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Abstract
Experiments performed with Holtzman rats demonstrated that brain iron (Fe) was lower by postnatal
day 13 (P13) in pups born and nursed by dams that began copper-deficient (−Cu) treatment at
embryonic day 7. Transcardial perfusion of P24– P26 males and females to remove blood Fe
contamination revealed that brain Fe was still 20% lower in −Cu than +Cu rats. Estimated blood
content of brain for −Cu rats was greater than for +Cu rats; for all groups, values ranged between
0.43 and 1.03%. Using group-specific data and regression analyses, r = 0.99, relating blood Fe to
hemoglobin, brain Fe in non-perfused rats in a replicate study was lower by 33% at P13 and 39% at
P24 in −Cu rats. Brain extracts from these rats and from P50 rats from a post-weaning model were
compared by immunobloting for transferrin receptor (TfR1). P24 brain −Cu/+Cu TfR1 was 3.08,
suggesting that brains of −Cu rats were indeed Fe deficient. This ratio in P13 rats was 1.44, p < 0.05.
No change in P50 −Cu rat brain TfR1 or Fe content was detected despite a 50% reduction in plasma
Fe. The results suggest that brain Fe accumulation depends on adequate Cu nutriture during perinatal
development.
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Proper brain development requires a balance of essential nutrients to ensure that hyperplasia
and hypertrophy produce the correct number of optimally differentiated cells in a timely
manner. Even micronutrient imbalance, such as iron and zinc (Zn) deficiency, can impact on
behavioral development (Wauben and Wainwright 1999). Another essential metal, copper
(Cu), is also necessary for proper brain development. Ewes grazing on pastures low in Cu
content produce ataxic lambs with brain deformities (Bennetts and Chapman 1937). Laboratory
rodents (guinea pigs, rats and mice) fed Cu-deficient diets during gestation produce offspring
exhibiting hypomyelination, and focal and widespread necrosis (Everson et al. 1967; Carlton
and Kelly 1969; Prohaska and Smith 1982). Recent studies in rats have indicated that recovery
from perinatal Cu deficiency may be impossible, as persistent sensory motor dysfunction has
been observed in rats repleted with a generous supply of Cu for over 6 months (Prohaska and
Hoffman 1996; Penland and Prohaska 2004).

Address correspondence and reprint requests to Joseph R. Prohaska, Department of Biochemistry and Molecular Biology, University of
Minnesota Duluth, 1035 University Drive, Duluth, MN 55812, USA. E-mail: E-mail: jprohask@d.umn.edu.
Publisher's Disclaimer: Copyright of Journal of Neurochemistry is the property of Blackwell Publishing Limited and its content may
not be copied or emailed to multiple sites or posted to a listserv without the copyright holder's express written permission. However,
users may print, download, or email articles for individual use.

NIH Public Access
Author Manuscript
J Neurochem. Author manuscript; available in PMC 2009 June 26.

Published in final edited form as:
J Neurochem. 2005 May ; 93(3): 698–705. doi:10.1111/j.1471-4159.2005.03091.x.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Biochemical mechanisms for the altered brain neurochemistry and behavior associated with
Cu deficiency have not been elucidated. Mammals express about a dozen Cu-dependent
enzymes. Changes in these cuproenzymes due to Cu restriction may be connected to
neuropathology (O'Dell and Prohaska 1983). Cu deficiency is associated with lower brain
cytochrome c oxidase activity (Gallagher et al. 1956). This could alter mitochondrial function
and brain energy metabolism. Lower brain Cu, Zn-superoxide dismutase activity may render
the brain susceptible to reactive oxygen toxicity (Prohaska and Wells 1974). Reduction in brain
norepinephrine due to lower dopamine-β-monooxygenase activity in Cu deficiency could
impact on brain development (Prohaska and Wells 1974). Lower activity of peptidyl α-
amidating monooxygenase in Cu-deficient brain might limit neuropeptide activation (Prohaska
et al. 1995). However, none of these hypotheses have been thoroughly tested. Other factors
may be responsible for the neuropathology and behavioral changes of copper deficiency.

One such possibility is iron (Fe) limitation. It is well established that Fe deficiency in perinatal
development has long-lasting behavioral effects even after dietary Fe supplementation (Beard
and Connor 2003). Iron deficiency results in hypomyelination (Beard et al. 2003), alters
monoamine metabolism (Youdim and Green 1976), and is associated with lower cytochrome
oxidase activity (de Deungria et al. 2000). Thus, there are many similarities between perinatal
Cu and Fe deficiencies.

Previous observations showed that brains of Cu-deficient rat pups had significantly lower
concentrations of Fe, but not zinc, compared with Cu-adequate pups (Prohaska and Wells
1975). Since Cu-deficient rat pups are anemic and the previous brain Fe data were on tissue
that contained blood, it was believed that most, if not all, of the apparent difference in brain
Fe content could be explained by hemoglobin differences between controls and Cu-deficient
rat pups. Anemia is a hallmark feature of both dietary Cu and Fe deficiency (Fox 2003). A
recent study confirmed the reduction in rat pup brain Fe following perinatal Cu deficiency and
also reported that this deficit persisted following 6 months of recovery (Penland and Prohaska
2004). Furthermore, the lower brain Fe levels of Cu-repleted rats occurred in animals with
normal hemoglobin content, ruling out the possibility of blood contamination. Perinatal Fe
deficiency also results in a persistent reduction in Fe content upon repletion (Dallman et al.
1975).

The purpose of the current studies was to evaluate brain Fe accumulation during perinatal Cu
deficiency, to analyze the contribution of blood Fe in non-perfused rat brain, and to determine
whether the cell perceived the putative changes in the brain by measuring transferrin receptor
expression, a protein whose expression is influenced by brain Fe status (Siddappa et al.
2003).

Materials and methods
Animal care and diets

Holtzman sperm-positive rats, purchased commercially (Harlan Sprague Dawley,
Indianapolis, IN, USA), received one of two dietary treatments, Cu-deficient or Cu-adequate,
consisting of a Cu-deficient modified AIN-76 A diet (Teklad Laboratories, Madison, WI, USA)
and either low-Cu drinking water or Cu-supplemented drinking water, respectively. The
purified diet contained 0.34 mg Cu/kg and 48 mg Fe/kg by chemical analysis. This diet contains
approximately one-tenth of the optimal dietary Cu level for rats. Offspring and dams on the
Cu-deficient treatment drank deionized water, whereas Cu-adequate treatment groups drank
water that contained 20 mg Cu/L by adding CuSO4 to the drinking water. Rats were given free
access to diet and drinking water.
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Pregnant dams were placed on the Cu-deficient treatment 7 days after they were identified as
sperm-positive and 2 days following parturition, litter size was adjusted to 10 pups. Offspring
in the perinatal model were sampled at various ages during the suckling period. In total, 24
litters (12 Cu-adequate and 12 Cu-deficient) were studied in a set of three separate experiments.
An additional postnatal study was conducted in which male weanling rats were maintained on
the two treatments (n = 5) for 30 days from postnatal age 20 (P20) to P50. All animals were
maintained at 24°C with 55% relative humidity on a 12 h light cycle (07.00–19.00 hours). All
protocols were formally approved by the University of Minnesota Animal Care Committee.

Rats were killed by decapitation and brains were removed, weighed and processed for
biochemical analysis. Brains were dissected into three parts on a chilled glass plate. The regions
were cerebellum, medulla oblongata + pons, and the remainder (largely forebrain). For P3
pups, whole brains were analyzed, as were whole brains of P24–P26 rats that were perfused.

Transcardial perfusion
Male and female P24–P26 rats in two separate studies were perfused after being deeply
anesthetized with halothane. Pups were flushed via transcardial perfusion with heparinized (4
U/mL) phosphate-buffered saline, pH 7.4, for 2 min. Brains were then removed and transferred
to acid-washed flasks for metal analysis. Perfusate was analyzed for Cu and Fe content. Levels
were less than digestion blanks.

Biochemical analyses
Hemoglobin was determined spectrophotometrically as cyanmethemoglobin. Plasma was
obtained from microhematocrit tubes following centrifugation, and the activity of the
cuproprotein ceruloplasmin (EC 1.16.3.1) was measured following oxidation of o-dianisidine
at 37°C. Plasma Fe was determined by atomic absorption spectroscopy (AAS) after treatment
with hot (85°C) trichloroacetic acid as suggested in the instrument protocols (Perkin-Elmer,
Wellesley, MA, USA). Protein levels were measured by a modified Lowry procedure using
bovine albumin as reference.

Copper and iron analyses
Brains, aliquots of whole blood, liver, and 1 g portions of diet were wet-digested with 4 mL
concentrated HNO3 (Trace Metal Grade, Fischer Scientific, Pittsburg, PA, USA) and the
residue brought to 4.0 mL with 0.1 M/L HNO3. Samples were then analyzed for total Cu and
Fe by flame AAS (Perkin Elmer). The method was checked with a certified bovine liver
standard (1577, U.S. National Bureau of Standards and Technology, Gaithersburg, MD, USA).

Western immunoblots
Western blotting analysis was performed by size fractionation of proteins on sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) gels and electroblot transfer to 0.2
μM nitrocellulose membranes (Protran, Schleicher & Schuell). Membranes were stained with
Ponceau S (Sigma, St. Louis, MO, USA) to verify equal loading of protein and then used in
immunoblotting as described elsewhere (Prohaska and Brokate 2001). Some membranes were
reprobed after incubation of membranes with buffer containing 2-mercaptoethanol and SDS
at 55°C for 30 min.

Tranferrin receptor (TfR1) protein was detected using a monoclonal mouse anti-human
antibody (13-6800, Zymed Laboratories, South San Francisco, CA, USA) at a 1 : 500 dilution
(1 μg/mL).

Glucose transporter one (GLUT1) protein was detected using a previously characterized
GLUT1 rabbit anti-serum at a 1 : 5000 dilution, generously supplied by Dr Lester R. Drewes
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(McCall et al. 1996). Secondary species-specific antibodies were diluted 1 : 5000. SuperSignal
West Pico chemiluminescent substrate (Pierce, Rockford, IL, USA) was used to detect selected
proteins. Chemiluminescence was captured using high-speed blue X-ray film (Lake Superior
X Ray Inc., Duluth, MN, USA), and densitometry was carried out using the FluorChem system
(Alpha Innotech, San Leandro, CA, USA). The sizes of the immunoreactive bands were
estimated from regression analysis using standard peptides (Bio-Rad, Hercules, CA, USA).

Statistical analysis
Hemoglobin and blood Fe data were analyzed by linear regression. Specific mean comparisons
were tested by Student's t-test, α = 0.05. Data were analyzed using statistical software (Statview
4.5, Abacus Concepts, Berkeley, CA, USA).

Results
Relationship between blood iron and hemoglobin

Previous work on Fe levels in the brains of Cu-deficient rats was deemed inaccurate because
the brain tissue contained blood. We estimate that the ratio of rat blood Fe (300 μg/g) to
unperfused rat brain Fe (10 μg/g) is about 30. The volume of blood in unperfused brain is about
0.5–1%, resulting in a 15–30% error in estimating total brain Fe that contains blood. Therefore,
to evaluate whether brain Fe content was really altered by Cu status, corrections for blood
contamination were needed. Perfusion of every rat brain prior to metal analysis would be time
consuming, potentially leading to contamination, and would prevent the use of organs,
including brain, for metabolic studies or biochemical assays.

One indirect approach was to estimate and correct for blood Fe in the brain by determination
of hemoglobin (Hb). Four P24 Cu-deficient male (− CuM) and female (− CuF) rats were
compared with four Cu-adequate male (+ CuM) and female (+ CuF) rats (Fig. 1). Each rat was
from a separate litter. One aliquot of blood was used to measure Hb concentration and another
aliquot was digested with nitric acid to determine total blood Fe. There was an excellent
correlation between these two variables in both experiments and for both dietary treatments
(Fig. 1). There was sufficient difference between males and females that each regression
equation was used separately in subsequent experiments. These regression data imply that
measuring blood Hb could be used to predict blood Fe with reasonable accuracy.

Estimation of brain iron following perfusion and calculation of contaminating blood iron
Additional littermates from the two experiments following perinatal Cu deficiency were used
to evaluate brain Fe content (Table 1). Dietary Cu deficiency reduced brain Cu content by 83%
and 85% in non-perfused − CuM and − CuF compared with + CuM and +CuF rats, respectively.
Transcardial perfusion did not alter brain Cu content. Hb levels in the non-perfused − CuM
and − CuF rats were significantly lower than + CuM and + CuF controls (Table 1). Using the
regression equations for each gender (Fig. 1), blood Fe was estimated for all four groups of
rats (Table 1).

The fraction of blood present in the brain in non-perfused rats was estimated by calculating
the difference in brain Fe after transcardial perfusion (Fig. 2), in μg/g, divided by the estimate
of blood Fe (Table 1), since the perfused rats were littermate treatment-matched in all cases.

Perfusion lowered brain Fe in both Cu-deficient and Cu-adequate rats. The estimate for blood
contamination in the brains of − CuM and − CuF was higher than for + CuM and + CuF. This
estimate was then used to correct another set of individual non-perfused littermates in which
Hb and total brain Fe were measured. The corrected brain Fe values, after subtracting brain Fe
due to blood, matched the values measured in perfused rats of all four groups (two diets and
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two genders) precisely (Fig. 2). Mean percent ± SEM (n = 4) for corrected versus perfused was
99.3 ± 0.69.

Previous work had suggested that the brain Fe reduction in Cu-deficient rats was observed in
cortex and brainstem but not cerebellum (Prohaska and Wells 1975). Most of the current
analyses were on whole brain or brain minus the cerebellum. Thus, additional analyses were
performed on cerebella of non-perfused P24–P27 male rats following the perinatal model
described above. Compared with + CuM rats, − CuM rats were anemic [mean ± SEM (n = 4)
Hb values (g/L) were 60.3 ± 1.7 compared with 103 ± 1.8, p < 0.01]. Cerebellar Cu values
(μg/g) in − CuM rats were 0.44 ± 0.05, 81% lower than values in + CuM rats, 2.33 ± 0.05, p
< 0.01. Cerebellar Fe (μg/g), corrected for blood Fe contamination, in − CuM rats was 6.94 ±
0.28 and 21% lower than values in + CuM rats, 8.83 ± 0.14, p < 0.01.

Effect of Cu deficiency on brain Fe accumulated during suckling and post-weaning
The impact of dietary Cu deficiency on accumulation of brain Cu at P3, P13 and P24 in male
pups demonstrates a severe blockage in Cu accretion (Fig. 3). In contrast, brain Fe content was
not different at P3, but was significantly lower in − CuM rats at P13 and P24 compared with
the +CuM pups. The difference at P24 was greater than at P13 (Fig. 3).

A repeat experiment confirmed the Fe deficit in another set of P13 and P24 − CuM rats (Table
2). These − CuM pups were anemic and smaller than their + CuM controls (Table 2). Brain
Cu content changes also reflected dietary treatment, with severe deficits at both P13 and P24.
A pooled plasma sample from P24 rats indicated a large reduction in plasma Fe concentration.

A sample of 7-week-old − CuM rats from the postnatal model was compared with + CuM
controls (Table 2). The degree of Cu deficiency was much more modest in this postnatal model,
as brain Cu was only reduced by 37%. Body weight, Hb and brain Fe (even after correction
for blood Fe contamination) was not altered by Cu deficiency in this model (Table 2). There
was a 49% reduction in plasma Fe concentration, likely reflecting the loss of ceruloplasmin
ferroxidase activity (data not shown).

Evaluation of Fe status by transferrin receptor expression
Reductions in brain Fe at P13 and P24 were correlated with higher transferrin receptor (TfR1)
expression (Fig. 4). The most striking result is the greater than twofold increase in TfR1 levels
in P24 − CuM rat brain membrane preparations. There was a modest and significant 44%
increase at P13 in − CuM rats. TfR1 levels in the brain of P50 rats were not impacted by dietary
Cu deficiency, in agreement with the lack of impact on brain Fe levels (Table 2). The
immunoblot from P24 rats was repeated for a marker enriched in endothelial cells, glucose
transporter 1 (GLUT1). The ratio − CuM /+ CuM for this protein was l.01 compared with a
value of 3.08 for TfR1, suggesting little difference in endothelial cell content in − CuM P24
brains based on GLUT1 expression.

Elevation of TfR1 in brain suggests an Fe-deficient state in the perinatal model of Cu
deficiency. Plasma Fe was lower in P24 − CuM rats (Table 2) but sufficient plasma was not
available at P3 or P13 to measure Fe. Evidence of a Fe-deficient state in the Cu-deficient pups
was suggested by liver Fe data. At P3, the − CuF mean ± SEM (n = 8) for liver Fe was lower,
at 166 ± 13.5 μg/g, compared with 208 ± 12.8 (n = 8) for +CuF, p < 0.05. At P13, − CuM (n
= 4) values of 22.6 ± 0.65 were also lower than + CuM values (n = 4) of 27.6 ± 1.0, p < 0.01.
In older Cu-deficient rats, liver Fe is higher than control values. For the P50 − CuM (n = 5)
rats, liver Fe was 104 ± 10.5 compared with 70.2 ± 3.4 for the + CuM rats, p < 0.02.
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Discussion
Brain iron

Current experiments demonstrate that the accumulation of iron in rat brain during perinatal
growth is dependent on adequate copper nutrition of dams. Although this was suggested 30
years ago, results were questionable because those brains contained blood (Prohaska and Wells
1975). The current studies demonstrate that perfusion to remove blood lowers the apparent
brain Fe content, but the observed reduction in Fe due to Cu deficiency remains. Since the
blood Fe content of a control rat (approximately 300 μg/g) is about 30 times higher than brain
Fe (approximately 10 μg/g), a 0.5% blood Fe contamination of the brain represents 15% of the
apparent Fe content. Since Cu deficiency is associated with anemia (lower Hb and lower blood
Fe), interpretation of brain Fe content requires careful analysis.

Hemoglobin is the major source of Fe in blood. Since the whole blood Fe content is
approximately 100 times higher than plasma Fe content, differences in plasma Fe due to Cu
deficiency would not influence the correlation between Hb and blood Fe appreciably. In fact,
using the estimated Fe content of blood and the specific blood contamination of brain, which
ranges between 0.4 and 1.0% for male and female rats, excellent agreement with values
obtained by analysis of perfused rats was achieved. Thus, it will be possible to estimate brain
Fe content in non-perfused animals if Hb is determined along with total brain Fe by AAS.

Restriction of dietary Cu beginning at the last trimester of gestation in rats resulted in a greatly
diminished accumulation of brain Cu in pups as early as P3. This pattern of accumulation and
restriction due to Cu deficiency agrees with previous work in rats (Prohaska and Wells
1974). The impact on brain Fe accumulation did not reveal a significant difference until P13.
The pattern of Fe accumulation in developing rat brain appears to differ from Cu, with Fe levels
at P3 exceeding those at P13 followed by an increase between P13 and P24. This pattern,
however, agrees well with previous studies by others (Roskams and Connor 1994).

Transferrin receptor
The present data also demonstrate that the 20% reduction in brain Fe in −Cu rats was perceived
biochemically as though Fe deficiency was evident. This is suggested by a robust 300% rise
in TfR protein expression in weanling rat brain of Cu-deficient pups. Following dietary Fe
deficiency, TfR expression in brain is known to increase (Han et al. 2003; Siddappa et al.
2003). Fe deficiency also up-regulates TfR in the brain microvasculature, both in animal studies
and in cell culture models (van Gelder et al. 1998; Burdo et al. 2004). The up-regulation of
TfR protein is likely mediated by lower tissue Fe and the response of iron regulatory proteins
(IRP-1 and IRP-2) that interact with iron regulatory elements (IRE) on TfR mRNA (Siddappa
et al. 2003).

The increase in TfR likely represents an increase both in the microvasculature and neurons. It
is known that TfR is expressed in neurons and likely not on glial cells or, if so, not abundantly
(Moos and Morgan 2004a). The large increase in TfR observed in the membrane immunoblots
of − CuM rats could not be accounted for totally by endothelial cell expression, since there is
only about a 25% enrichment of TfR expression in brain microvasculature compared with
whole brain (Burdo et al. 2004). Even in Fe-deficient samples, the enrichment is only 50%.
Thus, the TfR enhancement in − CuM rat brain is most remarkable. Furthermore, if there were
increased numbers of capillary endothelial cells due to Cu deficiency, an increase in GLUT1
expression would have been predicted, since this transporter is enriched in capillary endothelial
cells (McCall et al. 1996). We did not observe any changes in GLUT1 expression due to Cu
deficiency. Increased TfR expression in brains of Cu-deficient rats suggests that the response
to ‘Fe deficiency’ was apropos.
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Mechanisms for low brain iron during development
A reasonable explanation for lower brain Fe content following dietary Cu deficiency is that
supply of Fe in plasma is low. Current data show that plasma Fe is reduced in the − CuM rats
that also have lower brain Fe. Fe is taken up by the capillary endothelial cells bound to
transferrin via TfR (Moos and Morgan 2004a). In addition to transferrin and TfR, Fe uptake
depends on divalent metal transporter (DMT1). Neurons express DMT1, which is needed for
endosomal release of Fe taken up by TfR transferrin (Moos and Morgan 2004a). DMT1 may
be needed by glia to take up non-transferrin-bound Fe that is released from endothelial cells
(Moos and Morgan 2004b). The impact of Cu deficiency on brain DMT1, transferrin and other
mediators of uptake needs to be evaluated to fully understand the mechanism for low brain Fe
in Cu deficiency.

One Cu protein known to have an impact on brain Fe is ceruloplasmin (Cp), also know as
ferroxidase. Humans missing Cp accumulate high levels of Fe in the liver and brain (Harris et
al. 1995). Presumably, this is related to the ferroxidase activity of Cp, which depends on Cu.
The accumulation of brain Fe in mice lacking Cp does not occur in young animals (Harris et
al. 1999; Patel et al. 2002). Rat pups in the present studies have a nearly total loss of plasma
Cp activity but lower, rather than higher, brain Fe.

Pups in the present studies were anemic, but this anemia was not due to lack of Cp activity and
impaired Fe mobilization, since Fe content of livers was lower in Cu-deficient pups. More
likely, the dietary Cu deficiency of dams resulted in impaired Fe transport across the placenta
(Danzeisen et al. 2002). Also, milk Fe content is lower in Cu-deficient rats and mice, suggesting
impaired Fe transport in mammary tissue as well (Cohen et al. 1985; Prohaska 1989; Gambling
et al. 2004). In dietary Cu deficiency, higher liver Fe levels are observed in dams. The reduction
in Fe transport from dams to pups is likely mediated by reduction in Cp (ferroxidase) homologs
that depend on Cu for Fe oxidation and efflux. Whatever the mechanism, adequate dietary Cu
is necessary for dams to transfer Fe to pups so that the brain can accumulate Fe during perinatal
development.

Potential consequences
If Fe is limited during gestation and early lactation, repletion of brain Fe pools is not possible
(Dallman et al. 1975). Our recent work has shown that brain Fe levels of Cu repleted − CuM
rats remain below control values even after 6 months of Cu repletion (Penland and Prohaska
2004). Thus, the consequences of perinatal Cu deficiency may have an impact on CNS function
of both Cu- and Fe-mediated processes. As outlined earlier, many alterations of brain
biochemistry following Cu deficiency (lower cytochrome oxidase activity, altered monoamine
metabolism and hypomyelination) are also observed following perinatal Fe deficiency (O'Dell
and Prohaska 1983; Beard and Connor 2003). Even persistent behavioral changes are noted in
both Cu- and Fe-deficient pups following dietary recovery (Prohaska and Hoffman 1996; Beard
2003; Penland and Prohaska 2004).

Dietary Cu deficiency in human infants is not well recognized compared with Fe deficiency.
However, secondary factors such as excess zinc, premature delivery or genetic susceptibility
may influence Cu status. The levels of Cu intake recommended for adults in the USA and
Canada, 900 μg per day, are equivalent to a diet containing approximately 1.8 mg Cu/kg
(Prohaska and Brokate 2002). This level of dietary Cu in rat dams is insufficient for proper
hippocampal development of pups (Hunt and Idso 1995). A level of 2.6 mg/kg fed to rats
resulted in pups with lower brain Cu (Hopkins and Failla 1995). The impact of marginal Cu
deficiency on brain Fe accumulation needs to be evaluated. In the postnatal model of the present
studies, there was no change in brain Fe or TfR expression despite a 50% reduction in plasma
Fe. Thus, it is possible that the reduction in brain Fe following perinatal Cu deficiency only
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occurs when Fe is limiting during early postnatal life. Further research will be necessary to
determine the biochemical cause of low brain Fe and its consequences, if any, following dietary
Cu deficiency.
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Abbreviations used
AAS  

atomic absorption spectroscopy

Cp  
ceruloplasmin

Cu  
copper

+CuF  
copper-adequate female

− CuF  
copper-deficient female

+CuM  
copper-adequate male

− CuM  
copper-deficient male

DMT1  
divalent metal transporter

Fe  
iron

GLUT1  
glucose transporter one

Hb  
hemoglobin

P  
postnatal day

TfR1  
transferrin receptor

Zn  
zinc
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Fig. 1.
Correlation between blood hemoglobin and blood iron in P24–P26 male and female Holtzman
rats. Following perinatal Cu deficiency, weanling rats (four Cu-deficient and four Cu-adequate)
were decapitated and blood was analyzed. One sample from a Cu-adequate female was spilled
prior to iron measurement. Linear regression was used to fit data.
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Fig. 2.
Effect of perinatal Cu deficiency on brain iron concentration in P24–P26 male and female rats.
Iron was determined by flame atomic absorption spectroscopy in non-perfused and perfused
rats. Each bar represents the mean ± SEM (n = 4). Open bars represent values for Cu-adequate
rats and shaded bars for Cu-deficient rats. Perfusion lowered the brain iron concentration in
both Cu-adequate and Cu-deficient rats of both genders, p < 0.05. Brain iron was determined
in another set (n = 4) of non-perfused littermates but was corrected for blood Fe contamination
after measurement of hemoglobin and estimation of blood iron. These values were not different
from those measured in perfused littermates.
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Fig. 3.
Concentration of brain copper and iron, based on fresh weight, in suckling rats during perinatal
Cu deficiency. Each point is the mean ± SEM of four male rats from separate litters. Cu-
deficient (open circles) values for both copper and iron were lower than values for Cu-adequate
(solid circles) pups except for brain iron at P3, p < 0.05. Brain iron values were corrected for
blood iron contamination.
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Fig. 4.
Rat brain expression of transferrin receptor 1 (TfR). SDS– PAGE 10% and western immunoblot
analyses of brain membrane extracts from male Cu-adequate (+) (Cu+) and Cu-deficient (−)
(Cu−) rats following postnatal (P50) or perinatal (P24 and P13) dietary Cu deficiency were
conducted using mouse anti-human TfR antibody. A molecular weight (kDa) marker is shown
on the left. Membranes were stained with Ponceau S to illustrate equal loading of protein. Lanes
in the P50 membrane contained 15 μg protein, in the P24 membrane 12 μg protein, and in the
P13 membrane 15 μg protein. Densities of the TfR bands were determined and compared with
the mean values of Cu+ rats. Bars are means ± SEM. Mean Cu-/Cu+ TfR value for P50 was
1.04 and unchanged, whereas for P24 the ratio was 3.08 and for P13, 1.45, * p < 0.05.
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Table 1
Characteristics of 24–26-day-old rats following perinatal copper deficiency

Males Females

Characteristics Cu-adequate Cu-deficient Cu-adequate Cu-deficient

NP-Brain Cu, μg/g 2.24 ± 0.06 0.376 ± 0.039 2.34 ± 0.041 0.352 ± 0.013

P-Brain Cu, μg/g 2.19 ± 0.10 0.377 ± 0.030 2.13 ± 0.050 0.372 ± 0.014

NP-Hemoglobin, g/L 160 ± 2.7 97.5 ± 9.6 139 ± 2.4 72.6 ± 4.8

Est–Blood Fe, μg/g 370 ± 6.0 232 ± 21 395 ± 15 179 ± 10.9

P-Blood in brain, % 0.43 0.77 0.73 1.03

Values are means ± SEM (n = 4). Rats were born to, and nursed by Cu-deficient or Cu-adequate dams. Treatment began 2 weeks prior to parturition. Pups
were maintained on the same treatment as their dams until killing. Littermates were either killed by decapitation and not perfused (NP), or perfused
transcardially to remove blood from brain (P). Blood iron was estimated from hemoglobin concentration and regression analysis (Fig. 1). Blood content
in brain was estimated by determining the amount of iron lowered by perfusion (μg/g) (Fig. 2) relative to the total iron in blood for non-perfused littermates.
Dietary treatment effects were tested by unpaired Student's t-test. Compared with Cu-adequate rats, Cu-deficient rats had lower brain copper, hemoglobin
and estimated blood iron concentrations, p < 0.05. Perfusion did not lower brain copper content, p > 0.05.
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