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Abstract 

 

Purkinje cells (PCs) are central to cerebellar information coding and appreciation for the 

diversity of their firing patterns and molecular profiles is growing.  Heterogeneous 

subpopulations of PCs have been identified that display differences in intrinsic firing properties 

without clear mechanistic insights into what underlies the divergence in firing parameters.  

Although long used as a general PC marker, here it is reported that the calcium binding protein 

parvalbumin labels a subpopulation of PCs with a conserved distribution pattern, similar to 

aldolase C.  A convolutional neural network was trained to recognize the parvalbumin-positive 

subtype and create maps of whole cerebellar distribution.  PCs within these areas have 

differences in spontaneous firing that can be modified by altering calcium buffer content, which 

implicates parvalbumin in setting the spike rate and contributing to burst-pause behavior.  These 

subtypes also show differential responses to potassium and calcium channel blockade, 

suggesting a mechanistic role for variability in PC intrinsic firing.  These findings open new 

avenues for detailed classification of PC subtypes and prompt further investigation into 

determining which subtype(s) are affected by the reported PC decreases within human 

postmortem autism brain tissue.  Part 2 explores serotonin, GABA and dopamine in cortical 

regions and the basal ganglia in the human postmortem autism brain to quantify differences in 

receptor subtypes.  
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General Introduction  

 

Clinical features of autism spectrum disorder (ASD) 

A diagnosis of ASD is accompanied by both gifts and challenges and the 

description of ASD as a ñspectrumò acknowledges the heterogeneous presentation of 

symptoms across individuals.  The American Psychiatric Associationôs Diagnostic and 

Statistical Manual (DSM-5) provides standardized criteria that outlines typical ASD 

behaviors that fall into the broad categories of social communication and interaction along 

with restricted and repetitive patterns of behavior (APA, 2013).  Within the category of 

restricted and repetitive behavior, sensorimotor challenges play a prominent role in 

diagnosis.  For example, many individuals display stereotyped and repetitive motor 

movements like hand flapping, rocking, pacing, spinning objects, lining up toys, echolalia, 

etc. that is often accompanied by hyper- or hyporeactivity to sensory input, such as 

apparent indifference to pain/temperature, adverse responses to specific sounds or texture, 

excessive smelling or touching of objects and visual fascination with lights or movement.  

Insistence on sameness, inflexible adherence to routines and ritualized behavior is also 

representative of this category, often with apparent extreme distress at small changes in 

routines.  

Although attention is usually focused on complex behaviors, such as social 

communication and interaction, there is a large body of research that implicates alterations 

in fundamental motor patterns in ASD.  Table 1 outlines core motor behavior deficits that 

have been reported and, in collaboration with clinical research psychologist Dr. Fernanda 

Orsati, I outlined how these basic motor differences may translate into challenges with 

more complex behaviors that rely on development of fundamental motor skills 

(Subramanian et al., 2017). 
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Table 1. Core sensorimotor symptoms of ASD that influence complex behaviors (adapted 

with permission from Subramanian et al. 2017) 

Core characteristics 

in autism 

Primary behaviors 

impacted in ASD  

Secondary alterations 

examples or possibilities 

Selected 

References  

Eye Movements   

Å Oculomotor control 

with purposeful 

movement and its 

coordination for 

visual processing 

Å Visual search and 

visual attention   

Å Gaze movement 

toward people and 

objects  

 

Å Imitation 

Å Joint attention 

Å Social Interactions  

 

Brenner et al., 2007 

 

 

Eye-hand coordination 

Å Coordination of 

visual gaze in 

combination with 

purposeful 

coordinated 

movement of hands 

Å Goal-directed 

behaviors (reaching, 

opening, feeding, 

pointing, handwriting, 

walking, etc.) 

 

Å Different social activities 

(games, playing ball, etc.) 

Å Academic skills (writing, 

reading pointing to right 

answer, etc.) 

Å Using alternative means to 

communicate that require 

pointing  

Crippa et al., 2013; 

Iverson, 2010; 

Glazebrook et al., 

2009; Yu & Smith, 

2013 

 

 

 

Movement 

coordination  

Å Movement 

performance 

alterations 

 

Å Movement preparation 

Å Upper extremity motor 

function (speed and 

latency) 

Å Gait and balance 

Å Postural control and 

mobility 

 

Å Hypotonia  

Å Apraxia 

Å Body schema 

Å Shared Engagement  

Å Initiating a response 

 

Fournier, et al., 

2010; Ming et al., 

2007; Torres et al., 

2013 

 

 

 Action chaining  

Å Anticipate perceptual 

representations and 

integrate motor 

planning with motor 

control of action 

sequences    

Å Goal directed 

behaviors  

Å Need for constant 

prompts to play a 

board game 

Å Getting lost in the 

middle of an activity 

Å Following and engaging 

in social interactions 

(play, conversations, 

games, etc.),  

Å Language and 

communication 

Haswell et al., 2009; 

Schmitz et al., 2003; 

Stoit et al., 2013; 

Forti et al., 2011 

 

 

Sensory modulation 

and processing  

Å Reaction to multiple 

or overwhelming 

sensory stimulation 

from the environment 

Å Avoidance of 

environments or 

activities that involve 

sound/noise, different 

textures, light, visual 

stimuli, food avoidance 

Å Sensory seeking motor 

activities (flapping, 

jumping, etc.)   

Å Restrictive and unusual 

interests  

Å Reliance on  the same 

routine 

Å Social isolation and 

withdrawal 

Å Escape of environments  

Å Self-stimulatory behaviors  

Klintwall et al., 

2011; Tavassoli et 

al., 2014; Wiggins 

et al., 2009 

 

 

 

Inhibition control  

Å Ability to inhibit a 

response to other 

extraneous incoming 

stimuli while 

performing a goal 

Å Impulsiveness 

Å Suppressing unwanted 

stimuli  

Å Inhibiting responses 

Å Task switching  

 

Å Repetitive behaviors and 

routines 

Å Inaccuracy (errors) in 

performance  

Christ et al., 2007; 

Geurts et al., 2009; 

Mostert-Kerckhoffs 

et al., 2015 
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These common underlying elementary motor dysfunction patterns have the 

potential to influence many downstream behaviors.  For example, Brenner et al. (2007) 

discuss how eye tracking and coordinating oculomotor systems are essential building 

blocks for the ability of children to engage in imitation, joint attention and, therefore, social 

interaction.  Voluntary movements during development translate into goal-directed 

behaviors that lead to more advanced social interactions.  However, individuals with ASD 

can be objectively separated from neurotypical individuals solely by quantifying hand 

trajectories toward visual stimuli (Torres et al., 2013).  The researchers coined these 

signature fluctuations in movement ñmicromovementsò that represent the variability 

people with ASD often display during voluntary movements and suggests deficits in real-

time sensory feedback. 

The underlying differences in fundamental motor skills during development are 

already proving to be important for early diagnosis of ASD and attention to a childôs 

sensory environment may help to mitigate many challenging behaviors that are observed.  

The evidence for underlying sensorimotor challenges is robust and diverse, which begs the 

question of which areas within the brain are most responsible for such a heterogeneous 

array of symptoms. 

 

Overview of cerebellar circuitry and function 

The cerebellum is one region that participates in a wide array of sensorimotor and 

cognitive behaviors and is therefore poised to influence many, if not all, of the behaviors 

typical of an ASD diagnosis.  Motor development and cognitive development may be 

fundamentally intertwined and it has been suggested that the cerebellum plays a role in this 

cooperative development through its co-activation with the prefrontal cortex (Diamond, 

2000).      
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 As discussed in the previous section, variability of voluntary movement of hand 

trajectories is high in ASD compared to neurotypicals.  The cerebellum seems to be crucial 

for control of movement, but not for initiation as cerebellar lesions do not abolish 

movement, but do result in slow, inaccurate, rough and variable movements (Robinson and 

Fuchs, 2001).  When considering the core motor alterations in ASD provided in Table 1, 

the cerebellum, along with the basal ganglia, is known to participate in each of these 

fundamental motor skills, perhaps owing to the dense interconnectivity with other brain 

regions that these two areas share.  Eye movements have a particularly long history in 

cerebellar research, likely due to the well understood circuitry and straightforward 

behavioral observations, especially in relationship to saccades (Noda and Fujikado, 1987; 

Takagi et al., 1998; Barash et al., 1999; Guillaume et al., 2018; Soetedjo et al., 2019) and 

eye blink conditioning, a form of motor learning that is cerebellum-dependent (for review 

see: Bracha et al., 2009) as well as the coordination of eye and hand tracking movements 

(Miall et al, 2001). 

However, the traditional view of the cerebellum as a purely motor structure has 

shifted in recent years, due to increasing evidence of cerebellar participation in cognitive 

functions and advances in mapping of cerebellar circuits to other brain regions.  One of the 

earliest descriptions details how cerebellar specific lesions can lead to affective 

dysregulation, as well as deficits in language, spatial and executive functions that result in 

a diagnosis of Cerebellar Cognitive Affective Syndrome (Schmahmann, 1997; 

Schmahmann & Sherman, 1998). 

Since then, consideration of the cerebellum in non-motor behaviors has moved 

from the fringe to being considered central functions in the cerebellumôs status as a 

ñsupervised learning machineò (Koziol et al., 2014).  This is mainly due to parallel 

segregated circuits topographically organized between the cerebellum and cortical areas 

and cerebellar malfunction in discrete areas has been shown to effect executive functions, 

https://onlinelibrary-wiley-com.ezproxy.bu.edu/doi/full/10.1111/j.1460-9568.2011.07693.x#b108
https://onlinelibrary-wiley-com.ezproxy.bu.edu/doi/full/10.1111/j.1460-9568.2011.07693.x#b7
https://www-ncbi-nlm-nih-gov.ezproxy.bu.edu/pubmed/?term=Guillaume%20A%5BAuthor%5D&cauthor=true&cauthor_uid=30207858
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visuospatial functions, working memory, verbal memory, linguistic processing, verbal 

fluency, procedural learning, attention, sequencing and emotion (Bolduc et al., 2011, 2012; 

Tedesco, 2011), which can all be impacted in ASD. 

How exactly the cerebellum participates in these diverse behaviors is unclear, but 

evaluating the macrocircuitry makes it obvious that the cerebellum is densely connected 

with nearly every area of the rest of the brain.  Due to this high connectivity with many 

regions, the cerebellum is considered a ñhubò region involved in coordinating information 

throughout the brain (Cole et al., 2009).  Figure 1 provides an overview of this 

macrocircuitry, in which input from the inferior olive and widespread cortical input is 

distributed throughout the cerebellar cortex.  As the only output cells of the cerebellar 

cortex, PCs send their axons to the deep cerebellar nuclei, which is the output structure of 

the cerebellum.  Projections mainly get distributed through the thalamus, but also project 

to a variety of structures throughout the brain. 

Within the cerebellar cortex, the hallmark feature of homogenous circuitry can be 

appreciated.  All regions of the cerebellum display a stereotypical organization of cellular 

connectivity, which is highlighted in a sagittal plane (Figure 2) and transverse plane 

(Figure 3).  PCs are contacted by a single excitatory climbing fiber from the inferior olive 

and thousands of excitatory parallel fibers from granule cells run through their extensive 

dendritic arbors.  Basket and stellate cells provide inhibitory input to PCs, while Golgi and 

Lugaro cells provide inhibition in the granule cell layer. 
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Figure 1. Cerebellar macrocircuitry. The inferior olive (IO) in the brainstem 

provides critical excitatory input to PCs via climbing fibers (CF), while 

widespread cortical input is distributed across granule cells in the cerebellar 

hemisphere via mossy fibers (MF).  The output structure is the deep cerebellar 

nuclei (DCN), which mainly projects to the thalamus, but also contacts a variety 

of other regions (not shown) after exiting via the superior cerebellar peduncle 

(SCP).  CB created this figure for use in Hampson & Blatt, 2015.  

Figure 2 

Page 7 

Figure 3 

Page 8 
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Figure 2. Cerebellar microcircuitry (sagittal view). Climbing fibers (CF) from 

the inferior olive (IO) extensively surround the proximal dendritic arbors of 

Purkinje cells (PC), creating powerful pacemaking activity.  Excitatory 

connections are green while inhibitory are red.  Granule cells (Gr) send excitatory 

parallel fiber (PF) projections through the PC dendritic arbors (in this view as 

dots), which contact rows of PCs.  Stellate (SC) and basket cells (BC) provide 

inhibitory input to PCs, while Golgi (Go) and Lugaro (Lg) cells provide 

inhibitory input to granule cells.  The cerebellar glomerulus consists of 

connections between granules cells, Golgi cells and unipolar brush cells (UB), as 

well as mossy fiber (MF) input from other brain areas.  CB created this figure for 

use in Hampson & Blatt, 2015. 
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Cerebellum in ASD 

As knowledge of the cerebellum expands to include functional roles in non-motor 

domains as well as the typical motor-domains (Schmahmann, 2018), it is now clear that 

the cerebellum influences a wide range of behaviors relevant to the ASD phenotype.  In 

general, there is consensus that the cerebellum has a major role in ASD (Hampson and 

Blatt, 2015; Wang et al., 2014; Rogers el al., 2013; Becker and Stoodley, 2013; Fatemi et 

al., 2012).  The associations between the various motor and cognitive functions that are 

impacted by cerebellar malfunctions and ASD symptoms are striking, however, many 

brain regions can participate in each of these different functions.  Therefore, it is important 

Figure 3. Cerebellar microcircuitry (transverse view). Cells specified in figure 

2 are shown in an alternate plane, which highlights the chords of parallel fibers 

(PF) extending through rows of Purkinje cells (PC) in the molecular layer.  Mossy 

fiber (MF) and climbing fiber (CF) collaterals to the DCN are also indicated.  CB 

created this figure for use in Hampson & Blatt, 2015. 



9 
 
 

to consider postmortem and imaging studies that have specifically looked for alterations in 

cerebellar circuitry and connectivity with other brain areas.   

Aside from the many cerebellar disorders that have comorbid ASD associated 

symptoms (for review see: Wang et al., 2014; Becker and Stoodley, 2013), alteration of 

cerebellar circuitry early in development is correlated with ASD (Beversdorf et al., 2005; 

Courchesne et al., 2001; Hashimoto et al., 1995; Limperopoulos et al., 2007).  Cerebellar 

insult (prenatal stressors, infection, etc.) during development has an ASD risk ratio on par 

with twin studies and the highest risk single mutations (Wang et al., 2014).  Furthermore, 

imaging studies repeatedly implicate the cerebellum in structural differences in ASD, 

where volumetric differences emerge in the early years of life, persist into adulthood and 

have been associated with language deficits (for review see: Hampson and Blatt, 2015; 

Wang et al., 2014; Becker and Stoodley, 2013).  Importantly, when unbiasedly assessing 

the resting-state functional connectome in ASD across the entire brain, the cerebellum 

emerged as the only region meeting stringent criteria for significant abnormal connectivity 

(Arnold et al., 2019). 

These converging lines of evidence from behavioral, lesion and imaging studies 

implicate the cerebellum in the development of ASD and highlight the need for a deeper 

understanding of how the cerebellum mediates sensorimotor and cognitive behavior.  This 

will likely be a crucial step toward developing support for ASD individuals and points to 

the need for understanding the specific cerebellar circuitry deficits that lead to the various 

reported differences. 

 

Purkinje neurons in ASD 

Purkinje cells (PCs) are central to cerebellar function as the only output cells of the 

cerebellar cortex.  Human postmortem studies from our laboratory and others have shown 

differences in PC number (Skefos et al., 2014; Whitney et al., 2008; Bailey et al., 1998; 
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Bauman et al., 1995; Bauman and Kemper, 1985), size (Fatemi et al., 2002) and gene 

expression (Soghomonian et al., 2017; Yip et al., 2008; Yip et al., 2007) in the ASD brain.  

In fact, PC dysfunction is the most consistent neuropathological finding in ASD with as 

many as 75% of cases showing reductions (Hampson and Blatt, 2015; Schumann and 

Nordahl, 2011).   

 Currently, I am finalizing a project in which I used laser capture microdissection 

to specifically extract PCs from human postmortem ASD (n=20) and neurotypical (n=19) 

cerebellum.  On average, 1,500 PCs were pooled from each case and the transcriptome 

analysis identified 481 differentially expressed genes between case and control PCs.  This 

includes 57 genes upregulated and 424 downregulated in ASD.  The downregulated genes 

are enriched in familiar pathways in ASD genetic analyses, including synapse maturation, 

axon extension, axon guidance and semaphorin-plexin guidance signaling.  Since the 

examined cases are adolescents and adults, it is interesting that pathways typically studied 

in relationship to development are still impacted after development in ASD.  Consequently, 

it may be possible to develop treatments to support PC functioning in adults, especially in 

relationship to sensorimotor symptoms.  Therefore, understanding these genes in PC 

functioning has potential importance for the development of treatment strategies.    

In ASD, many of the genes implicated by genome wide association studies 

(GWAS) affect synaptic stability and adhesion molecules (Hussman et al., 2011; Lin et al., 

2016).  Since PCs have hundreds of thousands of synapses, making their dendritic 

branching the most complex in the brain, mutations in synaptic proteins may be particularly 

detrimental to PC signaling and survival.  The abundant spines on PCs modify their shape 

and function in response to stimuli and have been shown to be involved in cerebellar motor 

learning (Kleim et al., 1998; Kim et al., 2002; Federmeier et al., 2002; Lee et al., 2005).  

Therefore, itôs possible their disruption can provide a mechanism behind the PC decreases 

and alterations reported in human postmortem ASD studies. 
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Many proteins are activity dependent, in that expression levels depend on synaptic 

input.  For example, parvalbumin expression has been shown to be altered based on sensory 

experience (Dehorter et al., 2015; Donato et al., 2013; Lagler et al., 2016).  Multiple mouse 

models of ASD (Gogolla et al., 2009) as well as limited human studies (Hashemi et al., 

2016, Soghomonian et al., 2017) converge on decreased numbers of parvalbumin 

interneurons or decreased expression of parvalbumin.  However, it is not clear whether 

parvalbumin is directly impacted or whether these decreases stem from reduced activity as 

a common thread that leads to decreased parvalbumin expression across animal models 

and potentially humans.  Given that the remaining PCs in ASD are reported to have reduced 

parvalbumin expression (Soghomonian et al., 2017), it is important to understand the role 

parvalbumin plays in PC function and how its alteration might be associated with ASD 

symptoms. 

Due to the reported decrease in parvalbumin expression within PCs of human 

postmortem brain tissue, early experiments in my dissertation were centered on quantifying 

parvalbumin positive PCs in the cerebellum of a mouse model with an ASD associated 

mutation.  Typically, both the calcium binding proteins parvalbumin and calbindin are used 

to label the entirety of the PC population.  However, I observed clear and distinct patterns 

of expression that alternated between areas of PCs that contain intracellular parvalbumin 

and areas that lack parvalbumin expression, contrary to numerous reports of ubiquitous 

expression (Baimbridge and Miller, 1982; Endo et al., 1985; Christakos et al.; 1987; 

Rogers, 1989; Scotti and Nitsch, 1992; Celio, 1990; Bastianelli, 2003; Schwaller et al., 

2002, Whitney et al., 2008) as will be discussed in Chapter 1. 

With the knowledge that leaders in cerebellar research have emphasized the need 

for additional markers to clarify PC subtypes (Apps et al., 2018), I hypothesized that recent 

reports of heterogeneity in intrinsic firing properties across regions (Xiao et al., 2014; Zhou 

et al., 2014; Nguyen-Minh et al., 2018) are a direct result of parvalbumin expression in a 
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subtype of PC, with the overall hypothesis that parvalbumin positive cells are a distinct 

subpopulation of PCs.  Therefore, I classified the intrinsic properties of PCs in each 

parvalbumin zone and show effects of parvalbumin on firing (Chapter 2) as well as 

differential responses to potassium and calcium channel blockade (Chapter 3).   

Taken together, these data provide evidence for calcium homeostasis as an 

underlying driver of the diversity in PC firing phenotypes and provide a novel route for 

labeling PC subpopulations that can be utilized for fine-mapping of Purkinje cell 

microcircuitry.  These data also give support to what is being learned from single cell 

studies, in that even the same cell type can have very different molecular profiles and 

physiology.  PCs are not all identical and can actually be divided into a host of 

subpopulations, which has far reaching implications for cerebellar information coding. 

Detailed descriptions of cerebellar function and microcircuitry can lead us back to 

postmortem research to ask more specific questions in relationship to PC decreases and 

expression differences in ASD.  If there are less PCs in ASD, it will be important to know 

which particular subpopulations are impacted and if these differences in number effect the 

quantification of particular markers, like parvalbumin.  If parvalbumin is decreased, the 

data presented here imply that the remaining PCs in ASD likely cannot maintain higher 

bursting behavior and firing rates that are typical of the parvalbumin positive zones and 

future work will need to assess how these differences in firing output may impact targets 

in the deep cerebellar nuclei. 
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Chapter 1: 

Parvalbumin, calbindin and aldolase C label distinct subpopulations of 

Purkinje Neurons 

 

 

 

Introduction   
 

The cerebellumôs repeated and precise geometric arrangement has provided vast 

insight into the complex relationships between neural circuits, plasticity and behavior.  Its 

signature stereotyped circuitry was carefully dissected by Sir John Eccles and led to his 

seminal work ñThe Cerebellum as a Neuronal Machineò (Eccles, J.C. et al., 1967) and to 

his statement, ñIt seems likely that the cerebellum may be the first fragment of the higher 

levels of the nervous system to be understood in principle, all the way from peripheral 

input to peripheral outputò (Eccles J.C., 1973).  This optimistic prediction for a complete 

computational model of cerebellar influence on behavior has been challenged by the fact 

that, underlying this apparent uniform structure, is a complicated molecular code that 

segregates the cerebellum into an intricate topography of transverse zones, parasagittal 

stripes and microzones that are highly conserved between individuals and throughout 

evolution (for review see: Sotelo, 2020; Apps et al., 2018; Cerminara et al., 2015; Apps 

and Hawkes, 2009; Sillitoe and Joyner, 2007).   

Purkinje cells (PCs) act as a template around which cerebellar circuit architecture 

is built (White and Sillitoe, 2013; Sotelo, 2004) and demarcate zones and stripes based on 

a number of molecular markers that correlate with afferent and efferent topography (Voogd 

et al., 2003; Sugihara and Shinoda 2004, 2007).  Heterogeneous populations of PCs in 

parasagittally-oriented stripes were described by Gravel et al. (1987) and are perhaps best 

exemplified by labeling of aldolase C (originally zebrin II), which has served as a useful 

landmark to compare other markers that appear complementary (Brochu et al., 1990; Fujita 

et al., 2014).  As aldolase C positive and negative stripes are differentially contacted 
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topographically by cells projecting from the inferior olive and have been shown to have 

differences in expression of the glutamate transporter EAAT4 (Nagao et al., 1997; Dehnes 

et al., 1998; Hawkes, 2014), it stood to reason that these groups of PCs would have 

functional physiological differences.  Only recently have differences in physiological 

properties between PC stripes been reported, notably that aldolase C negative PCs display 

higher simple spike firing frequencies than positive cells (Xiao et al., 2014; Zhou et al., 

2014; Nguyen-Minh et al., 2018).  However, the underlying mechanisms for these 

differences are unresolved because there is no evidence that aldolase C itself is responsible 

for the differences and researchers have pointed to the need for additional markers to help 

clarify the divergence in physiological parameters (Apps et al., 2018). 

Here, it is reported that the calcium binding protein parvalbumin (PV) is not 

uniformly expressed throughout the cerebellum, but rather labels a subpopulation of PCs 

that cut across aldolase C stripes.  Additionally, calbindin is differentially labeled by two 

different antibodies, suggesting that it may be differentially regulated post-translationally 

or have different isoforms in subpopulations.  PV and calbindin have been extensively 

employed as general PC markers due to numerous reports of their ubiquitous expression 

in the cerebellum (Baimbridge and Miller, 1982; Endo et al., 1985; Christakos et al.; 1987; 

Rogers, 1989; Scotti and Nitsch, 1992; Celio, 1990; Bastianelli, 2003; Schwaller et al., 

2002, Whitney et al., 2008).  However, one report in primate cerebellum observed a 

proportion of PV negative cells (Fortin et al., 1998) with a similar finding in avian 

cerebellum (Wylie et al., 2011).  I show that, like markers for stripes, PV has a distinct 

pattern of expression that is conserved between individuals, while calbindin appears 

homogeneous throughout lobules until co-staining with other markers reveals unlabeled 

cells. 

 These surprising distribution patterns of calcium binding proteins in the mouse 

cerebellum further divide stripes into heterogeneous populations and provide multiple 
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novel avenues for exploration to understand the mechanisms responsible for differential 

firing between PCs and modules.  By adding to the repertoire of available markers that can 

segregate PCs into subtypes, finer mapping of cerebellar microcircuitry can be achieved.  

Improved understanding of cerebellar microcircuitry can lead to more detailed descriptions 

of physiological parameters responsible for appropriate information coding to the deep 

cerebellar nuclei and thereby enhance understanding of cerebellar function. 

 

 

Methods 

 

 

Animals 

 

C57BL/6 mice were obtained from the animal facility of the University of 

Maryland School of Medicine Program in Comparative Medicine (Baltimore, MD, USA).  

Animals were housed in the animal facility with free access to food and water on a 12/12 

h light/dark cycle.  All experiments involving animal procedures were approved by the 

Institutional Care and Use Committees (IACUC) of the University of Maryland School of 

Medicine and the Hussman Institute for Autism. 

 

Immunohistochemistry 

 Since PCs are surrounded by dense parvalbumin innervation from nearby basket 

cells, the optimal dynamic range of antibody concentration was critical to clearly observe 

PV negative cells, as described in Hoffman et al. (2016).  For Ni2+ DAB, serial 40µm thick 

sections (every 6th) through the entire cerebellum of four week old mice (and one 

confirmed pattern at P21) were rinsed of glycerol cryoprotectant three times for two 

minutes in a scientific microwave (Ted Pella) at 35 degrees and 150 watts (all following 

rinses were performed this way).  Sections were blocked with 8% donkey serum in TBST 

for thirty minutes then incubated in 8% donkey serum TBST and primary antibody 
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(1:4,000 guinea pig parvalbumin, GP72 Swant) for one hour at room temperature then 47 

hours at 4ęC followed by a rinse, one hour in secondary antibody (Jackson anti-guinea pig 

1:600), another rinse, one hour in 1:500 A/B solution (Vector), rinse, twenty minutes in 

DAB solution (95mM nickel (II) sulfate hexahydrate (Sigma 106727); 0.55mM 3,3ǋ-

diaminobenzidine tetrahydrochloride hydrate (Sigma 32750) and 3% (v/v) hydrogen 

peroxide in TBS) and a final rinse before alcohol dehydration, xylene and coverslipped 

with DPX.   

 Fluorescence immunohistochemistry was performed in the same manner with 

increased PV primary concentration (guinea pig parvalbumin 1:2,000 GP72 Swant; rabbit 

calbindin 1:5,000 CB38 Swant; aldolase C 1:100 alexa fluor 647 Santa Cruz sc-271593), 

but after rinsing sections were incubated in secondary antibodies (donkey anti-guinea pig 

555 1:1,000 Sigma SAB4600298; goat anti-rabbit 405 Invitrogen A-31556) for three 

hours, rinsed, dehydrated in alcohol, xylene and coverslipped with DPX.   

 

Fully automated distribution maps of parvalbumin positive cell types  

A. Image Processing  

Coronal Ni2+ DAB stained serial sections were imaged with a Microbrightfield 

(MBF) Zeiss, Stereoinvestigator system throughout the entire cerebellum in each of five 

mice.  Image stacks were collapsed into deep focus files (MBF) at a resolution of 0.25 

um/pixel. Slices were sectioned at 40µm and imaged in 20µm stacks at 1µm intervals.  The 

digitized images were then uploaded to AiforiaÊ Cloud image processing and 

management platform (Aiforia Technologies, Helsinki, Finland) for analysis with deep 

learning convolutional neural networks (CNN) and supervised learning. 

B. AI Model Training Parameters:  
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A supervised, multi-layered, CNN was trained on annotations from digitized 

images to recognize multiple DAB positive cell types using the cloud-based AiforiaÊ 

platform. The algorithm was trained on the most diverse and representative images for this 

data set. 17 images (17/128= 13% of total dataset) constituted training data.  When teaching 

AI, representativeness of the training slides is more critical than the number of training 

slides.  Therefore, diverse training data were included to capture the variability in 

image/staining quality across the entire data set.  We also chose slides with known artifacts 

and trained the AI model to exclude them from analysis as background. 

The AI model consisted of multiple feature layers, containing unique classes that 

were annotated for CNN input data. The AI model consisted of four feature layers: 1) 

Tissue segmentation 2) Purkinje and molecular layer tissue subregion segmentations 3) 

DAB positive object detector for 3 subclasses within the Purkinje layer segmentation 

(parvalbumin positive Purkinje cells, parvalbumin negative Purkinje cells and 

interneurons) 4) DAB positive interneurons were identified using an object detector within 

the molecular layer segmentation.  Individual CNNs were trained for each layer using the 

image augmentation parameters, perceptive view (field of view), and level complexity 

summarized in Table 2. All four layers were merged into a chained analysis pipeline, where 

segmentation results from the first layer are used as a cropping mask in the next layer, and 

so on, to detect and quantify the number of DAB positive cells within either Purkinje or 

Molecular layers across total tissue.   
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Table 2.  Convolutional neural network image augmentation parameters, field of 

view, and complexity. 

 

 Layer 1: Tissue 

segmentation 

Layer 2: Purkinje 

and Molecular 

layer 

segmentation 

Layer 3: 

Purkinje layer 

cells 

Layer 4: 

Molecular 

layer cells 

Scale (max/min) -10/10 -10/10 -10/10 -1/1.01 

Aspect Ratio 10 10 10 1 

Maximum Shear 10 10 10 1 

Luminance 

(max/min) 

-10/10 -10/10 -10/10 -1/1.01 

Contrast 

(max/min) 

-10/10 -10/10 -10/10 -1/1.01 

Max. white balance 

change 

5 5 5 1 

Noise 2 2 2 0 

Field of View 50.4mm 13.8 mm   

Complexity Intermediate Extra Complex Complex Intermediate 

 

The ground truth, or features used to train the AI model, was annotated for each 

layer within the cloud-based AiforiaÊ platform and constituted input data for each CNN. 

The first feature layer was annotated using semantic segmentation to distinguish the total 

tissue from the glass slide. The second feature layer was annotated using semantic 

segmentation to distinguish the Purkinje cell layer from the molecular layer within total 

tissue. The ground truth for the third layer utilized an object detector with an 18mm 

diameter for parvalbumin positive Purkinje cells and parvalbumin negative Purkinje cells, 
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with 10mm for interneurons within the Purkinje layer. The ground truth for the fourth 

feature layer utilized an object detector with a 10mm diameter to label interneurons within 

the Molecular Layer. Features that were considered artifact (glass slide, debris, out of focus 

regions) were annotated as background, and constituted additional input training data for 

the multi-layered CNN.   

Results 

Differential chemoarchitecture of Purkinje neurons 

Although PV is commonly used as a general PC marker, its expression is limited 

to distinct sub regions within cerebellar lobules (Figure 4).  Interneurons in the molecular 

layer show intense PV staining equally throughout each region, but the PC dendritic trees 

that comprise the molecular layer show alternating intensity of PV staining.  Upon closer 

examination, dendritic areas with lower PV intensity are situated above PCs that do not 

contain intracellular PV.  However, they are surrounded by a ñringò of PV, which is 

innervation from interneurons that contact PC soma and form the pinceau (Ramon y Cajal, 

1911, 1995 (translated by Swanson and Swanson); Palay and Palay, 1974).  When high 

concentrations of primary antibody are used, this ring can become thicker and may be 

mistaken for intracellular stain, which may be a reason these patterns have been overlooked 

in previous reports.  Therefore, optimal dynamic range of antibody concentrations 

(Hoffman et al., 2016) are important for the correct identification of PC subtypes.  There 

are examples in the literature of images where PV is not staining intracellularly, however, 

it is not discussed as the studies were not focused on PV (Jeong et al., 2000; Lee et al., 

2018).  PCs not labeled with PV do stain for calbindin, confirming that the PV- PCs are 

labeled by other markers (Figure 5).   
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Aldolase C striping patterns have been well mapped across cerebellar lobules and are often 

used as a landmark to compare other markers that are differentially expressed, while 

calbindin is generally employed to capture the entirety of the PC population.  To determine 

whether PV is correlated with the known aldolase C stripes, triple immunofluorescence 

labeling was performed (Figure 6).  Unexpectedly, calbindin was not found to label all 

PCs, as aldolase C positive cells did not show calbindin or PV labeling.  As this was in 

contradiction to other studies showing calbindin expression in both aldolase C positive and 

negative PCs (Wu et al., 2019), antibodies from different manufacturers (Swant and 

Sigma) were compared and found to preferentially label different PCs.  The calbindin 

stains still labeled each lobule homogeneously, but cells in the same area could have 

undetectable levels of one antibody and not the other.  This suggests that each calbindin 

Figure 5.  Parvalbumin-negative zones of Purkinje cells contain calbindin. 

A)  Sections adjacent to those that had been stained with Ni2+ DAB showed the same 

pattern of parvalbumin-positive zones segregating to the surface of the cerebellum 

(PV+ zone in brackets) with negative zones more interior (PV- zone in brackets) only 

having surrounding interneuron input. B)  To confirm that PV- zones stain with other 

Purkinje cell markers, calbindin was labeled and appears homogeneous throughout 

each region.  C) The PV+ zone shows yellow cells, indicating colocalization of PV 

and calbindin, while the PV- zone is only staining for calbindin (red) intracellularly. 
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antibody on their own misses many PCs and stereological studies using only calbindin 

from one manufacturer may underestimate the PCs present.  The Sigma antibody for PV 

did not show differences compared to the Swant PV antibody (data not shown). 

 

 

 

 

 

Since PV did not appear to follow the typical striping pattern, a new distribution 

map was necessary to understand the overall topography of PV+ PCs across lobules.  

Furthermore, it was unclear whether these patterns would be conserved across individual 

animals (as aldolase C stripes are) or whether populations would shift since PV expression 

has been reported to be activity dependent in other brain regions (Philpot et al., 1997; Patz 

et al., 2004; Kinney et al., 2006; Chaudhury et al., 2008; Mix et al., 2014).  Therefore, 

serial sections throughout the entirety of the cerebellum of five mice were stained for PV 

/ŀƭōƛƴŘƛƴ 

tŀǊǾŀƭōǳƳƛƴ 

!ƭŘƻƭŀǎŜ 

/ 

aŜǊƎŜŘ 

Figure 6. Aldolase C, calbindin and parvalbumin label distinct populations of 

Purkinje cells.  The left panel is a montage of aldolase C (Zebrin II) fluorescence 

staining showing the striping patterns of the cerebellar vermis.  Calbindin, middle 

panel on the right, labels a population of Purkinje cells that is distinct from aldolase C 

and colocalizes with parvalbumin (bottom right).  Merged image top right. 
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(as in Figure 4 and Figure 7) and a subset of these sections were used to train a supervised, 

multi-layered, convolutional neural network (AiforiaÊ).  This AI model was able to 

accurately identify PV+ cells and PV- cells (based on the ring of input around the soma) 

to produce images overlaid with color coded cell types (Figure 7A).  When adding all PCs 

counted in each animal across serial sections and dividing by the total area of the Purkinje 

layer, PV+ PCs represented 60.3% of the total population, with PV- cells as the remaining 

39.7% (Figure 7B).  As these are whole cerebellum counts, percentages may vary when 

comparing vermis to cerebellar hemispheres or individual lobules.  Serial sections analyzed 

throughout one full cerebellum can be found in Figure 8, which includes PV+ interneurons.  

These distribution maps show that PV+ PCs segregate to the perimeter of each section 

(corresponding to the surface of the cerebellum) across each lobule in the hemisphere as 

well as the vermis, however, the vermis has areas mixed with both types.  The PV 

topography is therefore another conserved distribution pattern, as the patterns are the same 

across each animal examined (n=5)  
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Summary 

PV, calbindin and aldolase C are not co-expressed in PCs, but rather label distinct 

subpopulations of PCs with conserved distribution patterns.  The PV population segregates 

to the perimeter of each section examined and corresponds to the surface of the cerebellum, 

while calbindin is arranged in rows that label all lobules and does not show a distinctive 

pattern when examined in isolation.  However, when compared to the well-known striping 

pattern of aldolase C, calbindin is shown to label distinct rows of PCs that cut across 

aldolase C stripes.   

 These results have far reaching implications for cerebellar research, since PCs are 

most often pooled together when examining PC properties and mutant animals.  As PCs 

appear to consist of at least several different populations, more detailed morphological and 

physiological parameters may be able to be resolved if PCs are separated based on their 

underlying molecular phenotype.  Furthermore, when examining mutant animals and 

especially when examining properties of PV and calbindin, pooling PCs based on their 

appropriate subtype may help to reduce variability and uncover differences that may 

otherwise be obscured.  This would be particularly relevant when studying knockout mice 

for PV and calbindin, as it does not seem likely that all PCs would be affected equally.      

 It will be important to examine how these distribution patterns integrate into the 

established modular connectivity between the inferior olive and deep cerebellar nuclei.  

Presumably, PV and calbindin subtypes also follow the afferent and efferent topography 

of the zones in which they reside.  This raises the question of whether or not specific 

subpopulations contact specific cells in the deep cerebellar nuclei.  For example, do large 

excitatory deep cerebellar neurons receive innervation from PV, calbindin and aldolase C 

subtypes, or are they preferentially contacted by a subset of these?  Future work may help 
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to uncover connectivity patterns, as connectivity will have a direct impact on information 

coding from Purkinje cells to deep cerebellar nuclei cells. 
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Chapter 2: 

Parvalbumin positive Purkinje neuron subtypes have differences in intrinsic firing 

properties 

 

 

 

Introduction   
  

To understand the cerebellum in autism, the foundational aspects of how it signals 

between and across modules must be determined.  One question that arises from the 

autism literature is t he contribution of PV to PC firing.  If  the remaining PCs within the 

autism cerebellum have lower PV expression (Soghomonian et al., 2017), it will be useful 

to understand the potential consequences of its disruption.   

  PV is known to play a critical  role in calcium homeostasis within  neurons 

(Schwaller, 2020; Arif, 2009; Brückner , 1993).  Calcium dynamics are particularly 

important for PCs since they are pacemaker-type neurons that fire intri nsically at 

consistent rates (Raman and Bean, 1999; Häusser and Clark, 1997; Nam and Hockberger, 

1997; Womack and Khodakhah, 2002), which is partially dependent on calcium activated 

potassium channels (Walter et al., 2006).  Therefore, PV, which is a calcium binding 

protein that sequesters calcium at a relatively slow rate compared to other calcium buffers 

(Lee et al., 2000; Schwaller et al., 2002) is in a likely position to affect PC spike rate, which 

has been shown to be differential between cerebellar stripes (distinct parasagittal bands 

of PCs) and lobules (one of ten cerebellar morphohological folds)  (Zhou et al., 2014; Xiao 

et al., 2014; Kim et al., 2012). 

The PV distribution patterns uncovered in Chapter 1 are a conserved feature of 

cerebellar organization in the mouse, since each animal examined had the same pattern of 

expression.  Given this organization, I hypothesized that PVôs known role in calcium 

buffering contributes to the higher spike rate observed between PC subtypes and recorded 

spontaneous firing frequencies of PCs from areas of high intracellular PV expression 

(PV+) and from areas that lack PV expression (PV-) to compare populations.   
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Methods 

 

Animals 

 

C57BL/6 mice were purchased from the Comparative Medicine/Veterinary 

Resources at the University of Maryland School of Medicine (Baltimore, MD, USA). PV-

tdTomato (Stock #: 027395  mice and Pvalb-/- (Stock #: 027503) mice were purchased 

from the Jackson Laboratory and  offspring were produced from homozygous or 

heterozygous breeding pairs. Animals were housed in the animal facility with free access 

to food and water on a 12/12 h light/dark cycle. All experiments involving animal 

procedures were approved by the Institutional Care and Use Committees (IACUC) of the 

University of Maryland School of Medicine and the Hussman Institute for Autism. 

Ex vivo slice electrophysiology 

Cerebellar slices were prepared from P25-P45 C57/Bl6 and P30-P36 Pvalb-/- mice 

(modified from Eguchi et al., 2020).  Mice were anesthetized with isoflurane and brains 

were removed in warm (34ęC) dissecting artificial cerebrospinal fluid (aCSF) containing 

(in mM): 210 sucrose, 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 10 D-glucose, 0.5 ascorbic 

acid, 2 sodium pyruvate, 3 myo-inositol, 1 kynurenic acid, 4 MgCl2 and 0.1 CaCl2 saturated 

with 95% O2 and 5% CO2. Coronal sections were cut at 300µm on a vibratome (Leica 

VT1200s) in dissecting aCSF before being transferred to room temperature  aCSF 

containing (in mM): 126 NaCl, 2.5 KCl, 1 NaH2PO4, 24 NaHCO3, 10 D-glucose, 2 MgCl2 

and 2.5 CaCl2 saturated with 95% O2/5% CO2 and held for at least one hour before 

recording. 

The loose-patch configuration in voltage clamp mode (zero current injection) was 

used to reliably obtain recordings of spontaneous firing by minimizing disturbance of the 

cell membrane (Perkins, 2006) with borosilicate glass pipettes that had an open pipette 

resistance of 2-4ɋ with slice maintained near 32ęC.  The drugs NBQX (10µM), DL-AP5 
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(50 µM) and picrotoxin (100 µM) were added to pharmacologically block any synaptic 

contribution to PC firing.  Recordings were collected using an Axon MultiClamp 700B 

amplifier (Molecular Devices) filtered at 10 kHz and digitized at 25 kHz with a National 

Instruments 150 digital-to-analog converter under the control of Igor Pro software 

(WaveMetrics, v6.37, 151).  Spontaneous (intrinsically generated) firing rates were 

quantified over five minutes.  Addition of 150µM EGTA/AM was achieved through bath 

application and recordings were analyzed at least forty minutes after application (Atluri & 

Regehr, 1996).  Analysis of spike rate over time was achieved through generation of 

histograms with the Igor software add-on, NeuroMatic (Rothman & Silver, 2018).  After 

tests for normality, either a Studentôs t-test or a Mann-Whitney test was utilized to compare 

differences in mean intrinsic properties between groups, while a paired t-test or Wilcoxon 

matched-pairs signed rank test was used to compare paired cells before and after drug 

application with Graph Pad Prism version 8.0. 

 

Results 

Intrinsic firing properties of Purkinje cells are different across parvalbumin subtypes 

 

As PCs displayed clear segregation of subtypes based on PV staining and PV is a 

well-known calcium buffer that can modify spike rates, we reasoned that PV could be an 

underlying mechanism for intrinsic firing differences that have been reported for aldolase 

C stripes.  While Figure 6 shows the cerebellar vermis in order to clearly visualize aldolase 

C stripes and compare populations, PCs in cerebellar lobules crus II were chosen for 

electrophysiological recordings based on the clear segregation of PV from the AI 

distribution maps, although PV- cells could also be chosen from crus I at the border 

between crus I and crus II.  Carefully choosing from the areas with yellow labeled (PV+) 

or red labeled (PV-) cells as shown in Figure 7A provided reasonable confidence as to the 
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identity of each PC and keeping recording areas consistent in lobules crus I and crus II kept 

regional variation to a minimum.   

Unfortunately, after acquiring mice expressing tdTomato under the PV promoter, 

it was found that while most known PV+ cell types did express tdTomato throughout the 

brain (Kaiser et al., 2016), PCs did not have detectable tdTomato expression (Figure 9).  

Consequently, this mouse strain is not useful for identifying PV+ PCs and could not be 

used to choose PCs for recordings.  Additionally, due to the high expression of PV in 

dendrites and interneuron innervation to PC soma, post-staining the slices used for 

recording did not give reliable delineation of the cell types with fluorescence.  For this 

reason, I recorded from a large number of cells to assess differences in firing properties 

between the two populations to minimize any impact of erroneous inclusion of aldolase C 

positive cells.  It thus cannot be ruled out that aldolase C positive cells were recorded from 

in the generally PV positive areas, but both groups would have reperesentation of aldolase 

C PCs. 

Loose cell-attached recordings were obtained over a period of five minutes for each 

cell while blocking synaptic input so that only intrinsic firing properties were examined.  

PCs spontaneously display either tonic firing or burst pause sequences (Llinas and 

Sugimori, 1980a,b; Chang et al., 1993; Womack and Khodakhah, 2002; Lowenstein et al., 

2005; Oldfield et al., 2005; Yartsev et al., 2009; Wang et al., 2002; Williams et al., 2012; 

Cheron et al., 2014; Zhou et al., 2015).  However, there is much diversity between PCs in 

terms of firing rate, time between bursts and length of bursts so that each cell displays a 

pattern that is quite different from its neighbors.  The pattern that each cell displays is 

remarkably stable over time.  A PC will remain either tonically firing at the same rate or 

will consistently burst and pause for at least several hours as reported in previous studies  

(Llinas and Sugimori 1980a; Hausser and Clark, 1997; Womack and Khodakhah, 2002)  
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and confirmed in our laboratory (Figure 10).  This diversity in spike properties makes 

direct comparison more difficult so the spike rate was only assessed over the time the PC 

was actually firing within the five minutes total recording time.  PCs in the PV+ areas 

typically spend less time in the bursting state (more time pausing) and are less likely to 

fire tonically (100% in figure) for the full five minutes, but when firing they tend to 

display a higher firing rate than PCs in the PV- areas (Figure 11). 
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Figure 9. The PV-tdTomato mouse line does not label Purkinje cells. 
TdTomato can be observed within interneurons in the molecular layer, which 

innervate the Purkinje cell soma forming an outer ring along with the pinceau, but 

expression is not observed intracellularly in Purkinje cells in any region examined.  

Parvalbumin immunohistochemistry, however, does label intracellular parvalbumin 

within Purkinje cells.  Therefore, this mouse line does not allow for targeting 

parvalbumin positive Purkinje cells for electrophysiological recordings. 


