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ABSTRACT 

COMPARATIVE NEUROMORPHOLOGY AND ELECTROPHYSIOLOGY OF 

PURKINJE CELLS IN THE LEOPARD GECKO, MOUSE, AND CHICKEN 

 

Yi Fan Liu                                                                  Advisor: Dr. M. K. Vickaryous 

University of Guelph, 2021                                     Co-Advisor: Dr. C. D. C. Bailey 

  

Purkinje cells (PCs) are one of the largest neurons in mammals, and play a key role in 

coordinating motor control, sensory perception, and various higher cognitive functions. While PCs 

are widely recognized as having elaborate dendrite branching patterns, for most species, details of 

their neuromorphology and function are rarely quantified. Here, I investigate PC dendrite 

neuromorphology in three distantly-related species and the electrophysiological properties of PCs 

from the leopard gecko. Using Golgi-Cox staining, I quantified neuromorphology in three species: 

the leopard gecko, laboratory mouse, and domestic chicken. I determined that there are species-

specific differences in both PC size and dendrite complexity. Next, I investigated the 

electrophysiological properties of PCs in the leopard gecko. Based on dendrite neuromorphology 

and electrophysiological properties, I found that geckos have at least two PC subtypes. Taken 

together, my findings reveal that both within and between species, PCs are heterogeneous in form 

and function.  
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CHAPTER 1 

 LITERATURE REVIEW 

 

1.1 The Cerebellum 

The cerebellum is a prominent region of the vertebrate hindbrain classically defined by its role in 

providing sensory integration, motor coordination, and motor learning (Butts et al., 2011; Hibi et 

al., 2017). In addition to its well-known motor functions, emerging evidence has revealed that 

the cerebellum is also involved in higher cognitive functions as well, such as memory and speech 

(Schmahmann, 1997; Diamond, 2000; Hayter et al., 2007; Baillieux et al., 2008; Cantalupo & 

Hopkins, 2010; Buckner, 2013; Macrì et al., 2019). These diverse roles are enabled, in part, by 

an unusually large number of neurons. For example, in humans the cerebellum accounts for 

~10% of brain mass but 80% of all brain neurons, the majority of which are one cell type – 

granule cells (=granule neurons) (Azevedo et al., 2009; Herculano-Houzel, 2009; Herculano-

Houzel, 2010). By comparison, the human cerebral cortex represents ~80% of the brain mass, 

but only 19% of brain neurons (~16 x 109; Azevedo et al., 2009). A similar pattern of distribution 

is also present in other mammals (and other species; Yopak et al., 2017), with the majority of 

neurons (up to 97.5% in elephants) residing within the cerebellum (Herculano-Houzel et al., 

2014; Herculano-Houzel et al., 2015).  

 

1.1.1 Development of the cerebellum 

The cerebellum develops from the dorsal region of rhombomere 1, the most cranial 

region of the embryonic hindbrain (Butts et al., 2011; Hashimoto & Hibi, 2012; Butts et al., 

2014). In vertebrates, including reptiles and mammals, the cerebellum is first identifiable as a 



 

 2 

pair of thickenings, the cerebellar plates (=anlagen), that gradually join together to cover the 

fourth ventricle (Larsen, 1926; Ten Donkelaar, 1998; see also Schoenwolf et al, 2009). The 

boundaries of the developing cerebellum are largely defined by a gradient of expression from 

various homeobox genes (e.g., Otx2, Hox2a, Gbx2), as well as the diffusible morphogen Fgf8 

(Hashimoto & Hibi, 2012; White & Sillitoe, 2013; Butts et al., 2014). With continued growth, 

the cerebellar plates fuse and begin to protrude into the fourth ventricle, before rapidly 

expanding outwards (Ten Donkelaar, 1998).  

Cerebellar specific precursor cells are first identified along the dorsoventral axis of the 

neural tube (Hatten & Heintz, 1995; Butts et al., 2014). Migration and ultimate organization of 

these cell populations is regulated by the signaling molecules semaphorin and reelin (Hashimoto 

& Hibi, 2012). Under the influence of these molecules, two main populations or germinal zones 

become recognized: inhibitory gamma-aminobutyric acid (GABA)-ergic cells (which includes 

Purkinje cell precursors, as well as Golgi and Stellate cells) and excitatory glutamatergic cells 

(granule cells) (Hibi & Shimizu, 2012; White & Sillitoe, 2013). Whereas the glutamatergic cells 

are produced in the rhombic lip, located between the roof plate and the fourth ventricle, the 

GABAergic populations come from the ventricular zone (Hatten & Heintz, 1995; White & 

Sillitoe, 2013; Butts et al., 2014). Purkinje cell precursors migrate from the ventricular zone by 

embryonic day 13 (E13) with the help of cerebellar radial glia cells, whose radial processes 

extend towards the cerebellar plate. These radial processes serve as scaffolds for Purkinje cell 

migration (White & Sillitoe, 2013; Rahimi-Balaei et al., 2018). As revealed by the study of 

rodent development, Purkinje cells first form clusters along the cerebellar plate (by E17.5 in 

mice), before reorganizing into a single monolayer (by P4-5). Concurrently, Purkinje cells begin 

growing their axons and dendrites (White & Sillitoe, 2013; Rahimi-Balaei et al., 2018). Granule 
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cell precursors migrate tangentially from the rhombic lip towards the external germinal layer 

(adjacent to the pial surface) (Rahimi-Balaei et al., 2018). From E12.5 to E17, the granule cell 

precursors then undergo mass proliferation to differentiate into post-mitotic granule cells, which 

migrate radially along the processes of Bergmann glial cells inwards past the Purkinje cell layer 

to form the granule cell layer (Butts et al., 2014; Hatten & Heintz, 1995).

 

1.1.2 Morphological variation of the cerebellum 

The cerebellum demonstrates considerable variation in absolute size and gross morphology 

across different taxa. In jawless cyclostomes, the cerebellum is either microscopic (lamprey) or 

possibly absent (hagfish) (reviewed by Sugahara et al., 2017; Voogd et al., 2017). In many 

teleost fish and chondrichthyans (sharks and rays), the cerebellum resembles a simple dome, 

while in amphibians and reptiles it is a smooth-surfaced, leaf-shaped outgrowth (Ten Donkelaar, 

1998; Hashimoto & Hibi, 2012; Yopak et al., 2016; Hibi et al., 2017; Macrì et al., 2019; Macri 

and Di-Poi, 2020). Among birds, mammals, mormyrid fish, and as well as some 

chondrichthyans, the cerebellum is characterized by the presence of transverse gyri/sulci (folds) 

or folia (Hashimoto & Hibi, 2012; Yopak et al., 2016; Hibi et al., 2017). As for gyri of the 

cerebral cortex, folia serve to increase the surface area of the cerebellar cortex, without a 

commensurate expansion in volume brain (Sereno et al., 2020). Curiously, both birds and 

mammals have ten folia (numbered, from rostral to caudal, I to X; Iwanuik et al., 2005; 

Hashimoto & Hibi, 2012). In humans, this pattern of foliation is so tightly folded that only 10% 

of the cerebellum is externally visible (the rest is wedged into the sulci; Sultan & Glickstein, 

2007). Indeed, a recent computer-generated model of a female human cerebellum estimate that 

the flattened and unfolded surface area of the cerebellar cortex to be only 10 cm wide but almost 
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100 cm long (Sereno et al., 2020). Among the most celebrated examples of cerebellar diversity is 

seen in mormyrid teleosts, a group of weakly-electric freshwater fish. Mormyrids (along with 

some other ray-finned fish) have specialized rostral region of the cerebellum known as the 

valvula (Nieuwenhuys and Nicholson,1967; Nieuwenhuys and Nicholson,1969; Meek and 

Nieuwenhuys, 1998). In mormyrids, the valvula is hypertrophied and has expanded from its 

typical position (within the ventricle of the midbrain) to cover over the dorsal surface of the 

brain. Further, the outer surface of the valvula is heavily folded (Nieuwenhuys and 

Nicholson,1967; Nieuwenhuys and Nicholson,1969; Meek and Nieuwenhuys, 1998). As 

currently understood, this massive expansion of the cerebellum (sometimes referred to as a 

‘gigantocerebellum’; Nieuwenhuys and Nicholson,1969) is likely related to electroreception.

Among amniotes, the cerebellum is dominated by the corpus cerebelli (the main body of the 

cerebellum) and a small pair of laterally located flocculi (=auricles, flocculonodular lobes). In 

mammals and birds, the corpus cerebelli is further divided into a central vermis and a pair of 

bilateral hemispheres (Voogd & Glickstein, 1998; Sultan & Glickstein, 2007). In reptiles, the 

corpus cerebelli is organized into a central region, the pars interposita, flanked by laterally 

positioned pars lateralis (Larsell, 1926). Whether the vermis and pars interposita (and 

hemispheres and pars lateralis) are homologous structures (with comparable functions) remains 

unclear (although see Goodman, 1964).  

 

1.1.3 Cytoarchitecture of the cerebellum 

With the exception of cyclostomes, the histological organization of the cerebellum consists 

of a relatively thin (and sometimes foliated) cerebellar cortex surrounding a central core of white 

matter. In turn, the cerebellar cortex is organized into three layers: a cell-dense granular layer, a 
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cell-sparse molecular layer adjacent to the pial surface, and nested between, the Purkinje cell 

layer (Figure 1.1). This trilaminar organization is so widely conserved that it is described as a 

“biological law” (Ramón y Cajal, 1909). These three layers are populated by a small number of 

neuron types, including Golgi cells, granule cells, molecular layer inhibitory interneurons, and 

Purkinje cells (Hashimoto & Hibi, 2012). Golgi cells are large inhibitory GABA-ergic 

interneurons found in the granular layer. Golgi cells provide inhibitory input to granule cells and 

receive excitatory input from both granule cells and mossy fibers (D’Angelo et al., 2013). 

Granule cells are small glutamatergic neurons with round soma found within the granular layer, 

and are the most abundant neuron in the cerebellar cortex (and the entire brain; Voogd & 

Glickstein, 1998; Azevedo et al., 2009; Herculano-Houzel, 2009; Herculano-Houzel, 2010). 

Granule cell dendrites receive afferent inputs from mossy fibres, while granule cell axons pass 

into the molecular layer and then bifurcate, giving rise to T-shape parallel fibers. Parallel fibres 

then make synaptic connections with dendrites of Purkinje cells and other interneurons (Voogd 

& Glickstein, 1998; Sultan & Glickstein, 2007). Molecular layer inhibitory interneurons, 

including both basket and stellate cells, are small inhibitory GABAergic interneurons that act on 

Purkinje cells (Voogd & Glickstein, 1998). The last neuronal type, Purkinje cells, are large, 

inhibitory GABAergic cells located in the Purkinje cell layer. These cells are the focus of the 

current investigation.  

 

1.2 The Purkinje Cell  

Purkinje cells are one of the largest and most distinct cell types in the vertebrate brain. 

Purkinje cells have a relatively large cell body (soma; 25-40 microns in diameter in rodents), one 

or more primary dendrites, and a complex arborization of dendrites (Herndon, 1963). While the 
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cell body resides within the Purkinje cell layer, Purkinje cells dendrites branch into the molecular 

layer towards the pial surface (Sultan & Glickstein, 2007; Fujishima et al., 2018). Purkinje cell 

dendrites are essentially two-dimensional, and while they ramify in a space-filling manner 

transversely, they are non-overlapping in the parasagittal plane (Ramón y Cajal, 1911). As a 

result of this self-avoidant pattern, Purkinje cell dendrites are optimized for non-redundant 

synaptic connections with parallel fibers (Fujishima et al., 2018). In birds, mammals and some 

lizards (but not snakes or crocodylians), Purkinje cells demonstrate a discontinuous pattern of 

expression of the glycolytic isozyme Zebrin II (=aldolase C) across the cerebellum (Aspden et 

al., 2015; Gutierrez-Ibáñez et al., 2020). Consequently, immunostaining with Zebrin II generates 

alternating longitudinal stripes or zones reflecting expressing and non-expressing populations 

(Voogd & Glickstein, 1998; White & Sillitoe, 2013). 

Purkinje cells function as the sole output of the cerebellar cortex that operates through the 

release of inhibitory neurotransmitter GABA. While some Purkinje cells project their axons 

directly to the vestibular nuclei, most pass into the deep cerebellar nuclei within the white matter 

of the cerebellum. Purkinje cells provide inhibitory modulation to counteract excitatory input 

from mossy and climbing fibers to the deep cerebellar nuclei (Ito, 2006; Hibi et al., 2017). Each 

Purkinje cell receives upwards of 100,000 excitatory synapses from parallel fibers, which occur 

at membranous protrusions known as spines (Ramón y Cajal, 1899; Benavides-Piccione et al., 

2002; Nishiyama & Linden, 2004; O’Brien & Unwin, 2005). Spines are unevenly distributed 

along the length of the dendrite, with regions close to the soma being essentially smooth (i.e., 

spineless) (Herndon, 1963; O’Brien & Unwin, 2005; Fujishima et al., 2018). Inhibitory inputs 

(from basket and stellate cells) synapse on both the Purkinje cell soma and dendrites. The extent 
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to which information processing occurs within the cerebellum is directly linked to the number of 

parallel fiber synapses made with dendrites (Huang et al., 2014).

Despite their stereotypical neuromorphology (Smith et al., 1993), there are obvious 

qualitative species-specific differences in Purkinje cell structure (Figure 1.2). For example, the 

dendrite arbor of mammalian Purkinje cells is commonly reported to be more complex than those 

of fish, birds, or reptiles (Takeda et al., 1992; Kidd, 2017). Among mammals, Purkinje cells of 

the humpback whale appear to be unique in that they lack the ramifying network of other 

species. Instead, they have a simpler palisade pattern of arborization, with vertically oriented 

tertiary branches that closely resembles the neuromorphology of Purkinje cells in mormyrid fish 

(Jacobs et al., 2014; Kidd, 2017). Among reptiles, less is known. To date, qualitative descriptions 

of Purkinje cells have only been reported for the American alligator (Alligator missisppiensis) 

and two species of turtle (Pseudemys scripta and Chrysemys picta) (Llinas & Hillman, 1969; 

Chan & Nicholson, 1986). While the neuromorphology of alligator Purkinje cells was likened to 

those of birds, the dendritic arbor of turtles was reported to more closely resembled that of sharks 

and rays (Chan & Nicholson, 1986).  

In addition to variation between species, the size and shape of the dendritic arbor can also 

vary within a species. For example, Purkinje cells in mice, bullfrogs, and humans may have one, 

two or even four primary dendrites (Uray & Gona, 1978; Kato et al., 1985; Nedelescu & 

Abdelhack, 2013; Jacobs et al., 2014; Nedelescu et al., 2018). Research from mice suggests that 

this variation may be associated with different regions of the cerebellum. For example, in mice, 

the neuromorphology of Purkinje cells is reported to vary between different lobules of the vermis 

(Nedelescu et al., 2018) and between cerebellar sulcus and apex (Nedelescu & Abdelhack, 

2013).
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One of the best-understood sources of neuromorphological variation in Purkinje cells is 

pathogenesis and injury. For example, spinocerebellar ataxia alters the dendrite arbor of Purkinje 

cells in both mice (Trzesniewski et al., 2018) and humans (Yang et al., 2000). Similarly, the 

dendritic arbors of Purkinje cells in white leghorn chickens (Gallus gallus domesticus) with 

congenital cerebellar hypoplasia are less organized when compared to controls (Nakamura et al., 

2014). In humans, a reduction or partial loss of dendrite arborization and dendrite spines, along 

with the presence of heterotopic Purkinje cells in the molecular layer, are characteristic of 

essential tremor (Louis et al., 2014; Louis et al., 2018). These pathogenic conditions underscore 

the importance of Purkinje cell neuromorphology in cerebellar function. 

 

1.3 Visualizing Neurons 

At the level of histology, the ability to visualize individual neurons can be accomplished 

using a variety of different techniques. One of the most common histochemical approaches for 

staining neural tissue is the Nissl method (Shimono & Tsuji, 1987; Kádár et al., 2009). 

Developed by the histopathologist Franz Nissl (1860-1919) in 1894, the Nissl method uses a 

basic dye (such as cresyl violet or methylene blue) to stain the rough endoplasmic reticulum (so-

called Nissl bodies), and nucleic acids (and therefore DNA and RNA) present in neurons (Kádár 

et al., 2009; Koyama, 2013). Hematoxylin and eosin (H&E) staining is another common staining 

procedure, which stains nucleic acids blue (hematoxylin) and proteins in surrounding cytoplasm 

and extracellular matrices various shades of pink (eosin) (Day, 2014). The Nissl method and 

H&E stains reveal features such as the shape of the nucleus and soma, which can then be used to 

screen for pathological features (De Biase & Paciello, 2015). However, both methods fail to 
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capture the complexity and diversity of neurons, especially with respect to features such as 

dendrite arborization and axonal processes.

Another strategy for visualizing neurons involves labeling with a fluorescent marker 

(such as green fluorescent protein, GFP) via a transferred reporter gene or viral transduction 

(Czechowska et al., 2019; Farhoodi et al., 2019), or immunostaining for a neuron-specific 

antigen. Fluorescent labeling strategies can be used to target individual or small populations of 

neurons in vivo or ex vivo. Depending on the approach, such strategies may require the use of 

transgenic animal models, or species for which genetic markers are readily available 

(Czechowska et al., 2019; Vints et al., 2019; Farhoodi et al., 2019). While immunostaining 

allows for a broad range potential antigen targets (De Biase & Paciello, 2015; Farhoodi et al., 

2019), results often come with a loss of cellular resolution and reveal highly convoluted neuronal 

networks in which it can be difficult to outline individual neuron morphology (De Biase & 

Paciello, 2015; Czechowska et al., 2019; Vints et al., 2019; Farhoodi et al., 2019). This is likely 

due to the inability of the antibodies to recognize the protein of interest, as well as proper 

selection of secondary antibodies that result in the least amount of background staining, that 

result in poorer image quality and reduced ease of quantification (Glynn & McAllister, 2006).  

Without question, one of the most important staining protocols for the study of neurons is 

the Golgi staining method. First developed by Camillo Golgi in 1873, this method involved 

impregnating neurons with heavy metals (Shimono & Tsuji, 1987; DeFelipe, 2015). The 

resulting “black reaction” permits neurons to be visualized using light microscopy. Of particular 

importance (and for reasons that remain unclear), Golgi’s method only stains a small percentage 

(0.73-3%) of neurons (Pasternak & Woolsey, 1975; Zaquot & Kaindl, 2016). The ability to 

visually isolate single neurons marked one of the most important advancements in neuroscience, 
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and enabled (for the first time) detailed studies of neuronal circuitry, as well as the identification 

of dendrite spines (Ramón y Cajal, 1888; Vints et al., 2019). Further, use of the Golgi method 

provided Cajal with irrefutable evidence in support of the neuron doctrine – that the nervous 

system is composed of discrete cellular components (neurons) and was not a single reticulated 

network (Koyama, 2013; DeFelipe, 2015). Subsequent refinements to the original Golgi method 

have resulted in a number of related protocols, including the Rapid Golgi technique, developed 

by Ramón y Cajal, as well as the Golgi-Cox method, developed by Cox in 1891 (Koyama, 2013; 

Czechowska et al., 2019). Of these, the Golgi-Cox method remains one of the most commonly 

employed methods for visualizing neurons.  

The Golgi-Cox method differs from the original Golgi method in two main ways. First, 

while the Golgi method was performed on whole brains or large pieces of neural tissue, the 

Golgi-Cox method was used to stain free-floating tissue sections (Vints et al., 2019). Second, the 

original Golgi method stained using silver nitrate, while the Golgi-Cox method uses a solution of 

potassium chromate, potassium dichromate, and mercuric chloride (Koyama, 2013; Vints et al., 

2019). As a result, the Golgi-Cox method demonstrates improved resolution of various 

neuromorphological details, including dendrite spines (García-López et al., 2007; Koyama, 2013; 

Vints et al., 2019).  

Another strategy for visualizing individual neurons involves use of an intracellular 

injection. This strategy builds off, and can be used in combination with, whole-cell recording of 

neurons. During electrophysiological recordings, various types of labeling compounds can be 

diffused into the neuron, thus tying together the neuromorphology and electrophysiological 

properties of the cell under investigation (Farhoodi et al., 2019). Commonly used labeling 

compounds include horseradish peroxidase (HRP), Lucifer yellow, and biocytin. HRP generates 



 

 11 

a dark, Golgi-like reaction post-processing, but has the disadvantage that the molecule is too 

large to pass through gap junctions, and therefore it blocks high-resistance intracellular 

electrodes (Horikawa & Armstrong, 1988; Thomson & Armstrong, 2011). Lucifer yellow is 

strongly fluorescent and readily diffuses, but is prone to rapid fading and may alter the 

electrophysiological properties of recorded cells due to its solubility as a lithium salt (Horikawa 

& Armstrong, 1988; Tasker et al., 1991; Thomson & Armstrong, 2011). Biocytin is a complex 

formed with biotin and lysine and was first introduced as an intracellular marker in 1988 

(Horikawa & Armstrong, 1988). As an intracellular label, biocytin has two main advantages. 

First, it is a small-sized and highly water-soluble molecule that is easily injected through pipettes 

(Horikawa & Armstrong, 1988). Second, biocytin may serve as a high contrast marker, as it may 

be used with chromogenic precipitates or fluorescent labels to clearly distinguish the injected 

neuron from the surrounding tissue (Marx et al., 2012).  

 

1.4 Neuromorphology and Electrophysiology 

Neuronal electrophysiology is the study of the physiological function and electrical 

properties of individual neuronal cells. The basis of cellular communication resides in 

transmission of electric impulses through both interactions between synaptic (i.e. transmission of 

neurotransmitters) and intrinsic (i.e. function of sodium, calcium, and potassium ion channels) 

cellular excitability, spread by propagation of action potentials to deliver electrical signals 

(Llinás, 1988; Kole & Stuart, 2012; Segev et al., 2016). In a series of studies published by 

Hodgkin, Huxley, and Katz, the basis of action potential generation was described in the giant 

axon of the squid, where they demonstrated that membrane excitability is determined by the 

passive flow of ions across biological membranes according to their chemical gradients 
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(Hodgkin & Katz, 1949; Hodgkin & Huxley, 1952; Hodgkin & Huxley, 1952). Action potentials 

were found to be mediated by the conductance of sodium and potassium ions as a function of 

time (such that the action potential rises when the membrane is depolarized, and falls when 

repolarized) (Hodgkin & Huxley, 1952). The rapid activation of voltage-gated sodium channels 

at the threshold of the action potential outpacing the delayed activation of voltage-gated 

potassium channels gives rise to an all-or-none event that, with minor variations, is roughly 

similar amongst most species (Hodgkin & Huxley, 1952; Peterson, 2017). These early studies 

were conducted using the voltage clamp technique, where microelectrodes were inserted into the 

axon to measure currents through the cell membrane while holding the voltage constant 

(Jackson, 1997; Sontheimer & Olsen, 2007). Modern electrophysiological studies often use the 

whole-cell recording technique, which involves rupturing the cell membrane with a single 

electrode to permit direct access to the neuronal cytoplasm (Hamill et al., 1981; Jackson, 1997; 

Segev et al., 2016; Peterson, 2017). The whole cell voltage-clamp technique thus allowed for 

real-time visualization of the direct effects of cellular manipulations, such as drug applications, 

on cell functions and ion channels (Sontheimer & Olsen, 2007; Segev et al., 2016). A related 

technique, the current-clamp mode, allows for measurement of intrinsic excitability due to 

variations in membrane excitability induced by ion currents by injecting known current and 

measuring changes in voltage (Louth et al., 2016; Segev et al., 2016). As a result, whole-cell 

recording is widely accepted as a fundamental method for analyzing the electrophysiological 

properties and responses to different manipulations of neuronal cells.  

Although the relationship between neuron morphology and function has long been 

recognized (beginning with the work of Ramón y Cajal, 1899), early electrophysiological studies 

were unclear as to the role of the dendrite arbor. Whereas some concluded that dendrites were 
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essentially passive, and played little role in electrical signalling within neurons (Llinas, 1988), 

this view is now obsolete. It is now well-understood that neuronal function does relate to neuron 

morphology, and the ability of these cells to integrate and relay signals (Levick, 1975; Miller & 

Jacobs, 1984; Vetter et al., 2000; Krichmar et al., 2002). Among neuron types, the overall 

branching pattern (arborization), spatial distribution, length of dendrites, as well as the number 

and distribution of dendrite spines varies greatly. As such, neurons are commonly identified by a 

combination of their overall morphology, as well as their intrinsic electrophysiological 

properties, including their ion channels and firing activity (Llinas, 1988; Connors & Regehr, 

1996).   

The relationship between neuromorphology and function has frequently been modeled in 

silico based on pyramidal cells of the mammalian hippocampus. While not unique to the 

hippocampus, pyramidal cells are multipolar cells which function in the hippocampus to 

integrate special, contextual, and emotional information, and to transmit hippocampal output to 

other brain regions (Graves et al., 2012; Benavides-Piccione et al., 2020). Computer simulations 

of rat hippocampal CA3 pyramidal cells have demonstrated that the size of the dendritic arbor 

has a profound effect on the electrophysiological response of cells (Krichmar et al., 2002). More 

specifically, pyramidal cells with larger dendritic arbors were found to have a higher spiking 

frequency of action potentials, and tend to display plateau bursting patterns as opposed to regular 

bursting of cells with smaller arbors (Krichmar et al., 2002). Further, burst duration was 

influenced by the overall distribution of dendrites, as well as the number of dendritic terminals 

(Krichmar et al., 2002). Similar results have also been reported for simulations of layer 5 

pyramidal cells of the cat visual cortex, with a reduction in the size of the dendrite arbor resulting 

in a shift from burst firing to tonic firing (van Elburg & van Ooyen, 2010). Computational 
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modeling of hippocampal CA1 pyramidal cells in rats found that increasing the size of the soma 

and the length of the axon and dendrites resulted in a decrease of the firing threshold of the cell 

(Yi et al., 2017).  

Pyramidal cells also demonstrate regional differences in neuromorphology and 

electrophysiological properties. For example, in the tree shrew (Tupaia belangeri) compared to 

pyramidal cells of the primary visual cortex, pyramidal cells of the prefrontal cortex have more 

regular firing patterns, and larger dendrite trees with larger dendritic spines (Parra et al., 2019). 

Similarly, in humans, dendrite tree size affected cell physiology such that larger dendrite trees 

resulted in fast action potential kinetics that enabled cells to track synaptic input activity with 

higher temporal precision than cells with smaller dendrite trees (Goriounova et al., 2018). 

Among Purkinje cells, there are two main types of action potentials: simple spikes, and 

complex spikes (de Ruiter et al., 2006; Arancillo et al., 2015; Otis, 2016). Simple spikes are 

generated both spontaneously within Purkinje cells and by parallel fiber input, and are 

characterized by a relatively regular pattern and high firing frequencies (~40-100 spikes/second 

in resting animals; de Ruiter et al., 2006; Otis, 2016). Even in the absence of parallel fiber input, 

Purkinje cells were recorded to fire at a regular rate, indicating an endogenous pace-making 

ability (Gruol & Franklin, 1987; Otis, 2016). For example, weaver (wv) mutant mice are 

characterized with an agranular cerebellum (the granule cells fail to migrate) and yet their 

Purkinje cells closely resembled those of non-mutant mice, both neuromorphologically and 

functionally (Siggins et al., 1976). In contrast to simple spikes, complex spikes are generated in 

response to a large excitatory input from climbing fibers originating from the inferior olivary 

nucleus, and consist of a large initial single spike followed by several small spikelets (de Ruiter 

et al., 2006; Arancillo et al., 2015). Although most research related to the action potentials of 
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Purkinje cells has focused on lab rodents, it is worth noting that turtles (e.g., Pseudemys scripta 

and Chrysemys picta) and the spectacled caiman (Caiman sclerops) also demonstrated similar 

basic firing properties (Llinas & Nicholson, 1971; Hounsgaard & Midtgaard, 1988).  

Interestingly, there is increasing evidence of region-specific variability in Purkinje cell 

firing patterns (Kim et al., 2012). For example, in mice Purkinje cells from lobules III-V have 

two distinct types of firing patterns (tonic firing, complex bursting), whereas those from lobule X 

have four (tonic firing, complex bursting, initial bursting, gap firing; Kim et al., 2012). These 

differences point towards lobule-specific functional differences contributing to signal processing. 

Whether these functional differences in mice are correlated with quantitative differences in 

neuromorphology remains unclear.  

Regional differences in Purkinje cell function and neuromorphology have been well 

described for mormyrid teleosts. In the central lobes and the valvula of the mormyrid cerebellum, 

Purkinje cells demonstrate a palisade pattern of dendrite branching (the dendrites are long and 

oriented parallel) and have three distinct types of spikes: small, narrow sodium spikes; large, 

broad sodium spikes; and large, broad calcium spikes (Han & Bell, 2003; Zhang & Han, 2007). 

However, in the posterior caudal lobe of the cerebellum there are three subtypes of Purkinje 

cells, distinguished on the basis of neuromorphology and function: multipolar, fan-shaped, and 

small Purkinje cells (Zhang & Han, 2007). Multipolar Purkinje cells have three or more dendrites 

originating from the soma in random directions, with each dendrite branching at irregular 

intervals, and cells only fire large, narrow spikes. Fan-shaped Purkinje cells also fire large, 

narrow spikes but have a distinct neuromorphology: their tertiary dendrites are short and are 

oriented parallel to each other (Zhang & Han, 2007). The third subtype are the small Purkinje 

cells, that have a small soma, one primary dendrite and exhibited both small, narrow spikes, and 
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large, broad spikes (Zhang & Han, 2007). Multipolar and small (but not fan-shaped) Purkinje 

cells are also found in the anterior caudal lobe of the cerebellum (Zhang et al., 2008; Zhang et 

al., 2010). The identification of regionally distinct Purkinje cells subtypes may be indicative of 

functional differences within different areas of the mormyrid cerebellum.   

 

1.5 Rationale, Hypothesis, & Objectives 

  
The neuromorphology and electrophysiological properties of neurons varies both within 

and between vertebrate species. Purkinje cells of the cerebellum participate in regulating fine-

scale motor coordination as well as various cognitive functions. Although Purkinje cells are 

typically recognized as having a large soma and a ramifying pattern of dendrite branching, 

outside a few select taxa details of their neuromorphology and function remain poorly 

understood. The aim of my study is to characterize Purkinje cells across a number of vertebrate 

species. To quantify neuromorphological variation of Purkinje cells within and between species, 

I conducted a neuromorphological investigation, focusing on three distantly-related species: the 

leopard gecko (Eublepharis macularius), laboratory mouse (Mus musculus), and domestic 

chicken (Gallus gallus domesticus). The gecko is an emerging squamate reptile model most 

notably studied for their tissue regeneration capabilities, of which limited neuromorphology 

information is available. In contrast, the mouse is the standard mammalian model used 

extensively across biomedical studies. The chicken is a routinely available avian that was 

historically significant in neuromorphology studies conducted by Ramón y Cajal. To investigate 

the relationship between Purkinje cell structure and function, I focused on the leopard gecko, as 

the neurobiology of reptiles is an emerging field of which electrophysiological investigations are 

rare.  
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 I hypothesize that there will be significant quantitative differences in the 

neuromorphology and electrophysiological properties of Purkinje cells both within and between 

species. Given the role of the cerebellum in motor and cognitive processing, I predict that mouse 

Purkinje cells will have a greater degree of complexity than those of geckos and chickens. As 

multiple subtypes of Purkinje cells have been previously found in multiple species, I predict that 

I will observe more than one type of Purkinje cell in the leopard gecko that will differ in both 

electrophysiology and neuromorphology. 

The objectives of my study are:  

1) To characterize and quantify Purkinje cell neuromorphology in geckos, mice, and 

chickens using Golgi-Cox staining. 

2) To investigate Purkinje cell function and neuromorphology in geckos using whole-

cell electrophysiology. 
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Figure 1. Layers of The Cerebellum. 

Chicken cerebellum stained using a modified Golgi-Cox method. The molecular layer (ML), 

granular layer (GL) and white matter (WM) can be identified, with various interneurons dispersed 

throughout and two Purkinje cells (left and right) with their somas located in the Purkinje cell layer 

(PCL).  
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Figure 2. Variation in Purkinje neuron morphology across different taxa.  

Tracings of Purkinje cells from different taxa, set to scale. Across verterbrates Purkinje cells vary 

considerably in both overall size and shape. a) weakly electric fish (Teleostii, Mormyridae), b) 

pond turtle (Testudines, Emydidae), c) albino guinea pig (Mammalia, Caviidae), d) Sprague-

Dawley rat (Mammalia, Muridae), e) finch (Aves, Fringillidae), f) alligator (Reptilia, 

Alligatoridae), g) bat (Mammalia, Chiroptera). Adapted from Kidd (2017). Scale bar = 50µm.  
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CHAPTER 2 

COMPARATIVE NEUROMORPHOLOGY OF PURKINJE CELLS IN THE LEOPARD 

GECKO (EUBLEPHARIS MACULARIUS), LABORATORY MOUSE (MUS 

MUSCULUS), AND DOMESTIC CHICKEN (GALLUS GALLUS DOMESTICUS) 

 

2.1 Introduction 

 The cerebellum is a distinctive region of the hindbrain located dorsal to the fourth 

ventricle. Classically recognized as essential for coordinating motor control, the cerebellum is 

also involved in sensory perception, as well as higher emotional and cognitive functions (Smith 

et al., 1993; Hibi et al., 2017; Macrì et al., 2019; see also Yopak et al., 2017). At the level of 

gross morphology, the cerebellum demonstrates considerable diversity ranging from essentially 

absent as a discrete organ in hagfish and lamprey, to large and foliated in mammals and birds 

(Voogd & Glickstein, 1998; Iwaniuk et al., 2006; Sugahara et al., 2016; Yopak et al., 2017). In 

reptiles and amphibians, the cerebellum is typically described as a simple leaf-like or domed 

structure (Voogd & Glickstein, 1998; Macrì and Di-Poi, 2020). Despite this external variation, 

the cellular organization of the cerebellum is highly conserved (Ramón y Cajal, 1909; Smith et 

al. 1993; Voogd & Glickstein, 1998). Invariably, the cerebellum has a trilaminar cytoarchitecture 

consisting of a molecular layer, a Purkinje cell layer, and a granular cell layer (Sultan & 

Glickstein, 2007; Hibi et al., 2017). Each layer is defined in part by a unique assemblage of 

neurons. The molecular layer is relatively cell-sparse, but does have populations of inhibitory 

interneurons, including stellate cells (superficially) and basket cells (in deeper positions) (Voogd 

& Glickstein, 1998; Jacobs et al., 2014). The granule cell layer is the most neuron-rich region of 

the brain, and is densely packed with excitatory granule cells. Nested between the two is the 
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Purkinje cell layer, dominated by the soma of Purkinje cells. Within the Purkinje cell layer, 

Purkinje cell soma are often reported as being organized into either an orderly monolayer or 

having a scattered arrangement (Larsell, 1926; Macrì and Di-Poi, 2020; see also Yopak et al., 

2017).  

Purkinje cells are one of the largest and most distinctive neuron types, with a large 

teardrop-shaped soma and a highly ramified dendrite arbour (Smith et al., 1993; Voogd & 

Glickstein, 1998; Simons & Pellionisz, 2006; Sultan & Glickstein, 2007; Hibi et al., 2017; 

Nedelescu et al., 2017; Yopak et al., 2017). Functionally, Purkinje cells are gamma-aminobutyric 

acid (GABA)-ergic inhibitory cells that serve as the sole motor output of the cerebellum. The 

inhibitory activity of Purkinje cells is modulated by excitatory inputs from granule cell parallel 

fibers, as well as a climbing fiber that projects from the inferior olivary nucleus (Voogd & 

Glickstein, 1998; Nishiyama & Linden, 2004). Whereas parallel fibres make upwards of 100,000 

synaptic connections with the mid- to distal regions of the dendrite arbour of each Purkinje cell, 

the climbing fibre (one per Purkinje cell) makes synaptic contact on the cell body and proximal 

portion of the dendrite tree (Voogd & Glickstein, 1998; Nishiyama & Linden, 2004). The axons 

of Purkinje cells pass directly into the deep cerebellar nuclei within the white matter of the 

cerebellum, and axons originating from the flocculonodular lobe and vermis are able to bypass to 

the vestibular nuclei (De Zeeuw & Berrebi, 1995; Voogd & Glickstein, 1998; Hibi et al., 2017). 

Purkinje cell axons then synapse onto both excitatory and inhibitory neurons in the cerebellar 

and vestibular nuclei to innervate areas including the thalamus, spinal cord, and oculomotor 

complex (De Zeeuw & Berrebi, 1995; Teune et al., 1998).  

Qualitative descriptions reveal that Purkinje cells are neuromorphologically 

heterogenous, both between and even within species (Kato et al., 1985; Nedelescu et al., 2017; 



 

 22 

Kidd, 2017). Key examples of variation include the absolute size of the cell, the number of 

primary dendrites, and the overall geometric shape of the dendrite arbor (Uray & Gona, 1978; 

Kato et al., 1985; Meek & Nieuwenhuys, 1991; O’Brien & Unwin, 2005; Nedelescu et al., 2017). 

For example, in mice each Purkinje cell may have one or two primary dendrites, while in humans 

each neuron may have as many as four (Uray & Gona, 1978; Kato et al., 1985; Nedelescu & 

Abdelhack, 2013; Jacobs et al., 2014; Nedelescu et al., 2018). Evidence from mice suggests that 

Purkinje cells may also demonstrate regional variation, differing in neuromorphology between 

lobules of the vermis (Nedelescu et al., 2018) and between cerebellar sulcus and apex (Nedelescu 

& Abdelhack, 2013). Further, in some species of mormyrid teleosts (e.g., Gnathonemus petersii 

and Petrocephalus bovei) the stereotypical branching dendrite arbor is replaced by a palisade 

pattern: long, unbranched tertiary dendrites in a parallel arrangement (Nieuwenhuys & 

Nicholson, 1967; Meek & Nieuwenhuys, 1991; O’Brien & Unwin, 2005). A similar palisade 

pattern of Purkinje cell dendrites is also reported for humpback whales (Megaptera 

novaeangliae; Jacob et al., 2014). However, owing to the challenges of visualizing and tracing 

the (oftentimes complex) dendrite arbors (Jacobs et al., 2014) the neuromorphology of Purkinje 

cells in most taxa however remains unknown.  

Here, we use a modified Golgi-Cox method to visualize Purkinje cells from three 

distantly related vertebrate species: leopard geckos, laboratory mice, and domestic chickens. To 

document neuromorphological variation both within and between species we performed Sholl 

and branched structure analyses from digital tracings. Within species, the neuromorphology of 

individual Purkinje cells was found to be a significant source of variation. We also found 

significant quantitative differences between species. While gecko and mouse Purkinje cells are 

similar in size, those of mice have more complex dendrite arbours. Purkinje cells in chickens are 
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larger in absolute size and demonstrate a distinctive palisade pattern of dendrites, similar to that 

of mormyrid fish. Altogether, our findings reveal that Purkinje cells are a heterogenous neuronal 

population with quantitatively and qualitatively distinct neuromorphologies, even within species. 

 

2.2 Materials and Methods 
 
2.2.1 Animal Care 
 

Captive bred leopard geckos (Eublepharis macularius; hereafter ‘geckos’) were 

purchased from Global Exotic Pets (Kitchener, Ontario). All geckos (n=5) were subadults 

(female; ~200 days old) at the  time of data collection. Geckos were individually housed 

according to the protocols of McLean and Vickaryous (2011). Briefly, geckos were housed in a 

secure, temperature-controlled environmental chamber at the Hagen Aqualab, University of 

Guelph (12:12h light cycle, with an average ambient temperature of 27.5°C). Each gecko was 

individually housed in an 18.9 L polycarbonate tank, with heating cables (Hagen Inc., Baie 

d’Urfe, Quebec, Canada) set to 32°C located underneath one side of the tank to establish a 

temperature gradient. Geckos were fed three larval mealworms (Tenebrio spp.) dusted with 

powdered calcium and vitamin D3 (cholecalciferol; Zoo Med Laboratories Inc., San Luis 

Obispo, California, USA) daily, with access to fresh drinking water at all times. All geckos were 

cared for in accordance with Animal Utilization Protocol 3947, and the procedures outlined by 

the Canadian Council on Animal Care.  

CD1 strain mice (Mus musculus) were purchased from Charles River Canada (Saint-

Constant, Quebec) and maintained as a local breeding colony. All mice in this study (n=5) were 

males collected at postnatal day 22 (with the day of birth represented as day 0). Mice were 

housed in groups of up to 4 per cage following the protocols outlined by Louth et al. (2016). 
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Mice were raised in in a secure vivarium at the Animal Care Facility, University of Guelph 

(12:12h reverse light cycle, with an ambient temperature ranging from 21-24°C). Mice had ad 

libitum access to fresh drinking water and food. All mice were cared for in accordance with 

Animal Utilization Protocol 3622, and the procedures outlined by the Canadian Council on 

Animal Care.  

White leghorn layer chickens (Gallus gallus domesticus; hereafter ‘chickens’) were 

provided by the Arkell Poultry Research Facility (Guelph, Ontario). Chickens were mature 81-

week-old layer females (hens) at the time of collection, and were collected post-euthanasia as 

part of a scheduled population culling.  

  

2.2.2 Tissue Collection and Preparation 

 Geckos were euthanized with a 150µL injection of Alfaxalone (85mg/kg) into the epaxial 

muscles of the neck, followed by decapitation, and immediate removal of the whole brain. The 

brain was then immersed into Golgi-Cox solution. Mice were anesthetized with 5% isoflurane, 

followed by decapitation and immediate removal of the whole brain. The brain was then 

immersed into Golgi-Cox solution. Chickens were euthanized using CO2 gas with a flow rate of 

10-30% chamber volume per minute (vol/min) until the animal is insensible, upon which the 

flow rate is increased until death. Chicken brains were dissected out ~60 minutes following 

euthanasia and immersed into Golgi-Cox solution. None of the brains collected demonstrated 

any obvious signs of gross neuroanatomical abnormalities. 
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2.2.3 Golgi-Cox Impregnation  

Staining followed a modified Golgi-Cox method, as outlined in Louth et al. (2017). 

Whole brains were incubated in a scintillation vial (geckos, mice) or a glass vial (chickens) 

containing Golgi-Cox solution (1% (w/v) potassium dichromate, 0.8% (w/v) potassium 

chromate, and 1% (w/v) mercuric chloride) for 26 days in the dark. Following the incubation 

period, brains were transferred to scintillation vials containing sucrose cryoprotectant (30% (w/v) 

sucrose) for 72hrs at 4°C in the dark. 

 

2.2.4 Golgi-Cox Brain Tissue Slicing 

Following staining, brains were removed from the sucrose cryoprotectant and trimmed. 

Brains were oriented longitudinally, with the lateral surface facing down, and molten agar (3% 

(w/v) heated in diH2O for 60 seconds) was added to embed the brain. Agar blocks were then 

trimmed, leaving a ~0.5cm edge surrounding each side of the brain, and mounted on the 

vibratome stage (Leica VT1000s) with ethyl 2-cyanoacrylate glue. The vibratome stage area was 

filled with sucrose cryoprotectant to cover the agar block, and the brain/agar block was sliced 

into 400µm thick slices. Slices were transferred with a paintbrush into a well of a 6-well plate 

containing mesh inserts (3 slices per well), which were pre-filled with 6% sucrose solution (6% 

(w/v) sucrose in 0.1M phosphate buffer). Brain slices were then incubated overnight at 4°C in 

the dark. 

 

2.2.5 Golgi-Cox Brain Tissue Processing 

 Brain slices were transferred from the sucrose solution into a new 6-well plate filled with 

2% paraformaldehyde solution (2% (w/v) paraformaldehyde in 0.1M phosphate buffer), and 
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incubated on a rocker (slow speed, 15 revolutions per minute, rpm) for 15 minutes. Slices were 

then washed twice in new wells filled with diH2O for 5 minutes per wash on the rocker 

(moderate speed, 20 rpm). Slices were transferred to new wells filled with 2.7% ammonium 

hydroxide and left on the rocker (slow speed, 15 rpm) for 15 minutes, and then washed twice in 

new wells filled with diH2O for 5 minutes each on the rocker (moderate speed, 20 rpm). Next, 

slices were transferred into new wells pre-filled with Kodak Fixative A (diluted 10x from stock 

concentration) and incubated on the rocker (slow speed, 15 rpm) for 25 minutes, and then 

washed twice in new wells filled with diH2O for 5 minutes each on the rocker (moderate speed, 

20 rpm).  

 

2.2.6 Golgi-Cox Brain Tissue Mounting and Dehydrating 

 Following tissue processing, slices were transferred with a paintbrush onto Superfrost 

Plus microscope slides. Excess agar was removed with forceps, and excess water dabbed off with 

Kimwipes. Slices were left to air-dry on slides for either 45 minutes (geckos) or 60 minutes 

(mice, chickens). Next, slices were dehydrated using increasing concentrations of ethanol 

(EtOH) solutions in Coplin staining jars: 2 minutes each in 50%, 75%, and 95% EtOH, twice in 

100% EtOH for 5 minutes each, followed by two rounds of clearing in Citrisolv solution for 5 

minutes each. Slides were then coverslipped using Permount mounting solution, and air-dried 

horizontally in the dark for 5 days.  

 

2.2.7 Microscopy and Imaging 

 The use of 400µm slices allowed whole neurons to be fully contained within the slices, 

while still being small enough to image clearly at different depths. Neurons were visualized with 
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brightfield microscopy, using a BX53 Olympus microscope (Olympus, Richmond Hill, Ontario, 

Canada). Using the 30x silicone oil objective lens, high resolution image stacks of neurons taken 

1 µm apart in the Z axis were then stitched together in 3-dimensions using Neurolucida software 

(MBF Biosciences, Williston, Vermont, USA). Once stitched, select Purkinje cells were traced 

using Neurolucida software. The selection criteria included: (1) the soma was fully located 

within the Purkinje cell layer; (2) there was minimal overlap between adjacent neurons; (3) each 

neuron exhibited dendrite arborization characteristic of Purkinje cells; and (4) each neuron was 

fully contained within the slice (i.e. dendrites were not cut off from visual field). The goal was to 

trace five neurons from each of five brains, for a total of 25 neurons, for each species. However, 

among the geckos sample only eight (8) Purkinje cells total (from only three brains) met all the 

selection criteria.  

 

2.2.8 Neuron Analysis and Statistics 

To quantify neuromorphological complexity, Neurolucida Explorer software (version 10; 

MBF Biosciences, Williston, Vermont, USA) was used to analyze neurons. Each individual 

neuron of each species was treated as an independent variable (gecko, n=8; mouse, n=25; 

chicken, n=25). Both Sholl and branched structure analyses were employed to quantify key 

aspects of neuron morphology. Sholl analyses were generated using concentric spheres 

originating from the soma distanced 15µm apart, and measured dendrite intersections, average 

dendrite diameter, and dendrite volume. Branched structure analyses were used to measure total 

neuron dendrite length, number of dendrite terminals, total dendrite volume, distance of the 

furthest dendrite terminal, average terminal distance, and the convex hull volume and surface 

area.  
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GraphPad Prism 8 software (GraphPad Software, San Diego, CA) was used to quantify 

and graphically represent variation within and between the species. Within species, branched 

structure analyses were generated using column statistics, and Sholl analyses were generated 

using regular two-way ANOVA to assess main effects between individual neurons and the 

distance from soma. Between species, branched structure statistical analyses were generated 

using one-way ANOVA, and Sholl analyses were generated using regular two-way ANOVA to 

assess main effects between species and the distance from soma. Groups were considered to be 

statistically different where p<0.05. All post-hoc multiple comparisons were analysed using the 

Bonferroni method.  

 

2.3 Results  

2.3.1 Cerebellar Structure and Anatomy 

The gross neuroanatomical appearance of the gecko cerebellum is strikingly different 

from that of the mouse and chicken. As for other lizards, the gecko cerebellum has a smooth (i.e., 

unfoliated) surface, and resembles a simple sheet or leaf-like feature tilted rostrally over the optic 

tectum (Figure 1a). In contrast, the cerebellum of each of the mouse and chicken is 

proportionally a larger component of the brain, roughly spherical in overall shape with a 

prominent series of transverse fissures, or folia (Figures 1b,c). However, despite these outward 

differences all three species shared the same trilaminar organization, with a distinctive Purkinje 

cell layer nested between the granular layer and molecular layer.  
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2.3.2 Purkinje Cell Neuromorphology: Qualitative Observations 

 As expected, Purkinje cells were easily identifiable in all species, characterised by 

complex two-dimensional dendrite arbors and large soma closely packed within the Purkinje cell 

layer. Soma were arranged as either a monolayer (mice, chickens) or 1-3 cells deep (geckos). 

The dendrite arbors were composed of a stereotypical ramified arrangement of primary, 

secondary, and tertiary dendrites, along with many fine, spiny branchlets, projecting into the 

molecular layer (Figures 2, 3). Unlike the dendrites, Purkinje cell axons were not always 

visualized.  

Although all Golgi-Cox stained Purkinje cells shared a similar neuromorphology, 

especially within species, no two neurons were identical (Figure 2). Within species, individual 

Purkinje cells differed in terms of the arrangement of dendrites and the resulting geometry of the 

entire arbor. Between species, the main qualitative differences included variation in the absolute 

size of each neuron, the number of primary dendrites and the dendrite geometry. For example, 

while gecko and mouse Purkinje cells were comparable in size, those of chickens were 

significantly larger in absolute terms (Figure 3). In addition, while Purkinje cells of both geckos 

and chickens have a single primary dendrite that passes into the molecular layer, those of mice 

had one or two primary dendrites (see Figure 2, and Appendix II, Figure 2). Compared to mice, 

the dendrite arbor of gecko Purkinje cells had fewer secondary and tertiary dendrites, giving rise 

to a less ramified appearance. In chickens, the dendrite arbor is characterized by a distinctly 

parallel and comparatively straight palisade arrangement of terminal dendrites. Further, in 

chickens, but not geckos or mice, the majority of dendrites appeared to terminate within the same 

horizontal plane of the molecular layer.  
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2.3.3 Purkinje Cell Neuromorphology: Quantitative Observations 

Intraspecific Variability: Sholl Analyses 

 Sholl analyses revealed that one or more of the traced Purkinje cells was significantly 

different in dendrite measurements within each species (Figure 4; Table 1). Among geckos, one 

of the eight traced Purkinje cells was significantly different in the number of intersections (two-

way ANOVA, F7,119=2.91, p=0.0076; Bonferroni’s multiple comparisons test) and the total 

dendrite volume (two-way ANOVA, F7,126=6.47, p<0.0001, Bonferroni’s multiple comparisons 

test), while two were significantly different in the average dendrite diameter (two-way ANOVA, 

F7,126=25.45, p<0.0001, Bonferroni’s multiple comparisons test) (Figures 4a-c).  

 In mice, two of the 25 Purkinje cells traced were significantly different in the number of 

intersections (two-way ANOVA, F24,408=3.65, p<0.0001, Bonferroni’s multiple comparisons 

test), one was significantly different in dendrite diameter (two-way ANOVA, F24,432=2.37, 

p=0.0003, Bonferroni’s multiple comparisons test), and three were significantly different in 

dendrite volume (two-way ANOVA, F24,432=5.05, p<0.0001, Bonferroni’s multiple comparisons 

test) (Figures 4d-f).   

In chickens, nine of the 25 Purkinje cells traced were significantly different in the number 

of intersections (two-way ANOVA, F24,744=12.95, p<0.0001, Bonferroni’s multiple comparisons 

test), four were significantly different in dendrite diameter (two-way ANOVA, F24,768=4.71, 

p<0.0001, Bonferroni’s multiple comparisons test), and six were significantly different in 

dendrite volume (two-way ANOVA, F24,768=23.02, p<0.0001, Bonferroni’s multiple 

comparisons test) (Figures 4g-i).  
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Interspecific Variability: Branched Structure and Sholl Analyses  

Overall, the largest Purkinje cells traced were those of chickens (Figure 3). Compared to 

both geckos and mice, chicken Purkinje cells had significantly greater values for almost every 

branched structure and convex hull analysis, including average terminal distance, furthest 

terminal distance, total dendrite length, total dendrite volume, convex hull surface area, and 

convex hull volume (Figure 5, see Table 2; p<0.0001 for all, one-way ANOVA). In contrast, 

Purkinje cells in geckos and mice were closely comparable with almost no significant differences 

in any of the branched structure and convex hull analyses. One notable exception was the total 

number of dendrite terminals, which was significantly different between all three species (one-

way ANOVA, p<0.0001). Geckos had significantly fewer terminals compared to chickens 

(p=0.0036, Bonferroni’s multiple comparisons test), while mice had significantly more dendrite 

terminals than either geckos (p<0.0001; Bonferroni’s multiple comparisons test) or chickens (see 

Figure 5; p=0.0220; Bonferroni’s multiple comparisons test).  

 Across the three species, there were also significant differences in Sholl analyses (Figure 

6; two-way ANOVA, p<0.0001). More specifically, we found that chickens had significantly 

more intersections than geckos and mice farther from the soma (105µm-375µm), while mice had 

significantly more intersections than geckos and chickens closer to the soma (45µm-90µm). We 

found a similar trend in dendrite volume, with significantly differences between the three species 

(two-way ANOVA, p<0.0001). The dendrite volume of chicken Purkinje cells was significantly 

greater than those of geckos and mice farther from the soma (105µm -295µm), while the dendrite 

volume of mouse Purkinje cells was significantly greater than those of geckos and chickens 

closer to the soma (60µm -75µm). Finally, there were also significant differences in dendrite 

diameter between all three species (two-way ANOVA, p<0.0001). In this case, the dendrite 
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diameter of chicken Purkinje cells was greater than that of both geckos and mice at most 

distances from the soma (15µm-420µm). Mice and geckos have comparable dendrite diameters, 

and all three species demonstrated a trend of decreasing diameters with increasing distance from 

the soma.   

 Purkinje cell dendrites project into the molecular layer. To determine if the thickness of 

the molecular layer correlated with the size differences observed between the different species, 

we measured the distance from the Purkinje cell layer (PCL) to the pial surface of the cerebellum 

(Figure 7). Cerebella slices (n=7 for geckos, n=15 for both mice and chickens) were randomly 

selected and the distance from the PCL to the pial surface was measured using Neurolucida. We 

determined that the distance from the PCL to the pial surface was significantly greater in 

chickens than either geckos and mice (one-way ANOVA, p<0.0001 for both, means=383.4µm 

[chickens], 271.3µm [geckos], and 162.6µm [mice]), and significantly greater in geckos than 

mice (one-way ANOVA, p<0.0001, Bonferroni’s multiple comparisons test).  

 

2.4 Discussion 

Purkinje cells are the sole output of the cerebellum, and play a key role in integrating 

thousands of neural inputs. While it has long been recognized that the neuromorphology of these 

neurons varies between species (e.g., Ramón y Cajal, 1899; Jacobs et al., 2014), with few 

exceptions (viz. laboratory rodents) detailed quantitative investigations are lacking. Here, I 

conducted a comparative investigation of Purkinje cell neuromorphology focusing on the leopard 

gecko, laboratory mouse, and domestic chicken. My findings demonstrate that there are both 

intraspecific and interspecific differences in the dendrite arbor. Whereas all Purkinje cells share a 

similar basic neuromorphology, with a relatively large tear-shaped soma and ramifying network 
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of dendrite branching, there are measurable and significant differences in branching pattern and 

absolute neuron size. Taken together, my findings reveal an unexpected level of 

neuromorphological heterogeneity for a single neuronal cell type both across and within species. 

 

2.4.1 Intraspecific variation  

 Although the majority of neurons sampled within each species shared a similar 

neuromorphology, Purkinje cells are not a homogenous population. As revealed by Sholl 

analyses, I identified one (geckos) or more (mice and chickens) Purkinje cells that have a 

significantly different Sholl profile, including the number of Sholl dendrite intersections, 

volume, and diameter. Although intraspecific variation is not entirely unexpected, previous 

research has primarily documented differences between distinct regions of the cerebellum. For 

example, Purkinje cells from the anterior lobule of the mouse cerebellum often have a single 

primary dendrite, whereas those of the posterior lobule frequently have two (Nedelescu et al., 

2018). Similarly, in both mouse and humans, Purkinje cells with single primary dendrite are 

commonly found in the (convex) cerebellar apex, while Purkinje cells with two primary 

dendrites are characteristic of the (concave) cerebellar sulci (Kato et al., 1985; Nedelescu & 

Abdelhack, 2013). Among the Purkinje cells I traced, only those of mice varied in the number of 

primary dendrites present, having either one or two. In geckos and chickens, all the traced 

Purkinje cells had only a single primary dendrite. Despite this, my Sholl analyses revealed that 

Purkinje cells in mice were more homogenous (with only 4-12% of Purkinje cells showing 

significant differences) than those of geckos (12.5-25%) and chickens (16-36%) (Table 1). 

Although the functional implications of this variation remain poorly understood, it may relate to 

differences in excitatory input, from both parallel fibers and climbing fibers (Nishiyama & 
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Linden, 2004; Kidd, 2017; Zhang et al., 2018). Further, differences in dendrite diameter and 

length are known to impact neurophysiological functions, including signal propagation, action 

potential amplitude, and axial resistance (Vetter et al., 2000; Branco & Hausser, 2010; Forrest et 

al., 2012).  

 

2.4.2 Purkinje cells differ in both size and complexity across species  

 While all Purkinje cells share a similar basic neuromorphology (large soma, complex 

dendrite arbor), there are obvious species-specific differences. In particular, I found that the 

dendrite arbors of chickens are almost twice as long as those of geckos and mice (both in terms 

of average and furthest terminal distances). In contrast, Purkinje cells of geckos and mice are 

comparable in size. Previous research has reported that the scaling relationship between Purkinje 

cell size and overall body size is logarithmic but not isometric (i.e., neuron size does not increase 

proportionally with body size; Friede, 1963). For example, Purkinje cells in domestic cattle are 

only twice as large as those of mice (Friede, 1963). Among galliform birds (including various 

relatives of domestic fowl such as quail, turkey, and pheasant), the number of Purkinje cells, 

along with the size of their soma, increases with cerebellar volume (Cunha et al., 2020). Whether 

the same holds true for the dendrite arbor remains unclear. As Purkinje cell dendrites project 

from the Purkinje cell layer into the molecular layer, the thickness of the latter is predicted to be 

a determinant of furthest Purkinje cell dendrite length (Friede, 1963). Among the species under 

consideration, the Purkinje cell layer-pial surface distance was longest in chickens, and shortest 

in mice. It is worth noting however, that gecko Purkinje cell dendrites tend not to contact the pial 

surface, suggesting that the Purkinje cell layer-pial surface distance does not have an effect on 

determining their overall cell size.  
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 Sholl analyses found that neuromorphological complexity of Purkinje cells varied at 

different distances from the soma. The peak of Sholl measurements indicate where the most 

complex branching patterns lie (Nedelescu et al., 2017). Mice and geckos showed similar trends 

of Sholl intersections and volume, with both peaking around 90µm-105µm, while chicken 

Purkinje cell intersections and volume peaked at ~180µm and ~135µm, respectively. This is 

consistent with previous documentations of Sholl intersections of various cerebellar neurons 

across different species, which, on average, peaked at around 100µm from the soma (Jacobs et 

al., 2014). Sholl diameter of geckos and mice are similar, starting at a maximum diameter of 

~3.2µm on average from the soma and steadily decreasing at farther distances from the soma to 

~0.24µm on average. Chickens, on the other hand, exhibited a greater starting average diameter 

of ~5.0µm from the soma and thinning out to an average of ~0.10µm. This regional difference in 

neuron complexity may also result in different Purkinje cell innervation and function, where 

climbing fibers and parallel fibers have greater chances of making synaptic connections at 

regions that are dendrite-rich (Vetter et al., 2000; Kidd, 2017).   

 

2.4.3 Differences in Purkinje cell neuromorphology across species  

 Comparative studies are the benchmark for exploring organismal diversity. My 

investigation includes representative members of the three largest clades of amniote vertebrates: 

squamate reptiles (10,851 species; Uetz et al., 2020), mammals (6,410 species; Burgin et al., 

2019), and birds (18,043 species; Barrowclough et al., 2016). These groups diverged from one-

another early during amniote evolution, with the ancestor of modern mammals splitting from the 

ancestor of modern reptiles (including birds) ~311.9 million years ago, while the lineages 

leading to modern geckos and chickens diverged ~279.7 million years ago (Kumar et al., 2017). 
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However, despite these lengthy divergence times, it is clear that the neuromorphological 

diversity of the cerebellum in general, and Purkinje cells in particular, does not strictly correlate 

with phylogeny (Sultan & Glickstein, 2007; Jacobs et al., 2014; Hibi et al., 2017; Macrì et al., 

2019). For example, foliation of the cerebellum has evolved independently in mammals, birds, 

and some chondrichthyan and teleost fish species (Yopak et al., 2017). Similarly, studies of 

numerous vertebrate groups have shown that an increase in the size of the cerebellum (often as a 

result of foliation) is associated with increasing complexity of locomotion, habitat use, and prey 

capture, even among closely related species (see Sultan & Glickstein, 2007; Yopak et al., 2017). 

By extension, I predict that variation in the neuromorphology of Purkinje cells (as the sole motor 

output of the cerebellum) may also correlate with differences in behaviour and the functional 

demands of each species (Eccles, 1969; Bell, 2002). For example, while both geckos and mice 

are terrestrial quadrupeds of comparable body size, mouse Purkinje cells are quantitatively more 

complex in terms of the number of dendrite terminals. It is tempting to speculate that this 

difference relates to species-level variation in fine motor control, tactile sensory systems (mice 

have whiskers [vibrissae], geckos have scale-based somatosensory organs called sensilla), or 

other forms of cerebellar-mediated behaviour. Future investigations targeting this form-function 

relationship are necessary in order to explore this hypothesis.  

One of my most notable findings was the large and distinctive neuromorphology of the 

chicken Purkinje cell. The chicken Purkinje cell was the subject of Cajal’s first Golgi-

impregnated drawings (see Fig. 1.1), but the unusual palisade arrangement of terminal dendrites 

appears to have been overlooked. A similar neuromorphology has also been reported for Purkinje 

cells in some mormyrid fish (Kidd, 2017) and humpback whales (Jacob et al., 2014). Previous 

authors had suggested that this dendrite arrangement may relate to the use of acoustic and 
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electrosensory systems in an aquatic environment (Jacobs et al., 2014). My findings call this 

prediction into question, and underscore the need for a more exhaustive comparative sampling of 

vertebrate species. 
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Chapter 2 Tables 

 

Table 1. Outlier Purkinje cells for intraspecific Sholl intersections, diameter, and volume 

analyses. Numbers were arbitrarily assigned to cells within each species. Each neuron differed 

from others within each species at all distance from the soma. Refer to Appendix II, 

Supplementary Figures 1-3 for the complete collection of Purkinje cell tracings.  

 

 

 

 

Table 2. Inter-species branched structure analyses of geckos (n=8), mice (n=25), and chickens 

(n=25). Values are reported as mean±SEM (minimum value-maximum value).  
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Chapter 2 Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Variation in gross morphology of Golgi-Cox stained cerebellum slices. 

Longitudinal images of Golgi-Cox stained cerebellum slices of a gecko (a), mouse (b), and 

chicken (c). Whereas the gecko cerebellum has a smooth surface, that of the mouse and chicken 

is heavily foliated. Scale bar = 0.1mm.  

 

a) 

b) 

c) 
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Figure 2. Tracings of representative Purkinje cells of the leopard gecko, mouse, and 

chicken. 

While all species shared similar morphological features of Purkinje cells, such as a large soma 

and distinct arborized branching of dendrites, mouse Purkinje cells were found to have either one 

or two primary dendrites, while those of geckos and chickens had only one. Smaller secondary 

and tertiary branches can be seen branching off the primary dendrites. Gecko Purkinje cells have 

terminal endings that are more asymmetrically distributed around the primary dendrites 

compared to the more uniform branching patterns of the mouse, and chicken Purkinje cells retain 

a somewhat palisade pattern of branching reminiscent to that of mormyrid teleosts.  

 

 

 
 
 
Gecko Purkinje Cells 

 

 
 
 
Mouse Purkinje cells 

 

 
 

Chicken Purkinje 
Cells 
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Figure 3. Differences in neuron size present between species.  

Tracings of chicken (left), gecko (top right), and mouse (bottom right) Purkinje cells, set to size, 

to illustrate the size differences between the three species. The Purkinje cells of the chicken were 

almost twice as large as that of the mouse and gecko, whereas the latter two are more comparable 

in overall size. Scale bar = 20µm.  
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Figure 4. Outlier Purkinje cells in each species. 

Sholl graphs of the number of intersections, diameter, and volume of outlier Purkinje cells within 

all cells sampled in geckos (a-c), mice (d-f), and chickens (g-i). For each analysis, the outlier 

cells with each species are denoted by coloured lines on the graph, and all other cells are in grey. 

Outlier cells are significantly different from others at all distances from the cell body.  
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Figure 5. Inter-species branched structure analyses of Purkinje neurons between the gecko, 

mouse, and chicken.  

Chicken Purkinje cells had significantly greater measurements than both the gecko and mouse 

for average terminal distance, furthest terminal distance, total dendrite length, total dendrite 

volume, convex hull surface area, and convex hull volume, whereas mice and geckos were 

closely comparable in these analyses with no significant differences. However, mice had the 

greatest number of dendrite terminals compared to both chickens and geckos, and geckos had 

fewer terminals compared to chickens. Significance is denoted with asterisks (***p<0.0001, 

**p=0.0036, *p=0.0220; one-way ANOVA, Bonferroni’s multiple comparisons test).  
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Figure 6. Inter-species Sholl analyses of Purkinje neurons.  

Sholl analysis of dendrite intersections significantly differed between species (p<0.0001, two-

way ANOVA), where chickens had a greater number of intersections than both geckos and mice 

farther from the soma (105µm-375µm), whereas mice had greater number of intersections than 

geckos closer to the soma (45µm-90µm). Dendrite volume was significantly different between all 

three species (p<0.0001, two-way ANOVA), where chickens had dendrite volumes greater than 

that of geckos and mice farther from the soma (105µm-295µm), but mice had greater dendrite 

volume than both chickens and geckos closer to the soma (60µm-75µm). Dendrite diameter was 

also significantly different between species (p<0.0001, two-way ANOVA). While all species 

demonstrated a trend of decreasing dendrite diameter farther from the soma, chickens had greater 

dendrite diameter than both geckos and mice at most distances from the soma (15µm-420µm), 

whereas the dendrite diameters of mice and geckos were more comparable overall. Significance 

where chickens have greater Sholl measurements than both geckos and mice are denoted with a 

black bar and asterisk, and where mice have greater Sholl measurements than both chickens and 

geckos are denoted with a grey bar and asterisk.  
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Figure 7. Differences in distance from Purkinje cell layer to the pial surface between 

species.  

Significant differences were found between all three species, where chickens had greater 

distance than geckos and mice (p<0.0001 for both, one-way ANOVA, Bonferroni’s multiple 

comparisons test), and geckos had greater distance than mice (p<0.0001, one-way ANOVA, 

Bonferroni’s multiple comparisons test). Means were compared between groups 

(geckos=271.3µm, mice=162.6µm, chickens=271.3µm).  
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CHAPTER 3 

ELECTROPHYSIOLOGICAL PROPERTIES AND NEUROMORPHOLOGY OF 

PURKINJE CELLS IN THE LEOPARD GECKO (EUBLEPHARIS MACULARIUS): 

EVIDENCE FOR MULTIPLE CELL TYPES 

 

3.1 Introduction 

 Purkinje cells are large inhibitory gamma-aminobutyric acid (GABA)-ergic neurons that 

serve as the sole output of the cerebellar cortex. Located between the molecular and granular 

layers of the cerebellar cortex, Purkinje cells are characterized by a relatively large soma, and a 

ramifying branching pattern of dendrite arborization. The complexity of the dendrite arbor 

underscores the role of Purkinje cells as central integrators of the cerebellar circuit. In mammals, 

dendrite arbors of each Purkinje cell receives as many as 100,000 excitatory synapses from 

adjacent parallel fibers (Nishiyama & Linden, 2004). As evidenced by the study of Purkinje cell 

connectivity and pathophysiology, these neurons are key participants in the regulation of fine 

motor movements, as well as various higher order cognitive and emotional functions (Smith et 

al., 1993; Hibi et al., 2017; Hoxha et al., 2018; Macrì et al., 2019; Locke et al., 2020; see also 

Yopak et al., 2017).  

 Although Purkinje cells and their participation in the cerebellar circuit are widely 

recognized as being highly conserved across vertebrates (e.g., Ramón y Cajal, 1909; Eccles, 

1969; Voogd & Glickstein, 1998; Yopak et al., 2017), these neurons vary in both form and 

function even within a species. At the level of neuromorphology, Purkinje cells may demonstrate 

variability in the number of primary dendrites (Uray & Gona, 1978; Kato et al., 1985; Nedelescu 

& Abdelhack, 2013; Jacobs et al., 2014; Nedelescu et al., 2018) and in quantitative 
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measurements of the dendrite arbor (Nedelescu & Abdelhack, 2013; Nedelescu et al., 2018; see 

Chapter 2). Purkinje cells also vary at the level of electrophysiological properties (Kim et al., 

2012; Zhou et al., 2014: Chang et al., 2020).   

In response to stimulation, Purkinje cells fire one of two different types of action 

potentials: simple or complex spikes (Eccles et al., 1966; de Ruiter et al., 2006; Arancillo et al., 

2015; Otis, 2016). Simple spikes are generated both endogenously and in response to parallel 

fiber input, and are regulated by sodium channels (de Ruiter et al., 2006; Otis, 2016). In contrast, 

complex spikes are produced in response to a large excitatory input from climbing fibers 

originating from the inferior olivary nucleus and are regulated by calcium channels (Llinás & 

Sugimori, 1980; Hounsgaard & Midtgaard, 1988; Knöpfel et al., 1990; Masoli et al., 2015). 

Across species, these two types of action potentials contribute to different variants of firing 

patterns. For example, Purkinje cells in anterior lobules of the mouse cerebellum have two 

distinctive types of firing patterns (tonic firing and complex bursting), while those in posterior 

lobules have four (tonic firing, complex bursting, initial bursting, gap firing; Kim et al., 2012). 

Emerging evidence suggests that, at least in mice, differences in Purkinje cell firing patterns may 

correlate with zebrin II (glycolytic enzyme aldolase c) expression (Zhou et al., 2014). Purkinje 

cells with different firing patterns have also been reported for various teleost fish, including the 

mormyrid Gnathonemus petersii (Han & Bell, 2003; Zhang & Han, 2007; Zhang et al., 2008; 

Zhang et al., 2010), and the cyprinid Danio rerio (zebrafish; Chang et al., 2020). Interestingly, in 

teleosts, Purkinje cells with different firing patterns also demonstrate distinctive 

neuromorphologies, with at least three subtypes in G. petersii and four in D. rerio (Han & Bell, 

2003; Zhang & Han, 2007; Zhang et al., 2008; Zhang et al., 2010; Chang et al., 2020). For most 

species however, form-function relationship of Purkinje cells remains poorly understood. 
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  Here, I use whole-cell recordings and intracellular biocytin labeling to characterize the 

electrophysiological properties and neuromorphology of Purkinje cells from a representative 

squamate reptile, the leopard gecko (Eublepharis macularius). Previous research on the gecko 

has focused on characterizing the neuromorphology of Purkinje cells following the use of Golgi-

Cox staining (Chapter 2; see also Bradley et al., submitted). These data reveal that, at the level of 

the dendrite arbor, gecko Purkinje cells are structurally diverse. To better understand this 

diversity, I focused on characterizing the form and function of these neurons, combining basic 

electrophysiological properties with quantitative neuromorphology. I determined that there are at 

least two distinct types of Purkinje cells in adult geckos. Type 1 Purkinje cells are less excitable 

than type 2 cells, with significant differences in sag ratio as well as input resistance. Overall, 

type 1 cells are also larger in size, with greater dendrite volumes, lengths, and convex hull 

measurements. Sholl analyses revealed that type 1 cells had peaks of dendrite intersections, 

volume, and length that are farther from the soma, indicating variation in neuromorphological 

complexity in different cell regions. Taken together, our data indicate that functionally and 

structurally distinct Purkinje cell populations are present in leopard geckos, hinting at differences 

in the cerebellar microcircuitry. 

 

3.2 Materials and Methods 

3.2.1 Animal Care 

Captive bred leopard geckos (E. macularius; hereafter ‘geckos’) were purchased from 

Global Exotic Pets (Kitchener, Ontario). All geckos (n=3) were adults (all females; >1-year-old) 

at the at the time of data collection. Geckos were individually housed according to the protocols 

of McLean and Vickaryous (2011). Briefly, geckos were housed in a secure, temperature-
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controlled environmental chamber at the Hagen Aqualab, University of Guelph (12:12h light 

cycle, with an average ambient temperature of 27.5°C). Each gecko was individually housed in 

an 18.9 L polycarbonate tank, with heating cables (Hagen Inc., Baie d’Urfe, Quebec, Canada) set 

to 32°C located underneath one side of the tank to establish a temperature gradient. Geckos were 

fed three larval mealworms (Tenebrio spp.) dusted with powdered calcium and vitamin D3 

(cholecalciferol; Zoo Med Laboratories Inc., San Luis Obispo, California, USA) daily, with 

access to fresh drinking water at all times. All geckos were cared for in accordance with Animal 

Utilization Protocol 3947, and the procedures outlined by the Canadian Council on Animal Care.  

 

3.2.2 Tissue Collection and Preparation 

 Geckos were euthanized with a 150µL injection of Alfaxalone (85mg/kg) into the epaxial 

muscles of the neck, followed by decapitation. Brains were then rapidly extracted in cold 

oxygenated sucrose artificial cerebrospinal fluid (sACSF; 254mM sucrose, 10mM D-glucose, 

26mM NaHCO3, 2mM CaCl2, 2mM MgSO4, 3mM KCl, and 1.25mM NaH2PO4, pH 7.4). 

Cerebella were then dissected out, mounted longitudinally on the vibratome stage (Leica 

VT1200 vibrating microtome; Leica Microsystems, Richmond Hill, ON, Canada), and sliced into 

400µm thick slices. Cerebellar slices were then transferred into a recovery chamber containing 

oxygenated ACSF maintained at 30°C (128mM NaCl, 10mM D-glucose, 26mM NaHCO3, 2mM 

CaCl2, 2mM MgSO4, 3mM KCl, and 1.25mM NaH2PO4). Slices were allowed to recover for at 

least 2 hours before whole-cell electrophysiology. Both sACSF and ACSF were continually 

oxygenated with carbogen (95% O2, 5% CO2) throughout the experiment.  
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3.2.3 Electrophysiology 

 To perform whole-cell electrophysiology, brain slices were transferred into a recording 

chamber (Warner Instruments, Hamden, CT) mounted on a stage that was attached to an 

Axioskop FS2 microscope (Carl Zeiss Canada, Toronto, Ontario). Experiments were performed 

at room temperature, and oxygenated ACSF was perfused over the slices at a rate of ~5mL/min. 

Borosilicate pipette electrodes (outer diameter 1.5mm, 3-5 MW internal resistance; Sutter 

Instrument Company, Novato, CA) containing 120 mM K-gluconate, 5mM KCl, 2mM MgCl2, 

4mM K2-ATP, 400µM Na2-GTP, 10mM Na2-phosphocreatine, 10mM HEPES buffer (pH 7.3, 

adjusted with KOH), and 0.3% (w/v) biocytin (Tocris Bioscience) were used. Using infrared 

differential interference contrast microscopy, Purkinje neurons were located by finding the 

Purkinje cell layer and identifying the large somas with a prominent primary dendrite. The 

following basic passive and active electrophysiological properties were recorded in current 

clamp mode in response to positive and negative current steps: resting membrane potential, input 

resistance, afterhyperpolarization, input/output, and rheobase. Membrane resistance was 

calculated by injecting a hyperpolarizing current and measuring the steady-state deflection in 

membrane potential. Sag ratio was calculated as the difference between the minimum value and 

the steady state decrease in voltage divided by the peak voltage deflection during 

hyperpolarizing current steps. All recordings were made using a Multiclamp 700B amplifier, 

signals were acquired at 20 kHz and low-pass filtered at 2 kHz using a Digidata 1440A data 

acquisition system (Molecular Devices, Sunnyvale, CA). All neurons were corrected for liquid 

junction potential prior to recording.  
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3.2.4 Neuron Morphology 

 Purkinje cells were able to be visualized using an adapted protocol by Chung et al. 

(2016). Neurons were recorded with pipettes containing patch solution with 0.3% (w/v) biocytin, 

held for electrophysiological recording for at least 30 minutes to allow the biocytin to diffuse 

throughout the neuron, and the pipette withdrawn carefully to allow the cell membrane to re-seal. 

Neurons were recorded at intervals throughout the length of the brain slice to reduce chances of 

overlap. Brain slices were then fixed in 4% (w/v) paraformaldehyde in 0.1M phosphate buffer 

solution for up to 3 weeks at 4°C. Slices were then washed 3 times for 10 minutes each on the 

rocker (fast speed, 25 rpm) using Tris-buffered saline (0.1M Tris, 0.15M NaCl, pH 7.5). Next, 

slices were incubated with 0.5% (v/v) H2O2 solution (0.5% (v/v) H2O2 and 0.25% (v/v) Triton X-

100 in TBS) on the rocker for 15 minutes (slow speed, 15rpm) to supress endogenous peroxidase 

activity. Slices were then washed 3 times for 10 minutes each on the rocker (fast speed, 25rpm) 

using TBS, and incubated with Vectastain Elite ABC solution (Vector Labs, Burlington, Ontario) 

containing 0.25% (v/v) Triton X-100, 0.25% (v/v) ABC Elite Reagent A, and 0.25% (v/v) ABC 

Elite Reagent B in TBS at room temperature for 24 hours on the rocker (slow speed, 15rpm). 

Slices were washed 3 times for 10 minutes each on the rocker (fast speed, 25rpm) using TBS, 

and then incubated in a solution containing 0.05% (w/v) 3,3’-diaminobenzidine 

tetrahydrochloride hydrate (DAB), 0.04% (w/v) nickel chloride hexahydrate, and 0.25% (v/v) 

Triton X-100 in TBS for 5 minutes on the rocker (slow speed, 15rpm). The solution was then 

replaced with the same solution with the addition of 0.001% (v/v) H2O2 and incubated for 15 

minutes on the rocker (slow speed, 15rpm). Slices were then washed 3 times for 10 minutes each 

in TBS on the rocker (fast speed, 25rpm). Slices were mounted onto Superfrost Plus microscope 

slides, and coverslipped using Dako mounting solution (DAKO, Glostrup, Denmark).  
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3.2.5 Microscopy and Imaging 

 Neurons were visualized using brightfield microscopy with a BX53 Olympus microscope 

(Olympus, Richmond Hill, Ontario, Canada), using the 30X objective silicon oil immersion lens 

and Neurolucida software (version 10; MBF Biosciences, Williston, Vermont, USA). High 

resolution image stacks of neurons taken 1µm apart in the Z-axis were stitched together in 3-

dimensions, and then traced using Neurolucida software. Neuron inclusion criteria were as 

follows: (1) the neuron was fully visible (i.e. Biocytin dye was properly diffused throughout the 

neuron); (2) each neuron exhibited dendrite arborization characteristic of Purkinje cells; (3) each 

neuron was fully contained within the slice (i.e. dendrites were not cut off from visual field); and 

(4) there must be viable electrophysiological recordings for each neuron. A total of 8 neurons 

were recorded from each of three geckos, with a total neuron count of 24. However, in one 

gecko, only 3 neurons met all the selection criteria, resulting in a final traced neuron count of 19.  

 

3.2.6 Neuron and Statistical Analyses 

 Neurolucida Explorer software (MBF Biosciences, Williston, Vermont, USA) was used 

to analyze neurons, with each individual neuron treated as an independent variable. Sholl and 

branched structure analyses were used to quantify key aspects of neuron morphology. Sholl 

analyses were generated using concentric spheres originating from the soma distanced 15µm 

apart, measuring dendrite intersections, volume, length, and diameter. Branched structure 

analyses were used to measure total dendrite length, number of dendrite terminals, total dendrite 

volume, distance of the furthest dendrite terminal, and the convex hull volume and surface area.  
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 GraphPad Prism 8 software (GraphPad Software, San Diego, CA) was used to quantify 

and graphically represent variation between neurons. Electrophysiology data was analysed using 

unpaired t-tests, with the exception of afterhyperpolarization and input/output, which were 

analyzed using regular two-way ANOVA. Sholl analyses were generated using regular two-way 

ANOVA to assess main effects between the two groups and distance from soma, and branched 

structure analyses were generated using unpaired t-tests. Groups were considered to be 

statistically different where p<0.05. All post-hoc multiple comparisons were analysed using the 

Bonferroni method.  

 

3.3 Results 

3.3.1 Electrophysiological Properties 

 The whole-cell recording technique was used to determine the electrophysiological 

properties of gecko Purkinje cells. It was found that while some Purkinje cells exhibited 

spontaneous firing activity, others were less consistent. The resting membrane potential (RMP) 

was then recorded for all cells (Figure 1a, Table 1; all measurements reported as mean ± SEM). 

The RMPs for all the Purkinje cells sampled ranged from -70.68mV to -37.14mV, with a mean 

of -57.55 ± 2.09mV. Among Purkinje cells that exhibited spontaneous firing activity (hereafter, 

type 1 cells), the RMP was consistently greater than -55mV (n=15; mean RMP -63.72 ± 

1.18mV). In contrast, among Purkinje cells that exhibited less spontaneous firing activity 

(hereafter, type 2 cells), the RMP was consistently less than -55mV (n=8; mean RMP -45.96 ± 

2.23mV). Both types of neurons were evenly distributed throughout the Purkinje cell layer of all 

three gecko cerebella sampled, and neither type was specific to a particular location within the 

cerebellum (see Appendix III).  
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Next, the electrophysiological characterization of the cells was expanded to include their 

rheobase, input/output, afterhyperpolarization (AHP), input resistance, and sag ratio. The 

minimum amount of current needed to reach the depolarization threshold of the neuron from the 

RMP, the rheobase, for all the sampled Purkinje cells ranged from 1pA to 400pA (mean=75.27 ± 

23.85pA), and was not significantly different between type 1 cells (mean=93 ± 33.74pA) and 

type 2 cells (mean=37.29 ± 14.53pA) (Figure 1b). The input/output curve for both Purkinje cell 

types were generated by injecting cells with increasing current (50pA to 500pA), and quantifying 

the number of action potentials fired as a measure of excitability (Figure 1c). As for the 

rheobase, the input/output curves were not significantly different between type 1 and type 2 cells 

(Figure 1c). Subsequently, current pulses were injected (in a doubling sequence starting from 1 

to 32) to determine the AHP. AHP is a post-spike feedback mechanism that helps define the 

refractory period (Dumenieu et al., 2015), and did not differ significantly between the two 

Purkinje cell types (Figure 1d). Next, the current flow and cell excitability was quantified as 

measured by input resistance. The input resistance for all the Purkinje cells sampled ranged from 

71.61MW to 514.1MW (mean=279.6MW), with type 2 cells (mean=378.7 ± 52.83MW) having a 

significantly greater input resistance than type 1 cells (mean=226.8 ± 22.96MW; unpaired t-test, 

p=0.0057) (Figure 1e). The sag ratio was quantified as a measure of intrinsic excitability 

calculated by comparing the difference between the maximum decrease in voltage and the steady 

state voltage following a hyperpolarizing current step. The sag ratio for all Purkinje cells 

sampled ranged from -11.14mV to 1.24mV (mean=-3.15 ± 0.61mV), and was significantly 

different between the two cell types (type 1cells mean=-4.13 ± 0.79mV; type 2 cells mean=-1.35 

± 0.55mV; unpaired t-test, p=0.0258) (Figure 1f).  
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 In response to a series of depolarizing current injections, type 1 and type 2 Purkinje cells 

demonstrated different action potential firing patterns. Type 1 cells were found to have three 

distinct firing patterns, while type 2 cells typically exhibited a fourth firing pattern not observed 

in type 1 cells (Figure 2). At 200pA, type 1 cells fired both small and large narrow spikes, as 

well as small, broad spikes. The three firing patterns include: tonic firing, the continuous firing 

of large and/or smaller narrow spikes or small broad spikes (Figure 2a; n=5 cells); initial firing, 

1-3 initial large narrow spikes followed by 0-5 small broad spikes near the end of current 

injection (Figure 2b;n=7 cells); and complex/phasic firing, large narrow spikes that decrease to 

small narrow spikes and transition back into large narrow spikes (Figure 2c;  n=1 cell). Two cells 

with an RMP of greater than -55mV did not display any spikes with current injection. Compared 

to type 1 cells, the firing pattern of type 2 cells was more erratic and consisted primarily of small 

spikes, both narrow and wide (Figure 2d). Although not identifiable as a conventional firing 

pattern, it is worth noting that all but one (out of eight) type 2 cells had this same irregular firing 

of action potentials; the eighth cell with an RMP of less than -55mV did not display any spikes 

with current injection.  

 

3.3.2 Neuromorphology  

A neuromorphological investigation was conducted to explore the variation of Purkinje 

cell morphology, and to determine if the differences in function (i.e., electrophysiological 

properties) correlated with differences in form. To begin, biocytin was diffused into each 

Purkinje cell following the electrophysiological recording. Each neuron was then traced (using 

Neurolucida), and the resulting dendrite arbor quantified using branched structure and Sholl 

analyses (Figures 4 and 5; see also Table 2). All gecko Purkinje cells are readily identifiable 
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based on their large, oval soma, single primary dendrite, and ramifying dendrite arborizations 

extending into the molecular layer (Figure 3; see also Appendix II, Figure 4). With one exception 

(convex hull volume), the two Purkinje cell types had comparable branched structure profiles; 

i.e., there were no significant differences between type 1 and type 2 Purkinje cells with respect to 

the total number of dendrite terminals, furthest terminal distance, total dendrite length, total 

dendrite volume, and convex hull surface area (Figure 4). The convex hull volume was 

significantly greater in type 1 cells compared to type 2 cells (unpaired t-test, p=0.0483). 

 Next, Sholl analyses were used to investigate the branching pattern and geometry of the 

dendrite arbor. Both Purkinje cell types have distinct Sholl profiles, with significant differences 

in each of the: number of dendrite intersections (two-way ANOVA, p=0.0058); dendrite volume 

(two-way ANOVA, p<0.0001); dendrite diameter (two-way ANOVA, p<0.0001); and dendrite 

length (two-way ANOVA, p=0.0335). While there were no significant differences between the 

two Purkinje cell types at specific distances away from the soma, type 1 cells typically have 

longer dendrites, with more intersections, and a greater dendrite volume at distances farther from 

the soma than type 2 cells due to their characteristically longer dendrite projections (Figure 5). 

For example, dendrite length and the number of intersections peaked at ~260µm from the soma 

for type 1 cells, and ~150µm for type 2 cells. Similarly, the maximum Sholl dendrite volume was 

observed at ~120µm from the soma for type 1 cells, and ~105µm for type 2 cells. Type 1 cells 

also had a greater Sholl dendrite diameter beyond 330µm away from the soma.  

 

3.4 Discussion 

 This study sought to quantitatively characterize electrophysiological and 

neuromorphological properties of Purkinje cells in a squamate reptile. Using whole-cell 
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recordings and biocytin labeling, I determined that, similar to mice, mormyrid teleosts, and 

zebrafish (Kim et al., 2012; Zhang & Han, 2007; Chang et al., 2020), Purkinje cells in leopard 

gecko are not a homogenous population. As Purkinje cells represent the sole output of the 

cerebellum, characterization of these cells in the leopard gecko provides important insight into 

the functional circuitry of reptilian cerebellum, and evolution of this brain region across 

vertebrates.  

 In leopard geckos, there are at least two distinct types of Purkinje cells that differ both in 

electrophysiological properties (including their ability to fire spontaneously, along with their 

action potential firing patterns, RMP, and input resistance) and neuromorphology (particularly 

their Sholl profiles). It is worth noting however, that all the values for the basic 

electrophysiological properties of both types of leopard gecko Purkinje cells were found to be 

within range of reported values for other species in literature (Llinás & Sugimori, 1980; Storm et 

al., 1998; Netzeband et al., 1999; McKay & Turner, 2005; Kim et al., 2012). Compared with type 

2 Purkinje cells, type 1 cells were less excitable, with a significantly lower input resistance and 

significantly greater sag ratio. While not significant, type 1 cells also had a greater rheobase than 

type 2 cells, indicating that type 1 cells required a higher current to initiate an action potential 

than type 2 cells, and a larger AHP. AHP participates as a feedback mechanism that regulates 

neuronal firing, and is often activated by SK channels (Kaffashian et al., 2011; Ohtsuki & 

Hansel, 2018; Titley et al., 2020). One possible explanation for the differences in AHP amplitude 

between the two Purkinje cell types is variation in the expression of SK channels. 

While input-output curves between the cell types were also not significantly different, 

type 1 cells generated more action potentials than type 2 cells, and both cell types had decreased 

action potential frequency with increasing current injections. This is in contrast to mice and rats, 
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where input-output curves have a more linear relationship between action potential frequency 

and injected current (Khaliq & Raman, 2006; Walter & Khodakhah, 2006; Yang et al., 2017). 

This decrease in frequency may indicate that gecko Purkinje cells are able to undergo 

depolarization block with greater injected current, and that this population of cells may be more 

intrinsically excitable compared to Purkinje cells of other species (Bianchi et al., 2012).  

 

3.4.1 Gecko Purkinje cells types have distinct action potential firing patterns  

 Similar to other species, Purkinje cells in geckos have multiple distinct patterns of action 

potentials. In mice, these firing patterns are associated with different regions (lobules) of the 

cerebellum: tonic firing and complex bursting cells are found in anterior lobules, while tonic 

firing, complex bursting, initial bursting, and gap firing are found in the posterior lobule (Kim et 

al., 2012). In the mormyrid fish Gnathonemus petersii, different firing patterns are associated 

with different Purkinje cell types. Multipolar and fan shaped Purkinje cells exhibit tonic firing, 

and large, narrow spikes, while small Purkinje cells exhibit tonic firing, small narrow spikes, and 

large broad spikes (Han & Bell, 2003; Zhang & Han, 2007). As demonstrated by the use of 

calcium and sodium channel blockers (i.e. cadmium and tetrodotoxin, respectively), small 

narrow are sodium spikes, while large broad are calcium spikes (Han & Bell, 2003; Zhang & 

Han, 2007; Zhang et al., 2010). Type 1 leopard gecko cells have small and large narrow spikes 

and small broad spikes during tonic firing, large narrow spikes and small broad spikes during 

initial firing cells, and large and small narrow spikes during complex/phasic firing. In contrast, 

the type 2 cells only exhibited small narrow and wide spikes with no discernable firing patterns. 

These differences in spike shape and firing patterns may be due to differences in ion channel 

regulation (type 2 cells seem to exhibit more small sodium spikes compared to type 1 cells), and 
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future investigations using pharmacological manipulations (such as ion channel blockers) are 

needed to confirm these findings. However, unlike mice and mormyrid fish, there are no regional 

differences in the distribution of type 1 and 2 cells (both types appear to be randomly distributed 

throughout the cerebellum) and there is no evidence of regional-dependent electrophysiological 

compartmentalization.   

 

3.4.2 Neuromorphological variation is present between subtypes  

 In addition to being less excitable than type 2 Purkinje cells, type 1 cells have larger and 

more complex dendrite arbors. Sholl analyses also reveal that within type 1 cells, the peak 

measurements for Sholl length, intersections, and volume are shifted further away from the soma 

compared to type 2 cells. In addition, as revealed by the tracings of reconstructed cells, type 1 

cells are typically longer and narrower than type 2 cells. The type 1 neuromorphology most 

closely resembles that of alligators, with the dendrites passing well into the molecular layer 

(Llinás, 1969). In contrast, the neuromorphology of some type 2 cell tracings appears to conform 

to the dendrite arrangement of Purkinje cells from mice, especially those of the sulcus and 

posterior lobules (see Nedelescu & Abdelhack, 2013; Nedelescu et al., 2018). At this time, I can 

only speculate about the functional importance of having multiple Purkinje cell types in geckos. 

Because the dendrite arbors occupy different areas within the molecular layer, and that these 

morphologies are associated with different electrophysiological properties, it is tempting to 

conclude that localized cellular heterogeneity replaces the need for regional 

compartmentalization.  Future investigations targeting the roles of each cell type during 

cerebellar-mediated activities (e.g., motor coordination), may help unravel this issue.  
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Chapter 3 Tables 

 

Table 1. Electrophysiological properties of type 1 and type 2 leopard gecko Purkinje cells. 

Values are reported as mean±SEM, with significantly different values between types reported as 

p-values as determined using unpaired T-tests.  

 

 

  

 

 

 

Table 2. Branched structure analyses of type 1 and type 2 leopard gecko Purkinje cells. Values 

are reported as mean±SEM, with significantly different values between types reported as p-

values as determined using unpaired T-tests.  

Analysis Type 1 Type 2 Significance 

Number of Terminals (µm) 141.3±19.01 144.1±18.94 n.s. 

Furthest Terminal Distance (µm) 506.4±24.97 432.4±27.47 n.s. 

Total Dendrite Length (µm) 8436±1074 7160±654.8 n.s. 

Total Dendrite Volume (µm³) 13830±3704 8142±947.5 n.s. 

Convex Hull Volume (µm³) 1498272±250259 844766±98266 p=0.0483 

Convex Hull Surface Area (µm²) 136711±12890 118359±5402 n.s. 

 

 

 

 

Property Type 1 Type 2 Significance 
RMP (mV) -63.72±1.176  -45.96±2.228 p<0.0001 

Input Resistance (MW) 226.8±22.96 378.7±52.83 p=0.0057 
Rheobase (pA) 93±33.74 37.29±14.53 n.s. 
Sag Ratio (mV) -4.129±0.7883 -1.346±0.5495 p=0.0258 
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Chapter 3 Figures 
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Figure 1. Differences in electrophysiological properties of type 1 and type 2 leopard gecko 

Purkinje cells.  

Type 1 cells had significantly higher resting membrane potentials (a). While not significantly 

different, type 1 cells had greater rheobase (b) than type 2 cells, indicating that more current is 

needed to elicit an action potential in this subtype. Although input-output curves were also not 

significantly different (c), type 1 cells generated greater number of action potentials than type 2 

cells, and both subtypes had decreased action potential frequency with greater currents injected. 

Type 1 cells had larger afterhyperpolarization than type 2 cells with greater current pulses 

injected (d), but the difference was not found to be significantly different between groups. Type 

1 cells had significantly smaller input resistance (e) and greater sag ratio (f), indicating that these 

cells may be more excitable compared to type 2 cells. Significance is denoted with asterisks 

(****p<0.0001, **p=0.0057, *p=0.0258; unpaired T-test). 
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Figure 2. Different action potential patterns of type 1 and type 2 leopard gecko Purkinje 

cells. 

All action potentials here were recorded at 200pA of current injected. Type 1 cells exhibited 3 

different firing patterns: tonic firing (a), initial firing (b), and complex/phasic firing (c). In type 2 

cells, there is a distinct firing pattern unseen in type 1 cells that is more erratic and irregular 

compared to those of type 1 cells (d). Type 1 cells fired both small and large narrow spikes, 

whereas type 2 cells fired only small spikes, both broad and narrow.  
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Figure 3. Tracings of representative type 1 and type 2 leopard gecko Purkinje cells.  

All cells exhibited classic Purkinje cell characteristics, such as a large, oval soma, a single 

primary dendrite, and complex networks of ramifying dendrite arborizations. While there are no 

distinct morphological differences between subtypes, type 1 cells were on average longer and 

had the majority of their dendrites clustered farther from the soma, as compared to type 2 cells 

which had smaller arbors closer to the soma (the differences of which can also be reflected in 

Sholl analyses).  
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Figure 4. Branched structure analyses of type 1 and type 2 leopard gecko Purkinje cells. 

While comparable in number of dendrite terminals, furthest terminal distance, total dendrite 

length, and convex hull surface area, type 1 cells still had greater values for each analysis, 

indicating similar degrees of complexity in dendrite arborization, but larger cell size in type 1 

cells. Type 1 cells also had larger total dendrite volume and significantly greater convex hull 

volume compared to type 2 cells, further supporting the larger cell size in type 1 cells. 

Significance is denoted by asterisk (*p=0.0483; unpaired T-test).  
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  Figure 5. Sholl analyses of type 1 and type 2 leopard gecko Purkinje cells. 

Type 1 and type 2 cells are significantly different in dendrite length (two-way ANOVA, 

p=0.0335), number of dendrite intersections (two-way ANOVA, p=0.0058), dendrite volume 

(two-way ANOVA, p<0.0001), and dendrite diameter (two-way ANOVA, p<0.0001). While 

significance does not lie at specific distances from the soma, type 1 cells seem to have peaks of 

length, intersections, and volume shifted to the right, such that most of the dendrite arborization 

is clustered farther from the soma compared to type 2 cells. Sholl diameter also shows that type 1 

cells have greater dendrite diameter farther from the soma than type 2 cells.  
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CHAPTER FOUR 

CONCLUDING STATEMENTS 

This study sought to characterize Purkinje cell heterogeneity both within and between 

species. Using Golgi-Cox staining, I determined that there were significant differences in 

dendrite neuromorphology both within and between three distantly-related species: the leopard 

gecko (Eublepharis macularius; a squamate reptile), laboratory mouse (Mus musculus: a rodent 

mammal), and domestic chicken (Gallus gallus domesticus; a galliform bird). While Purkinje 

cells in geckos and mice were comparable in terms of overall size, they differed in various 

measure of dendrite complexity. Purkinje cells in chickens were almost twice as large as those of 

mice and geckos, including a greater dendrite volume, diameter, and length. The structure-

function relationship of leopard gecko Purkinje cells was further explored using whole-cell 

electrophysiology, and intracellular biocytin injection. Based on details of neuromorphology, 

firing patterns, and intrinsic cellular properties, I identified two distinct subtypes of gecko 

Purkinje cells. Taken together, my findings reveal that Purkinje cells are a heterogeneous neuron 

type both between and within species.  

 

4.1 Neuromorphological variation of Purkinje cells  

The intraspecific differences seen in this study highlights the diversity of Purkinje cell 

neuromorphology seen within a single species. Most of the outlier Purkinje cells for each species 

stood out in more than one Sholl analysis, indicating neuromorphological variation that is present 

at different regions of the cell arborization as well. However, while the outlier cells provide 

regional differences in neuromorphology, overall cell size within species was quite similar to 

each other. This is in contrast to one of the most striking interspecific differences in Purkinje cell 
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size found here, which was that chicken Purkinje cells were almost twice as large as those of 

mice and geckos. It has been previously observed that while Purkinje cell size does increase with 

body size, the extent of increase is not directly proportional to body size (Friede, 1963). This can 

be seen when comparing the Purkinje cell sizes of chickens (brain mass=3g) in this study to 

those of humans (brain mass=1435g), which were approximately three times as large in dendrite 

arborization diameter, and to humpback whales (brain mass=3606g), which were approximately 

twice as large (Jacobs, 2014). In addition to the size of the neuron, I also determined there were 

distinct differences in the overall complexity and pattern of dendrite branching. For example, 

while both gecko and mouse Purkinje cells showed a similar pattern of radial branching, 

consisting of secondary and tertiary branches that radiate away from the soma. In contrast, 

Purkinje cells in chickens have a palisade pattern of relatively straight and vertically oriented 

tertiary branches, similar to those reported for mormyrid fish and whale species (Jacob et al., 

2014; Kidd, 2017).  

These findings provide interesting insights into the differences in Purkinje cell structure 

in the context of evolutionary trends and ecological behaviour, where geckos have the least 

complex Purkinje cells compared to mice and chickens. The role of the cerebellum has been 

implicated in avian species for functions related to flight, such that several regions of the 

cerebellum are activated during flight which coincide with areas connecting to optic flow 

pathways (Feenders et al., 2008). As chickens have limited flight capabilities, the 

neuromorphology of chicken Purkinje cells may be correlated with fine tuning motor capabilities 

including flight, which requires integration of multiple senses to allow movement in the air. It is 

also tempting to speculate that the increased Purkinje cell neuromorphology of mice may be 

related to higher degrees of forelimb dexterity. Interestingly, brain size was not found to be 
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correlated to total forelimb dexterity in mammalian species, and cerebellar size was not a good 

indicator of flight capabilities in avian species (Iwaniuk et al., 1999; Walsh et al., 2013). Thus, 

the possibility remains that differences on a smaller scale (i.e. Purkinje cell neuromorphological 

variation) may contribute towards differences in ecological behaviour and functional capabilities. 

Future studies examining the relationship between flight capabilities of various species and 

Purkinje cell neuromorphology, as well as comparative studies on branching shape and 

functional output may help reveal the contributions of neuromorphology towards varying 

degrees of function.  

 

4.2 Form and function of gecko Purkinje cells 

To investigate the form-function relationship of Purkinje cells in leopard gecko, I used 

whole-cell electrophysiology and biocytin filling. I found that there were at least two distinct 

populations of Purkinje cells. Type 1 cells are less excitable than type 2 cells, had larger and 

have more complex dendrite arbors that clustered farther from the soma than type 2 cells. The 

presence of multiple Purkinje cell types have been previously documented in mouse and 

mormyrid fish species, both of which were morphologically and functionally distinct (Han & 

Bell, 2003; Zhang & Han, 2007; Kim et al., 2012). However, those studies also revealed regional 

differences in the location of Purkinje cells in the cerebellum that was not seen in the leopard 

gecko, as both type 1 and type 2 cells were distributed evenly throughout the cerebellar slices 

sampled. To investigate the purpose of this heterogeneous distribution of cell subtypes, further 

studies using axon tracing to find the postsynaptic targets of gecko Purkinje cells may provide 

insight on the differences in regional axonal projections between cell subtypes.  
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4.3 Differences between Golgi-Cox stained and Biocytin filled neurons 

 Although not the subject of my research, it is worth noting that there were differences in 

the neuromorphology of gecko Purkinje cells based on the method of visualization used (i.e., 

Golgi-Cox staining vs. biocytin labelling). For example, the dendrite arbours labeled with 

biocytin (Chapter 3) were larger and had three-times as many dendrite terminals when compared 

to those stained by Golgi-Cox (Chapter 2). The differences in the two staining methods have 

been previously quantified, where it was found that biocytin staining resulted in significantly 

larger dendrite arbors when directly compared to cells stained using the Golgi-Cox method 

(Klenowski et al., 2017). Here, it is worth noting that the geckos used for each experiment were 

not age-matched: geckos in the Golgi-Cox study were subadults, ~200 days old, while geckos in 

the biocytin study were adults, >1yr of age. In addition, there are also important differences in 

the methods themselves. Golgi-Cox staining includes the use of tissue dehydration, leading to 

dendrite shrinkage (Grace & Llinás, 1985; Louth et al., 2017). At this time, it remains unclear 

whether differences in chronological age and dehydration account for the variation observed 

between the two visualization methods employed. Moving forward, future investigations trialling 

both techniques on brain tissue from same subject and/or members of the same size-

matched/age-matched cohort are necessary.  
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APPENDIX I: DETAILED HISTOCHEMICAL PROTOCOLS 
 
Golgi-Cox Protocol (adapted from the Bailey Lab, University of Guelph) 

1) Subject is euthanized and the brain is removed. 

2) Whole brain is placed into a 20 mL scintillation vial containing 20 mL of Golgi-Cox Solution 
(i.e., topped-up with solution until the container is full). Cover the vial with aluminum 
foil and incubate for 25 days at room temperature in the dark.  

3) Place brain into a 20 mL scintillation vial containing 20 mL of Sucrose Cryoprotectant. Cover 
the vial with aluminum foil and incubate for 48 hours at 4 °C in the dark.      

4) Remove brain from sucrose and block it for slicing by making a small parasagittal cut on one 
side of the brain. Place the brain cut-side down in a small weigh boat/dish. Heat the agar 
prior to blocking the brain and when it has cooled to near-solid phase, pour it into the 
weigh boat to encase the brain.  

5) Once the agar has solidified, trim excess agar and glue the brain to the stage of the vibratome. 
Slice in Sucrose Cryoprotectant at 400 µm thickness. Place slices into a well of a 6-well 
plate (35 mm diameter) filled with 10 mL of 6% Sucrose and incubate overnight at 4 °C 
in the dark.  

6) Place slices into a well with 5 mL of 2% paraformaldehyde. Slow rocking speed (15rpm) for 
15 min.  

7) Wash slices twice in wells containing 5 mL of H2O. Moderate rocking speed (20rpm), 5 mins 
each. 

8) Place slices into a well filled with 5 mL of 2.7% NH4OH for 15 min. Slow rocking speed 
(15rpm) for 15 min.  

9) Wash slices twice in wells containing 5 mL of H2O. Moderate rocking speed (20rpm), 5 mins 
each. 

10) Place slices into a well filled with 5 mL of Kodak Fixative A (diluted 10x from purchased 
concentration). Slow rocking speed (15rpm) for 25 min.   

11) Wash slices twice in wells containing 5 mL of H2O. Moderate rocking speed (20rpm), 5 mins 
each. 

12) Mount slices onto gelatinized slides, or Superfrost Plus slides. Remove excess agar and water 
with a Kimwipe.  
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13) Allow slides to air dry for 45 mins (400 µm) or 90 mins (500 µm). This timing is critical, as 
too short a time leads to slices falling off of the slides and too long leads to cracked 
slices. Should look shiny, and have a bit of a halo where water has dried.  

14) Dehydrate slices:  
a. 50% EtOH 2 min 
b. 75% EtOH 2 min  
c. 95% EtOH 2 min  
d. 100% EtOH 5 min  
e. 100% EtOH 5 min  
f. Citrisolv for 5 min  
g. Citrisolv for 5 min.  

15) Coverslip each section or slide using Permount and allow slides to dry horizontally for five 
days in the dark.  

 

Golgi-Cox Solution  
1% (w/v) potassium dichromate  
0.8% (w/v) potassium chromate  
1% (w/v) mercuric chloride  
 
0.4 M Phosphate Buffer Stock  
0.9% (w/v) sodium phosphate monobasic (anhydrous)  
8.7% (w/v) sodium phosphate dibasic (heptahydrate)  
 
Sucrose Cryoprotectant  
30% (w/v) sucrose in 0.1 M phosphate buffer  
 
6% Sucrose 
6% (w/v) sucrose in 0.1 M phosphate buffer 
 
2% Paraformaldehyde  
2% (w/v) paraformaldehyde in 0.1 M phosphate buffer  
 
3% Agar  
3% (w/v) agar in water 
 
2.7% NH4OH 
Diluted 10x in H2O from purchased strength of 27% 
 
Kodak Fixative A 
Diluted 10x in H2O from purchased concentration 
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Biocytin Labeling Protocol (courtesy of the Bailey Lab, University of Guelph) 
 
 
1) Slice brains and perform electrophysiology using biocytin patch solution. 
 (0.3% (w/v) biocytin in regular patch solution) 
 
2) Fix sections overnight (up to three weeks) in 2 mL of Paraformaldehyde solution at 4ºC. 
 (4% PFA in 0.1 M phosphate buffer) 
 
3) Wash sections 3 x 10 min in 2 mL of TBS. 
 (0.1 M Tris base, 0.15 M NaCl, pH 7.5) 
 Fast rocking speed (25rpm) 
 
4) Incubate sections in 2 mL of Endogenous Peroxidase Blocking Buffer for 15 mins at room 
temperature. 
 (0.5 % (v/v) H2O2 in TBS) 

Slow rocking speed (15rpm) 
 
5) Wash sections 3 x 10 min in TBS. 
 Fast rocking speed (25rpm) 
 
6) Incubate sections in 1.5 mL of ABC Solution for overnight at room temperature. 
 Slow rocking speed (15rpm) 
 
7) Wash sections 3 x 10 min in TBS. 
 Fast rocking speed (25rpm) 
 
8) Incubate sections in 1.5 mL of DAB / Nickel Solution for 5 mins at room temperature 
 Slow rocking speed (15rpm) 
 
9) Start the reaction by adding 1.5 mL of DAB / Nickel / H2O2 Solution to each well 
 Try 15 min reaction 

Slow rocking speed (15rpm) 
 
10) Stop the reaction by washing 3 x 10 min in TBS 
 Fast rocking speed (25rpm) 
 
11) Mount sections onto slides. 
 
12) Coverslip using Dako mounting solution (aqueous).  
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TBS (1L) 
0.1 M TRIS = 12.114 g 
0.15 M NaCl = 8.766 g 
pH 7.5 
 
 
4% PFA in Phosphate Buffer 
16% PFA Stock:   2.5 mL 
0.4 M Phosphate buffer stock: 2.5 mL 
H2O:      5.0 mL 
     10 mL 
 
 
Endogenous Peroxidase Blocking Buffer 
(Mix Triton X-100 first) 
 
0.25% (v/v) Triton x-100:    25 µL 
0.5% (v/v) H2O2:     167 µL of 30% stock 
TBS:        Balance                    
       10 mL 
 
 
ABC Solution 
0.25% (v/v) Triton x-100:      25 µL 
0.25% (v/v) ABC Elite Reagent A     25 µL 
0.25% (v/v) ABC Elite Reagent B     25 µL 
TBS         Balance 
         10 mL 
-Prepare Vector Labs ABC Solution 30 min before using 
  
 
DAB / Nickel Solution 
0.25% (v/v) Triton x-100:      25 µL 
0.05% (w/v) DAB (stock is 50 mg/mL)  (1 tube) 100 µL 
0.04% (w/v) Nickel (stock is 40 mg/mL)  (1 tube)  100 µL 
TBS         Balance 
         10 mL 
 
DAB / Nickel / H2O2 Solution 
First dilute 10 µL of 30% (v/v) H2O2 with 2,990 µL of TBS (3 mL total) 
 300 x dilution = 0.1% (v/v) H2O2 in TBS 
Second dilute 100 µL of the 0.1% solution above into 9.900 mL of DAB / Nickel Solution 
 100 x dilution = 0.001% (v/v) H2O2 in DAB / Nickel Solution   
         10 mL  
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APPENDIX II: TWO-DIMENSIONAL PURKINJE CELL TRACINGS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Two-dimensional tracings of leopard gecko Purkinje cells obtained from Golgi-Cox 

staining. Scale bar=20µm.  
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Figure 2: Two-dimensional tracings of mouse Purkinje cells. Scale bar=20µm.  
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Figure 3: Two-dimensional tracings of chicken Purkinje cells. Scale bar=20µm. 
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Figure 4: Two-dimensional tracings of type 1 (row 1 and 2) and type 2 (row 3 and 4) leopard 

gecko Purkinje cells obtained from biocytin staining, post-whole cell recording. Scale 

bar=20µm. 
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APPENDIX III: LOCATION OF LEOPARD GECKO PURKINJE CELLS OBTAINED 
FROM WHOLE-CELL RECORDINGS 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: (a) Purkinje cell location along the longitudinal axis of the gecko cerebellum in each 

gecko collected. (b) The distribution of type 1 and type 2 cells in each gecko collected. See 

Chapter 3 for details on cell types.  
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