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Abstract
Copper deficiency is associated with impaired brain development and mitochondrial dysfunction.
Perinatal copper deficiency was produced in Holtzman rats. In vivo proton NMR spectroscopy was
used to quantify 18 cerebellar and hippocampal metabolites on postnatal day 21 (P21). Copper status
was evaluated in male copper-adequate (CuA) and copper-deficient (CuD) brothers at P19 and at
P23, 2 days following NMR experiments, by metal and in vitro metabolite data. Compared to CuA
pups, CuD pups had lower ascorbate concentration in both brain regions, confirming prior HPLC
data. Both regions of CuD rats also had lower N-acetylaspartate levels consistent with delayed
development or impaired mitochondrial function similar to prior work demonstrating elevated lactate
and citrate. For other metabolites, the P21 neurochemical profile of CuD rats was remarkably similar
to CuA rats but uniquely different from iron-deficient or chronic hypoxia models. Further research
is needed to determine the neurochemical consequences of copper deficiency.
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Introduction
Copper (Cu) is an essential micronutrient for brain development.1 Disturbance of copper
metabolism in humans occurs in Menkes’ disease in which deletion of the Cu efflux pump
ATP7A prevents efficient movement of Cu across the basolateral membrane of intestinal cells,
resulting in peripheral tissue Cu deficiency throughout infancy, a critical period in brain
development. Menkes’ disease results in various neurological pathologies including severe
mental retardation and developmental delays particularly in the cerebellum.2–5 Rodent models
of Menkes’ disease exhibit parallel neurological symptoms.6,7 Cu deficient (CuD) rats
experience blunted brain development, most pronounced in the cerebellum, marked by reduced
myelination and synaptogenesis as well as motor-function disturbances.7–12 Delayed
development of the hippocampus has also been reported in CuD rat pups.13

Though the precise mechanism remains unclear, it is commonly hypothesized that Cu
deficiency impairs brain development by disturbing brain energy metabolism via
mitochondrial dysfunction.4 Cu is a co-factor for complex IV of the mitochondrial electron
transport chain also referred to as cytochrome c oxidase (CCO). Cu deficiency greatly impacts
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brain CCO activity and protein levels.14,15 Though isolated brain mitochondria from CuD rats
have lower Cu,Zn-superoxide dismutase, the reduction is modest compared to CCO.15 Cu
deficiency also leads to morphological abnormalities in CuD rat brain mitochondria.16 Elevated
lactate levels, a marker of mitochondrial impairment, were detected in brain and cerebrospinal
fluid of Menkes’ disease patients.17–19 Higher lactate levels were also measured in metabolite
extracts of whole brain and cerebella of CuD rat pups, consistent with impaired mitochondrial
metabolism.16,20

NMR studies of brain N-acetylaspartate (NAA) in a Menkes’ disease patient undergoing
subcutaneous Cu supplementation treatment provide additional evidence for Cu deficient
impairment of brain mitochondria in humans.19 Concentration and synthesis of NAA, a neuron-
specific metabolite synthesized by brain mitochondria, is a marker of integrity of brain
mitochondrial function.21–24 High brain lactate levels and low NAA concentrations were
reversed by Cu supplementation, suggesting that Cu deficiency in Menkes’ disease was directly
impacting brain mitochondrial function.

Rodent models of Cu deficiency are important tools for understanding metabolic issues
underlying the neuropathology of Menkes’ disease. However, many metabolic aspects of the
rodent model remain uncharacterized. Currently, it is unknown if NAA levels are also affected
by Cu deficiency in rodent brain. Furthermore, CuD rat pups have recently been shown also
to exhibit brain iron (Fe) deficiency.25 Like Cu, Fe is also a co-factor for mitochondrial
enzymes including CCO. The possibility that Fe deficiency underlies the metabolic changes
observed in CuD rodent brain remains to be determined.

Previously published proton NMR spectroscopy studies of Fe deficiency in developing rat
brain revealed a unique pattern of metabolite changes in the hippocampus and striatum,
including higher levels of NAA in the early postnatal period.26,27 The purpose of the present
study was to determine the effect of Cu deficiency on the neurochemical profile of the
developing rat brain. In vivo proton NMR spectroscopy at 9.4 T was used to assess metabolic
changes in hippocampus and cerebellum of male rat pups on postnatal day 21 (P21).
Cerebellum was chosen because of its sensitivity to Cu deficiency and hippocampus was
chosen for comparison with previously published results of Fe deficiency in rats.26

Materials and methods
Animal care and induction of Cu deficiency

Holtzman sperm-positive rats were purchased commercially (Harlan Sprague Dawley;
Indianapolis, IN, USA) and received either Cu-adequate (CuA) or Cu-deficient (CuD) dietary
treatment consisting of a Cu-deficient, modified AIN-76A diet (Teklad Laboratories; Madison,
WI, USA) that contained 0.43 mg Cu/kg by analysis. Normal AIN-76A diet contains
approximately 6 mg Cu/kg. All dams and offspring were fed the CuD diet. CuA groups drank
water supplemented with cupric sulfate, 20 mg Cu/l, and CuD groups drank de-ionized Cu-
free water.28

Littermates of rat pups intended for NMR analysis were sampled at P19 to evaluate Cu status
at a date prior to NMR analysis. Rat brain NMR analysis was conducted at P21 and NMR-
analyzed pups were sacrificed at P23. Cerebella were rapidly extracted and frozen for further
metabolic analysis as described previously.20

All experiments sampled rats from a minimum of four separate litters of each treatment group.
All animals were maintained at 24°C with 55% relative humidity on a 12-h light cycle (0700–
1900 h). All protocols were formally approved by the University of Minnesota Animal Care
Committee.
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In vivo proton NMR spectroscopy
Rats were anesthetized by flow gas mixture (N2O:O2, 1:1) containing 1.5–2% isoflurane. Air
temperature surrounding the rats was maintained at 30°C by warm water circulation and
verified by thermosensor.

Experiments were performed on a 9.4 T/31-cm magnet equipped with an 11-cm gradient coil
and strong second–order shim coils (Magnex Scientific, UK). The magnet was interfaced to a
Varian INOVA console (Varian, Inc.; Palo Alto, CA, USA). A quadrature surface RF coil with
two loops of 14-mm diameter was used for both RF transmission and reception. All first- and
second-order shim terms were automatically adjusted using FASTMAP with EPI readout.29,
30 Ultra-short echo-time STEAM (TR/TM/TE = 5000/20/2 ms) combined with outer volume
suppression and VAPOR water suppression was used for localization.31 Data were saved as
arrays of FIDs (8 transients per FID), corrected for the frequency drift, summed, and finally
corrected for residual eddy current effects using the reference water signal. The position of the
volume of interest (VOI) was selected based on multi-slice RARE images. Data were collected
from two VOIs centered in hippocampus (11 μl) and cerebellum (15 μl).

Metabolite quantification
In vivo proton NMR spectra were analyzed using LCModel.32 The unsuppressed water signal
measured from the same VOI was used as an internal reference for the quantification, assuming
82% brain water content at P21. The LCModel analysis calculates the best fit to the
experimental spectrum as a linear combination of model, solution spectra of brain metabolites.
The following 18 metabolites were included in the basis set: alanine (Ala), ascorbate (Asc),
aspartate (Asp), creatine (Cr), γ-aminobutyric acid (GABA), glucose (Glc), glutamate (Glu),
glutamine (Gln), glutathione (GSH), glycerophosphorylcholine (GPC), myo-inositol (myo-
Ins), lactate (Lac), N-acetylaspartate (NAA), N-acetylaspartylglutamate (NAAG),
phosphocreatine (PCr), phosphorylcholine (PCho), phosphorylethanolamine (PE) and taurine
(Tau) (Fig. 1). In addition, the spectrum of fast relaxing macromolecules, experimentally
measured in the mouse brain with an inversion recovery experiment using a short repetition
time (TR = 2.0 s, inversion time = 0.675 s), was included in the basis set as previously described.
31,33 Most metabolites were quantified with Cramer-Rao lower bounds (CRLB) of 2–30%,
corresponding to estimated errors in metabolite concentrations of 0.2–0.5 μmol/g. Only Ala
and Asp were quantified in hippocampus with CRLB > 30% and were not consistently
quantified in cerebellum.

Tissue collection at P19 and P23
To prevent changes in metabolite concentrations induced by anesthetics, animals were
decapitated without anesthesia. To minimize stress experienced by animals from handling
before decapitation, rats were handled daily from P0 to day of tissue collection. Upon
decapitation, cerebella were immediately removed from the skull and frozen in liquid nitrogen.
Only cerebella frozen in under 15 s from the time of decapitation were analyzed. Cerebellar
extraction time did not differ between CuA and CuD animals. Fast-frozen cerebella were stored
at −75°C until analysis. Remaining brain and a piece of liver tissue were collected for total Cu
analysis. Upon decapitation, trunk blood was collected in heparinized tubes and spun
immediately to obtain plasma, which was rapidly frozen and stored at −75°C until analysis.

Biochemical and metabolite analyses
Brains, without cerebella, were wet-digested with HNO3 (Trace Metal grade: Fisher Scientific;
Pittsburgh, PA, USA) and samples were analyzed for total Cu and Fe content by flame atomic
absorption spectroscopy (Model 1100B: Perkin-Elmer; Norwalk, CT, USA). Protein content
of tissue samples was determined using a modified version of the Lowry method.34
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Plasma was collected from heparinized blood and used to evaluate metabolite concentrations.
Cerebellar metabolite extracts were prepared and analyzed according to Lowry et al. with some
modifications.35 Briefly, fast frozen tissues were powdered under liquid nitrogen and then
transferred to tubes, chilled on dry ice, and mixed with 5 volumes of 0.7 M HClO4. Tubes were
then transferred to a −8°C alcohol bath, where samples and acid were mixed. This mixture was
then rapidly homogenized using a tissue probe cooled to 4°C. Homogenates were spun and the
supernatant neutralized with KHCO3 to yield the final cerebellar metabolite extract. Plasma
and cerebellar extract metabolite concentrations of lactate and citrate were determined using
enzymatic analyses as previously described.35 For fructose-2,6-bisphosphate (F2,6BP)
analysis, frozen tissue was processed and extracts analyzed as described elsewhere.36

Fructose-6-phosphate phosphotransferase, the enzyme necessary for F2,6BP determination,
was isolated from potatoes as previously described.36

Statistical analysis
Mean ± SEM values were calculated. Student’s unpaired two-tailed t-test was used to compare
data between the two dietary treatments, α = 0.05. Variance equality was evaluated by F-test.
Coefficient of variance was determined for lactate data to compare NMR with enzyme coupled
data. All data were processed using Microsoft Excel™.

Results
Induction of moderate Cu deficiency in rat pups

To establish Cu status of rat pups undergoing proton NMR spectroscopy at P21, brothers of
animals to be studied by NMR, were assessed for tissue Cu levels at P19 (Table 1). Tissue Cu
levels were also assessed at P23 in the pups that underwent proton NMR spectroscopy 2 days
earlier. Significantly lower brain and liver tissue Cu levels (Table 1) confirmed successful
induction of perinatal Cu deficiency. In previous models of perinatal Cu deficiency, CuD pups
consistently exhibited lower body weights at P13 and beyond.20,28 However, CuD rat pups in
this experiment had no body weight differences from CuA pups at either day of analysis (Table
1). Importantly, brain/body weight (mg/g) was also not impacted by diet at P23: CuA 20.3 ±
1.2 (n = 4) versus 19.8 ± 0.6 for CuD; P > 0.05.

Proton NMR spectroscopy of CuD and CuA brain
Pups used for proton NMR spectroscopy were in good health and similar in body weight (g):
CuA 61 ± 3.8 (n = 4) compared to 58 ± 1.7 for CuD; P > 0.05. In general, most neurochemical
metabolites detected in P21 cerebellum and hippocampus were not statistically impacted by
dietary Cu deficiency (Table 2). However, there were some notable exceptions. Proton NMR
spectroscopy detected 17% and 22% lower ascorbate levels in cerebellum and hippocampus
of CuD rat pups compared to controls (Fig. 2). This observation is similar to the 20% lower
ascorbate content previously seen in CuD mouse brain using HPLC techniques on fast frozen
tissue.37 Using enzymatic coupled assays of brain metabolite extracts, previous studies
established that dietary Cu deficiency did not alter phosphocreatine levels.27 Proton NMR
spectroscopy on P21 rats in the current studies confirmed this previous observation using this
new method (Figs 1 and 2). Proton NMR spectroscopy indicated that creatine levels were not
altered in CuD rat brain (Fig. 2).

Characterization of mitochondrial dysfunction in CuD rat brain
Since elevated brain lactate is a marker for mitochondrial distress in both human and rodent
CuD brain, it was of special interest to measure lactate by proton NMR spectroscopy.16,19,20

Analyses at P21 did not detect higher lactate levels (μmol/g) in CuD pups in either hippocampus
(Table 2) or cerebellum (Fig. 3A). This is possibly due to the higher variability in measuring
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lactate levels during proton NMR spectroscopy. However, following NMR experiments,
analysis of metabolite extracts from cerebella collected without anesthesia on the same rats at
P23 revealed 40% higher levels of lactate in CuD pups compared to CuA pups (Fig. 3B). The
coefficient of variations (CVs) for the enzyme metabolite analyses were 7% for CuD and 9%
for CuA. This was much lower than for the cerebellar proton NMR spectroscopy data, CuD
CV was 36% and for CuA CV was 44%. Modestly higher lactate at P23 was consistent with
mitochondrial impairment. Analysis of older P30 CuD siblings of those analyzed by proton
NMR spectroscopy, demonstrated that CuD cerebellar lactate levels were further augmented
by prolonged Cu deficiency as lactate concentration was 1-fold higher in CuD than CuA at
P30 (1.64 ± 0.08 in CuA compared to 3.34 ± 0.65 in CuD pups (n = 4); P < 0.01.

In previous experiments, severe mitochondrial inhibition in CuD cerebella was accompanied
by increased citrate levels, likely a reflection of citric acid cycle inhibition.38 CuD cerebellar
citrate levels were not altered in the current experiment (Fig. 3C). Low cerebellar F2,6BP levels
have been observed in cases of severe mitochondrial impairment stemming from Cu deficiency
likely due to citrate’s inhibition of phosphofructokinae 2.38 However, CuD cerebellar F2,6BP
metabolite levels were unchanged in the current experiment (Fig. 3D). Thus, Cu deficiency
observed in this experiment induced moderate mitochondrial impairment as compared to prior
work with this model.

NAA concentrations in CuD rat hippocampus and cerebellum
NAA, a putative marker for brain mitochondrial impairment and/or brain development, was
evaluated in CuD and CuA rat pup hippocampus and the cerebellum by proton NMR
spectroscopy. NAA levels in both brain regions were found to be significantly lower in CuD
rat pups as compared to controls (Fig. 4). Concentrations of NAA were modestly lower by 9%
in cerebellum and 8% in hippocampus.

CuD rat pup cerebellar levels of a NAA related compound N-acetylaspartylglutamate (NAAG)
also significantly differed from CuA controls. NAAG is synthesized in neurons from NAA
and glutamate and can be broken down into NAA and glutamate at the astrocytic cell
membrane.23 While glutamate concentration was lower in CuD rat pup cerebella compared to
CuA controls, NAAG concentration was significantly higher (Fig. 4).

Brain iron deficiency and proton NMR metabolite profile of hippocampus in CuD pups
Corroborating previous studies, brain Fe deficiency was confirmed in CuD rat pups intended
for proton NMR spectroscopy. At P19, CuD brothers of rat pups intended for NMR analysis
had brain Fe levels 28% lower than CuA rats (Table 3). At P23, lower brain Fe levels in CuD
rat pups, analyzed by proton NMR two days earlier, were also determined and found to be 31%
lower than CuA controls (Table 3). Hemoglobin levels in CuD rat pups at both P19 and P23
were lower than CuA rats but liver Fe levels remained unaltered in these young rats.

Fe deficiency, evaluated by proton NMR spectroscopy in the hippocampus of rat brain, altered
the metabolite profile compared to Fe-adequate rat pups.26 In the current experiment, proton
NMR spectroscopy of P21 CuD rat pup hippocampus revealed no change in phosphocreatine
levels and lower NAA concentrations (Fig. 2). CuD hippocampal phosphocreatine to creatine
ratio was unchanged (1.23 ± 0.11 in CuA versus 1.04 ± 0.09 in CuD pups. Furthermore,
metabolites that were reported altered by Fe deficiency (GABA, phosphorylethanolamine and
taurine) were not altered in CuD rat pup hippocampus (Table 2).
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Discussion
Previous NMR spectroscopy studies of humans with Menkes’ disease have indicated that brain
Cu deficiency is associated with elevated levels of brain lactate and lower levels of NAA, a
metabolite synthesized in mitochondria.19 It is possible that this association reflects abnormal
brain mitochondrial function in Menkes’ disease. One objective of the current studies was to
determine whether Cu deficiency in a rodent model of Menkes’ disease also exhibited changes
in brain NAA content and whether Fe deficiency accompanying Cu deficiency potentially
influenced the metabolic changes observed in CuD brain. Cu deficiency was established in rat
pups and proton NMR spectroscopy detected metabolite levels known either to change or
remain constant in CuD rat brain based on earlier experiments, including lower ascorbate and
unchanged phosphocreatine levels.

Lower ascorbate levels in CuD rat brain in these studies and previously in young CuD mice
and Brindled mice illustrate a common consequence of Cu deficit in brain.37 Mechanisms to
explain lower ascorbate are unknown. It is likely not due to impaired synthesis by liver since
this has been ruled out, for mice at least.39 It is possible that lower ascorbate may be reflective
of increased reactive oxygen species because of limiting CCO, Cu, Zn-SOD, and abnormal
mitochondria. However, it should be noted that proton NMR data found no alteration in steady-
state levels of GSH.

Previous studies of CuD rat pups suggested that Cu deficiency alters mitochondrial function
in whole brain and cerebella.16,20 Higher lactate levels from fast-frozen CuD cerebella
confirmed mitochondrial dysfunction in both CuD rat pups analyzed at P23, two days after
NMR experiments, and older CuD siblings at P30. Mitochondrial impairment, as reflected by
lactate levels in these experiments, was not as severe as seen previously where cerebellar lactate
levels were markedly above control levels as early as age P24.20 Although proton NMR failed
to detect significantly higher cerebellar lactate at P21, this may be due to changes in
mitochondrial metabolism accompanying anesthesia during NMR or the modest degree of Cu
deficiency at P21. Previous studies demonstrated lactate levels to be especially sensitive to
varying levels of anesthetics.40 However, others have not detected lactate changes due
isoflurane anesthesia.41

NAA synthesis and concentrations are tightly linked to mitochondrial metabolism and
integrity.21,22 This study is the first to confirm, in vivo, that (as seen in Cu deficiency for human
brain) CuD rat pups have lower NAA concentrations in at least two brain regions –
hippocampus and cerebellum. Since NAA is thought to be a neuron-specific metabolite, this
study is the first to provide in vivo evidence consistent with mitochondrial impairment
specifically in neurons of CuD rat brain. Furthermore, this study shows that even moderate Cu
deficiency can lead to metabolic consequences, including lower NAA levels. NAA levels
change during brain development.23 Thus, the lower levels of NAA observed in CuD brain
may reflect a delay in development and may not be directly linked with mitochondrial
impairment. However, pups used in the current study for proton NMR had no alterations in
brain or body weight, thus had no overt developmental impairment.

Neuronally generated NAA has been implicated as an important source of acetyl-CoA used by
oligodendrocytes for myelin synthesis.23 Lower NAA levels in CuD rat brain may be a factor
associated with hypomyelination observed in Cu deficiency.7,11,42

The majority of previously published NMR studies normalize NAA signal intensity to total
creatine signal intensity by reporting the NAA:creatine ratio.19,24 Normalization of NAA
concentrations to total creatine concentration in the current experiment resulted in significant
reduction of NAA in cerebellum of CuD pups (P < 0.05). Cerebellum is perhaps the most
affected brain region in Cu deficiency and the robustness of the observed NAA reduction,
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regardless of the data expression, may be a reflection of the severity of the impact of Cu
deficiency on this brain region.5 Another NAA-related compound, NAAG, was also changed
only in cerebellum but not in hippocampus. Interestingly, cerebellar NAAG levels were higher
in CuD pups while compounds required for its synthesis, NAA and glutamate, were lower
consistent with inhibition of NAAG catabolism in the CuD cerebellum. NAAG is released by
neurons and is thought to be catabolized at the astrocytic cell surface.23 This suggests
impairment in CuD cerebellar astrocytes, and hints at potential complexity of changes in
cerebellum by Cu deficiency.

One potentially confounding issue complicating interpretation of data obtained from CuD rat
brain is Fe deficiency induced by Cu-deficient diet during development.25 Fe deficiency, as
evaluated by brain Fe content, observed in P23 CuD rat pup brain in this experiment is similar
to that observed in dietary Fe deficiency at P28: 30% lower compared to 19% lower for dietary
Fe deficiency, respectively.26 However, proton NMR profile comparison revealed little
similarity between hippocampal secondary Fe deficiency resulting from dietary Cu deficiency
in the current studies and primary dietary Fe deficiency studied previously in rats. Notably, we
detected lower NAA levels in secondary Fe deficiency in CuD hippocampus, while NAA in
dietary Fe deficiency was reported to be higher. Also, while hippocampal phosphocreatine is
increased in dietary Fe deficiency, current NMR data confirm previous metabolite analyses
that phosphocreatine is unaltered by Fe deficiency secondary to Cu deficiency.16 Thus, overall
data suggest that Cu deficiency produces unique changes to the rat brain NMR metabolite
profile distinct from that of dietary Fe deficiency. This evidence supports the contention that
the primary cause for metabolic alterations in CuD rat brain is Cu deficiency rather than the
resulting secondary Fe deficiency. Further evidence of this has been demonstrated in a recent
study showing that Fe supplementation of CuD rat pups failed to reverse metabolic and
behavioral abnormalities of Cu-deficient brain including reduced CCO activity.43 Additional
research will be necessary to determine the impact, if any, of altered Fe status on Cu-deficient
brain.
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Figure 1.
In vivo proton NMR spectra acquired from hippocampus and cerebellum of Cu-adequate and
Cu-deficient rat pups. STEAM, TE = 2 ms, TR = 5 s; hippocampus: VOI = 11 μl, number of
transients NT = 160; cerebellum: VOI = 15 μl, NT = 160. Processing: frequency correction of
FID arrays, FID summation, correction for the residual eddy currents, Gaussian multiplication
(σ = 0.15 s), FT, zero-order phase correction. Insets: transverse and sagittal RARE images of
the brain with the position of the VOIs centered in hippocampus and cerebellum
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Figure 2.
Quantification of ascorbate, phosphocreatine, and creatine in cerebellum and hippocampus of
Cu-adequate (Cu+) and Cu-deficient (Cu−) P21 male rats using proton NMR spectroscopy.
Values are mean ± SEM (n = 4). Mean values of Cu-deficient pups were significantly different
from Cu-adequate pups (*P < 0.05)
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Figure 3.
Lactate, was measured in Cu-adequate (Cu+) and Cu-deficient (Cu−) rat pup cerebella by
proton NMR spectroscopy at P21 (A) and spectrophotometrically in cerebellar metabolite
extracts in the same rats at P23 (B). Additional cerebellar metabolites, citrate (C) and fructose
2,6 bisphos phate (F2,6BP) (D) were determined by enzyme spectrophotometry in extracts at
P23. Values are mean ± SEM (n = 4). Mean values of Cu-deficient pups were significantly
different from Cu-adequate pups (*P < 0.01)
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Figure 4.
Quantification of N-acetylaspartate (NAA), glutamate, and N-acetylaspartylglutamate
(NAAG) concentrations in hippocampus and cerebella of P21 male rats by proton NMR
spectroscopy. Values are mean ± SEM (n = 4). Cu-adequate (Cu+) and Cu-deficient (Cu−)
mean values were compared (*P < 0.05; **P < 0.01)
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Table 1
Body weight and tissue copper levels in male rat pups on postnatal days 19 and 23

P19 P23

Characteristic CuA CuD CuA CuD

Body weight (g) 51.4 ± 2.1 49.9 ± 1.5 72.5 ± 3.5 67.6 ± 2.6

Brain copper (μg/g) 2.04 ± 0.03 0.57 ± 0.04* 2.33 ± 0.05 0.63 ± 0.04*

Liver copper (μg/g) 32.9 ± 3.6 1.25 ± 0.16* 18.4 ± 3.6 0.87 ± 0.07*

Values are mean ± SEM (n = 4 for P23, and n = 7–10 for P19). Cu-adequate (CuA) mean values were compared to Cu-deficient (CuD) male rat pups
(*P < 0.05)
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Table 2
Metabolite concentrations determined by in vivo proton NMR spectroscopy in cerebellum and hippocampus of Cu
adequate and Cu deficient rat pups

Metabolite (μmol/g) Cerebellum Hippocampus

CuA CuD CuA CuD

Alanine 0.65 ± 0.02 0.93 ± 0.23 0.90 ± 0.33

Ascorbate 3.91 ± 0.33 3.21 ± 0.34* 4.20 ± 0.67 3.29 ± 0.31*

Aspartate 1.13 ± 0.03 1.73 ± 0.18 1.58 ± 0.35

Creatine 5.81 ± 0.87 5.61 ± 0.55 3.97 ± 0.59 4.08 ± 0.29

P-Creatine 5.70 ± 0.92 5.65 ± 0.49 4.77 ± 0.22 4.21 ± 0.42

GABA 1.59 ± 0.09 1.58 ± 0.25 1.22 ± 0.26 1.23 ± 0.12

Glucose 2.49 ± 0.36 2.51 ± 0.59 2.83 ± 0.41 2.87 ± 0.46

Glutamine 2.44 ± 0.41 2.27 ± 0.40 1.93 ± 0.39 1.45 ± 0.29

Glutamate 9.06 ± 0.32 8.20 ± 0.50 8.35 ± 1.37 8.05 ± 0.48

Glutathione 0.69 ± 0.15 0.99 ± 0.20 0.81 ± 0.01 0.84 ± 0.26

GPC + P-Cho 1.22 ± 0.19 1.37 ± 0.14 0.77 ± 0.13 0.89 ± 0.07

Myo-inositol 4.71 ± 0.47 4.68 ± 0.56 4.16 ± 0.58 3.71 ± 0.15

Lactate 1.75 ± 0.78 1.56 ± 0.56 1.91 ± 0.76 1.80 ± 0.74

NAA 7.52 ± 0.20 6.85 ± 0.26* 8.77 ± 0.14 8.11 ± 0.27*

NAAG 0.87 ± 0.14 1.16 ± 0.10* 0.81 ± 0.13 0.86 ± 0.26

PE 2.09 ± 0.84 2.02 ± 0.16 3.23 ± 0.52 3.08 ± 0.15

Taurine 9.51 ± 1.07 9.16 ± 1.35 10.0 ± 1.04 9.99 ± 1.00

Male rats measured on postnatal day 21, values are mean ± SD (n = 4). Within a region, Cu-adequate (CuA) mean values were compared to Cu-deficient
(CuD) rat pups (*P < 0.05).

GPC, glycerophosphorylcholine; GABA, γ-aminobutyric acid; NAA, N-acetylaspartate; NAAG, N-acetylaspartylglutamate; P-Cho, phosphorylcholine;
PE, phosphorylethanolamine.

Cerebellar alanine and aspartate were not consistently quantified.
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Table 3
Iron status of male rat pups determined on postnatal days 19 and 23

Characteristic P19 P23

CuA CuD CuA CuD

Brain iron (μg/g) 9.03 ± 0.53 6.47 ± 0.28* 11.2 ± 0.4 7.60 ± 0.6*

Liver iron (μg/g) 21.7 ± 1.6 21.2 ± 1.2 34.8 ± 11.6 36.6 ± 4.8

Hemoglobin (g/l) 78.6 ± 1.5 60.0 ± 0.7* 105 ± 1.5 79.6 ± 2.7*

Values are mean ± SEM (n = 4 for P23, and n = 7–10 for P19). Cu-adequate (CuA) mean values were compared to Cu-deficient (CuD) rat pups (*P <

0.05). Brain iron data have been corrected for blood iron contamination.25
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