). For instance, in slices superfused with U46619, MFs 

stimulation causes an initial increase in capillary diameter by 5%. According to the Poiseuille’s 

Law (R=8Kl/Sr4), this reduces capillary resistance by 17% and, therefore, decreases the total flow 

resistance by 5.5% (if we assume that the resistance ratio for capillaries is equal to 45:100). It turns 

out that the blood flow will increase by 5.8% [(100/(100-5.5))*100; see (Peppiatt et al., 2006) for 

details]. 
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6.4.5 DAF-FM imaging in cerebellar slices 

 Cerebellar slices were obtained as described above. After 1h recovery from the slicing 

procedure, the slices were transferred to a continuously oxygenating recovery with Krebs solution 

added with 75 nM U46619 and 12 μM DAF-FM (Invitrogen, Thermo Fisher), for 40 minutes. After 

the staining, the slices were transferred to a recovery chamber with Krebs and U46619 for at least 

20 minutes, before starting the experiment. DAF-FM fluorescence was detected using a MICAM01 

CCD camera (Brainvision), controlled by the Brainvision software for remote acquisition and 

shuttering. With the 20X objective magnification (Olympus XLUMPlanFl 20X/0.95 W), with a 

detection matrix of 88x60 pixels, each pixel corresponded to 4.5x4.5μm which resulted in a field of 

view of about 400x270μm. It should be noted that this fluorescence camera is pixelated and allows 

to detect fluorescence responses with high spatial resolution. The fluorescence light (source 

MHAB-150W, Moritex) was delivered to the tissue through an excitation filter (495/20 nm), and 

collected by the camera through a dichroic filter (515 nm LP) and an emission filter (540/30 nm). 

The acquisition rate was set at 15ms (339 frames for about 5s recording). In order to obtain a better 

signal-to-noise ratio, up to 4 acquisitions were averaged in presence and absence of 50 Hz 4s 

stimulation on MFs. The average fluorescence signal in absence of MFs stimulation was subtracted 

to the average fluorescence signal during MFs stimulation (see Fig. 4A). The offline analysis was 

conducted using ad-hoc Matlab routines (Mathworks), to extrapolate single and averaged traces to 

be analyzed in Clampfit (pClamp10, Molecular Devices). When specified, 200 μM L-NAME or a 

cocktail of 100 μM D-APV and 50 μM 7ClKyn were added to the extracellular solution. In these 

cases, DAF-FM fluorescence recordings were acquired after 1h or 20 min of drug exposure, 

respectively. The average distance from the stimulating electrode of the regions where the DAF-FM 

signal was detected and analyzed was 158±10 μm (n=20), which is in the same range as the distance 

of the vessels used to analyze microvascular reactivity, as described above (see Fig.4C). 

 A caveat about the interpretation of DAF-FM measurements is that this dye does not directly 

react with NO, but rather with a number of nitrogen derivatives, such as N2O3, NO2 or ONOO. 

Nevertheless, a number of observations converge to indicate that the fluorescence signal recorded in 

our experiments actually reflects NO released upon MF stimulation. First, the DAF-FM 

fluorescence signal was fully blocked by L-NAME, that inhibits the NO synthesizing enzyme, 

NOS, and by APV+7ClKyn, that block NMDA receptors and therefore the calcium influx needed to 

activate NOS. Secondly, NO release upon high frequency MF stimulation was measured directly 

using electrochemical probes and, similar to the DAF-FM fluorescence signal, was prevented by L-

NAME and APV application (Maffei et al., 2003). Finally, since capillary vasodilation depends on 

NO, its block by L-NAME confirms that NO was produced during synaptic stimulation.  
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6.5 RESULTS 

6.5.1 Identification of capillary microvessels in the granular layer of the cerebellum 

 Recent studies have convincingly shown that capillaries can respond to neuronal activity by 

changing their luminal diameter earlier than upstream arterioles, thereby contributing to initiate 

cerebellar BOLD signals (Hall et al., 2014; Attwell et al., 2016). This is due to the presence of 

contractile pericytes, which ensheath the capillary wall from the outside and make direct contact 

with endothelial cells (Dalkara and Alarcon-Martinez, 2015a; Attwell et al., 2016) controlling 

microcirculation by sensing the vasoactive messengers released by either neurons or astrocytes 

located within the neurovascular unit (Peppiatt et al., 2006; Hall et al., 2014). Although this 

observation has been challenged (Fernandez-Klett et al., 2010; Hill et al., 2015),  a subsequent 

reinterpretation supported again the critical role of pericytes (Attwell et al., 2016). A recent 

investigation elegantly described the overall architecture of cerebellar microvessels (Kolinko et al., 

2016). Here, we focused our attention on intra-parenchymal capillaries (Fig. 1A) that reside in close 

contact with GrCs (see asterisks in Fig. 1A) and are, therefore, strategically located to rapidly sense 

any changes in local neuronal activity. Bright-field microscopy revealed that these microvessels 

have a mean inner diameter of 4.23r0.29 Pm (n=26; Fig. 1A), which is well within the range 

expected for brain capillaries (Attwell et al., 2016), and lack a continuous layer of smooth muscle 

cells. Visual inspection further identified them as capillaries by the characteristic bump-on-log 

location of pericytes on the abluminal wall (see arrows in Fig. 1A). Accordingly, cerebellar granular 

layer capillaries were positive to the labeling with isolectin B4 and the proteoglycan NG2 antibody, 

which bind to the basal membrane and pericytes (Mishra et al., 2014), respectively (Fig. 1Ba). 

Capillaries were not enwrapped by a continuous layer of pericytes (Fig. 1Ba and co-localization of 

isolectin B4 and NG2 antibody staining in Fig. 1Bb), which is fully consistent with their original 

definition by Zimmermann (Zimmermann, 1923; Krueger and Bechmann, 2010); see (Attwell et al., 

2016). Finally, immunostaining with NG2 antibody clearly revealed the conspicuous somata with a 

bump-on-log morphology from which two thinner processes depart that features capillary pericytes 

(Fig. 1Bc) (Peppiatt et al., 2006; Attwell et al., 2016). Our subsequent analysis of the cellular and 

molecular underpinnings of NVC in the cerebellar granular layer was therefore carried out by 

evaluating the vascular reactivity of these structures. 

 We also examined cerebellar slices at a lower magnification (20x and 40x) to gain more 

insights into the differences in the organization of the vascular network between molecular and 

granular layers. As depicted in Fig. 1Ca, the molecular layer displayed a more regular vascular 

architecture which consisted of an array of parallel arterioles that originated from the surface of the 

lamella, penetrated deep into the layer, were interconnected through lateral branches, and gave off 
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capillaries. Fig. 1Cb shows that the granular layer is fed by the arterioles incoming from the 

molecular layer that give raise to a diffused network of capillary vessels enmeshed within the highly 

compacted GrCs. 

 

 
 

FIGURE 1 |  Identification of capillary microvessels in the cerebellar granular layer. (A) Examples 

of bright-field images of three capillaries in the cerebellar granular layer. Note that GrCs (asterisks) are in 

close contact with nearby capillaries. The arrows indicate putative pericytes in close contact with the vessels 

wall. (B) Confocal fluorescent images of cerebellar slices stained for IB4 (green), NG2 (red) and DAPI 

(blue) to reveal capillaries, pericytes and cell nuclei, respectively. (Ba) Top: the image shows a capillary 

surrounded by GrCs (asterisks). Bottom: the same capillary (excluding DAPI) reveals the colocalization of 

IB4 and NG2 staining. The dashed line indicates the section analyzed for IB4 - NG2 colocalization in Bb. 

(Bb) Colocalization graph showing the overlap of the fluorescence signals originated by capillaries (green) 
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and pericytes (red) staining. (Bc) A granular layer capillary from another staining than in Ba, where the 

pericyte soma (arrow) and its bump-on-log morphology are visible in close contact with the capillary wall. 

(C) Confocal acquisitions from a cerebellar slice stained for IB4 (green), NG2 (red) and DAPI (blue), as in 

Ba,c. (Ca) The image shows the more regular microvessels organization in the molecular layer (ML) 

compared to the granular layer (GL) (20x objective). (Cb) The image shows the granular layer (GL) and the 

MF bundle (MF) of another lamella at a higher magnification (40x objective).  

 

 

6.5.2 MFs stimulation causes vasodilation in the microcirculation of the cerebellar granular 

layer  

 In order to investigate the vasomotor response to MFs stimulation, cerebellar brain slices 

were pre-incubated with the thromboxane A2 agonist, U446619 (75 nM), as described elsewhere 

(Rancillac et al., 2006). This is an established approach to reproduce the vascular tone in unperfused 

and unpressurized brain microvessels (Fernandez-Klett et al., 2010; Mishra et al., 2014). We did not 

pre-constrict the capillaries with noradrenaline, as suggested elsewhere (Hall et al., 2014), since 

earlier work showed that this neurotransmitter may also activate rat cerebellar GrCs (Xu and 

Chuang, 1987; Dillon-Carter and Chuang, 1989). As depicted in Fig. 2Aa and 2Ab, U46619 caused 

a slowly developing vasoconstriction in the granular layer, since capillary diameter decreased to 

approximately 60% of its initial value at 45 min after drug perfusion (-39.9r12.1%; n=7; p=0.02). 

The vasomotor response to U46619 was usually spatially restricted at pericyte locations (see arrow 

in Fig. 2Ab), which therefore serve as sphincter-like structures that control microvascular blood 

flow, as also reported in the molecular layer (Rancillac et al., 2006; Hall et al., 2014). Control 

experiments confirmed that capillary diameter did not undergo any significant change in the 

absence of U46619 (Fig. 2Aa, grey trace). Under these conditions, high-frequency MFs stimulation 

caused a significant capillary vasodilation at spatially restricted locations near pericytes (Fig. 2Bc). 

The kinetics and magnitude of the hemodynamic signal evoked by neuronal activity are shown in 

Fig. 2Ba. The changes in vascular tone started immediately after the stimulus and consisted in a 

rapid initial vasodilation followed by a slower increase in lumen diameter (10.9r2.4%, n=13; 

p=0.00006) that peaked within 20s (16.5r2.6s; n=13) from the onset of the response and returned to 

the baseline within 20s (16.4r8.6s; n= 13) after interruption of the train. Fig. 2Bb displays an 

enlargement of the early phase of activity-induced vasodilation: it clearly shows that capillary 

diameter increased by 5r2% (n=13) already at 1s after MFs stimulation. This issue is particularly 

relevant when considering that the Poiseuille’s law predicts that blood flow is directly proportional 

to the fourth power of the vessel radius; therefore, the activation of the MF-GrC synapse could 
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rapidly boost local blood flow by as much as 13% (see Discussion). In order to confirm the synaptic 

dependence of this process, cerebellar slices were pre-incubated in the presence of tetrodotoxin 

(TTX; 4 PM), a selective inhibitor of voltage-dependent Na+ channels. As shown in Fig. 2Ba, MFs 

stimulation failed to cause any evident change in capillary diameter under these conditions, thereby 

providing evidence that synaptic activity controls the microvascular tone also in the granular layer 

(0.19r0.87%, n=5; p=0.8). 

 

 
 

FIGURE 2 |  MFs stimulation determines capillary vasodilation. (A) U46619 perfusion restores the 

vascular tone in the granular layer capillaries. (Aa) Average time course of the normalized capillary lumen 

diameter size in slices incubated for 1h with U46619 (thromboxane A2 agonist; 75 nM; n=7). The grey line 

shows that capillary diameter did not change in the absence of U46619 perfusion. (Ab) The pictures show a 

capillary before (left) and after U46619 perfusion (right). White bars indicate the location of lumen diameter 

measurements, near the pericyte indicated by the arrow. (B) MFs stimulation causes vasodilation of pre-

constricted capillaries. (Ba) Average time course of capillary diameter size (n=13) before, during (grey filled 

rectangle) and after MFs stimulation (t=0s; 50Hz) (black circles); the grey trace shows the average time 

course of capillary diameter size in the absence of stimulation (n=10), while the grey empty circles show the 

average time course of capillary diameter size in the presence of 4μM TTX (n=5) As a control, in 5 slices a 

second stimulation (after 15 minutes) shows an average vasodilation not statistically different from the first 
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one (inset). (Bb) The same time course in Ba is shown on an expanded time scale, in order to appreciate the 

initial dynamics of vessels dilation during MFs stimulation. Note that vasodilation is evident as soon as 1s 

after MFs stimulation is started. (Bc) The pictures show capillary diameters before (left) and during (right) 

MFs stimulation. White bars mark the lumen diameter. In these and all subsequent experiments, capillaries 

are pre-constricted using U46619. 

 

 

6.5.3 NMDARs and NO mediate vasodilation upon MFs stimulation 

 We have previously shown that high-frequency MFs stimulation causes a robust NMDARs- 

and NOS-dependent NO release in the granular layer of rat cerebellar slices (Maffei et al., 2003). 

Therefore, we first assessed whether NMDAR blockage affects the vasomotor response to synaptic 

activity. The co-application of D-APV (100 PM) and 7ClKyn (50 PM), which specifically target 

NMDARs, transformed the vasodilation evoked by MFs stimulation into a significant 

vasoconstriction (Fig. 3A). The decrease in capillary diameter started immediately (i.e. 1s) after the 

delivery of the stimulus, achieved a steady-state level (-5.9r1.8%, n=7; p=0.02) within 20s 

(19.5r3.9s; n=7) and returned to the baseline within approximately 21s (21.3r27.7s; n= 7) after 

interruption of the high-frequency train. Therefore, the kinetics of the vasoconstricting response to 

synaptic activity mirrors the vasodilation occurring when NMDARs are functional. Control 

experiments confirmed that two consecutive stimuli, delivered at 15 min intervals from each other, 

elicited the same hemodynamic signal in the absence of any pharmacological treatment (first: 

10.0r3.1%, n=5; p=0.01; second: 6.0r1.8%, n=5; p=0.0004; first vs. second dilation not statistically 

different, p=0.2; Fig 2B inset).  

 The role played by NO in NVC at the MF-GrC relay was investigated by using the selective 

NOS inhibitor, L-NG-Nitroarginine methyl ester (L-NAME), that is widely employed to prevent NO 

release (Mehta et al., 2008). Our preliminary experiments revealed that the addition of L-NAME 

(200 PM) to U46619-preconstricted cerebellar slices caused a further 40% reduction in microvessel 

diameter (-55.7r2.8%; n=8; p=0.004; inset in Fig. 3B), which is consistent with the tonic NO 

release by vascular endothelial cells (Hopper and Garthwaite, 2006). Control experiments showed 

that capillary diameter did not undergo any significant change in the absence of L-NAME perfusion 

(grey trace in Fig.3B inset). As observed upon inhibition of NMDARs, stimulation-evoked 

vasodilation reversed to vasoconstriction in the presence of L-NAME (Fig. 3B). The vasoconstrictor 

response initiated at 1s, reached a plateau (-9.0r1.4%, n=9 of 9; p=0.000004) at 35r3s (n=9), and 

did not fully return to resting levels upon interruption of the stimulus. Similar results were obtained 

when the slices were pre-incubated with 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ; 10 
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PM; mean, -3.6r0.9%; n=10; p=0.005; Fig. 3C), an inhibitor of soluble NO-dependent guanylyl 

cyclase (sGC) activity (Sakagami et al., 2001). As expected by the block of sGC activation by NO, 

ODQ prevented pericyte-dependent vasodilation, while it did not affect pericyte-dependent 

vasoconstriction in the presence of L-NAME (-8.2r1.7%, n=8; p=0.001; vs. L-NAME alone -

12.8r1.9%, n=8; p=0.00005; the two vasoconstrictions are not statistically different, p=0.1; 

Fig.3Ba) 

 Taken together, these data demonstrate that activation of the MF-GrCs relay decreases the 

microvascular tone and increases local CBF by recruiting NMDARs and NOS. GrCs express both 

NMDARs and nNOS (Southam et al., 1992; D'Angelo et al., 1995; Maffei et al., 2003), while 

cerebellar glial cells and brain endothelial cells lack functional NMDARs (Busija et al., 2007; 

Dzamba et al., 2013). Therefore, GrCs are the most likely candidates to trigger the vasoactive 

response to MFs stimulation. To further support these conclusions, we exploited a high-resolution 

imaging system to directly measure NO production in the granular layer of cerebellar slices loaded 

with the NO-sensitive dye DAF-FM, as reported below. 
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FIGURE 3 |  NMDARs, NO and cGMP mediate the vasodilation. (A) Capillary vasodilation depends 

on NMDARs activation. (Aa) Average time course of capillaries diameter changes during the same MFs 

stimulation protocol in Fig. 2B, in control (empty circles) and during (full circles) APV+7ClKyn perfusion 

(NMDARs inhibitors; 100μM and 50μM, respectively; n=7; the vessels diameter at the end of the control 

stimulation is re-normalized to show the relative size changes after the stimulation in APV+7ClKyn). 
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NMDARs blockage turns the vasodilation into a vasoconstriction. (Ab) The pictures show capillary 

diameters before (left), during MFs stimulation in control (center) and during MFs stimulation in the 

presence of APV+7ClKyn (right). White bars marks lumen diameter. (B) NO production is necessary for 

vasodilation. (Ba) Average time course of the capillary diameters changes during the MFs stimulation 

protocol before (black empty circles), after (filled circles) L-NAME perfusion (NOS inhibitor; 200μM, n=9), 

and after L-NAME and 10μM ODQ perfusion (grey empty circles). The stimulus-evoked vasodilation is 

turned into vasoconstriction in both cases. Note that during the hour of L-NAME perfusion the vessels 

diameter decreases (black circles, n=8; compared to controls without L-NAME perfusion, grey line, n=5) as 

shown in the inset. The vessels diameter relative size reported in the graph is therefore re-normalized to the 

pre-stimulus condition in L-NAME. (Bb) The pictures show capillary diameter before (left) and after (right) 

MFs stimulation in slices treated with L-NAME (1h). White bars mark lumen diameter. (C) sGC activation 

by NO is involved in vasodilation. (Ca) Average time course of capillaries diameter size during the 

stimulation protocol before (empty circles) and after (filled circles) ODQ perfusion (sGC inhibitor; 10PM; 

n=10). The blockage of sGC activity abolishes vasodilation that is partially reversed toward vasoconstriction. 

(Cb) The pictures show the same capillary before (left) and during MFs stimulation in control (center) and in 

the presence of ODQ (right). White bars mark lumen diameter. 

 

 

6.5.4 Evidence for NO production in the granular layer 

 Previous results indirectly stand for NO production by GrCs in the granular layer in 

response to MFs stimulation. In order to obtain evidence of NO production in the granular layer, we 

loaded the slices with the DAF-FM dye. DAF-FM fluorescence is related to NO production (as well 

as NO production derivates) inside cells with fast reaction kinetics (Balcerczyk et al., 2005; Namin 

et al., 2013). Therefore, the DAF-FM signal is thought to reflect intracellular NOS activity, rather 

than extracellular NO accumulation. In order to investigate neuronal activity-dependent NO 

production in the granular layer following MFs stimulation, we detected DAF-FM fluorescence 

changes during a 5s trial, with 4s 50Hz MFs stimulation. In order to enhance the signal-to-noise 

ratio, pure noise was averaged out by subtracting the average of 4 trials without MFs stimulation to 

that of 4 trials with MFs stimulation 4, allowing to subtract the stimulus-independent component of 

the fluorescence signal (acquisition rate was set at 15ms, see Methods for detailed description of the 

procedure). Interestingly, the granular layer responded to MFs stimulation with a fluorescence 

signal peak at 212.8±20.5ms delay, with an average fluorescence at peak of 0.029±0.003ΔF/F0 

(n=20; Fig. 4A). The analysis of the average trace in Fig. 4A resulted in a rise-time (10-90%) of 

25.6ms, a decay-time (90-10%) of 95.5ms, and a half-width of 55.0ms. Notably, these values are in 

good agreement with the nNOS kinetics described in literature (Salerno, 2008; Salerno and Ghosh, 
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2009; Garthwaite, 2016), supporting the nNOS role as a primer of activity, more than a "classic" 

enzyme with a Michaelis-Menten steady-state kinetics (Salerno, 2008).  

 Since the DAF-FM signal could be influenced by other NO-related chemical species, we 

repeated the same recordings after NOS blockage using 200μM L-NAME perfusion for at least 1h. 

In the presence of L-NAME, the fluorescence peak was no longer observed (0.001±0.003 ΔF/F0*ms 

at the time of peak in control, n=7; Fig. 4B). Moreover, we tested the neuronal origin of the signal 

by blocking NMDARs using 100μM D-APV and 50μM 7ClKyn, and repeated the same experiment 

after at least 20 minutes of blockers perfusion. Again, the fluorescence peak triggered by MFs 

stimulation was no longer observed (-0.007±0.006 ΔF/F0*ms at the time of peak in control, n=6; 

Fig. 4B). Moreover, the distance from the stimulating electrode of the fluorescence signals (158±10 

μm, n=20) was comparable to the distance of the vessels used for the analysis (191±10 μm, n=50, 

N.S.), as evident in the scatter plot in Fig. 4C. Therefore, we provide evidence that the MFs 

stimulation used could indeed determine neuronal NO production at the distances used for the 

analysis of stimulus-induced vessel diameter changes. 
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FIGURE 4 |  DAF-FM fluorescence induced by synaptic activity in the granular layer. (A) Average 

trace showing the peak in DAF-FM fluorescence in response to 4s MFs stimulation (n=20 slices). (B) 

Average traces of DAF-FM fluorescence signals evoked as in A in cerebellar granular layers before (black), 

after 1h L-NAME perfusion (green; 200μM; n=7), and after APV+7ClKyn perfusion (orange; 100μM and 

50μM, respectively; n=6). The superimposed traces are on the same amplitude scale as in A, while the time 

scale is dilated to appreciate the fluorescence peaks. (C) Scatter plot showing the distances from the 

stimulating electrode of each vessel and DAF-FM fluorescence signal analyzed (full circles). The empty 

circles show the average values of the single points.  

 

 

6.5.5 mGluRs and 20-HETE mediate vasoconstriction in the absence of NO release 

 The question then arose as to the molecular nature of the vasoactive agent inducing 

vasoconstriction in the absence of GrCs-derived NO. NO may inhibit the enzyme CYP Z-

hydroxylase, thereby suppressing the synthesis of 20-HETE (Attwell et al., 2010), which has 
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recently been shown to increase the contractile tone in cerebellar pericytes(Hall et al., 2014). 

Therefore, 20-HETE is a suitable candidate to mediate the reduction in the microvascular tone of 

granular layer unveiled by NOS inhibition. To address this issue, cerebellar slices were pre-treated 

with L-NAME (200 PM, 1h) to prevent NO production. Subsequently, they were perfused with 

HET-0016 (1 PM) to block 20-HETE synthesis by CYP Z-hydroxylase (Metea and Newman, 

2006). Control experiments revealed that this treatment did not alter the hemodynamic signal 

recorded in the absence of L-NAME (4.1r1.2%, n=4; p=0.04; vs. 6.3r2.2%, n=4; p=0.0005; 

respectively; not statistically different dilations, p=0.4; Fig.5A). However, as displayed in Fig.5B, 

HET-0016 significantly reduced neuronal activity-dependent vasoconstriction (mean -4.2r1.9%; 

n=9; p=0.007) in the presence of L-NAME. Moreover, HET-0016 (1 PM) significantly reduced the 

vasoconstriction response to MFs stimulation upon NMDARs inhibition with D-APV (100 PM) and 

7ClKyn (50 PM) (-2.1r0.7%, n=5; p=0.02; vs. -5.2r2.5%, n=5; p=0.005; statistically different 

constrictions, p=0.02; Fig.5C). These findings lend support to the hypothesis that 20-HETE plays a 

key role in NVC in the granular layer of the cerebellum when NO release is hampered. According 

to the most popular model (Attwell et al., 2010; Duchemin et al., 2012), 20-HETE is synthesized 

from arachidonic acid (AA) liberated by astrocytes upon synaptic stimulation. Accordingly, 

synaptically-released glutamate could activate mGluRs expressed on the perisynaptic end-feet of 

nearby astrocytes, thereby leading to Ca2+-dependent activation of phospholipase A2 (Mulligan and 

MacVicar, 2004; Attwell et al., 2010). If this was true also in the granular layer of the cerebellum, 

then inhibiting mGluRs should attenuate neuronal activity-evoked vasoconstriction occurring in the 

presence of L-NAME. Consistent with this hypothesis, the broad spectrum mGluRs antagonists, 

alpha-methyl-4-carboxyphenylglycine (MCPG; 500 PM) and (RS)-alpha-cyclopropyl-4-

phosphonophenylglycine (CPPG; 300 PM), abolished the vasoconstrictor response to MFs 

stimulation in L-NAME-pretreated slices (mean 1.1r1.5%; n=15; p=0.9 Fig. 5D). These data 

support the conclusion that mGluRs drive the synthesis of 20-HETE during synaptic transmission at 

the MF-GrC relay. The interaction between these two diverging vasoactive pathways, i.e. NO and 

20-HETE, could have profound implications for the mechanism of NVC at the input stage of the 

cerebellum. 
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FIGURE 5 |  20-HETE and mGluRs mediate vasoconstriction. (A) 20-HETE does not influence 

vasodilation. (Aa) Average time course of capillary diameter size in cerebellar slices, during the same MFs 

stimulation protocol as in Fig. 2B and Fig. 3, before (empty circles) and after 1h of HET-0016 perfusion 

(CYP Z-hydroxylase inhibitor; 1PM; n=4). The presence of HET-0016 does not significantly change 

vasodilation. (Ab) The pictures show the diameter variation of a capillary before (left) and during MFs 

stimulation in the absence (center) or presence (right) of HET-0016. White bars show lumen diameter. (B-C) 

20-HETE is the main vasoconstriction agent. (Ba) Average time course of capillaries diameter size in slices 

exposed to 1h L-NAME, during the same MFs stimulation protocol as in (A), before (empty circles) and 

during (filled circles) HET-0016 perfusion (CYP Z-hydroxylase inhibitor; 1PM; n=9). Note that the 

blockage of 20-HETE synthesis reduced vasoconstriction. (Bb) The pictures show the diameter variations of 

the same capillary following 1h L-NAME perfusion, before (left) and during MFs stimulation in absence 

(center) and in presence (right) of HET-0016. White bars show lumen diameter. (Ca) Average time course 

of capillary diameter size in slices perfused with APV+7ClKyn (as in Fig.3A), during MFs stimulation 

before (empty circles) and during (filled circles) HET-0016 perfusion. (Cb) The pictures show the changes in 

capillary diameter following perfusion with APV+7ClKyn before (left) and during MFs stimulation in the 

absence (center) or presence (right) of HET-0016. White bars show lumen diameter. (D) Capillary 

vasoconstriction depends on mGluRs activation. (Da) Average time course of capillary responses in 

cerebellar slices exposed to 1h L-NAME, after MFs stimulation protocol in the absence (empty circles) or 

presence (filled circles) of MCPG+CPPG (mGluRs blockers; 500PM and 300PM, respectively; n=15). The 

perfusion of mGluRs antagonists abolishes stimulus-evoked vasoconstriction. (Db) The pictures show the 

changes in capillary diameter before (left) and during MFs stimulation in the absence (center) or presence 

(right) of MCPG+CPPG. White bars show lumen diameter. 

 

 

6.6 DISCUSSION 

 In this paper, we demonstrate that synaptic activation of the cerebellar granular layer causes 

capillary vasodilation through an NMDAR/NOS-dependent mechanism. It is probable that the main 

neurons involved are GrCs, which represent the largest neuronal population and express NMDARs 

and nNOS at the highest levels in the brain (Monaghan and Anderson, 1991; Snyder, 1992; 

Southam et al., 1992). GrCs actually produce NO under NMDARs activation causing smooth 

muscle relaxation in in vitro systems (Garthwaite and Garthwaite, 1987; Garthwaite et al., 1989). 

The present result thus focuses the NVC mechanism onto these small neurons forming the NOergic 

backbone of the cerebellum and releasing NO also in the molecular layer through parallel fibers 

(see (D'Angelo, 2014)), while the most renowned Purkinje cells do not express nNOS nor produce 

NO (Rancillac et al., 2006). Interestingly, GrCs display strong burst-related activity fluctuations in 

vivo (Chadderton et al., 2004; Rancz et al., 2007b; Powell et al., 2015) and are therefore especially 
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suited to coordinate NVC, while Purkinje cells usually show frequency-modulated activity changes 

(Bosman et al., 2010; Herzfeld et al., 2015; Cheron et al., 2016; Ramakrishnan et al., 2016). The 

Golgi cells, which also express NMDARs and nNOS (Southam et al., 1992; Christie and Jahr, 2008; 

Robberechts et al., 2010), could contribute to the response. The present results also suggest the 

involvement of cellular elements other than neurons, including pericytes and glial cells, in the local 

control of microcirculation. Therefore, the granular layer emerges as an integrated cellular system 

capable of controlling NVC in the cerebellar circuit. 

 

6.6.1 Neuronal activity controls NVC in the cerebellar granular layer  

 Capillaries in the cerebellar molecular layer may dilate in response to sensory stimulation 

earlier than upstream arterioles and substantially contribute to increase CBF in vivo (Hall et al., 

2014). Consistently, in the granular layer, the application of a high-frequency train to MFs caused a 

robust capillary vasodilation that occurred at pericyte locations. This feature supports the role 

played by these contractile cells in the regional control of CBF (Attwell et al., 2016).  

 Following MFs stimulation, vasorelaxation showed biphasic kinetics. According to 

Poiseuille’s Law, the initial (~5%) and late (~10%) diameter changes are predicted to reduce 

capillary resistance by 17% and 32%, respectively (Peppiatt et al., 2006; Hall et al., 2014). Thus, 

with a 45:100 capillary:arteri(ole)s ratio (venule resistance is considered negligible), the total flow 

resistance would decrease by 5.5% and 10.3% (Peppiatt et al., 2006; Hall et al., 2014) and the blood 

flow would increase by 5.8% and 11.5%, respectively (see Methods for calculations).  

 As capillaries are significantly closer to neurons than upstream arterioles (8-23 Pm vs. 70-

160 Pm according to (Attwell et al., 2010)), the robust increase in local CBF evoked by MFs 

activation would seemingly satisfy the high metabolic demand of granular layer neurons, which 

consume as much as 67% of cerebellar energy (Howarth et al., 2010).  

 Moreover, the BOLD effect is contributed both by an increase in CBF (which tends to 

increase the signal by washing out deoxyhemoglobin) and by the cerebral metabolic rate of O2 

(CMRO2, which tends to decrease the signal by generating more deoxyhemoglobin). Thus, the rapid 

(1s) step-like increase in capillary diameter (see Fig. 2B) will boost the CBF/CMRO2 ratio and the 

BOLD signal more efficiently than a gradual relaxation. As further illustrated below, this 

hemodynamic response faithfully reflects GrCs activity. Intriguingly, recent 7-Tesla fMRI studies 

showed that the BOLD signal onset in the gray matter is associated to the capillary bed (Siero et al., 

2011; Siero et al., 2013). In this view, the control of microvascular tone at capillary level is the most 

efficient means to redistribute CBF to the highly restricted (<3mm diameter) activation patches that 
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7T fMRI analysis revealed in the cerebellum in response to single finger stimulation or movement 

(Wiestler et al., 2011).  

 

6.6.2 Granular layer neuronal activity determines NMDAR / NO–dependent vasodilation  

 Four lines of evidence indicate that synaptically-released glutamate recruits NMDARs 

located on postsynaptic granular layer neurons to trigger NO-dependent vasodilation.  

 First, the hemodynamic signal was turned into vasoconstriction by the pharmacological 

inhibition of either NMDARs or NOS. NMDARs determine the extent of GrCs activation by MFs 

(D'Angelo et al., 1995; D'Angelo et al., 1999). Conversely, rat cerebellar Bergman glial cells and 

brain endothelial cells lack functional NMDARs (Usowicz et al., 1989; Domoki et al., 2002; 

Dzamba et al., 2013). 

 Secondly, imaging of DAF-FM fluorescence supported the notion that NMDARs control 

NO production in granular layer neurons upon MFs stimulation. Although DAF-FM measurements 

do not directly reveal NO but other cross-reactive species (Balcerczyk et al., 2005), the increase in 

fluorescence immediately followed MFs stimulation, was inhibited by either L-NAME or 

APV+7ClKyn and strongly resembled the kinetics of neuronal NO production revealed with 

different techniques (Salerno, 2008; Salerno and Ghosh, 2009; Garthwaite, 2016).  

 Thirdly, NO activates sGC to elevate [cGMP]i and induces vasodilation in the cerebellum 

(Yang and Iadecola, 1997, 1998). Accordingly, ODQ mimicked the effects of L-NAME by turning 

vasodilation into vasoconstriction. Given the kinetics of sGC activation and its exquisite sensitivity 

to NO (Batchelor et al., 2010; Garthwaite, 2016), cGMP production can outlast the NO pulse, which 

is likely to account for the slower kinetics of the ensuing vasorelaxation. 

 Fourthly, NADPH-diaphorase staining revealed that nNOS, the NOS isoform which 

converts NMDARs-mediated Ca2+ inflow into NO release (Garthwaite, 2016), is abundantly 

expressed in GrCs but not in cerebellar astrocytes or endothelial cells (Southam et al., 1992).  

 The combination of the present DAF-FM measurements with NADPH-diaphorase staining 

(Southam et al., 1992), NOS immunohistochemistry (Snyder, 1992) and electrochemical NO 

determination (Maffei et al., 2003) provides solid evidence that NO was generated by granular layer 

neurons. The GrCs, which outnumber Golgi cells by about 2000 times in rats (Korbo et al., 1993) 

and show prominent NMDARs-dependent responses (D'Angelo et al., 1995), are likely to play the 

major role, although the contribution of Golgi cells (which also express NMDARs and nNOS) 

(Southam et al., 1992; Cesana et al., 2013; D'Angelo et al., 2013) cannot be ruled out. 
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6.6.3 Non-neuronal antagonistic systems balance the capillary diameter  

 Besides promoting vasodilation, NO released by granular layer neurons could inhibit the 

synthesis of the potent vasoconstrictor, 20-HETE (Attwell et al., 2010). Accordingly, when NO 

production was suppressed by blocking NMDARs or NOS, MFs stimulation resulted in a marked 

vasoconstriction that was antagonized by HET-0016. 20-HETE could be generated by pericytes 

metabolizing AA released upon activation of mGluRs located on perisynaptic astrocytes (Attwell et 

al., 2010; Sweeney et al., 2016). In support to this model, a mixture of selective mGluRs inhibitors 

abolished synaptic activity-dependent vasoconstriction. Combined application of inhibitors of NOS, 

NMDAR, sGC and CYP showed that NO does not need to prevent 20-HETE formation to induce 

capillary vasorelaxation in the granular layer as it acts through cGMP (Hall et al., 2014). This sets a 

difference with the molecular layer, in which vasodilation is triggered by prostaglandin E2, but NO 

plays a permissive role by suppressing 20-HETE synthesis (Hall et al., 2014). This model would 

also explain why vasoconstriction observed in the presence of ODQ was smaller than with L-

NAME, NO being still released and partially inhibiting the vasoconstriction branch depending on 

20-HETE synthesis. The difference between molecular and granular layers mechanisms may (at 

least in part) be related with the different architecture of their microvascular networks (Kolinko et 

al., 2016). Taken together, these observations suggest that glutamate couples synaptic activity to 

microvascular tone in the cerebellum granular layer engaging two competing signaling pathways 

promoting either vasorelaxation (i.e. through NMDARs) or vasoconstriction (i.e. through mGluRs). 

 

6.7 Summary and Conclusions 

 While most studies have hitherto examined NVC in the molecular layer (Peppiatt et al., 

2006; Rancillac et al., 2006; Lauritzen et al., 2012; Hall et al., 2014), herein we provide evidence 

that synaptic activation of NMDARs stimulates granular layer neurons to release NO, which in turn 

vasodilates adjacent capillaries and has the potential to cause a remarkable (up to 23%) increase in 

local CBF. The NO-dependent vasorelaxation overcomes a contrasting vasoconstrictor response 

mediated by 20-HETE induced by mGluRs probably located in non-neuronal cells. Converging 

evidence suggests that GrCs play a pivotal role in granular layer NVC and this opens an intriguing 

scenario since these cells are also pivotal to elaborate and store complex spatio-temporal patterns at 

the MF input (D'Angelo and De Zeeuw, 2009). This may explain the fact that GrCs are NOergic 

neurons that release NO both in the granular and molecular layer (D'Angelo, 2014; Bouvier et al., 

2016b) thus coordinating computational and metabolic functions in the whole cerebellar network. 

This conclusion remains to be validated in vivo, but it sheds novel light on the hemodynamic 

response to NA in the cerebellum.  
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 As originally proposed by (Diedrichsen et al., 2010) and (Howarth et al., 2010), the granular 

layer regulation of local microvessels could remarkably contribute to shaping cerebellar BOLD 

signals, which, conversely, proved largely independent from Purkinje cell activity (Thomsen et al., 

2004). This observation may provide useful cues for further NVC investigations and cerebellar 

fMRI analysis. 
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7.1 Introduction and methods 

 Neurovascular coupling (NVC) is the process whereby neural activity controls blood vessel 

diameter. NVC regulates the cerebral blood flow (CBF) ensuring oxygen and metabolic supply to 

the brain.  A precise characterization of NVC mechanisms has recently been reported for the 

cerebellum granular layer. There, granule cells control NVC through an NMDARs/NO-dependent 

system (Mapelli et al., 2017), acting on pericytes surrounding the capillaries.  

NVC contributes to generate the blood-oxygen-level-dependent (BOLD) signal used in functional 

magnetic resonance imaging (fMRI) to map changes in brain activity (Iadecola, 2004). 

Interestingly, recent fMRI recordings revealed that BOLD signals in the cerebellar vermis lobule V 

and hemisphere lobule VI are different in their relationship to grip force, being respectively linear 
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or non-linear (Alahmadi et al., 2017).In order to understand the neurophysiological basis of this 

difference, we investigated the vascular organization of the cerebellar cortex in mouse cerebellar 

slices and measured capillary diameter changes in response to mossy fibers stimulation (50Hz, 

100Hz and 300Hz; 37°C) in the corresponding cerebellar regions. 

 

7.2 Results 
 In this abstract we report preliminary data on the response of the cerebellar granular layer of 

lobules V (vermis) and VI (hemisphere) to input spike trains at different frequencies. The capillary 

diameter at rest was in line with the size of brain capillaries (inner diameter 2.39±0.16μm n= 38) 

and changed after stimulation. Immunostained cerebellar slices showed no difference in the 

vascular architecture of vermis (fig.1A) and hemisphere (fig.1B). Moreover, in the granular layer of 

both vermis lobule V and hemisphere lobule VI capillaries were surrounded by pericytes(fig.2A and 

2B).In physiological experiments in acute cerebellar slices, the distance of microvessels from the 

stimulating electrode was similar for vermis lobule V (141±9μm, n=20)and for hemisphere lobule 

VI (136±12μm, n=7)(p=0.73). 

 In the vermis, neural activity caused a significant vasodilation that reached the maximum 

after 35s of electrical stimulation (fig.3, left). Capillary responses to mossy fibers stimulation at 

50Hz were smaller than responses to 100Hz and 300Hz, suggesting the existence of a input 

frequency dependence of the capillary responses (fig.3, right). 

 In the hemisphere, mossy fibers stimulation induced a significant increase in capillary 

diameters both at 50Hz, 100Hz and 300Hz (fig.4, left). The capillary responses at 100Hz and 300Hz 

were statistically different (fig.4, right).  

 Figure 5 summarizes the different trends in the time course of capillary dilation during the 

application of the stimulus at different frequencies in the two lobules of the cerebellum. 

 

7.3 Discussion and conclusion 
 The cerebellar granular layer shows a similar structural vascular organization (fig.1A and 

1B), with capillaries surrounded by pericytes (fig.2A and 2B), both in vermis lobule V and 

hemisphere lobule VI. Mossy fibers stimulation (50Hz, 100Hz and 300Hz) caused a significant 

capillary vasodilation in the granular layer of both vermis (fig.3) and hemisphere (fig.4). Our 

preliminary data suggest that capillary responses in vermis and hemisphere might be different, 

suggesting that NVC in the cerebellum might be region-dependent. Further experiments are needed 

to determine whether a difference is confirmed and to what extent this could explain BOLD 
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differences reported by Alahmadi and colleagues. The results of this investigation will provide new 

clues for understanding cerebellum-cerebral connections activity. 

 These results will add to a growing scientific background on NVC in the cerebellum. Recent 

investigations showed that capillaries change their lumen diameter earlier than upstream arterioles 

in response to neural activity and following pericytes activation(Hall et al., 2014), and that 

capillaries mobility seems to generate the blood flow increase that initiate the imaging signals 

(Mishra et al., 2016). Moreover, it has to be considered that the complexity of granular layer 

information processing (D'Angelo and De Zeeuw, 2009)must be accompanied and determine NVC 

rules in this area.  

 Finally, since fMRI limitations have neural origins (Logothetis, 2008), these results and 

future investigations (combined with bottom-up models of NVC) will improve our understanding 

on how NVC and neural activity generate the BOLD signal. 

 

 
 

Figure 1 |  Vascular organization of the cerebellar cortex.A) Vermis lobule V; ML= molecular layer; 

GL= granular layer. B) Hemisphere lobule VI; ML= molecular layer; GL= granular layer. Nuclei (blue), 

vessel walls (green), pericytes (red). 

 

 
 

Figure 2 |   Identification of capillary microvessels in the cerebellar granular layer. A) Vermis 

lobule V. B) Hemisphere lobule VI. Nuclei (blue), vessel walls (green), pericytes (red). 
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Figure 3 |  Mossy fibers stimulation in the granular layer of cerebellar vermis lobule V. Average 

time course of percent change of capillary diameter size during mossy fiber stimulation at 50Hz (n= 6; p= 

0,001), 100Hz (n= 7; p= 0,0004) and 300Hz (n= 7; p=0,001) (left) and average time course at 2s, 20s and 35s 

(right). 

 

 
Figure 4 |  Mossy fibers stimulation in the granular layer of cerebellar hemisphere lobule VI. 
Average time course of percent change of capillary diameter size during mossy fiber stimulation at 50Hz (n= 

5; p= 0,001), 100Hz (n= 6; p= 0,0009) and 300Hz (n= 7; p=0,002) (left) and average time course at 2s, 20s 

and 35s (right). 
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Figure 5 |  Capillary responses in cerebellar granular layer. Average time course of vessel 

vasodilation in vermis lobule V and hemisphere lobule VI during mossy fiber stimulation at 50Hz, 100Hz 

and 300Hz. 
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8.1 ABSTRACT 

 The neurovascular coupling (NVC) is the phenomenon that allows to regulate local blood 

flow in response to neuronal activity, thus originating the blood-oxygen-level-dependent (BOLD) 

signals used by imaging techniques to investigated brain functions. The cerebellar cortex is 

particularly suitable for investigating NVC (Mapelli et al., 2017). Recent studies on human fMRI 

(functional magnetic resonance imaging) showed different motor-dependent activity in cerebral 

cortex and cerebellum. In particular, cerebellar vermis and hemisphere showed respectively linear 

and non-linear BOLD responses to the same motor task performance (Alahmadi et al., 2017). 

Knowing that vermis and hemisphere are connected to different brain regions and are involved in 

different functions, we wondered whether the above mentioned differences in BOLD signals in 

these two areas are due to different NVC events. To this aim, we tested vascular reactivity to 

several input fibers stimulation frequencies mimicking brain activation patterns, in the granular 

layer of cerebellar vermis and hemisphere. Vermis and hemisphere neurovascular responses proved 

to be frequency-dependent in a non-linear way, but showing clear differences in the two regions, 

suggesting that NVC, and thus BOLD signal genesis, in the cerebellum might be region-dependent. 

 

8.2 INTRODUCTION 

 The existence of tight relationships between neuronal and blood vessels activity was 

described for the first time by Roy and Sherrington in the past 1890. This process, called 

neurovascular coupling (NVC), allows the brain to regulate local cerebral blood flow (CBF) in 

order to satisfy cellular metabolic requirements for neurons health (Iadecola, 2017). The NVC 

provides the physiological basis for the blood-oxygen-level-dependent (BOLD) signals exploited by 

functional magnetic resonance imaging (fMRI) to map changes in brain activity. Although cellular 

and molecular mechanisms underlying vaso-dilation and -constriction are often known, the 

interpretation of BOLD signals is much debated and still under investigation (Logothetis, 2008; 

Hillman, 2014; Hall et al., 2016).  

 The cerebellum is very suitable for the study of NVC. Mossy fiber - granule cell synapses 

store and process incoming signals in the granular layer. This information is conveyed to the 

inhibitory auto-rhythmic Purkinje cells (the sole output stage of the cerebellar cortex) by granule 

cells axons (parallel fibers) spanning the molecular layer. The spatial distribution of cerebellar 

cortex fibers and cells is similar to that of Cartesian coordinate, thus facilitate the signal processing 

function of cerebellum (O'Hearn and Molliver, 2009). This peculiar structural organization, together 

with the impossibility to generate epileptic and propagated depression events in the cerebellar 
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circuit, facilitate the study of CBF changes in response to neuronal activity (Lauritzen, 2001; 

Lauritzen et al., 2012). 

 In the cerebellum, NVC was long been investigated in the molecular layer where it was 

found to be dissociated from Purkinje cells spiking activity but drove by molecular layer 

interneurons excitation (Mathiesen et al., 1998; Caesar et al., 2003; Thomsen et al., 2004; Rancillac 

et al., 2006). In the granular layer, mossy fibers activation induced capillary vasodilation through an 

NMDA receptor/NO-dependent system acting on pericytes (Mapelli et al., 2017). This is in 

agreement with recent investigations showing the direct involvement of capillaries in NVC during 

neural-evoked pericytes activation, hypothesizing a contribution of these microvessels in the 

initiation of BOLD signals (Hamilton et al., 2010; Hall et al., 2014). Granule cells are the most 

abundant brain neurons, the most energy consuming cells in the cerebellum (Howarth et al., 2010; 

Howarth et al., 2012), and their activation after mossy fiber stimulation leads to NO production and 

vasodilation (Maffei et al., 2003; Mapelli et al., 2017). Therefore, NVC in the granular layer might 

be the main responsible for the CBF changes that translate into BOLD signals in the cerebellum. 

 In humans, fMRI investigations showed different BOLD responses in cerebral cortex and 

cerebellum, during the same motor task performance (Alahmadi et al., 2015; Alahmadi et al., 2016). 

Moreover, cerebellar vermis lobule V and hemisphere lobule VI showed respectively linear and 

non-linear BOLD signals in fMRI analysis of force-related brain activation. In particular, the BOLD 

signal in vermis lobule V increased linearly with increasing grip force (1st order), while it increased 

non-linearly in hemisphere lobule VI (4th order). This might reflect different functional roles of 

distinct areas in human cerebellum (Alahmadi et al., 2017). In the same investigation, linear and 

non-linear BOLD signals were detected during the execution of the same tasks also in different 

areas of the cerebral cortex. It was impossible for the authors to discern whether the linearity (or 

absence of it) in the cerebellar responses originated locally or depended on the properties of a 

cortical input. Herein, we investigated whether these two different cerebellar regions are able to 

differentiate the neurovascular response in a input frequency-dependent manner. This is of 

particular interest, since cerebellar vermis and hemisphere are differently connected to other brain 

areas, with lateral cerebellar hemispheres involved in non-motor functions such as language 

generation (Petersen et al., 1988; Leiner et al., 1993; Raichle et al., 1994; De Smet et al., 2013), 

cognition and emotion (Leiner et al., 1989; Schmahmann, 1991, 2010; Timmann et al., 2010), and 

more recently in memory (Kuper et al., 2016). Assuming this, it was compelling to target if vermis 

and hemisphere would equally contribute to NVC during the different states of brain and cerebellar 

activity. Since the main frequency bands observed during brain activity can be related to local 

computation (slower bands) or long range connectivity (faster bands) (Buzsaki, 2006), we asked 
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whether the different cerebellar vermis and hemisphere connections to other brain regions might be 

reflected in their neurovascular responses to input bearing different frequencies. 

 

8.3 METHODS 

8.3.1 Proceedings for cerebellar slices preparation. 

 C57BL/6 mice of both sexes aged between 17 and 23 days, were used in order to obtain 

cerebellar slices as reported previously (D'Angelo et al., 1995; Armano et al., 2000; Mapelli et al., 

2009; Mapelli et al., 2017). Mice were anesthetized with halothane (Aldrich, Milwaukee, WI) and 

killed by decapitation. Acute parasagittal slices of 220μm thickness were cut from the cerebellar 

vermis and hemisphere with a vibroslicer (LEICA VT1200S). During the cutting procedure, slices 

were maintained in cold Krebs solution. Then, slices were recovered for at least 1h in the same 

solution before to be incubated for 1 h with 75 nM U46619 (Abcam), a thromboxane agonist. This 

drug was added to Krebs solution in order to restore the original vascular tone in slices. Finally, 

biological samples were transferred to a 2-ml recording chamber mounted on the stage of an upright 

microscope (Slicescope, Scientifica Ltd, UK). Here, preparations were perfused with Krebs solution 

(2 ml/min) and maintained at 37°C with a Peltier feedback device (TC-324B, Warner Instruments, 

Hamden, CT). Krebs solution for slice cutting and recovery contained (in mM): 120 NaCl, 2 KCl, 

1.2 MgSO4, 26 NaHCO3, 1.2 KH2PO4, 2 CaCl2, and 11 glucose, and was equilibrated with 95% O2-

5% CO2 (pH 7.4). Substances for solution were obtained from Sigma Aldrich. 

Animal maintenance and experimental protocols were performed according to the 

international guidelines from the European Union Directive 2010/63/EU on the ethical use of 

animals and approved by the national committee of animal health. All experimental procedures 

were performed in order to prevent animal suffering, and were approved by the local ethical 

committee of the University of Pavia (Italy) and by the Italian Ministry of Health (authorization n. 

645/2017-PR).  

 

8.3.2 Immunofluorescence staining in cerebellar slices 

 Pericytes and capillaries were stained in the granular layer of both cerebellar vermis and 

hemisphere slices as previously described (Hall et al., 2014; Mapelli et al., 2017).We focused on the 

vermis lobule V and hemisphere lobule VI. First, slices (220 Pm-thick) were fixed with 4% 

paraformaldehyde in PBS for 25 min in a Petri dish. Secondly, slices were washed three times 

before being permeabilized and blocked with 5% Triton X-100, 10% BSA added to PBS, overnight 

at 4°C. Thus, slices were ready for the incubation with the primary and secondary antibodies. 

Thirdly, preparations were incubated for 24 h at 25°C on a rotary shaker with rabbit anti-NG2 
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chondroitin sulfate proteoglycan (Millipore, cat no. AB5320, 1:200 dilution) and FITC-isolectin B4 

(Sigma-Aldrich, cat. no. L2895; 1:200 dilution of a stock solution of 2 mg/ml FITC-IB4 in PBS) 

primary antibodies to stain respectively pericytes and blood vessels. Before the incubation with 

secondary antibodies, slices were washed three times (each of 15 min) with PBS. Fourthly, samples 

were incubated for 4 h at 25°C with fluorescent secondary antibody Rhodamine Red-X-AffiniPure 

Goat Anti-Rabbit IgG (Jackson ImmunoResearch Inc. cat. no.111-295-045; 1:500 dilution). Finally, 

slices were washed in the same way as for primary antibodies incubation. In order to analyze the 

results in our biological treated samples, we filled microscope slides,ProLong® Gold antifade 

reagent with DAPI (Molecular Probes) and coverslips were positioned. Fluorescence of cerebellar 

samples was observed with a TCS SP5 II LEICA confocal microscopy system (Leica 

Microsystems, Italy) furnished with a LEICA DM IRBE inverted microscope. The confocal system 

exploited a 20X, 40X and 63X objectives to acquire images. All acquisition files were visualized by 

LAS AF Lite software (Leica Application Suite Advanced Fluorescence Lite version 2.6.0) installed 

on a desktop PC. We also carried out negative controls by treating slices with non-immune serum 

during the incubation procedures. 

 

8.3.3 Analysis of capillaries activity in the granular layer of the cerebellum. 

Bright-field microscopy was exploited in order to identify granular layer vessels in parasagittal 

slices of cerebellar vermis and hemisphere. Lobule V of vermis and lobule VI of hemisphere were 

first identified using a 4X objective (XL Fluor 4X/340, N.A.: 0.28, Olympus, Japan). Secondly, GL 

of both lobules was inspected using a 60X objective (LumPlanFl 60X/0.90 W, Olympus, Japan) 

which allowed to recognize capillaries and neighboring pericytes. Vessels must have an inner 

diameter <10μm to be considered and they had to be surrounded by at least 1 pericyte (arrowheads 

in Fig. 1a). The inner diameter of capillaries and the nearby pericytes were identified by bright-field 

microscopy. Only one capillary per slice was used for experiments. In ex-vivo conditions, capillaries 

lose intraluminal flow and pressure due to the mechanical stress of the slicing procedure. Before 

proceeding with the experimental protocol, slices were treated with 75nMU46619, a thromboxane 

agonist that re-establish the vascular diameter mimicking physiological conditions. Once the focus 

of the objective was adjusted on the capillary, it might happen that capillary walls and pericyte 

soma were not visible together on the same plan. With their long projections, pericytes regulate the 

caliber of distant portions of the vessels (Hamilton et al., 2010). Therefore, pericytes membrane 

adjacent vessel walls may appear blurry when the focal plane was chosen. 

 Since mossy fibers electrical stimulation was shown to determine synaptic-dependent 

vasodilation in the granular layer of the cerebellum (Mapelli et al., 2017), here we stimulated mossy 



80 
 

fibers with 15 V stimuli at 6Hz, 20Hz, 50Hz, 100Hz, and 300Hz for 35s, using a bipolar tungsten 

electrode (Warner Instruments, UK) in both cerebellar lobule V and lobule VI of respectively 

vermis and hemisphere slices.  

 First, our attention was focused on vascular responses during 6Hz stimulation. This 

frequency is associated to sensorimotor activation of the granule cells in cerebellum and to 

cognitive states (De Zeeuw et al., 2008). Secondly, we stimulated mossy fibers with the same 

experimental protocol set at 20Hz. Several experimental evidence showed local field potential 

(LFP) oscillations of 18-25Hz in motor and cerebellar cortex (primarily in granular layer) of 

primates during voluntary movements and active and passive expectancy (Pellerin and Lamarre, 

1997; Donoghue et al., 1998; Courtemanche et al., 2002; Courtemanche and Lamarre, 2005). Since 

cerebellum exert motor response through sensory and motor cortex connections via pontine nuclei 

(Bjaalie and Leergaard, 2000; Nagao, 2004), we stimulated mossy fibers in the cerebellar granular 

layer of vermis lobule V and hemisphere lobule VI at 50Hz and 100Hz. These frequencies of 

stimulation are known to induce synaptic facilitation in rat pontine nuclei neurons in in vitro 

experiments (Mock et al., 1997; Schwarz et al., 1997). Finally, we tested 300Hz mossy fibers 

stimulation effect on vascular activity. Mossy fiber – granules cell synapses show strong fidelity of 

high-frequency transmission during stimulation (Rancz et al., 2007a; van Beugen et al., 2013; 

Delvendahl and Hallermann, 2016).  

 In the text, we reported the values of the diameter changes observed in vermis and 

hemisphere during the application of different frequencies stimulation protocols. In any case, mossy 

fibers stimulation induced a significant vasodilation, as showed in Fig. 1b and 1c (example of 

capillary before and during the stimulus). Capillary responses in the granular layer were detected 

about 200μm distant from the stimulating electrode (average distance in vermis slices: 

131.93±5.60μm; n=50 and hemisphere slices: 135.45±5.28μm; n=49; vermis vs hemisphere 

p=0.648). The distance between stimulus and vascular response is similar to that observed by 

Prestori and colleagues about stimulation spreading in cerebellar cortex using voltage-sensitive dye 

imaging (Prestori et al., 2013). On the top of the microscopy system a CCD camera was mounted 

(DMK41BU, Imaging Source, Germany), used to obtain the time-lapse bright-field images of 

capillaries caliber modification. The camera is governed by the IC-capture 2.1 software (Imaging 

Source, Germany) to acquire 1 image every second (before, during and after mossy fibers 

stimulation) with an exposure time of 5ms. Image sequences were analyzed offline with ImageJ 

software. The measure tool of ImageJ allowed to measure the inner diameter of capillaries, as 

performed in recent investigation (Mapelli et al., 2017). Only the region of the vessel where the 

maximal effect was observed was considered for the analysis. Data were compared using statistical 
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paired and unpaired Student’s t test and with ANOVA test. First, we applied the normality test in 

order to check the normal distribution of data. After this, we used the parametric one-way ANOVA 

and finally the Fisher post-hoc test to validate the statistical significance. Data were considered 

statistically significant when p<0.05 and are reported as mean ± SEM (standard error of the mean). 

 

 
 

Figure 1 | Identification of capillaries in mouse cerebellar slices. A, In the granular layer, capillary 

walls were in contact with pericytes (arrowheads) and were surrounded by granule cells (asterisks). A red 

blood cell (black arrow) is also visible inside the capillary. B, The white bar shows the inner diameter of the 

capillary in the granular layer before the application of the stimulation protocol. C, The diameter of the same 

capillary as in A,B increases (white bar) during mossy fiber stimulation. 

 

 

8.3.4 Recordings of activity in the cerebellar granular layer 

 After slicing, recovery and incubation with U46619 (75 nm) procedures, slices were ready 

for experimental manipulation. Neuronal activity was recorded as local field potential (LFP) in the 

granular layer of vermis lobule V and hemisphere lobule VI during single pulse mossy fibers 

stimulation at 37° C, through  a high-density multi-electrode array (HD-MEA) system (BioCAM X, 

3Brain AG, Wädenswil, Switzerland). This system was equipped with a CMOS microchip 

consisting of 4096 recording microelectrodes (Arena probe), an external peristaltic pump 

(ISMATEC) for Krebs solution perfusion (2ml/min), a Peltier feedback temperature controller (TC-

324B; Warner Instrument Corporation) and a bipolar tungsten electrode (Warner Instruments) for 

electrical stimulation (delivery currrent pulse of 50 μA for 200 μs). The microchip consists of a 

glass chamber (diameter 25mm; height 7mm) containing the probe (4096 recording microelectrodes 

arranged in a 64 x 64 matrix, covering an area of 2.67mm x 2.67mm). The electrode size is 21μm x 

21 μm with a pitch of 42 μm. Neuronal activity was sampled at 17840.7 Hz/electrode and acquired 
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with BrainWave X software. In the granular layer, neuronal response to mossy fiber stimulation 

originated LFPs. In both vermis and hemisphere, the LFP shows a typical N1–N2a- N2b–P2 

complex: N1 corresponds to presynaptic volley activation, N2a- N2b are informative of granular 

cells synaptic activation and P2 is likely to represent currents returning from the molecular layer 

(Mapelli and D'Angelo, 2007). In order to characterize granule cells responses to stimulation, the 

analysis was focused on N2a and N2b peaks amplitude and time to peak. Recordings were exported 

and analyzed with Matlab (Mathworks). In the text, data significance was assessed using paired and 

unpaired Student’s t test. 

 

8.4 RESULTS 
 
 Capillary inner diameter modifications in response to neuronal activity directly contributes 

to CBF changes that generate the cerebellar BOLD signals. Control of capillaries activity is 

mediated by the release of vasoactive molecules acting on pericytes (Hall et al., 2014; Mapelli et al., 

2017), which are contractile cells that enwrap capillary walls (Dalkara and Alarcon-Martinez, 

2015b; Attwell et al., 2016). Here, we focused on capillaries in vermis lobule V and hemisphere 

lobule VI of the cerebellum. 

 

8.4.1 Structural organization of neurovascular unit elements in the granular layer of 

cerebellar vermis and hemispheres. 
 In the granular layer, microvessel walls consisted of tightly connected endothelial cells 

surrounded by granule cells (asterisks in Fig. 2Ba and 2Bb) but not by smooth muscle cells. The 

mean internal diameter of capillaries was 2.75r0.15Pm (n=50) in the vermis and 2.47r0.11Pm 

(n=49) in the hemisphere, not statistically different (p=0.13). In both vermis and hemisphere, 

pericytes were in close contact with capillary walls (arrowheads in Fig. 2Ba and 2Bb). 

Immunostained cerebellar slices showed isolectin B4- and proteoglycan NG2antobody-labeled 

granular layer capillaries. These primary antibodies stained respectively vessel and pericyte 

membranes, as reported previously (Mishra et al., 2014; Mapelli et al., 2017) (Fig. 2A and 2B). 

Capillaries, pericytes and granule cells were observed exploiting the confocal system with a 63X 

objective.  

 Cerebellar slices examination with lower magnifications (20X and 40X) (Fig. 2A) allowed 

to identify the differences between molecular and granular layer vascular network organization in 

both vermis lobule V and hemisphere lobule VI. Both in vermis and hemisphere, molecular layer 

showed a regular vascular architecture with superficial arterioles originating from the top of the 
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lamella, penetrating deep into the layer and giving off the thick net of capillaries in the granular 

layer (Fig. 2Aa and 2Ab). Therefore, cerebellar vermis and hemisphere had the same neurovascular 

component which are capillaries, pericytes and granule cells. 

 

 
 

Figure 2 | Immunofluorescence study of cerebellar cortex in mice. Cerebellar slices were stained with 

IB4 and NG2 in order to stain respectively blood vessel walls (green) and pericytes (red). Granule cells 

nuclei were stained with DAPI (blue).  A, Immunofluorescence in the cortex of cerebellar vermis and 

hemisphere. Aa, Fluorescent image of cerebellar cortex in vermis lobule V of a cerebellar slice. ML= 

molecular layer; GL= granular layer. Ab, Immunostained slice showing the cerebellar hemisphere lobule VI. 

ML= molecular layer; GL= granular layer. B, Immunofluorescence in the granular layer of cerebellar vermis 

and hemisphere. Ba, High magnification (40x objective) confocal image showing granule cells (asterisks) 

surrounding capillaries (green) and pericytes (arrowheads) in the granular layer of the vermis. Bc, In the 

granular layer of the hemisphere, confocal microscopy analysis showed the presence of granule cells 

(asterisks) located near capillary walls (green) and in close contact with pericytes (arrowheads). 
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8.4.2 Capillaries responses to mossy fibers stimulation in the granular layer of the cerebellar 

vermis 
 Cerebellar vermis slices were pre-incubated with U46619 (75nM), thromboxane A2 agonist, 

routinely used in neurovascular coupling investigations, in order to re-establish the vascular tone 

disrupted in ex-vivo conditions, where blood vessel perfusion and pressure are absent (Rancillac et 

al., 2006; Fernandez-Klett et al., 2010; Mishra et al., 2014; Mapelli et al., 2017). 

 Mossy fibers stimulation in U46619-treated slices of the vermis induced a significant 

vasodilation at each frequency tested: 6Hz, 20Hz, 50Hz, 100Hz and 300Hz (maximal dilation of, 

respectively,2.99r0.61%, n=9; p=0.00013; 7.19r1.85%, n=10; p=0.0008; 3.66r0.82%, n=10; 

p=0.0001; 7.24r1.26%, n=10; p=0.00002; 6.42r1.10%, n=11; p=0.0002) as showed in the time 

course of capillary diameter percent changes at different frequencies of stimulation (Fig. 3Aa, 3Ba, 

3Ca, 3Da, 3Ea). 

 In order to compare the different vasodilation kinetics at different frequencies, the time 

course of vessels responses was described at specific time-points during the stimulation (2s, 20s, 

35s). The activation of mossy fibers at 6Hz caused granular layer capillaries vasodilation in vermis 

lobule V during the stimulation period as follows: 0.31r0.31% at 2s, n=9;2.75r0.74% at 20s, n=9; 

2.60r0.88% at 35s, n=9 (Fig. 3Ab). The maximal value of capillaries response was observed at 30s 

(2.99r0.61%, n=9) after the beginning of the stimulation protocol (Fig. 3Aa). 

 The stimulation at 20Hz induced a rapid vasodilation during the first 20s of stimulation (2s: 

1.48r0.56%; n=10; 20s: 5.88r1.63%; n=10) followed by a slow increase in capillary diameters that 

reach the maximum after 35s (7.19r1.85%; n=10) (Fig. 3Ba and 3Bb). At the end of the stimulus 

(35s) capillary responses at 20Hz was different to that at 6Hz (6Hz vs 20Hz at 35s: p=0.015). 

During 50Hz stimulation, the vasodilation observed was smaller than the previous one (Fig. 3Ca). 

In this case, capillaries increase slowly their lumen diameter with a peak of maximal dilation at the 

end of the stimulus (2s: 0.20r0.11%; 20s: 2.40r0.58%; 35s 3.66r0.82%; n=10) (Fig. 3Cb). 

Capillary responses at 20Hz and 50Hz were different during the first part of the stimulation (20Hz 

vs 50Hz at 2s: p=0.039 and at 20s: p=0.0358) (Fig. 3F) but not at the end of the stimulus (20Hz vs 

50Hz at 35s: p=0.995) (Fig. 3F). Mossy fibers stimulation at 100Hz caused an increase in capillary 

dilation (2s: 0.89r0.49%; n=10; 20s: 4.67r1.50%; n=10; 35s: 7.24r1.26%; n=10) (Fig. 3Da and 

3Db) which was similar to that observed at 20Hz (20Hz vs 100Hz at 2s: p=0.443, at 20s: p=0.594 

and at 35s: p=0.981) but different to that at 50Hz and 6Hz at 35s (6Hz vs 100Hz at 35s: p=0.014 

and 50Hz vs 100Hz, at 35s: p=0.049) (Fig. 3F). Mossy fibers stimulation at 300Hz caused a 

biphasic vessel response (Fig. 3Ea). During the first part, capillary responses linearly increase (2s: 
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1.18r0.68%; n=11) until 7s after the start of the stimulus where the time course showed (Fig. 3Ea 

and 3Eb). From 10s to the end of the stimulation protocol, diameter percent changes of capillaries 

showed another increase that reach the maximum value at 35s (20s: 3.45r0.82%; n=11 and 35s: 

6.42r1.10%; n=11) (Fig. 3Ea and 3Eb). The latter response was similar to that observed at 20Hz 

and 100Hz (20Hz vs 300Hz at 2s: p=0.742, at 20s: p=0.189 and at 35s: p=0.720; 100Hz vs 300Hz 

at 2s: p=0.741, at 20s: p=0.474 and at 35s: p=0.629) but significantly different to the stimulation at 

6Hz at 35s (6Hz vs 300Hz at 35s: p=0.036) (Fig. 3F). In the vermis, capillary responses to different 

stimulation patterns are showed in a final figure summarizing our first results (Fig. 3F).  
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Figure 3 | Vascular responses in the granular layer of cerebellar vermis lobule V during electrical 

stimulation (15V) at different frequencies.  Slices were pre-treated with U46619 (75nM for 1h). The gray 

traces showed capillary lumen changes (n=8) in absence of stimulation (control experiments). A, Capillary 

responses in the granular layer during low frequency (6Hz) mossy fibers stimulation for 35s.Aa, Time course 

of averaged percent changes of capillary diameters (n=9; p=0.00013) during 6Hz stimulation frequency. Ab, 

Capillary diameter sizes at 2s, 20, and 35s. B, Capillary responses in the granular layer during 20Hz mossy 

fiber stimulation for 35s. Ba, Time course of averaged percent changes of capillary diameters (n=10; 

p=0.0008) during 20Hz stimulation frequency. Bb, Capillary diameter sizes at 2s, 20, and 35s. C, Capillary 

responses in the granular layer during 50Hz mossy fibers stimulation for 35s. Ca, Time course of averaged 

percent changes of capillary diameters (n=10; p=0.0001) during 50Hz stimulation frequency. Cb, Capillary 

diameter sizes at 2s, 20, and 35s. D, Capillary responses in the granular layer during 100Hz mossy fiber 

stimulation for 35s. Da, Time course of averaged percent changes of capillary diameters (n=10; p=0.00002) 

during 100Hz stimulation frequency. Db, Capillary diameter sizes at 2s, 20, and 35s. E, Capillary responses 

in the granular layer during high frequency (300Hz) mossy fiber stimulation for 35s.  Ea, Time course of 

averaged percent changes of capillary diameters (n=11; p=0.0002) during 300Hz stimulation frequency. Eb, 

Capillary diameter sizes at 2s, 20, and 35s.F, Graphic of capillary responses to different stimulation 

frequencies in the granular layer of cerebellar vermis lobule V. Fa, Time course of averaged capillary 

percent diameter changes in response to mossy fibers stimulation. Fb, Modifications of capillary lumen at 2s, 

20s and 35s during different frequencies of stimulation. 

 

 

8.4.3 Capillaries responses to mossy fibers stimulation in the granular layer of the cerebellar 

hemisphere 
 In the granular layer of the hemisphere, mossy fibers stimulation induced significant 

capillary dilation at 6Hz, 20Hz, 50Hz, 100Hz and 300Hz (respectively 4.93r1.06%, n=9; p=0.003; 

6.96r1.45%, n=10; p=0.0006; 5.79r0.91%, n=10; p=0.00001; 4.28r1.00%, n=10; p=0.0001; 

4.07r1.28%, n=10; p=0.0001), in slices pre-treated with U46619. Time course of vasodilation 

during all the stimulation frequencies is showed in Fig. 4Aa, 4Ba, 4Ca, 4Da, 4Ea. 

 Capillary responses induced by mossy fibers stimulation at 6Hz are shown in Fig. 4Aa and 

4Ab (2s: 1.49r0.60%, n=9; 20s: 3.55r0.84%, n=9; 35s: 4.93r1.06%, n=9). 

 Mossy fibers stimulation at 20Hz increased capillary inner diameters (2s: 1.05r0.56%, 

n=10; 20s: 6.61r1.44%, n=10) (Fig.4Ba and 4Bb). These results were not different to that observed 

during stimulation at 6Hz (6Hz vs 20Hz, at 2s: p=0.598; at 20s: p=0.092; at 35s: p=0.285). Vascular 

responses at 50Hz showed an increase in capillary diameters during the stimulation (2s: 

0.53r0.28%; n=10; 20s: 4.84r0.91%; n=10; 35s: 5.79r0.91%; n=10) (Fig. 4Ca and 4Cb) which is 
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similar to that observed at 6Hz and 20Hz (6Hz vs 50Hz, at 2s: p=0.152; at 20s: p=0.317; at 35s: 

p=0.739 and 20Hz vs 50Hz, at 2s: p=0.425; at 20s: p= 0.312; at 35s: p=0.507). Application of 

100Hz stimulation pattern caused vasodilation, as reported for previous frequencies (2s: 

1.28r0.54%; n=10; 20s: 4.28r1.00%; n=10) (Fig. 4Da and 4Db). Nevertheless, at the end of the 

stimulation, capillaries vasodilation was smaller than at 20s (35s: 2.91r1.36%; n=10) (Fig. 4Da and 

4Db). These vasodilations were statistically different to that observed during 20Hz stimulation, at 

35s (20Hz vs 100Hz, at 35s: p=0.024). Mossy fibers electrical stimulation also induced a substantial 

rapid vasodilation when frequency was set at 300Hz. In this case, capillaries diameter increased of 

2.64r0.84% (n=10) during the first 2s of stimulation (Fig. 4Ea and 4Eb) and reached a peak of 

4.45r0.66% (n=10) 20s after the start of the stimulus (Fig. 4Ea and 4Eb). This behavior was similar 

to that observed at 6Hz and 20Hz (6Hz vs 300Hz, at 2s: p=0.292; at 20s: p=0.409, at 35s: p=0.131 

and 20Hz vs 300Hz, at 2s: p=0.134; at 20s: p=0.190; at 35s: p=0.739), but different to that at 50Hz, 

at 2s and to 100Hz at 35s (50Hz vs 300Hz, at 2s: p= 0.029; 100Hz vs 300Hz, at 35s: p= 0.0.009) 

(Fig. 4F). Capillary diameters reached the maximal vasodilation in all experiments at 35s with a 

value of 7.61r1.28% (n=10) (Fig. 4Ea and 4Eb). 

 The time course of capillary diameter percent changes at different frequencies is 

summarized in figure 4F, for the cerebellar hemisphere. Capillary responses during mossy fibers 

stimulation at 100Hz were different compared to stimulation frequencies at 20Hz and 300Hz 

(100Hz vs 20Hz: p= 0.058 and 100Hz vs 300Hz: p=0.022, at 35s) (Fig. 4F). 

 Moreover, in the granular layer of hemisphere capillary responses at 50Hz and 100Hz were 

significantly different from that observed in the granular layer of the vermis at the same 

frequencies, but at different times (vermis vs hemisphere: p=0.037, at 20s at 50Hz; p= 0.032, at 35s 

at 100Hz) (Fig. 5B and 5C). There was no difference between capillary responses in vermis and 

hemisphere during the first 2s of mossy fibers stimulation (Fig. 5A).Some general observation can 

be already anticipated here, concerning the plots in Fig. 5. First of all, no difference is evident in 

vermis and hemisphere capillary reactions to the different frequencies tested for brief stimulation (at 

2s). Secondly, protracting the stimulation to 20s is able to unravel a significant difference in 

capillary vasodilation at 50Hz between vermis and hemisphere. Thirdly, further maintenance of the 

stimulation unravel a difference also at 100Hz. 

 The plot in Fig. 6 shows a naif representation of the possible trend of vasodilation 

frequency-dependence for vermis and hemisphere, at 35s (i.e. when the difference is maximal). 

These results hint to what could be the polynomial trend of different orders for vermis (third order) 

and hemisphere (negative second order). 

.  
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Figure 4 | Vascular responses in the granular layer of cerebellar hemisphere lobule VI during electrical 

stimulation (15V) at different frequencies.  Slices were treated with U46619 (75nM, for 1h). The gray traces 

showed capillary lumen changes (n=8) in absence of stimulation (control experiments). A, Capillary 

responses in the granular layer during low frequency (6Hz) mossy fibers stimulation for 35s. Aa, Time 

course of averaged percent changes of capillary diameters (n=9; p=0.003) during 6Hz stimulation frequency. 

Ab, Capillary diameter sizes at 2s, 20, and 35s. B, Capillary responses in the granular layer during 20Hz 

mossy fiber stimulation for 35s. Ba, Time course of averaged percent changes of capillary diameters (n=10; 

p=0.0006) during 20Hz stimulation frequency.  Bb, Capillary diameter sizes at 2s, 20, and 35s. C, Capillary 

responses in the granular layer during 50Hz mossy fibers stimulation for 35s. Ca, Time course of averaged 

percent changes of capillary diameters (n=10; p=0.00001) during 50Hz stimulation frequency. Cb, Capillary 

diameter sizes at 2s, 20, and 35s. D, Capillary responses in the granular layer during 100Hz mossy fiber 

stimulation for 35s. Da, Time course of averaged percent changes of capillary diameters (n=10; p=0.0001) 

during 100Hz stimulation frequency. Db, Capillary diameter sizes at 2s, 20, and 35s. E, Capillary responses 

in the granular layer during high frequency (300Hz) mossy fiber stimulation for 35s.  Ea, Time course of 

averaged percent changes of capillary diameters (n=10; p=0.0001) during 300Hz stimulation frequency. Eb, 

Capillary diameter sizes at 2s, 20, and 35s. F, Graphic of capillary responses to different stimulation 

frequencies in the granular layer of cerebellar hemisphere lobule VI. Fa, Time course of averaged capillary 

percent diameter changes in response to mossy fibers stimulation. Fb, Modifications of capillary lumen at 2s, 

20s and 35s during different frequencies of stimulation. 
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Figure 5 | Capillary diameter modifications in response to different stimulation frequencies (6Hz, 

20Hz, 50Hz, 100Hz, 300Hz) for 35s in the granular layer of cerebellar vermis lobule V and hemisphere 

lobule VI. A, Time course of percent diameter changes at different frequencies during 2s of stimulation in 

vermis and hemisphere. B, Time course of percent diameter changes at different frequencies during 20s of 
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stimulation in vermis and hemisphere (vermis vs hemisphere, at 50Hz: p=0.037). C, Time course of percent 

diameter changes at different frequencies during 35s of stimulation in vermis and hemisphere (vermis vs 

hemisphere, at 100Hz: p=0.032). 
 

 

 
 

Figure 6 | Plotted percent diameter changes of vermis and hemisphere when the trend of vasodilation 

showed the maximal difference between these two regions (at 35 s). 

 

 

8.4.4 LFP responses in the granular layer of cerebellar vermis and hemisphere  
In order to correlate granular layer NVC responses with the genesis of different BOLD signals to 

the same input in the cerebellum as observed by Alahmadi and colleagues (Alahmadi et al., 2017), 

we are currently investigating granular layer activity during mossy fibers stimulation at the same 

frequencies used for vascular motility study (i.e. 6 Hz, 20 Hz, 50 Hz, 100 Hz and 300 Hz). As a first 

test, we characterize granular layer responses to mossy fiber single pulse stimulation in vermis and 

hemisphere.  In the vermis, LFP signals peaked at 1.73±0.04 ms (N2a, n=30) and at 4.05±0.1 ms 

(N2b, n=30) with a value of respectively -165.48±6.62 μV (n=30) and -60.24±4.68 μV (n=30) (Fig. 

7a). In the hemisphere, neuronal responses showed a first peak of -132.02±8.42 μV (N2a, n=32) at 

1.97±0.08 ms (n=32) and a second one of -72.34±2.20 μV (N2b, n=32) at 3.95±0.1 ms (n=32) (Fig. 

7b). The latency of the first peak was significantly shorter (p=0.012) in the vermis compared to the 

hemisphere, while the latency of the second peak was similar (p=0.622) in both regions. The 

amplitude of the first peak was larger in the vermis compared to the hemisphere (p=0.003), while 

the second peak was smaller in the vermis compared to the hemisphere (p=0.035). As showed in 

figure 7, the shapes of granular layer LFP were similar between vermis and hemisphere. The LFP 

waveform observed here (both in vermis and hemisphere granular layers) following mossy fiber 

stimulation are in line with that observed by Mapelli and D'Angelo in the vermis granular layer of 
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juvenile rats (Mapelli and D'Angelo, 2007). Since LFP shapes represents the activation of the 

circuit in the granular layer, we are confident that the circuitry is intact in both vermis and 

hemispheres slices. 

Finally, the average distance from the site of stimulation (on mossy fibers) and the microelectrodes 

recording the LFP signals in vermis and hemisphere was 126±6.25 μm (n=62). This value is not 

statistically different (p=0,269) to the distance between the stimulation and the capillaries used for 

the analysis of vasodilation, in the first part of this work. Taken together, these preliminary 

observations suggest that granular layer response to mossy fiber stimulation might differ in vermis 

and hemisphere.  

 

 

 
 

Figure 7 | Granular layer responses to stimulation in vermis and hemisphere. Local field potential in 

the granular layer of vermis lobule V (a) and hemisphere lobule VI (b) during mossy fibers stimulation with 

a single impulse. The start of the stimulation is showed by the arrowheads. 

 

 

8.5 DISCUSSION 

 Here, we demonstrated that the activation of the input stage of the cerebellar cortex circuit, 

i.e. mossy fibers-granule cells synapse, caused dilation of capillaries in the granular layer of vermis 

and hemisphere in mouse cerebellar slices. The different stimulation frequencies used in order to 

activate the neuronal circuit mimic different states of CNS activation, namely: theta (6Hz), beta 

(20Hz), gamma (50Hz), fast (100Hz), and ultra-fast (300Hz) bands (according to Buzsaki 2006). 

These stimulation frequencies were able to induce different degrees of vasodilation. The 

mechanisms underlying neurovascular responses in the granular layer involves neuronal cells, in 

particular granule cells as observed by Mapelli and Gagliano in 2017 (Mapelli et al., 2017), 

capillaries and pericytes, as reported also in several papers (Peppiatt et al., 2006; Hamilton et al., 

2010; Hall et al., 2014; Mishra et al., 2016; Mapelli et al., 2017; Winkler et al., 2018). Cerebellar 

slices immunostaining showed that the granular layer of vermis and hemisphere might have a 

similar structural organization of neurovascular unit components, since capillaries were in close 
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contact with pericytes, as described for different brain regions (Hall et al., 2014; Mishra et al., 2014; 

Attwell et al., 2016). Capillary dilation by pericytes activation is thought to be the main contributor 

to blood flow increase during neuronal-evoked neurovascular responses and thus substantially 

contributing to the activity-dependent BOLD genesis (Hall et al., 2014). Therefore, capillary-

dependent CBF changes in response to neuronal activity in the granular layer of vermis and 

hemisphere is likely to contribute to cerebellar BOLD signal genesis. 

 

8.5.1 Vascular responses to different pattern of stimulation in the granular layer of cerebellar 

vermis. 

 Mossy fibers stimulation induced a significant dilation in granular layer capillaries of vermis 

lobule V. Here, three different time points during the stimulation were considered to describe the 

effect: 2, 20 and 35s. Since the effects were maximal at 35s, this time point was taken into account 

for further considerations. fMRI observations of Alahmadi and colleagues about human cerebellar 

vermis lobule V activity during different motor task performance demonstrated that BOLD signals 

showed a linear proportional increase compared to five grip force levels (Alahmadi et al., 2017). 

Our findings suggest that vermis is indeed able to generate non-linear neurovascular responses to 

different patterns of activation. 

 

8.5.2 Vascular responses to different activation pattern in the granular layer of cerebellar 

hemisphere. 
 In the granular layer of hemisphere lobule VI, capillaries showed statistically significant 

dilations when mossy fibers were electrical stimulated with different frequencies. Here, capillaries 

showed different responses from that observed in vermis. According to Alahmadi’s results on 

human fMRI, hemisphere lobule VI might show different vascular responses during different inputs 

at different frequencies, as a possible physiological basis of the non-linear imaging signals observed 

during force-related BOLD measurements (Alahmadi et al., 2017). This has been confirmed by our 

data, supporting the interpretation that complex motor tasks are associated to the non-linearity of 

cerebellar BOLD signals. Thus, NVC responses in the hemisphere may explain the non-linear 

BOLD signals observed in cerebellar fMRI. 

 

 Cerebellar vermis and hemisphere showed different neurovascular responses to neuronal 

activity pattern in the granular layer. In particular, 50Hz and 100Hz frequencies of stimulation 

induced significantly different capillaries dilation at different times in these two areas. These 

observations strongly stay for a possible frequency- and time-dependent NVC process of vermis 
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and hemisphere in the cerebellum. Our results suggest that in cerebellum NVC might be region-

dependent, given the same input pattern. These findings lead to hypothesize that the genesis of 

BOLD signal in the cerebellum could be region-dependent. 

 In conclusion, this work might provide new clues for the correct interpretation of imaging 

BOLD signals. Investigating the NVC could also help in the study of neurodegenerative disorders, 

like Alzheimer's disease, in which neurovascular phenomenon is altered. 

 

8.5.3 Granular layer activity during mossy fibers stimulation in cerebellar vermis and 

hemisphere 

In the granular layer of vermis lobule V and hemisphere lobule VI neuronal activation showed 

different responses to the same input stimulation. In particular, LFP recordings showed significant 

discrepancies in terms of delay and peak amplitude of the signals between vermis and hemisphere, 

during single-pulse stimulation of mossy fibers. Currently, we are investigating granular layer 

response to different stimulation patterns in both cerebellar regions. However, our preliminary 

results suggest that granule cells in vermis and hemisphere could generate different responses to the 

frequencies used for vascular activity investigation. Future experiments will help clarifying these 

preliminary observations. 

 

8.5.4 Conclusions 

 These results suggest that capillary responses to mossy fibers input might be frequency- and 

time-dependent both in cerebellar vermis lobule V and hemisphere lobule VI. Notably, these 

dependencies showed significant differences in the two regions. Although further characterization 

of neuronal responses to the same stimulation patterns will be needed to explain the phenomenon, 

these data provide a substrate to the different BOLD responses observed in human fMRI during grip 

tasks in cerebellar vermis and hemisphere (Alahmadi et al., 2017). Indeed, our data show that these 

cerebellar regions respond differently in terms of vascular motility to the same incoming stimuli. 

This difference is evident with specific time- and frequency-dependencies (20s at 50Hz and 35s at 

100Hz). Therefore, vessel responses at the same inputs in these regions were able to generate 

different vascular events in response to the same input, thus opening the door for a possible region-

dependence of BOLD signals genesis in the cerebellum. Moreover, single impulse stimulation 

showed differencies in neuronal activation of granular layer between vermis and hemisphere. For 

these reasons, we are hopeful that further investigations on granular layer activity will improve our 

understanding of the different NVC during different stimulation ranges observed in cerebellar 
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vermis and hemisphere, by providing the possibility to compare neuronal activity as LFP to 

vascular responses. 

In conclusion, while different cerebellar areas might receive different inputs from other brain 

regions (as the cerebral cortex), they might be also able to differentiate their BOLD signal 

independently on a difference in incoming stimuli. This difference might be related to input 

frequency and could depend on a different entrainment in long-range connections for cerebellar 

vermis and hemispheres. 

 These data prompt further investigations aiming at unravelling a possible different 

frequency-dependence of granule cells responses in vermis and hemisphere, that might be 

consequent of a different inhibitory activity of Golgi cells in these two cerebellar regions. 

 

Further considerations and speculative data interpretation 

 The comparison of vasodilation frequency dependence for vermis and hemisphere shown in 

Fig.5 highlights some considerations. 

 i) For both vermis and hemisphere, capillary vasodilation is larger at 20Hz than it is for 6 

and 50Hz. While the difference 6 vs 20Hz might be easily explained by an increase in the number 

of stimuli and therefore the number of neuronal responses generated in the same time, the drop in 

vasodilation observed comparing 20 vs 50Hz cannot be accounted by that. It is possible that, at 

50Hz, neuronal responses might adapt or undergo short-term depression, decreasing overall 

neuronal activity. Again, this would not explain the further increase in vasodilation observed at 100 

and 300Hz. Electrophysiological experiments are needed in order to assess the granule cell 

responses to these patterns of stimulation, in order to be compared to vessels behavior. In particular, 

extracellular recording of local field potentials in the granular layer might help solve this issue. 

 

 ii) For brief stimulations, no difference is revealed for vermis and hemisphere. Since vessel 

reaction depends on neuronal activity through NVC mechanisms, it is likely that this reflects an 

overall similarity in neuronal activity (and/or in neuronal metabolic consumption) in these two 

cerebellar areas during mossy fiber activation, at least at 2s (Fig.5A). When mossy fibers activation 

is further protracted, a significant difference is unraveled at 50 Hz (Fig.5B) and at 100 Hz (Fig.5C). 

In particular, capillary vasodilation is larger at 50Hz and smaller at 100Hz in the hemisphere, 

compared to the vermis at the same frequencies. One can speculate that these differences might 

depend on different vermis and hemisphere frequency-dependence of neuronal responses.  
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 iii) since oscillation bandwidths in the brain hints for specific interpretation in the matter of 

local or distant connectivity (i.e. higher frequencies are likely to favor low range connections, while 

lower frequencies allow the entrainment in long range loops, see for extensive discussion Buzsaki 

2016), it is tempting to hypothesize that cerebellar hemisphere, more than the vermis, might be 

entrained in long-range connections with other brain areas, contributing to low frequency 

oscillations bandwidths that are related to cognitive performance. This would also be in accordance 

with the view of cerebellar vermis motor function in the simple transduction of the incoming 

information from cortex and pontine nuclei to cerebellar nuclei and to output motor neuron (Nagao, 

2004). Moreover, the complex NVC responses observed in the hemisphere encouraged the 

hypothesis of the involvement of these areas in complex information processing and of cerebellar 

contribution to high brain functions such as cognition. 

 

 Importantly, it has to be considered that the NVC mechanisms so far characterized in the 

granular layer involve, among others, NO release by granule cells and its action on pericytes. 

Therefore, the considerations reported above are very naive, and not meant to give an exhaustive 

explanation but just some hints to guide further functional characterizations. Indeed, these 

speculations need to be addressed by the electrophysiological assessment of granular layer neuronal 

activity during the stimulation patterns used to characterize vessels responses. 
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Chapter 9 
 

General discussion 
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9. General discussion 

 The phenomenon of NVC is able to modify vessel diameter in response to neuronal activity 

in order to finely regulate the blood flow to the brain. Tuning vascular responses to neuronal input 

is the process that allows the brain to adequate the CBF to temporary state of increased or decreased 

activation in order to satisfy the energy demand of brain cells (Drake and Iadecola, 2007; Iadecola, 

2017). NVC provides the physiological basis of the BOLD signals that characterize fMRI 

acquisitions. This imaging technique is used in diagnostic and research fields to infer brain activity. 

BOLD signals are generated by HbO2 and Hbr ratio changes in CBF but the neuronal basis of this 

imaging response is still far from being understood (Attwell and Iadecola, 2002; Logothetis, 2008; 

Hillman, 2014). 

 Although NVC has been deeply investigated in several brain areas including the ML of the 

cerebellar cortex, biochemical pathways underlying the relationship between neurons and vessels 

are not completely dissected. In the cerebellar cortex, it has been shown that NVC is driven by 

MLIs but not by PCs activity (Thomsen et al., 2004; Rancillac et al., 2006). Surprisingly enough, 

the investigation of the role of cerebellar GL in NVC seems to has been forgotten during the years. 

Indeed, GL is very suitable for the study of the processes that calibrate vessel diameter in response 

to neuronal activation. This is mostly due to the great amount of GrCs (they are the most abundant 

brain neurons) and thus to their elevated energy demand, the presence of enzymes for the synthesis 

of vasoactive factors such as nNOS, and the already demonstrated ability to release the vasodilator 

NO during mossy fiber stimulation (Mapelli et al., 2017).  

 Recently, neurovascular responses were identified at capillary level in different areas of 

brain and cerebellum. Vasodilation or vasoconstriction events were controlled by vasoactive 

molecules, synthesized by neurons, that act on pericytes, small contractile cells in contact with the 

capillaries of the neurovascular unit (Fisher, 2009; Hamilton et al., 2010; Attwell et al., 2016). 

Capillaries ability to increase their lumen diameter before the arterioles and the propagation of the 

vasodilating signal to the upstream vessels lead to hypothesize that these tiny vessels are the first 

elements that contribute to the regulation of local blood flow. Moreover, capillaries were thought to 

be the main responsible for BOLD signals generation (Hall et al., 2014; Hall et al., 2016).  

 As the first step in a comprehensive study of NVC and the possible correlation with BOLD 

signal, we investigated vascular responses to neuronal activity in the more suitable brain area (i.e. 

the cerebellar GL) and tested how vessels diameters changed following neuronal activation 

resembling physiological conditions. 
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 At first, we investigated the role of cerebellar GL in NVC in order to unveil the biochemical 

pathway underlying this phenomenon using a pharmacological approach. In the GL, the dense 

network of tiny capillaries wrapped by pericytes, showed by immunofluorescent staining, 

participate in neurovascular events in response to neuronal activation. The vasoactive molecules 

were released following GrCs excitation, after NMDARs and mGluRs activation, as demonstrated 

by capillary responses during MFs stimulation in presence of APV+7ClKyn and MCPG+CPPG 

(respectively NMDARs and mGluRs receptors inhibitors). Moreover, our experimental 

investigation on the nature of molecules involved in the vasodilating pathway (i.e. mossy fibers 

stimulation in presence of NO synthesis and sGC activation inhibitors) revealed that NO contribute 

to the majority of the vasodilation observed in GL. Thus, NO is most likely to contribute to CBF 

increases. NO is a well-known vasodilator and contribute to vasodilation in several brain areas. 

Here we showed that NO is also the main responsible of NVC in both molecular and granular layers 

of the cerebellum (Rancillac et al., 2006; Mapelli et al., 2017). One of NO effects on vascular 

motility is the ability to inhibit the production of the main vasoconstrictor synthesized by glial cells 

(Attwell et al., 2010). Our data showed that during NO synthesis inhibition capillary constriction is 

mediated by mGluRs activation. In these conditions, MFs stimulation in the presence of mGluRs 

antagonists showed a significant reduction of vasoconstriction in GL. Therefore, in the cerebellar 

GL, the vasoconstriction is controlled by the vasodilator agent. Thus, GrCs activity controls the 

balance between these opposite NVC responses. Since GrCs are the most abundant brain neurons, 

which generate the highest cerebellar energy demands, as mentioned before, NVC mechanisms 

must originate adequate vascular responses and blood flow changes to supply the metabolic 

requirements of these neurons during GL information processing. Contrarily, when GrCs are 

inhibited or simply not activated, the absence of NO production allows the synthesis of 

vasoconstrictors. In this case, neurovascular balance is shifted towards vasoconstriction. Therefore, 

these findings suggest that GrCs are the center of NVC in the cerebellar GL and encourage to 

speculate that their pivotal role might widely contribute to cerebellar BOLD signal genesis. 

Moreover, NVC mechanisms unraveling may help in the study of neurodegenerative disorders in 

which neurovascular functions are compromised. 

 

 In humans, fMRI investigations showed that the cerebellum responds to the motor task 

performance in a region-dependent manner. In particular, cerebellar vermis showed linear force-

related BOLD signals while hemisphere generated non-linear imaging responses (Alahmadi et al., 

2017). Since in the same investigation the cerebral cortex showed non-linear responses, the question 

arises about whether cerebellar non-linearity depended on non-linear input coming from the cortex, 
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or on an intrinsic cerebellar ability to generate non-linear responses to increasing input frequencies. 

We investigated this issue in mouse cerebellar slices, in order to isolate cerebellar responses in 

different regions (namely the vermis and the hemispheres) and to have complete control over the 

input patterns used to stimulate incoming fibers. Our results demonstrated that GL capillaries 

responded with significant vasodilations to different patterns of mossy fibers stimulation, that 

mimic different states of cerebellum activity. In vermis and hemisphere, vasodilations changes 

during 35s and depending on the frequencies of stimulation. Moreover, these two regions responded 

to the same frequency patterns (at 50Hz and 100Hz) with significantly different vasodilations. 

Moreover, neuronal responses to single input stimulation showed differences between the GL of 

vermis and hemisphere. Histological inspection of the tissue did not reveal differences in the  

vascular organization in both cerebellar vermis and hemisphere, showing capillaries surrounded by 

pericytes in close proximity to granule cells. Taken together, these observations stay for the 

existence of a region-dependent phenomenon of NVC in vermis and hemisphere and thus the 

involvement of these processes in the mechanisms that participate in the genesis of different BOLD 

signals in the cerebellum. These results show that the cerebellum is indeed able to generate non-

linear neurovascular responses to increasing frequencies of the input. Interestingly, supposing that 

the frequency-dependence of vasodilations hints for a frequency-dependence of GrCs responses, it 

can be hypothesized that the cerebellar vermis and hemisphere neuronal activity differently 

contribute to the genesis of BOLD signals. Future investigations will address GrCs responses to 

these same input patterns in cerebellar vermis and hemispheres, together with GoCs - mediated 

inhibition, in order to unravel the neuronal origin of the differences in the NVC in these two 

regions. 

 

Future investigations and speculations 
 The findings described in this work of thesis might bear a high impact on the scientific 

community, given the important implications on region-specific cerebellar computation and BOLD 

signals interpretation. First of all, we demonstrated the possible pivotal role of GrCs in cerebellar 

NVC. Secondly, neurovascular responses of the vermis and hemisphere prompt to hypothesize the 

involvement of these regions in different information processing, thus fostering the functional role 

of the cerebellum in high cognitive task as yet proposed by several studies (Leiner et al., 1989; 

Schmahmann, 2010). During evolution, cerebellum enlargement might have given to humans a 

functional strategy for adaptation. The different evolution history and size of cerebellum among 

species could reflect the different contribution of this area to the ability in adaptation through 

cleverness (Leiner et al., 1993; Glickstein and Doron, 2008). 
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Overall, our results provide new clues for cerebellar BOLD signals interpretation and for future 

investigations of cerebellar contribution to cognition, memory, language, and other functions in 

which only recently the cerebellum has been found involved.   
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a  b  s  t  r  a  c  t

Nicotinic  acid adenine  dinucleotide  phosphate  (NAADP)  serves  as the  ideal  trigger  of  spatio-temporally
complex  intracellular  Ca2+ signals.  However,  the  identity  of the  intracellular  Ca2+ store(s)  recruited  by
NAADP,  which  may  include  either  the  endolysosomal  (EL)  or  the  endoplasmic  reticulum  (ER)  Ca2+ pools,  is
still elusive.  Here,  we  show  that  the  Ca2+ response  to  NAADP  was  suppressed  by  interfering  with  either  EL
or ER  Ca2+ sequestration.  The  measurement  of EL and  ER  Ca2+ levels  by  using  selectively  targeted  aequorin
unveiled  that  the preventing  ER  Ca2+ storage  also  affected  ER  Ca2+ loading  and  vice versa.  This  indicates
that  a functional  Ca2+-mediated  cross-talk  exists  at the EL–ER interface  and  exerts  profound  implications
for  the  study  of NAADP-induced  Ca2+ signals.  Extreme  caution  is  warranted  when  dissecting  NAADP
targets  by  pharmacologically  inhibiting  EL  and/or  the  ER  Ca2+ pools.  Moreover,  Ca2+ transfer  between
these  compartments  might  be  essential  to regulate  vital Ca2+-dependent  processes  in both  organelles.

© 2015  Elsevier  Ltd. All  rights  reserved.

1. Introduction

Nicotinic acid adenine dinucleotide phosphate (NAADP) repre-
sents the latest addition to the restricted family of intracellular
Ca2+-releasing messengers [1], already including inositol-1,4,5-
trisphosphate and cyclic ADP-ribose (cADPr). NAADP may  be
synthesized upon cellular stimulation or activation of cell surface
receptors to regulate a plethora of intracellular processes, including
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fertilization [2,3], muscle contraction [4], nitric oxide (NO) pro-
duction [5], and glucose metabolism [6]. Its efficacy in triggering
cytosolic Ca2+ elevations, as compared to either InsP3 or cADPr,
is underscored by the low doses of NAADP required to activate
cell signalling, spanning from pM to low nM concentrations [7].
While InsP3 and cADPr have long been known to mobilize Ca2+

from endoplasmic reticulum (ER), by activating InsP3 (InsP3Rs) and
ryanodine (RyRs) receptors [8], respectively, the molecular target
of NAADP has been far more elusive. Pioneering work conducted
on sea urchin egg homogenates demonstrated that the NAADP-
sensitive Ca2+ store is physically and pharmacologically separated
from that recruited by InsP3 and cADPr [9,10]. Consistent with
this observation, NAADP was later found to discharge Ca2+ from
acidic lysosome-like organelles in sea urchin eggs [11], where the
newly discovered family of two-pore channels (TPCs) serve as the
long-sought NAADP receptors [9,12]. However, this mechanism
does not underlie NAADP-mediated Ca2+ signalling in the closely
related starfish oocytes; herein, NAADP does not mobilize Ca2+

from acidic Ca2+ stores [13], but activates a plasmalemmal inwardly
rectifying Ca2+ permeable channel [14,15]. Subsequent work has

http://dx.doi.org/10.1016/j.ceca.2015.01.001
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shown that NAADP may  release Ca2+ from acidic organelles of the
endolysosomal (EL) system, which include early, late and recy-
cling endosomes, in mammal  cells: TPCs mediate a trigger Ca2+

release that is amplified into a regenerative Ca2+ wave by the Ca2+-
dependent recruitment of RyRs and/or InsP3Rs [7,9]. Alternatively,
NAADP may  gate TPCs to shuttle EL Ca2+ into ER by stimulat-
ing Sarco-Endoplasmic Reticulum Ca2+-ATPase (SERCA) activity,
thereby promoting further Ca2+ liberation via either InsP3Rs and/or
RyRs [4,16,17]. This model has been challenged by several observa-
tions, according to which RyRs type 1 and 2 (RyR1 and RyRs2) may
serve as primary target for NAADP both in naïve cells and in planar
lipid bilayers [18–20]. The debate around the primary site of action
of NAADP remains therefore, highly controversial [18,21–23].
Whereas gene silencing experiments have demonstrated TPC con-
tribution to NAADP-evoked Ca2+ signals, the involvement of acidic
organelles has been mainly supported by the use of pharmacologi-
cal tools [7,9,24,25]. A number of drugs have been utilized to either
disrupt or interfere with lysosome acidification, thereby disrupt-
ing their Ca2+ storage ability and preventing the Ca2+ response
to NAADP. These compounds include: glycyl-l-phenylalanine-2-
naphthylamide (GPN), a substrate of lysosomal cathepsin C whose
cleavage causes osmotic lysis of lysosomes; bafilomycin A1, a highly
selective inhibitor of V-type H+-ATPase that drives the proton gra-
dient responsible for Ca2+ sequestration; and nigericin, a H+/K+

ionophore which dissipates the proton gradient across lysosome
membrane [9,24–26]. A recent series of studies have disclosed the
tight and finely tuned inter-organellar communication that occurs
during intracellular Ca2+ movement between EL and ER compart-
ments and vice versa [27–31]. In this regard, only a few studies have
assessed whether the pharmacological disruption of acidic Ca2+

stores affects ER Ca2+ loading [27,29,32–34], thereby inadvertently
masking its participation to the onset and development of NAADP-
evoked Ca2+ signals. In turn, there is scant information about the
consequences of ER SERCA blockade by thapsigargin, cyclopiazonic
acid (CPA) and 2,5-di-(t-butyl)-1,4-hydroquinone (TBHQ) on the
Ca2+ content of acidic stores [24,25,33].

The present investigation was endeavoured to first dissect
the intracellular Ca2+ stores responsible for NAADP-induced Ca2+

release in HeLa cells, a widely employed cell model to study intra-
cellular Ca2+ signalling. This step was essential to then unveil: (1)
whether and how the pharmacological manipulation of the EL Ca2+

pool impairs ER Ca2+ levels and vice versa and (2) to ascertain
the implications of the ER–EL Ca2+ movements for NAADP-induced
Ca2+ signals. We  took benefit from “whole-cell patch-clamp”
recordings to dyalize NAADP into the cytosol and monitor the
activation of a Ca2+-dependent membrane current as surrogate of
the concomitant intracellular Ca2+ response [35–37]. Additionally,
we used aequorin-based Ca2+ probes to assess the effects of GPN,
bafilomycin A1, nigericin, and thapsigargin on both ER and EL Ca2+

loading. Our data provide further support to the trigger hypothe-
sis, whereby NAADP engages TPCs to discharge a local bolus of Ca2+

which is in turn amplified by adjoining RyRs and InsP3Rs. How-
ever, we further demonstrated that a functional Ca2+-mediated
cross-talk does occur between EL and ER Ca2+ stores to reciprocally
control their refilling. It turns out that the pharmacological manip-
ulation of acidic organelles may  exert profound consequences on
the extent of ER Ca2+ storage and vice versa; this feature should be
taken in account when investigating the primary target of NAADP
in mammal  cells.

2. Materials and methods

2.1. Cell cultures

HeLa cells were cultured in DMEM (Sigma) medium supple-
mented with 10% FBS (Immunological Sciences), 2 mM glutamine

and 1% penicillin streptomycin (Sigma) in humidified atmosphere
containing 5% CO2. Cells were grown to 80% confluence and pas-
saged twice a week. For experiments the cells were plated onto
glass coverslips at concentrations 5 × 104 per ml  (24 mm diame-
ter coverslips in 6 well plates) or 3 × 104 per ml (13 mm diameter
coverslips in 24 well plates).

2.2. Electrophysiological recordings

Membrane currents were recorded from isolated HeLa cells
(3 days in culture) by using the conventional whole cell patch-
clamp configuration and a L/M EPC-7 patch-clamp amplifier
(List-Electronic; Darmstadt, Germany) [38]. Whole cell currents
were sampled at 1 kHz and acquired by exploiting the Strathclyde
electrophysiology software WinWCP (courtesy of Dr. John Demp-
ster, University of Strathclyde, Glasgow UK). Alternatively, they
were recorded by using a Multiclamp 700B amplifier (−3 dB; cut-
off frequency = 10 kHz) driven by PClamp 10 software (Molecular
Devices, Union City, CA, USA). Pipettes were pulled from thin-
walled borosilicate glass using a Sutter Instruments P-87 pipette
puller and had resistances of 3–5 M! when filled with high-K+

internal solution. Patch pipettes were pulled from borosilicate glass
capillaries (Warner Instruments Corp., Hamden, CT, USA) and filled
with the following solution: KCl (140 mM),  NaCl (8 mM), MgCl2
(1.5 mM),  HEPES (10 mM),  EGTA (0.05 mM), titrated to pH = 7.2
with KOH. NAADP was  added at the final concentration of 10 nM,
otherwise stated. In order to assess the Ca2+-sensitivity of NAADP-
evoked currents, EGTA was  added at a final concentration of 10 mM.
Cells were maintained in a standard physiological salt solution [38]:
NaCl (150 mM),  KCl (6 mM),  MgCl2 (1 mM),  CaCl2 (1.5 mM),  HEPES
(10 mM), glucose (10 mM)  adjusted to pH = 7.4 with NaOH. Access
resistances were <10 M! following series resistance compensa-
tion. Current-voltage (I–V) curves were obtained by applying, every
1 s, 100 ms  voltage ramps ranging from −100 mV  to +100 mV and
delivered from a holding potential of 0 mV  [39]. Currents were nor-
malized by dividing the amplitudes (measured from the voltage
ramps at −80 mV  and +80 mV)  by the cell capacitance. Capacita-
tive currents were compensated before each ramp by using the
amplifier’s built-in compensation section. All leak currents were
subtracted by averaging the first two  to ten ramp currents, and
then subtracting this from all subsequent currents. Pooled data are
given as mean ± Se and statistical evaluation was  carried out using
Student’s unpaired T-test. Experiments were carried out at room
temperature (20–23 ◦C).

2.3. Generation of CathD-Aeq Ca2+ probe and aequorin Ca2+

measurements

CathD-Aeq and ER-Aeq aequorin-based Ca2+ sensors were used
to measure the rate of Ca2+ uptake and the steady-state Ca2+

levels in the endo-lysosomal organelles (EL) and in the ER, respec-
tively. The ER-Aeq Ca2+ probe was  described in [40]. For generation
of the CathD-Aeq Ca2+ probe a fragment of the cathepsin D
(CathD) cDNA was first amplified using the following primers:
Forward: 5′-ggaagcttgaattcgccaccatgcagccctccag-3′ Reverse: 5′-
ggaagcttgagggtcttcccggcctgcgacacct-3′ which caused the addition
of a HindIII site in the 5′ non-coding region and downstream the
lysosomal targeting sequence of the CathD cDNA, but not the
catalytic region [41]. This HindIII fragment was then inserted, in
appropriately prepared pcDNA3 vector, in front of the HA1-tagged
Asp119Ala aequorin (Aeq) mutant [42] obtaining the CathD-Aeq
chimaera. Both probes were transfected into HeLa cells using Lipo-
fectamine 2000 reagent (Life Technologies, Milano, Italy) the day
before the experiment. Transfected apo-aequorins were reconsti-
tuted in modified Krebs–Ringer buffer (KRB, 135 mM NaCl, 5 mM
KCl, 0.4 mM KH2PO4, 1 mM MgSO4, 5.5 mM glucose, 20 mM HEPES
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(pH 7.4) supplemented with 600 !M EGTA, 5 !M coelenterazine
n and 300 !M ionomycin (all reagents from Sigma) for 1 h at 4 ◦C.
After reconstitution the cells were washed 3 times with KRB con-
taining 600 !M EGTA and 2% BSA, followed by 3 washes with KRB
containing 100 !M EGTA after which the coverslips were trans-
ferred into perfusion chamber of a custom built aequorinometer
(CAIRN research, UK). The cells were perfused with KRB containing
100 !M EGTA at 37 ◦C. After 3 min  of baseline recording the per-
fusion solution was switched to KRB supplemented with 2 mM Ca2+

and recording continued until the [Ca2+] in the EL or ER did reach
the steady-state level. At the end of each experiment, for quantifi-
cation of the intra-organellar Ca2+ levels, the cells were perfused
with distilled water containing 100 mM Ca2+ and 100 !M digitonin
to discharge the remaining Aeq pool. The light signals were cali-
brated off-line into [Ca2+] values using an algorithm developed by
Brini and coworkers [43].

2.4. Fura-2 Ca2+ measurements

HeLa cells were loaded with 5 !M Fura-2 AM in presence of
0.02% of Pluronic-127 (both from Life Technologies) and 10 !M
sulfinpyrazone in KRB containing 2 mM CaCl2 (30 min, room tem-
perature), after which the cells were washed and left for other
30 min  to allow de-esterification of Fura-2. After that the cover-
slips were mounted into acquisition chamber and places on the
stage of a Leica DMI6000 epifluorescent microscope equipped with
S Fluor ×40/1.3 objective. The probe was excited by alternate 340
and 380 nm using a Polychrome IV monochromator (Till Photon-
ics, Munich, Germany) and the Fura-2 emission light was filtered
through 520/20 bandpass filter and collected by a cooled CCD cam-
era (Hamamatsu, Japan). The fluorescence signals were acquired
and processed using MetaFluor software (Molecular Device, Sun-
nyvale, CA, USA). To quantify the differences in the amplitudes of
Ca2+ transients the ratio values were normalized using the formula
"F/F0 (referred to as normalized Fura-2 ratio, “Norm. Fura ratio”).

2.5. Immunocytochemistry

1.5 × 104 HeLa cells, grown on 13 mm coverslips in 24 w/plates,
were transfected with 0.3 !g CD-Aeq cDNA using Lipofectamine
2000 reagent. After 24 h, cells were fixed with 4% formalde-
hyde, permeabilized with 0.1% Triton X-100 and probed with
anti-hemagglutinin epitope (HA, Roche, Mannheim, Germany),
anti-Lamp2b, anti-mannose-6-phosphate receptor (M6PR), anti-
early endosome antigen 1 (EEA) (all from Abcam, Cambridge, UK)
and anti-endoplasmic reticulum-Golgi intermediate compartment
(ERGIC, Sigma) primary antibodies (all 1:50) in phosphate buffered
saline (PBS) supplemented with 1% gelatine (1 h 37 ◦C). The cells
were then washed 3 times with PBS and secondary Alexa Fluor
conjugated antibody (1:200) were applied in PBS with 1% gelatine
for 1 h at RT. The coverslips were then washed and mounted on a
glass slides using FluoroShield mounting medium (Sigma). The cells
were examined using a Leica DMI6000 epifluorescent microscope
equipped with S Fluor ×40/1.3 objective. Fluorescent signals were
acquired and processed using Leica-Metamorph software.

2.6. Chemicals

All chemicals, unless otherwise stated, were of analytical grade
and obtained from Sigma.

2.7. Statistical analysis

Two-tail unpaired Student’s t-test was used for statistical anal-
ysis. Differences were considered significant at p < 0.05.

3. Results

3.1. NAADP induces Ca2+-dependent non-selective cationic
currents mediated by TRPM4 in HeLa cells

The whole-cell patch-clamp configuration was utilized to
dyalise the cells with an intracellular solution containing 10 nM
NAADP and record the subsequent bioelectrical response. This
manoeuvre permits to detect NAADP-induced changes in sub-
membranal Ca2+ concentration, as shown in earlier studies
conducted in mammalian cells [35,36,44,45]. Currents were mea-
sured by applying consecutive 400-ms voltage spanning −90 mV
to +90 mV starting from a holding potential of 0 mV.  The cytosolic
infusion of NAADP induced tonic inward (at −80 mV) and out-
ward (at +80 mV)  currents with an average latency of 182.9 ± 21.2 s
(n = 51) in 51 out of 68 cells (Fig. 1A). These currents could either
be sustained over time (as shown in Fig. 1A and E) or rapidly decay
to the baseline (as shown in Fig. 1G). In the remaining 17 cells, the
inclusion of NAADP in the patch-pipette elicited membrane current
oscillations at both −80 mV  and +80 mV  after an average delay of
119.7 ± 31.7 s (n = 17) (Fig. 1C). There was no significant difference
in the lag time of the bioelectrical response to NAADP between
tonic and spiking cells (p < 0.05). The I–V relationship of NAADP-
evoked ionic currents was  measured by subtracting the background
I–V curve to that obtained after full development of the current
(Fig. 1B) or at the oscillation peak (Fig. 1D), depending on the pat-
tern of the signal. In both cases, it did not show any detectable
rectification and reversed at around 0 mV:  as expected, the rever-
sal potential (Erev) of NAADP-induced currents measured in tonic
cells (4.5 ± 1.1 mV,  n = 41) was  not significantly different (p < 0.05)
from that obtained in oscillating ones (6.3 ± 1.9 mV,  n = 14). There-
fore, the biophysical characterization of NAADP-induced currents
reveals that the same conductance is activated in both non-spiking
and spiking cells, and the data collected from both cell types were
computed together in subsequent experiments. The hallmarks of
NAADP receptors in mammalian cells are their homologous desen-
sitization at high NAADP doses and their sensitivity to Ned-19,
which blocks the binding site for NAADP [9]. Consistent with these
features, the amplitude of NAADP-induced currents in HeLa cells
was significantly reduced by either of the following treatments:
(1) cytosolic dialysis of 50–100 !M NAADP (Fig. 1E and F) or (2)
inclusion of Ned-19 (10 !M)  in the patch-pipette (Fig. 1G and H).

The fact that NAADP-induced currents invert polarity at poten-
tials close to 0 mV  suggests they are carried by a non-selective
cation channel [36,37,44]. In agreement with this hypothesis, the
replacement of extracellular Na+ with an equimolar amount of the
non-permeable NMDG+ suppressed the inward current, while only
slightly affecting the outward component, and caused a shift of Erev
towards more negative values (Fig. 2A and B). In the same cells,
removal of extracellular Ca2+ (0 Ca2+) did not exert any effect both
on the amplitude and on the polarity of NAADP-induced currents
(Fig. 2A). Conversely, when K+ in the intracellular solution was
substituted with NMDG, the outward current was  abrogated and
the I–V relationship did not reverse even at +90 mV  (Fig. 2C and
D). Overall, these results indicate that NAADP activates a non-
selective cation channel that conducts both Na+ and K+, but not
Ca2+. Melastatin transient receptor potential channel 4 (TRPM4)
is a well known Ca2+-activated non-selective cation conductance
that is impermeable to Ca2+ [46]. In order to assess whether this
is the membrane pathway recruited by NAADP in HeLa cells, we
probed the effect of several TRPM4 blockers. Trivalent cations are
widely employed to inhibit TRP channels at high micromolar con-
centrations [47,48], while flufenamic acid (FFA) and 9-phenanthrol
(9-Phen) are selective inhibitors of TRPM4 [46]. As depicted in
Fig. 2E and F, 30 min  pre-treatment with either La3+ (50 !M),  Gd3+

(50 !M),  FFA (20 !M)  or 9-Phen (30 !M)  abolished NAADP-elicited
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Fig. 1. NAADP-induced membrane currents in HeLa cells. (A) Membrane currents were activated by dialysing HeLa cells with NAADP (10 nM)  and monitored by applying
conventional voltage ramps (−100 to +100 mV  in 50 ms  at 0.5 Hz) from a holding potential of 0 mV.  Current amplitudes at −80 and +80 mV were measured and plotted
against the time to obtain the time course of current development. (B) The I–V relationship of NAADP-evoked current was obtained when indicated by the asterisk in panel
A.  (C) Current oscillations were initiated by NAADP (10 nM)  infusion in a fraction of cells and plotted as shown in panel A. (D) I–V relationship of NAADP-induced current
oscillations measured at the time indicated by the asterisk in panel C. (E) Dialysis of higher NAADP concentrations (50 and 100 !M)  failed to induce any membrane current,
thereby  hinting at the desensitization of NAADP receptors. (F) Mean ± SE of the amplitude of the current peak recorded at different doses of NAADP. (G) The inclusion of
NED-19 (10 !M)  along with NAADP (10 nM)  into the patch pipette prevented the onset of the bioelectrical signal. (H) Mean ± SE of the amplitude of NAADP-evoked currents
in  the presence and absence of NED-19 (10 !M).  NAADP was  applied at 10 nM.
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Fig. 2. NAADP-induced membrane currents are mediated by TRPM4. (A) NAADP-induced membrane currents were not inhibited by removal of external Ca2+ (0Ca2+), but
were  reversibly abolished by replacing extracellular Na+ with N-methyl-d-glucamine (0Na+). NAADP was applied at 10 nM.  (B) I–V relationships of NAADP-induced currents
recorded from the cell displayed in panel A in the presence and absence of external Na+ (0Na+). The I–V relationships were taken at the times indicated by the asterisks in
panel  A. (C) Membrane currents evoked by cytosolic dialysis of NAADP (10 nM) when intracellular K+ was replaced by NMDG. (D) I–V relationship of the NAADP-evoked
current recorded in the absence of intracellular K+ at the time indicated by the asterisk in panel C. (E) NAADP-elicited membrane current under control conditions (Ctl) and
in  the presence of La3+ (50 !M),  flufenamic acid (FFA; 20 !M), and 9-Phenanthrol (30 !M). (F) Mean ± SE of the amplitude of NAADP-evoked currents under the designated
treatments. (G) NAADP-evoked currents in the absence and presence of 10 mM EGTA in the patch pipette to prevent a global increase in [Ca2+]i.

currents in HeLa cells. This pharmacological profile is compati-
ble with TRPM4 engagement by intracellularly infused NAADP. In
agreement with this hypothesis, NAADP did not activate any cur-
rent when 10 mM EGTA was included in the recording pipette to
prevent any increase in [Ca2+]i (Fig. 2G). Preliminary experiments
showed that the cytosolic dialysis of 10 mM EGTA does not trigger

any current in the absence of NAADP, which indicates that store-
operated Ca2+ entry (SOCE) is not activated under these conditions
(n = 8; data not shown). Taken together, these results demonstrate
that NAADP stimulates TRPM4 by causing a cytosolic elevation in
[Ca2+]i upon the mobilization of an intracellular Ca2+ pool, as indi-
rectly confirmed by the lack of effect of 0 Ca2+ saline (Fig. 2A).
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Fig. 3. The disruption of acidic organelles suppresses NAADP-induced membrane currents. NAADP-induced membrane currents were hindered by pre-treating the cells
with  glycyl-l-phenylalanine-2-naphthylamide (GPN; 200 !M,  1 h) (A and B), bafilomycin A1 (Baf A1; 100 nM,  1 h) (C and D), and nigericin (50 !M, 20 min) (E and F). In each
experiment, NAADP was dyalised through the patch pipette at 10 nM. In Panels B, D and F, mean ± SE of the amplitude of NAADP-evoked currents under the designated
treatments.

TRPM4-mediated currents may, therefore, be utilized to monitor
the intracellular Ca2+ response to NAADP in HeLa cells, as shown in
other cell types [36,45].

3.2. Acidic store blockers impair NAADP-induced Ca2+ signals in
HeLa cells

A number of drugs are currently exploited to disrupt Ca2+

storage by acidic organelles and prevent NAADP-induced intra-
cellular Ca2+ release [7,9,24]. GPN promotes osmotic bursting of
lysosomes, bafilomycin A1 prevents EL vesicle acidification and
their consequent intralumenal Ca2+ sequestration, and nigericin
dissipates the proton gradient [32]. Each protocol described in the
following experiments has been widely utilized to interfere with
EL function and affect NAADP-evoked Ca2+ discharge [7,9]. Pre-
incubating the cells with GPN (200 !M,  1 h) (Fig. 3A and B) and
bafilomycin A1 (100 nM,  1 h) (Fig. 3C and D), significantly (p < 0.05)
reduced NAADP-elicited currents, while nigericin (50 !M,  20 min)
fully suppressed them (Fig. 3E and F). This result indicates that
Ca2+-mobilization from acidic organelles contributes to TRPM4
activation by NAADP HeLa cells.

3.3. Thapsigargin-sensitive Ca2+ pools contribute to shape
NAADP-elicited increase in [Ca2+]i

The contribution of InsP3- and ryanodine-sensitive Ca2+ stores
to NAADP signalling in HeLa cells was then probed by first pre-
treating the cells with thapsigargin (2 !M,  1 h) to deplete Ca2+

from ER [49]. This treatment abolished the Ca2+ response to NAADP
in HeLa cells (Fig. 4A and D). Likewise, direct delivery of heparin
(1 mg/ml) along with NAADP through the patch pipette to block
InsP3Rs [3] significantly (p < 0.05) decreased both the amplitude
and the duration of NAADP-induced Ca2+ release (Fig. 4B and
D). Finally, the pharmacological inhibition of RyRs with either
ryanodine or tetracaine abrogated the onset of NAADP-evoked
Ca2+ signals [50]. In mode detail, intracellular dialysis from a patch
pipette of ryanodine (100 !M)  along with NAADP suppressed
the ensuing Ca2+ mobilization in 2 out of 6 cells (Fig. 4C) and
significantly (p < 0.05) reduced the magnitude of the Ca2+ tran-
sient occurring in the remaining 4 (Fig. 4D). Similarly, cytosolic
infusion of tetracaine (100 !M)  prevented the development of
the Ca2+ response to NAADP (Fig. 4C and D). Collectively, these
results suggest that RyRs directly participate to the generation of
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Fig. 4. The inhibition of Ca2+ release from the endoplasmic reticulum Ca2+ stores affects the bioelectrical response to NAADP. (A) Pre-incubating the cells with thapsigargin
(2  !M,  1 h) abrogated NAADP-induced membrane currents. (B) The cytosolic infusion of heparin (1 mg/ml) along with NAADP (10 nM)  through the patch pipette reduced and
shortened NAADP-elicited current. (C) The cytosolic dialysis of ryanodine (100 !M) or tetracaine (100 !M) abated the bioelectrical response to NAADP (10 nM). (D) Mean ± SE
of  the amplitude of NAADP-evoked currents under the designated treatments.

NAADP-evoked Ca2+ signals, while InsP3R are required to sustain
them over time. It turns out that both EL and ER Ca2+ stores shape
the Ca2+ response to NAADP in HeLa cells.

3.4. GPN, bafilomycin 1 and nigericin inhibit Ca2+ sequestration
by both endo-lysosomes and endoplasmic reticulum

Once established that both acidic organelles and the ER are
recruited by NAADP to induce intracellular Ca2+ signals in HeLa
cells, we harnessed aequorin-based Ca2+ fluorophores to assess the
effects of GPN, bafilomycin A1, nigericin, and thapsigargin on both
ER and EL Ca2+ filling. To assess the extent of Ca2+ filling of lysoso-
mal  lumen, we have generated a new lysosome-targeted Aeq probe
by fusing full-length cathepsin D cDNA to the N-terminus of HA1-
Aeq(mut) cassette under control of CMV  promoter, designated as
CathD-Aeq (Supplementary Fig. 1A). Immunocytochemical analy-
sis of CathD-AEQ, expressed in HeLa cells, revealed co-localisation
of the probe with the lysosomal marker Lamp2b (Supplementary
Fig. 1B-a) and with the late endosomal marker M6PR (Supplemen-
tary Fig. 1B-b), but not with markers of early endosomes (EEA;
Supplementary Fig. 1B-c) or with the ER marker (Ergic; Supple-
mentary Fig. 1B-d), thus indicating correct sorting of CathD-Aeq
probe to EL compartments [51]. Both ER and EL Aeq probes bear a
single amino acid (Asp119→Ala) substitution to decrease the affin-
ity of Aeq to Ca2+ [52]. First, we assured that Aeq(mut) functions
properly at the acidic pH (4.5–5.5) of the endo-lysosomal lumen
and the results may  be compared with those of the ER-Aeq. We
quantified the light emitted by Aeq(mut) in lysates prepared from
transfected HeLa cells with pH ranging form 3.85 to 7.5 upon addi-
tion of 100 mM Ca2+, and we found that at the extreme acidic pH
3.85 there was  nonsignificant increase of the emitted light by about
10% as compared with that emitted at pH 7 (Supplementary Fig.
1C), demonstrating that Aeq(mut) is functional in acidic conditions
and may  be used for Ca2+ measurements in EL organelles. Next, we

checked whether CathD-Aeq correctly reports Ca2+ concentrations
in acidic conditions. Supplementary Fig. 1D shows that addition
50 !M Ca2+ results in robust detection of [Ca2+] in the entire pH
range from pH 3.85 to pH 7. Next, we compared the steady state
Ca2+ levels in ER and EL lumens. Direct measurement of the EL Ca2+

content revealed that rate of refilling and steady state level of Ca2+

in the EL compartment were not different from those of the ER
(Fig. 5A and B), thereby confirming previous indirect estimations
of high EL Ca2+ content [53,54].

Next, we investigated whether pharmacological disruption of
acidic stores specifically affects EL Ca2+ dynamics. Unexpectedly,
GPN exerted a dose-dependent inhibition of Ca2+ uptake not only
by EL organelles (Fig. 5A), but also by the ER Ca2+ pool (Fig. 5B).
In particular, at 200 !M (20 min  pre-treatment), the effect of GPN
was even more pronounced for ER loading (36.3 ± 15.9% vs. con-
trol samples, p = 0.009) (Fig. 5B), as compared to EL Ca2+ uptake
(65.3 ± 15.4% vs. control samples, p = 0.012) (Fig. 5A). Similarly,
overnight pre-incubation with 100 nM bafilomycin A1 hindered
Ca2+ sequestration by both EL (Fig. 6A) and ER (Fig. 6B) com-
partments, although the inhibition of EL Ca2+ loading was slightly
larger (49.2 ± 4.5% vs. control, p = 1.7e−6) than ER Ca2+ refilling
(65.9 ± 9.03% vs. control, p = 2.5e−5) (Fig. 6). Likewise, nigericin
(50 !M,  20 min) dose-dependently decreased Ca2+ uptake in both
EL and ER compartments (Fig. 7). 20 !M nigericin inhibited to the
same extent both EL (31.8 ± 12% vs. control, p = 0.00036) and ER
(33.3 ± 9.9% vs. control, p = 8.2e−5) Ca2+ uptake (Fig. 7). Overall,
these results clearly indicate that the pharmacological disruption
of lysosomal Ca2+ content leads to a dramatic reduction in ER Ca2+

levels as well.

3.5. Inhibitors of SERCA pump block Ca2+ sequestration by both
endoplasmic reticulum and endo-lysosomes

Next, we  investigated whether specific SERCA blockers, such
as thapsigargin and tBHQ, impact on EL Ca2+ sequestration. Fig. 8
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Fig. 5. Effect of GPN on EL and ER luminal Ca2+. HeLa cells, were transfected with
CathD-Aeq (A) or ER-Aeq (B), and 24 h later were reconstituted with coelenterazine n
in  KRB solution supplied with 600 !M EGTA and 3 !M ionomycin at 4 ◦C for 1 h. GPN,
at  indicated concentration, was  added to the reconstitution solution for 20 min. After
reconstitution, the cells were perfused with 2 mM Ca2+ (arrow) and the steady state
Ca2+ levels in the EL (A) and ER (B) were measured. GPN was  present in perfusion
medium for the duration of the recording. The data are summarized in histograms
and expressed as mean ± SD of areas under the curves (AUC) normalized to control.
*,  p < 0.05; ***, p < 0.001.

shows that thapsigargin (20 nM,  10 min) prevented Ca2+ uptake
into both EL (Fig. 8A) and ER (Fig. 8B) compartments. However,
5 nM thapsigargin was ineffective on EL (Fig. 8A), but not ER Ca2+

sequestration (69.8 ± 17.7% vs. control, p = 4e−6) (Fig. 8B). In the

Fig. 6. Effect of bafilomycin A1 on EL and ER luminal Ca2+. HeLa cells, transfected
with CathD-Aeq (A) or ER-Aeq (B) and pre-treated with bafilomycin A1 (100 nM,
24  h) were reconstituted with 3 !M coelenterazine n in KRB supplied with 600 !M
EGTA and 3 !M ionomycin at 4 ◦C for 1 h. After reconstitution, the cells were perfused
with 2 mM Ca2+ (arrow) and the steady state Ca2+ levels in the EL (A) and ER (B) lumen
were measured. The data, summarized in histograms, expressed as mean ± SD of
areas under the curves (AUC) reported to control. ***, p < 0.001.

Fig. 7. Effect of nigericin on EL and ER luminal Ca2+. HeLa cells, expressing CathD-Aeq
(A) or ER-Aeq (B) were reconstituted with 3 !M coelenterazine n in KRB supplied
with 600 !M EGTA and 3 !M ionomycin at 4 ◦C for 1 h. After reconstitution, the cells
were perfused with 2 mM Ca2+ (arrow) and the steady state Ca2+ levels in the EL (A)
and ER (B) lumen were measured. Indicated concentrations of nigericin were added
to  reconstitution solution 15–20 min prior to Ca2+ addition. The data, summarized
in histograms, are expressed as mean ± SD of areas under the curves (AUC) reported
to control. n indicates number of independent measurements per condition. ***,
p  < 0.001.

same way, 100 !M tBHQ, a SERCA antagonist that binds to a dif-
ferent site with respect to thapsigargin, suppressed Ca2+ uptake
in both endo-lysosomes and ER (Fig. 8). A recent study suggested
that tBHQ and high concentrations of thapsigargin may  also tar-
get lysosomal SERCA3 [55], but this finding is likely to be confined
to human platelets [24]. In addition, EL Ca2+ uptake is abrogated
by low nM doses of thapsigargin, which is ineffective on this SERCA
isoform [55]. Therefore, it is conceivable that both thapsigargin and
tBHQ inhibit SERCA-mediated Ca2+ sequestration into ER under our
conditions. It turns out that EL Ca2+ refilling depends on the proper
Ca2+ uptake by ER in HeLa cells.

3.6. GPN, bafilomycin A1, and nigericin affect intracellular Ca2+

release by tBHQ

The results hitherto obtained provided the evidence that
lysosomotropic agents, such as GPN, bafilomycin A1, and nigericin,
interfere with ER Ca2+ filling. On the other hand, well established
inhibitors of SERCA activity prevent EL Ca2+ sequestration as well.
To consolidate these findings and further analyze the interaction
between EL and ER Ca2+ stores, we  took advantage from single
cell imaging of fura-2/AM-loaded cells to assess whether the
pharmacological blockade of EL Ca2+ uptake affects ER Ca2+ levels.
As expected [27,56], the induction of osmotic bursting with GPN
(200 !M)  in the absence of extracellular Ca2+ (0 Ca2+) elicited a
Ca2+ transient which lasted for about 5 min  (Fig. 9A, grey trac-
ing). Perfusion of vehicle (DMSO) to control cells did not change
cytosolic Ca2+ levels (Fig. 9A, black tracing). After GPN-induced
[Ca2+]i rise, tBHQ (20 !M)  was added to the perfusion medium to
examine ER Ca2+ content. In control experiments, tBHQ produced
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Fig. 8. Effect of thapsigargin and tBHQ on EL and ER luminal Ca2+. HeLa cells, trans-
fected with CathD-Aeq (A) or ER-Aeq (B), and 24 h later were reconstituted with
coelenterazine n in KRB solution supplied with 600 !M EGTA and 3 !M ionomycin
at  4 ◦C for 1 h. After reconstitution, the cells were perfused with 2 mM Ca2+ (arrow)
and  the steady state Ca2+ levels in the EL (A) and ER (B) were measured. Thapsigargin
(TG, 5 or 20 !M) or tBHQ (10 !M)  were added to the cells 5 minutes before addition
of  Ca2+. tBHQ was  present in perfusate throughout all the experiment. The data are
summarized in histograms and expressed as mean ± SD of areas under the curves
(AUC) normalized to control. *, p < 0.05; ***, p < 0.001.

an elevation in [Ca2+]i due to passive emptying of the ER Ca2+ pool
(black tracing and column in Fig. 9A). However, GPN pre-treatment
significantly reduced the amplitude of the following Ca2+ response
to tBHQ (12.8 ± 4.4% vs. control, p = 2e−19) (grey tracing and
column in Fig. 9A). In an inverted experimental setting, when
the ER Ca2+ stores were first emptied by tBHQ (20 !M,  10 min)
and [Ca2+]i returned to the near-baseline level, application of
GPN (200 !M)  essentially failed to elevate Ca2+ in the cytosol
(33.17 ± 22.56% vs. control, p = 2e−37) (Fig. 9B). Unlike GPN, acute
addition of bafilomycin A1 (1 !M)  did not alter resting Ca2+ levels
in HeLa cells (not shown), while over-night pre-incubation with
100 nM bafilomycin A1 significantly reduced the magnitude of
tBHQ-induced intracellular Ca2+ mobilization (53.3 ± 22.3% vs.
control, p = 4e−34) (Fig. 9C). Finally, nigericin (50 !M)  evoked a
biphasic increase in [Ca2+]i which returned to the baseline within
5 min  and dampened the subsequent tBHQ-induced Ca2+ signal
(36.8 ± 23% vs. control, p = 5e−18) (Fig. 9D). Overall, these data
confirm that the disruption of the EL Ca2+ pool interferes with
ER Ca2+ loading and vice versa. As a consequence of the func-
tional cross-talk between these two Ca2+ storage compartments,
extreme caution is warranted when drawing any conclusion on
the intracellular target(s) recruited by NAADP exclusively on the
basis of pharmacological manipulation.

4. Discussion

NAADP is the most suitable intracellular messenger to either
discharge intraluminally stored Ca2+ [7,9,16] or to gate Ca2+ inflow
in response to extracellular stimulation [2,12,14,57], thereby reg-
ulating a host of cellular functions. While TPCs have been clearly

Fig. 9. Effect of bafilomycin, GPN and nigericin on tBHQ-sensitive Ca2+ compart-
ments. HeLe cells were loaded with Fura-2/AM and transferred onto the stage of
an epifluorescent microscope. (A) The cells were perfused first with GPN (200 !M,
10 min, grey line and column) or with vehicle (DMSO)-containing (black line and
column) Ca2+-free KRB, after that perfusion was  switched to the tBHQ-containing
(20  !M)  solution. (B) The cells were first perfused with tBHQ (20 !M,  10 min), after
which 200 !M GPN was added to the perfusion solution. (C) HeLa cells were incu-
bated overnight (O/N) with 100 nM bafilomycin A1 (BafA1, grey line and column).
At  the day of experiment, the cells were loaded with Fura-2/AM and perfused with
Ca2+-free KRB supplemented with 20 !M tBHQ. 100 nM BafA1 was present in all
solutions. (D) The cells were first perfused with nigericin (50 !M,  5 min, grey line
and column) or with vehicle containing KRB (black line and column). After which,
20  !M tBHQ was added to perfusate. The data are summarized in histograms and
expressed as mean ± SD of areas under the curves (AUC) normalized to control. ***,
p  < 0.001.

established to mobilize Ca2+ from acidic lysosome-like vesicles in
sea urchin eggs [58], the target organelle(s) and cognate receptor(s)
of NAADP in mammalian cells are far from being clearly elucidated
[7,9,18–20]. The controversial issue as to whether NAADP serves
as a triggering signal to initiate intracellular Ca2+ waves by recruit-
ing either InsP3Rs and/or RyRs upon lysosomal Ca2+ release or it
directly activates ER-located RyRs has been fuelled by our poor
knowledge of the ER–EL Ca2+ cross-talk [28,59,60]. This deficit in
our knowledge of the basic mechanisms of organellar interaction
might have biased the interpretation of many data produced by the
pharmacological manipulation of the multiple Ca2+ pools endowed
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to mammalian cells [61]. Accordingly, convincing evidence has
been provided to demonstrate that, apart from the anterograde
Ca2+ signal delivered from the acidic stores to ER, ER itself can
signal in a retrograde fashion to acidic vesicles [27–31]. This bidi-
rectional Ca2+ chatter controls intraluminal Ca2+ levels in both
compartments, a feature that should be taken into account both
when disrupting EL Ca2+ accumulation and when depleting ER Ca2+

stores. Therefore, we accomplished the present investigation to
understand: (1) whether and how classic inhibitors of ER- and EL-
dependent Ca2+ release affect NAADP-induced Ca2+ signals in HeLa
cells; (2) whether interfering with ER Ca2+ sequestration impairs EL
Ca2+ uptake and vice versa; and (3) to assess the functional impli-
cations of this Ca2+-mediated cross-talk for NAADP-evoked Ca2+

signals.
The “whole-cell” patch-clamp technique has been widely

employed to investigate the Ca2+ response to NAADP by mon-
itoring the activation of Ca2+-dependent non-selective cation
channels [35,36,44,45]. This sophisticated tool enables to detect
sub-membranal Ca2+ elevations that may  be missed by utiliz-
ing epifluorescence or confocal Ca2+ imaging [37]. The following
pieces of evidence suggest that the ion currents recorded in HeLa
cells dyalized with NAADP truly reflect a concomitant increase in
cytosolic Ca2+ concentration. First, NAADP triggers either single,
long lasting or oscillatory membrane currents which disappear if
NAADP is omitted from the patch pipette or if EGTA is supple-
mented to the intracellular solution to buffer cytosolic Ca2+. EGTA is
a slow Ca2+ buffer which is normally effective at preventing global
changes in [Ca2+]i [44,62]. Therefore, we speculate that the Ca2+

response to NAADP takes place in the bulk cytosol rather than
being confined to the sub-membranal domain. Second, the magni-
tude of NAADP-induced Ca2+ currents is significantly reduced when
NAADP is infused at 50–100 !M,  which is fully consistent with the
well known desensitization of mammalian NAADP receptors in the
high micromolar range [9]. Third, the Ca2+ response to NAADP is
abrogated by Ned-19, which selectively antagonizes NAADP bind-
ing to its receptor site [9,63]. Thus, NAADP triggers the activation
of Ca2+-dependent currents in HeLa cells, thereby rendering these
cells a suitable model to investigate the underlying Ca2+ stores. The
Ca2+-sensitive membrane conductance recruited by NAADP under
our conditions is likely to be mediated by TRPM4. First, NAADP-
induced currents display the same biophysical features, i.e. linear
I–V relationship, Erev close to 0 mV,  permeability to the monovalent
cations Na+ and Cs+, but not to Ca2+, as TRPM4-mediated currents
both in naïve cells [64–66] and in heterologous expression sys-
tems [67]. Second, the pharmacological profile of NAADP-elicited
currents is fully compatible with that of TRPM4 [46,47]. Third,
a functional TRPM4 protein is expressed in HeLa cells, albeit its
endogenous biophysical and pharmacological properties are yet to
be evaluated [68]. In this view, NAADP has long been known to
activate Ca2+-dependent non-selective cation currents in mouse
pancreatic "-cells [36,45], which are abrogated following phar-
macological inhibition of TRPM4 [32]. Conversely, NAADP-evoked
membrane depolarization in neurons of the rat medulla oblongata
has been ascribed to TRPM2 stimulation, as the underlying current
is conducted by extracellular Ca2+ and requires intracellular Ca2+

release to develop [44].
The pharmacological manipulation of the intracellular Ca2+

pools carried out by utilizing a number of drugs affecting either
ER (i.e. thapsigargin, CPA and tBHQ) or endolysosomal (i.e. GPN,
bafilomycin A1, and nigericin) Ca2+ content led to the proposal of
the trigger hypothesis, according to which NAADP induces a local
Ca2+ discharge from acidic stores thereby eliciting a secondary
larger discharge from the ER [7,9]. Alternatively, NAADP may
directly stimulate RyRs to give raise to a regenerative Ca2+ wave
which is independent on the activation of the EL Ca2+ store [19,20].
In order to dissect the signalling pathways downstream NAADP

infusion in HeLa cells, we sought to selectively abrogate either ER-
or EL-dependent Ca2+ mobilization. We  found that the disruption
of the acidic Ca2+ reservoir with three different drugs (i.e. GPN
by inducing osmotic lysis of organelles containing the lysosomal
hydrolase cathepsin C; bafilomycin A1 preventing vesicle acidi-
fication; nigericin by dissipating the proton gradient across the
organelle membrane, thereby preventing pH-dependent accumu-
lation of Ca2+ in the acidic compartment) hindered NAADP-induced
currents. Similarly, the bioelectrical response to NAADP was abated
by previous depletion of the ER Ca2+ pool with thapsigargin and
by RyR inhibition with ryanodine and tetracaine. The blockade of
InsP3Rs with heparin did not suppress the current, but it signifi-
cantly reduced both its amplitude and duration. Taken together,
these results suggest that both ER and EL Ca2+ stores are recruited
to shape the Ca2+ response to NAADP in HeLa cells. One could argue
that the Ca2+ trigger model would nicely fit these results, thereby
suggesting that NAADP stimulates TPCs to release Ca2+ from acidic
stores and engage the neighbouring RyRs and InsP3Rs through
the mechanism of CICR. Consistently, over-expression of TPC2 has
been shown to enhance NAADP-elicited Ca2+ signalling in HeLa
cells [69]. A recent series of elegant studies conducted by three
separate groups have, however, unveiled the bidirectional nature
of Ca2+ movements occurring at the ER–EL interface [29,31,60]. In
addition of being directly loaded into ER lumen following NAADP-
dependent TPC activation [4,16,17], Ca2+ can be sequestered back
into EL Ca2+ stores upon ER-induced Ca2+ mobilization [29,31,60].
This Ca2+-mediated cross-talk between two physically distinct
Ca2+ pools might bias any conclusion drawn based on the selective
inhibition of Ca2+ uptake by each of them. Therefore, we  exploited
optical reporters specifically generated to monitor Ca2+ uptake
into EL and ER lumen, respectively, to assess whether the phar-
macological manipulation of the ER Ca2+ pool interferes with ER
Ca2+ storage and vice versa. As expected, GPN, bafilomycin A1
and nigericin inhibited Ca2+ accumulation within EL vesicles, as
well as thapsigargin and tBHQ prevented SERCA-mediated Ca2+

sequestration into the ER. Nevertheless, disrupting EL ability to
store Ca2+ significantly reduced ER Ca2+ content and, vice versa,
the inhibition of SERCA activity prevented Ca2+ loading into acidic
organelles. These results might be explained by the reciprocal
sensing and control of Ca2+ levels in one store by another. Accord-
ing to the protocol applied in experiments described in Figs. 5–8,
at point zero all intracellular Ca2+ stores are nominally depleted
by the incubation in presence of EGTA and ionomycin. When Ca2+

is re-added to the cells, it is assumed to simultaneously reach the
Ca2+ transporters of both EL and ER membranes. If the Ca2+ content
of two organelles were independently regulated, the inhibition of
Ca2+ uptake by one store would not affect the uptake by the other
one. It appears, however, that the transport of Ca2+ into EL com-
partment is blocked when Ca2+ uptake into ER is inhibited and vice
versa. In other words, to have functional Ca2+ uptake by either EL
or ER, its counterpart must have a certain level of Ca2+ in its lumen
or the Ca2+ transporting system active. Thus, it might be speculated
that in HeLa cells, EL and ER reciprocally sense and control the Ca2+

filling of the adjacent organelle. This might be realized through an
agonist-induced Ca2+ elevation but might also be via Ca2+ leakage
mechanism, perhaps through constitutively open TPCs, RyRs or
InsP3Rs. These data suggests that Ca2+ accumulation within both
compartments requires a tight and finely tuned Ca2+ exchange
at the ER–EL interface and builds a new level of complexity to
our understanding of control of cellular Ca2+ homeostasis [60].
Consequently, the blockade of Ca2+ refilling into either of the two
Ca2+ pools leads to an appreciable decrease in the intraluminal
Ca2+ levels of the other. Consistently, Fura-2 imaging experiments
revealed that: (1) pre-treating HeLa cells with GPN, bafilomycin
A1, and nigericin abrogated the subsequent Ca2+ response to tBHQ,
which supports the notion that the ER Ca2+ reservoir is depleted
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by emptying the EL Ca2+ pool; and (2) pre-incubating the cells
with tBHQ prevented the elevation in [Ca2+]i induced by directly
liberating EL Ca2+. These findings support the aequorin experiment
on bi-directional control of Ca2+ load, and are corroborated by
the observations that all the studies addressing ER–EL interac-
tions reported a close (about 20 nm)  apposition between acidic
organelles and ER tubules [27–29,31]. It turns out that establishing
the sub-cellular location of the first Ca2+ deposit activated by
NAADP exclusively based on the sensitivity of NAADP-evoked
Ca2+ signals to SERCA blockers, GPN, bafilomycin A1 and nigericin
may  lead to unreliable conclusions. The observation that TPC2 is
indispensable for triggering NAADP-induced Ca2+ signals in HeLa
cells concurs in favour of EL involvement in the onset of their Ca2+

response [69]. However, our data strongly suggest that the effect of
lysosome manipulation on ER Ca2+ handling and vice versa should
be carefully evaluated to prevent any misleading interpretation of
data engendered by the selective disruption of intracellular Ca2+

stores, as recently illustrated in mouse hippocampal neurons and
astrocytes [34], HEK293 cells [29], human skin fibroblasts [27],
and mouse primary pancreatic "-cells [32,33].

In conclusion, the present manuscript provides the evidence
that a functional coupling does exist at the ER–EL interface and
maintains the proper Ca2+ levels within both compartments. This
feature might be relevant to the regulation of Ca2+-dependent EL
functions, such as control of lysosomal pH and enzyme activity,
vesicle trafficking and TPC gating [28,31,60], under both physiologi-
cal and pathological (i.e. Niemann–Pick type C disease, amyotrophic
lateral sclerosis and Alzheimer’s disease) conditions. Likewise, it
will be intriguing to investigate whether any imbalance in steady
state ER Ca2+ concentration, that may  dictate either pro-survival
or pro-apoptotic programmes depending on how intraluminal
Ca2+ levels vary [70], is underpinned by parallel changes in ER
Ca2+ content. As a consequence, extreme caution is warranted
when drawing straightforward conclusions about the sub-cellular
location of NAADP-sensitive stores by exclusively relying on phar-
macological tools.
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