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Abstract

The determination of the isotopic composition of metals has been increasingly recognized as

a powerful tool to monitor metabolism in biological systems. One biologically important metal

in living systems is copper, a critical enzyme cofactor, but a potent cellular toxin when unbound

inside the cell. This thesis describes the development of an analytical technique to measure copper

isotope amount ratios in biological systems. The technique was then implemented to determine

how the distribution of copper isotopes changes in a system where copper metabolism has been

impacted in two different ways.

The �rst application of this technique explored how changing the expression levels of the cel-

lular prion protein (PrPC) could affect the distribution of copper isotopes in the body. Copper

isotope amount ratios were measured in the liver, kidney, red blood cells, serum, and different

regions of the brain of wild type, PrPC knockout, and mice in which the copper-binding sites were

mutated. The liver, kidney and brain tissue samples were enriched in 65Cu compared to the food.

Characteristic changes in isotopic distribution were identi�ed between the serum and the liver, the

hippocampus, cerebral cortex, and brainstem.

The second application of this technique was a careful examination of the copper isotopic frac-

tionation in the �ve intestinal regions of mice. The effect of PrPC was investigated and revealed

that the copper concentration was lower with inhibition or malfunction of PrPC in all regions of

the gut, although only in the large intestine was any genotype dependence on the copper isotopic

composition observed. Additionally, the isotopic redistribution of copper in mice with gut bacteria

signi�cantly depleted by antibiotic treatment was compared to untreated mice. A signi�cant dif-

ference,�1.0 �, in copper isotope abundances were measured in the proximal colon of antibiotic-

treated mice. The changes in copper isotopic composition in the gut were associated with changes

in copper transporters. Both CTR1, a protein responsible for copper import, and ATP7A, a protein

responsible for copper ef�ux, were signi�cantly down-regulated in antibiotic-treated mice.

ii



Acknowledgements

There are a lot of people that I would like to thank for their help and support through this thesis.

First, I would like to thank my supervisor, Mike, for providing invaluable guidance during the last

5 years. Besides teaching me almost everything I know about isotope ratio mass spectrometry, he

also taught me to always try and be optimistic, which is equally important.

I would like to thank my husband, Mahdi, for encouraging me to do graduate school and

helping out in any way he could during all the stressful events that come along with grad school.

And of course my daughter, Ailey, for being the perfect distraction when I needed a break and for

being so understanding during the thesis-writing process. I would also like to thank my parents

and siblings for helping out with Ailey when I needed to go to conferences to present my work.

There are several coworkers from the lab that I would like to express gratitude to. Breege,

Alex, Fwziah, Adam, and Courtney: thanks for always being around for me to bounce ideas off of,

and lending an ear when I needed to vent. I would also like to acknowledge Keith Sharkey for his

enthusiasm to collaborate on the investigations in this thesis.

iii



Table of Contents

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ii
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii
Table of Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv
List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi
List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii
List of Symbols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
2 Isotopic fractionation and the application to study copper metabolism . . . . . . . 4

2.0.1 Isotopes and isotopic fractionation . . . . . . . . . . . . . . . . . . . . . . 4
2.0.2 Measurement of isotopic ratios . . . . . . . . . . . . . . . . . . . . . . . . 6
2.0.3 Sample Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.0.4 Energy �ltering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.0.5 Mass separation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.0.6 Detection of the ion beams . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.0.7 Quanti�cation of the extent of isotopic fractionation . . . . . . . . . . . . 9

2.1 Isotopic abundance measurements in the life sciences . . . . . . . . . . . . . . . . 10
2.1.1 Copper isotope abundance variations in Nature . . . . . . . . . . . . . . . 11
2.1.2 Copper isotopic fractionation in plants and bacteria . . . . . . . . . . . . . 12

2.2 Isotope abundance measurements to study the metabolism of copper . . . . . . . . 13
2.2.1 Copper isotopic composition in animal models . . . . . . . . . . . . . . . 13
2.2.2 Tracer studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2.3 Natural copper isotopic composition in human biological samples . . . . . 14
2.2.4 Copper isotopic shifts in disease . . . . . . . . . . . . . . . . . . . . . . . 15

2.3 The biological processing of copper . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.3.1 Copper absorption into the body . . . . . . . . . . . . . . . . . . . . . . . 19
2.3.2 Copper processing in the liver . . . . . . . . . . . . . . . . . . . . . . . . 21
2.3.3 Copper distribution in the peripheral organs . . . . . . . . . . . . . . . . . 21
2.3.4 Copper transport in the central nervous system . . . . . . . . . . . . . . . 22
2.3.5 Open questions regarding copper metabolism . . . . . . . . . . . . . . . . 22

3 The separation of copper from biological samples and measurement of isotope
amount ratios by MC-ICP-MS . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.1 Instrument Set-up and Settings . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.2 Requirements to obtain accurate and precise isotopic ratios . . . . . . . . . . . . . 25

3.2.1 Instrumental isotopic fractionation . . . . . . . . . . . . . . . . . . . . . . 26
3.2.2 Isolation of copper from biological samples via ion exchange . . . . . . . . 26
3.2.3 Copper ion exchange method . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.2.4 Sample Digestion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.2.5 Method Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.2.6 Correction of instrumental mass bias . . . . . . . . . . . . . . . . . . . . . 31
3.2.7 Implementation of EEN . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.2.8 Control of copper laboratory blanks . . . . . . . . . . . . . . . . . . . . . 34
3.2.9 Quality control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

iv



3.2.10 Uncertainty analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.2.11 Copper concentration measurements . . . . . . . . . . . . . . . . . . . . . 37
3.2.12 Uncertainty analysis of the the IDMS measurements . . . . . . . . . . . . 39

3.3 Techniques employed for tissue collection and immunoblots . . . . . . . . . . . . 39
3.3.1 Tissue collection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.3.2 Western Blot analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.3.3 Quanti�cation of relative protein expression levels . . . . . . . . . . . . . 47
3.3.4 Statistical analysis of the difference in copper isotopic composition . . . . 48

4 Redistribution of copper isotope in the mouse model detect changes in copper
metabolism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.1 The cellular prion protein alters the copper isotopic redistribution in mice . . . . . 49
4.1.1 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
4.1.2 The in�uence of the food source on the isotopic distribution . . . . . . . . 51
4.1.3 The copper �isotopic shift� . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.1.4 The Liver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.1.5 The copper isotopic composition of red blood cells and blood serum . . . . 54
4.1.6 The copper isotopic composition of kidney . . . . . . . . . . . . . . . . . 55
4.1.7 The copper isotopic composition in individual brain regions . . . . . . . . 56
4.1.8 Effects of PrPC expression on Cu isotopic distribution . . . . . . . . . . . 58
4.1.9 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.2 Copper isotopic fractionation during intestinal absorption: in�uence of PrPC and
gut microbiota . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.2.1 In�uence of PrPC on copper isotopic distribution in intestinal tissue . . . . 61
4.2.2 Absorption mechanisms dominate isotopic composition in the small intestine 61
4.2.3 The muscle layer is not affected by antibiotic-treatment . . . . . . . . . . . 63
4.2.4 Antibiotic-treatment changes the distribution of copper isotopes in the ep-

ithelium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.2.5 Protein expression levels are changing in the proximal colon . . . . . . . . 66
4.2.6 Cu and gut microbiota . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.2.7 Copper interactions with the antibiotics . . . . . . . . . . . . . . . . . . . 70
4.2.8 Systematic enrichment of 65Cu in enterocytes . . . . . . . . . . . . . . . . 71
4.2.9 Possibilities for future research . . . . . . . . . . . . . . . . . . . . . . . . 72
4.2.10 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
5.1 Future experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
A Instrumental mass bias correction techniques . . . . . . . . . . . . . . . . . . . . 98

A.0.1 SSB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
A.0.2 EEN - linear regression method . . . . . . . . . . . . . . . . . . . . . . . 98
A.0.3 EN-SSB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

B Manuscript published in JAAS . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
C Manuscript submitted for second investigation . . . . . . . . . . . . . . . . . . . . 109

v



List of Tables

2.1 Copper isotopic compositions of biological materials in disease. The key �ndings
for changes in copper isotope abundances in bodily tissue and �uids induced by a
disease. Note that only studies involving humans are included in this table. . . . . . 16

2.2 Key copper-binding proteins involved in copper traf�cking in the body. PT=Plasma
transporter, TT=transmembrane transporter, Ch=Chaperone, IC=Intracellular target. 18

3.1 Typical operating conditions of the Neptune MC-ICP-MS during the analysis of
copper isotopic abundance ratios. . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.2 The Faraday cup con�guration used for the copper isotopic composition measure-
ments on the Neptune MC-ICP-MS. . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.3 The reagents, standards and reference materials used in this thesis. . . . . . . . . . 26
3.4 The mean and standard deviation (2SD)of the standards processed through the ion

exchange method. The d 65CuAE633 are calculated with respect to unprocessed
ERM-AE633 (i.e. had not been ion-exchanged). . . . . . . . . . . . . . . . . . . 28

3.5 The effect of sodium contamination on the measured d 65CuAE633 value. In each
case 1 mL of the Cu wire in-house standard was contaminated with varying amounts
of sodium to determine the interference of 40Ar23Na+ of the 63Cu signal. The
d 65CuAE633 values were calculated using EEN as the instrumental mass bias cor-
rection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.6 The average � 1SD of the calculated d 65CuAE633 value (�), using three different
methods for instrumental mass bias correction. For both en-SSB and EEN, the
nickel standard SRM-986 was used as the element dopant and the 62Ni/60Ni isotope
amount ratio was used in the calculations. . . . . . . . . . . . . . . . . . . . . . . 32

3.7 The antibiotics and concentrations used in the antibiotic-treatment. The antibiotics
were mixed into the drinking water to which the animals had unrestricted access.
Note that the metronidazole concentration was increased to the �nal concentration
listed over the course of one week. . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.8 All required reagents for the immunoblot procedure. . . . . . . . . . . . . . . . . 43
3.9 The protocols to prepare the gel and buffer solutions required for the electrophoresis. 46
3.10 The steps of the western blot procedure for each of the proteins. . . . . . . . . . . 47
3.11 Assessment of the reproducibility of using ImageJ to quantify the relative differ-

ences between the band sizes of CTR1/b -actin ratio in the western blot analysis.
The number reported is mean value and standard deviation (1SD) of the ratio of
pixels counted in the digital image of the western blot for the sample and the load-
ing control. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.1 The copper isotopic composition of the tissues and bodily �uids from the mice.
Results are reported as a d 65Cu value (�) calculated with respect to ERM-AE633.
A �-� indicates no result for this tissue from this mouse was measured. Analytical
reproducibility is � 0.08 � (2SD). . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.2 The mean value for the isotopic shift between the blood serum and the different
brain regions, given in units of per mil (�) for the different mouse genotypes. �
Statistically different from the Cu-del mouse genotype, p � 0.05. . . . . . . . . . 56

vi



4.3 The copper isotopic composition and copper concentrations of the intestinal tissues
from the mice. Isotopic compositions are reported as a d 65Cu value calculated
with respect to ERM-AE633. Analytical reproducibility is � 0.08 � (2SD). The
copper concentrations, measured by IDMS, are calculated with respect to the dry
weight of the tissue. A �-� indicates no result for this tissue from this mouse was
measured. The error associated with the concentration measurements is 3 % (2SD) 62

4.4 Muscle layer shows little variability in copper isotopic composition. The mean
value, and 2SD variability, of the copper isotopic composition of the muscle tissue
in the �ve regions of the intestinal tract. No regional variations were observed
in the small intestine and there is an enrichment in 65Cu in the large intestine.
Antibiotic treatment has no effect on copper isotopic composition. . . . . . . . . . 64

vii



List of Figures and Illustrations

2.1 The major components of the Neptune MC-ICP-MS Samples are introduced
in liquid form to an argon plasma. The ions are then accelerated into the instru-
ment and velocity focussed before directed into the magnetic sector. Detection
and measurement is done by Faraday cups, arranged along the focal plane, allow-
ing for simultaneous measurement of multiple isotopes. Figure modi�ed from that
produced by Thermo-Fisher. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2 A summary of the range of natural isotopic fractionation measured in envi-
ronmental samples. The largest spread in copper isotopic variations has been
observed in geolgoical specimens. Data compiled from Wang et al.[1] and the
references therein. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.3 The �ow of copper through the body Copper is taken up by specialized cells
called enterocytes in the intestines and subsequently transferred to the liver via the
portal vein. From there copper is distributed to the peripheral organs in the body
via transport proteins in systemic circulation. Note that the brain and spinal �uid
are isolated from the rest of the body via the blood-brain barrier. Excess copper in
the body is transported from the liver to the gall bladder via the hepatic duct. In
the gall bladder the copper is bound to insoluble bile salts and transported back to
the intestines to be excreted from the body. . . . . . . . . . . . . . . . . . . . . . 19

3.1 Ion exchange resins are used to isolate the element of interest from the matrix
of the sample. Ion exchange resins are deposited into an ion exchange column.
The resin is subsequently precleaned and preconditioned before loading the sample
onto the column. Different acids, and concentrations of acids, can be utilized to
selectively retain the element of interest on the resin, while matrix elements pass
through the column. This is how isolation of the element occurs, a required step
before isotopic analysis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.2 Elution curve for select elements using Triskem Cu-spec resin. Here 1 mg of
copper is separated from 1 mg Fe, Ni, Zn, and 10 mg Na and Mg. The elution
behaviour for Na and Mg is very similar and the elution curve lines for these el-
ements are superimposed. The steps of the ion exchange are shown on the right
hand side. While most elements pass directly through the resin, extensive rinsing
is required to effectively remove the iron from the resin. . . . . . . . . . . . . . . . 29

3.3 A typical example of the linear regression method applied to an in-house cop-
per standard doped with SRM986 nickel standard. The natural log of the mea-
sured 65Cu/63Cu isotope amount ratio and 62Ni/60Ni isotope amount ratio in the
in-house standard are plotted and the linear relationship is determined. This linear
relationship is then used to calculate the d 65CuAE633 value for a sample. . . . . . . 34

3.4 The uncertainty considerations and contributions to the measured d 65CuAE633
values. The Kragten method [2] of calculating expanded uncertainty was used
in this uncertainty analysis. The major contribution to the uncertainty is the in-
strumental mass bias correction, which is limited by the internal precision of the
instrument. The uncertainty associated with the d 65CuAE633 values is 0.08 � (2SD). 36

viii



3.5 Schematic showing the principle of isotope dilution measurements. A sample
with an unknown copper concentration is mixed with an enriched isotope spike
solution of known concentration. The resulting mixture is analyzed on the MC-
ICP-MS and the mixture ratio is used to calculate the concentration of copper in
the sample. Note, the relative abundances shown in the mixture above are for a
sample containing 100 ng of copper mixed with 100 ng of the enriched copper spike. 37

3.6 The uncertainty considerations and contributions to the measured d 65CuAE633
values. The Kragten method [2] of calculating expanded uncertainty was used in
this uncertainty analysis. The major contribution to the uncertainty in the copper
concentration measurements was the concentration of the enriched spike solution,
which is limited by the accuracy of the standard used to calibrate the spike concen-
tration. The expanded uncertainty in the copper concentration measurements was
3 % (2SD). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.7 The steps followed to perform a western blot analysis. After protein extracts are
prepared, samples are loaded onto a gel, separated based on mass, and transferred
to a membrane. The membrane is incubated with the appropriate antibodies prior
to imaging. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.1 Differences in copper isotopic composition in the liver of mice from different
genotypes. A) The differences in isotopic composition for the liver and B) the iso-
topic shift between the liver and blood serum for the different mouse genotypes.
The gray box outlines the 25-75% region enclosing the data and the whiskers rep-
resent the upper and lower bounds on the data. The black line indicates the mean
and the white line indicates the median value of the data for each genotype. The
difference in the absolute d 65CuAE633 values are signi�cant (ANOVA, p=0.041),
as are the isotopic shifts between the liver and serum (ANOVA, p=0.022) . . . . . 54

4.2 The differences in copper isotopic shifts between the red blood cells and the
blood serum for the different mouse genotypes. The gray box outlines the 25-
75% region enclosing the data and the whiskers represent the upper and lower
bounds on the data. The black line indicates the mean and the white line indicates
the median value of the data for each genotype. The differences in isotopic shifts
were not signi�cant, although a notable decrease was observed for the Prnp�=�

mice as well as large variability in the isotopic shift of the Cu-del mice. . . . . . . 55
4.3 The differences in isotopic composition between mouse genotypes for select

regions of the brain. The d 65CuAE633 values are shown in A, C, and E. The D val-
ues between the blood serum and the brain regions are shown in B, D, and F. The
gray box outlines the 25-75% region enclosing the data and the whiskers represent
the upper and lower bounds on the data. The black line indicates the mean and the
white line indicates the median value of the data for each genotype. The differences
in the isotopic shift between the blood serum and both the hippocampus and brain-
stem were signi�cant between the Prnp�=� and the Cu-del genotypes (Student’s t-
test, p

0:05):

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

ix



4.4 PrPC expression changes the extent of isotopic fractionation between organs
and bodily �uids The relative change in isotopic composition (D65Cu) as copper
is processed in the body. The isotopic pattern shown is for the wild type mice with
the effect of PrPC expression shown. . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.5 Regional distribution of copper isotopes (d 65CuAE633) in the gut of control and
antibiotic (Abx)-treated mice. Different copper isotope composition is observed
comparing ileum versus both colon regions. (��p<0.01; Kruskal-Wallis followed
by Dunns multiple comparison test was applied between control samples). Duo-
denum, jejunum, and distal colon had a reduction in the d 65CuAE633, but it is in
the proximal colon that we observed the greatest reduction in the d 65CuAE633 (#
p<0.05; ## p<0.01; Mann-Whitney test comparing control with Abx-treated mice
in each the region). Interestingly, ileum did not exhibit any changes in copper iso-
tope composition following antibiotic treatment. Data are presented in a box plot
format. n=5/group. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.6 Depletion of gut microbiota by antibiotics (Abx) reduces the expression of
copper transporters in the proximal colon. Due to the higher reduction of the
d 65CuAE633 in the proximal colon, we explored this region to observe differences in
proteins related to copper metabolism. (a) Copper transporter-1 (CTR1) is a major
importer of copper in the intestinal epithelial cells (IEC). Abx-treated mice display
reduced expression of CTR1 (**p<0.01 with Mann-Whitney test). (b) Following
the same trend, ATP7A, a known copper exporter, is also reduced in the proximal
colon (**p<0.01 with Mann-Whitney test). (c) Superoxide dismutase 1 (SOD1),
an antioxidant enzyme which uses copper, is not altered in the Abx-treated mice
(Mann-Whitney test). Data are presented as mean � SEM. n=5/group. . . . . . . . 67

4.7 Copper transporter (CTR1) expression in the ileum and distal colon after
treatment with antibiotics (Abx). (a) CTR1 expression in the ileum and in
the distal colon (b) is not altered when compared to control (Mann-Whitney test,
p>0.05). Data are presented as mean � SEM. n=4-5 . . . . . . . . . . . . . . . . 68

4.8 Enterocytes are enriched compared to the food source due to the binding sites
of the import and export proteins A schematic showing the speculated mecha-
nisms for the systematic enrichment of 65Cu in enterocytes. Note that while these
steps are shown as happening sequentially, they are actually occurring concur-
rently. Also, the isotopic composition shown in the diagram is not representative
of a measured isotopic composition, rather the number of atom shown is to illus-
trate the trend. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

x



List of Symbols, Abbreviations and Nomenclature

Symbol De�nition

� per mil, parts per thousand

W Ohm

a63, sample the abundance of 63Cu in the sample

a63, spike the abundance of 63Cu in the spike

a65, sample the abundance of 65Cu in the sample

a65, spike the abundance of 65Cu in the spike

Asample the atomic mass of the sample

Aspike the atomic mass of the spike

Abx Antibiotic-treated mice

ATOX1 Antioxidant 1 copper chaperone

B Magnitude of the magnetic �eld

cspike concentration of copper in the spike

CCS Copper chaperone for superoxide dismutase

CCO Cytochrome C Oxidase

CTR1 Copper transporter-1

Cu Copper

Cu-del
Mouse genotype in which the copper-binding region has been mutated and

no longer binds copper.

E Magnitude of the kinetic energy of the ions

EEN Elemental external normalization

en-SSB Elemental-normalization sample-standard bracketing

ERM European reference materials

ESA Electrostatic analyzer

H2O2 Hydrogen peroxide

xi



HCl Hydrochloric acid

HNO3 Nitric acid

IDMS Isotope dilution mass spectrometry

IEC Intestinal epithelial cells

IUPAC International union of pure and applied chemistry

K Kelvin

m1;2 Mass of isotope 1,2

mspike mass of the spike in the mixture

MC ICP-MS Multi-collector inductively-coupled plasma mass spectrometry

MQ Milli-Q

MT Metallothionein

PrP-/- Mouse genotype with suppressed expression of the cellular prion protein.

PrPC Cellular prion protein

RESA Radius of curvature of the ions in the ESA of the MC ICP-MS

RMag Radius of curvature of the ions in the magnetic sector of the MC ICP-MS

Rsam Isotope amount ratio for an element in a sample

Rstd Isotope amount ratio for an element in a standard

SD Standard deviation

SOD1 Superoxide dismutase-1

SSB Sample-standard bracketing

Va Accelerating potential

Ve Voltage across the plates in the electrostatic analyzer

WT Wild type, mice without any genetic modi�cations

xii



Chapter 1

Introduction

Metabolic activity such as cellular assimilation, protein formation, and redox reactions are

known to cause changes in the distribution of isotopes in biological systems. Copper is a biolog-

ically important trace metal that is a required cofactor in several biochemical reactions that are

vital to cellular function. However, excess copper is a potent toxin to the cell due to its ability

to participate in redox reactions, resulting in the formation of reactive oxygen species and subse-

quent cell damage. The cause and consequences of severe copper de�ciency (Menke’s disease)

and copper overload (Wilson’s disease) are well documented. While these two diseases represent

the extremes of copper mishandling in the body, numerous other diseases are accompanied with

changes in copper metabolism. For example, high levels of copper are localized in the amyloid b

plaques found in the brains of persons suffering from Alzheimer’s disease [3]. The mechanisms

for copper abnormalities in many diseases are still not entirely understood. New and innovative

methods to study copper metabolism in the body are necessary to increase our understanding of the

interactions of this metal. This thesis developed a method to measure copper isotope amount ratios

and demonstrated that isotopic composition can detect changes in copper handling in a biological

systems when metabolism of this metal is impacted in two different ways.

The use of isotopic abundance measurements are used in two different ways in biological sys-

tems to provide unique insights into the system. These are the application of enriched stable or

radioactive isotope tracers to determine the rates of metabolic activity and the destinations of an

element, as well as monitoring the natural change in isotopic composition induced by metabolic

processes. The latter is due to the difference in zero-point energies of a bond upon isotopic substi-

tution, causing the chemical structure of the binding sites of a molecule to have a different reduced

partition function, and hence different energetic requirements, to bind one isotope over another.
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The result is a redistribution of isotopes among chemical species, and subsequently between dif-

ferent cells and organs of the body. Therefore, the monitoring of changes in the relative amounts

of an element’s isotopes is an insightful method to monitor changes in the in vivo traf�cking of a

metal without perturbing the system with the addition of an enriched tracer isotope.

There are deleterious consequences of copper de�ciency or overload, so the body must ensure

a balance of copper in the body. To maintain this balance, Cu is directed to speci�c intracellular

pathways through protein-protein interactions, thereby limiting the amount of unbound, or �free�,

copper in the cell. The set of processes that distribute copper throughout the body is collectively

known as �copper traf�cking�. The reproducible way that copper traf�cking occurs, and the iso-

topic fractionations associated with these processes, means that the distribution of isotopes in the

body will be similar within a population.

The �rst evidence that changes in copper metabolic activity could be observed using measure-

ments of isotopic composition was published by B¤uchl et al. who demonstrated that changing the

expression of the cellular prion protein changed the distribution of copper and zinc isotopes in the

brains of transgenic mice [4]. Soon after, Balter et al. measured the copper, iron, and zinc isotopic

composition in the organs of mice and sheep and demonstrated that the isotopes of these elements

systematically distribute amongst the organs in the body. The extent of the isotopic redistribution

was dependent on the organ, and also on the species [5]. These studies provided evidence that dif-

ferences in the handling of copper by different organs, or because of different protein expression,

changed the distribution of copper isotopes in the body.

This thesis developed analytical techniques to measure copper isotope abundance measure-

ments to high precision in biological systems, and demonstrated its effectiveness to identify changes

in copper metabolism in mice. This goal was realized by comparing the copper isotopic composi-

tion of tissues in healthy mice and in mice that had copper metabolism impacted in two signi�cant

ways. In the �rst investigation, the copper isotopic composition of speci�c organs in mice with

variations in the cellular prion protein expression identi�ed regions where this protein had the
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largest effect on copper metabolism. The second investigation carefully examined how copper iso-

topes were redistributed in the intestines, what effect the cellular prion protein had on the copper

isotopic distribution and copper concentration, and how copper traf�cking was affected when gut

microbiota is signi�cantly depleted with oral antibiotics.

This thesis is structured as follows:

� Chapter 2 is an introduction to isotopic fractionation with an emphasis on how isotope amount

ratios have been used in biological systems. Additionally, an overview of copper metabolism in

the body is discussed.

� Chapter 3 describes the careful considerations to generate accurate and precise isotope abun-

dance measurements such that meaningful interpretations can be made. These considerations

include the preparation of the samples, its measurement, and the handling of the data. This

chapter also includes details of tissue collection procedures and the immunoblot techniques.

� Chapter 4 describes the implementation of the analytical technique. The �rst section of this

chapter will discuss the results of the copper isotope abundance measurements in the transgenic

mice with varying cellular prion protein expression. These results form the basis of a publication

that is included in Appendix B. The second section of this chapter will discuss the results from

the careful examination of copper isotopic fractionation in the intestines of mice, how the cellular

prion protein affects the isotopic distribution and copper concentrations in intestinal tissue, and

how the presence of gut microbiota in�uence the copper isotope amount ratios in the intestines.

The results of a portion of the second investigation are in manuscript form, and included as

Appendix C.

� Chapter 5 will summarize the main outcomes of the thesis as well as discuss the new knowl-

edge I have generated. Suggested improvements to the analytical techniques are discussed, and

potential future projects that could further demonstrate the unique insights made available from

isotope amount ratios are described.
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Chapter 2

Isotopic fractionation and the application to study copper

metabolism

The analysis of stable isotope composition is a commonly employed technique in geology,

archaeology, and forensics, and more recently, in the life sciences. The isotopic composition of

natural materials can provide information about the source and history of an element because of

the systematic way in which isotopes redistribute due to physical processes. The �rst section of

this chapter will describe why isotopes will redistribute within a system, how isotope amount ratios

are measured, and the applications of this technique to study copper in biological systems. The

second section of this chapter will provide a brief overview of the biological processes that govern

copper handling in the body. Additionally, this section will highlight emerging questions in copper

metabolism that require new and innovative ways to investigate copper traf�cking.

2.0.1 Isotopes and isotopic fractionation

It was through the careful measurements of nuclei formed from radioactive decays that Freder-

ick Soddy discovered elements that behaved the same chemically but had different atomic masses.

He named these variations of an element �isotope�, from the greek �iso�, meaning same, and

�topos�, meaning position, referring to the position of the element on the periodic table. It was

originally thought that these variations of the masses were just a peculiar anomaly of the radioac-

tive nuclei. Shortly after, Joseph James Thomson, credited with the discovery of the electron, and

his student Francis Aston, discovered that neon also possessed more than one isotope, using the

earliest type of sector �eld mass spectrometry, that they referred to as a mass spectrograph. This

was the �rst evidence that stable elements varied in their mass/charge ratios. Aston continued to

make improvements to the instrumentation and discovered 202 stable nuclei from 71 different el-
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ements before his death. The variations in mass were due to the neutron number in the nucleus,

discovered by James Chadwick in 1932. This knowledge forever changed the understanding of the

the building blocks of the world.

While it was accepted that many elements had more than one isotope and that the abundances

of isotopes could change during a nuclear process, it was presumed that the relative abundances

of non-radiogenic nuclei were constants in nature. Interest in the separation and concentration of

235U resulted in signi�cant progress in the development of mass spectrometers designed to measure

isotopic composition, and it was in parallel with these improvements that it was demonstrated that

even stable isotope abundances, speci�cally those of carbon, oxygen, nitrogen and sulfur, varied in

natural materials. Variations in the isotope amount ratios of stable elements created a whole new

way to understand the history of these elements in natural materials.

Harold Urey �rst developed the theory to describe why chemical reactions had different equilib-

rium constants depending on which hydrogen isotope participated in the reaction [6]. This formal-

ism was extended by Bigeleisien and Mayer to calculate the differences in equilibrium constants

in chemical reactions for elements heavier than hydrogen [7]. The difference in equilibrium con-

stants results in a redistribution of isotope among chemical species within a system. The general

term to describe this redistribution is isotopic fractionation. The cause of isotopic fractionation, in

the context of a chemical reaction, is the difference in vibrational frequencies of a molecule upon

isotopic substitution. Molecules with heavier isotopes will have a lower vibrational frequency due

to the increased reduced-mass [8, 9]. This changes the amount of energy required for a bond to

dissociate and will affect the rates at which isotopes will participate in a reaction.

Isotopic fractionations may be classi�ed as mass-independent or mass dependent. Mass inde-

pendent fractionations refers to those processes where the change in isotopic composition is not

related to the masses of the element. For example, the radiogenic input of a daughter product from

a nuclear decay reaction can change the isotopic composition of an element. Mass dependent pro-

cesses are those where the extent of the isotopic fractionation is proportional to the relative mass
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differences between the isotopes. Mass dependent fractionations can be further divided into equi-

librium or kinetic processes. Equilibrium fractionations refer to those reactions that are reversible

and proceed until steady-state is reached. The magnitude of equilibrium fractionations are propor-

tional to the relative mass difference between elements. Kinetic fractionations can be irreversible

(i.e. unidirectional), do not continue until a steady state is reached, and can occur in open systems.

The extent of kinetic fractionations are driven by the difference in the rates of participation in a

process, which is also a function of mass.

2.0.2 Measurement of isotopic ratios

Isotopic ratios are best measured using mass spectrometry, a technique that uses a magnetic

�eld to separate ions based on the mass/charge ratio. The mass difference between heavier ele-

ments (eg. copper) was originally thought to be too small to have any measurable effect on the

variations in isotopic composition. Improvements to instrumentation, speci�cally the ability to

simulataneously measure multiple isotopes, allowed for the required precision to observe small

changes in the isotopic composition of even heavy elements, which are sometimes referred to

as �non-traditional� stable isotopes. Copper stable isotopes can be measured by thermal ioniza-

tion mass spectrometry, secondary ion mass specrometry, or multi-collector inductively-coupled

plasma mass spectrometry. Thermal ionization involves heating a solid sample on a �lament to

evaporate and ionize the element of interest. Early work studying copper isotope abundance varia-

tions with thermal ionization con�rmed variations exist [10, 11], but the uncertainties in the mea-

surements were � 0.1 %, which was too high to study small isotopic variations within a system.

Secondary ion mass spectrometry involves focussing an ion beam on the surface of a solid sample

and collecting and analyzing the secondary ions ejected from the surface. While this technique

offers detailed spatial resolution of the composition of solid sample, and does not require complete

destruction of the sample, this technique has limited precision for isotopic analysis [12, 13]. Multi-

collector inductively-coupled plasma mass spectrometry (MC-ICP-MS) is the preferred instrument

to measure copper isotope abundances because of its sensitivity and precision capabilities. Sam-
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ples are typically introduced in liquid form (although other methods such as laser ablation can be

employed [14, 15]) into an argon plasma to ionize the sample. The instrument used for the research

in this thesis was a Thermo-Fisher Neptune MC-ICP-MS. A schematic of the main components of

the instrument is shown in Figure 2.1. with a brief summary of each described below [16, 17, 18].

MagneticSector

Electrostatic 
Analyzer

Sample Introduction

Faraday Cup Detector Array

Figure 2.1: The major components of the Neptune MC-ICP-MS Samples are introduced in
liquid form to an argon plasma. The ions are then accelerated into the instrument and velocity
focussed before directed into the magnetic sector. Detection and measurement is done by Faraday
cups, arranged along the focal plane, allowing for simultaneous measurement of multiple isotopes.
Figure modi�ed from that produced by Thermo-Fisher.

2.0.3 Sample Introduction

Samples are typically introduced in liquid form to an argon plasma (6000-8000 K). The argon

plasma ionizes the elements in the sample and these ions are accelerated by a graphite extraction
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lens, biased at -2000 V relative to the plasma at ground potential, towards the interface region of

the instrument. The interface region is the intermediate stage of transporting the the ions from

atmospheric pressure in the plasma, to the �10�8 mbar pressure in the mass spectrometer. The

interface region contains a sample cone (proximal to the plasma) and a skimmer cone (proximal

to the mass spectrometer). These cones sample the center of the ion beam and the ions are subse-

quently focussed by a set of lenses. Finally the collimated beam is directed through the entrance slit

of the instrument. The Neptune contains three entrance slits of varying widths, which correspond

to three different resolution modes.

2.0.4 Energy �ltering

After passing through the entrance slit, the beam is directed into the electrostatic analyzer

(ESA), two parallel curved plates to which a potential difference is applied. At the end of the ESA

is a narrow exit slot. The ESA is required to reduce the energy spread in the ion beam (�10 eV)

down to �1 eV to improve the separation that will subsequently occur in the magnetic sector. The

radius of curvature in the electrostatic analyzer is:

RESA =
2E
Ve

(2.1)

where Ve is the voltage across the plates and E is the kinetic energy of the ions. Therefore, the ESA

acts as an energy �lter for the incoming ion beam, and �lters the energies of the ions, independent

of mass.

2.0.5 Mass separation

The beam is then accelerated into the magnetic sector where the ions are separated based on

the mass to charge ratio according to:

R2
Mag =

2mVa

qB2 (2.2)

Where m is the mass of the ion, Va is the accelerating voltage, q is the charge of the ion and B

is the magnitude of the magnetic �eld. While the magnitude of the magnetic �eld can be varied

8



for the element of interest, it is kept constant during a measurement, as is the accelerating voltage.

Therefore, assuming that the energy of the particles is similar, the radius of curvature is dependent

on the mass to charge ratio of the ions in the beam.

2.0.6 Detection of the ion beams

Detection and measurement of the ions is accomplished by Faraday cups, thin, deep graphite

cups connected to ampli�ers equipped with high-ohmic resistors in the feedback loop (1011W for

the research in this thesis), which are connected to ground. When an ion enters the cup, an electron

from ground neutralizes the ion, generating a current. This current causes a voltage drop across

the resistor according to Ohm’s law (V=IR). These voltages are the quantity used to calculate the

isotopic ratios measured by the instrument. There are nine Faraday cups in the Neptune, arranged

along the focal plane, allowing for simultaneous collection of multiple isotopes.

2.0.7 Quanti�cation of the extent of isotopic fractionation

The extent of isotopic fractionation is quanti�ed by the delta (d ) value, which is de�ned as:

d =
�Rsample

Rstd
�1
�
�1000 (2.3)

where Rsample and Rstd are the measured isotope amount ratios of the sample and the standard,

respectively. The delta value is a measure of the deviation of the isotopic composition of the sample

compared to that of an international standard, the �delta zero� reference material. The international

standard should be homogenous, stable over time, and widely available to be an appropriate �delta

zero� standard. As the deviations are typically small, the units used are parts per thousand (per

mil, �).

Another useful quantity is the �D� value, which is the difference in isotopic composition mea-

sured between two compartments of a system. i.e.:

Da�b = da�db (2.4)
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This quantity is useful for determining relative difference in isotopic composition within a system,

and is sometimes referred to as the �separation factor� which describes the extent that a process

will change the distribution of isotopes.

2.1 Isotopic abundance measurements in the life sciences

Isotope abundance measurements in biological systems are used in two different ways to gain

insights into the processing of an element. The �rst is the use of an isotope with an abundance

greatly enriched compared to the natural value (a tracer) to determine the receptors of an element

within a biological system. The enriched isotope tracers can be introduced through food, water, or

injected into the living system. Measuring the isotopic composition of the organs and bodily �uids

after introducing the isotopic tracer can provide information about how the body has processed the

element based off the relative proportions of the enriched spikes in each organ/�uid in the body.

An enriched isotopic tracer can also be used to calculate turnover rates an element by determining

how long the tracer remains in the isotopic ratio.

The other method to study metabolism with isotope amount ratios is to measure the differences

in the natural isotopic composition in organs and �uids in biological systems. This natural isotopic

redistribution observed between organs and bodily �uids are a re�ection of the metabolic processes

that the element was subject to as it is distributed throughout the body. Isotopic redistribution is

also a sensitive technique to detect changes in the processing of an element when the system is

subject to a metabolic perturbation.

Natural isotopic fractionation due to a biological process was �rst recognized for the light

elements (i.e, C, N, S). For example, the reduction of sulfate to disul�de by bacteria was shown to

induce a large isotopic fractionation of the sulfur isotopes, reported in 1951 [19]. This discovery

enabled researchers to distinguish between environmental and biological processes involved in

the global sulfur cycle. Early carbon isotope analysis of plants revealed a large difference in the

isotopic composition of C3 (eg. beans) vs C4 (eg. rice) vs CAM (eg. cacti) plants [20, 21] due
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to the difference in photosynthetic pathways of these three types of plants. The nitrogen isotopic

composition of plants, and the bones of animals and humans that consume the plant, demonstrated

an increase in the d 15N value by an average of 2-3 � when moving up a trophic level [22].

Carbon and nitrogen isotopic analysis of bones and teeth have been used to reconstruct the diets of

prehistoric humans (eg. [23]) and develop food webs in ecological systems(eg. [24]).

The isotopic variations observed for copper isotopes will be described in detail in the following

sections. However, copper is not the only metal that is a required nutrient that must be regulated,

nor is it the only metal to which isotope amount ratios have been used to study metabolism. For

example, differences in iron isotopic composition in blood serum have been observed in patients

with hereditary hemochromatosis [25] and anemia due to chronic kidney disease [26]. Zinc iso-

topes is breast cancer tissue are isotopically lighter than the blood serum in both cancer patients

and healthy controls, suggesting that sequestering by metallothioneins is the dominant mechanism

of increased zinc concentrations in cancerous tissues [27]. Additionally, brain tissue of mice from

an Alzheimer’s mouse models have shown an enrichment in the heavier isotopes of zinc which cor-

relate with the formation of the b -amyloid plaques [28]. Calcium isotopes in urine have been used

as a proxy for bone loss during extended bed rest and are an indication of bone mineral balance

[29]. Calcium isotopes in blood serum show a signi�cant depletion in the heavy isotopes in pa-

tients with multiple myeloma, a disease which results in severe bone destruction[30]. While these

are just a few examples of ways in which the isotopes of other metals are impacted by changes in

metabolism, it has become clear that isotopic analysis of metals is an incredibly sensitive technique

to detect changes in metal metabolism.

2.1.1 Copper isotope abundance variations in Nature

A recent review of reported copper isotopic variations [1] in natural materials shows a range of

d 65Cu values from -16.48 � to +20.04 �. A summary of the natural isotopic fractionation can be

found in Figure 2.2 The majority of the work on copper isotopes has involved geological samples,

which typically show a larger range in d 65Cu values due to the age of the samples and the high
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temperatures, pressures, and other environmental factors that could alter the isotopic composition

[31]. Excluding geolgical specimens, the reported range in copper isotope abundance variations is

�-2 � to �+7 �.

-20 -15 -10 -5 0 5 10 15 20 25

Dissolved Cu in Rainwater

Dissolved Cu in Rivers/Streams

Dissolved Cu in Oceans

Suspended Particulate Matter/Sediments

Soils

Rocks and Ores
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Animals

�/65�&�X�����Å��

Figure 2.2: A summary of the range of natural isotopic fractionation measured in environ-
mental samples. The largest spread in copper isotopic variations has been observed in geolgoical
specimens. Data compiled from Wang et al.[1] and the references therein.

2.1.2 Copper isotopic fractionation in plants and bacteria

Plants uptake copper from the soil and systematically accumulate the light isotopes into the

plant, with the extent of fractionation dependant on the species [32] and also on the environmental

factors within the soil, such as pH [33]. The range in d 65Cu values observed during uptake by

plants is -0.11 � to -1.43 �. Copper isotopic fractionations also occur during translocation of

the metal within the plant (i.e. between the roots and the shoots, leaves) but the magnitude and

direction of the fractionation is also species dependant [34, 33, 35]. The isotopic shifts observed

between different compartments within plants ranged from -0.90 � to 1.35 �.
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Few studies have investigated how bacteria can fractionate isotopes during metabolic activity.

E. coli and B. subtillis, both grown aerobically, preferentially incorporate light isotopes from the

culture media [36]. It was also demonstrated in this study that this isotopic fractionation is driven

by metabolic activity, as heat-killed cells only induced a small isotopic fractionation from sur-

face adsorption of copper onto the cell wall. In contrast, T. ferrooxidans was presumed to be the

sink of isotopically heavy copper in a study investigating Cu isotopic fractionation of chalcopyrite

dissolution under abiotic and biotic conditions [37].

2.2 Isotope abundance measurements to study the metabolism of copper

2.2.1 Copper isotopic composition in animal models

Few published studies have used animal models to study copper traf�cking by measuring the

stable isotope composition. B¤uchl et al. measured the copper and zinc isotopic compositions of

whole brain tissue of several different strains of transgenic mice involving variations in the cellular

prion protein [4]. This was the �rst study to show that impacting copper processing could change

the copper isotopic composition in the tissues. Several years later a study was performed measuring

the copper, iron and zinc isotopic composition of several organs in mice and sheep [5]. This study

was the �rst to show on a whole body level that the copper isotopic composition of individuals

organs was fairly consistent for the mice used within the study, and that the extent of fractionation

was different for different organs. However, the d 65Cu values for the brain tissue in these two

studies were drastically different. A mouse model for amyotrophic lateral sclerosis (ALS) showed

large variability in the copper isotopic composition of muscle tissue, attributed to the dysregulation

of super-oxide dismutase [38].

2.2.2 Tracer studies

Early work investigating copper metabolism involved the use of a stable 65Cu tracer. These

studies provided information about the absorption rates of copper in humans of different ages
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[39, 40], sexes [41], different dietary copper levels [42], and the effect of other dietary factors such

as ascorbic acid, vitamin B and cellulose consumption [43, 44, 45]. A differential diagnosis of

Wilson’s disease can be accomplished using an enriched tracer to detect the lack of copper incor-

poration into ceruloplasmin in the blood serum of patients [46]. More recent work has been shown

that individuals with Parkinson’s disease show either early, rapid absorption or late, low absorp-

tion of copper in the gut compared to healthy subjects [47]. Low levels of serum ceruloplasmin, a

characteristic of the disease, were observed in both of these irregular absorption pro�les.

2.2.3 Natural copper isotopic composition in human biological samples

Natural copper isotopic composition in biological tissues focussed on blood in healthy indi-

viduals, and teeth and bones of human remains. These studies showed a clear difference in the

isotopic composition of red blood cells versus serum, the two components that comprise blood,

and further showed that female red blood cells are depleted in 65Cu when compared to men, with

no signi�cant difference in the blood serum between the two sexes [48]. This difference was asso-

ciated with the higher turnover rate of red blood cells in women due to menstruation. This theory

was validated when the red blood cells from post-menopausal women were shown to have no sig-

ni�cant difference from the red blood cells of the male group in the study [49, 50]. The effect

of diet (i.e. omnivore vs. vegetarian) on the copper isotopic composition of blood serum did not

show any difference when comparing diet alone, but female vegetarians could be distinguished

from male omnivores [51]. The copper isotopic composition of ancient bones has revealed that

men have bones more enriched in 65Cu than females, and could be used to identify the sex of par-

tial bone specimens [52]. The measurement of copper isotopic composition in enamel and bones

from ancient remains showed a systematic enrichment of 65Cu in enamel compared to bone, but

no sex differences were observed [53].
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2.2.4 Copper isotopic shifts in disease

Starting in 2013 there was a sudden surge in research of human tissues comparing the copper

isotopic composition of those in a disease state to healthy individuals (Table 2.1). Disease states

are typically associated with an enrichment of 63Cu in blood serum, which suggests a systematic

enrichment of 65Cu in affected tissues. The enrichment in 65Cu in tumour cells, which is argued

to be responsible for the depletion of this isotope in blood serum of cancer patients, was explored

in more detail using human cancer cell lines[54]. It was demonstrated that the extent of 65Cu

enrichment in the cells was inversely correlated with the degree of hypoxia, suggesting that the

hypoxic environment in tumour cells is favourable for the heavier copper isotope. To understand

the isotopic fractionation due to import of copper by Copper Transporter-1 (CTR1), the extent

of fractionation between the growth media and the cells of wild type and genetically modi�ed

forms of Saccharomydes cervasaie were measured[55]. It was shown that import by CTR1 was the

dominant mechanism for isotope fractionation and the extent of the fractionation was modulated

by the available reductases to reduce Cu2+ to Cu+, a requirement to make the metal biologically

available to the copper transporter.

2.3 The biological processing of copper

The success of copper isotope amount ratios to provide insights into copper metabolism is due

to the way that copper is handled in the body. Copper can exist in multiple oxidation states, and

can easily be converted between Cu+ and Cu2+. The redox ability of copper is utilized by several

copper-binding proteins in the body to facilitate critical cellular functions and therefore Cu is a

required nutrient to the body. However, this redox ability also makes copper a potent toxin to the

cell as it can participate in the Haber-Weiss reaction and produce damaging oxygen free radicals

when unbound inside the cell. To prevent this toxic effect, copper is transported to its speci�c

intracellular targets through a series of protein-protein interactions. It is estimated that there is, at

most, one free copper ion within the cell at any given time [61]. This carefully managed delivery
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Table 2.1: Copper isotopic compositions of biological materials in disease. The key �ndings for
changes in copper isotope abundances in bodily tissue and �uids induced by a disease. Note that
only studies involving humans are included in this table.

Disease/Disorder Tissue/Fluid Key Finding Ref
Breast Cancer Human breast tumour Tumour tissue was more enriched in 63Cu

than adjacent healthy tissue by � 0:4
[27]

Breast/Colorectal
Cancer

Blood serum Serum is enriched in 63Cu than controls.
Patients with a blood serum lower than -
0.35 � did not survive

[56]

Colorectal cancer Human colon tumour This tissue was taken from a patient in the
above study. The heavy isotopes lacking
in the blood serum were reallocated into
the tumour tissue (i.e. tumour was en-
riched in 65Cu)

[56]

Hepatocellular
Carcinoma

Human liver tumour
and blood

Blood from patients was systematically
enriched in 63Cu compared to controls.
The heavier isotopes were shown to re-
allocate into liver tumours, although re-
lease of Cu from metallothioniens was
suggested as a complimentary mechanism

[57]

Liver cirrhosis Blood serum Patients had serum enriched in 63Cu com-
pared to controls. The d 65Cu value corre-
lated with other clinical parameters used
to monitor disease progression. A follow-
up study showed an increase in the d 65Cu
value of the patient’s blood serum follow-
ing liver transplant.

[58,
59]

Wilson’s disease Human blood serum Combining copper concentration and
d 65Cu value in blood serum allowed for
the differentiation of patients with Wil-
son’s disease, infants, and healthy adults

[60]
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of copper within the body is referred to as copper traf�cking.

The proteins responsible for copper traf�cking can be divided into three sub-groups dependant

on the its speci�c role in directing copper in the body:

� Copper transporters: As the name suggests, these proteins are responsible for transporting cop-

per to different destinations within the body. There are two subtypes of transporters: transmem-

brane and plasma-associated.

� Transmembrane: These proteins are embedded in cell membranes, either to trans-

port copper from an extracellular medium into the cytoplasm, or to transport cop-

per inside subcellular compartments, eg. the trans-Golgi network.

� Plasma-associated: These proteins are �free� in blood plasma and are responsible

for delivering copper from the intestines to the liver, or between the liver and the

other internal organs.

� Intracellular targets: These proteins are located within the cytoplasm of the cell or within subcel-

lular compartments and utilize copper to carry out cellular functions. Examples include super-

oxide dismutase in the cytoplasm of the cell, or cytochrome c oxidase found in the mitochondria.

� Copper chaperones: These proteins bind newly imported copper from a transmembrane trans-

porter and deliver the copper to an intracellular target.

The key copper-binding proteins and their physiological functions are listed in Table 2.2. This

table is not an exhaustive list of Cu-binding proteins in the body but provides an overview of the

dominant participants in copper metabolism.

The general cycle of copper in the body is shown in Figure 2.3. The following sections will

describe how copper is traf�cked through the body and the proteins responsible for the distribution

of copper.
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Table 2.2: Key copper-binding proteins involved in copper traf�cking in the body. PT=Plasma
transporter, TT=transmembrane transporter, Ch=Chaperone, IC=Intracellular target.

Protein Type Function
Albumin PT Delivers copper in systemic circulation between the liver

and other internal organs. 5-20 % of copper in blood serum
is associated with this protein.

Antioxidant 1
(ATOX1)

Ch Delivers copper to both ATP7A and ATP7B. Malfunction in
this protein result in high levels of intracellular copper.

ATP7A, ATP7B TT Transports copper across membranes within the cytoplasm,
and also acts to export copper from cells.

Ceruloplasmin PT Delivers copper in systemic circulation between the liver
and other internal organs. 80-95 % of copper in blood serum
is associated with this protein.

Cytochrome C
Oxidase (CCO))

IT This protein participates in the cellular respiration process
by undergoing redox with the terminal oxygen.

Copper chaper-
one for super-
oxide dismutase
(CCS)

Ch Delivers copper to superoxide dismutase (SOD). Malfunc-
tion prevents incorporation of copper into SOD and reduces
the antioxidant ability of the enzyme. Cell show signs of
oxidative stress. [62]

Copper trans-
porter 1 (CTR1)

TT The primary copper importer to all cells. CTR1 malfunction
is fatal at the embryonic stage.

Hephaestin PT Ceruloplasmin homologue found only in the portal vein.

Metallothionien
(MT)

IT Storage protein to prevent free copper in the cytoplasm

Prion protein
(PrP)

IT Physiological function unknown, speculated to participate
in the reduction of oxidative stress.

Superoxide
dismustase 1
(SOD1)

IT Antioxidant enzyme that utilizes copper to protect the cells
from oxidative stress.
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Figure 2.3: The �ow of copper through the body Copper is taken up by specialized cells called
enterocytes in the intestines and subsequently transferred to the liver via the portal vein. From
there copper is distributed to the peripheral organs in the body via transport proteins in systemic
circulation. Note that the brain and spinal �uid are isolated from the rest of the body via the
blood-brain barrier. Excess copper in the body is transported from the liver to the gall bladder via
the hepatic duct. In the gall bladder the copper is bound to insoluble bile salts and transported back
to the intestines to be excreted from the body.

2.3.1 Copper absorption into the body

Copper acquisition into the body occurs through three routes; inhalation of copper particulates,

absorption of copper particulates through the skin, and absorption of copper from food sources in

the intestinal tract. Copper absorption through the skin is inef�cient [63] and the least signi�cant

source. Copper absorption into the body via inhalation is possible although copper concentrations

in the air are very low making it a negligible source. Therefore the primary source of copper to the

body is through digestion of copper in food sources. The average human adult consumes 2-5 mg

of copper per day and typically around 56 % of this is absorbed into the body, although the amount

absorbed is proportional to the many factors, as described in Section 2.2.2.

The �rst major interaction of copper from dietary sources with the body is in the intestines.

19



The intestines are divided into the small and large intestine with the cecum acting as the barrier

between the two sections. The small intestine is further subdivided into the duodenum, jejunum,

and ileum. While no physical boundaries exist between these three sections, each has a different

role in the digestive process. Similarly, the large intestine can be divided into the proximal and

distal colon. Along the length of the intestines is a single-layer of specialized absorptive cells

called enterocytes, held together by tight junctions [64]. Enterocytes are the cells responsible for

nutrient absorption. These cells constitute the largest proportion of a group of cells called intestinal

epithelial cells. Collectively, intestinal epithelial cells act as a physical barrier to keep potentially

harmful substances from entering the body [65].

Copper uptake into enterocytes is thought to occur primarily by the protein Copper Transporter

1 (CTR1) [66], although other mechanisms have been suggested, such as uptake by Divalent Metal

Transporter 1 (DMT1) [67] . CTR1 has a high af�nity for Cu+ but copper in food digest is likely

found as Cu2+. Therefore copper must be reduced before it can be transported into the cell. This is

thought to occur by Six-Transmembrane Epithelial Antigen of Prostate (STEAP) proteins, which

are not only predicted to reduce copper but also iron [68]. Inside the cell, copper is immediately

bound to copper chaperones and delivered to intracellular targets. Copper export is done by ATP7A

at the basolateral membrane either by transmembrane transport, or by loading vesicle full of copper

near the basolateral membrane for export via exocytosis [69].

Protein localization studies have demonstrated that only in the duodenum and jejunum is

ATP7A found at the basolateral membrane [70], and these two sections of the small intestine are

thought to be the primary sites of absorption into the body. Malfunction of ATP7A is the cause of

Menke’s disease and is characterized by severe copper de�ciency, as dietary copper cannot enter

the body [71]. As the intestines are the only organ that rely solely on ATP7A for copper export,

copper de�ciency can be avoided by intravenously supplying copper to systemic circulation [72].

Copper exported from enterocytes enters portal circulation, a vein isolated from systemic circula-

tion that connects the intestines to the liver. It is immediately bound to hephaestin and albumin,
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serum transport proteins, and delivered to the liver.

2.3.2 Copper processing in the liver

While the intestines do play a role in regulating copper intake to the body, it is the liver that

is ultimately responsible for maintaining copper balance. First and foremost, the liver has the

important role of synthesizing ceruloplasmin, the primary copper-binding protein in blood serum

participating in delivery of copper to all cells in the body [73]. Additional, the liver is the largest

copper store in the body, evident through the high levels of metallothioneins, a copper storage

protein [74]. Copper is imported into hepatocytes, the specialized liver cells, via CTR1 and subse-

quently delivered to intracellular targets. Copper export from hepatocytes is done almost entirely

by ATP7B. Malfunctions in ATP7B are the cause of Wilson’s disease and results in accumulation

of copper in the body, especially in the liver and the brain [75]. This is because the liver is re-

sponsible for ridding the body of excess copper in the body. This is accomplished by transporting

copper to the gall bladder via the hepatic duct to be excreted from the body bound to insoluble bile

salts [76].

2.3.3 Copper distribution in the peripheral organs

Copper that is exported from the liver is bound to plasma proteins, predominately ceruloplas-

min and albumin, and delivered to all other cells in the body. Although each type of cell in the body

has a different structure and function, the metabolic need for copper is consistent among all organs

in the body. CTR1 is the copper import protein in all cells, either ATP7A or ATP7B is responsible

for copper export, and the key intracellular targets are the same. However, it is important to note

that individual organs will have different amounts of copper-binding proteins, depending on the

function of the organ. For example, skin has high levels of lysyl oxidase, an enzyme the body

utilizes in collagen formation [77]. The differences in the abundances of these copper-binding

proteins results in a non-uniform distribution of copper in the body.
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2.3.4 Copper transport in the central nervous system

The brain in unique compared to the other organs of the body in the way that it interacts with

blood �ow. The brain is comprised of two barriers, the blood-brain barrier, and the blood-cerebral

spinal �uid barrier[78, 79]. The �ow of metals through the brain is essentially unidirectional,

travelling through the blood-brain barrier, into the brain, through to the cerebral spinal �uid, and

�nally returned to the blood through the blood-cerebral spinal �uid barrier [80, 81]. The other

unique aspect of copper traf�cking in the brain is that it produces its own supply of ceruloplasmin,

as the protein in systemic circulation is too large to cross the blood-brain barrier.

2.3.5 Open questions regarding copper metabolism

While considerable knowledge exists about copper traf�cking, there are still several unan-

swered questions. One important example of this is the cellular prion protein. This protein is a

copper-binding protein expressed in many organs in the body, with relatively high levels in the

brain and other components of the central nervous system [82]. While the consequences of this

protein misfolding are devastating, as it causes a disease known as Cruetzfeld Jacob’s disease

in humans[83], or the more well-known �mad cow disease� in cattle, it’s physiological function

still eludes researchers [84]. This is because the �knockout�, or null expression of this protein,

does not present itself with a single phenotype in mice, except for the inability to develop a prion

disease[85]. Therefore it can be considered a �non-vital� protein, as no serious effects on the

health of the individual develop with its absence, at least in mice. However, the fact that the body

produces this protein, and its high abundance in the brain and spinal cord cells, suggests that this

protein does in fact have an important, yet still unde�ned, role in the body.

Other important questions regarding copper are the metabolic abnormalities associated with

several neurodegenerative diseases. Both Alzheimer’s disease and Parkinson’s disease show a

marked reduction in COX and SOD activity in red blood cells and in brain cells, and high levels

of apoceruloplasmin (ceruloplasmin lacking Cu) in the brain [86]. Patients with autistic spectrum
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disorders typically have excess copper in blood serum [87] and high levels of lactate, a strong

copper chelator, in the brain [88]. Amyotrophic lateral sclerosis, a disease affecting the neurons

responsible for motor skills, is associated with a mutant form of SOD1 [89]. In each of these dis-

orders it is unclear whether the changes to copper metabolism are a contributor or a consequence.

Understanding all facets of copper metabolism will be key to understanding these diseases and all

others that involve dysregulation of copper.
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Chapter 3

The separation of copper from biological samples and

measurement of isotope amount ratios by MC-ICP-MS

There are several important considerations during the sample preparation and measurement of

the sample that are of critical to generating meaningful isotopic data. The �rst section of this chap-

ter will describe the analytical details of the sample preparation, measurement and data reduction

of the isotopic ratios and copper concentration measurements on an MC-ICP-MS.

The interdisciplinary nature of this research required collaboration with researchers from the

Health Sciences program located at the Foothills Medical Center. The second section of this chap-

ter will brie�y describe the tissue collection procedures used in the investigations and immunoblot

technique used for the second investigation of the thesis.

3.1 Instrument Set-up and Settings

All copper isotopic composition and concentration measurements in this thesis were performed

on a Thermo-Fisher Neptune MC-ICP-MS, described in Chapter 2. The typical operating parame-

ters, or range in operating parameters used for the copper isotopic measurements on the Neptune

MC-ICP-MS are summarized in Table 3.1.

Sample solutions are introduced to the argon plasma using a 100 mL/min glass nebulizer in-

serted into a 50 mL quartz cyclonic spray chamber. Parameters such as torch position must be

optimized manually by changing the position in the x, y and z direction in the instrument software

such that maximum signal intensity is achieved.

Ion beams are detected and quanti�ed by nine Faraday cups, one �xed center cup and eight

movable cups, arranged along the focal plane, with each ampli�er equipped with a 1011W resistor.
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Table 3.1: Typical operating conditions of the Neptune MC-ICP-MS during the analysis of copper
isotopic abundance ratios.

Parameter Value/Range
Power 1200 W
Cool gas 15 L/min
Auxillary Gas 0.90 to 1.15 L/min
Sample Gas 1.00 to 1.15 L/min
Extraction Lens 2000 V
Guard Electrode On
Focus -600 V to -800 V
Shape 200 to 210 V
X-symmetry -7 V to + 3 V
Y-Symmetry -7 V to + 2 V
Torch Position Optimized for maximum signal
Resolution Mode Low

The cup con�guration used for copper isotopic analysis is shown in Table 3.2.

Table 3.2: The Faraday cup con�guration used for the copper isotopic composition measurements
on the Neptune MC-ICP-MS.

Cup L3 L2 L1 C H2
Isotope 60Ni 61Ni 62Ni 63Cu 65Cu

For reference, the materials used in this thesis are shown in Table 3.3. The molarity and density

of the acids were measured for each individual bottle. All dilutions of concentrated acids and

standards were done gravimetrically.

3.2 Requirements to obtain accurate and precise isotopic ratios

There are several requirements that must be met to ensure that the isotopic data generated

are accurate and precise. These requirements include taking care during sample preparation to

minimize laboratory blanks, isolation of the element of interest from the matrix of the sample, and

implementing appropriate data reduction techniques. The following sections will describe these

requirements in more detail.
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Table 3.3: The reagents, standards and reference materials used in this thesis.
Material Grade Supplier
Cu-speci�c resin 50-100um mesh Triskem
Nitric acid (HNO3) Trace metal grade Sigma-Aldrich
Hydrochloric acid (HCl) Trace metal grade Sigma-Aldrich
Hydrogen peroxide (H2O2) Reagent grade Sigma-Aldrich

Reference Materials Type Supplier
ERM-AE633 Certi�ed for copper isotope amount ratios Sigma-Aldrich
ERM-AE647 Certi�ed for copper isotope amount ratios Sigma-Aldrich
SRM-986 Certi�ed for nickel isotope amount ratios Sigma-Aldrich
SeroNorm Whole Blood L-3 Certi�ed for copper concentration Sigma-Aldrich
In-house Cu standard Uncerti�ed Local Cu wire
65Cu spike Certi�ed enriched isotopic spike Oak Ridge

National Laboratory

3.2.1 Instrumental isotopic fractionation

The ionization of the sample by ICP causes mass discrimination effects that occur in the plasma

and at the interface region between the plasma and the mass spectrometer [90, 17]. The mass dis-

crimination that occurs in these regions results in the preferential transmission of heavier isotopes

of an element into the mass spectrometer. This induces an isotopic fractionation in the sample that

must be accounted for because, while very precise, the isotope amount ratios the instrument mea-

sures are highly inaccurate. This instrumental isotopic fractionation is commonly referred to as

instrumental mass bias. Several factors in�uence the extent of the mass bias affecting the sample

measurements including the matrix, argon gas �ows, and ambient laboratory conditions such as

pressure and humidity. While eliminating mass bias altogether is not possible, correction for this

is possible if care is taken to ensure that the extent of the instrumental isotopic fractionation is the

same for both the sample and the standard used to calculate the delta value.

3.2.2 Isolation of copper from biological samples via ion exchange

Isolating the element of interest from the matrix of the sample serves two purposes. The �rst

is to ensure that the matrix of the sample that is introduced to the MC-ICP-MS is as similar to the
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standard as possible such that the extent of the instrumental mass bias is the same. The second

reason it to remove spectral interferences. The �rst type of spectral interferences are atomic inter-

ferences. These are isotopes of element with a mass so similar to the element of interest, such as

64Ni+ and 64Zn+, that the ions cannot be resolved during separation in the magnetic �eld. Fortu-

nately copper has no atomic interferences. The second type of spectral interference are polyatomic

species that have similar mass to the element of interest. For example, 23Na40Ar+ would enter

the same Faraday cup as 63Cu+. Spectral interferences can be resolved by changing the resolution

mode of the instrument, but increasing the resolution also reduces the sensitivity of the instrument.

Due to the limited amount of copper in biological systems, the instrument was run in low resolu-

tion mode to maximize sensitivity. Therefore, removal of all interfering ions is key to obtaining

accurate d 65CuAE633 values.

Ion exchange resins are used to isolate the element of interest from the matrix of the sample.

The resin is small polystyrene beads coated with different organic polymers depending on the type

of resin. By changing the aqueous environment around the beads (i.e. by introducing different

acids of different molarities), the retention of different elements on the resin will change. Using

these properties, a method can be developed that selectivity retains the element of interest while

the other elements pass directly through the resin. This isolates the element of interest which can

then be used for isotopic analysis. A schematic showing the principles of an ion-exchange, with

copper as an example, are shown in Figure 3.1.

3.2.3 Copper ion exchange method

Copper ion exchange techniques had been previously published using BioRad AG-MP1 resin

[91] but this method was demonstrated to be less reliable for biological samples [92] because the

organic matrix compromised the elution pro�les of the elements. However, Triskem had recently

launched a Cu-speci�c ion exchange resin, meaning it has a high selectivity for copper, and this

resin was chosen to develop an ion exchange method for copper stable isotopes. The elution

pro�le of select elements, and the ion exchange steps, are shown in Figure 3.2. The standards were
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Figure 3.1: Ion exchange resins are used to isolate the element of interest from the matrix
of the sample. Ion exchange resins are deposited into an ion exchange column. The resin is
subsequently precleaned and preconditioned before loading the sample onto the column. Different
acids, and concentrations of acids, can be utilized to selectively retain the element of interest on
the resin, while matrix elements pass through the column. This is how isolation of the element
occurs, a required step before isotopic analysis.

processed through the ion exchange column to assess if the ion exchange procedure induces an

isotopic fractionation in the samples. The results are presented in Table 3.4.

Table 3.4: The mean and standard deviation (2SD)of the standards processed through the ion
exchange method. The d 65CuAE633 are calculated with respect to unprocessed ERM-AE633 (i.e.
had not been ion-exchanged).

Standard d 65CuAE633 (�)
ERM-AE633 0.01 � 0.06 (n=31)
ERM-AE647 0.21 � 0.06 (n=29)

An important consideration when measuring copper isotopic composition in biological materi-

als is the high sodium content present due to the possible isobaric interference from 40Ar23Na+ on

the 63Cu+ signal. For example, the concentration of sodium in blood serum is � 9000 times that
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Ion-exchange steps:
1. Load column with 0.5 mL of Cu-specific 

resin
2. Precleanresinwith 10.0 mL of 6 M HCl
3. Precondition resin with 10 mL of 0.005 M 

HCl
4. Loadsamplein 4.0mLof 0.005M HCl
5. Rinsematrix elementswith 40mLof

0.005M HCl
6. Elute Cu with10 mL of 6M HCl

Figure 3.2: Elution curve for select elements using Triskem Cu-spec resin. Here 1 mg of copper
is separated from 1 mg Fe, Ni, Zn, and 10 mg Na and Mg. The elution behaviour for Na and Mg is
very similar and the elution curve lines for these elements are superimposed. The steps of the ion
exchange are shown on the right hand side. While most elements pass directly through the resin,
extensive rinsing is required to effectively remove the iron from the resin.

of copper. To assess the level of sodium that will have a measurable effect on the copper isotopic

composition, solution were prepared containing 100 ng of copper with varying levels of sodium (0

to 5000 ng) in 1.0 mL of 3 % HNO3. The results of this experiment are shown in Table 3.5.

To test the selectivity of the EiChrom Cu-Speci�c resin to retain copper while removing sodium,

solutions containing 150 ng of Cu and 10 mg of Na were passed these solutions through the ion

exchange column. Copper recovery from the ion exchange was 100 % � 3 % and the sodium was

reduced from 10 mg to less than �80 ng (assessed from signal intensities). The measured isotopic

compositions of the copper isolated from these solution were within � 0.05 � of the expected

value.
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Table 3.5: The effect of sodium contamination on the measured d 65CuAE633 value. In each case
1 mL of the Cu wire in-house standard was contaminated with varying amounts of sodium to de-
termine the interference of 40Ar23Na+ of the 63Cu signal. The d 65CuAE633 values were calculated
using EEN as the instrumental mass bias correction

Solution tested d 65CuAE633 (�)
100 ng/g Cu + 50 ng/g Na -0.01
100 ng/g Cu + 100 ng/g Na -0.02
100 ng/g Cu +200 ng/g Na -0.07
100 ng/g Cu + 400 ng/g Na -0.05
100 ng/g Cu +500 ng/g Na -0.07
100 ng/g Cu +1000 ng/g Na -0.3
100 ng/g Cu + 5000 ng/g Na -1.65

3.2.4 Sample Digestion

Prior to ion exchange the tissue samples must be digested, a general term to describe the de-

composition of a sample into liquid form, typically with the use of strong acids or alkalis. Sample

digestion was achieved by heating the sample in a 10:1 mixture of concentrated HNO3 and 30%

H2O2 at 120°C in a closed acid-washed Te�on Savillex beaker for 48 hours. The digested sample

was then dried and subsequently heated at 120°C in 500 mL concentrated HCl for 24 hours to con-

vert the copper in the sample into chloride form. The digested sample was dried under a heatlamp

a second time and the sample residue was redissolved in 0.005 M HCl for ion exchange.

3.2.5 Method Validation

Few biological materials are widely available for inter-laboratory comparison of measured

copper isotope amount ratios. One material that has a published copper isotopic composition is

SeroNorm Whole Blood L-3 [51]. This material (lot no. 1112691) was prepared using the di-

gestion and ion exchange procedures described above and resulted in d 65CuAE633 value of 0.36 �

0.08 � (2s, n=8). This value is similar to the value reported by Van Heghe et al (d 65CuAE633 value

of 0.37 � 0.11 �) [49], and within the reported range of d 65CuAE633 values measured for other

human blood samples.
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3.2.6 Correction of instrumental mass bias

Several correction techniques have been developed to account for instrumental mass bias but

only sample-standard bracketing (SSB), external normalization-SSB (EN-SSB), and elemental ex-

ternal normalization (EEN, also known as the linear regression method) are applicable to copper.

Sample-standard bracketing uses the assumption that the change in instrumental mass bias is lin-

ear over time, and the average of the standards measured before and after the measurement of the

sample is representative of the extent of mass bias on the sample. The other two common correc-

tion techniques for copper, EN-SSB and EEN, use an elemental dopant (usually nickel or zinc) to

correct for the instrumental mass bias. EN-SSB assumes that the instrumental mass bias of the

instrument follows an empirical exponential fractionation law:

Rtrue = Rmeas �
�m2

m1

� f
(3.1)

where Rtrue is the corrected isotope amount ratio, Rmeas is the measured isotope amount ratio and

f is the instrumental fractionation factor. The isotope amount ratios of the analyte and dopant in

the standard are plotted in natural log space and a line of best �t is calculated. The slope of the

line contains the ratio of the fractionation factors of the analyte and dopant. If the isotope amount

ratio of the dopant is known, the instrumental fractionation factor of the analyte can be calculated

from the ratio of the instrumental fractionation factors and applied in Equation 3.1. EEN does

not assume any form of instrumental mass bias behaviour in the calculations, but creates the same

plot in natural log space of the isotope amount ratios of the analyte and dopant. In this method,

the slope of the linear relationship between the analyte and dopant is assumed to be the same

for the measured sample, and the difference in intercept is used to calculate the d 65Cu value. A

more detailed explanation of the correction techniques and the equations associated with each is

described in Appendix A.

Each of these correction techniques were tested to determine the reproducibility of the different

methods. Nickel and zinc are suitable elements to use for the dopant when measuring copper stable

isotope abundances. In this thesis, nickel was chosen due to the low abundance of this element in

31



biological samples and the small analytical blank compared to zinc. A single aliquot of ERM-

AE647, an ion-exchanged CuSO4 solution and an ion-exchanged kidney sample were analyzed

over 4 days and the results are presented in Table 3.6. The d 65CuAE633 values calculated using

each of the three methods were all within analytical uncertainty of each other, although EEN had

slightly better reproducibility and the measured d 65CuAE633 value of AE647 was closer to the

value recommended by IUPAC [93], indicating better accuracy. Therefore, EEN was chosen as the

instrumental mass bias correction method.

Table 3.6: The average � 1SD of the calculated d 65CuAE633 value (�), using three different
methods for instrumental mass bias correction. For both en-SSB and EEN, the nickel standard
SRM-986 was used as the element dopant and the 62Ni/60Ni isotope amount ratio was used in the
calculations.

SSB EEN m-SSB
AE647 0.21 � 0.06 0.21 � 0.04 0.24 � 0.04
CuSO4 0.51 � 0.11 0.44 � 0.06 0.53 � 0.08
Kidney 2.44 � 0.13 2.51 � 0.07 2.58 � 0.10

EEN has the advantage that it does not assume any form of the instrumental mass fractionation

(i.e. linear, power, exponential) and does not require the isotopic composition of the dopant to

be known. Additionally, strict intensity matching of the samples and standards is not required

(although strict control of the relative amount of dopant to sample is required - see below). The

disadvantage of this method is it requires a large, systematic variation in the mass bias over the

analytical session to accurately determine the linear relationship between the isotope amount ratios

of copper and nickel. Using this correction method the expanded uncertainty of the d 65Cu values

was 0.06 � on unprocessed standards and 0.08 � on processed biological samples.

One critical factor when using EEN as a correction method is the amount ratio of the target

element and the dopant, which must be kept constant for standards and samples. Otherwise, the

assumption that the ratios of the instrumental fractionation factors are the same between the sample

and standard is no longer valid [94]. In this work, the concentration of the nickel dopant was

kept constant at twice the concentration of copper. For standards this would result in the solution
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containing 100 ng/g Cu and 200 ng/g Ni. For samples where the exact concentration of copper was

unknown the signal intensity of 63Cu was quickly measured on the MC-ICP-MS prior to isotopic

analysis, and the appropriate amount of nickel was added immediately before measurement. This

step was critical because adding too much nickel results in an arti�cially low d 65CuAE633 value,

and too little nickel results in an arti�cially high d 65CuAE633 value.

3.2.7 Implementation of EEN

Several measurements of a standard during an analytical session are necessary to determine the

linear relationship between the analyte and dopant isotope amount ratios. To minimize consump-

tion of the international reference materials, an in-house copper solution, made from dissolving a

copper wire was used in this method. To implement this method the natural log of the 65Cu/63Cu

isotope amount ratio is plotted against the natural log of 62Ni/60Ni isotope amount ratio. A lin-

ear relationship should be evident after three to four standards were measured. If not, analysis of

samples was halted. Standards were measured before and after each sample until seven to eight

standards were plotted to ensure an accurate slope and intercept, after which strict bracketing of

samples is not necessary. However, the in-house standard was measured every two to three samples

to ensure that ratio of the instrumental mass bias factors has not changed (i.e. ensure the in-house

standard continues to plot on the line of best �t throughout the analytical session). A plot showing

a typical example of the linear regression method is shown in Figure 3.3. The standards ERM-

AE633 and ERM-AE647 were measured against this standard and produced d 65CuAE633 values

of -0.20 � 0.06 and 0.01 � 0.06 respectively. The delta values calculated by this linear regres-

sion method were then corrected so they were with respect to ERM-AE633 using the following

formula:

dAB = dAC +dCB�
dAC �dCB

1000
(3.2)

In this case, dAB refers to the difference in isotopic composition of the sample with respect to

ERM-AE633, dAC refers the the difference of isotopic composition of the sample with respect to

33



the Cu in-house standard, and dCB refers the difference in isotopic composition of the in-house

standard with respect to ERM-AE633.

y = 0.9831x + 1.1342
R² = 0.9983
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Figure 3.3: A typical example of the linear regression method applied to an in-house copper
standard doped with SRM986 nickel standard. The natural log of the measured 65Cu/63Cu
isotope amount ratio and 62Ni/60Ni isotope amount ratio in the in-house standard are plotted and the
linear relationship is determined. This linear relationship is then used to calculate the d 65CuAE633
value for a sample.

3.2.8 Control of copper laboratory blanks

The MC ICP-MS can measure precise isotope amount ratio measurements from nanogram

quantities of an element and this presents the challenge of reducing laboratory blanks; the extrane-

ous amounts of the element added during sample preparation. Minimization of blanks is important

to reduce the possible impact of the contribution of the isotopic composition of laboratory blanks

on the isotopic composition of the sample, improving reproducibility and reliability of the mea-

sured d 65CuAE633 values.

Sample processing was carried out in a clean room. All acids used were sub-boiled high purity
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acids with parts per trillion levels of copper present. Acids were diluted to the required concen-

trations using 18MW cm water. Ion-exchange columns were acid-cleaned with dilute nitric acid

between each use. All pipette tips were rinsed three times with MQ water before use. The diges-

tion procedure of the biological samples provided the most variable blank, ranging from 1-2 ng.

The copper ion exchange procedure (described in Section 3.2.3) contributed �0.6 ng of copper

blank. The combined laboratory blank represented 1-2% of the total copper measured, depending

on the total amount of copper in the sample (i.e. the higher the copper concentration, the lower the

relative blank contribution).

3.2.9 Quality control

Quality control refers to measures put in place to ensure that the data being generated are repro-

ducible and accurate. The copper standards ERM-AE633 and ERM-AE647 were ion-exchanged

with every set of samples and required to have a d 65CuAE633 value within 0.05 � of unprocessed

standards measured in the same analytical session. Additionally, one sample was ion-exchanged

twice (a duplicate) and column blank were prepared with each set of samples. Duplicates were

expected to have d 65CuAE633 values within 0.08 � of each other, and blanks were required to be

less than 0.8 ng. If any of the quality control measures did not meet criteria then the entire batch

of samples were ion-exchanged and analyzed a second time.

3.2.10 Uncertainty analysis

A critical consideration with any analytical measurement is the uncertainties associated with

the measurement. The main sources of uncertainty in the isotopic abundance ratios of the biologi-

cal materials are the blank contributions during sample digestion and ion exchange, the implemen-

tation of the linear regression technique, and the correction applied to shift the d 65Cu values, origi-

nally calculated relative to the in-house standard, to be relative to AE633. A schematic showing the

uncertainty considerations and contributions is shown in Figure 3.4. To assess the contribution of

error due to laboratory blanks, a �worst case scenario� approach was used and the maximum con-
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tribution of the blanks to the total copper measured were used in the calculation. This amounted

to a 1 % blank contribution during sample digestion and 1 % blank contribution during ion ex-

change. The range in isotopic composition assumed for the analysis of blank contribution was -3

� to +3 �. The Kragten approach [2] was used to calculate the expanded uncertainty. Using this

approach, the expanded uncertainty on the d 65CuAE633 values is 0.09 �. However, as the uncer-

tainty in the applied correction to put the values of the AE633 scale is correlated to the error of the

measured d 65Cu, this source of uncertainty is not included when reporting relative differences and

the uncertainty reported in this thesis is 0.08 �(2SD) .

Blank added during 
sample digestion

Internal 
precision of the 

MC-ICP-MS 

Blank added during ion 
exchange

Error associated with 
mass bias correction

Errors associated with sample preparation

Errors associated with measurement and data handling

Uncertainty
in

calculated
�w65Cu value

Max. 1 % of
Total Cu

Max. 1 % of
Total Cu

Largest contributor, 
limited by the internal 

precision of the 
instrument

Instrumental 
Mass Bias 
correction

55%

Digestion 
Blank
14%

Ion 
exchange 

Blank
28%

Shift to 
AE633 scale

3%

Shift to ERM-AE633 
scale

Figure 3.4: The uncertainty considerations and contributions to the measured d 65CuAE633
values. The Kragten method [2] of calculating expanded uncertainty was used in this uncer-
tainty analysis. The major contribution to the uncertainty is the instrumental mass bias correction,
which is limited by the internal precision of the instrument. The uncertainty associated with the
d 65CuAE633 values is 0.08 � (2SD).
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3.2.11 Copper concentration measurements

Concentrations of copper in the intestinal tissue and blanks were quanti�ed using isotope di-

lution mass spectrometry (IDMS). Isotope dilution involves the addition of a known quantity of

an enriched isotope to a sample of unknown concentration. Measuring the isotope amount ratio

of this mixture allows one to calculate the amount of an element in the sample. A more detailed

explanation of IDMS can be found elsewhere [95]. A �ow chart of IDMS procedure is presented

in Figure 3.5
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Figure 3.5: Schematic showing the principle of isotope dilution measurements. A sample
with an unknown copper concentration is mixed with an enriched isotope spike solution of known
concentration. The resulting mixture is analyzed on the MC-ICP-MS and the mixture ratio is used
to calculate the concentration of copper in the sample. Note, the relative abundances shown in the
mixture above are for a sample containing 100 ng of copper mixed with 100 ng of the enriched
copper spike.

The IDMS measurements in this thesis were done using an enriched 65Cu spike (99.6 % purity,

Oak Ridge National Laboratory, Oak Ridge, USA). The spike material, a thin foil, was quantita-

tively transferred to acid-washed HDPE bottle and diluted in 3% HNO3. A �working solution� was

prepared by gravimetrically diluting the stock solution with 3 % HNO3 to a concentration of� 500
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ng/g. The 65Cu/63Cu isotope amount ratio for the mixture measured on the mass spectrometer is

then given by:

RMixture =
# o f 65Cuspike atoms + # o f 65Cusample atoms
# o f 63Cuspike atoms + # o f 63Cusample atoms

(3.3)

The copper content in the sample can be calculated using the following formula:

Amount o f Cu (ng) =
Rspike�Rmixture

Rmixture�Rsample
�

Asample

Aspike
�

mspike � cspike �a63;spike

a63;sample
(3.4)

where:

cspike=concentration of copper in the spike

mspike=mass of the spike in the mixture

Asample, Aspike=the atomic mass of the sample and spike

a63, sample, a63, spike=the abundance of 63Cu in the sample and spike

a65, sample, a65, spike=the abundance of 63Cu in the sample and spike

Rspike=the 65Cu/63Cu isotope amount ratio of the spike

Rsample=the 65Cu/63Cu isotope amount ratio of the sample

Rmixture=the 65Cu/63Cu isotope amount ratio of the sample/spike mixture

These equations require Rmixture to be corrected for instrumental mass bias. This was accom-

plished by sample-standard bracketing using the in-house standard and assuming the exponential

law (Equation 3.1). The relative abundances of the copper isotopes in the standard were used in

this calculation, rather than the measured isotope abundances of the sample. As the range in iso-

topic composition of copper isotopes is relatively small this was a small contribution to the total

error of the measurements.

The concentration of the spike solution must be calibrated before use. This is accomplished

by combining a known amount of the spike with a known amount of natural copper. Mixtures of
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the spike with ERM-AE633 and ERM-AE647 were prepared in duplicate and measured for the

calibration. The reproducibility of the concentration of the spike was 1.2 % for the four mixtures.

The copper concentrations in the intestinal tissues were measured by IDMS. Prior to sample di-

gestion, samples were dried on a hotplate in open, acid-washed Te�on beakers at 100�C overnight.

After dry weights were obtained for the tissues, they were digested in 1.0 mL of HNO3 and 100

mL of H2O2. After this digestion step, the samples were spiked with the 65Cu spike, the mixture

was dried, and the remaining digestion steps, as outlined in Section 3.2.4, were performed.

3.2.12 Uncertainty analysis of the the IDMS measurements

The uncertainty in the copper concentrations was assessed using the Kragten method of un-

certainty analysis. This included the concentration of the gravimetrically-prepared standard, the

concentration of the spike solution, and �nally to the concentration of copper in the sample. The

�worst case scenario� approach, as described in Section 3.2.10, was employed in the uncertainty

calculations for copper concentration. The largest source of uncertainty came from the concentra-

tion of the spike solution, and the second largest source was the contribution of laboratory blanks.

Using this approach, the expanded uncertainty in the copper concentration measurements was 3 %

(2SD).

3.3 Techniques employed for tissue collection and immunoblots

3.3.1 Tissue collection

Measurement of mouse models required collaboration with colleagues from the Foothills Health

Campus. All experimental animal studies were performed in accordance with the guidelines of the

Canadian Council on Animal Care and had ethics approval by the Health Sciences Animal Care

Committee of the University of Calgary. Mice were housed at the University of Calgary animal

facility at 22�2� C on a 12h light-dark cycle, with free access to food and water. All tissue col-

lection was performed at the Hotchkiss Brain Institute, located in the Health Sciences building, by
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Figure 3.6: The uncertainty considerations and contributions to the measured d 65CuAE633
values. The Kragten method [2] of calculating expanded uncertainty was used in this uncertainty
analysis. The major contribution to the uncertainty in the copper concentration measurements was
the concentration of the enriched spike solution, which is limited by the accuracy of the standard
used to calibrate the spike concentration. The expanded uncertainty in the copper concentration
measurements was 3 % (2SD).
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personnel who were trained with animal handling and dissection protocols. While I did not directly

assist with the tissue collection, I was present and observed all dissections for the animals used in

this study. Three different tissue collection sessions were performed for the work in this thesis.

First tissue harvesting session: Male mice with variations in cellular prion protein were used.

The genotypes were C57Bl/6 (wild type, n=3), prion protein knockouts (n=3), and transgenic mice

with mutations in the copper-binding site of the prion protein (n=5). Mice were anesthetized with

iso�urane, blood was removed by cardiac puncture and the whole body perfused with 20 ml cold

saline. The blood was allowed to coagulate for 30 min after which time it was centrifuged at 13 000

rpm for 10 min and the serum fraction removed. The brains, liver and kidneys were removed. The

brains were micro-dissected into �ve regions (cerebellum, cortex, hippocampus, brainstem and the

remainder of the brain) and all tissues were weighed, �ash frozen and stored at -80°C for further

processing. The results from this tissue collection session are reported in Chapter 4, Section 4.1.

Second tissue harvesting session: Male mice with variations in cellular prion protein were

used. The genotypes were C57Bl/6 (wild type, n=4), prion protein knockouts (n=4), and transgenic

mice with mutations in the copper-binding site of the prion protein (n=5). The same procedure for

anesthetization and euthanization described above was employed in this tissue harvesting session.

The intestines were removed and the duodenum, jejunum, ileum, proximal colon and distal colon

were collected. Each section was divided into two pieces, one for isotopic analysis and one for

concentration measurements. The tissues were weighed and �ash frozen for future analysis. The

results from this tissue collection session are reported in Chapter 4, Section 4.2.

Third tissue harvesting session: For the investigation of the impact of gut microbiota on

copper isotopic distribution, two groups of mice were used, both wild type. After 1-week ha-

bituation in the animal facility, animals were randomly assigned for antibiotic-treated or control

groups (n=5/cage). As previously reported [96], a broad-spectrum antibiotic mixture consisting

of ampicillin, neomycin, vancomycin, and metronidazole (concentrations and suppliers found in

Table 3.7) was added to the drinking water of the antibiotic-treated group for 4 weeks. Due to
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the large body loss observed in mice treated with metronidazole in drinking water [97], the con-

centration of metronidazole was gradually increased over time. In this regime, no metronidazole

was added in the �rst day of treatment; on treatment-day 2, metronidazole was introduced in a

mass concentration of 250 mg/L; on day 6, the concentration was increased to 500 mg/L; on day 9,

the full concentration (1 g/L) was used. Bottles with antibiotic solution were re�lled every week.

Control group received regular autoclaved water.

Table 3.7: The antibiotics and concentrations used in the antibiotic-treatment. The antibiotics
were mixed into the drinking water to which the animals had unrestricted access. Note that the
metronidazole concentration was increased to the �nal concentration listed over the course of one
week.

Antibiotic Concentration Supplier
Ampicillin 1 g/L Sigma-Aldrich
Neomycin 1 g/L Sigma-Aldrich
Vancomycin 500 mg/L Sigma-Aldrich
Metronidazole 1 g/L Sigma-Aldrich

The intestines were removed and divided into the duodenum, jejunum, ileum, proximal colon

and distal colon. Each section was cut along the mesenteric border to expose the lumen of the

intestines. The mucus layer was scraped off of the muscle layer under a microscope with a clean,

glass slide. The separated layers were weighed and �ash frozen for future processing. The results

from this tissue collection session are reported in Chapter 4, Section 4.2.

3.3.2 Western Blot analysis

As will be discussed in Chapter 4, a substantial difference in copper isotopic composition

was observed in the proximal colon of antibiotic-treated mice indicating a signi�cant change in

copper-processing in this region of the gut. As variations in the expression of copper transporters

have been shown to modulate the extent of copper isotopic fractionation, the expression levels

of CTR1, ATP7A, and SOD1 were assessed. Two ways to quantify the relative difference in

protein expression levels in a sample are western blot and mRNA analysis. However, there is a

key difference between these two types of analysis. mRNA analysis will indicate if the cell/tissue
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has the ability to produce the protein, but does not provide information about the mature and

active form of the protein present. Western blot analysis indicates the relative amounts of mature

protein present in the cells. For the purpose of the experiment, western blot provides more relevant

information. Table 3.8 shows the required reagents and suppliers for the western blot analysis.

Table 3.8: All required reagents for the immunoblot procedure.
Material Concentration/Dilution Supplier
Crypt Isolation
Phosphate buffered saline Sigma-Aldrich
Hanks’ Balanced Salt Solution Gibco
HEPES buffer 1 % v/v Sigma-Aldrich
Penstrep 1 % v/v Sigma-Aldrich
BD Cell Recovery Solution Corning Life Sciences
Protein Extraction and Quanti�cation
Cell lysis buffer with protease inhibitors Roche Diagnostics
Phosphatase inhibitors Roche Diagnostics
Precision red reagent Cytoskeleton
Gel preparation
Tris-hydrochloride Sigma-Aldrich
Sodium dodecyl sulfate 10 % Sigma-Aldrich
Acrylamide 30 % Sigma-Aldrich
Ammonium persulfate 10 % w/v Sigma-Aldrich
Glycine Sigma-Aldrich
Immunoblot
Skim milk powder 5 % w/v Sigma-Aldrich
Bovine Serum Albumin 5 % w/v Sigma-Aldrich
TBS Sigma-Aldrich
Tween20 Sigma-Aldrich
anti-CTR1 1:1000 Abcam
anti-SOD1 1:1000 Abcam
anti-ATP7A 1:2000 Abcam
anti-b -actin 1:1000 Santa Cruz Biotechnology
HRP-conjugated donkey anti-rabbit 1:5000 Jackson ImmunoResearch
HRP-conjugated donkey anti-chicken 1:5000 Jackson ImmunoReseach
HRP-conjugated donkey anti-mouse 1:5000 Jackson ImmunoResearch
West Phemto Thermo-Fisher Scienti�c
Standard ECL BioRad

There are several steps involved in performing a western blot and these are outlined in Figure

3.6. While the general procedure of a western blot is similar for each protein, there are several
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parameters that must be optimized individually for each protein. Western blots were performed

at the Foothills Medical center with the assistance of Fernando Vicentini in the gastrointestinal

research program. I participated in all preliminary experiments to optimize the blotting procedure

and performed this optimized procedure on the protein extracts from the intestinal tissues of the

mice.

Extracting the proteins from the cells was performed by Fernando Vicentini, I did not assist

in this step. The sample proteins were extracted via bead homogenization in cell lysis buffer

with protease inhibitors and phosphatase inhibitors. Protein concentration was measured using the

Precision Red reagent and the protein concentrations in the extracts were normalized such that the

total protein concentration was the same in each sample. This is required for the relative expression

levels to be assessed.

Gels were prepared fresh each day an immunoblot was performed. The gels were comprised

of a �stacking� layer on top of a �separating� layer. The recipes to prepare the 8 % and 10%

separating layers and the stacking layer are found in Table 3.9. Immediately after mixing the

required reagents of the separating layer mixture, 7.0 mL of the mixture is put between two glass

slides (18 x 16 mm, 1.5 mm apart). The separating layer is left to polymerize for 30 minutes before

3.0 mL of the stacking gel is added on top of the separating layer. Immediately after adding the

stacking layer solution, a 15 well plastic insert is placed in the stacking gel and left there while the

stacking layer polymerizes.

When the gel is ready to use it is placed in the electrophoresis apparatus. The 15 well plastic

insert is carefully removed and 10 mL of the molecular weight marker standard and the samples

are slowly added to the individual wells (one sample or standard per well). To prevent diffusion of

the proteins in the gel, one liter of �running buffer� (see Table 3.9) is added to the container and

the electrophoresis is immediately started.

After the electrophoresis is complete, proteins are transferred to a membrane for the im-

munoblots. Nitrocellulose membranes were used for all proteins investigated in this thesis. To
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Sample Preparation
�‡ Sample protein concentrations are normalized to 3 ��g/ ��L
�‡ Proteins are linearized by heating in a lysis buffer

Sample loading
�‡ Equal amounts (30 ��g) of protein (pink) are loaded into the 

�³�Z�H�O�O�V�´���R�I���D�������������3�R�O�\�D�F�U�\�O�D�P�L�G�H���J�H�O���D�O�R�Q�J���Z�L�W�K���D���P�R�O�H�F�X�O�D�U��
weight marker standard (blue).

Gel Electrophoresis
�‡ A voltage difference (100 V) is applied across the gel and the 

sample and standard migrate through the gel at a pace 
proportional to its size.

Protein transfer
�‡ The gel and a nitrocellulose membrane are placed together 

and a 100 V potential is applied laterally across the pair.  This 
causes the proteins to migrate from the gel into the 
membrane.

Incubation with antibodies
�‡ The membrane is first incubated with the primary antibody, 

which detects and attaches to the antigen.
�‡ The membrane is then incubated with the secondary 

antibody, which binds to the first and contains the 
luminescent tag (horse radish peroxidase).

Imaging
�‡ The membrane is then subjected to a mixture of peroxide and a 

luminol-based substrate immediately before imaging. 
�‡ The HRP and peroxide oxidize the luminol to an excited state 

which subsequently emits photons. 

Figure 3.7: The steps followed to perform a western blot analysis. After protein extracts are
prepared, samples are loaded onto a gel, separated based on mass, and transferred to a membrane.
The membrane is incubated with the appropriate antibodies prior to imaging.
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Table 3.9: The protocols to prepare the gel and buffer solutions required for the electrophoresis.
10 % seperating gel (10 mL total volume)
Combine: 4 mL of dH2O

3.3 mL of 30 % acrylamide
2.5 mL of 1.5 M Tris HCl
100 mL of SDS
100 mL of APS
10 mL of TEMED

To create a 8 % gel, use 3.25 mL of dH2O and 4.0 mL of 30 % acrylamide.
The volume of all other reagents is the same.
Note: Add APS and TEMED immediately before placing solution in gel casting.
6 % stacking gel (8 mL total volume)
Combine: 4.16 mL H2O

1.6 mL Acrylamide
2.0 mL 1.5 M Tris HCl
80 mL SDS
80 mL APS
8 mL TEMED

Note: Add APS and TEMED immediately before placing solution in gel casting
Running Buffer (1.0 L total volume)
Combine: 1.01 g SDS

3.03 g Tris HCl
14.4 g Glycine

Dissolve in 1.0 L of dH2O
Transfer Buffer (1.0 L total volume)
Combine: 3.03 g Tris HCl

14.4 g Glycine
Dissolve in 800 mL of dH2O. Immediately before use add 200 mL of methanol.
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transfer the proteins the gel and the membrane are sandwiched between �lter paper and sponges

and placed in a transfer holder. One liter of �transfer buffer� (see Table 3.9) is added to the con-

tainer. This time the proteins transfer horizontally from the gel into the membrane. After the

transfer is complete the membrane must be �blocked� before incubation with the antibodies. This

is accomplished with either skim milk or bovine serum albumin, and occupies empty sites in the

membrane, preventing unspeci�c binding of the antibodies.

The membrane is washed and incubated with the primary and secondary antibodies as shown in

Table 3.10. After this process is complete the membranes are imaged. Immediately before imaging

the membrane is soaked in either standard ECL or West Phemto, and placed into the MicroChemi

system using Gel Capture Micro-Chemi software to produce a digital image of the western blot.

Table 3.10: The steps of the western blot procedure for each of the proteins.
CTR1 SOD1 ATP7A

Gel 10 % 10 % 8 %
Electrophoresis 90 min @ 100 V 90 min @ 100 V 90 min @ 100 V
Membrane Nitrocellulose Nitrocellulose Nitrocellulose
Transfer 60 min @ 100 V 60 min @ 100 V 60 min @ 100 V
Washing (0.1 % TBST) 3 x 5 min 3 x 5 min 3 x 5 min
Blocking 60 min - milk 60 min - milk 60 min - BSA
Washing (0.1 % TBST) 3 x 5 min 3 x 5 min 8 x 5 min
Primary Antibody anti-CTR1 18-24 hrs anti-SOD 1 18-24 hrs anti-ATP7A 18-24 hrs
Washing (0.1 % TBST) 3 x 5 min 3 x 5 min 8 x 5 min
Secondary antibody Donkey anti-rabbit - 1hr Donkey anti-rabbit - 1hr Donkey anti-chicken - 1hr
Washing (0.1 % TBST) 3 x 5 min 3 x 5 min 8 x 5 min
ECL solution West Phemto West Phemto Standard ECL

3.3.3 Quanti�cation of relative protein expression levels

Band densitometry is the technique that provides a measure of the relative amounts of protein

present in a sample compared to a loading control (in this case b -actin). Band densitometry was

performed using ImageJ (NIH, Bethesda, MD, USA), which quanti�es the number of pixels in

the band present on the western blot membrane in the digital image captured by the Micro-Chemi

software. The ratio of pixels for the sample/loading control bands is, by convention, set to one.

The ratio of all subsequent pairs are normalized based off the �rst ratio.
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The reproducibility of the differences in relative expression levels was assessed by comparing

the ratios obtained for two separate blots of CTR1, and by comparing the ratios obtained when

changing the area of the box in Image J used for quanti�cation. The results are presented in Table

3.11.

Table 3.11: Assessment of the reproducibility of using ImageJ to quantify the relative differences
between the band sizes of CTR1/b -actin ratio in the western blot analysis. The number reported is
mean value and standard deviation (1SD) of the ratio of pixels counted in the digital image of the
western blot for the sample and the loading control.

CTR1/b -actin in WT CTR1/b -actin in Abx-treated
Blot 1 - box size 1 0.90 � 0.12 0.17 � 0.12
Blot 1 - box size 2 0.92 � 0.12 0.18 � 0.11
Blot 1 - box size 3 0.90 � 0.17 0.11 � 0.12

Blot 2 - box size 1 0.95 � 0.06 0.27 � 0.14

3.3.4 Statistical analysis of the difference in copper isotopic composition

Statistical tests were used to assess if the copper isotopic composition of the groups of mice

were different. For the statistical analysis of the results from the �rst section of Chapter 4, Student’s

t-test and Two-way ANOVA tests were employed. Tests were performed using the online website

vassarstats.net. For the statistical analysis used in the second section of Chapter 4, Kruskal-Wallis

test and Mann-Whitney tests were applied. GraphPad Prism 6 (GraphPad Software, La Jolla, CA,

USA) was used for the statistical analysis. Results were considered signi�cant when the p value

was less than 0.05.
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Chapter 4

Redistribution of copper isotope in the mouse model detect

changes in copper metabolism

The analytical techniques developed in Chapter 3 were implemented to study copper traf�cking

in mice. The metabolic pathways for copper in mice are very similar to humans, and the proteins

involved in the metabolic pathways have the same copper-binding sites in mice as in humans

[98]. Therefore, the mouse model is a suitable proxy for copper traf�cking in humans. This

chapter describes the copper isotope amount ratios measured in mouse tissues that were subjected

to changes in copper metabolism.

4.1 The cellular prion protein alters the copper isotopic redistribution in mice

The �rst investigation determined how changing a single, ubiquitously expressed protein, in

this case the cellular prion protein (PrPC) changes the distributio of copper isotopes in transgenic

mice. It had already been demonstrated that PrPC changes the distribution of copper and zinc

isotopes in whole brain tissue of transgenic mice but the effects in other parts of the body had

not been investigated[4]. Here, the copper isotopic composition of speci�c organs were measured

in mice where the mice expressed variations in the cellular prion protein. These results were

published in the Journal of Analytical Spectrometry [99], the manuscript is included verbatim in

Appendix B.

Most of the proteins in our body have a well-de�ned physiological function. These functions

are determined by eliminating the production of a protein and observing the consequences. How-

ever, the physiologial function of PrPC is unknown [84]. Inhibition of this protein’s expression

does not result a single phenotype, except resistance to prion diseases. It is unclear why the body
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produces this protein at all, especially considering that a simple misfolding can cause transmissi-

ble spongiform encephalopathy, a disease that results in deterioration of the brain. Structurally the

protein is well characterized. A metal-binding region with high af�nity for copper has been iden-

ti�ed [100, 101] and this region is conserved among different species. This protein binds 4 copper

atoms in the N-terminus octarepeat region and up to 2 copper atoms in the C-terminus region [102]

Besides its ability to bind up to six copper atoms, this protein has shown to have other indirect ef-

fects on copper metabolism. For example, variations in the expression levels, or genetic mutations

that affect the metal-binding region of cellular prion protein, have been shown to alter the levels of

other copper-binding proteins and enzymes, such as Cu/Zn SOD in the brain[103, 104]. Therefore,

measuring the copper isotopic composition of tissues in mice with variations in this protein’s ex-

pression levels was deemed a suitable method to determine if, and where, this protein was having

a considerable impact on copper processing.

The mice used in this study were all male to eliminate any differences due to the sex of the

mouse. Mice were all between 6-11 weeks of age, and of the following genotypes:

� Wild Type (WT)-These mice have normal physiological levels of PrPC with unaltered Cu-

binding capabilities.

� PrPC knockouts (Prnp�=�)- These mice have been genetically manipulated to no longer ex-

press PrPC.

� Cu-del- These mice have had the histidine at the copper-binding sites replaced with an alanine

to no longer facilitate copper-binding. The protein is expressed at normal physiological levels

but can no longer participate in copper metabolism

While PrPC is expressed ubiquitiously in the body, the brain, kidney, liver, red blood cells

and blood serum were targeted in this investigation for the following reasons. The expression of

PrPC is not uniform in the brain [105] and therefore the isotopic composition of individual regions

of the brain, speci�cally the cerebellum, cerebral cortex, hippocampus, and the brainstem, with
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the remaining brain tissue treated as bulk tissue were measured individually, to further re�ne the

results obtained by Bf�uchl et al. [4]. PrPC has been shown to exhibit ferrireductase activity in the

kidneys [106], so the isotopic composition was measured to determine if this was a predominant

process involving copper in the kidneys. Additionally, the liver and blood serum, important copper

reservoirs, were assessed to determine if changes in copper metabolism in other regions of the

body are re�ected in the copper isotopic composition of these tissues and �uids.

4.1.1 Results and Discussion

The copper isotopic composition of the tissues, reported as a d 65CuAE633 value, in units of

per mil (�), are listed in Table 4.1. The primary copper source to the mice, i.e. the food, was

measured to have a d 65CuAE633 value of +0.31 � 0.08 �. The liver, kidney, and brain regions

were enriched in 65Cu compared to the food source. The variation in d 65CuAE633 values among

the organs measured within a single mouse ranged from 2.11 � (Cu-del mouse 2) to 3.50 � (Cu-

del mouse 3). In all cases the blood serum was most enriched in 63Cu (lowest d 65CuAE633 value)

and the kidneys were the most enriched in 65Cu (i.e. highest d 65CuAE633 values). The age of the

mouse did not in�uence the spread in d 65CuAE633 values among the different organs measured.

4.1.2 The in�uence of the food source on the isotopic distribution

The d 65CuAE633 values in the liver, kidneys, and brain tissues were higher than those observed

in Balter et al.’s study[5]. The isotopic composition of the copper in the food source was similar

(0.31 � in the current study vs. 0.33 � in Balter et al.’s study) and this demonstrates the

complexity of absorption of dietary copper in the gut. For example, the composition of ions (eg.

Na+, Cl�) and amino acids (eg. histidine) in the extracellular medium (in this case, digested food)

can have drastic effects on the uptake of copper at the apical membrane [107] and absorption

competition can takes place among the transition metals in Caco-2 cells (a human colon cancer

cell line) [108]. Therefore, the nutrient composition of the presumably different food sources used

in these studies could play a role. This could be con�rmed using in vivo methods, such as feeding
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Table 4.1: The copper isotopic composition of the tissues and bodily �uids from the mice. Results
are reported as a d 65Cu value (�) calculated with respect to ERM-AE633. A �-� indicates no
result for this tissue from this mouse was measured. Analytical reproducibility is� 0.08 � (2SD).

Mouse RBC Serum Liver Kidney Cerebellum Cerebral
Cortex Hippocampus Brainstem R. Brain

Tissue
WT-1 0.73 -0.17 1.70 2.43 0.94 0.89 0.91 1.21 1.30
WT-2 0.40 -0.52 1.10 1.74 1.09 0.88 1.41 1.23 1.79
WT-3 0.86 -0.29 1.48 2.03 0.97 0.84 0.77 1.06 -

PrP-/--1 - -0.46 1.73 1.71 1.06 0.74 0.69 0.65 1.17
PrP-/--2 0.53 -0.24 1.46 2.49 0.95 0.68 0.65 1.00 1.21
PrP-/--3 0.51 -0.32 1.72 1.97 0.90 0.88 0.62 0.97 0.95

Cu-del-1 0.24 -0.56 1.69 1.63 0.94 1.55 1.14 1.22 1.19
Cu-del-2 0.52 -0.22 1.78 1.89 0.98 1.39 1.26 1.09 1.50
Cu-del-3 0.64 -0.77 1.98 2.73 1.02 0.73 0.89 0.92 0.99
Cu-del-4 0.50 -0.61 2.22 2.12 1.04 0.80 0.70 0.93 2.00
Cu-del-5 0.12 -0.49 1.95 1.65 0.85 0.81 1.09 1.10 1.05

mice from the same environment different food sources and comparing the isotopic composition

of the tissues. Alternatively, in vitro methods could be used, such as subjecting Caco-2 cells

to different copper sources with varying matrices and measuring the isotopic composition of the

copper that is found at the basolateral membrane.

It was speculated in the manuscript [99] that differences in gut microbiota could play a role in

the difference in the isotopic composition observed between the two studies due to the evidence

that copper is fractionated during uptake by bacteria [109]. However, this does not take into ac-

count that the majority of gut bacteria do not require copper for metabolic activity and the metal

is toxic. Further work in this thesis demonstrated that gut microbiota affect copper traf�cking,

however, uptake by bacteria is no longer suggested as a cause for the difference in copper isotopic

composition in mouse tissues between the current study, and the study by Balter et al.. Of the lim-

ited animal studies investigating copper isotopic redistribution, each study has demonstrated very

different isotopic composition for the same tissues. While the isotopic composition of the food is

an important factor, it is clearly not the only factor that in�uences the isotopic composition of the

copper absorbed into the body.
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4.1.3 The copper �isotopic shift�

Isotopic fractionations occur in a �step-wise� manner in the body. The isotopes are �rst frac-

tionated during intestinal absorption, then during delivery to the liver, and again during processing

by the liver including the formation of ceruloplasmin. Natural variation in the extent the isotopes

are fractionated at each of these steps will ultimately affect the isotopic composition of the ceru-

loplasmin, which is the primary source of copper to the kidney, brain and red blood cells. For this

reason, in addition to comparing the d 65CuAE633 values of individual organs, the change in isotopic

composition, or isotopic shift, as the copper is traf�cked through the body was monitored. This

isotopic shift is denoted as a D value and is de�ned here as:

D65CuA�B = d 65CuA�d 65CuB (4.1)

The isotopic composition of the serum was used as the reference when calculating isotopic shift.

4.1.4 The Liver

The liver tissues in the mice showed large variability in d 65CuAE633 values (1.10 to 2.22 �),

and the differences in the average d 65CuAE633 values of the liver (Figure 4.1A) for each genotype

were signi�cantly different (ANOVA, p=0.041). Altering the expression of the PrPC increased

the isotopic shifts between the liver and the blood serum (Figure 4.1B) and the average of the

three genotypes were signi�cantly different (WT=1.75 � 0.26 �, Prnp�=�=1.98 � 0.50 �, Cu-

del=2.45 � 0.70 �, 2SD, ANOVA, p=.022). Inhibition of PrPC function, both through deletion

and mutation, caused the liver to be more enriched in 65Cu than in wild type mice. The majority of

serum copper is derived from the transport protein ceruloplasmin, which is produced in the liver

before release into systemic circulation. The serum is depleted in 65Cu compared to the liver by

a characteristic amount for each genotype (Figure 4.1B). In other words, a characteristic isotopic

shift between the liver and the serum was observed, which suggests that copper processing in the

liver is affected by changes in prion protein expression.

At the time the manuscript for these results was written there was little to no PrPC detected
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Figure 4.1: Differences in copper isotopic composition in the liver of mice from different
genotypes. A) The differences in isotopic composition for the liver and B) the isotopic shift
between the liver and blood serum for the different mouse genotypes. The gray box outlines
the 25-75% region enclosing the data and the whiskers represent the upper and lower bounds on
the data. The black line indicates the mean and the white line indicates the median value of the
data for each genotype. The difference in the absolute d 65CuAE633 values are signi�cant (ANOVA,
p=0.041), as are the isotopic shifts between the liver and serum (ANOVA, p=0.022)

in the liver [110, 105]. Therefore the differences in isotopic distribution were speculated to be

due to the indirect affects of PrPC expression on other copper-binding proteins in the liver. For

example, PrPC knockout models have shown changes in the expression levels of SOD1[111] in

the liver. However, shortly after this paper was published, PrPC was detected in the liver using

immunoprecipitation techniques, which allow for assessment of a larger quantity of sample for

protein presence than western blots [112]. Therefore the change in processing in the liver were

identi�ed with the isotopic composition could have been a consequence of the change in PrPC

expression in the livers of these mice.

4.1.5 The copper isotopic composition of red blood cells and blood serum

The average isotopic compositions of the red blood cells (0.46 � 0.50 �, 2SD) and blood

serum (-0.42 � 0.38 �, 2SD) are both lower than the literature values for humans [48]. No

signi�cant differences between genotypes were observed for the d 65CuAE633 values of the red

blood cells or the serum. The isotopic shifts between the red blood cells and serum are shown

in Figure 4.2. Prnp�=� mice showed a decrease in the isotopic shifts (i.e.DRBC�Serum reduced)

54



compared to the WT strain, although this difference was not signi�cant. Large variability was

observed in the isotopic shifts of the Cu-del mice. The average isotopic shift between red blood

cells and serum for all mice (+0.88 �) was slightly higher than that of healthy humans (+0.8

� [48]). PrPC is detected in blood, although the distribution of the protein among the different

components of blood is disputed [113, 114, 115].

Figure 4.2: The differences in copper isotopic shifts between the red blood cells and the blood
serum for the different mouse genotypes. The gray box outlines the 25-75% region enclosing the
data and the whiskers represent the upper and lower bounds on the data. The black line indicates the
mean and the white line indicates the median value of the data for each genotype. The differences
in isotopic shifts were not signi�cant, although a notable decrease was observed for the Prnp�=�

mice as well as large variability in the isotopic shift of the Cu-del mice.

4.1.6 The copper isotopic composition of kidney

The isotopic compositions of the kidney samples showed large variability in the mice and in

general were among the most enriched in 65Cu of the organs measured in this study. However,

contrary to a previous study [5], the isotopic compositions of the kidneys were more enriched in

65Cu than the liver in only six of the mice. The isotopic compositions of the kidneys in the other
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eight mice were similar to the value measured in the liver. There were no obvious dependencies

on genotype for the isotopic composition of the kidneys or its relative difference from the serum.

4.1.7 The copper isotopic composition in individual brain regions

The relative isotopic shifts between the blood serum and the different brain regions measured

for the mouse genotypes is found in Table 4.2. One of the WT mice showed a systematic incorpo-

ration of the heavier isotopes into the brain compared to the other two WT mice. This could not

be attributed to the age of the mouse. The relative differences from the blood serum to select brain

regions for the WT, Prnp�=� and Cu-del mice are plotted in Figure 4.3. The largest differences

based on genotype were between the Prnp�=� mice and the Cu-del mice in the DHippocampus�Serum

(p=0.002), the DCerebralCortex�Serum (p=0.053) and DBrainstem�Serum (p=0.017). The mean values of

the WT mice for these regions were typically between that of the Prnp�=� and Cu-del, although

the differences in means of the three genotypes was not signi�cant (Table 4.2). No differences

based on genotype could be observed for the DCerebellum�Serum and the DRemainingBrain�Serum. The

largest variability in the brain regions was for the remaining brain bulk tissue.

Table 4.2: The mean value for the isotopic shift between the blood serum and the different brain
regions, given in units of per mil (�) for the different mouse genotypes. � Statistically different
from the Cu-del mouse genotype, p � 0.05.
Mouse Type DCerebellum�Serum DHippocampus�Serum DCerebralCortex�Serum DBrainStem�Serum DRemainingBrain�Serum
Wild Type (n=3) 1.33 � 0.26 1.36 � 0.50 1.49 � 0.18 1.49 � 0.22 1.89 � 0.59
Prnp -/- (n=3) 1.31 � 0.18 �0.99 � 0.14 1.11 � 0.16 �1.21 � 0.09 1.99 � 0.46
Cu-del (n=5) 1.50 � 0.24 1.55 � 0.16 1.59 � 0.31 1.58 � 0.18 1.88 � 0.42

Similarly to what B¤uchl et al. found in their study [4], the Cu-del mice have the most 65Cu

enriched brains of the genotypes investigated, although the absolute d 65Cu values were different

in B¤uchl et al. and the present study. The largest differences in copper isotopic shifts from the

serum were observed in the hippocampus, the cerebral cortex, and the brainstem between the

Prnp�=� and the Cu-del mouse genotypes. These regions of the brain show high prion protein

expression[116], alterations in copper concentration depending on prion protein expression [117]

and now differences in the proportions of copper isotopes incorporated into the tissue from the

56



Figure 4.3: The differences in isotopic composition between mouse genotypes for select re-
gions of the brain. The d 65CuAE633 values are shown in A, C, and E. The D values between the
blood serum and the brain regions are shown in B, D, and F. The gray box outlines the 25-75%
region enclosing the data and the whiskers represent the upper and lower bounds on the data. The
black line indicates the mean and the white line indicates the median value of the data for each
genotype. The differences in the isotopic shift between the blood serum and both the hippocampus
and brainstem were signi�cant between the Prnp�=� and the Cu-del genotypes (Student’s t-test,
p0.05).
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blood serum based on PrPC expression.

Functionally, the lack of prion protein gene expression (Prnp�=�) and the lack of copper bind-

ing sites (Cu-del) would have the same effect in terms of copper isotope traf�cking in the brain

if PrPC alone was the determining factor in the isotopic fractionation. However, the largest dif-

ferences were observed between these two genotypes (Figure 4.3B, D, F). The levels of several

copper-binding proteins and chaperones in the brains of Prnp�=� and Cu-del mice were compared

to that of WT [104]. Prnp�=� showed decreased levels of amyloid precursor protein (APP), an-

tioxidant 1 (ATOX1), divalent metal transporter 1 (DMT1) and increased levels of extracellular

SOD (EC-SOD), while the Cu-del mice showed comparable levels of these proteins to the wild

type mice. It is dif�cult at this stage to identify which proteins are having the biggest impact on

copper isotope distribution.

4.1.8 Effects of PrPC expression on Cu isotopic distribution

The results from this study demonstrate that the expression levels of a single protein can change

the distribution of copper isotopes in mouse organs. However, it is important to note that while the

isotopic shift between the organs and blood serum were altered, that the general isotopic �pattern�

is the same in each mouse genotype. What is meant by this is that, for example, the liver is always

isotopically heavier than the food source and the blood serum is always the most depleted in 65Cu

in the body, regardless of genotype. This is illustrated in Figure 4.4 which shows how the copper

isotopic composition changes in the body as the copper is processed in wild type mice, and how

PrPC affects this distribution. While the extent of isotopic fractionation varies based on genotype,

the vital Cu metabolic processes appear to be dominating the isotopic distribution in the body.

4.1.9 Summary

This investigation was the �rst to use the newly-developed copper ion exchange method to

measure copper isotope amount ratios in mouse tissues. Using this method, it was shown that

altering the expression levels of a single protein, in this case PrPC, can change the distribution of
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Figure 4.4: PrPC expression changes the extent of isotopic fractionation between organs and
bodily �uids The relative change in isotopic composition (D65Cu) as copper is processed in the
body. The isotopic pattern shown is for the wild type mice with the effect of PrPC expression
shown.

copper isotopes in the body in transgenic mice. It was demonstrated that small pertubations to

copper metabolism can be detected with this sensitive technique. Rather than treating the organs

of the mice as individual samples, out of context from the organism, but instead as components

of an interacting system, it was possible to identify regions in the body where copper processing

may have been impacted. Systematic isotopic shifts were observed between the blood serum and

several of the tissues measured in this study, indicating changes in copper metabolism as a result

of PrPC expression and the associated effects on copper-binding proteins. Comparing isotopic

shifts (D65Cu) values, rather than just d 65CuAE633 values may increase the ability to determine

how a perturbation in the body affecting copper metabolism affects the distribution of copper

isotopes in the organs. The data are not conclusive in identifying the exact changes in copper

metabolism that caused the observed isotopic shifts, rather it highlights the complexity of the

system and the need for further studies to identify those proteins and processes that will dominate
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isotopic fractionation patterns. The consistent manner in which alterations to metal homeostasis

affect isotope distribution strengthen the potential for isotopic composition to reliably identify

regions with disrupted copper metabolism.

4.2 Copper isotopic fractionation during intestinal absorption: in�uence of PrPC

and gut microbiota

The �rst investigation of this thesis demonstrated the sensitivity of copper isotope amount ratios

to detect changes in copper processing in a system that was intentionally perturbed. It became clear

that identifying the mechanisms causing the change in the extent of fractionation was challenging

on a whole-body level due to the number of concurrent processes involving copper. The remainder

of this thesis focussed on a single organ, the intestines. The intestines have unique advantages when

studying copper isotopic composition compared to the other organs in the body. The source of the

copper from the food to the tissues is known and homogeneous, therefore the �rst fractionation in

the body, intestinal uptake and absorption, is occurring from the same source in all of the mice. The

�ow of copper is unidirectional through the mucosal layer and the metabolic pathways involving

copper are fairly well characterized, facilitating meaningful interpretations of isotopic data. This

section describes the copper isotopic fractionation due to intestinal uptake and absorption of copper

in mice.

Identifying all participants (eg. proteins, bacteria) contributing to copper traf�cking in a living

organism are essential to fully understanding the intricacies of the metal metabolism. The �rst part

of this investigation involved the measurement of the isotopic composition and copper concentra-

tion in the �ve regions of the intestinal tract in wild type mice and transgenic mice with variations

in PrPC expression. PrPC is expressed in enterocytes [118], is localized near cell-cell junctions and

has a role in intestinal barrier function [119] and cell proliferation [120]. This goal of this part of

the study aimed to determine if PrPC is participating in copper traf�cking in the intestines of mice.

Trillions of microorganisms reside in the gastrointestinal tract, beginning at birth [121]. Al-
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though considered bene�cial in homeostatic states, alterations in intestinal microbiota have been

implicated in the pathogenesis of numerous diseased states, including obesity, diabetes, and multi-

ple sclerosis [122, 123, 124]. In the gut, bacterial dysbiosis has been shown to modulate the func-

tion of intestinal epithelial cells (IECs) [125], which comprise the epithelial barrier, the single-cell

layer of cells that separates the lamina propria from the antigenic and microbial contents of the gut

lumen. Alteration in the function of IECs changes their ef�ciency as a protective barrier and com-

promises the host. The second part of this investigation determined how gut microbiota in�uence

the copper isotopic composition on the mucosal and muscle layer of mice that were treated with

broad-spectrum antibiotics. The results from this investigation were submitted to the Proceeding

of the National Academy of Sciences and the draft manuscript is presented verbatim in Appendix

C.

4.2.1 In�uence of PrPC on copper isotopic distribution in intestinal tissue

The copper isotopic compositions and copper concentrations were measured in the �ve regions

of the intestinal tract in the transgenic mice (10-22 wks old) with the same variations in prion

protein expression as in Chapter 4. It is important to emphasize that the results for the intesti-

nal tissues presented in Table 4.4 are the isotopic composition and copper concentration of the

combined contributions from the mucosal layer and the muscle layer.

4.2.2 Absorption mechanisms dominate isotopic composition in the small intestine

There were several immediate observations from this analysis that were not dependent on geno-

type:

� All regions of the intestinal tract were enriched in 65Cu compared to the food source (d 65CuAE633=0.32

� 0.08 �)

� In the small intestine the ileum was both isotopically lighter and had a lower copper concentra-

tion than the duodenum and jejunum.
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Table 4.3: The copper isotopic composition and copper concentrations of the intestinal tissues
from the mice. Isotopic compositions are reported as a d 65Cu value calculated with respect to ER-
M-AE633. Analytical reproducibility is� 0.08 � (2SD). The copper concentrations, measured by
IDMS, are calculated with respect to the dry weight of the tissue. A �-� indicates no result for this
tissue from this mouse was measured. The error associated with the concentration measurements
is 3 % (2SD)

Duodenum Jejunum Ileum Proximal
Colon

Distal
Colon

d 65Cu
(�)

[Cu]
(ng/mg)

d 65Cu
(�)

[Cu]
(ng/mg)

d 65Cu
(�)

[Cu]
(ng/mg)

d 65Cu
(�)

[Cu]
(ng/mg)

d 65Cu
(�)

[Cu]
(ng/mg)

WT-1 1.58 - 1.27 6.8 0.81 9.8 1.25 - 1.19 28.0
WT-2 1.26 12.1 1.10 11.8 0.77 15.7 1.27 22.9 1.04 32.4
WT-3 1.56 12.4 1.31 10.6 0.89 11.3 1.06 13.6 1.42 22.7
WT-4 1.25 11.1 1.39 9.2 1.22 9.0 1.11 - 1.46 20.3
WT-5 1.03 11.8 0.76 12.2 1.13 14.5 1.09 - 1.35 20.9

PrP-/--1 1.19 10.8 1.33 10.1 1.02 9.6 1.22 15.2 1.33 16.6
PrP-/--2 1.12 9.8 0.67 13.5 0.9 7.2 0.69 24.8 1.00 23.2
PrP-/--3 1.7 9.6 1.32 13.2 1.21 6.1 0.99 21.5 1.04 -
PrP-/--4 1.53 10.3 0.60 8.8 0.54 6.2 1.22 13.0 1.23 20.3

Cu-del-1 1.23 8.8 0.87 11.0 1.13 6.4 1.79 27.1 1.73 23.3
Cu-del-2 0.93 9.5 1.09 8.9 0.58 6.3 1.50 - 1.45 10.5
Cu-del-3 1.38 8.4 0.95 12.3 0.79 7.4 1.18 9.7 1.46 9.4
Cu-del-4 1.17 9.6 1.2 8.2 1.16 5.8 1.56 - 1.31 12.8
Cu-del-5 1.03 9.2 1.39 11.9 0.62 9.7 1.79 - 1.79 22.2

� Both regions of the large intestine were isotopically heavier and had substantially higher copper

concentrations than the small intestine

In the small intestine, the copper isotopic composition was independent of genotype. In the

large intestine, there was a small dependence on genotype with inhibition and malfunction of the

protein causing the tissues to become enriched in 65Cu. In general, the average copper concentra-

tions decreased with inhibition or malfunction of PrPC. Neither the copper isotopic composition,

nor the copper concentration, were dependent on the age of the mouse.

Interpretation of this data is challenging because it is unclear if any of the differences in isotopic

composition or copper concentration are caused by changes in copper metabolism in the mucosal

layer or the muscle layer. However, it is possible that the changes are occurring from differences in

copper traf�cking in the mucosal layer as PrPC is found in high concentration in the mucosal layer
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of mice[118]. It has also been shown that inhibition of this protein is associated with an increased

uptake of iron[126]. As absorption competition occurs between the transition metals[108], this

could account for the decrease in copper concentration in the Prnp�=� and Cu-del mice. Addition-

ally, as copper absorption into the body occurs in the small intestine, perhaps the effects of PrPC

expression on copper traf�cking can only be detected in the large intestine, where this important

process is not occurring.

To further re�ne the understanding of copper isotopic fractionation in the intestines, the mu-

cosa and muscle layer were collected and analyzed separately. Tissues were collected from two

different groups, a control group (untreated) and a group that consumed high-levels of antibiotics to

deplete the gut microbiota, to investigate how the gut bacteria were affecting the observed isotopic

fractionation. Only wild type mice were used in this part of the study as it had become clear that

PrPC was not having a substantial effect on copper isotopic composition in the intestines. Due to

the limited sample size of the separated intestinal layers, copper concentrations were not measured

in these tissues.

4.2.3 The muscle layer is not affected by antibiotic-treatment

The copper isotopic composition of the untreated and antibiotic-treated mice is shown in Table

4.4. The muscle layer receives its copper from systemic circulation and is likely to have an isotopic

composition different than that of the food source. In the untreated wild type mice, the isotopic

composition showed no regional variations in the small intestine and an enrichment in 65Cu in the

large intestine. No regional differences were observed in the antibiotic-treated mice. The isotopic

composition of the muscle in the intestinal tract was independent of antibiotic-treatment. It is

important to note that the preparation technique used to separate the layers (a glass slide to scrape

the mucosal layer off the muscle) results in incomplete removing of the mucosal layer. There was

inevitably some contribution from the mucosal layer in the muscle tissue measurements.
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Table 4.4: Muscle layer shows little variability in copper isotopic composition. The mean value,
and 2SD variability, of the copper isotopic composition of the muscle tissue in the �ve regions
of the intestinal tract. No regional variations were observed in the small intestine and there is an
enrichment in 65Cu in the large intestine. Antibiotic treatment has no effect on copper isotopic
composition.

d 65CuAE633 (�) - Wild Type d 65CuAE633 (�) - Abx-Treated
Duodenum 0.52 � 0.22 0.83 � 0.24
Jejunum 0.62 � 0.38 0.59 � 0.44
Ileum 0.53 � 0.50 0.67 � 0.32
Proximal Colon 0.88 � 0.08 0.60 � 0.66
Distal Colon 1.09 � 0.44 0.61 � 0.32

4.2.4 Antibiotic-treatment changes the distribution of copper isotopes in the epithelium

The food pellets for the mice had an average d 65CuAE633 values of 0.27� 0.08 �. The isotopic

composition in the �ve regions of the gut were enriched in 65Cu compared to the food source (Fig

4.5). In the control group the d 65CuAE633 values of the duodenum (d 65CuAE633 average of 0.98 �,

range 0.78-1.08 �) and jejunum (d 65CuAE633 average of 1.12 �, range 0.90-1.54 �) displayed

similar copper isotopic ratios (Kruskal-Wallis test, p>0.05). The lowest ratio, found in the ileum

(d 65CuAE633 average of 0.57 �, range 0.45-0.77 �), was signi�cantly different (Kruskal-Wallis

test, p<0.01) when compared to the proximal colon (d 65CuAE633 average of 1.43 �, range 1.25-

1.57 �) and distal colon (d 65CuAE633 average of 1.50 �, range 1.23-1.86 �).

The substantial reduction in the d 65CuAE633 values (see Figure 4.5) in the proximal colon of the

antibiotic-treated mice is indicative of a signi�cant change in available copper binding sites within

the proximal colon, which had altered the distribution of the copper isotopes. The reason for the

striking difference between the in�uence of microbiota on copper traf�cking in the proximal colon

compared to the distal colon remains unclear. Both regions of the large intestine contain large,

diverse bacterial populations, however, the composition of the microbiota and their localization

within the large intestine are different between the two regions [127]. For example, the proximal

colon has more mucus-associated bacteria than the distal colon due to the viscosity gradient of the

mucus layer in the large intestine [128], which could contribute to the differences observed.
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Figure 4.5: Regional distribution of copper isotopes (d 65CuAE633) in the gut of control and
antibiotic (Abx)-treated mice. Different copper isotope composition is observed comparing ileum
versus both colon regions. (��p<0.01; Kruskal-Wallis followed by Dunns multiple comparison test
was applied between control samples). Duodenum, jejunum, and distal colon had a reduction in
the d 65CuAE633, but it is in the proximal colon that we observed the greatest reduction in the
d 65CuAE633 (# p<0.05; ## p<0.01; Mann-Whitney test comparing control with Abx-treated mice
in each the region). Interestingly, ileum did not exhibit any changes in copper isotope composition
following antibiotic treatment. Data are presented in a box plot format. n=5/group.
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4.2.5 Protein expression levels are changing in the proximal colon

To further investigate factors that may contribute to the large alteration in copper isotopic com-

position in the proximal colon observed following antibiotic treatment, I worked with Fernando

Vicentini from the Gastrointestinal Research program at the Foothills Medical Center to measure

the expression levels of copper transporters and a copper-binding enzyme (Figure 4.6). CTR1,

the main copper importer, and ATP7A, a copper exporter, showed a reduced expression level in

antibiotic-treated mice when compared to the control group (Fig. 4.6a-b; Mann-Whitney test,

p<0.01). The expression of SOD1, a copper-binding antioxidant enzyme, was not altered between

groups (Fig. 4.6c; Mann-Whitney test, p=0.09). Due to the importance of CTR1 for the cellular

uptake of copper, we decided to measure CTR1 expression in the ileum, where we found no al-

teration in the isotopic composition, and in the distal colon, where we observed a less pronounced

reduction compared to the proximal colon (Fig. 1). No alterations in CTR1 expression were ob-

served in antibiotic-treated mice in either the ileum (Fig. 4.7a; Mann-Whitney test, p=0.14) or

distal colon (Fig. 4.7b; Mann-Whitney test, p=0.07). Therefore, where less of a difference was ob-

served in the copper isotopic composition between the untreated and Abx-treated mice, no changes

in the expression levels of copper transporters was observed.
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Figure 4.6: Depletion of gut microbiota by antibiotics (Abx) reduces the expression of copper
transporters in the proximal colon. Due to the higher reduction of the d 65CuAE633 in the proxi-
mal colon, we explored this region to observe differences in proteins related to copper metabolism.
(a) Copper transporter-1 (CTR1) is a major importer of copper in the intestinal epithelial cells
(IEC). Abx-treated mice display reduced expression of CTR1 (**p<0.01 with Mann-Whitney test).
(b) Following the same trend, ATP7A, a known copper exporter, is also reduced in the proximal
colon (**p<0.01 with Mann-Whitney test). (c) Superoxide dismutase 1 (SOD1), an antioxidant
enzyme which uses copper, is not altered in the Abx-treated mice (Mann-Whitney test). Data are
presented as mean � SEM. n=5/group.
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Figure 4.7: Copper transporter (CTR1) expression in the ileum and distal colon after treat-
ment with antibiotics (Abx). (a) CTR1 expression in the ileum and in the distal colon (b) is not
altered when compared to control (Mann-Whitney test, p>0.05). Data are presented as mean �
SEM. n=4-5

The change in copper traf�cking in the proximal colon is further supported by the reduction of

the expression levels of two key copper transporters, CTR1 and ATP7A. This response is typically

associated with reduced demand for copper within the intestinal epithelial cells (IECs) [129, 130].

In the ileum and distal colon, antibiotic treatment had less effect on copper traf�cking, as only a

subtle difference in isotopic composition was observed and no difference in the expression level of

CTR1 was measured.
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4.2.6 Cu and gut microbiota

Although dysregulation of copper and bacterial dysbiosis have been implicated in gastrointesti-

nal disorders, such as the in�ammatory bowel diseases [131, 132], few studies have investigated

the interplay between copper and the gut microbiome. The source, and amount, of copper has been

shown to affect the microbial diversity in the gut in pigs and mice [133, 134]. While these studies

focussed on the effect of copper on the bacterial populations, few studies have investigated the ef-

fect of the bacterial population on copper traf�cking. This is the �rst investigation to study in vivo

the effect of intestinal microbiota on copper traf�cking in conventional animals. Previous reports

noted a change in mRNA expression of CTR1 and metallothionein (a metal-storage protein) in

ileal tissue upon colonization of germ-free animals with Bacteroides thetaiotaomicron [135]. The

results did not indicate a signi�cant change in copper traf�cking in the ileum, although this thesis

work is not directly comparable to that of Hooper et al.’s, as germ-free and conventional mice dis-

play several physiological differences, including properties associated with the mucus layer [136].

However, in both the germ free and conventional mice, the presence of bacteria is accompanied

with increased expression of CTR1, indicating the presence of bacteria are inhibiting the IECs

access to extracellular copper. To further support this notion, an in vitro study determined the

bioavailability of copper to Caco-2 cells after incubation with fecal bacteria and revealed a sharp

decrease in the proportion of copper available for uptake in the cells in the presence of bacteria

[137]. The microbial composition of fecal bacteria is different than that found in the proximal

colon [138], but both bacterial populations, as well as a single strain of bacteria, trigger a physio-

logical response in the copper traf�cking in the gastrointestinal tract. This suggests that the impact

on copper traf�cking by bacteria is not a species-speci�c response but rather a general response to

microbial residence.

In addition to copper, other transition metals have been shown to interact with the intestinal

microbiome. Deschemin et al. showed the expression of iron transporters was altered upon colo-

nization of germ-free mice with microbiota obtained from their conventionally-raised counterparts
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[139]. Similarly, Gielda et al. demonstrated the presence of microbiota increases the expression of

host-derived zinc-binding enzymes in chicks to out-compete the microbes for the nutrient [140].

However, unlike iron and zinc, which are essential nutrients of bacteria, copper is toxic to most

intestinal bacteria, a property the host exploits. Pathogens and commensal bacteria that breach

the intestinal barrier are engulfed in macrophages which are subsequently �lled with extracellu-

lar copper [141]. Hence, animals subject to copper-de�ciency are known to be more susceptible

to infections, which is reversible upon copper supplementation [142]. Commensal bacteria have

not evolved to resist the antimicrobial properties of copper and have likely developed strategies to

protect against copper toxicity in the lumen, such as production of sul�de [143] that can precip-

itate free copper as CuS out of the luminal �uids. Competition exist for all the transition metals

between the host and the microbe, however, for copper the competition appears to be driven by the

bacteria’s need to sequester copper through metabolites to protect against copper toxicity, hence

affecting the host’s copper homeostasis.

4.2.7 Copper interactions with the antibiotics

The antibiotics used in this study are known to interact with Cu2+ and form stable complexes

in vitro [144, 145, 146]. Presumably this metal-binding ability would persist in vivo, although

this is dif�cult to verify experimentally. However, a change in isotopic redistribution and copper

transporter expression would be observed in all regions of the gastrointestinal tract if the interaction

of copper with these antibiotics was the mechanism by which copper traf�cking was altered, but

changes were not observed in this thesis work. Additionally, an increase in demand for copper

would likely be observed if these antibiotics were sequestering copper from the lumen. This is not

supported by the protein expression data. The data within this study suggest that antibiotics are

not the dominant factor contributing to the change in copper handling, although their contribution

cannot be completely ruled-out.
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4.2.8 Systematic enrichment of 65Cu in enterocytes

The copper isotopic composition varies along the length of the intestinal tract, and is altered by

antibiotic-treatment. Despite this, all regions of the intestinal tract are consistently enriched in 65Cu

compared to the food source. This could be due to the main copper importer (CTR1) and exporter

(ATP7A) in enterocytes and their respective binding sites. Both of these proteins have binding sites

that would theoretically transfer the light copper isotopes at a faster rate. While this would initially

enrich the cells with the light isotopes, after subsequent delivery of the copper to intracellular

targets, and removal of the copper at the basolateral membrane, the end result is an enrichment in

65Cu in the enterocytes. This is illustrated in Figure 5.4. In the duodenum and jejunum, ATP7A

is shown to be localized at the basolateral membrane of the enterocytes to facilitate transfer of Cu

into the body. In the ileum, ATP7A is localized at the trans-Golgi network and hence less of the

light isotopes are removed from the cell. This would result in the cells to be isotopically lighter in

the ileum than in the duodenum and jejunum, as was observed experimentally.

Figure 4.8: Enterocytes are enriched compared to the food source due to the binding sites
of the import and export proteins A schematic showing the speculated mechanisms for the sys-
tematic enrichment of 65Cu in enterocytes. Note that while these steps are shown as happening
sequentially, they are actually occurring concurrently. Also, the isotopic composition shown in
the diagram is not representative of a measured isotopic composition, rather the number of atom
shown is to illustrate the trend.
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4.2.9 Possibilities for future research

While this innovative study revealed the antibiotic-treatment changes copper traf�cking in the

intestines of mice, especially in the proximal colon, there are several unresolved questions that

arose from this study.

� How are the gut microbiome interacting with copper? The mechanisms of which the gut

microbiome interact with copper is crucial to fully understanding copper metabolism in the

intestines. Sequestering of copper through bacterial metabolites is a possibility, although this

should be experimentally veri�ed.

� Why is proximal colon affected the most by antibiotic-treatment? This region of the gut is

most associated with colon cancers, in�ammatory bowel diseases, among other gastrointestinal

disorders. These diseases all present with changes in copper handling and bacterial dysbiosis.

Answering this question could provide insights into the onset and progression of these diseases.

� Do antibiotics interact with copper in vivo? While it is presumed that this is the case, this is

dif�cult to experimentally verify. Determining this is important due to the wide-spread use of

antibiotics and the importance of copper homeostasis to an individual’s health.

4.2.10 Summary

This investigation was the �rst detailed study to characterize the isotopic composition in the

intestines of mice. The copper isotopic composition and copper concentration were measured in the

�ve regions of the intestinal tract; the duodenum, jejunum, ileum, proximal colon and distal colon.

It was determined that there was no genotype dependence on the copper isotopic composition

in the small intestine of mice, and a enrichment of 65Cu was observed in the large intestine. This

suggests that in the small intestine it is the process of absorbing copper into the body that dominates

the copper isotopic distribution. The copper concentration in the intestinal tissues decreased with

inhibition or malfunction of PrPC, speculated to be occurring in the mucosal layer of the intestines.
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The copper isotopic composition analysis of the muscle and mucosa layer demonstrated that there

is little variability in the d 65CuAE633 values of the muscle layer of the small intestine and con�rmed

that the metabolic processes occurring in the mucosa layer of the small intestine are dominating

the isotopic pattern seen in the �whole� tissue analysis.

This was also the �rst investigation to study the in vivo affect of the gut microbiome on copper

traf�cking in the gut. The sensitive technique enabled the identi�cation of a signi�cant interaction

of the gut microbiota with copper. The substantial shift of the copper isotopic composition in the

proximal colon between antibiotic-treated and untreated mice was associated with differential ex-

pression in two major copper-binding proteins found in IECs. The ileum and distal colon, regions

with relatively high populations of commensal bacteria, showed less of a shift in the isotopic dis-

tribution and no change the expression levels of CTR1. This con�rms that only in the proximal

colon is copper traf�cking impacted. The results of this innovative isotopic investigation highlight

a critical relationship between the health of the microbiota and the traf�cking of copper in the

proximal colon, both of which have been positively identi�ed to affect the health of the GI tract.

Understanding copper homeostasis in the GI tract is not only important due to its critical role as a

cofactor in several cellular functions, but also due to its role in the innate immune system, intestinal

barrier function, and the observed dysregulation of copper in many GI disorders. In this study the

isotopic redistribution was a vital indicator of the alteration in copper traf�cking in the proximal

colon due to changes in the intestinal microbiome.
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Chapter 5

Conclusion

This thesis developed an analytical technique to measure copper isotope abundance ratios and

demonstrated that this technique can detect changes in copper metabolic pathways in the organs

of mice. An accurate measurement of copper isotopic composition can identify regions where

copper metabolism is impacted by perturbations to the system, providing unique insights into how

components of a biological system, in this case the cellular prion protein and gut microbiota,

interact with copper. Copper is critical for several cellular functions but has the potential to damage

cells. Mishandling of this metal is associated with several diseases and disorders within the body

and therefore understanding all facets of copper metabolism are required to address the role of this

metal in the health of an individual.

This thesis developed a robust method to identify differences in isotope amount ratios between

speci�c organs and blood serum in transgenic mice with variations in cellular prion protein expres-

sion and identi�ed regions in the body where copper traf�cking is signi�cantly impacted by the

expression of this protein. The isotope data provide evidence that copper processing in the liver,

hippocampus, cerebral cortex, brainstem, and red blood cells are affected by the null expression

or malfunction of the cellular prion protein. The physiological function of this protein is unknown

and there is a signi�cant opportunity to use isotope data to increase the understanding of the role

of this protein.

This thesis provides the �rst detailed characterization of the copper isotopic composition in

the intestines of mice. Differences in copper isotopic composition were observed in the different

regions of the intestinal tract. The extent of copper isotopic fractionation was found not to be

dependent on prion protein expression in the small intestine, while a genotype dependence was

observed in the large intestine, with null expression or malfunction of the protein leading to in-
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creased 65Cu enrichment. Changes in the copper isotopic distribution were observed in mice with

bacterial dysbiosis, and this redistribution was accompanied by changes in the relative expression

levels of CTR1 and ATP7A, key copper transporters in the gut. These results provide the �rst in

vivo evidence for the role of gut microbiota in regulating copper traf�cking in the gut.

This thesis offers three major contributions to the �eld of copper isotopic measurements in

biological systems and copper traf�cking in mammals:

� Cellular prion protein mouse model: This study was the �rst to demonstrate that changing

the expression levels of a speci�c, non-vital, protein could systematically change the copper

isotopic distribution in the organs of transgenic mice. Additionally, it was demonstrated that

using the isotopic composition of blood serum as the reference point was an effective method to

quantify the copper isotopic redistribution. There are presently few studies of copper isotopic

composition in mice and large differences in the d 65CuAE633 of speci�c organs are reported by

different research groups. While these differences in copper isotopic composition in similar

tissues is not yet understood, this study is a signi�cant contribution to the available data of

copper isotopic composition in mice because of the large number of mice investigated and the

measurement of copper isotopes amount ratios in several organs within each single mouse.

� Characterization of copper redistribution in the intestinal tract: This investigation provided

the �rst detailed description of the extent of copper isotopic fractionation due to cellular uptake

and absorption in the intestines of mice. As dietary copper is the primary source of copper to

the body, the isotopic fractionations that occur during these processes will impact the isotopic

composition of the copper entering the body, which will subsequently affect the isotopic dis-

tribution within the body. This study also demonstrated that the known differences in copper

processing in the �ve regions of the intestines are re�ected in the isotopic composition of the

tissues, providing further evidence of the effectiveness of this isotopic tool.

� Identi�cation of gut microbiota as a participant in copper traf�cking: The interaction of gut

microbiota with copper was unknown. This study was the �rst to demonstrate in vivo that gut
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microbiota is a signi�cant participant in copper traf�cking in the gut. Copper isotopic analysis

provided the unique insight that available binding sites for copper were drastically changed in

the absence of gut bacteria, particularly in the proximal colon. Additionally, this investigation

provided the �rst protein expression data for copper transporters in the intestines of antibiotic-

treated mice. Both the copper import and export proteins were down-regulated in the proximal

colon of antibiotic-treated mice, providing further evidence that copper traf�cking is impacted

by gut microbiota.

The analytical techniques developed in this thesis were capable of differences in isotope amount

ratios in biological systems, however, there are three suggested improvements to the analytical

protocol for future copper isotope abundance measurements described below:

� Reduce Cu blanks: The samples used in this thesis were dried under a heat lamp in a fume-

hood and were subject to contamination from exposure to atmospheric particles. An alternative

method for drying samples would be to use a self-contained evaporation unit equipped with

HEPA-�lters to pre-�lter the air before entering the unit, thus reducing blanks from exposure

to atmospheric particles. Reduction of blanks could improve the expanded uncertainty of the

d 65CuAE633 measurements from 0.08 � to 0.06 �.

� Digest samples using a microwave-assisted digestion system: The samples in this thesis were di-

gested using in an open-vessel digestion container on a hotplate for several days. The microwave-

assisted digestion can fully digest a sample in less than 10 minutes, increasing sample throughput

and reducing blanks.

� Use of a desolvating sample introduction system: The use of the APEX-Q, or similar desol-

vating sample introduction systems, can enhance the signal intensity by a factor of 5 [147] and

would facilitate measurements of copper isotopic abundance measurements in medium or high

resolution mode, allowing for the mass resolution to resolve spectral interferences.
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5.1 Future experiments

Most published reports on copper isotopic composition focus on the bulk analysis of tissues

which provide results representative of all copper processes occurring in the organ or bodily �uid.

While this has provided valuable insights into the distribution of copper isotopes in healthy and

disease states, the complexity of biological systems requires better resolution of the processes

occurring in order to identify the mechanisms responsible for the observed isotopic fractionations.

To mitigate this problem one could develop innovative analytical techniques and select suitable,

less complex, proxies for mammalian copper traf�cking.

To increase the spatial resolution of the copper isotopic composition in organs would require

very low amounts of copper to be analyzed. The typical liquid sample introduction method gen-

erates a stable beam for extended periods of time facilitating high precision measurements, but is

very wasteful as only a small portion of the prepared sample is analyzed. One technique that is

promising is �transient peak� analysis [148], which generates a time varying signal which only last

for a short period by introducing the entire sample in a single pulse. This could reduce the amount

of sample required for analysis by an order of magnitude and allow for the measurement of copper

isotope amount ratios of individual components of an organ.

Currently the digestion methods used are destructive in nature such that all protein-speci�c

information is lost. Developing an analytical technique that couples liquid chromatography to the

MC ICP-MS would enable the separation of proteins in a sample with subsequent measurement of

the isotopic composition of the metals bound to each protein. This would enable the assignment of

an isotopic composition to individual proteins within the organ or bodily �uid and would provide

insightful information about speci�c protein-protein interactions, possibly providing information

about the cause of copper-binding protein malfunctions in disease.

The complexity of the body make identifying speci�c mechanisms of the isotopic composition

is challenging. These mechanism could potentially become clear when focussing on simpler sys-

tems, such as yeast cells or single cell lines, rather than tissues from mammals. Yeast cells have the
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advantage that genetic manipulation has become routine and therefore it is possible to selectively

knockout or over-express every copper protein to determine how each affects copper isotopic dis-

tribution. Similarly, single cell lines such as Caco-2 or HEP2G cells, allow for better control of

the experiment and because these cells originated from humans, are suitable proxies to understand

how copper biochemical processes affect copper isotopic composition.
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Appendix A

Instrumental mass bias correction techniques

There are three different mass bias correction techniques that can be applied to copper isotope

amount ratios. These are: sample-standard bracketing (SSB), elemental normalization sample-

standard bracketing (EN-SSB), and elemental external normalization (EEN), also referred to as

the linear regression method. This appendix will show the equations involved in implementing

these correction techniques.

A.0.1 SSB

This technique involves running a standard before and after each sample and using the average of

the isotopic composition of the standards to calculate the delta value. The assumption is that any

change in mass bias will be linear over time, so the average of the before and after standard will

represent the extent of mass bias on the sample. Using copper as an example:

d 65Cu =

 
Rsample

(Rstd;be f ore+Rstd;a f ter
2

�1

!

�1000 (A.1)

Using SSB for mass bias correction requires intensity matching of the sample and standard

because the extent of mass is dependent of the intensity of the signal. It also requires that the

standards are ran immediately before and after the sample (i.e. lengthy amount of time can not

elapse between the analysis of the sample and the standards.

A.0.2 EEN - linear regression method

This method does not assume any form of instrumental mass bias, but this derivation will use

empirical exponential instrumental mass bias as an example. The empirical exponential mass bias

law has the following form for copper:

Rtrue = Rmeas �
�m63

m65

� fCu
(A.2)
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Where Rmeas refers the isotope amount ratio measured on the MC-ICP-MS, Rtrue refers the isotope

amount ratio that has been corrected for instrumental mass bias, m are the atomic weights of the

isotopes, and f is the instrumental mass bias factor.

Nickel was used as the element dopant, and the isotopes of nickel used in this technique were

60Ni and 62Ni, so equation A.2 becomes:

Rtrue = Rmeas �
�m60

m62

� fNi
(A.3)

Rearranging the equation for Rmeas, taking the natural log of both equations and dividing Equation

A.2 by Equation A.3 gives:

ln(RCu;meas)� ln(RCu;true)
ln(rNi;meas)� ln(RNi;true)

= k
� fCu

fNi

�
(A.4)

where k is:

k =
ln(m63

m65
)

ln(m60
m62

)
(A.5)

Rearranging Equation A.4 and solving for the measured copper ratio gives:

ln(RCu;meas) = k �
fCu
fNi

ln(RNi;meas)�k �
fCu
fNi

ln(RNi;true)+ ln(RCu;true) (A.6)

An assumption of the method is the ratio of the fractionation factors is a constant during a single

analytical session so we can de�ne:

s = k(
fCu

fNi
) (A.7)

and:

b = ln(RCu;true)� s� ln(RNi;true) (A.8)

and we are left with an equation for a line:

ln(rCu) = s� ln(rNi)+ b (A.9)

Therefore by measuring a standard mixture of copper and nickel several times over an analytical

session and plotting the natural log of the measured ratios we can determine a slope and intercept
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associated with the standard. As the slope is dependent of the masses of the isotopes (constant

always) and the ratio of the fractionation factors (constant within an analytical session) we can

assume that the slope from the standards will be the same for a sample. Therefore we can �nd the

difference in the intercept between the sample and the standards:

Db = ln(RCu;true;sample)� s� ln(RNi;true;sample)� ln(RCu;true;std)+ s� ln(RNi;true;std): (A.10)

Since the same nickel solution is added to both the sample and the standard these terms cancel and

we are left with:

Db =
ln(RCu;sample)

ln(RCu;std)
(A.11)

or

eDb =
RCu;sample

RCu;std
(A.12)

This can be substituted into following equation to calculate the delta value

d 65Cu = (eDb�1)�1000 (A.13)

A.0.3 EN-SSB

There are similarities between EEN and EN-SSB in that both require plotting the measured stan-

dards in natural log space and using the slope to �nd the ratio of the instrumental fractionation

factors (Equation A.7). If the isotope amount ratios of the dopant are known, then you can cal-

culate the fractionation factor of the element of interest. The average of the fractionation factors

from the standards measured before and after is then applied to the sample using the exponential

law (Equation A.1).
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Appendix B

Manuscript published in JAAS
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Appendix C

Manuscript submitted for second investigation

109



110



111



112



113



114


