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Abstract
Standard light microscope histological evaluation of peripheral nerve lesions has been used routinely
to assess peripheral nerve demyelination; however, the development of magnetic resonance (MR)
methodology for assessing peripheral nerve may provide complimentary information, with less
expense and in less time than nerve histology methods. In this study, the utility of multicomponent
NMR T2 relaxation analysis for assessing myelin injury in toxicology studies was examined using
two dithiocarbamates, N,N-diethyldithiocarbamate (DEDC) and pyrrolidine dithiocarbamate
(PDTC), known to produce myelin injury and elevate copper in the nervous system. T2 analysis was
used in conjunction with standard histological methods to assess myelin injury and determine if
dithiocarbamate-mediated copper accumulation in peripheral nerve was associated with more severe
myelin lesions. Male Sprague-Dawley rats were administered i.p. DEDC for 8 weeks and maintained
on either a diet containing normal (13 ppm) or elevated (200 ppm) copper. Another group of male
Sprague-Dawley rats was administered oral PDTC and a 200 ppm copper diet, with controls given
only the 200 ppm copper diet, for 47 weeks. Following exposures, the morphology of sciatic nerve
was evaluated using light microscopy and multicomponent T2 analysis of excised fixed nerves; and
copper levels in sciatic nerve were determined using ICP-AES. Light microscopy demonstrated the
presence of a primary myelinopathy in dithiocarbamate-exposed rats characterized by intramyelinic
edema, demyelination, and secondary axonal degeneration. Both the nerve copper level and number
of degenerated axons, as ascertained by ICP-AES and microscopy respectively, were augmented by
dietary copper supplementation in conjunction with administration of DEDC or PDTC. T2 analysis
revealed a decreased contribution from the shortest T2 component in multicomponent T2 spectra
obtained from animals administered DEDC or PDTC, consistent with decreased myelin content; and
the decrease of the myelin water component was inversely correlated to the levels of nerve copper
and myelin lesion counts. Also, the T2 analysis showed reduced variability compared to histological
assessment. These studies support multicomponent T2 analysis as a complementary method to light
microscopic evaluations that may also be applicable to in vivo assessments.
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Introduction
Microscopic examination of peripheral nerve is the predominant method used to characterize
structural changes produced in neurotoxicity studies. Various methods of morphometry have
been used including automated morphometry and manual quantitation (Campadelli et al.,
1999;Guena et al., 2001; Kennedy et al., 2004; Santoro et al., 1992). Both microscopic methods
are valuable tools, but have limitations. The strength of automated analysis derives from
quantifying the characteristics of normal structures, e.g., axon diameter, compact myelin, and
axon density and has the advantage of overcoming observer error and nerve profile bias inherent
in manual methods. On the other hand, one study reported an increase in false positives and
missed detections using automatic morphometry software as compared to manual measurement
(Romero et al., 2000). Automated morphometry is less amenable, however, for identifying and
quantifying some specific lesions, e.g. intramyelinic edema. Both morphometry methods also
involve histological preparation of nerve, which requires more expertise and time compared
to most other tissues, in addition to the time required to review or quantitatively analyze the
sections. Microscopic methods using plastic embedded thick sections (1μm) also typically
evaluate a relatively small volume of peripheral nerve.

The development of MR methods to augment the study of nervous system disease has increased
the number of modalities available for assessment of peripheral nerve pathology. Quantitative
MR methods, including magnetization transfer, diffusion anisotropy, and T1 and T2 relaxation
times have been explored to determine whether their changes correlate with changes in the
microstructure of peripheral nerve. Although changes have been observed using all of these
MR methods following transection or crush injury models, T2 relaxation times have arguably
demonstrated the greatest potential for this application. The transverse decay of water proton
magnetization in nerve containing myelinated axons has been shown to be multiexponential
with at least three components (Vasilescu et al., 1978). The individual T2 components have
been interpreted in terms of different water compartments that are separated by diffusion
barriers resulting in relatively slow exchange rates on the MR time scale. The current prevailing
interpretation of these components assigns the short, intermediate and long T2 components to
myelin, intra-axonal and extra-axonal water, respectively (Menon et al., 1992), although some
studies have suggested opposite assignment of the intermediate and long T2 components (Peled
et al., 1999). Changes in the properties of these components have been most extensively
evaluated in sciatic nerve undergoing demyelination following crush or transection injury using
either excised unfixed nerve or in vivo imaging (Does and Snyder, 1996), and correlate well
with quantitative microscopic assessment of myelin (Bendszus et al., 2004;Webb et al.,
2003). The most consistent change observed is a decreased contribution from water in the short
T2 component, which has been interpreted to represent a decrease in myelin content. The results
of these studies suggest that although the interpretation of T2 spectral changes has not evolved
to the level that specific lesions can be quantified, T2 analysis may provide an index of myelin
content in many toxic peripheral neuropathies.

The use of dithiocarbamates as pesticides, in industrial applications and in medicine has
resulted in human exposures through inhalation, ingestion and dermal exposure (Alexeeff et
al., 1994;Berry et al., 1990;Brewer, 1993;Eneanya et al., 1981;Kreutzer et al., 1994;Lang et
al., 1988;Vettorazzi et al., 1995;WHO, 1988). In particular, human exposure to the
dithiocarbamate disulfide, disulfiram (Antabuse®), used in alcohol aversion therapy has
resulted in reports of a neuropathy dating back at least half a century (Child et al., 1951). Two

Valentine et al. Page 2

Neurotoxicology. Author manuscript; available in PMC 2008 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



types of neuropathies due to dithiocarbamate exposure have been identified: an axonopathy
and a myelinopathy. The type of neuropathy manifested depends upon the route of exposure
and acid lability of the dithiocarbamate. Whereas the dithiocarbamate axonopathy appears to
be mediated through a CS2 metabolite (Johnson et al., 1998;Valentine et al., 1995), the
mechanism of myelin injury induced by the parent compound dithiocarbamate remains to be
determined. Dithiocarbamates reported to produce demyelination in animal models include
disulfiram (Tonkin et al., 2000), diethyldithiocarbamate (DEDC) (Edington and Howell,
1969;Tonkin et al., 2004), and pyrrolidine dithiocarbamate (PDTC) (Valentine et al., 2006).

Previous animal studies have also demonstrated the ability of demyelinating dithiocarbamates
to increase copper levels and lipid peroxidation products in peripheral nerve (Calviello et al.,
2005;Delmaestro and Trombetta, 1995;Tonkin et al., 2004). This suggests that
dithiocarbamate-mediated demyelination may result from dithiocarbamate-mediated copper
accumulation in peripheral nerve accompanied by copper promoted oxidative stress and lipid
peroxidation within the membranes of myelin. Previous in vitro studies using primary rat
astrocytes or thymocytes have associated intracellular transport of copper and enhanced
oxidative stress to be accompanied by increased cytotoxicity (Chen et al., 2000;Orrenius et al.,
1996;Wilson and Trombetta, 1999). In addition, aberrant copper regulation has also been
proposed as a contributing mechanism in the development of certain neurodegenerative
diseases including Alzheimer’s disease, amylotrophic lateral sclerosis, Wilson’s disease,
Menke’s disease, Parkinson’s disease and prion diseases (Brown and Sassoon, 2002;Multhaup
et al., 2002;Rotilio et al., 2002;Strausak et al., 2001).

Two studies involving the administration of neurotoxic dithiocarbamates are presented in this
paper. In the first study, rats were administered DEDC by i.p. osmotic pumps and fed either a
normal diet or diet containing elevated copper. In the second study, rats were either chronically
dosed with PDTC in the drinking water and fed an elevated copper diet or given an elevated
copper diet alone. Following the exposures, the severity of sciatic nerve lesions was assessed
by light microscopy and multicomponent T2 analysis. The results obtained from both methods
were compared to determine if similar conclusions could be drawn and statistical comparisons
performed to evaluate the relative power of each method to discriminate between treatment
groups. To determine if peripheral nerve copper accumulation was correlated with the
production of peripheral nerve lesions, copper levels in sciatic nerve were determined by
inductively coupled plasma-atomic emission spectroscopy (ICP-AES) analysis.

Materials and Methods
Chemicals

Glutaraldehyde was obtained from Electron Microscopy Sciences (Ft. Washington, PA).
Laboratory rodent diet (Purina Laboratory Diet, 5001) containing 13 ppm copper and the same
diet supplemented to 200 ppm copper using copper sulfate were obtained from Purina Mills
(Richmond, IN). Pyrrolidine was purchased from Alfa Aesar (Ward Hill, PA). 2ML4 Alzet®
osmotic pumps were obtained from Durect Corporation (Cupertino, CA). Sodium N,N-
Diethyldithiocarbamate (DEDC) was obtained from Alfa Aesar (Ward Hill, MA).

Chemical Synthesis
Sodium pyrrolidine dithiocarbamate (PDTC) was synthesized as previously described
(Valentine et al., 2006). The identity and purity (> 99%) of pyrrolidine dithiocarbamate was
verified by NMR spectroscopy and by UV Spectrophotometry.
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Animals and Exposures
All exposures were conducted in accordance with the National Institutes of Health Guide for
Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and
Use Committee. Male Sprague-Dawley rats obtained from Harlan Bioproducts (Indianapolis,
IN) were given food and water ad libitum and caged in a room on a diurnal light cycle. Body
weights were determined prior to the start of the study and then weekly during the course of
the experiments.

For DEDC exposures, three groups were used: two DEDC-exposed groups receiving 0.35
mmol/kg/d for 8 weeks and one control group. The average weight of the animals at the time
of the initial surgery was 300 ± 5 g. The control group (n = 4) and one of the DEDC groups (n
= 4) were fed normal rodent diet containing 13 ppm copper, while the other DEDC group (n
= 5) was fed rodent diet containing 200 ppm copper. The 200 ppm copper diet was chosen for
copper loading after literature review indicated no significant clinical, chemical,
histopathological or hematological toxicity at this level when chronically administered
(Cristofori et al., 1992;Everling et al., 1990;Fuentealba et al., 2000;Milanino et al., 2000), while
still affording a 15 fold increase in dietary copper. Animals were exposed to DEDC via 2ML4
Alzet® osmotic pumps surgically implanted in the abdomen under anesthesia (90 mg/kg
ketamine HCl with 7.5 mg/kg xylazine i.p.). After 4 weeks, the pumps were replaced by the
same procedure to extend the exposure period to 8 weeks. DEDC was delivered as an aqueous
solution of NaDEDC, the concentration of which was determined from the UV absorbance at
282 nm (ε = 13,000 M−1cm−1) prior to filling the pumps. Control pumps contained deionized
water. Solutions were sterilized prior to filling the pumps by filtering through a 0.22 μm-syringe
filter. At the end of the exposure period, animals were perfused (see next section) and sciatic
nerve, brain and liver tissues were collected. The sciatic nerves were held in 0.1M phosphate
buffer (pH 7.4) at 4°C for 2 years prior to MR analysis.

Additional animals were exposed to PDTC by delivery in the drinking water. A control group
(n=3), given tap water ad libitum and a PDTC-exposed group (n=3) were given Purina rodent
lab diet 5001 containing 200 ppm copper sulfate. This group of animals was included because
a previous study in this laboratory had shown PDTC with elevated copper produced the most
severe myelin changes in any of the animal models we have used. The average starting weight
of all the animals was 401 ± 6g. PDTC was solubilized in deionized water; and the concentration
was determined from the UV absorbance at 277 nm (ε = 13,540 M−1cm−1). The dosing of
PDTC in the drinking water was accomplished gradually to avoid rejection of the solution by
increasing the concentration from 4 mM to 8 mM over a period of 21 days. A concentration
of PDTC above 8mM was unacceptable to the animals, thus making 8mM the maximum
tolerated oral dose. The average dose of PDTC taken in the water was determined by measuring
water volume intake every 2 days per group over 10 days beginning at week 16. An average
of 11.0 ml of 8 mM PDTC/100 g BW was obtained on rats given PDTC eating a 200 ppm
copper diet. This was calculated as a dose of 0.88 mmol/kg/day. At 47 weeks, 2 of the 3 animals
in the PDTC group had significant body weight loss and paresis of their hind limbs necessitating
euthanasia of all PDTC exposed and control animals. All animals were deeply anesthetized
(100 mg/Kg pentobarbital i.p.) and exsanguinated by cardiac puncture. Sciatic nerves were
removed after dissection and placed into 4% glutaraldehyde in 0.1M phosphate buffer, pH 7.4
for tissue copper analysis and morphologic examination. The sciatic nerves were then
transferred to 0.1 M phosphate buffer (pH 7.4) after 48 hours in glutaraldehyde; and MR
measurements were made on the sciatic nerves after 2 weeks storage in phosphate buffer at 4°
C.
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Preparation of Tissue for Morphological Assessment
Animals dosed with DEDC for 8 weeks were perfused through the left ventricle of the heart
under deep anesthesia (100 mg/kg ketamine HCL plus 15 mg/kg xylazine i.p.) with a solution
of 0.8% NaCl, 0.025% KCl, 0.05% NaHCO3, in 0.01M phosphate buffer followed by 4%
glutaraldehyde in 0.1M phosphate buffer, pH 7.4. Animals dosed with PDTC for 47 weeks
were exsanguinated by cardiac puncture under deep anesthesia. After perfusion or
exsanguination, sciatic nerves were dissected out and immersed in 4% glutaraldeyde in 0.1M
phosphate buffer, pH 7.4. Sciatic nerve sections were post-fixed with osmium tetroxide and
embedded in Epon; thick sections were cut and stained with toluidine blue. Thick (1 μm)
sections of peripheral nerve tissue were evaluated by light microscopy on an Olympus BX41
microscope equipped with an Optronics Microfire digital camera. Four different fields at 40X
(total area = 260 μm2) were photographed from 1–2 fascicles of each sciatic nerve and the total
number of lesions counted by two observers and averaged for the four fields. The lesions
quantified were: degenerated axons, intramyelinic edema and demyelinated axons. Thin (70
nm) sections were prepared from sciatic nerves and evaluated using a Phillips CM-12 electron
microscope, 120 keV with a high resolution CCD camera system.

Analysis of Sciatic Nerve Copper Levels
Sections of sciatic nerve were analyzed by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) at the Diagnostic Center for Population and Animal Health at
Michigan State University (East Lansing, MI). One sciatic nerve measuring ≈10mm was taken
from each animal and pooled with all other members of the same treatment group to provide
adequate tissue for ICP-AES analysis; and the pooled samples were each injected twice
generating two values per group.

NMR Measurements
One glutaraldehyde-fixed sciatic nerve (≈10 mm) from each animal was placed into a 5mm
(o.d.) NMR tube. The tube was filled with perfluorocarbon solution (fomblin) to prevent tissue
drying without contributing proton signal; and the nerve was held below the fluid surface with
a teflon plug. NMR data were acquired at 300 MHz, at room temperature (≈ 20 °C), using a
16-cm bore 7T horizontal MRI system with a home-built, 10-mm diameter loop gap resonator.
For each sample, a Carr Purcell Meiboom Gill (CPMG) pulse sequence using ≈ 40 μs refocusing
pulses, 1-ms echo spacing, 4096 echoes and a 10 s predelay was used to acquire data,
corresponding to a total acquisition time of approximately 5 minutes per nerve. From these
data, even echo magnitudes were extracted and T2 spectra were computed by fitting a sum of
128 decaying exponential functions with time constants logarithmically distributed between 2
ms and 2 s and smoothed with a minimum energy constraint (Whittall and Mackay, 1989). The
spectra generally exhibited three distinct T2 components, consistent with the aforementioned
studies. For DEDC-exposed nerves and controls, the domains of these spectral components
were defined as 5–26 ms, 26–86 ms, and >86 ms; and for PDTC-exposed nerves and controls
they were 5–46 ms, 46–149 ms, and > 149 ms. The sum of total signal over each range was
divided by the sum of signal of all the ranges for each spectrum to give the percent of total area
for each T2 component.

Statistical Analysis
For lesion counts and T2 data, comparisons among the DEDC exposure groups were performed
by one-way analysis of variance (ANOVA) and Tukey-Kramer’s Multiple Comparisons Test
using InStat (Graphpad Software, Inc.). The PDTC exposure group and the 200 ppm Cu control
were compared by the unpaired one-tailed t-test also using InStat. Lesion counts were square
root transformed to normalize their distribution and equalize variances prior to statistical
comparisons. For two group comparisons where equal variances were not obtained as

Valentine et al. Page 5

Neurotoxicology. Author manuscript; available in PMC 2008 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



determined by the F test, the t-test corrected for unequal variance was used. Statistical
significance was taken to be p < 0.05 unless otherwise noted. Pearson correlation tests were
performed using Prism 4 (Graphpad Software, Inc.). Significant differences in the trend for
incidence of animals with lesions for the control 13 ppm Cu, DEDC 13 ppm Cu, and DEDC
200 ppm Cu were determined using chi-square test for trend with Prism 4. Significant
differences in incidence of lesions for the control 200 ppm Cu and PDTC 200 ppm Cu were
performed using the Fisher’s exact test with Prism 4.

Results
Analysis of Sciatic Nerve Copper Levels

Copper levels in sciatic nerves determined by ICP-AES are shown in Figure 1. Both DEDC
exposure groups had elevated sciatic nerve copper as compared to the normal diet (13 ppm)
controls; and the DEDC 200 ppm Cu group had a significant increase over the DEDC 13 ppm
Cu group. Exposure to PDTC and the 200 ppm Cu diet resulted in the highest sciatic nerve
copper levels of all groups and was significantly increased compared to the 200 ppm Cu
controls.

Peripheral Nerve Morphology
Sections of sciatic nerve obtained from controls and animals exposed to DEDC and PDTC
were examined by light microscopy and electron microscopy. Normal distributions of small
and large myelinated axons were present, as well as normal myelin architecture in the control
groups (Figure 2A,C). Lesions in DEDC-exposed animals were consistent with a primary
myelinopathy characterized by the presence of intramyelinic edema, thinning myelin, and
demyelination. Decreased axon density as a result of secondary axonal degeneration was also
evident (Figure 2B). The chronically exposed PDTC animals also displayed axonal
regeneration and remyelination, as evidenced by clusters of axonal sprouts (Figure 2D) and
onion bulbs. Electron microscopy (Figure 3) revealed evidence of demyelination, myelin
regeneration, and the presence of probable macrophages in the proximity of demyelinating
axons.

Values obtained from quantitation of peripheral nerve lesions by light microscopy in all groups
are shown in Figure 4. Demyelinated axons were observed in all dithiocarbamate-treated
groups; and none were observed in the controls. Only the PDTC 200 ppm Cu group was
statistically increased over the 200 ppm Cu controls, as the variance was considerable in the
DEDC 13 ppm Cu group. Intramyelinic edema was seen in all dithiocarbamate-treated groups,
but not observed in the controls, and only significantly increased in the PDTC 200 ppm Cu
group relative to the 200 ppm Cu controls due to the large variance seen in the DEDC groups.
Degenerated axons were observed in all treatment and control groups, with PDTC high copper
animals having the greatest number. Degenerated axons were found to be significantly
increased in the PDTC 200 ppm Cu group over the 200 ppm Cu controls. The incidence of
animals with intramyelinic edema and demyelinated axons showed a significant positive linear
trend (p < 0.01 by chi-square trend analysis) for the control 13 ppm Cu (0/0), DEDC 13 ppm
Cu (3/4) and DEDC 200 ppm Cu (4/4) groups. Similarly, there was a significant increase (p <
0.05 by Fisher’s exact test) in the incidence of animals with intramyelinic edema and
demyelinated axons in the PDTC 200 ppm Cu group (3/3) relative to the control 200 ppm Cu
group (0/0).

T2 Spectra Analysis
Representative T2 relaxation spectra data for fixed sciatic nerves obtained from a 13 ppm Cu
control and a DEDC 13 ppm Cu treated animal are shown in Figure 5A and for a 200 ppm Cu
control and a PDTC 200 ppm Cu treated animal in Figure 5B. The overlays of the T2 spectra
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of the treated and control nerves illustrate a decrease in relative peak area of the shortest T2
component associated with myelin as a result of dithiocarbamate exposure and was seen in all
dithiocarbamate treated animals. In nerves of animals co-administered an elevated copper diet
and PDTC or DEDC, the percent peak area of the longest T2 component was increased.
Although the spectra shown here of one of the PDTC 200 ppm Cu exposed animals shows a
shift to longer T2 values of the middle and longest T2 component relative to the 200 ppm Cu
controls, this was seen in only two of the three PDTC exposed nerves examined. In addition,
all three T2 components in the spectra obtained from the immersion fixed 200 ppm Cu and
PDTC 200 ppm Cu nerves were shifted to longer times relative to the perfusion-fixed nerves
obtained from the 13 ppm Cu and DEDC groups. The percent of total area for the individual
spectra components of the sciatic nerves are shown in Figure 6. Significant decreases in the
percent of myelin-water were seen in both the DEDC 200 ppm Cu group and the PDTC 200
ppm Cu group relative to their 13 ppm Cu and 200 ppm Cu controls, respectively. The greatest
decrease was observed for the PDTC group. The T2 values associated with axonal-water
showed a trend of increased percentage in dithiocarbamate treated animals, but were not
statistically significant. Extra-axonal water measurements were found to significantly increase
in the DEDC 200 ppm Cu and PDTC 200 ppm Cu groups relative to their 13 ppm Cu and 200
ppm Cu controls, but not in the DEDC 13 ppm Cu group.

Relative Variability of Lesion Counts and T2 Measurements
To compare the variability of data obtained for microscopic lesion counts and T2 analysis, the
coefficients of variation (CV) were calculated. The ranges and means of the CVs for lesion
counts after data transformation for the groups exhibiting lesions were: demyelination, range
34–117 %, mean 59 %; intramyelinic edema, range 39–117%, mean 72 %; axonal degeneration,
range 9–34 %, mean 22 %. The ranges and means of CVs obtained for the T2 measurements
were: myelin water, range 7–43 %, mean 20 %; axonal water, range 5–28 %, mean 17 %;
endoneurial water, range 7–26 %, mean 18 %.

Discussion
In contrast to light microscopy that identifies specific structural changes, such as demyelination
and intramyelinic edema, multicomponent T2 analysis primarily reflects the relative
contribution to the total water signal of individual water populations that differ in their
transverse relaxation times and does not appear to differentiate between intact myelin and
myelin debris (Webb et al., 2003). Additionally, T2 analysis has the potential to yield insight
into changes of dynamic processes such as demyelination that may influence the observed
transverse relaxation times of each water population. In the present study, significant treatment
associated changes were observed as decreases in the contribution of the shortest T2 component
and as increases in the contributions of the longest T2 component. Based upon previous
investigations, the decreases observed in the shortest T2 component suggest a corresponding
decrease in total myelin within the nerve (Webb et al., 2003). Consistent with this
interpretation, there was a significant negative correlation between the shortest myelin water
T2 contribution and the lesion counts for demyelinated axons (p < 0.05, r2 = 0.68) and
intramyelinic edema (p < 0.05, r2 = 0.80). Similar decreases have been reported for the
demyelination produced by Te (Pun et al., 2005) and appear consistent with the demyelination
and intramyelinic edema observed here.

Interpretation of the significant increase observed in the longest T2 component and the
increased contribution from the middle T2 component (although not statistically significant)
in dithiocarbamate treated rats is less straightforward. A simple interpretation would be that if
there is a decrease in the relative contribution from myelin, then there is a required
compensatory increase in the relative contributions from the other two components. In addition
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to compensatory changes, early axonal degeneration resulting in a decrease in axon diameter
or complete loss of axons with a subsequent decrease in axon density, may also contribute to
the magnitude of the signals obtained for the middle and long T2 components in the
dithiocarbamate treated animals. Alternatively, the observed lesions may also produce new
populations of water with T2 times that coincide with either the middle or longest T2 component
resulting in an apparent increased contribution from either of these components. For example,
intramyelinic edema was a significant finding that may create a unique water compartment not
present within control nerve.

Another feature of the T2 spectra obtained here was the delay in the relaxation time of the last
two T2 components of two of the PDTC-exposed animals as compared to their controls.
Interestingly, individual lesion counts of degenerated axons, intramyelinic edema, and
demyelinated axons were much higher in these two animals as compared to the other PDTC
exposed animal (individual rat data not shown), indicating greater injury. In a previous study
(Stanisz et al., 2004), experimentally induced inflammation using in vivo injections of tumor
necrosis factor-alpha into rat sciatic nerve was followed by T2 measurements in vitro. The
resulting inflammation, as determined by immunohistologic microscopy, resulted in an influx
of inflammatory cells without demyelination, and with a microscopically increased distance
between axons (increased extra-axonal fraction). In that study, T2 measurements revealed a
shift of the middle and longest T2 components in these inflamed nerves to longer T2 values.
Since previous work supports the role of both resident and recruited macrophages in the
removal of myelin in peripheral nerve injury (Perry et al., 1987;Stoll et al., 1989), inflammation
may have contributed to the changes in T2 spectra observed in the present study. Because
evaluation of inflammatory cells using toluidine blue stain is not reliable, they were not
quantified in the present study. However, evidence of inflammation was obtained from electron
micrographs of affected nerves that demonstrated numerous macrophages within the
endoneurium of dithiocarbamate treated nerves. Schwann cells, containing vacuoles and
whorls of myelin debris in the cytoplasm, were also observed encircling demyelinated axons.
Further MR studies focused on how the influx of macrophages in the peripheral nervous system
influences T2 relaxation times are required to better understand the influence of inflammation
on MR parameters.

Interestingly, there was a substantial lengthening in all of the T2 values observed in the nerves
that were immersion fixed relative to those that were perfusion fixed. Since this difference was
observed in both the PDTC 200 ppm Cu treated and 200 ppm Cu control animals, this difference
does not appear to be compound or lesion related. One explanation could be that the perfusion
fixed nerves may have had a decrease in water mobility from more complete fixation resulting
in shortened T2 times. A recent study (Thelwall et al., 2006) using human erythrocyte ghosts
immobilized in agarose and immersed in formaldehyde and glutaraldehyde-based fixatives
observed a greatly reduced sample T2 time as compared to ghosts imaged in a buffer
suspension. Although the samples examined in this paper were removed from glutaraldehyde
and immersed in PBS prior to MR measurement, it is possible that prolonged storage or
perfusion fixation of the DEDC samples and their controls resulted in decreased T2 values as
compared to the immersion fixed PDTC samples and their controls that were stored for a shorter
duration. Decreases in T2 relaxation have also been reported after formalin fixation of rat and
human cervical spinal cord (Carvlin et al., 1989) and in human brain tissue (Blamire et al.,
1999;Tovi and Ericsson, 1992;Yong-Hing et al., 2005).

By comparing the coefficients of variation between microscopic lesion counts and T2 peak
areas in this study, we found that myelin lesion counts demonstrated greater variability than
T2 measurements. In the case of myelin, lesions are typically limited to individual internodes
resulting in potentially different counts depending on the region of nerve sampled. In addition,
observer error may be a contributing factor in lesion count variability. This level of variability
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decreases the power of the analysis requiring a larger number of animals or greater differences
in lesion counts to detect treatment related differences. In contrast, the lesser variability of the
peak areas seen in the three components of the T2 spectra in this study may reflect the greater
volume of nerve being analyzed relative to plastic embedded sections, i.e. 10 mm vs. 1 μm
long nerve sections.

Previous studies have suggested a role for copper-promoted oxidative stress in
dithiocarbamate-mediated neurotoxicity based upon associated elevations in markers for lipid
peroxidation (Calviello et al., 2005;Delmaestro and Trombetta, 1995;Tonkin et al., 2004). As
copper is tightly regulated in biological systems with very limited amounts of free copper
present (Rae et al., 1999), even a small magnitude of change in sciatic nerve copper could have
substantial biological effects. Copper analysis of sciatic nerves in this study showed a
significant increase in copper in all DEDC and PDTC treated animals relative to controls, with
similar nerve copper levels observed in both the 13 ppm Cu and 200 ppm Cu controls. In
contrast to the controls, dietary copper supplementation did elevate nerve copper levels in
dithiocarbamate treated animals with the DEDC 200 ppm Cu group being significantly greater
than the DEDC 13 ppm Cu group and the PDTC 200 ppm Cu group exhibiting the highest
levels. Using the one-tailed Pearson correlation test, a significant negative correlation was
observed between the myelin-water T2 contribution and the total nerve copper levels (p < 0.01,
r2=0.97) suggesting that copper levels may be correlated to myelin loss. Similarly, there was
a significant (p < 0.05) correlation between copper levels and lesion counts for degenerated
axons (r2 = 0.71) and intramyelinic edema (r2 = 0.76).

In conclusion, this study in dithiocarbamate treated animals showed that in peripheral nerve
the so-called myelin water component in a multicomponent T2 analysis decreased along with
the loss and integrity of myelin and inversely correlated with tissue copper levels. Currently,
microscopic evaluation remains the best method of characterizing lesions; however, it requires
significant time and resources and is performed postmortem. Although MR cannot yet quantify
specific lesions, it demonstrates promise for quantifying total myelin and may be more
amenable to statistical evaluations than histological assessments. Previous studies (Bendazus
et al., 2004; Does and Snyder, 1995,1996;Titelbaum et al., 1989) also provide promise for the
use of MR for in vivo assessments that may enable longitudinal studies in the same animal of
peripheral nerve injury and repair for investigating peripheral neuropathies.
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Figure 1.
Total sciatic nerve copper levels. Values were determined by ICP-AES and are reported as
mean ppm dry weight of tissue. Error bars represent SEM. Sciatic nerves were pooled (n = 3,
except for Controls 13 ppm Cu (n = 4) and DEDC 200 ppm Cu (n = 5)) for each treatment
group and run in duplicate. *p < 0.01 by one-way ANOVA and Tukey-Kramer post hoc test
as compared to Controls 13 ppm Cu; +p < 0.01 by one-way ANOVA and Tukey-Kramer post
hoc test as compared to DEDC 13 ppm Cu;** p < 0.01 by unpaired, one-tailed t test as compared
to Controls 200 ppm Cu.
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Figure 2.
Morphology of sciatic nerve cross-sections stained with toluidine blue. Sciatic nerve from (A)
Control 13 ppm Cu animal and (C) Control 200 ppm Cu animal depicting the normal
distribution of small and large myelinated axons. (B) Sciatic nerve from an animal exposed to
0.35 mmol/kg/d DEDC i.p. for 8 weeks demonstrating the presence of demyelinated and thinly
myelinated axons (arrowheads) and intramyelinic edema (arrows). (D) Sciatic nerve from an
animal exposed to 0.88 mmol/kg/d oral PDTC and 200 ppm Cu for 47 weeks exhibiting a
degenerating axon (arrow head) and axonal sprouting (arrow).
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Figure 3.
Electron micrographs of sciatic nerve cross-sections from control and PDTC treated rats. (A)
Large and small myelinated axons and nonmyelinated axons in a control. The myelinated axons
are surrounded by compact myelin, Schwann cell cytoplasm and basal lamina. Several small
clusters of nonmyelinated axons (na) are present on the left border with each group of axons
encircled by the basal lamina of a nonmyelinating Schwann cell. (B-D) Sections from a rat
exposed to oral pyrrolidine dithiocarbamate and maintained on a 200 ppm copper diet for 47
weeks. (B) A demyelinated axon (a) surrounded by the processes of an associated Schwann
cell (s) possessing a basal lamina. A nonmyelinated axon and its associated Schwann cell (ns)
that has been sectioned through its nucleus are also present. A large elongated nucleated cell
(m) with pseudopodia and no basal lamina is consistent with an activated macrophage. (C) A
thinly myelinated axon (a) is surrounded by persistent basal lamina (arrow). The associated
nucleated cell (n) appears to be either a myelinating Schwann cell sectioned through its nucleus
and a Schmidt-Lanterman incisure (arrowhead) or a macrophage that has infiltrated under the
basal lamina ensheathment and is inserting a process between the myelin lamellae (arrowhead).
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(D) A remyelinating axon and its current Schwann cell is surrounded by persistant basal lamina
(arrows) of previous Schwann cells and the process of a supernumerary Schwann cell
(arrowheads).
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Figure 4.
Severity of sciatic nerve lesions as determined by light microscopy. Lesions were scored by
two observers (HLV and WMV). Four 40 X fields of a sciatic nerve fascicle were examined
and lesions were quantified. The mean square root value of axons with lesions (SEM) was
determined. n = 4 except for Control and PDTC 200 ppm Cu (n = 3) and DEDC 200 ppm Cu
(n = 5). +p < 0.01 by unpaired, one-tailed t test as compared to Controls 200 ppm Cu. *p < 0.05
by unpaired t test as compared to Controls 200 ppm Cu.
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Figure 5.
Representative spectra of sciatic nerve water T2 relaxation times. The three nerve-water
components are shown as peaks from left to right: myelin, axonal and extra-axonal water. (A)
The spectra from a Control 13 ppm Cu rat (solid line) and a DEDC 13 ppm Cu animal (dotted
line) showing a relative decrease in the area of the first component of the DEDC exposed nerve.
(B) The spectra obtained from a Control 200 ppm Cu nerve (solid line) and a PDTC 200 ppm
Cu nerve (dotted line) showing a relatively greater decrease in the area of the first component
and an increase in the area of the third component for the PDTC exposed nerve. Additionally,
the three components for the PDTC and 200 ppm Cu Control nerves are shifted to longer T2
times relative to those in (A).
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Figure 6.
T2 sciatic nerve relaxation times in milliseconds represented as percent of total peak area. The
5–26 ms and 5–46 ms times are due to myelin-water, the 26–86 ms and 46–149 to axonal-water
and >86 ms and >149 to extra-axonal water. n = 4 except for PDTC and control 200 ppm Cu
(n=3) and DEDC 200 ppm Cu (n=5). *p < 0.01 by one-way ANOVA and Tukey-Kramer post
hoc test as compared to Control 13 ppm Cu; ** p < 0.01 by one-way ANOVA and Tukey-
Kramer post hoc test as compared to Control 200 ppm Cu; +p < 0.05 by one-way ANOVA and
Tukey Kramer post hoc test as compared to Control 13 ppm Cu and DEDC 13 ppm Cu; ++p <
0.05 by unpaired, one-tailed t test as compared to Control 200 ppm Cu.
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