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Abstract 

Synaptic zinc is located in many regions of the brain. One area that contains a high amount is the 

input center of the basal ganglia: the striatum. Environmental enrichment was used to examine 

potential changes in morphology of striatal cells of mice with (ZnT3 wildtype) and without 

(ZnT3 knockout) the zinc transporter (ZnT3) necessary to load zinc into vesicles. No changes 

were found in dendritic length for any regions of the striatum. However, all regions of the 

striatum showed an increase in spine density in both genotypes, with enriched ZnT3 KO mice 

having a greater increase in the nucleus accumbens region. ZnT3 mice were also tested on a 

battery of motor behavioural tasks. ZnT3 KO mice may be hyperactive, as evidenced by their 

performance on the pole task, and impulsive, as evidenced by their inaccurate performance on a 

skilled reach task, when compared to ZnT3 WT mice. 

  



 

iii 

Acknowledgements 

First of all, I’d like to thank my family and friends – Mike, Janet, Rachel, Jeremy, Veronika, 

Vicki, Jhen, Tania - for all their support throughout the last 2 years. I’d also like to thank Richard 

for providing guidance and my lab mates – Brendan, Veronika, Jacqueline, Nicoline, Corrine, 

Patrick, Mike, Sarah, Lisa – for making the lab an enjoyable place to work. 

  



 

iv 

Table of Contents 

Abstract ............................................................................................................................... ii 
Acknowledgements ............................................................................................................ iii 
Table of Contents ............................................................................................................... iv 
List of Figures and Illustrations ......................................................................................... vi 

List of Symbols, Abbreviations, and Nomenclature .......................................................... ix 

 GENERAL INTRODUCTION ..............................................................1 

1.1 Introduction ................................................................................................................1 
1.2 Zincergic signaling in the brain .................................................................................1 

1.2.1 Zinc location in brain .........................................................................................1 
1.2.2 Receptor modulation .........................................................................................3 

1.2.2.1 Zinc and glutamate ...................................................................................5 
1.2.2.2 Zinc and dopamine ...................................................................................6 

1.2.2.3 Zinc and BDNF ........................................................................................8 
1.2.3 Function .............................................................................................................9 

1.2.3.1 Zinc and experience-dependent plasticity ................................................9 

1.2.3.2 ZnT3 knockout mice ..............................................................................10 
1.2.4 Zinc deficiency in humans ...............................................................................11 

1.3 Striatum ....................................................................................................................11 
1.3.1 Anatomical and functional divisions ...............................................................11 

1.3.2 Connectivity ....................................................................................................12 
1.3.3 Function ...........................................................................................................15 

1.3.4 Dopamine and Striatal Plasticity .....................................................................15 
1.3.5 Striatum and enriched environments ...............................................................16 
1.3.6 Disorders of the striatum .................................................................................17 

1.4 Zinc in the striatum ..................................................................................................17 
1.4.1 Anatomy ..........................................................................................................17 

1.4.2 Behaviour ........................................................................................................21 
1.5 Overview and Objectives .........................................................................................22 

 NEURONAL MORPHOLOGY ..........................................................24 
2.1 Acknowledgements ..................................................................................................24 

2.2 Introduction ..............................................................................................................24 
2.3 Methods ...................................................................................................................28 

2.3.1 Animals ............................................................................................................28 
2.3.2 Procedure .........................................................................................................29 
2.3.3 Dendritic length ...............................................................................................29 

2.3.4 Spine Density ...................................................................................................30 
2.4 Results ......................................................................................................................32 

2.4.1 Dendritic Length ..............................................................................................32 
2.4.2 Spine Density ...................................................................................................36 

2.5 Discussion ................................................................................................................41 



 

v 

 BEHAVIOUR ..................................................................................46 

3.1 Introduction ..............................................................................................................46 
3.2 Methods ...................................................................................................................49 

3.2.1 Animals ............................................................................................................49 
3.2.2 Food restriction ................................................................................................50 
3.2.3 Procedure .........................................................................................................50 

3.2.3.1 Limb use asymmetry test .......................................................................50 
3.2.3.2 Footprint analysis. ..................................................................................51 
3.2.3.3 Pole test. .................................................................................................51 

3.2.3.4 Horizontal ladder. ..................................................................................51 
3.2.3.5 Inverted wire-hang test. .........................................................................52 
3.2.3.6 Beam walking. .......................................................................................52 
3.2.3.7 Skilled reach task. ..................................................................................53 

3.3 Results ......................................................................................................................54 

3.3.1 Limb asymmetry ..............................................................................................54 
3.3.2 Footprint analysis ............................................................................................57 
3.3.3 Pole test ...........................................................................................................59 

3.3.4 Horizontal ladder .............................................................................................61 
3.3.5 Inverted wire hang test ....................................................................................63 

3.3.6 Balance beam test ............................................................................................66 

3.3.7 Skilled reach task .............................................................................................68 

3.4 Discussion ................................................................................................................75 

 GENERAL DISCUSSION ................................................................80 

4.1 Summary of Findings ...............................................................................................80 
4.2 Implications .............................................................................................................81 
4.3 Future Directions .....................................................................................................85 

4.3.1 Behavioural Tasks ...........................................................................................85 
4.3.2 Sex differences ................................................................................................87 

4.3.3 Mechanism of action .......................................................................................88 
4.3.4 Human applications .........................................................................................90 

4.4 Conclusion ...............................................................................................................90 

REFERENCES ..................................................................................................................92 

APPENDIX A: APPENDIX ............................................................................................114 
A.1. Introduction ..........................................................................................................114 
A.2. Methods ................................................................................................................119 

A.2.1. Animals ........................................................................................................119 
A.2.2. Procedure .....................................................................................................120 

A.2.3. Quantification ..............................................................................................120 

A.2.4. Statistics .......................................................................................................121 

A.3. Results ..................................................................................................................121 
A.4. Discussion ............................................................................................................125 
A.5. References ............................................................................................................129 



 

vi 

 

List of Figures and Illustrations 

Figure 1.1. Zincergic signaling in the brain. Acronyms: AMPA, α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid, DAT, dopamine transporter, DR1, dopamine receptor 

1, DR2, dopamine receptor 2, GPR39, g protein-coupled receptor 39, NMDA, n-methyl-

d-aspartate, TrkB, tropomyosin-related kinase B, ZnT3, zinc transporter 3 .......................... 4 

Figure 1.2. Striatal Connectivity. A schematic of the functional loops of the striatum. 

Acronyms: DL, dorsolateral, DLS, dorsolateral striatum, DM, dorsomedial, DMS, 

dorsomedial striatum, NAc, nucleus accumbens, VA, ventral anterior, VL, ventrolateral, 

VM, ventromedial ................................................................................................................. 14 

Figure 1.3. Autometallographic zinc staining of a coronal section of mouse brain showing 

staining in the caudate/putamen (CPu) with functional regions labelled on the right 

hemisphere. Acronyms: CPu, caudate/putamen, DLS, dorsolateral striatum, DMS, 

dorsomedial striatum, NAc, nucleus accumbens .................................................................. 18 

Figure 1.4. Zincergic afferent connections to striatum. Zincergic input to A) dorsolateral, B) 

dorsomedial, and C) ventrolateral striatum (adapted from Sorensen et al., 1995). .............. 20 

Figure 2.1. Process of finding and tracing cells in the striatum. A) Section at 2.5X 

magnification. B) Same section at 10X magnification. C) Labeled medium spiny neuron 

at 40X magnification. D) Same neuron as (C) traced onto white computer paper. .............. 31 

Figure 2.2. Mean dendritic length of medium spiny neurons in the dorsolateral striatum for 

ZnT3 wildtype (WT) and knockout (KO) mice raised in standard (n=6 per genotype) or 

enriched environments (WT: n=8; KO: n=7). Error bars represent ± SEM. ........................ 33 

Figure 2.3. Mean dendritic length of medium spiny neurons in the dorsomedial striatum for 

ZnT3 wildtype (WT) and knockout (KO) mice raised in standard (n=6 per genotype) or 

enriched environments (WT: n=8; KO: n=7). Error bars represent ± SEM. ........................ 34 

Figure 2.4. Mean dendritic length of medium spiny neurons in the ventral striatum for ZnT3 

wildtype (WT) and knockout (KO) mice raised in standard (n=6 per genotype) or 

enriched environments (WT: n=8; KO: n=7). Error bars represent ± SEM. ........................ 35 

Figure 2.5. Representative terminal dendrite of a medium spiny neuron under the 100X 

objective. ............................................................................................................................... 37 

Figure 2.6. Spine density (spines/μm) in the dorsolateral striatum of ZnT3 wildtype (WT) 

and knockout (KO) mice raised in standard (n=6 per genotype) or enriched 

environments (WT: n=8; KO: n=7). Error bars represent ± SEM. ....................................... 38 



 

vii 

Figure 2.7. Spine density (spines/μm) in the dorsomedial striatum of ZnT3 wildtype (WT) 

and knockout (KO) mice raised in standard (n=6 per genotype) or enriched 

environments (WT: n=8; KO: n=7). Error bars represent ± SEM. ....................................... 39 

Figure 2.8. Spine density (spines/μm) in the nucleus accumbens of ZnT3 wildtype (WT) and 

knockout (KO) mice raised in standard (n=6 per genotype) or enriched environments 

(WT: n=8; KO: n=7). Error bars represent ± SEM. .............................................................. 40 

Figure 3.1. Limb use in ZnT3 wildtype (WT; n=14) and knockout (KO; n=12) mice during 

rearing in a glass cylinder over the course of 5 minutes. Error bars represents ±SEM. ....... 56 

Figure 3.2. A) Representation of footprint analysis raw data showing how length (l) and 

width (w) were measured. B) Stride length and width for ZnT3 wildtype (WT; n=14) and 

knockout (KO; n=12) mice as measured using footprint analysis. Error bars represents 

±SEM. ................................................................................................................................... 58 

Figure 3.3. Time it took for ZnT3 wildtype (WT; n=18) and knockout (KO; n=16) mice to 

turn facing downward and descend to the bottom of a 50 cm tall gauze-covered pole. 

Total time includes turning time. Error bars represents ±SEM. ........................................... 60 

Figure 3.4. Horizontal ladder. A) Time taken for ZnT3 wildtype (WT; n=14) and knockout 

(KO; n=12) mice to cross a horizontal ladder with all rungs in and with 13 rungs 

removed. B) Number of foot slips that occurred when ZnT3 WT and KO mice crossed a 

horizontal ladder with all rungs present and with 13 rungs removed. Error bars 

represents ±SEM. .................................................................................................................. 62 

Figure 3.5. Weight in grams of ZnT3 wildtype (WT; n=14) and knockout (KO; n=12) mice 

prior to wire hang test. Error bars represents ±SEM............................................................. 64 

Figure 3.6. Inverted wire hang test. Average time to fall from wire grid for ZnT3 wildtype 

(WT; n=14) and knockout (KO; n=12) mice, A) unstandardized and B) standardized to 

weight. Error bars represents ±SEM. .................................................................................... 65 

Figure 3.7. Balance beams. Time taken for ZnT3 wildtype (WT; n=14) and knockout (KO; 

n=12) mice to cross A) large (1.2 cm diameter) and B) small (0.6 cm diameter) balance 

beams. Number of foot slips ZnT3 WT and KO mice had while crossing a C) large (1.2 

cm diameter) and small (0.6 cm diameter) balance beam. Error bars represents ±SEM. ..... 67 

Figure 3.8. Skilled reach. Weight A) in grams and B) as a percentage of initial weight of 

ZnT3 wildtype (WT; n=14) and knockout (KO; n=12) mice prior to and over the course 

of skilled reach training. Error bars represents ±SEM. ......................................................... 69 

Figure 3.9. ZnT3 wildtype (WT; n=14) and knockout (KO; n=12) mice were trained on the 

skilled reach task over 5 days (A-E). They were placed in groups depending on how 

well they performed. Non-learners were mice that would not eat the sugar pellets that 

were readily available to them; mediocre learners would eat sugar pellets within tongue 



 

viii 

distance but made no attempt to retrieve pellets at reaching distance; eager learners 

would eat sugar pellets within tongue distance and try either by tongue or by reaching to 

retrieve pellets at reaching distance but remained unsuccessful; and successful learners, 

for the purpose of this classification, were able to successfully retrieve at least one pellet 

during the course of the 10 minute training session. ............................................................ 72 

Figure 3.10. Skilled Reach. ZnT3 wildtype (WT; n=6) and knockout (KO; n=6) mice over 3 

days of skilled reaching. A) Latency to first reach attempt. B) Latency to successfully 

retrieve first pellet. C) Number of reach attempts made each day. D) Accuracy (number 

of pellets retrieved / number of reach attempts x 100). Error bars represents ±SEM. .......... 74 

Figure A.4.1. Mean labelled cFos nuclei/mm2 at 4 time points (ZT0, ZT6, ZT12, ZT18) for 

ZnT3 wildtype and knockout mice. Error bar represent ± SEM. ........................................ 122 

Figure A.4.2. cFos labelled nuclei at 4 time points (zeitgeber time (ZT) 0, ZT6, ZT12, ZT18) 

for ZnT3 wildtype (WT) and knockout (KO) animals. ....................................................... 124 

 

 

 

 

 

 

  



 

ix 

List of Symbols, Abbreviations, and Nomenclature  

5CSRTT: 5 choice serial reaction time task; 

6-OHDA: 6-hydroxydopamine; 

ADHD: attention deficit hyperactivity disorder; 

AMPA: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; 

ASD: autism spectrum disorder; 

BDNF: brain-derived neurotrophic factor; 

DA: dopamine; 

DLS: dorsolateral striatum; 

DMS: dorsomedial striatum; 

GABA: gamma-aminobutyric acid; 

GPR: g-protein coupled receptor; 

KO: knockout; 

LTD: long-term depression; 

LTP: long-term potentiation; 

MPP+: 1-methyl-4-phenylpyridinium; 

MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine;  

MSN: medium spiny neuron; 

NAc: nucleus accumbens; 

NMDA: N-methyl-D-aspartate; 

OCD: obsessive-compulsive disorder; 

SN: substantia nigra; 

TrkB: tropomyosin-related kinase B; 

WT: wildtype; 

ZnT3: zinc transporter 3; 

 

http://en.wikipedia.org/wiki/Methyl
http://en.wikipedia.org/wiki/Phenyl
http://en.wikipedia.org/wiki/Pyridine


 

1 

 General Introduction  

 

1.1 Introduction 

Zinc is found in all cells of the body and is essential for life (Chasapis et al., 2012). In the 

brain, a proportion of zinc is located in vesicles inside axonal boutons of neurons (called 

zincergic neurons) and can be released alongside glutamate (Frederickson et al., 2000; 

Frederickson et al., 2005). This synaptic zinc is found mostly in the forebrain, including the input 

center for the basal ganglia: the striatum (Brown and Dyck, 2004a). The basal ganglia are a 

group of nuclei located within the forebrain that are involved in fine motor control, motor 

learning and memory, and certain aspects of cognition (reviewed by Liljeholm and O'Doherty, 

2012). The purpose of this thesis is to expand current knowledge of both the anatomy and 

function of synaptic zinc in the striatum. This chapter will begin with an overview of research 

done on synaptic zinc, then discuss research on the striatum, and finish with an overview of what 

is currently known about synaptic zinc in the striatum. 

 

1.2 Zincergic signaling in the brain  

1.2.1 Zinc location in brain 

As mentioned above, synaptic zinc is found in almost all areas of the forebrain 

(Frederickson et al., 1992). Zinc is packaged into synaptic vesicles by zinc transporter 3 (ZnT3; 

Cole et al., 1999). The zinc is released from the vesicles into the synaptic cleft (synaptic zinc) 

and can act on post-synaptic neurons (reviewed by Nakashima & Dyck, 2009). There are two 

ways to examine synaptic zinc distribution: stain for zinc that is present in the synapse or do tract 

tracing studies that show zincergic cell bodies. Staining for synaptic zinc has historically been 
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done using an autometallographic technique (Danscher, 1982) or more recently by using 

fluorescent probes (Frederickson et al., 1992; Fahrni and O'Halloran, 1999; Hirano et al., 2002; 

Lim et al., 2005). The autometallographic technique involves injecting sodium selenite into the 

animal, usually intraperitoneallly, and waiting approximately an hour for the selenite to bind to 

the zinc present in the synapse and form a zinc-selenide crystal. The crystals can then be 

visualized by developing brain slices in a silver-lactate solution (Danscher, 1981). A study 

comparing the autometallographic technique with a fluorescent probe for zinc found that both 

methods stained approximately the same areas, with the exception being that areas stained lightly 

with the autometallographic technique did not show reliably with the fluorescent technique. 

Synaptic zinc was found in the hippocampus, amygdala, septal nuclei, bed nucleus of the stria 

terminalis, regions of the hypothalamus, neocortex (high amounts of staining in layers I-III and 

V, with lower amounts of staining in layer IV), perirhinal cortex, caudate-putamen, nucleus 

accumbens, fundus, and olfactory tubercle (Frederickson et al., 1992).    

To image zincergic cell bodies, sodium selenite is injected either intraperitoneally to 

image all cell bodies or intracranially to image cell bodies for a specific region. Slices are stained 

the same way as above (using the autometallographic technique) or using a silver enhancement 

kit. However, the staining will label both the zincergic cell bodies and the synaptic zinc. Pre-

treating brain slices with hydrogen peroxide (H2O2) 24 hours after sodium selenite treatment 

allows visualization of only the cell bodies without having the synaptic zinc stained as well 

(Brown and Dyck, 2003). Using this method, Brown and Dyck (2004) showed that zincergic 

neurons were found mainly in the cerebral cortex, hippocampus, and amygdala, but also in 

anterior olfactory nuclei, claustrum, tenia tecta, endopiriform region, lateral ventricle, lateral 

septum, zona incerta, superior colliculus, and periaqueductal grey. In the cerebral cortex, cell 
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bodies were located in layers II/III, V, and VI with no zincergic neurons in layer IV. However, 

no cell bodies were found in striatum (caudate-putamen, nucleus accumbens;  Slomianka et al., 

1990; Brown and Dyck, 2004a) indicating that the zinc found there must be coming in from 

neurons outside the striatum. 

 

1.2.2 Receptor modulation 

Zinc has been found to modulate several types of receptors including glutamatergic, 

GABAergic, dopaminergic, serotonergic, purinergic, glycinergic, and nicotinic receptors 

(reviewed by Nakashima and Dyck, 2009). Recently, two orphan G-protein coupled receptors 

have been found to be zinc-specific: GPR39 (Holst et al., 2007; Yasuda et al., 2007; Cohen et al., 

2012) and GPR83 (Muller et al., 2013). In addition, zinc has been implicated in the tropomyosin-

related kinase signaling pathway which is activated by brain derived neurotrophic factor (BDNF; 

Hwang et al., 2005). Zinc can also enter postsynaptic cells and affect second messenger systems 

including cAMP, CAMKII, and PKA (reviewed by Nakashima and Dyck, 2009). Figure 1.1 

provides an overview of zincergic signalling at a synapse. Zinc’s effects on the glutamatergic, 

dopaminergic and BDNF systems will be discussed in more detail below as they are most 

relevant to this thesis. 
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Figure 1.1. Zincergic signaling in the brain. Acronyms: AMPA, α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid, DAT, dopamine transporter, 

DR1, dopamine receptor 1, DR2, dopamine receptor 2, GPR39, g protein-

coupled receptor 39, NMDA, n-methyl-d-aspartate, TrkB, tropomyosin-

related kinase B, ZnT3, zinc transporter 3 
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1.2.2.1 Zinc and glutamate 

Glutamate acts on 3 receptors: N-methyl-D-aspartate (NMDA), α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA), and kainate. Zinc can modulate all 3 types; however, 

most studies focus on zinc’s effect on the NMDA receptor. NMDA receptors are usually 

composed of four subunits, two NR1 and two NR2 subunits. Eight variants of the NR1 subunit 

exist as well as four variants of the NR2 subunit (A-D; Paoletti and Neyton, 2007). Zinc inhibits 

NMDA receptors, but how much it does so depends on the composition of subunits (Williams, 

1996; Paoletti and Neyton, 2007); the NR2 subunit is where the main difference in amount of 

inhibition lies (Rachline et al., 2005). 

NMDA receptors play an important role in long-term potentiation (LTP) and long-term 

depression (LTD); mechanisms involved in synaptic plasticity. LTP and LTD can be modulated 

differently depending on the composition of NMDA subunits (Massey et al., 2004; Liu et al., 

2007). Since zinc also differentially modulates NMDA receptors based on subunit composition, 

this is a potential way for zinc to modulate synaptic plasticity. 

Zinc has many opposite functions that depend on which receptors/transporters, and the 

composition of their subunits, are present at the synapse, making it difficult to know the exact 

effect zinc will have on any given cell (for a comprehensive review see Nakashima and Dyck, 

2009). The role of zinc in synaptic plasticity has mainly been examined at the mossy fibre 

pathway of the hippocampus and the results are diverse and often contradictory. Zinc’s role in 

synaptic plasticity has also been examined in the amygdala and in the CA3-CA1 pathway in the 

hippocampus with more consistent results (reviewed by  Nakashima and Dyck, 2009). While 

other areas of the brain also exhibit synaptic plasticity (one of which will be discussed below in 

Section 1.3.4), the effect(s) of zinc has not been examined. 
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Research on the effect of zinc on the AMPA receptor has found a differential effect based 

on subunit composition (Blakemore and Trombley, 2004), similar to that found for the NMDA 

receptor. In some cases, zinc potentiates a response (Bresink et al., 1996; Lin et al., 2001). 

However, it can also cause no effect or inhibit AMPA receptors (Dreixler and Leonard, 1994; 

Bresink et al., 1996). Very little research has been done on the effect of zinc on the kainate 

receptor.  

 

1.2.2.2 Zinc and dopamine 

Dopamine is an important neuromodulator in the striatum (discussed below in Section 

1.3.4). Although not much research has been done examining zinc and the dopaminergic system, 

zinc binding sites have been found on dopamine receptors (Schetz and Sibley, 2001; Liu et al., 

2006), as well as on the dopamine uptake transporter (Norregaard et al., 1998). Zinc binding to 

these sites has been found to modulate binding of dopamine receptor antagonists in a manner that 

is dose-dependent, allosteric, and reversible (Schetz and Sibley, 1997; Schetz et al., 1999). Zinc 

potentiates dopamine release at what is arguably considered physiological concentration (3-

300μM); however, it inhibits release at higher (>1mM) concentrations (Koizumi et al., 1995). In 

addition, Bjorkland et al. (2007) found that zinc inhibits dopamine transport through the 

dopamine transporter. Also, when examining cocaine or cocaine analogues, drugs that affect the 

dopaminergic system, zinc was found to potentiate the drugs’ action (Richfield, 1993; Bjorklund 

et al., 2007). Therefore, it seems that zinc acts in such a way as to increase efflux and block 

uptake of dopamine, presumably leading to more dopamine in the synaptic cleft (Koizumi et al., 

1995; Norregaard et al., 1998). It follows then that if zinc were depleted in the brain, the 

dopaminergic system would likely be affected. However, most of these studies use in vitro 
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methods rather than in vivo, so the actual effect of zinc on the dopaminergic system may be 

different in live animals than what has been found.  

One set of studies has examined the role of zinc on the survival of dopaminergic neurons 

with contradictory results. Lo et al. (2004) found that zinc and dopamine applied together could 

induce cell death in PC12 cells from a rat. However, Eibl et al. (2010) and Gauthier et al. (2008) 

found that zinc enhanced survival of dopaminergic neurons, most likely through metallothionein 

binding, in oxidative environments where dopamine normally forms toxic products.  

The nigrostriatal dopaminergic system is important in the etiology of Parkinson’s disease. 

As such, several studies have examined the interaction between zinc and dopamine within the 

substantia nigra (SN) or through the use of drugs that mimic Parkinson’s disease in animals. One 

study found that infusing zinc into the SN led to degeneration of the nigrostriatal dopamine 

system (Lin, 2001). Another study found that zinc accumulation in the SN indicated 

degeneration of dopaminergic neurons (Lee et al., 2009). This leads to a chicken or egg 

conundrum. Does death of the dopaminergic neurons cause the increase in zinc or is the 

increased zinc leading to the death of dopaminergic neurons?  

Drugs such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), 1-methyl-4-

phenylpyridinium (MPP+), and 6-hydroxydopamine (6-OHDA) are considered dopaminergic 

neurotoxins because they cause depletion of dopamine in the brain. As such, they are frequently 

used in research on Parkinson’s disease. One study found that zinc caused no changes in 

dopamine levels when administered alone, but could potentiate dopamine depletion in MPTP 

treated animals (Hussain and Ali, 2002). Other studies looked at the effects of drugs on zinc 

levels in the brain. Sheline et al. (2013) found increases in zinc in the presence of MPP+, while 

Rojas et al. (2005) found that MPP+ caused decreases of zinc in the striatum. Administration of 

http://en.wikipedia.org/wiki/Methyl
http://en.wikipedia.org/wiki/Phenyl
http://en.wikipedia.org/wiki/Pyridine
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6-OHDA was found to increase zinc levels in the substantia nigra, globus pallidus, putamen, and 

amygdala (Tarohda et al., 2005). 

The results from all of these studies point to a complex relationship between zinc and 

dopamine, the understanding of which is further complicated by the fact that some studies were 

done in vitro while others were done in vivo. This complicated relationship between zinc and 

dopamine may also depend on the presence or absence of other molecules (such as 

metallothioneins).  

 

1.2.2.3 Zinc and BDNF 

Zinc has been found to modulate brain derived neurotrophic factor (BDNF; Hwang et al., 

2005; Travaglia et al., 2013). Specifically, zinc was found to increase phosphorylation of the 

BDNF receptor, tropomyosin-related kinase B (TrkB), which led to an increase in the BDNF 

precursor, pro-BDNF (Hwang et al., 2005). Later, it was found that zinc could activate the TrkB 

pathway in the absence of BDNF (Huang et al., 2008). The BDNF pathway has close ties to 

NMDA-related plasticity. 

Mice that are lacking the protein required to package zinc into vesicles (ZnT3) have been 

shown to have lower levels of pro-BDNF and the BDNF receptor, TrkB (Adlard et al., 2010). 

Since BDNF has been shown to influence dendritic growth and synaptic plasticity (McAllister et 

al., 1997), it is possible that changes in the amount of synaptic zinc in the brain may affect 

neuronal morphology, as well as synaptic plasticity. A recent study in our lab, also using ZnT3 

knockout mice (discussed further in Section 1.2.3.2), found that zinc is necessary for the 

increases in BDNF seen in animals raised in enriched environments (Chrusch, 2015). 
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1.2.3 Function 

As discussed above (section 1.2.2.1), synaptic zinc has been shown to be a modulator of 

synaptic plasticity in various regions of the brain. However, ex vivo synaptic plasticity studies are 

not the only or best way to examine zincergic functions. Behavioural studies provide a clearer 

understanding of function in the living animal. These studies can be done by altering experiences 

of wildtype animals or by studying knockout/transgenic animals.  

 

1.2.3.1 Zinc and experience-dependent plasticity 

There are different ways of changing how an animal experiences the world; most 

commonly used are deprivation studies and enrichment studies. Both ways have been used to 

look at zinc in the brain, specifically in the somatosensory (barrel) cortex and in the 

hippocampus. 

One model commonly used to study experience-dependent plasticity is the 

vibrissae/barrel cortex system. Rodents have a specific number of vibrissae (whiskers), each of 

which maps to a specific region (barrel) in the somatosensory cortex. Plucking or trimming 

vibrissae results in changes in the barrel cortex. Previous studies in our lab have shown changes 

in zinc staining in the barrel cortex following vibrissae plucking (Nakashima and Dyck, 2010). 

This suggests that zinc is involved in the plastic changes taking place in the barrel cortex in 

response to the loss of sensory input from the vibrissae.  

Many benefits, both anatomical and behavioural, have been found from environmental 

enrichment. These benefits include increases in capillaries (Sirevaag et al., 1988) and 

hippocampal neurons (Kempermann et al., 1997), improvements in LTP (Foster and Dumas, 

2001; Abraham et al., 2002; Artola et al., 2006; Irvine et al., 2006), and increased abilities in 
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spatial behavioral tasks (Venable et al., 1988; Leggio et al., 2005). For rodents, an enriched 

environment consists of a larger cage with more animals and more toys including tunnels and 

running wheels. This is compared to standard housing which consists of a shoebox cage. Using 

enriched environments, Nakashima and Dyck (2008) examined changes in synaptic zinc levels in 

the mouse barrel cortex of deprived and non-deprived vibrissae. They found greater changes in 

synaptic zinc levels in mice that were housed in the enriched environment, indicating that 

enrichment is able to affect zincergic function. 

 

1.2.3.2 ZnT3 knockout mice 

To examine the role of synaptic zinc in the brain, a knockout mouse was created that 

lacked the zinc transporter (ZnT3) required to package zinc into vesicles to be released. 

Therefore, these mice lacked synaptic zinc. When the ZnT3 knockout (KO) mice were first 

tested for a behavioural phenotype, none was found apart from their being slightly more 

susceptible to kainic acid-induced seizures (Cole et al., 2001). However, more recent studies 

from our lab and others are beginning to find deficits in certain behavioural tasks. In 2010, 

Adlard and colleagues found that older (6 months) ZnT3 KO mice performed worse on the 

Morris water task than younger (3 months) ZnT3 KO (Adlard et al., 2010). Other tasks that the 

ZnT3 KO have been found deficient on include conditioned (but not innate) fear memory (Martel 

et al., 2010; Sindreu et al., 2011), t-alternation maze (Sindreu et al., 2011), and the Morris water 

task with alternate platform locations (Martel et al., 2011). 

A recent study in our lab (mentioned briefly in section 1.2.2.3) examined the effects of 

environmental enrichment on hippocampal neurogenesis in ZnT3 KO mice. They found that 

enrichment significantly increased neurogenesis and cell survival, and reduced cell death in 
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ZnT3 wildtype (WT) but not ZnT3 KO mice. Environmental enrichment also improved 

performance on two hippocampal dependent tasks (spatial object recognition and Morris water 

task) in ZnT3 WT but not ZnT3 KO mice. Another finding from this study (mentioned above) 

was that the increase in BDNF seen in enriched animals is dependent on the presence of zinc 

(Chrusch, 2015).   

 

1.2.4 Zinc deficiency in humans 

As mentioned earlier, zinc is essential for life. Alterations in the amount of zinc in the 

body can affect many systems and has been linked to many diseases/disorders. While some of 

these are whole-body issues, such as cancer, diabetes, and cardiovascular disease, many are 

neurological issues, such as depression, Alzheimer’s disease, amyotrophic lateral sclerosis, 

epilepsy, and ischemia (reviewed by Frederickson et al., 2005; Bitanihirwe and Cunningham, 

2009; Chasapis et al., 2012). Zinc deficiency has also recently been linked to autism spectrum 

disorder (Grabrucker et al., 2014) and obsessive-compulsive disorder (Sayyah et al., 2012; 

Shohag et al., 2012). While the focus of this thesis does not involve studying any one of these 

specifically, it is important to recognize possible implications that dysfunction of the zincergic 

system in the brain may have on health.  

 

1.3 Striatum  

1.3.1 Anatomical and functional divisions 

The striatum consists of the caudate nucleus, the putamen, the nucleus accumbens, and 

the olfactory tubercle (McGeorge and Faull, 1989). However, it can be viewed in many different 

ways. The striatum can be divided into 2 compartments, striosomes and matrix, using various 
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histochemical markers, such as acetylcholinesterase, enkephalin, and tyrosine hydroxylase 

(Graybiel and Ragsdale, 1978; Graybiel, 1984; Graybiel and Chesselet, 1984; Graybiel et al., 

1986). The striatum can also be divided into 2 afferent pathways, direct and indirect, that have 

opposite effects with the direct pathway distinguished by the presence of dopamine D1 receptors 

and acetylcholine M4 receptors, while the indirect pathway is distinguished by dopamine D2 

receptors and adenosine A2A receptors.  In motor function, the direct pathway serves to facilitate 

movement while the indirect pathway serves to prevent movement (Freeze et al., 2013). Another 

division of the striatum is into 2 streams: dorsal and ventral. The dorsal stream is involved in 

learning what to do, while the ventral stream has more to do with when and where an action is 

performed (Hart et al., 2013). It can also be divided into 3 functionally-distinct regions: 

dorsolateral, dorsomedial, and ventral. For most of the remainder of this thesis, I will be referring 

to the 3 functionally-distinct regions.  

The dorsolateral region (DLS) mainly consists of the putamen; the dorsomedial region 

(DMS) is mainly the caudate nucleus; and the ventral striatum is usually considered to be the 

nucleus accumbens (NAc) and olfactory tubercle. Each region has particular functions attributed 

to it and receives slightly different input (McGeorge and Faull, 1989; Alexander et al., 1990).  

 

1.3.2 Connectivity  

As the input center for the basal ganglia, the striatum receives excitatory afferent 

connections from many areas of the cortex, as well as from the thalamus, hippocampus, and 

amygdala. It also receives dopaminergic input from the substantia nigra and ventral tegmental 

area (VTA). The DLS receives input from sensory and motor cortices; the DMS receives input 

from prefrontal and parietal cortices; and the NAc receives input from medial orbitofrontal and 
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anterior cingulate cortices (Alexander et al., 1990). Efferent connections are to other members of 

the basal ganglia, namely, the globus pallidus (internus and externus), substantia nigra (pars 

reticulate), and the subthalamic nucleus (Mengual et al., 1995; Sorensen et al., 1995). These 

output centers of the basal ganglia project to various regions of the thalamus which project back 

to cortex (Figure 1.2). 
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Figure 1.2. Striatal Connectivity. A schematic of the functional loops of the striatum. 

Acronyms: DL, dorsolateral, DLS, dorsolateral striatum, DM, dorsomedial, DMS, 

dorsomedial striatum, NAc, nucleus accumbens, VA, ventral anterior, VL, ventrolateral, 

VM, ventromedial 
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1.3.3 Function 

As part of the extrapyramidal motor system, the basal ganglia in general are involved in 

refinement of movements (Alexander, 1994; Nelson and Kreitzer, 2014). However, they have 

also been found to have cognitive functions (reviewed by Packard and Knowlton, 2002). The 

different functions seem to be segregated and correspond to the 3 different regions of striatum 

discussed above: DLS, DMS, and NAc. The DLS region is thought to be part of the motor circuit 

and involved with fine motor control as well as motor learning (Alexander et al., 1990). It is also 

involved in the learning of habits (reviewed by Liljeholm and O'Doherty, 2012). The DMS 

region is thought to be involved in goal-directed learning (Yin et al., 2005). The NAc is involved 

in the reward pathway and in motivation (Ikemoto and Panksepp, 1999; Carelli, 2002). More 

recently, it has been proposed that the NAc also plays a role in aversive situations in addition to 

its role in rewarding situations (Carlezon Jr and Thomas, 2009). 

 

1.3.4 Dopamine and Striatal Plasticity 

The majority of the cells within the striatum are GABAergic projection neurons called 

medium spiny neurons (MSN). They make up ~95% of all the neurons located in the striatum. 

The other ~5% are GABAergic or cholinergic interneurons (Matamales et al., 2009). Since the 

striatum is involved in motor, habit, and goal-directed learning (as mentioned above), plastic 

changes must be taking place either within the neurons of the striatum itself or in its afferent or 

efferent connections. Because zinc has been found to act as modulator of plasticity in both the 

barrel cortex and the hippocampus, it seems likely that it will play a similar role in the striatum.    
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Dopamine is a very important neuromodulator/neurotransmitter in the striatum. It is 

involved in the modulation of striatal plasticity. Mechanisms of plasticity, including LTP and 

LTD, have been shown to occur at corticostriatal synapses of both the direct and indirect 

pathway neurons (reviewed by Kreitzer and Malenka, 2008). Dopamine, particularly the D1-

receptor, has been shown to modulate these processes in different ways depending on the stage 

of learning; it is more critical in early stages than in later stages (reviewed by Costa, 2007). Also, 

relative levels of dopamine versus adenosine and acetylcholine determine whether LTD occurs in 

the direct or indirect pathway (reviewed by Lerner and Kreitzer, 2011).  

 

1.3.5 Striatum and enriched environments 

As mentioned earlier in reference to zinc (Section 1.2.3.1), environmental enrichment has 

been shown to have many benefits. Few studies have been done examining the effects of 

enrichment on the striatum. One study looked at repetitive behaviour in deer mice and found that 

it is attenuated by being raised in an enriched environment and is associated with changes in the 

cortico-basal ganglia circuits; similar changes were not seen in the hippocampus (Lewis, 2004). 

Other studies have used the Golgi-cox stain to examine morphological changes in the striatum 

after enrichment and found an increase in spine density of MSNs in the striatum (Comery et al., 

1995; Comery et al., 1996; Kolb et al., 2003). Another study, also using Golgi-cox stain, 

examined dendrite length after enrichment, as well as after exposure to a running wheel alone. 

While differences in dendritic length were found in the hippocampus, no differences were found 

in layer V cortex pyramidal neurons or in striatal medium spiny neurons (Faherty et al., 2003). 

Therefore, environmental enrichment seems to have different effects depending on the brain 

region and variable measured. 
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1.3.6 Disorders of the striatum 

Dysfunction of the striatum can lead to many problems. Most people generally think of 

the hyper- and hypokinetic disorders, such as Huntington’s disease and Parkinson’s disease 

(reviewed by Afifi, 1994). However, many other disorders have now been linked to striatal 

dysfunction. These include other motor disorders (such as dystonia;  Pappas et al., 2014), drug 

addiction (Yager et al., 2015), Tourette’s syndrome (Pappas et al., 2014), attention deficit 

hyperactivity disorder (ADHD; Dalley et al., 2008), obsessive-compulsive disorder (OCD; 

Pappas et al., 2014), and autism spectrum disorder (ASD; Maloney et al., 2013). Again, while 

this thesis does not directly deal with any of these disorders, it is important to keep possible 

implications of this research in mind. 

 

1.4 Zinc in the striatum  

1.4.1 Anatomy 

Other than the studies on the relationship of zinc and dopamine discussed above (section 

1.2.2.2), only 2 studies have looked specifically at zinc in the striatum. Early zinc staining 

studies in rats showed that there were zinc-containing terminals in the caudate-putamen complex 

and visual inspection of images from those early papers reveals a heterogeneous staining pattern 

as shown in Figure 1.3 (Danscher et al., 1973; Danscher, 1981; Perez-Clausell and Danscher, 

1985). But, as mentioned, while many researchers have proceeded to study regions of intense 

zinc staining, such as the hippocampus and somatosensory cortex, very few studies have 

examined the caudate-putamen.  
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Figure 1.3. Autometallographic zinc staining of a coronal section of mouse 

brain showing staining in the caudate/putamen (CPu) with functional 

regions labelled on the right hemisphere. Acronyms: CPu, 

caudate/putamen, DLS, dorsolateral striatum, DMS, dorsomedial 

striatum, NAc, nucleus accumbens 
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Zinc staining of the adult striatum shows a heterogeneous distribution. The patchy 

distribution that is found somewhat coincides with the patch-matrix distribution found when 

staining for other histochemical markers of the striatum, such as acetlycholinesterase or 

Calbindin-D28K (Mengual et al., 1995). However, there was no consistent pattern in overlap 

between the zinc stained patch-matrix and the acetylcholinesterase or Calbindin-D28K patch-

matrices. It was also found that the rim of the caudate-putamen was darkly stained while the 

inner region was less intensely stained, but showed areas of high and low intensity staining. The 

intensity of the staining varied along the rostral-caudal axis (Mengual et al., 1995). Retrograde 

tracing studies of zincergic innervation of the striatum in rats revealed that the cell bodies of the 

neurons are located in motor cortex, somatosensory cortex, cingulate gyrus, and amygdala, 

depending on the site of injection (dorsomedial, dorsolateral, or ventrolateral striatum). In the 

neocortex, zincergic cells were mainly found at the border between deep layer V and superficial 

layer VI; however, some zincergic cells were also found in layer II/III and deep layer VI. 

Zincergic cells were found in layers II and III in the cingulate cortex with few in layer VI (Figure 

1.4). The basolateral and basomedial nuclei of the amygdala also contained several zincergic 

cells that projected to the striatum (Sorensen et al., 1995). 
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Figure 1.4. Zincergic afferent connections to striatum. Zincergic input to A) dorsolateral, 

B) dorsomedial, and C) ventrolateral striatum (adapted from Sorensen et al., 1995).  
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As mentioned earlier, in 2003, Brown and Dyck discovered that by incubating brain 

tissue in H2O2 prior to zinc staining, the synaptic zinc was eliminated leaving only the zinc in 

cell bodies stained (Brown and Dyck, 2003). Using this method to stain the whole brain, they 

found that there was no staining in the striatum, indicating that while zinc was released into the 

synapses of the striatum, the cell bodies that packaged the zinc were located outside of the 

striatum. Therefore, the zinc containing axons must be coming from somewhere else in the brain, 

likely from the connections listed above.  

 

1.4.2 Behaviour  

No studies to date have been done with the specific intention of examining behavioural 

outcomes of depleting synaptic zinc in the striatum. However, some behavioural tests used to 

examine other behaviours have also been shown to be affected during striatal dysfunction. 

Section 1.2.3.2 highlighted behavioural studies done using ZnT3 KO mice. Deficits were found 

on conditioned (but not innate) fear memory (Martel et al., 2010; Sindreu et al., 2011), the t-

alternation maze (Sindreu et al., 2011), and the Morris water task with alternate platform 

locations (Martel et al., 2011). Most of the deficits in these tasks were attributed to the loss of 

synaptic zinc in either the hippocampus or the amygdala. However, many of the deficits seen in 

the behaviour of the ZnT3 KO mice could also potentially be attributed to striatal dysfunction. 

Many of the tasks involve forming an association. The first time the mouse learned the task, they 

had no problems; the difficulty arose when the association was changed. Studies looking at 

striatal damage have had similar results. Rats with lesions to the striatum (but not to the 

hippocampus) had weak deficits in tone-shock pairing (Ferreira et al., 2003). A later study 

showed that it is the connection between the striatum and amygdala that is important in tone fear 
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conditioning. Rats with lesions to the striatum in one hemisphere and to the amygdala in the 

other had significant deficits in learning the tone-shock association (Ferreira et al., 2008). More 

recently, it has been shown that NMDA receptors and protein synthesis in the striatum are 

necessary for consolidation of a weak (using a lower intensity foot shock) fear memory 

(Kishioka et al., 2013). Another study used the Morris water task to test rats with a dorsal striatal 

lesion; rats successfully found the platform when visible and hidden but failed to find it when the 

location was changed (McDonald and White, 1994; Furtado and Mazurek, 1996). This is not to 

suggest that the loss of zinc in the hippocampus and amygdala has no or little effect on the ZnT3 

KO mice, but only to suggest that the picture presented in previous studies of these mice may not 

be as simple as the authors have painted it to be. To date, no published studies of ZnT3 KO mice 

have examined skilled motor behaviour, which is striatal-dependent.  

 

1.5 Overview and Objectives 

Synaptic zinc is found in many areas of the brain, including the striatum. The striatum is 

involved in motor learning, fine motor skills, and cognition. Zinc has been found to affect 

synaptic plasticity in other parts of the brain and is able to modulate dopamine – a key player in 

striatal plasticity-, suggesting a possible role for synaptic zinc in striatal plasticity. Therefore, my 

hypothesis is that synaptic zinc plays a role in modulating plasticity in the striatum. Removal of 

synaptic zinc, using the ZnT3 knockout mouse, will affect plasticity within the striatum and 

cause anatomical and behavioural differences. The purpose of this thesis is to expand on current 

knowledge of synaptic zinc in the striatum, both anatomically and functionally. Chapter 2 

addresses the anatomical aspect with an experiment using ZnT3 WT and KO mice raised in 

standard or enriched conditions and examines changes in dendritic morphology after Golgi-cox 
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staining. Chapter 3 addresses the behavioural aspect by testing ZnT3 WT and KO mice on 

various motor behavioral tasks, both striatal-dependent and -independent. The final chapter, 

Chapter 4, contains a general discussion of what was found in both of the studies, as well as 

future directions for this area of research. A third study is included in the appendix which 

examined circadian expression of cFos in the striata of ZnT3 WT and KO mice and found that 

there are no differences between genotypes. 
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 Neuronal Morphology  

2.1 Acknowledgements 

This project was done in collaboration with Brendan McAllister. We contributed equally 

during the course of the experiment. In terms of quantification, his focus was on tracing cells in 

the cortex, while my focus was on cells in the striatum. 

 

2.2 Introduction 

The bivalent metal zinc is an essential component of all cells (Chasapis et al., 2012). A 

proportion of the zinc found in the brain is loaded into synaptic vesicles by zinc transporter 3 

(ZnT3; Cole et al., 1999). These vesicles can be released from presynaptic cells into the synaptic 

cleft (Frederickson et al., 2000; Frederickson et al., 2005). This synaptic zinc can modulate many 

receptors on the postsynaptic membrane or can enter the postsynaptic cell and affect second 

messenger systems inside the cell (reviewed by Nakashima and Dyck, 2009). Acting in this way, 

synaptic zinc has been found to modulate plasticity in the hippocampus and amygdala (reviewed 

by Nakashima and Dyck, 2009). Plasticity refers to changes taking place within the brain and can 

occur at molecular, cellular, circuit, or whole-brain levels.   

Staining the brain for synaptic zinc reveals that it is located in high concentration in 

neocortex, hippocampus, amygdala, and striatum, as well as in other regions (Brown and Dyck, 

2004a). Location of zincergic cell bodies using retrograde tracing shows that, while there is a 

high concentration of synaptic zinc within the striatum, there are no zincergic cell bodies there 

(Brown and Dyck, 2003, 2004b). This indicates that the synaptic zinc located there must be 

coming from other regions of the brain. This fact makes it an interesting area to examine; 

however, research on the role of synaptic zinc in the striatum is sorely lacking.  
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The striatum, which includes caudate-putamen and nucleus accumbens, is part of the 

basal ganglia, a group of nuclei involved in the modulation of fine motor skills, goal-directed 

learning, habit formation, motivation, and reward (reviewed by Liljeholm and O'Doherty, 2012). 

The nucleus accumbens region is also involved in aspects of novelty (reviewed by Ikemoto and 

Panksepp, 1999). Functionally, the striatum can be divided into 3 regions, dorsolateral, 

dorsomedial and ventral/nucleus accumbens. Each region receives input from different areas of 

neocortex and is therefore involved in different aspects of behaviour (Alexander et al., 1986; 

McGeorge and Faull, 1989). The afferent input converges on the medium spiny neurons (MSNs), 

which are the main projection neurons of the striatum and make up approximately 95% of all 

neurons there (Matamales et al., 2009). Most input to the striatum is glutamatergic. However, the 

striatum also receives dopaminergic input from the substantia nigra and ventral tegmental area 

(reviewed by Silberberg and Bolam, 2015). Dopamine is a very important neurotransmitter in the 

striatum (reviewed by Costa, 2007; Do et al., 2012; Haber, 2014) and plays a role in striatal 

plasticity (reviewed by Kreitzer and Malenka, 2008; Lerner and Kreitzer, 2011). Alterations in 

striatal dopamine levels lead to diseases/disorders that can have both motor and cognitive 

dysfunction. Parkinson’s disease (Afifi, 1994) and Huntington’s disease are most often discussed 

as outcomes of striatal dysfunction (reviewed by Dayalu and Albin, 2015); however, other 

disorders such as obsessive-compulsive disorder (OCD; Pappas et al., 2014), autism spectrum 

disorders (ASD; Maloney et al., 2013), addiction (Yager et al., 2015), and attention deficit 

hyperactivity disorder (ADHD; Dalley et al., 2008) have also been linked to striatal dysfunction.   

As mentioned above, synaptic zinc has been found to affect many different receptors as 

well as many second messenger systems (reviewed by Nakashima and Dyck, 2009). Of 

particular relevance to the striatum, zinc binding sites have been found on dopamine receptors 
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(Schetz and Sibley, 1997; Liu et al., 2006) and the dopamine transporter (Norregaard et al., 

1998), indicating that zinc may have a modulatory role on the dopaminergic system. Because 

research in this area is varied and often contradictory, the specific effect that zinc is having on 

the dopaminergic system in vivo is unknown. Another important system within the striatum is the 

glutamatergic system, as input from cortex uses glutamate as its main neurotransmitter 

(Silberberg and Bolam, 2015). Synaptic zinc has strong ties to the glutamatergic system and can 

modulate all 3 glutamate receptors (reviewed by Nakashima and Dyck, 2009). These two 

neurotransmitter systems – dopaminergic and glutamatergic – interact within the striatum to 

influence output (reviewed by Gardoni and Bellone, 2015). Since synaptic zinc is capable of 

modulating both groups of receptors, it is likely that it is doing so in the striatum and that 

alterations of synaptic zinc levels may affect functioning of both systems.     

One system frequently used to examine zincergic plasticity is the vibrissae-barrel cortex 

system. Each vibrissae (whisker) projects to a specific barrel in the part of the somatosensory 

cortex that receives input from the vibrissae (named for the barrel-shaped sections of cortex). 

Staining for synaptic zinc reveals higher amounts of zinc in the areas between the barrels (Brown 

and Dyck, 2002). Removing or stimulating vibrissae can thus lead to changes in zinc levels in the 

barrel cortex (Brown and Dyck, 2002, 2005). Mice raised in enriched environments were found 

to have greater increases in the amount of synaptic zinc present in the barrel cortex after 

vibrissae plucking (Nakashima and Dyck, 2008), indicating that environment type can modulate 

zincergic function. 

In addition to the effects on zinc in the barrel cortex, environmental enrichment has been 

found to have other beneficial effects, both behaviourally and anatomically. For mice, an 

enriched environment consists of a large, 2-leveled chamber with toys, running wheels, and more 



 

27 

mice. There is also a novel aspect to enriched environments as the toys, as well as the location of 

food and water, are changed every week. Rodents raised in enriched environments have been 

found to have improved abilities on spatial tasks (Venable et al., 1988; Leggio et al., 2005). They 

have also been found to have anatomical changes including increases in hippocampal neurons 

(Kempermann et al., 1997), in angiogenesis (Sirevaag et al., 1988), and in dendritic length and 

spine density (Leggio et al., 2005). In the striatum specifically, enrichment has controversial 

effects on dendritic length of MSNs, but increases spine density on terminal dendrites of MSNs. 

Kolb et al. (2003) found that raising rats in enriched environments for 3-3.5 months increased 

dendritic length in the nucleus accumbens. However, Faherty et al. (2003) found that mice raised 

in enriched environments or with just a running wheel for 4-5 months had no difference in 

dendritic length in the ventrolateral striatum (which may or may not include the nucleus 

accumbens). Studies on spine density of MSNs found increases in the dorsolateral striatum 

(Comery et al., 1995; Comery et al., 1996) and in the nucleus accumbens (Kolb et al., 2003) 

following enrichment.   

To examine the effects that environmental enrichment has on striatum, as well as how 

this interaction is affected by synaptic zinc, we utilised ZnT3 knockout (KO) mice. These mice 

lack synaptic zinc (Cole et al., 1999) and are therefore a good tool to determine how synaptic 

zinc, or lack of synaptic zinc, affects the brain. A recent study in our lab using adult ZnT3 mice 

found that they lacked plasticity in the hippocampus (Chrusch, 2015). The mice were raised in 

either standard or enriched environments for 3-6 weeks. Then measures of neurogenesis, 

including cell survival, proliferation, and death, were determined. There were no differences 

between genotypes raised in standard environments. Enriched ZnT3 wildtype (WT) mice had 

increases in cell survival and proliferation, and decreases in cell death. Enriched ZnT3 KO mice, 
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on the other hand, were no different than the standard housed mice (Chrusch, 2015). This 

suggests that, at least in terms of hippocampal neurogenesis, the ZnT3 KO mice do not benefit 

from enrichment and therefore seem to lack plasticity.  

We hypothesized that synaptic zinc in the striatum modulates plasticity and that removal 

of synaptic zinc via the ZnT3 knockout mouse would result in a lack of plasticity. The current 

study used ZnT3 WT and KO mice raised in standard or enriched environments to determine 

whether ZnT3 KO mice show benefits from enrichment as measured by changes in dendritic 

length or spine density. We predicted that enriched ZnT3 WT mice would have increases in 

dendritic length and in spine density in the striatum compared to standard housed animals and 

that enriched ZnT3 KO mice would be no different than standard housed animals.     

 

2.3 Methods 

2.3.1 Animals 

C57BL/129sv mice heterogeneous for the ZnT3 allele were bred to produce wildtype, 

heterozygous, and knockout offspring. Three month old female ZnT3 WT and KO mice were 

used for this experiment. Mice were raised in either standard shoebox cages their entire life 

(ZnT3 WT: n = 6 and ZnT3 KO: n = 6) or raised in an enriched environment from one month of 

age onward (ZnT3 WT: n = 8 and ZnT3 KO: n = 7). All mice were in a 12 h light/dark cycle and 

had access to food and water ad libitum. All procedures were approved by the Animal Care 

Committee of the University of Calgary and conformed to the guidelines set out by the Canadian 

Council for Animal Care. 
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2.3.2 Procedure  

The enrichment cages are large Plexiglas boxes with two levels that are filled with toys 

including running wheels and tunnels. Each cage of enriched animals held 8-10 mice. At 3 

months of age, mice were perfused using 100 ml of saline, brains were removed and weighed, 

then placed in Golgi-cox solution. The brains remained in the solution for 10 days before being 

moved to sucrose for a minimum of 3 days. Brains were sectioned on a vibratome at 250 μm 3-7 

days after being placed in sucrose. Slices were mounted on 1.5% gelatin-coated slides. Once 

mounted, slides were left in a humidity chamber for no more than 5 but no less than 2 days. The 

staining protocol involved rinsing the slides in distilled water (dH2O) for 1 minute before 

placing in ammonium hydroxide for 30 minutes in the dark. Slides were then rinsed in dH2O for 

1 min before being placed in Kodak fixative for film for 30 minutes in the dark. After rinsing 

again in dH2O, slides were dehydrated in an ascending series of ethanol (50%, 70%, 95%) for 1 

minute each, then were placed in 100% ethanol (3 x 5 minutes). Slides were then placed in a 

solution consisting of equal parts Xylene, Chloroform, and 100% ethanol. Last, slides were 

cleared in Xylene (2 x 15 minutes). Slides were then coverslipped with permount and allowed to 

dry.   

 

2.3.3 Dendritic length 

Once the slides were dry, a Zeiss microscope was used to find cells in specific regions of 

the striatum that were good candidates for tracing. A good candidate for tracing was determined 

by whether the whole cell was visible within the section and whether there was sufficient 

distance between it and other cells in the area so as to be able to determine which dendrites 

belonged to which cell. Figure 2.1 shows a representation of how a cell from the striatum is 
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chosen. Cells (n = 4 per hemisphere) were chosen from the dorsolateral (DLS) and dorsomedial 

(DMS) striatum, as well as from the nucleus accumbens (NAc). Medium spiny neurons (MSNs) 

were analyzed because they make up ~95% of the cells in the striatum and are the main 

projection neurons (Matamales et al., 2009). Once a cell was chosen, it was then traced onto 

white computer paper by camera lucida using the 40X objective lens. Sholl analysis was 

performed to determine the amount of dendritic branching. This analysis consists of placing a 

series of concentric circles equidistance apart around the soma of the cell and counting how 

many dendrites cross each circle. Summing the number of crosses from each circle gives an idea 

of how much branching has occurred and can be converted into micrometers of branching. 

Lengths for each region in each hemisphere were averaged. A 2x2 (genotype x environment) 

factorial analysis of variance (ANOVA) was used for each region of the striatum. 

 

2.3.4 Spine Density 

Spine density was determined in a similar way as dendritic length. A MSN was located in 

the desired region of striatum. Two randomly chosen terminal dendrites from each cell (n = 

4/hemisphere/region) were traced at 1000X magnification. Number of spines located on a given 

length of dendrite was determined. Dendritic spines can have different morphologies but 

generally consist of a spine shaft and a head (Hering and Sheng, 2001). For the purpose of this 

study, a spine was counted if a shaft and head were visible regardless of the shape of the head. 

Length of section was determined using the measurement tool in ImageJ software (ImageJ 1.48; 

National Institutes of Health, Bethesda, MD, USA). Spine densities were averaged for each 

region for each hemisphere. A 2x2 (genotype x environment) factorial analysis of variance 

(ANOVA) was used for each region of the striatum. 
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Figure 2.1. Process of finding and tracing cells in the striatum. A) Section at 2.5X 

magnification. B) Same section at 10X magnification. C) Labeled medium spiny neuron at 

40X magnification. D) Same neuron as (C) traced onto white computer paper. 
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2.4 Results 

Female ZnT3 wildtype (WT) and knockout (KO) mice were raised either in standard 

housing or in an enriched environment until 3 months of age. Golgi-cox stain was used to 

examine neuronal morphology, specifically dendritic length and spine density, in 3 regions of the 

striatum: dorsolateral (DLS), dorsomedial (DMS), and nucleus accumbens (NAc). 

 

2.4.1 Dendritic Length 

Sholl analysis was used to determine dendrite length (n = 4 cells/area/hemisphere). No 

differences were found in the DLS between housing conditions, F(1,50)=.03, p=.854, or between 

genotypes, F(1,50)=.39, p=.533 (Figure 2.2). There was also no significant interaction between 

housing condition and genotype, F(1,50)=.17, p=.684. No differences were found in the DMS 

between housing conditions, F(1,50)=1.00, p=.323, or between genotypes, F(1,50)=.29, p=.594 

(Figure 2.3). There was also no significant interaction between housing condition and genotype, 

F(1,50)=.70, p=.407. No differences were found in the NAc between housing conditions, 

F(1,50)=.45, p=.506, or between genotypes, F(1,50)=.50, p=.483. There was also no significant 

interaction between housing condition and genotype, F(1,50)=.46, p=.501 (Figure 2.4). 
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Figure 2.2. Mean dendritic length of medium spiny neurons in the dorsolateral striatum for 

ZnT3 wildtype (WT) and knockout (KO) mice raised in standard (n=6 per genotype) or 

enriched environments (WT: n=8; KO: n=7). Error bars represent ± SEM. 
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Figure 2.3. Mean dendritic length of medium spiny neurons in the dorsomedial striatum 

for ZnT3 wildtype (WT) and knockout (KO) mice raised in standard (n=6 per genotype) or 

enriched environments (WT: n=8; KO: n=7). Error bars represent ± SEM. 
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Figure 2.4. Mean dendritic length of medium spiny neurons in the ventral striatum for 

ZnT3 wildtype (WT) and knockout (KO) mice raised in standard (n=6 per genotype) or 

enriched environments (WT: n=8; KO: n=7). Error bars represent ± SEM. 

  



 

36 

2.4.2 Spine Density 

Spine density was determined by tracing sections of the terminal ends of dendrites 

(n=4/area/hemisphere). Figure 2.5 shows a representative medium spiny neuron under the 100X 

objective with a terminal dendrite visible. In the DLS, a 2x2 (genotype x environment) factorial 

ANOVA found a main effect of environment, F(1,49)=9.11, p=.004, with all animal showing 

increased spine density when raised in an enriched environment (Figure 2.6). There was no 

significant interaction, F(1,49)=.43, p=.515, and no main effect of genotype, F(1,49)=1.53, 

p=.222. In the DMS, a 2x2 (genotype x environment) factorial ANOVA found a main effect of 

environment, F(1,50)=9.92, p=.003 (Figure 2.7). There was no significant interaction, 

F(1,50)=1.08, p=.304, and no main effect of genotype, F(1,50)=2.04, p=.160. In the NAc, a 2x2 

(genotype x environment) factorial ANOVA found a significant interaction between genotype 

and environment, F(1,50)=5.29, p=.026 (Figure 2.8). Follow up tests were performed using the 

Least Significant Difference test. In the standard environment, there was no difference between 

genotypes, t(11)=1.32, p=.195. In the enriched environment, there was also no significant 

difference, t(14)=1.98, p=.053. However, visual examination of the data finds a cross-over 

interaction which suggests that the ZnT3 KO mice show greater changes in spine density 

between standard and enriched environments than do ZnT3 WT mice. A main effect of 

environment was also found, F(1,50)=37.12, p<.001. There was no main effect of genotype, 

F(1,50)=.12, p=.734.  
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Figure 2.5. Representative terminal dendrite of a medium spiny neuron under the 100X 

objective. 
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Figure 2.6. Spine density (spines/μm) in the dorsolateral striatum of ZnT3 wildtype (WT) 

and knockout (KO) mice raised in standard (n=6 per genotype) or enriched environments 

(WT: n=8; KO: n=7). Error bars represent ± SEM. 

 

* 



 

39 

 

 

Figure 2.7. Spine density (spines/μm) in the dorsomedial striatum of ZnT3 wildtype (WT) 

and knockout (KO) mice raised in standard (n=6 per genotype) or enriched environments 

(WT: n=8; KO: n=7). Error bars represent ± SEM. 

 

* 
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Figure 2.8. Spine density (spines/μm) in the nucleus accumbens of ZnT3 wildtype (WT) and 

knockout (KO) mice raised in standard (n=6 per genotype) or enriched environments (WT: 

n=8; KO: n=7). Error bars represent ± SEM. 

  

* 

* 
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2.5 Discussion 

ZnT3 wildtype (WT) and knockout (KO) mice were raised in either standard or enriched 

environments. At 3 months of age, their brains were removed and placed in Golgi-cox solution. 

Cell tracings were used to examine dendritic length (through Sholl analysis) and spine density in 

three areas of striatum: dorsolateral (DLS), dorsomedial (DMS), and nucleus accumbens (NAc). 

No changes were found in dendritic length for genotype or environment. However, differences 

were found in spine density. Environmental enrichment increased spine density in DLS and 

DMS, irrespective of genotype. In the NAc, while enrichment increased spine density, it did so 

more for the ZnT3 KO mice than the ZnT3 WT mice. In the standard environment, there was no 

significant difference between genotypes, while in the enriched environment there was a 

significant difference between genotypes with ZnT3 KO mice showing a greater increase in 

spine density. This suggests that the ZnT3 KO mice may benefit more from environmental 

enriched than their WT littermates, at least in the NAc.   

A limitation of using Golgi-cox stain to examine striatal morphology is that cells stain in 

clumps making it very difficult to find isolated cells ideal for tracing. Also, because no one is 

entirely sure how the Golgi stain works, there is no way of knowing why specific cells stained in 

clumps and why others are isolated. Therefore, sampling of cells in the Golgi-stained striatum 

may not be random. Few studies have used Golgi-cox stain to examine changes in morphology 

of animals in enriched environments. However, several studies have used the stain to examine 

other factors that affect morphology of medium spiny neurons (MSNs), such as disease or drugs. 

With respect to dendritic length, what we found adds to what has been previously found. 

Faherty et al. (2003) found no difference in dendritic length of MSNs in the ventrolateral 
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striatum of mice raised in standard cages, cages with a running wheel only, and enriched 

environments for 4-5 months. However, Kolb et al. (2003) found a significant increase in 

dendritic length of MSNs in the NAc of rats raised in enriched environments for 3-3.5 months 

compared to rats raised in standard environments. This may be indicative of a species difference 

or brain region difference, as ventrolateral striatum may or may not include the NAc, in effects 

of environmental enrichment. Other studies of MSNs have found that patients with Parkinson’s 

disease (McNeill et al., 1988; Zaja-Milatovic et al., 2005) and Huntington’s disease (Spires et al., 

2004) have decreased dendritic length. Several drugs of addiction, including nicotine (McDonald 

et al., 2005), amphetamine (Robinson and Kolb, 1997, 1999b), and cocaine (Robinson and Kolb, 

1999b; Robinson et al., 2001) cause an increase in dendritic length or complexity in the NAc; 

while others, such as morphine (Robinson and Kolb, 1999a), decrease complexity. No 

differences were found in either genotype in our study which is consistent with the finding that 

enriched mice have no changes in dendritic length in the striatum (Faherty et al., 2003), 

suggesting that enrichment has differential effects based on species. It also suggests that 

environmental enrichment has similar effects on spine density as some drugs of addiction.  

Several studies have found similar increases in spine density on MSNs in the DLS 

(Comery et al., 1995; Comery et al., 1996) and NAc (Kolb et al., 2003) in rats raised in enriched 

environments. These studies differ in the amount of time animals were enriched, ranging from 30 

days (Comery et al., 1995; Comery et al., 1996) up to 3-3.5 months (Kolb et al., 2003). Our time 

in enrichment fits right in the middle of this range. It is possible that a shorter amount of time in 

enrichment may be sufficient to induce the changes in spine density found in this study. 

However, the studies using only 30 days of enrichment had a glaring confounding variable 

present. Rats housed in enriched environments were in groups while rats housed in standard 
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cages were alone (Comery et al., 1995; Comery et al., 1996). Since rats are social creatures, 

isolation is very stressful for them (Fone and Porkess, 2008). It is, therefore, possible that the 

changes seen in spine density in the Comery et al. (1995; 1996) studies were due to housing 

individually versus in groups and not due to housing in standard versus enriched conditions. 

Either way, our study supports the increase in spine density in enriched animals in the DLS and 

NAc, and shows that this increase extends to the DMS as well. 

As the most interesting finding from this study was the interaction between genotype and 

environment in the NAc, the rest of this discussion will focus on this finding. The NAc has 

strong ties to the limbic system and has been shown to be an important component of the brain’s 

reward circuit (reviewed by Ikemoto and Panksepp, 1999). The NAc itself is divided into core 

and shell regions which have different connections and functions.  Afferent connections to the 

NAc include hippocampus, amygdala, and prefrontal cortex, as well as dopaminergic input from 

the ventral tegmental area (VTA). Its efferent connections include sites in the midbrain, 

hypothalamus, and ventral pallidum, as well as motor effector sites. As such, it is thought to be 

the connection between the limbic system and the motor system. Studies have found that, more 

than just reward, the NAc is involved in choosing correct actions and suppressing incorrect 

actions in an effort to make goal-directed learning more efficient (reviewed by Floresco, 2015).  

In addition to the enrichment studies examining spine density in the NAc, other 

enrichment studies have been done examining aspects other than neuronal morphology. One 

study found increases in extracellular dopamine levels in the NAc in enriched animals compared 

to standard housed animals (Segovia et al., 2010). Many studies have examined the effects of 

amphetamine on animals in enriched environments. While these do not specifically examine the 

NAc, as part of the reward circuit, the NAc is involved in several aspects of drug taking and drug 
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addiction (reviewed by Yager et al., 2015). Rats raised in enriched environments are more 

sensitive to the locomotor effects of amphetamine (Bowling et al., 1993; Bowling and Bardo, 

1994). However, enriched rats are less likely to self-administer amphetamine (Bardo et al., 

2001). 

A slightly different approach to this finding is to examine other ways of altering spine 

density on MSNs besides enrichment. Since the NAc is strongly linked to addiction, a number of 

studies have examined how various drugs affect spine density on MSNs. Amphetamine increased 

spine density on distal dendrites of MSNs (the site where dopamine and glutamate converge) in 

the NAc and dorsal striatum under standard conditions (Robinson and Kolb, 1999b; Li et al., 

2003). Similar results were found in the NAc with cocaine administration (Robinson and Kolb, 

1999b; Lee et al., 2006). Both amphetamine and cocaine act to increase dopamine in the synapse. 

Conversely, using a drug that decreases dopamine in the synapse, 6-hydroxydopamine (6-

OHDA), causes a decrease in spine density in the NAc (Ingham et al., 1989). These studies 

suggest that the amount of dopamine present in the NAc is proportional to and may cause, 

changes in spine density. Since zinc interacts with both dopamine and glutamate, it is possible 

that in the NAc, zinc modulates this interaction. It seems that ZnT3 KO mice may have increased 

dopamine in the NAc. Environmental enrichment has a novelty aspect to it as the location of 

food, water, and toys are rearranged every week. The increased spine density in ZnT3 KO mice 

may be reflective of this and may indicate that ZnT3 KO mice are more sensitive to novelty than 

ZnT3 WT mice. Given their seeming hypersensitivity to novelty, it would be interesting to see 

how ZnT3 KO mice would react to various drugs of addiction. 

Our findings also show that ZnT3 KO mice retain some degree of plasticity within the 

striatum. This is contrary to what was found in the hippocampus (mentioned above; Chrusch, 
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2015). Although the two studies measure different aspects, morphology versus neurogenesis, the 

enriched ZnT3 KO mice lacked hippocampal plasticity. Put together, these findings suggest that 

synaptic zinc may have differential effects in the brain.  

One limitation of this study is that only female mice were used. Sex differences have 

been found in brain anatomy (Cahill, 2006), therefore it is possible that male ZnT3 mice would 

have a different response to enrichment. A future study should test the effects of enrichment on 

male ZnT3 mice to determine if they also show changes in spine density in the striatum.  

Another area to examine would be other mouse models that have synaptic zinc 

dysfunction. Two g-protein coupled receptors, GPR39 (Holst et al., 2007; Yasuda et al., 2007; 

Cohen et al., 2012) and GPR83 (Muller et al., 2013), have been found to be activated by zinc. 

Knockout mouse models exist for both. It would be interesting to see if these mice also show 

similar increases in spine density in the striatum after enrichment.  

In summary, environmental enrichment has no effect on dendritic length within the 

striatum; however, it increases spine density in all 3 regions of striatum (DLS, DMS, NAc). In 

particular, the enriched ZnT3 KO mice show a greater increase in spine density in the NAc than 

their enriched WT counterparts. This implies that ZnT3 KO mice retain some plasticity within 

the striatum and may indicate a hypersensitivity to novelty. Future studies should examine how 

ZnT3 KO mice react to other aspects of novelty and/or rewards, such as various drugs of 

addiction. 
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 Behaviour  

3.1 Introduction 

Zinc is an essential metal in the body (Chasapis et al., 2012), including the brain where it 

can be loaded into synaptic vesicles by zinc transporter 3 (ZnT3; Cole et al., 1999) and released 

into the synapse (Frederickson et al., 2000; Frederickson et al., 2005). Synaptic zinc acts on post-

synaptic neurons by modulating receptors or by entering the cell and modulating second 

messenger systems (reviewed by Nakashima and Dyck, 2009). High amounts of synaptic zinc 

are found in the neocortex (layers II/III, V, and IV), hippocampus, amygdala, and striatum; lower 

amounts are found in several other brain regions as well (Brown and Dyck, 2004a). Research on 

the role of synaptic zinc in the hippocampus, amygdala, and somatosensory cortex suggest that it 

modulates plasticity (reviewed by Nakashima and Dyck, 2009). 

In 1999, a mouse model was created by knocking out the ZnT3 gene. As a result, the 

ZnT3 knockout (ZnT3 KO) mice lack synaptic zinc in their brains (Cole et al., 1999). The mice 

were tested on a battery of behavioural tasks, including tests of olfaction, audition, motor 

coordination, nociception, anxiety, and tasks involving different types of learning and memory 

(i.e. fear conditioning, Morris water task, radial arm maze). Surprisingly, ZnT3 KO mice were 

found to perform at the same level as ZnT3 wildtype (WT) mice on all of these tasks (Cole et al., 

2001). The ZnT3 mice were later tested again on fear conditioning paradigms and found to have 

deficits in learning the tone-shock pairing (Martel et al., 2010; Sindreu et al., 2011). They also 

seem to have difficulty on tasks that require behavioural flexibility, such as the t-alternation 

maze (Sindreu et al., 2011) and a version of the Morris water task that involves learning an initial 

platform location and subsequently learning a new platform location (Martel et al., 2011). Also, 
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older ZnT3 KO mice (6 months of age) were found to perform poorer than ZnT3 WT mice of the 

same age on the Morris water task (Adlard et al., 2010). 

A potential problem with the initial testing of the ZnT3 KO mice is that data included 

both male and female mice (Cole et al., 2001). Studies have shown that males and females 

perform differently on some tasks, particularly on motor tasks (reviewed by Field and Pellis, 

2008). This calls into question the conclusion that ZnT3 KO mice are no different than ZnT3 WT 

mice on tests of motor function, as differences may be present for one sex but not the other; 

averaging results from both sexes might mask these differences. Because synaptic zinc is present 

in several brain regions that are considered part of the motor system (Brown and Dyck, 2004a), it 

is possible that the ZnT3 KO mice show deficits on one or more aspect of motor function. 

The motor system is divided into the pyramidal motor system (consisting of motor cortex 

projecting to spinal cord) and the extra-pyramidal motor system (consisting of the basal ganglia 

and cerebellum). Each system and brain region makes a different contribution to overall motor 

output. For example, while the pyramidal system is mainly concerned with controlling the 

muscles that cause movement, the cerebellum is involved with coordination of those movements 

and the basal ganglia are involved in fine motor skills and motor learning (reviewed by Doya, 

2000; Middleton and Strick, 2000). One area of the brain that contains high levels of synaptic 

zinc is the input center of the basal ganglia, the striatum. As part of the basal ganglia, the 

striatum is involved in many behavioural tasks including fine motor skills, motor task learning 

and memory, as well as other aspects of cognition such as motivation and reward (reviewed by 

Liljeholm and O'Doherty, 2012). The striatum is divided into 3 functional regions: dorsolateral 

(DLS; mainly putamen), dorsomedial (DMS; mainly caudate nucleus), and ventral/nucleus 

accumbens (NAc). Different regions of the striatum have different afferent connections and, 
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therefore, different functions. With respect to synaptic zinc, the striatum is an interesting area to 

examine because while synaptic zinc is present within the striatum, retrograde tracing studies 

have found that there are no zincergic cell bodies in the striatum. This means that the synaptic 

zinc must be coming in from other brain regions, most likely from neocortex. 

There are behavioural tests available to examine the different aspects of the motor 

system. The current study used seven of these tasks to examine the behaviour of female ZnT3 

WT and KO mice. Muscle strength and neuromuscular coordination were tested using the 

inverted wire hang test (reviewed by Balkaya et al., 2013). Gait was analysed by footprint 

analysis (reviewed by Brooks and Dunnett, 2009; Balkaya et al., 2013). The limb asymmetry test 

examined forelimb usage during rearing (reviewed by Brooks and Dunnett, 2009; Balkaya et al., 

2013). The pole test examined motor coordination, as well as bradykinesia (slowness of 

movement; reviewed by Balkaya et al., 2013). Motor coordination, as well as balance and motor 

learning, can also be tested using balance beams (reviewed by Brooks and Dunnett, 2009; Luong 

et al., 2011). The horizontal ladder tested forelimb-hindlimb coordination and is a test of skilled 

walking (Metz and Whishaw, 2009). The skilled reach test examined skilled forelimb use and 

goal-directed learning and had some aspects of motivation and reward (Whishaw, 1996; 

Gholamrezaei and Whishaw, 2009). 

The skilled reach task is one of only a few behavioural tests for rodents that examine 

striatal-dependent motor tasks. The skilled reach task involves training an animal to reach 

through a slit at the front of a Plexiglas box to retrieve a food pellet sitting on a ledge outside of 

the box. It is largely done with rats, however, it is possible to train mice on this task as well. 

With mice, the task can take as little as 7 days (Marques and Olsson, 2010) or can continue on 

for up to or over a month (Whishaw, 1996; Chen et al., 2014). Endpoint measures include 
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latency to first reach attempt, latency to successfully retrieve the first pellet, number of reach 

attempts, and reach accuracy. These are determined each day and rodents generally improve on 

these outcomes over the course of training. Training is complete when rodents are reaching with 

an accuracy of 50% or greater. A more detailed analysis of reaching behaviour can also be done 

that examines kinematic aspects of reaching such as posture, as well as forearm and forepaw 

movements. 

The purpose of this study was to examine general and skilled motor behaviour in ZnT3 

WT and KO mice. Because of the presence of synaptic zinc in the motor system, including 

striatum, and because of its role in modulating plasticity in other brain regions, we hypothesized 

that the lack of synaptic zinc in the striatum of ZnT3 KO mice would cause them to perform 

poorly on striatal-dependent behavioural tasks, specifically on the skilled reach task. Due to the 

fact that the ZnT3 KO mice have no obvious motor impairments and that there is little synaptic 

zinc present in the cerebellum (Wall, 2005), it is unlikely that deficits will be found on general 

motor tasks and tasks involving mainly cerebellum – i.e. striatal-independent tasks (balance 

beams, pole test, etc).  

 

3.2 Methods 

3.2.1 Animals 

Mice on a C57BL/129sv background heterozygous for the ZnT3 allele were bred for this 

study. Two-three month-old ZnT3 WT and KO female mice were used. ZnT3 heterozygous mice 

were tested as well, but were removed from analysis because our interest lies in what a complete 

lack of synaptic zinc will do. Mice were group-housed under a 12 h light/dark cycle and have ad 

libitum access to food (LabDiet Mouse Diet 9F, #5020) and water for most of the testing period 
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(see below). All procedures were approved by the Animal Care Committee of the University of 

Calgary and conformed to the guidelines set out by the Canadian Council for Animal Care. 

 

3.2.2 Food restriction 

  Mice were food restricted for the skilled reach task. During food restriction, the mice 

were given enough food to maintain 85-90% of their body weight (2g of food/animal/day). The 

food was provided after the testing session for the day was completed. Sugar pellets (0.2 

g/animal/day; Noyes precision Formula F sucrose pellets, Lancaster, NH) were given alongside 

the food.  

 

3.2.3 Procedure 

Mice were subjected to a battery of behavioural tasks to test both general motor function 

as well as the function of the striatum. All testing occurred during the day. All tasks, except for 

footprint analysis, were videotaped for use in scoring. Mice were acclimatized to the testing 

room for 3 days prior to testing.  

 

3.2.3.1 Limb use asymmetry test  

The limb use asymmetry test is used to examine possible impairments in forepaw usage 

during rearing. Mice (WT: n=14; KO: n=12) were placed in a clear glass cylinder with a mirror 

behind it for optimal viewing and recorded for 5 minutes. Limb use during rearing was scored 

based on independent or simultaneous use of forelimbs (Schallert et al., 2000). A repeated-

measures analysis of variance (ANOVA) was used to compare groups for left, right, and both 

paw usage. Paired sample t-tests were used post hoc. 
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3.2.3.2 Footprint analysis.  

Footprint analysis is done to examine gait. Mice (WT: n=14; KO: n=12) were trained to 

walk along a paper-covered runway (40 cm long by 8 cm wide). Their paws were dipped in food 

colouring so that footprints were visible. Mice had 3 trials back-to-back. From each trial 3 

consecutive strides were used to measure stride length (distance from back of hind paw on one 

stride to back of same hind paw on next stride) and stride width (distance from middle of left 

hind paw to middle of right hind paw). Average stride length and width was compared between 

groups using independent samples t-tests.  

 

3.2.3.3 Pole test.  

The pole test is a measure of motor coordination and can also be used as a test of 

bradykinesia (slowness of movement). Mice (WT: n=18; KO: n=16) were placed head facing 

upwards at the top of a 50 cm vertical pole with a tennis ball attached to the top to prevent mice 

from climbing up. The pole was wrapped in gauze to prevent slipping. Latency to turn around so 

their head is facing down and latency to climb down the pole to the ground was recorded. Mice 

had 3 back-to-back trials (Sedelis et al., 2000; Cole et al., 2001; Doeppner et al., 2014). Average 

latencies were compared between groups using independent samples t-tests. 

 

3.2.3.4 Horizontal ladder.  

The horizontal ladder is a test of skilled walking. Mice (WT: n=14; KO: n=12) were 

trained to walk across a horizontal ladder (1 m long with 99 metal rungs evenly spaced) into their 

home cage. Each mouse had 3 practice trials back-to-back before being returned to their home 
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cage. Once all mice completed the practice trials, each mouse was then required to cross once 

with all rungs in place and once with 13 rungs removed from the middle portion of the ladder (no 

two consecutive rungs were removed). Time to cross and number of footfalls were recorded for 

both trials. A repeated measures ANOVA was used to compare time to cross between groups and 

again for number of footfalls with the repeated factor being all rungs present or 13 rungs 

removed. 

 

3.2.3.5 Inverted wire-hang test.  

The inverted wire hang test examines coordination and muscle strength. Mice (WT: 

n=14; KO: n=12) were placed on a wire mesh grid (13.5 cm by 13.5 cm) with 7.5 cm high walls, 

35 cm off the ground. The grid was rotated so that the mouse was hanging upside down. Mice 

had 3 trials in succession. Average latency to fall was recorded (Tillerson and Miller, 2003). 

Independent t-tests were used to compare fall time between groups. As weight of the mouse 

might affect fall time, all mice were weighed prior to the test. Unstandardized fall time as well as 

fall time standardized to weight (reported as impulse = weight x fall time) are reported. 

 

3.2.3.6 Beam walking.  

Beam walking tests motor coordination and motor learning, and has been found to be 

more sensitive to deficits than the rotarod which tests similar functions (Stanley et al., 2005). 

Mice (WT: n=14; KO: n=12) were trained to walk across two 50 cm wooden beams (1.2 and 0.6 

cm in diameter, 80 cm off the ground) to a wooden box that the mice were habituated to at the 

start of training. Training occurred over 3 days (Luong et al., 2011). Mice were first trained to 

cross the 1.2 cm diameter beam. They had 3 consecutive trials. After a 10 minute break, mice 
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were then trained to cross the 0.6 cm diameter beam. After 3 consecutive trials they were 

returned to their home cage. Time to cross beam and number of foot-slips were recorded (Linden 

et al., 2007). A repeated measure ANOVA was used to compare across the 3 days for each size 

of beam on both time to cross and number of foot-slips. Paired sample t-tests were used post hoc. 

 

3.2.3.7 Skilled reach task.  

The skilled reach task is a test of motor learning and fine motor skills. There are also 

motivation and reward aspects to the test. Mice (WT: n=14; KO: n=12) were food restricted as 

described above for the duration of the test period. Mice were placed in a modified Plexiglas 

reaching box (13 cm wide x 15 cm long x 40 cm high) and trained to reach through a slit (1 cm) 

in the box to retrieve a sugar pellet on a ledge (1.5 cm above ground) in front of the slit. Mice 

were habituated to the sugar pellets by placing them in their home cages for 5 days prior to 

training. Mice were habituated to the reaching box over 3 days. The first day mice were placed in 

littermate pairs in the reaching box for 10 minutes with access to sugar pellets on the floor of the 

box as well as on the ledge outside the box within tongue distance. The second day the mice 

were placed individually in the box for 10 minutes with access to sugar pellets on the floor and 

on the ledge within tongue distance. On the third day, pellets were only available on the ledge 

and were gradually moved so that the mouse was forced to reach for the pellet. Preferred paw for 

each mouse was determined and the pellets were moved to the contralateral side on the ledge so 

that the mouse was forced to only reach with its preferred paw. Days 4-8 consisted of daily 

sessions that lasted 10 minutes. Mice were placed into groups each day determined by their 

willingness and ability to perform the task. Four groups were determined: non-learners were 

mice that would not eat the sugar pellets that were readily available to them; mediocre learners 
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would eat sugar pellets within tongue distance but made no attempt to retrieve pellets at reaching 

distance; eager learners would eat sugar pellets within tongue distance and try either by tongue 

or by reaching to retrieve pellets at reaching distance but remained unsuccessful; and successful 

learners, for the purpose of this classification, were able to successfully retrieve at least one 

pellet during the course of the 10 minute training session. The Kruskal-Wallis test was used to 

determine whether or not mice improved (in terms of group membership) over the 5 days of 

testing. Because not all mice learned the task within the 8 days of training, only mice that were 

successful over at least 3 days of training (n=6 per genotype) were included in the statistical 

analyses. Latency to first reach attempt (the first time the mouse makes a reaching attempt), 

number of reaching attempts (only counted when a sugar pellet was present and in the correct 

location on the shelf), reaching accuracy (number of pellets retrieved/number of reach attempts x 

100), and latency to retrieve one pellet (latency to the first successful retrieval of the day) were 

analyzed using repeated measures ANOVAs (Marques and Olsson, 2010). Paired sample t-tests 

were used post hoc for significant main effects. Independent sample t-tests were used post hoc 

for significant interactions. 

 

3.3 Results 

3.3.1 Limb asymmetry 

When examining paw usage during rearing in a glass cylinder, a repeated-measures 

analysis of variance (ANOVA) was used to compare groups for left, right, and both paw usage. 

Tukey’s LSD test was used post hoc. A significant main effect of paw was found, 

F(1.50,35.88)=141.20, p<.001. Mice (WT: n=14; KO: n=12) used both paws during rearing 
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significantly more often than just left paw, t(25)=15.43, p<.001, or right paw, t(25)=11.53, 

p<.001 alone. There was no difference between left and right paw usage, t(25)=.66, p=.519. 

There was also no significant difference between genotypes (Figure 3.1). 
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Figure 3.1. Limb use in ZnT3 wildtype (WT; n=14) and knockout (KO; n=12) mice during 

rearing in a glass cylinder over the course of 5 minutes. Error bars represents ±SEM. 
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3.3.2 Footprint analysis 

Stride length and width were examined using footprint analysis. An independent samples 

t-test found no significant differences found between genotypes (WT: n=14; KO: n=12) for 

length, t(24)=.80, p=.430, or width, t(24)=.51, p=.511 (Figure 3.2). 
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Figure 3.2. A) Representation of footprint analysis raw data showing how length (l) and 

width (w) were measured. B) Stride length and width for ZnT3 wildtype (WT; n=14) and 

knockout (KO; n=12) mice as measured using footprint analysis. Error bars represents 

±SEM. 
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3.3.3 Pole test 

Mice (WT: n=18; KO: n=16) were placed at the top of a 50 cm tall gauze-covered pole 

face-up. Time to turn around and face downward and total time to reach the bottom of the pole 

were recorded. Independent samples t-tests were used to compare between genotypes. Levene’s 

test for equality of variances was significant for turn time, F=7.30, p=.011, and for total time, 

F=15.95, p<.001, therefore degrees of freedom were adjusted accordingly. Turning time 

approached significance with the ZnT3 KO mice turning slightly faster, t(22.83)=2.02, p=.055. 

Total time (including turn time) to descend the pole was significantly faster for ZnT3 KO mice, 

t(22.09)=2.70, p = .013 (Figure 3.3). 
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Figure 3.3. Time it took for ZnT3 wildtype (WT; n=18) and knockout (KO; n=16) mice to 

turn facing downward and descend to the bottom of a 50 cm tall gauze-covered pole. Total 

time includes turning time. Error bars represents ±SEM. 

  

* 
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3.3.4 Horizontal ladder 

Mice (WT: n=14; KO: n=12) were trained to run across a horizontal ladder first with all 

rungs in place, then with 13 rungs removed from the middle portion of the ladder. Time to cross 

and number of foot slips were recorded for each trial. A repeated measures ANOVA was used to 

compare time to cross between groups and again for number of footfalls with the repeated factor 

being all rungs present or 13 rungs removed. There was a significant main effect of trial in that 

mice were significantly slower when the 13 rungs were removed, F(1,24)=31.26, p<.001 (Figure 

3.4 panel A). However, there were no differences between genotypes. Mice also had 

significantly more foot slips when the 13 rungs were removed, F(1,24)=8.46, p=.008 (Figure 3.4 

panel B). This did not differ between genotypes. 
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Figure 3.4. Horizontal ladder. A) Time taken for ZnT3 wildtype (WT; n=14) and knockout 

(KO; n=12) mice to cross a horizontal ladder with all rungs in and with 13 rungs removed. 

B) Number of foot slips that occurred when ZnT3 WT and KO mice crossed a horizontal 

ladder with all rungs present and with 13 rungs removed. Error bars represents ±SEM. 
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3.3.5 Inverted wire hang test 

Mice (WT: n=14; KO: n=12) were placed on a wire mesh grid and turned upside down. 

Average time to fall during 3 consecutive trials was determined. Independent t-tests were used to 

compare fall time between groups. There were no significant differences between genotypes in 

weight, t(24)=.934, p=.360 (Figure 3.5), unstandardized fall time, t(24)=.12, p=.903 (Figure 3.6 

panel A), or fall time standardized to weight (impulse = weight x fall time), t(22.40)=.202, 

p=.842 (Figure 3.6 panel B). 
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Figure 3.5. Weight in grams of ZnT3 wildtype (WT; n=14) and knockout (KO; n=12) mice 

prior to wire hang test. Error bars represents ±SEM. 



 

65 

 

Figure 3.6. Inverted wire hang test. Average time to fall from wire grid for ZnT3 wildtype 

(WT; n=14) and knockout (KO; n=12) mice, A) unstandardized and B) standardized to 

weight. Error bars represents ±SEM. 
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3.3.6 Balance beam test 

Mice (WT: n=14; KO: n=12) were trained to walk across beams of two different sizes 

(1.2 cm and 0.6 cm diameter). Training took place over 3 days. Time to cross the beam and 

number of foot slips were recorded. A repeated measure ANOVA was used to compare across 

the 3 days for each size of beam on both time to cross and number of foot-slips. All mice 

significantly improved their time to cross both the large beam, F(2,48)=6.12, p=.004 (Figure 3.7 

panel A), and the small beam, F(2,48)=3.56, p=.036 (Figure 3.7 panel B), over the 3 days of 

training. Follow up paired samples t-tests (corrected α=.017) found that for the large beam there 

were significant differences between day 1 and day 3, t(25)=3.16, p=.004, and day 2 and day 3, 

t(25)=3.67, p=.001. For the small beam, there was a significant difference between day 1 and day 

3, t(25)=2.65, p=.014. However, there was no difference between genotypes. In terms of foot 

slips, mice did not improve on the large beam over the 3 days, F(1.33,31.98)=2.13, p=.149 

(Figure 3.7 panel C). However, they did improve on the small beam over the 3 days, 

F(1.55,37.28)=4.77, p=.021 (Figure 3.7 panel D). Follow up paired t-tests (corrected α=.017) 

found a significant difference between day 1 and day 3, t(25)=2.78, p=.010. There were no 

differences between genotypes. 
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Figure 3.7. Balance beams. Time taken for ZnT3 wildtype (WT; n=14) and knockout (KO; 

n=12) mice to cross A) large (1.2 cm diameter) and B) small (0.6 cm diameter) balance 

beams. Number of foot slips ZnT3 WT and KO mice had while crossing a C) large (1.2 cm 

diameter) and small (0.6 cm diameter) balance beam. Error bars represents ±SEM. 
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3.3.7 Skilled reach task 

Over 8 days, mice (WT: n=14; KO: n=12) were trained to reach through a slit in the front 

of a reaching box to retrieve a sugar pellet. During the course of training, mice were food 

restricted (2 g of food per animal per day) to 85-90% of their starting weights. The weight of 

each mouse was determined prior to food restriction and every other day throughout training. A 

repeated measures ANOVA was used to ensure mice of both genotypes were losing weight 

equally. All mice lost weight (as expected) with a main effect of day, F(4,96)=195.47, p<.001; 

however, there was no difference between genotypes, F(4,96)=2.24, p=.108. Figure 3.8 show 

weight of mice in grams (panel A) as well as in percent of initial weight (panel B). 
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Figure 3.8. Skilled reach. Weight A) in grams and B) as a percentage of initial weight of 

ZnT3 wildtype (WT; n=14) and knockout (KO; n=12) mice prior to and over the course of 

skilled reach training. Error bars represents ±SEM. 
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To determine whether mice could learn the skilled reach task, each mouse was assigned 

to one of four groups on each day of testing: non-learners were mice that would not eat the sugar 

pellets that were readily available to them; mediocre learners would eat sugar pellets within 

tongue distance but made no attempt to retrieve pellets at reaching distance; eager learners would 

eat sugar pellets within tongue distance and try either by tongue or by reaching to retrieve pellets 

at reaching distance but remained unsuccessful; and successful learners were able to successfully 

retrieve at least one pellet during the course of the 10 minute training session. The Kruskal-

Wallis test showed that the mice in general learned the task over the 5 days, χ2=19.46, p=.001. 

Figure 3.9 shows number of mice in each group (by genotype) on each day of testing. 
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Figure 3.9. ZnT3 wildtype (WT; n=14) and knockout (KO; n=12) mice were trained on the 

skilled reach task over 5 days (A-E). They were placed in groups depending on how well 

they performed. Non-learners were mice that would not eat the sugar pellets that were 

readily available to them; mediocre learners would eat sugar pellets within tongue distance 

but made no attempt to retrieve pellets at reaching distance; eager learners would eat 

sugar pellets within tongue distance and try either by tongue or by reaching to retrieve 

pellets at reaching distance but remained unsuccessful; and successful learners, for the 

purpose of this classification, were able to successfully retrieve at least one pellet during the 

course of the 10 minute training session. 
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Of the mice trained in the task, only mice that were successfully retrieving pellets on at 

least 3 days (WT: n=6; KO: n=6) were included in statistical analyses. Repeated measure 

ANOVAs were used to compare between genotypes over 3 days. Latency to first reach attempt 

significantly decreased over the 3 days, F(2,20)=15.47, p<.001 (Figure 3.10 panel A). Paired 

sample t-tests showed significant differences between day 1 and day 2, t(11)=4.19, p=.002, and 

day 1 and day 3, t(11)=4.79, p=.001; no difference was found between day 2 and day 3. No 

difference was found between genotypes. Latency to successfully retrieve first pellet also 

significantly decreased over the 3 days, F(2,20)=11.83, p<.001 (Figure 3.10 panel B). Paired 

samples t-tests showed significant differences between day 1 and day 2, t(11)=3.16, p=.009, and 

day 1 and day 3, t(11)=5.18, p<.001; no differences were found between day 2 and day 3. No 

differences were found between genotype. Number of reach attempts increased significantly over 

the 3 days, F(2,20)=6.45, p=.007 (Figure 3.10 panel C). Paired sample t-tests showed significant 

differences between day 1 and day 2, t(11)=3.12, p=.010, and day 1 and day 3, t(11)=4.15, 

p=.002; no differences were found between day 2 and day 3. No differences were found between 

genotype. A significant interaction was found for accuracy (number of pellets retrieved / number 

of reach attempts x 100), F(2,20)=4.36, p=.027 (Figure 3.10 panel D). Independent samples t-

tests found no significant difference between genotypes for day 1, t(10)=.99, p=.347, or day 2, 

t(10)=1.41, p=.189. However, there was a significant difference between genotypes on day 3, 

t(10)=3.81, p=.003, with ZnT3 WT mice steadily increasing in accuracy over the 3 days while 

ZnT3 KO mice steadily decreased in accuracy. 
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Figure 3.10. Skilled Reach. ZnT3 wildtype (WT; n=6) and knockout (KO; n=6) mice over 3 

days of skilled reaching. A) Latency to first reach attempt. B) Latency to successfully 

retrieve first pellet. C) Number of reach attempts made each day. D) Accuracy (number of 

pellets retrieved / number of reach attempts x 100). Error bars represents ±SEM. 
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3.4  Discussion 

A battery of behavioural tests including both striatal-independent and striatal-dependent 

motor tasks was administered to ZnT3 wildtype (WT) and knockout (ZnT3 KO) mice. ZnT3 KO 

mice performed at the same level as ZnT3 WT mice on most tasks. Only the pole test and skilled 

reach task resulted in differences between the genotypes.  

The pole test examines motor coordination, as well as bradykinesia (slowness of 

movement). ZnT3 KO mice approached a significantly faster turn time (p=.055) and were 

significantly faster in total time (p=.013) than ZnT3 WT mice to descend the pole. This seems to 

indicate that the ZnT3 KO mice are more active than ZnT3 WT mice. It also differs from the 

findings of a previous study of the ZnT3 WT and KO mice which found that the ZnT3 KO mice 

were faster, but not significantly so (Cole et al., 2001). The Cole et al. (2001) study used both 

male and female mice for their analysis. However, several studies have found sex differences in 

many motor tasks (reviewed by Field and Pellis, 2008), so it is possible that averaging results 

from male and female mice would attenuate significant results for one sex or the other. This is 

especially likely since the differences found between males and females in turning behaviour 

tended to show that males took more steps than females (Field and Pellis, 2008). Though times 

were not included, it is probable that the extra movements made by males would cause them to 

turn slower. Future studies will need to examine male ZnT3 mice on striatal-dependent and 

independent tasks to look for sex differences. 

As mentioned, rodents preforming the skilled reach task generally improve in accuracy 

over the course of training. Accuracy in the skilled reach task was shown to improve over the 3 

days of testing for ZnT3 WT mice as expected. However, for the ZnT3 KO mice, while they 

started off with slightly higher accuracy than ZnT3 WT mice on day 1, they grew consistently 
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less accurate over the 3 days. This appeared to have nothing to do with motivation to perform the 

task as latency to reach and latency to successfully retrieve the first pellet paralleled ZnT3 WT 

mice. Also, number of reaching attempts increased steadily over the 3 days for ZnT3 KO mice, 

indicating that they were motivated to retrieve the pellet even if they were not often successful. 

This was different, although not significantly so, from the ZnT3 WT mice that increased in reach 

attempts from day 1 to day 2, but decreased after that. This was presumably because they were 

more successful and therefore did not need to reach as often to retrieve pellets.  

Due to the fact that ZnT3 KO mice did not improve in accuracy as would be expected, 

synaptic zinc must be involved in motor learning to some degree – most likely in the 

corticostriatal synapses; although we cannot rule out that the changes are occurring in the 

cerebral cortex itself. Different regions of striatum have different functions. In general, the 

dorsomedial striatum (DMS) is involved in goal-directed learning; the dorsolateral striatum 

(DLS) is involved in habit formation; and the ventral striatum/nucleus accumbens (NAc) is 

involved in motivation and reward (reviewed by Liljeholm and O'Doherty, 2012). Skilled 

reaching, in the early stages of training, would be considered a type of goal-directed learning – 

the goal being to retrieve a sugar pellet. Since the ZnT3 mice were able to learn the task, albeit 

inefficiently, it does not seem likely that the DMS is the principle area affected. Recently, the 

NAc has been implicated as the interface between the limbic and motor systems and, as such, 

acts to make goal-directed learning more efficient. The ways it does this is by suppressing 

actions that are incorrect and encouraging actions that are correct for a given situation (reviewed 

by Floresco, 2015). Since the ZnT3 KO mice are performing the reach movement inaccurately, it 

is likely that the NAc is the area of striatum most affected by the lack of synaptic zinc.  
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The ZnT3 KO mice continually increase their reach attempts, but do not improve on the 

accuracy of reaching, which indicates an impulsive type of behaviour. Rather than focusing on 

accuracy, which will improve their chances of success, they seem to decide that the number of 

times they reach will determine how many pellets they retrieve. Given that the skilled reach task 

is not a traditional test for impulsivity, it will be critical to test these mice on those traditional 

tests of impulsivity; for example, the 5 choice serial reaction time task (5CSRTT). The 5CSRTT 

was originally designed for rats, but is now also available for mice, to test attention and can be 

used to test impulse control (Asinof and Paine, 2014). The task involves the rodent in an operant 

conditioning chamber that has 5 apertures on one wall. A light is presented over one aperture and 

the rodent must wait a given amount of time, then poke its nose through that aperture to receive a 

sugar pellet. Thus, the rodent must pay attention to all 5 lights and choose the correct one to 

receive its reward. However, it also must withhold inappropriate responding (such as responding 

too quickly), which is where impulse control comes into play. Impulsivity is a feature of many 

human disorders including attention deficit hyperactivity disorder (ADHD), autism spectrum 

disorder (ASD), and addiction (reviewed by Pattij and Vanderschuren, 2008). Determining if 

dysfunction of the zincergic system is involved in impulsive behaviour will have many 

ramifications in terms of prevention or treatment of these disorders.   

As mentioned briefly in the introduction, there are other measures that can be taken from 

skilled reaching tasks. A full kinematic workup could be done, where reaching behaviour is 

broken down into 10 different steps. Each of these steps can be compared between genotypes to 

examine differences in their approach to the window, as well as use of their forearm and paw 

during the reaching task (Whishaw, 1996). Other measures, such as trajectory of the forearm and 

number of non-productive reach attempts, could also be examined. Trajectory of the forearm can 
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be an indication of accuracy. Non-productive reach attempts would be any reach attempt a 

mouse made when either there was no sugar pellet present or when the sugar pellet was not in the 

correct location on the ledge. In this study, reach attempts were only counted when the sugar 

pellet was present and in the correct location; any attempts made after it had been knocked out of 

place or removed from the ledge were not counted. However, many mice continued to make 

reach attempts under these conditions. Since mice use odor to detect the presence or absence of a 

sugar pellet (Whishaw, 1996) and no deficits have been found in odor discrimination of ZnT3 

KO mice (Cole et al., 2001), they should be able to determine that there is nothing to reach for. If 

they still attempted to reach for the absent pellet, this may be considered an impulsive action. 

 The skilled reach task, as indicated by its name, involves learning a skill. Learning takes 

time. Very few people, or rodents, can learn a skill in one day or even a few days. The shortest 

version of the skilled reach task was chosen for this study to screen mice for a deficit and 

because it was to be included with a battery of other motor tests. However, not all mice were able 

to learn the task in the short time allocated (shown in Figure 3.9 panel E). There were mice of 

both genotypes that did not make a successful retrieval by day 5 of training. Even those that did 

learn the task were not able to become proficient at it. In general, a rodent is considered 

successful at skilled reaching once they have reached an accuracy of at least 50%; only a few 

mice reached this level of accuracy. A follow up to the current study would be to extend the 

amount of training. Significant deficits were found during this short amount of training, but it is 

possible that the ZnT3 KO mouse may improve if they are given more time to learn the task.  

Another aspect to consider, as mentioned earlier in relation to the pole test, is sex 

differences in skilled reaching. Would male mice show the same decrease in accuracy during 

training? Other studies have found differences in the kinematics of skilled reach for males versus 



 

79 

females (Field and Whishaw, 2005), as well as differences in how stress affects skilled reach 

performance in males and females (Jadavji and Metz, 2008). Future studies should examine male 

mice as well as include kinematic analyses of skilled reach movement to look for sex differences. 

 Other interesting follow up studies on the role of zinc in striatal-mediated motor learning 

would include testing other models of zinc deficiency. There are 2 receptors, GPR39 (Holst et 

al., 2007; Yasuda et al., 2007; Cohen et al., 2012) and GPR83 (Muller et al., 2013), which have 

been found to be zinc-dependent. Knockout mouse models exist for both. If synaptic zinc does 

play a role in goal-directed learning, these knockout mice might also show deficiencies in the 

skilled reach task. 

 In summary, it appears that synaptic zinc plays a role in learning a goal-directed task, 

particularly in terms of accuracy. Lack of synaptic zinc may also be linked to hyperactivity, as 

indicated by faster movements on the pole. However, this study just scratches the surface. Since 

sex differences have been found previously on many motor tasks, it is important to test male 

ZnT3 WT and KO mice on these tasks and potentially repeat motor tests that previously found 

no differences when male and female data were averaged. Also, increasing training time, as well 

as examining other rodent models lacking synaptic zinc will be necessary to determine the exact 

effect that zinc has on goal-directed learning. A critical future study will be to test ZnT3 KO 

mice on traditional tests of hyperactivity and impulsivity such as the 5SCRTT. 

  



 

80 

 General Discussion  

4.1 Summary of Findings 

Synaptic zinc is found in many areas of the brain and acts as a neuromodulator (reviewed 

by Nakashima and Dyck, 2009). While most research on synaptic zinc function has focused on 

the cerebral cortex and hippocampus, very little has examined the striatum. The striatum is 

involved in many different functions, both motor and cognitive, and has a large amount of 

synaptic zinc present. In the cortex and hippocampus, synaptic zinc has been found to be a 

modulator of plasticity and likely plays a similar role in the striatum. The purpose of this thesis 

was to examine potential anatomical and behavioural changes in ZnT3 wildtype (WT) and 

knockout (KO) mice in the striatum.  

Chapter 2 examined the anatomical aspect by raising ZnT3 WT and KO mice in either 

standard cages or enriched environments, then staining their brains with Golgi-cox solution. 

Using the Golgi-cox stain, we looked for changes in dendritic length using Sholl analysis, as well 

as changes in spine density. Because of the size and complexity of the striatum, three regions 

were chosen: dorsolateral (DLS), dorsomedial (DMS), and ventral/nucleus accumbens (NAc). 

With respect to dendritic length, no differences were found between genotypes or environments. 

Spine density increased in all 3 regions in mice raised in enriched environments compared to 

those raised in standard environments. However, in the nucleus accumbens, the spine density 

increase was significantly greater in ZnT3 KO mice than in ZnT3 WT mice. 

Chapter 3 examined the behavioural aspect by testing ZnT3 WT and KO mice on a 

battery of striatal-independent and dependent tasks. There were no differences between 

genotypes for the limb asymmetry task, the footprint analysis, the horizontal ladder task, the 

inverted wire hang task, or the balance beam task. For the pole task, ZnT3 KO mice were 
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significantly faster to descend a 50 cm vertical pole and approached significance in time taken to 

turn around on the pole. In the skilled reach task, ZnT3 KO mice learned the task at the same rate 

as the ZnT3 WT mice and performed at similar levels in terms of latency to first reach attempt, 

latency to successfully retrieve the first pellet, and number of reach attempts. Where the ZnT3 

KO mice differed was in terms of accuracy. Most animals trained on this task start out poorly. 

They have very low accuracy on the first few days but improve over time. An animal is generally 

considered trained and successful on the task when they reach a 50% accuracy rate. While our 

test did not extend long enough for mice to reach 50% accuracy, the ZnT3 WT mice were headed 

in that direction with a steady improvement in accuracy over 3 days of training. The ZnT3 KO 

mice, on the other hand, did not improve over the 3 days and, in fact, seemed to get worse. The 

implications of these studies, as well as ideas for future directions, are discussed below.   

 

4.2 Implications 

There are several possible implications based on the findings of this thesis. Based on the 

results of the Golgi-cox experiment, it is clear that the ZnT3 KO mice do have plastic 

mechanisms taking place within the striatum as evidenced by the increase in spine density in 

mice raised in enriched environments compared to standard environments. This plasticity was 

not seen in measurements of cell survival, proliferation, and death in the hippocampi of ZnT3 

KO mice raised in enrichment, as they were not significantly different from ZnT3 KO mice 

raised in standard cages. On the other hand, ZnT3 WT mice raised in enriched environments had 

increases in hippocampal cell survival and proliferation, and decreases in cell death compared to 

ZnT3 WT mice raised in standard environments (Chrusch, 2015). This indicates that enrichment 

differentially affects zincergic function based on brain region. 
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Since the enriched ZnT3 KO mice showed significantly greater increases in spine density 

in the NAc, even over enriched ZnT3 WT mice, it would seem that synaptic zinc has a very 

important role in the NAc. As discussed in Chapter 2, the NAc is part of the reward circuitry of 

the brain (reviewed by Yager et al., 2015). Rewards consist of anything that causes pleasure 

including, but not limited to, food, sex, drugs, and social interaction (Bevins, 2001; Trezza et al., 

2010). Drugs like amphetamine and cocaine that activate the reward system, cause similar 

increases in spine density in the NAc under standard conditions (Robinson and Kolb, 1999b; Li 

et al., 2003; Lee et al., 2006). The increased social ability and novelty involved with the enriched 

environment could be considered types of rewards. As such, one possible interpretation of the 

increased spine density in enriched ZnT3 KO mice is that they are more sensitive to novelty 

and/or reward than their WT littermates.   

Another implication from Chapter 3 is that the ZnT3 KO mice are more active than their 

WT littermates. This is evidenced in the pole test where ZnT3 KO mice were significantly faster 

to descend the pole. One of the uses of the pole test is to scan for bradykinesia, or slowness of 

movement. As such, it is often used to test rodent models of Parkinson’s disease (Matsuura et al., 

1997). Fastness of movement, or hyperactivity, is the logical opposite of bradykinesia. 

Therefore, it seems evident that the female ZnT3 KO mice are hyperactive. 

There are a couple of implications based on the results of the skilled reach task. The first 

is that motor learning per se is not the problem. ZnT3 KO mice were able to learn the task as 

indicated by their progression through the groups – non-learner to mediocre to eager to 

successful - over the 5 days of training. The skilled reach task would be considered goal-directed 

learning – the goal being to retrieve the sugar pellet from the shelf by reaching through the slit in 

the front of the reaching box. Goal-directed learning is generally thought to be governed by the 
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dorsomedial striatum (DMS; Yin et al., 2005). However, there are also motivation and reward 

aspects to the task. Mice were food deprived to motivate them to reach for the sugar pellets and 

the sugar pellet itself is the reward. These aspects are generally thought to be governed by the 

nucleus accumbens (NAc; Carelli, 2002; Carlezon Jr and Thomas, 2009). Since the ZnT3 KO 

mice were able to learn the task and seemed to be motivated enough to reach for and enjoy the 

sugar pellet, it would indicate that synaptic zinc is not greatly affecting those processes. 

The main issue that the ZnT3 KO mice had in the skilled reach was improving their 

accuracy. Rodents are usually considered successful at skilled reach only once they have reached 

50% accuracy. Using this standard, the ZnT3 KO mice are not able to successfully learn the 

skilled reach task, at least not over 3 days of training. Although they did not reach the 50% 

accuracy mark, ZnT3 WT mice showed significant improvement in accuracy over 3 days. ZnT3 

KO mice did not show a similar improvement over time, and actually seemed to get worse. 

However, they were equivalent to the ZnT3 WT mice on every other measurement taken over the 

course of the task. Their lack of accuracy with increasing number of reach attempts is more 

indicative of either a sensory deficit involving an inability to sense where their forelimb is 

located in space or a sense of impatience or impulsivity on their part.  

Many studies, both human and animal, have been done on impulsivity. There are many 

definitions of impulsivity. However, the most commonly used definition is “impulsivity 

encompasses a range of actions which are poorly conceived, prematurely expressed, unduly risky 

or inappropriate to the situation and that often result in undesirable consequences” (Daruna, 

1993). This seems to fit well with what is seen in the ZnT3 KO mice. They are reaching 

successfully but then not refining their next reach attempt to match the previous successful 

attempts. They seem to think that reaching more often is better than reaching more accurately. 
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As a result, they expend more energy, by making more reaching attempts, to retrieve a single 

pellet – an “undesirable consequence” for a hungry mouse.  

Dysfunction of the frontostriatal system has been linked to increases in impulsivity (van 

den Bos et al., 2015). Neuroimaging studies have found that the prefrontal cortex has many 

connections to the striatum (reviewed by Elliott, 2003). Alterations of these connections are also 

linked to many psychological disorders, some of which have increased impulsive behaviour as a 

symptom (reveiwed by Bradshaw and Sheppard, 2000). Dopamine, as well as glutamate, 

serotonin, noradrenaline, and acetylcholine, has been linked to increases in impulsivity (Pattij 

and Vanderschuren, 2008). Increases in dopamine in the NAc, through the use of amphetamine, 

have been found to increase impulsive behaviour (Robbins, 2002). Zinc is located in both the 

frontal cortex and in the striatum (Brown and Dyck, 2004a). It has also been found to modulate 

most of the neurotransmitter systems implicated in impulsive behaviour (reviewed by Nakashima 

and Dyck, 2009). Therefore, the lack of synaptic zinc in the ZnT3 KO mouse is likely affecting 

the normal functioning of these neurotransmitter systems, particularly within the frontostriatal 

circuit.  

These findings suggest that deficiency of synaptic zinc in the brain may be associated 

with an increase in impulsivity. This has implications for several disorders that involve increased 

impulsivity such as attention deficit hyperactivity disorder (ADHD), autism spectrum disorder 

(ASD), and addiction. In fact, one study examined the effects of zinc supplementation in children 

with ADHD and found that zinc significantly reduced hyperactivity and impulsivity (Bilici et al., 

2004). Since systemic zinc levels do not appear to alter vesicular zinc levels (Takeda et al., 

2005), it would be interesting to see if zinc supplementation in people with increased 

impulsivity, or in rodent models of ADHD and other disorders involving impulsivity, show 
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similar decreased impulsive actions. It is unlikely that zinc supplementation of ZnT3 KO mice 

would affect their hyperactivity on the pole test or impulsivity in the skilled reach task as they 

lack the transporter to load zinc into vesicles. 

Given what was found in Chapter 2 (differential increase in spine density in enriched 

ZnT3 KO mice), it seems that the ZnT3 KO mice may be more sensitive to novelty and/or 

reward. This fits nicely with the finding in Chapter 3 that the ZnT3 KO mice seem to be more 

impulsive. An animal (or human) that is highly sensitive to reward is more likely to act without 

thinking to get that reward – they place a higher value on speed over accuracy. To reiterate the 

discussion in Chapter 2, the NAc seems to act as an interface between the limbic system and the 

motor system and, as such, acts to increase the efficiency of goal-directed tasks. Since accuracy 

is one aspect that would improve efficiency and the ZnT3 KO mice were able to learn the skilled 

reach task in a timely matter – if not in an efficient one – it would appear that synaptic zinc has a 

distinct role in the NAc. Further studies will be necessary to determine how, specifically, 

synaptic zinc is affecting the normal function of the NAc. A few such studies are discussed 

below.   

 

4.3 Future Directions 

4.3.1 Behavioural Tasks 

When considering the performance of the ZnT3 KO mice on the skilled reach task there 

are two main areas that may cause their inaccuracy – proprioceptive deficits or increased 

impatience or impulsiveness. Neither can be proven or ruled out using endpoint measures alone, 

as was done in Chapter 3. However, other methods of scoring the skilled reach task are available 

and could be used to determine whether the mice have a problem with proprioception or whether 
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they are simply more impulsive than ZnT3 WT mice. A kinematic analysis examines 10 aspects 

of the reaching movement and scores whether the movement was normal, impaired, or absent. A 

slightly different analysis examines gestures made during the reach attempt. These types of 

analyses could be used to determine whether ZnT3 KO mice are reaching in the same manner as 

ZnT3 WT mice. If they are not reaching the same way as WT mice, they likely have 

proprioceptive deficits. If they are reaching in the same way, they may be more impulsive than 

WT mice. 

While the findings from these studies seem to indicate that ZnT3 KO mice are 

hyperactive and may be impulsive, the pole test and the skilled reach test are not traditionally 

used to look for these traits in rodents. It will be important to examine how the ZnT3 KO mice 

do in tests that are specifically designed to measure hyperactivity and impulsiveness. One of the 

main tests of impulsiveness in rodents is the 5 choice serial reaction time task (5CSRTT). The 

5CSRTT measures different aspects of behaviour and can be setup differently in such a way as to 

dissociate between several issues including attention, impulsivity, and motivation. The 5CSRTT 

is commonly used to determine rodent models of ADHD (Winstanley et al., 2006). Other tests of 

impulsivity include go/no go, stop signal reaction time, and delay discounting tasks (Winstanley 

et al., 2006). 

 Since impulsivity is a common feature in drug addiction (Winstanley, 2007), it may also 

be interesting to examine how ZnT3 KO mice react to drugs of addiction. Self-administration 

and conditioned place preference are the most common tests used in rodent studies of drug 

addiction (Lynch et al., 2010). Self-administration of a drug involves implanting a catheter into 

the rodent which allows administration of the drug in response to a particular behaviour of the 

rodent, such as the pressing of a lever (reviewed by Lynch et al., 2010). If the rodent finds the 
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drug rewarding, they will press the lever more often to get a ‘fix’ of the drug. The number of 

responses a rodent has to make to get the drug can be altered to determine just how much the 

rodent is willing to work to receive the drug. Conditioned place preference involves 

administering a drug or placebo to a rodent then placing them in one of two chambers (reviewed 

by Lynch et al., 2010). The drug is always paired with one chamber while the placebo is always 

paired with the other. After a given number of sessions, the rodent is allowed to explore both 

chambers. If they found the drug rewarding, they will spend more time in the chamber that was 

paired with the drug. It is possible, given the results of this thesis, that the ZnT3 KO mice will be 

more sensitive to drugs of addiction and more likely than ZnT3 WT mice to become addicted as 

well as to act impulsively to obtain the drug.   

 Novelty seeking has also been linked with drug abuse (Bardo et al., 1996; Bevins, 2001). 

As the enrichment cages are rearranged every week, animals raised in them are exposed to a 

novel environment on a weekly basis. The ZnT3 KO mice had greater increases in spine density 

in the NAc, which may indicate a hypersensitivity to the novel environment. This is yet another 

reason it would be interesting to examine how ZnT3 KO mice respond to drugs of abuse. 

 

 

4.3.2 Sex differences 

Many behavioural studies use only one sex for testing or combine both sexes. However, 

for motor tasks this may not provide an accurate picture of what is going on. Sex differences 

have been found on several motor tasks including skilled reach and tasks involving turning 

around (Field and Pellis, 2008). Since initial testing of the ZnT3 KO mice averaged results from 

both male and females, it calls into question their findings, at least in terms of motor behaviour 
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(Cole et al., 2001). Re-testing the male and female mice separately on motor tasks may have 

different results.  

One interesting study was done in rats looking at sex differences in skilled reaching 

before, during, and after restraint stress (Jadavji and Metz, 2008). While baseline reaching 

accuracy was not different, they found that males and females responded differently to stress in 

that females were reaching significantly better than males on certain days during the stress and 

females recovered (i.e. improved accuracy) faster than males after the stress had been removed. 

Synaptic zinc and ZnT3 have been linked to the stress response (Suh et al., 2005). Therefore, 

ZnT3 KO mice may respond differently to stress. Since the ZnT3 KO mice are not accurate 

under normal conditions, it would be interesting to see if stress affects them, for worse or for 

better.  

In addition to the possible sex differences in motor tasks, several studies have found sex 

differences in brain anatomy (Cahill, 2006). Since the Golgi-cox enrichment study only 

examined female ZnT3 WT and KO mice, examination of male ZnT3 WT and KO mice under 

these same conditions is necessary to determine if males are equally affected by enrichment. 

 

4.3.3 Mechanism of action 

As mentioned in the Chapter 1, synaptic zinc can modulate many receptors and pathways 

which makes it difficult to determine where zinc might be acting to cause the differences in the 

ZnT3 KO mice. As mentioned in section 4.2, human studies have found that frontostriatal 

circuitry is important when studying impatience/impulsivity in adolescents and increased 

connectivity is associated with decreased impatience (van den Bos et al., 2015). Therefore, it 

seems likely that connections between frontal cortex and striatum are involved in the impatience 
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seen in the ZnT3 KO mouse. Since synaptic zinc is present in both of these areas, the possibility 

that the differences found in the ZnT3 KO mice are actually due to changes in the frontal cortex 

which result in altered efferent connections to the striatum cannot be ruled out. Other brain areas 

linked to impulsivity include basolateral amygdala (BLA), medial striatum, NAc, and 

orbitofrontal cortex (OFC; Winstanley et al., 2006). These areas also contain synaptic zinc and 

can also not be ruled out as locations in which lack of synaptic zinc may play a role in increasing 

impulsivity or hyperactivity. Future studies should examine how lack of synaptic zinc in specific 

areas affects behaviour. This would be best done through the use of a conditional knockout 

mouse. 

Synaptic zinc has been shown to modulate glutamatergic and dopaminergic receptors. 

While much research has been done on zinc’s effect on the glutamatergic system, its role in the 

dopaminergic system is not well characterized. It is also possible that how zinc modulates each 

system individually is different than how it modulates the interaction between the 2 systems. 

Further research in needed not only on how the dopaminergic and glutamatergic systems interact 

within the striatum, but also how zinc is affecting this interaction.    

Many studies have examined long-term potentiation (LTP) and long-term depression 

(LTD), potential mechanisms of plasticity, in the striatum, specifically in MSNs (Kreitzer and 

Malenka, 2008; Lerner and Kreitzer, 2011). However, there were no studies that examined the 

effect that zinc has on LTP/LTD in the striatum. Since zinc has been found to modulate LTP in 

the hippocampus and amygdala (reviewed by Nakashima and Dyck, 2009), it is likely that it also 

modulates LTP in the striatum. Electrophysiology studies examining striatal LTP/LTD in the 

presence and absence of zinc should be carried out.   
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Another interesting avenue to explore would be how dopamine levels are affected in the 

ZnT3 KO mice versus ZnT3 WT mice. It is possible to measure dopamine levels in awake 

animals using fast-scan cyclic voltammetry (Heien et al., 2005). Since dopamine plays an 

important role in the striatum and may be linked to impulsive behaviours (van Gaalen et al., 

2006; Dalley et al., 2008; Pattij and Vanderschuren, 2008), it will be critical to determine if the 

ZnT3 KO animals have normal levels of dopamine in the striatum; and, given the finding in 

Chapter 2, particularly the nucleus accumbens.    

 

4.3.4 Human applications 

As briefly mentioned in Chapter 1, zinc dysfunction and striatal dysfunction have been 

linked to several human disorders individually, some of which overlap. A few of these, including 

ADHD and ASD, have impulsivity as one possible symptom. Since one study has already found 

an improvement in hyperactivity and impulsiveness with zinc supplementation (Bilici et al., 

2004), it might be interesting to see if zinc supplementation helps in other disorders involving 

impulsive behaviour, such as ASD and addiction.  

 

4.4 Conclusion 

The goal of this thesis was to expand on current knowledge of synaptic zinc in the 

striatum, both anatomically and behaviourally. To this end, two studies were conducted. The first 

examined changes in neuronal morphology of MSNs of the striatum in ZnT3 WT and KO mice 

raised in standard or enriched environments. The main findings from this study were that ZnT3 

KO mice can benefit from enrichment as evidenced by increased spine density in all 3 regions of 

striatum and that the ZnT3 KO mice especially benefit in the nucleus accumbens. This may 
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indicate that they are more sensitive to reward or novelty. The second study was a battery of 

behavioural task. Main findings from these were that the ZnT3 KO mice appear to be 

hyperactive, as well as more impulsive than their WT littermates. Put together, these studies have 

interesting implications for human disorders that include hyperactivity and impulsiveness as 

symptoms such as ADHD, ASD, and addiction. Future studies should include a more thorough 

examination of ZnT3 mice, and other rodent models of zinc dysfunction, on traditional tests of 

impulsivity including the 5CSRT and drug addiction studies, as well as human studies using zinc 

supplementation in populations with increased hyperactivity and impulsivity. It will also be 

important to delve further into the mechanisms through which zinc is acting in the striatum in 

general and in the nucleus accumbens specifically.    
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APPENDIX A: APPENDIX 

A.1. Introduction 

Most, if not all, organisms exhibit a daily rhythm of activity – behaviourally and 

physiologically. This daily rhythm, or oscillation, is controlled by many oscillators in both the 

brain and the body, but the master oscillator is the suprachiasmatic nucleus (SCN) located in the 

hypothalamus. It receives input from the eyes and causes daily rhythms to occur that tend to 

follow periods of light and dark. The SCN is divided into an outer shell and inner core which 

have slightly different functions. However, they work together to produce circadian rhythms 

which involves autoregulatory feedback loops of transcription and translation. Many genes – 

known as clock genes - are involved in these loops; these include Clock, Bmal1, Period (Per), 

Cryptochrome (Cry), Rev-erb α, and Rorα (reviewed by Antle and Silver, 2005; Ko and 

Takahashi, 2006). While the SCN is thought to be the central oscillator controlling the brain and 

the rest of the body, there are other areas of the brain that have been found to exhibit circadian 

rhythmicity of the clock genes as well. One of these areas is the striatum. 

As the main input center for the basal ganglia, the striatum plays a role in voluntary 

motor control, eye movements, procedural learning, habitual learning, and cognition including 

motivation and reward (reviewed by Liljeholm and O'Doherty, 2012). It consists of the caudate 

nucleus, putamen, nucleus accumbens, and olfactory tubercle (McGeorge and Faull, 1989). In 

humans, the caudate and putamen are separated by the internal capsule and can thus be 

distinguished from one another. However, in rodents the internal capsule is more spread out 

making the caudate and putamen indistinguishable. Therefore, it is generally referred to as the 

caudate-putamen (CPu). Regardless of species, the caudate and putamen are generally 

considered to be the dorsal striatum while the nucleus accumbens is termed the ventral striatum. 
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The main afferent connection to the striatum is glutamatergic input from the cortex. 

However, the striatum also receives input from the thalamus (glutamatergic) and the substantia 

nigra (dopaminergic; Alexander et al., 1990). The role of dopamine in the striatum is to modulate 

synaptic plasticity and thus plays a role in acquisition of skilled behaviours (Ogura et al., 2005), 

motor learning (Costa, 2007), and the formation of motor memories (Badgaiyan et al., 2008). 

Lack of nigrostriatal dopaminergic input leads to Parkinson’s disease (Hornykiewicz, 1992). 

Previous studies have found that circadian rhythms exist within the striatum for various 

neurotransmitters, immediate-early genes (cFos), as well as clock genes. Glutamate, GABA, and 

dopamine all exhibit circadian rhythms in the striatum and nucleus accumbens – some of which 

are light dependent, some are light independent – and this differs between the 2 sub-regions 

(Castaneda et al., 2004). Expression of cFos in the caudate-putamen of rats is lowest at circadian 

time 12 (CT12; designated as activity onset by convention) and highest at CT0 (Kononen et al., 

1990). In the adult mouse striatum, clock genes were found to exhibit rhythmicity – with Bmal1, 

Clock, Npas2, and Cry1 peaking in the late dark or early light time, Rev-erb α at mid-light, and 

Per1 at the transition from light to dark (Cai et al., 2009). Another study found that the Per1 gene 

and protein show circadian rhythmicity in the striatum with the protein peaking during the day. 

Per1 mRNA peaked 16 hours earlier (Uz et al., 2003). In 2013, Harbour et al. found that Per2 

rhythms in the striatum have opposite rhythms to those found in the SCN (Harbour et al., 2013) 

and altering the  Per2 rhythm in a dopamine-depleted striatum using activation of dopamine 2 

(D2) receptors had no effect on Per2 rhythms in the SCN (Hood et al., 2010). In addition to the 

discovery that clock genes in the striatum exhibit circadian rhythms, it has also been shown that 

dopamine can drive these rhythms. Dopamine receptor agonists have differing effects on striatal 
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clock gene expression depending on receptor class (D1-class versus D2-class) both in cultured 

striatal cells and in vivo, and are able to shift rhythms of Per1 protein (Imbesi et al., 2009).  

In addition, there have been studies linking circadian rhythmicity in the striatum to 

reward-seeking behaviours, for example, food and drug seeking (reviewed by Dibner et al., 

2010). In particular, food anticipatory activity (FAA) – involving increases in locomotion, core 

body temperature and hormones – still occurs and follows a circadian rhythm in SCN-lesioned 

animals, suggesting there is a food entrainable oscillator (FEO) that operates independent of the 

SCN (reviewed by Mistlberger, 1994; Mistlberger, 2011). There is some evidence that the 

striatum may be involved. When rats were fed ad libitum, Per1 showed rhythmic expression, the 

peak of which could be shifted in the nucleus accumbens when the rats were switched to a 

restricted feeding schedule (Angeles-Castellanos et al., 2007). Dopamine 1 receptors (D1R) in 

the dorsal striatum have also been linked to FAA and D1R knockout mice have suppressed Per2 

gene expression (Gallardo et al., 2014).  

There has also been much research into drug seeking behaviour. Many aspects of drug 

addiction (e.g. sensitivity to the drug, conditioned place preference, self-administration, etc.) 

appear to follow a specific rhythm. Much research on drug-related rhythms has been done using 

methamphetamine, a drug that increases the amount of dopamine in the brain, some of which 

was performed in SCN-lesioned animals and led to the proposal of a methamphetamine-sensitive 

circadian oscillator (MASCO; reviewed by Dibner et al., 2010).  Injections of methamphetamine 

into mice can shift rhythms of clock gene expression (Per1 and Per2) in the striatum without 

have any effect on rhythms in the SCN (Iijima et al., 2002). Changes in the expression of clock 

genes (Per2, Clock, Bmal1, Cry1) in the striatum has been found with cocaine self-
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administration as well (Lynch et al., 2008). Overall, clock gene expression in the striatum seems 

to play an important role in food and drug seeking behaviours. 

 Another potential modulator of the striatum is the bivalent metal zinc, which is an 

essential component to all cells (reviewed by Chasapis et al., 2012). A proportion of the zinc 

found in the brain gets localized into synaptic vesicles of neurons (called zincergic neurons) and 

can be released alongside glutamate to affect post-synaptic cells (Frederickson et al., 2000). Zinc 

can act on receptors (including glutamatergic, GABAergic, glycinergic, serotonergic, purinergic, 

cholinergic, and dopaminergic, as well as voltage-gated ion channels) or enter the cell through 

calcium-permeable ion channels or through the sodium-zinc exchanger and exert effects from 

inside the cell. It affects signal transduction pathways, including cyclic adenosine 

monophosphate (cAMP), protein kinase C (PKC), and calcium/calmodulin-dependent protein 

kinase II (CaMKII) pathways (reviewed by Nakashima and Dyck, 2009). Recently, a g-protein 

coupled receptor, GPR39, was found to be activated by zinc (Holst et al., 2007; Yasuda et al., 

2007; Cohen et al., 2012) and may play a role in plasticity (Holst et al., 2004). In addition, zinc 

has been shown to indirectly activate the tropomyosin-related kinase (Trk) pathway, specifically 

TrkB which is normally activated by brain derived neurotrophic factor (BDNF; Hwang et al., 

2005; Huang et al., 2008). 

In terms of function of vesicular zinc in the brain, it is thought to be involved in 

plasticity. This has been shown in the somatosensory (barrel) cortex with response to whisker 

plucking (Nakashima and Dyck, 2010), as well as in the hippocampus in terms of long-term 

potentiation and depression (reviewed by Nakashima and Dyck, 2009). 

In the forebrain, vesicular zinc is located almost everywhere including in the cerebral 

cortex, hippocampus, amygdala, and, of interest to this paper, the striatum (see Figure 2 in 
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Brown and Dyck, 2003). While there has been a great deal of research into the role of vesicular 

zinc in the hippocampus and somatosensory cortex, very few studies have examined its role in 

the striatum. The two studies that have looked at zinc in the striatum compared zinc staining to 

stains for other histochemical markers of the striatum (Mengual et al., 1995) and performed 

retrograde tracing to determine zincergic afferent projections to the striatum (Sorensen et al., 

1995). 

Due to the importance of dopamine in the striatum, the effect zinc has on the 

dopaminergic system will be examined more closely. Although not much research has been done 

on zinc and the dopaminergic system, zinc binding sites have been found on dopamine receptors 

(Schetz and Sibley, 2001; Liu et al., 2006) as well as on the dopamine uptake transporter (DAT; 

Norregaard et al., 1998). At what is arguably considered physiological concentration (3-300μM), 

zinc potentiates dopamine release, while inhibiting release at higher (>1mM) concentrations 

(Koizumi et al., 1995). Binding of zinc to these sites has been found to modulate binding of 

dopamine receptor antagonists in a manner that is dose-dependent, allosteric, and reversible 

(Schetz and Sibley, 1997; Schetz et al., 1999). In addition, Bjorklund et al. (2007) found that zinc 

inhibits dopamine transport through the dopamine transporter. Also when examining drugs that 

affect the dopaminergic system, such as cocaine or cocaine analogues, zinc was found to 

potentiate the drugs’ action (Richfield, 1993; Bjorklund et al., 2007). It follows then that if zinc 

were depleted in the brain, the dopaminergic system would likely be affected. 

To facilitate research on the role of vesicular zinc, in 1999 a mouse knockout model was 

created (Cole et al., 1999). These mice lack zinc transporter 3 (ZnT3) – the protein required to 

package zinc into vesicles to be released from the cell. Upon first inspection of these mice, they 

appeared behaviourally normal with only an increased susceptibility to kainate-induced seizures 
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(Cole et al., 2000; Cole et al., 2001). More recently, however, deficits have been found, 

specifically that the ZnT3 knockout (KO) mice seem to lack neuroplasticity. This is evidenced 

by changes in gene and protein expression (Nakashima et al., 2011), as well as by deficits in 

behavioural tasks that examine ability to change, such as the t-alternation maze (Sindreu et al., 

2011) and a version of the Morris water task that involves learning an initial platform location 

and then learning a new platform location (Martel et al., 2011).  

Since ZnT3 KO mice lack synaptic zinc and synaptic zinc is involved in many different 

signalling pathways including dopaminergic modulation, it is possible that the rhythm of clock 

gene expression in the striatum may be affected and may lead to changes in reward-related 

behaviour (none of which has been examined in these mice). The purpose of the current study is 

to examine whether changes caused by lack of zincergic signaling (in ZnT3 knockout mice) 

affects the circadian oscillation of gene expression in the striatum using cFos as a marker of 

changes in gene expression. 

 

A.2. Methods 

A.2.1. Animals 

Mice that were heterozygous for the ZnT3 allele were bred to produce litters consisting of 

wildtype, heterozygous, and knockout mice. Adult male ZnT3 wildtype (WT) and knockout 

(KO) mice produced from this colony were used for this study. They were raised in a 12 hour 

light/dark cycle (lights on at 6am and off at 6pm) with ad libitum access to food and water. All 

procedures were approved by the Animal Care Committee of the University of Calgary and 

conformed to the guidelines set out by the Canadian Council for Animal Care. 
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A.2.2. Procedure 

Mice (3 per genotype per time point) were perfused at 4 time points (ZT0, ZT6, ZT12, 

and ZT18) with 50 ml of cold phosphate-buffered saline (PBS) followed by 50 ml of cold 4% 

paraformaldehyde (PFA). Brains were removed and post-fixed in 4% PFA overnight. They were 

then cryoprotected in 20% sucrose for 24 hours and placed in a -80˚C freezer until staining was 

completed. Brains were cut at 35 μm on a sliding microtome. Six series were collected.  

cFos immunohistochemistry. Staining procedures began by rinsing the brain slices in 0.5% 

hydrogen peroxide (H2O2) in 0.3% Triton X-100 in PBS (PBSx) for 30 minutes. Slices were 

then rinsed in PBSx (3 x 10 min) before incubation in 1% normal goat serum (Vector 

Laboratories Inc., Burlingame, CA, USA). After 90 min, slices were incubated for 48 hours in 

the primary antibody (anti cfos; Santa Cruz, Dallas, TX, USA). Sections were rinsed in PBSx (3 

x 10 min) and incubated in the secondary antibody (goat anti-Rabbit 1:200; Vector Laboratories 

Inc., Burlingame, CA, USA) for 60 min. Sections were again rinsed in PBSx (3 x 10 min) and 

incubated in an avidin-biotin complex (ABC kit; Vector Laboratories Inc., Burlingame, CA, 

USA) for 60 min. After another rinse with PBSx (3 x 10 min), sections were developed using 

diaminobenzidine (DAB) and 8% nickel chloride until cells bodies could be seen under a 

dissecting microscope (approximately 5 min). The reaction was terminated with a series of PBS 

washes. Slices were mounted on 1.5% gelatin-coated slides, dehydrated in an ascending series of 

alcohol (70%, 95%, 100% for 10 min each) then cleared with xylenes for 10 min. Slides were 

coverslipped with Permount. 

 

A.2.3. Quantification 
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Pictures of each slice were taken at 100X magnification. Areas of dorsal striatum were 

determined. Labelled nuclei in each area were counted on 4 consecutive slices in both 

hemispheres for each brain using the ImageJ software (ImageJ 1.48; National Institutes of 

Health, Bethesda, MD, USA) automated counting function.  

 

A.2.4. Statistics 

A factorial analysis-of-variance (ANOVA) was used to compare between time points as 

well as between ZnT3 WT and KO mice at each time point. Tukey’s HSD was used for post hoc 

follow-up comparisons. A paired t-test was used to compare labelled nuclei between left and 

right striata. 

 

A.3. Results 

In general, labelled cell bodies were located on the medial portion of the striatum as 

opposed to the lateral portion. Four mice were removed from analysis due to poor staining. There 

was no significant difference between number of labelled nuclei in the left (M=118.05, 

SD=41.42) and right (M=126.54, SD=53.10) striata, t(19)=1.14, p=.270. A main effect of 

circadian time was found, F(3,12)=4.88, p=.019. Post hoc testing indicated significant 

differences between ZT0 and ZT12, t(9)=2.98, p=.049, and between ZT6 and ZT12, t(10)=3.52, 

p=.019. However, no significant differences were found for genotype and there was no 

interaction between genotype and circadian time. That being said, ZnT3 WT mice had peak cFos 

expression at ZT0, while ZnT3 KO mice had peak expression at ZT6. Both had trough cFos 

expression at ZT12 as shown in Figure 1. Figure 2 shows representative examples of cFos 

labelled nuclei for ZnT3 WT and KO mice at all 4 time points. 
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Figure A.4.1. Mean labelled cFos nuclei/mm2 at 4 time points (ZT0, ZT6, ZT12, ZT18) for 

ZnT3 wildtype and knockout mice. Error bar represent ± SEM. 
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Figure A.4.2. cFos labelled nuclei at 4 time points (zeitgeber time (ZT) 0, ZT6, ZT12, ZT18) 

for ZnT3 wildtype (WT) and knockout (KO) animals. 
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A.4. Discussion 

When examining cFos expression in the striata of ZnT3 wildtype (WT) and knockout 

(KO) mice, cFos expression was found to be rhythmic, with highest expression around ZT0-ZT6 

and lowest expression at ZT12. This is consistent with what was found in rats (Kononen et al., 

1990). However, ZnT3 KO mice exhibit essentially the same rhythm as ZnT3 WT mice, 

indicating that the effect caused by a lack of zinc in the striatum does not affect circadian 

expression of cFos in that structure.  

The exact function of synaptic zinc in the striatum is still unknown, but zinc in general 

has been found to affect both glutamatergic and dopaminergic systems – both important 

transporter systems within the striatum. Zinc likely plays a modulatory role in these systems. As 

mentioned earlier, zinc binding domains have been found on both the dopamine receptors and 

the dopamine transporter (Norregaard et al., 1998; Schetz and Sibley, 2001; Liu et al., 2006). 

The effect of zinc on the receptors and transporter seems to be to increase efflux and block 

uptake of dopamine, presumably leading to more dopamine in the synaptic cleft (Koizumi et al., 

1995; Norregaard et al., 1998). However, most of these studies use in vitro methods rather than 

in vivo, so the actual effect of zinc on the dopaminergic system may be different in live animals 

than what has been found so far in slice preparations.  

Another set of studies has examined the role of zinc on the survival of dopaminergic 

neurons with contradictory results. Using PC12 cells from a rat, Lo et al. (2004) found that zinc 

and dopamine applied together could induce cell death. However, Eibl et al. (2010) and Gauthier 

et al. (2008) found that zinc, through metallothionein, enhanced survival of dopaminergic 

neurons in oxidative environments where dopamine normally forms toxic products. This hints at 
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a complicated relationship between zinc and dopamine that may depend on the presence or 

absence of other molecules (such as metallothioneins).  

Because of the role of the nigrostriatal dopaminergic system in Parkinson’s disease, 

several studies have examined the interaction between zinc and dopamine with the substantia 

nigra (SN) or through the use of drugs that mimic Parkinson’s disease in animals. One study 

found that infusing zinc into the SN led to degeneration of the nigrostriatal dopamine system 

(Lin, 2001). Another study found that zinc accumulation in the SN indicated degeneration of 

dopaminergic neurons (Lee et al., 2009). This leads to a chicken or egg conundrum. Is the 

increased zinc leading to the death of dopaminergic neurons or does death of the dopaminergic 

neurons cause the increase in zinc? And how do these changes within the substantia nigra affect 

its main target, the striatum? 

Drugs such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), 1-methyl-4-

phenylpyridinium (MPP+), and 6-hydroxydopamine (6-OHDA) are considered dopaminergic 

neurotoxins. They cause depletion of dopamine in the brain and, as such, are frequently used in 

research on Parkinson’s disease. One study found that zinc could potentiate dopamine depletion 

in MPTP treated animals, but caused no changes in dopamine levels when administered alone 

(Hussain and Ali, 2002). Other studies looked at the effects of the drug on zinc levels in the brain 

rather than dopamine levels. Rojas et al. (2005) found that MPP+ caused decreases of zinc in the 

striatum, while Sheline et al. (2013) found increases in zinc in the presence of MPP+. 6-OHDA 

was found to increase zinc levels in the substantia nigra, globus pallidus, putamen, and amygdala 

(Tarohda et al., 2005). 

The results from all of these studies point to a complex relationship between zinc and 

dopamine, the understanding of which is further complicated by the fact that some studies were 

http://en.wikipedia.org/wiki/Methyl
http://en.wikipedia.org/wiki/Phenyl
http://en.wikipedia.org/wiki/Pyridine
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done in vitro while others were done in vivo. Clearly more research needs to be done to 

determine the relationship between zinc and dopamine in vivo in order to make sense of the role 

of zinc within the striatum. In addition to the lack of knowledge of the normal role of zinc in the 

striatum, we are also unaware of the effects that lack of zinc (as seen in the ZnT3 KO mice) 

might have on the striatum. Since few deficits have been found in the ZnT3 KOs, it is possible 

that there are compensatory mechanisms involved, but it is also uncertain as to what those 

mechanisms might be. 

Since the ZnT3 KO mice do not differ from ZnT3 WT in terms of circadian cFos 

expression in the striatum, it is possible that they will not show differences in activities linked to 

circadian functions involving the striatum, such as food seeking and drug seeking. This is not to 

suggest that the ZnT3 KO mice will not show deficiencies on those tasks at all, but perhaps not 

in terms of aspects that pertain to time of day. For example, they may be more or less sensitive to 

a drug or not have a conditioned place preference, but exhibit drug-seeking behaviours at the 

same time as wildtype. That being said, cFos is only a general indicator of gene expression. We 

might have found differences in expression between ZnT3 WT and KO animals if we had used a 

more specific indicator such as dopamine itself, dopamine receptors, the dopamine transporter, 

or even clock gene or protein expression. For example, it might be of interest to stain for the 

Period gene/protein considering its rhythmicity in the striatum has been shown to be attenuated 

without dopamine present (Iijima et al., 2002; Lynch et al., 2008; Hood et al., 2010; Gallardo et 

al., 2014). Also, this study examined the entire dorsal striatum, but did not examine cell counts in 

the dorsolateral versus dorsomedial striatum or in the ventral striatum (nucleus accumbens). 

Since these regions are functionally distinct within the striatum, it is possible that looking at 
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these regions independently may show a difference in cFos-labelled nuclei even though the 

striatum as a whole does not. 

In summary, while the SCN in the hypothalamus is thought to be the central rhythm 

generator for the body, other areas of the brain also exhibit circadian rhythmicity that, in some 

cases, appear to be independent of the SCN. One of these areas is the striatum. Expression of 

immediate-early genes, as well as some clock genes and neurotransmitters, have been found to 

follow a circadian rhythm. Zinc is an important signaling molecule in the brain and can affect 

many signaling pathways, including those within the striatum. However, lack of vesicular zinc, 

due to removal of the ZnT3 transporter in ZnT3 KO mice, does not appear to affect the circadian 

rhythm of cFos expression in the striatum. 
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