
Alterations of Rat Brain Peptidylglycine 
a-Amidating Mono and Other 

Cuproenzyme 
Perinatal Copper Deficiency (43929) 

JOSEPH R. PROHASKA' AND WILLIAM R. BAILEY 
Department of Biochemistry and Molecular Biology, School of Medicine, University of Minnesota, Duluth, 

Duluth, Minnesota 55812 

Abstract. Perinatal copper (Cu) deficiency was studied in month-old female and male 
Sprague-Dawley rat offspring to investigate regional changes in brain cuproenzymes. 
Offspring of dams given the low Cu treatment beginning at Day 7 of gestation exhib- 
ited signs characteristic of Cu deficiency including a 70% reduction in liver Cu levels 
compared with Cu-adequate controls. Compared with Cu-adequate rats, Cu-deficient 
rats had lower activities of the cuproenzymes peptidylglycine a-amidating monooxy- 
genase (PAM), cytochrome c oxydase (CCO), and Cu,Zn-superoxide dismutase (SOD) 
in all six brain regions studied. Apparent activity of dopamine-p-monooxygenase 
(DBM) was higher in all regions from Cu-deficient compared with Cu-adequate rats. 
Activity of the selenoenzyme glutathione peroxidase (GPX) was not greatly altered in 
brain by Cu deficiency. Following 1 month of Cu repletion, liver but not brain Cu levels 
were equivalent to control. Brain CCO activity was still lower in Cu-repleted female 
and male rats. PAM activity was still lower in cerebrum of Cu-repleted rats. DBM 
activity was no longer significantly elevated in the former Cu-deficient groups except 
for midbrain. SOD and GPX activity were equivalent between groups. PAM activity, in 
vitro, is lower in the brain following perinatal Cu deficiency and activity is slow to 
recover following nutritional supplementation with Cu. Perhaps neuropeptide matu- 
ration is compromised by Cu deficiency. [P.S.E.B.M. 1995, Vol 2101 

opper (Cu) is one of several essential metals 
required during perinatal development of the C central nervous system (CNS) (1). In humans, 

the requirement of Cu for the brain is best exhibited by 
Menkes' disease, a rare neurological disorder first as- 
sociated with Cu deficiency in 1972 (2). Severe nutri- 
tional Cu deficiency in humans is rare but may be a 
potential problem in premature infants especially in 
those with secondary absorption complications (3). 
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The neurochemical functions of Cu remain elu- 
sive. It is tempting to speculate that those functions 
are associated with known cuproenzymes. These en- 
zymes include cytochrome c oxidase (CCO), dopa- 
mine-(3-monooxygenase (DBM), and Cu,Zn-super- 
oxide dismutase (SOD). Cu deficiency, studied in ro- 
dent models, is associated with alterations in the 
activity of all three of these enzymes (4). Can the neu- 
rological abnormalities accompanying Cu deficiency 
be explained by alterations in CCO, DBM, SOD, or 
other cuproenzymes (ceruloplasmin, lysyl oxidase, 
tyrosinase)? 

Another potential candidate enzyme which might 
explain the diverse expression of Cu deficiency in the 
CNS and other biological systems is peptidylglycine 
a-amidating monooxygenase (PAM) (EC 1.14.17.3). 
PAM, like DBM, is a monooxygenase dependent on 
both ascorbate and Cu for activity (5). There is even 
sequence homology between PAM and DBM near the 
catalytic domain (6). PAM is responsible for the post- 
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translational modification of a number of precursor 
neuropeptides which contain glycine at the COOH- 
terminus. PAM converts these precursors into the cor- 
responding a-amide with release of glycine carbons as 
glyoxalate (7). Some of the more notable a-amidated 
peptides include gastrin, cholecystokinin, oxytocin, 
vasopressin, neuropeptide Y, vasoactive intestinal 
peptide, Substance P, and calcitonin. Since glycine- 
extended forms of the precursor of some of these pep- 
tides are known, Eipper et al. (7) suggest that levels of 
PAM can clearly be rate limiting under physiological 
conditions. 

PAM is a bifunctional protein which catalyzes a 
two-step conversion of the glycine precursor. One do- 
main, peptidylglycine a-hydroxylating monooxygen- 
ase (PHM), requires Cu for activity. The other do- 
main, peptidyl-a-hydroxyglycine a-amidating lyase 
(PAL) (EC 4.3.2.5), does not. Some evidence suggests 
that alterations in Cu might influence PAM activity. 
Studies employing the Cu chelator diethyldithiocarba- 
mate (DDC) have shown that PAM activity can be 
reduced in vivo. These studies demonstrated altered 
physiologic function, namely, gastrin and acid secre- 
tion (8), and Substance P and pain threshold (9). A 
single study on the effect of dietary Cu deficiency and 
PAM activity failed to find altered a-MSH levels (a 
PAM product) but did detect elevated PAM activity in 
some but not all tissues in vitro (10). This chronic Cu 
deficiency study, however, was initiated with adult 
rats, thus it is possible that changes to the CNS were 
minimal. 

The objective of the current studies was to extend 
our perinatal Cu-deficient model (1 1) by examining 
brain regional PAM activity and comparing it with 
other cuproenzymes. A second objective was to de- 
termine if dietary Cu repletion could reverse putative 
neurochemical changes. 

Methods and Materials 
Animal Care and Diets. Sperm-positive rats, 

purchased commercially (Harlan Sprague-Dawle y , In- 
dianapolis, IN) received one of two dietary treat- 
ments, copper deficient or copper adequate, consisting 

of a Cu-deficient purified diet (Teklad Laboratories, 
Madison, WI) and either low Cu drinking water or 
Cu-supplemented drinking water, respectively. The 
purified diet was similar to the AIN-76A diet (12, 13) 
and contained the following major components (g/kg 
diet): sucrose, 500; casein, 200; cornstarch, 150; corn 
oil, 50; cellulose, 50; modified AIN-76 mineral mix, 35; 
and AIN-76A vitamin mix, 10. Cupric carbonate was 
omitted from the AIN-76 mineral mix. The purified 
diet contained 0.46 mg Cu/kg and 46 mg Fe/kg by 
chemical analysis. This diet contains approximately 
one-tenth of the optimal dietary Cu level for rats. Off- 
spring and dams on the Cu-deficient treatment drank 
deionized water, whereas Cu-adequate treatment 
groups drank water that contained 20 pg Cu/ml by 
adding CuSO, to the drinking water. Rats were given 
free access to diet and drinking water. All animals 
were maintained at 24°C with 55% relative humidity on 
a 12:12-hr 1ight:dark cycle (0700-1900 hr). All proto- 
cols were formally approved by the University of Min- 
nesota Animal Care Committee. 

Pregnant dams were placed on the Cu-deficient 
treatment 7 days after they were identified sperm pos- 
itive. Two days following parturition litter size was 
adjusted to eight pups. Offspring were weaned when 3 
weeks old, placed in stainless steel cages, and main- 
tained on the same treatment as their respective dams 
for an additional 9 days. A total of 10 litters (five Cu 
adequate and five Cu deficient) were studied. This par- 
adigm is similar to that recently used to study neuro- 
chemical changes in young rats (11). Remaining off- 
spring (both Cu adequate and Cu deficient) were of- 
fe red  a nonpurif ied commerc ia l  d i e t ,  Pur ina  
Laboratory Chow (LRC) 5001, and tap water. The 
LRC diet contained 14 mg Cu/kg and 72 mg Fe/kg. One 
month following Cu repletion, random samples (n = 4) 
of Cu-adequate and Cu-repleted female and male rats 
were taken to evaluate recovery. 

Rats were sacrificed by decapitation; livers and 
brains were removed, weighed, and processed for bio- 
chemical analysis. Males and females were sacrificed 
on consecutive days. Brains were dissected on a 
chilled glass plate into six parts following the guide- 

Table 1. Characteristics and Copper Status of 30-Day-Old Sprague-Dawley Rats 

Parameter Group 

+CuF -CUF +CUM -CUM 
~~~ ~ ~ ~~ 

Body weight (9) 95 k 2 08 2 7 106 5 1 93 5 6 
Brain weight (mg/g body wt) 16.7 5 0.6 17.7 k 1.2 15.6 5 0.2 17.2 5 0.9 
Hemoglobin (g/I) 105 5 0.4 109 5 0.3 106 2 0.3 96 k 0.3 

Liver Cu (nmol/g fresh wt) 86.7 k 14.2 26.9 k 3.1’ 94.4 k 3.8 22.7 5 3.0’ 
Ceru loplasmi n (u nits/l) 87.8 k 3.5 0.5 k 0.2’ 103 k 3.0 0.10 k 0.10’ 

Liver Fe (kmol/g fresh wt) 1.16 k 0.14 1.30 2 0.24 1.04 2 0.1 1 0.94 k 0.20 

Note. Values are means & SEM (n = 4). Means of Cu-deficient rats were significantly different (P < 0.05) when tested by ANOVA for 
afemales and *males. + CuF, Cu-adequate female; - CuF, Cu-deficient female; +CUM, Cu-adequate male; -CUM, Cu-deficient male. 
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lines of Glowinski and Iversen (14). The six regions 
were cerebellum, medulla oblongata + pons, cere- 
brum (cortex), hypothalamus, striatum, and midbrain 
+ hippocampus. Regions utilized for enzymes were 
homogenized for 30 sec in 9 or 24 volumes of cold 0.05 
M potassium phosphate (pH 7.0) using a Tissumizer 
and microprobe (SDT-080 EN; Tekmar, Cincinnati, 
OH). 

Biochemical Analyses. Hemoglobin was deter- 
mined spectrophotometrically as metcyanhemoglobin. 
Protein levels were measured by a modified Lowry 
procedure using bovine albumin as reference (1 5). 

Livers and 1-g portions of diet were wet-digested 
with 4 ml of concentrated HNO, (AR select grade; 
Mallinckrodt, St. Louis, MO), and the residue was 
brought to 4.0 ml with 0.1 M HNO,. Samples were 
then analyzed for total Cu and Fe by flame atomic 
absorption spectroscopy (model 2380; Perkin-Elmer, 
Norwalk, CT). The method was checked with a certi- 
fied bovine liver standard (no. 1577; U.S. National 
Bureau of Standards and Technology, Gaithersburg, 
MD). Brain regions were wet-digested in 5-ml micro- 
Fernbach flasks by adding 1 ml of 3 M HNO, (Optima 
grade; Fisher Scientific, Pittsburgh, PA). The residue 
was suspended in 0.01 M HNO,, and 1 5 p l  aliquots of 
various dilutions were analyzed in duplicate by graph- 

600 - 

400 - 

h ~ ,:/ PAM Cerebrum 

0 cu+ 
a rm cu- 
? 400 

ite furnace atomic absorption spectroscopy (HGA 400 
AS-40, Perkin-Elmer) using method of additions. Ac- 
curacy was verified by analysis of primary standards 
(bovine liver) and by inclusion of a secondary stan- 
dard, a rat whole brain digest previously analyzed by 
flame atomic absorption spectroscopy. 

Enzyme Analyses. Plasma was obtained from 
microhematocrit tubes following centrifugation, and 
the activity of the cuproprotein ceruloplasmin (EC 
1.16.3.1) was measured by following oxidation of o-di- 
anisidine at 37°C (16). Brain homogenates were diluted 
in the presence of 0.1% Triton X-100 and assayed 
spectrophotometrically for CCO, SOD, and GPX as 
described in detail by Prohaska (17). CCO was assayed 
on fresh tissue and GPX the following day. SOD ex- 
tracts were frozen at - 20°C for several weeks. Activ- 
ity of rat brain DBM was determined spectrophoto- 
metrically as described previously for mouse brain 
(18). The endogenous inhibitor of DBM activity was 
inactivated by 25 mM N-ethylmaleimide rather than 
copper. 

Assay of PAM was performed on brain extracts by 
modification of the method of Katopodis and May 
(19). The substrate D-Tyr-Val-Gly (Sigma Chemical 
Co., St. Louis, MO) was derivatized by reaction with 
trinitrobenzene sulfonic acid and purified. The trini- 
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Figure 1. Effect of perinatal Cu deficiency in rats on brain regional peptidylglycine a-amidating monooxygenase (PAM) activity. 
Brains of month-old rats (Cu-adequate [Cu+] females [n = 41, Cu-deficient [Cu-] females [n = 41, Cu+ males [n = 41, Cu- males 
[n = 41) were dissected into six regions and PAM activity was determined by HPLC. Bars represent sample means 2 SEM. Means of 
Cu-deficient groups were lower than Cu-adequate for all regions P < 0.01 by ANOVA. 
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Figure 2. Effect of perinatal Cu deficiency in rats on brain regional dopamine-p-monooxygenase (DBM) activity. Brains of month-old 
rats (Cu-adequate [Cu + ]  females [n = 41, Cu-deficient [Cu -1  females [n = 41, Cu + males [n = 41, Cu - males [n = 41) were dissected 
into six regions and DBM activity was determined spectrophotometrically. Bars represent sample means 5 SEM. Means of Cu- 
deficient groups were higher than Cu-adequate for all regions P < 0.01 by ANOVA. 

trophenyl (TNP) derivative was prepared with 92% 
yield and absorbed maximally at 342 nm. The TNP 
derivative of the PAM reaction product, TNP-D-Tyr- 
Val-NH,, was also synthesized and used for quantita- 
tive analysis, molar absorptivity = 1.22 x lo4 
M-lcm-' at 350 nm (20). The TNP-substrate and 
product were separated by reverse-phase HPLC and 
the effluent was monitored at 350 nm (Kratos 757 UV 
detector; Applied Biosystems, Foster City, CA). The 
mobile phase was an aqueous buffer (0.2 M ammonium 
acetate [pH 4.11, 65%; and acetonitrile [HPLC grade, 
Fisher Scientific], 35%). The compounds were frac- 
tionated on a 4.6 x 100 mm analytical column (ODs 
Spheri-5, C-18, 5 pM) preceded by a 3.2 x 15 mm 
cartridge guard column (Aquapore ODS 7 pM;  Brown- 
lee Labs, Applied Biosystems). Flow rate was 1.0 mll 
min. Peak heights were recorded (Omniscribe re- 
corder, Houston Instruments) and picomoles of prod- 
uct were calculated by comparison to authentic TNP- 
D-Tyr-Val-NH,. 

Brain homogenates were diluted in 0.005 M potas- 
sium phosphate (pH 7.0) containing 0.2% Triton X-100 
and centrifuged at 6500g for 10 min. The supernates 
were used for enzyme assay, typically 75 pg protein in 
a final assay volume of 125 pl. The final reaction mix- 
ture contained the following reactants: N-tris- 

(hydroxymethyl)methyl-2-aminoethane sulfonic acid 
(TES) (pH 7.0), 43 mM; KI 25 mM; N-ethylmaleimide 
(NEM) 25 mM; potassium phosphate 4 mM (pH 7.0); 
ascorbic acid 2.5 mM; Triton X-100 0.16%; catalase 
1500 units; and TNP-D-Tyr-Val Gly 9 p M .  The assay 
was run at 37°C for 2 hr (product formation is linear for 
3 hr). The reaction was terminated by addition of 6 ~1 
of 8.3 M TCA. Samples were placed on ice for 15 min 
and then centrifuged at 13,OOOg for 10 min prior to 
injection. The reaction mixture was found to contain 
0.3 p M  endogenous copper, principally from ascor- 
bate and catalase, by graphite furnace analysis. 

Statistical Analysis. Data were analyzed by 
analysis of variance (ANOVA), and specific mean 
comparisons were tested by the Fisher PLSD test, a 
= 0.05. Brain data were analyzed by three-way 
ANOVA for main effects (diet, sex, and region) and 
for interactions. Data were analyzed using a personal 
computer and statistical software (Statview 4.0; Aba- 
cus Concepts, Berkeley, CA). 

Results 
Month-old rats used in the initial studies exhibited 

characteristics previously observed during Cu defi- 
ciency (Table I). Rats of both sexes had lower activity 
of the copper-dependent oxidase ceruloplasmin and 
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Figure 3. Effect of perinatal Cu deficiency in rats on brain regional cytochrome c oxidase (CCO) activity. Brains of month-old rats 
(Cu-adequate [Cu + ]  females [n = 41, Cu-deficient [Cu -1 females [n = 41, Cu + males [n = 41, Cu - males [n = 41) were dissected 
into six regions and CCO activity was determined spectrophotometrically. Bars represent sample means k SEM. Means of Cu- 
deficient groups were lower than Cu-adequate for all regions P < 0.01 by ANOVA. 

lower concentrations of liver copper. The Cu-deficient 
rats, however, exhibited no statistically significant 
signs of growth impairment, decrease in hemoglobin 
levels, or elevation in liver iron concentrations (Table 
I). The activity of several brain enzymes were mea- 
sured in six brain regions from rats of all four groups. 
ANOVA revealed strong effects of diet for all enzymes 
(P < 0.0001) but no diet effects on protein concentra- 
tion. Sex of the rats had no effect on enzyme activity 
by ANOVA. 

The regional levels of PAM activity varied greatly 
and were highest (100-fold) in the hypothalamus and 
lowest in the cerebellum (Fig. 1). The activity of PAM 
in all six brain regions was lower in samples from Cu- 
deficient rats of either sex compared with sex-matched 
Cu-adequate offspring. The percentage decrease be- 
tween groups was least in the hypothalamus (13% and 
18%, respectively, for females and males) and greatest 
in the midbrain, cortex, and cerebellum, averaging 
44% f: 3%. The decrease in corpus striatum and me- 
dulla-pons PAM activity was intermediate between 
these extremes. 

DBM activity was also greatly influenced by brain 
region (Fig. 2). DBM activity was highest in the hypo- 
thalamus and medulla-pons, and lowest in the corpus 
striatum. Activity, in vitro, of DBM was higher in all 
six brain regions studied in samples from Cu-deficient 

rats compared with Cu-adequate samples. The ele- 
vated DBM activity in both female and male Cu- 
deficient rats was least expressed, on a percentage ba- 
sis, in those regions highest in absolute DBM activity. 

The regional activity of CCO did not vary that 
much in control rats, in contrast to PAM and DBM 
activities. However, perinatal Cu deficiency greatly 
altered brain CCO activity in all six regions (Fig. 3). 
The percentage decrease in Cu-deficient samples 
ranged between 61% and 85% compared with Cu- 
adequate samples. 

Like CCO, the activity of SOD did not differ 
greatly among brain regions. Dietary Cu deficiency re- 
sulted in lower SOD activity in all six regions of rats of 
both sexes (Fig. 4). However, the percentage decrease 
was least for SOD compared with the other three cu- 
proenzymes ranging between 15% and 37% of Cu- 
adequate values. 

The activity of a noncuproenzyme, GPX, was de- 
termined for comparison. GPX activity was similar in 
all six brain regions studied. Diet had only a minimal 
effect on GPX activity (Fig. 5). Only in cerebellum was 
there an effect detected statistically. The GPX activity 
in samples from Cu-deficient rats was higher than from 
Cu-adequate rats. For other regions, the GPX activity 
was influenced neither by diet or sex. 

Other rats in the population of animals sampled at 
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Figure 4. Effect of perinatal Cu deficiency in rats on brain regional Cu,Zn-superoxide dismutase (SOD) activity. Brains of month-old 
rats (Cu-adequate [Cu + ]  females [n = 41, Cu-deficient [Cu -1 females [n = 41, Cu + males [n = 41, Cu - males [n = 41) were dissected 
into six regions and SOD activity was determined spectrophotometrically. Bars represent sample means * SEM. Means of Cu- 
deficient groups were lower than Cu-adequate for all regions P < 0.01 by ANOVA. 

age 30 days were switched to a nonpurified diet con- 
taining 14 mg Cdkg for 1 month of dietary copper 
repletion. At age 2 months, there were no differences 
between Cu-adequate and Cu-repleted rats in body 
weight (males 316 g and females 212 g), ceruloplasmin 
activity (males 172 units/l and females 194 units/l), or 
liver Cu concentration (males 63 nmol/g and females 
67 nmol/g). However, 1 month of repletion was not 
sufficient time to restore brain Cu levels (Table 11). 
There were significant differences for both sexes of 
Cu-repleted rats for cerebrum, midbrain, cerebellum, 
and medulla. In some cases, Cu levels were still less 
than 50% of control values. Large sample variance 
was observed in the samples from hypothalamus and 
striatum contributing to the failure to find a difference 
due to treatment in those regions (Table 11). 

The recovery of brain enzymes following 1 month 
of repletion was also investigated. There were some 
isolated cases in which PAM activity in samples from 
Cu-repleted rats did not recover completely but for 
most comparisons there was no longer a deficit in 
PAM activity (Table 111). The PAM activity of cere- 
brum for both males and females was 21% lower in 
Cu-repleted rats than in Cu-adequate rats. The same 

samples were assayed for DBM activity (Table IV). 
The only statistical comparison that showed higher 
DBM activity was the midbrain of Cu-repleted males. 
However, in every comparison made, the absolute 
value in Cu-repleted samples exceeded that of their 
Cu-adequate counterparts, suggesting a subtle eleva- 
tion. Even after 1 month of Cu supplementation, the 
CCO activity of Cu-repleted rats was lower than that 
of Cu-adequate rats for all comparisons except the 
midbrain of female rats (Table V). The reduction in 
CCO activity in Cu-repleted rats was compared with 
Cu-adequate rats and was similar between regions, av- 
eraging 28% * 7% and 36% f 2% for females and 
males, respectively. The brain regional SOD and GPX 
activities were not different between Cu-adequate and 
Cu-repleted rats of either sex (data not shown). Pro- 
tein concentration in brain regions was also not differ- 
ent between Cu-adequate and Cu-repleted rats. 

Discussion 
These results extend previous work on perinatal 

Cu deficiency in rodents (4). In particular, the obser- 
vation that brain regional PAM activity is lower in 
Cu-deficient rats compared with Cu-adequate con- 
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Figure 5. Effect of perinatal Cu deficiency in rats on brain regional glutathione peroxidase (GPX) activity. Brains of month-old rats 
(Cu-adequate [Cu + ]  females [n = 41, Cu-deficient [Cu -1 females [n = 41, Cu + males [n = 41, Cu - males [n = 41) were dissected 
into six regions and GPX activity was determined spectrophotometrically. Bars represent sample means * SEM. Means of Cu- 
deficient groups were higher than Cu-adequate for cerebellum only, P < 0.01 by ANOVA. 

Table II. Rat Brain Regional Copper Levels Following I-Month Copper Repletion 

Region Group 

+CuF rCuF +CUM 
(nmol/g fresh wt) 

rCu M 

Cerebrum 36.2 5 1.42 16.8 5 0.85” 32.3 k 0.45 14.7 k 0.59’ 
Mid brain 53.1 2 3.33 23.7 -+ 2.51” 41.6 5 2.11 26.4 5 1.75’ 
Hypothalamus 60.6 * 12.5 38.6 -+ 3.69 41.0 5 11.3 26.8 5 0.61 
St riatu m 39.0 * 2.62 28.4 2 6.24 41.8 f 3.17 28.8 f 1.73’ 
Cere be1 I u m 37.6 2 2.46 26.7 2 1.93a 34.5 f 1.84 20.4 5 1 .19’ 
Medulla 45.8 2 4.54 22.3 5 1.66a 32.7 5 0.92 19.2 5 2.04* 

Note. Values are means * SEM of 2-month-old rats (n = 4). Means of Cu-repleted rats (rCu) were significantly different (P  < 0.05) by 
ANOVA for afemales or *males. Tissue copper was determined by graphite furnace atomic absorption spectroscopy after wet diges- 
tion in HNO,. + CuF, Cu-adequate female; rCuF, Cu-repleted female; +CUM, Cu-adequate male; rCuM, Cu-repleted male. 

trols, and that PAM activity, in certain brain regions, 
is restored slowly has not been reported previously. 

Cu deficiency in the current studies did not alter 
brain GPX activity. The selenoenzyme GPX develops 
in brain during the time when dietary Cu treatments 
were employed in this paradigm (21). Therefore, the 
changes in the cuproenzymes observed in these stud- 
ies were not a general reflection of undernutrition. Al- 
though Cu deficiency in rodents results in lower liver 
GPX activity, brain and other organ GPX activity is 
not altered (17). 

The young month-old rats in this study exhibited 
features consistent with Cu deficiency. However, the 
degree of Cu deficiency as evaluated by body weight, 
liver Cu and iron levels was not as severe as in a recent 
study (1 1). This most likely is due to the slight increase 
in dietary Cu in the present experiments. The current 
Cu-deficient rats did, however, exhibit signs of Cu de- 
ficiency in the brain. 

The severe drop in CCO activity is consistent with 
previous early observations on Cu-deficient rats (22). 
The modest drop in rat brain SOD activity was noted 
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Table 111. Rat Brain Regional PAM Activity Following I-Month Copper Repletion 

Region 

+ CuF 

Group 

rCu F +CUM 
(pmol/[h mg protein]) 

rCuM 

Cerebrum 
Mid brain 
Hypothalamus 
Striatum 
Cere be1 I u m 
Medulla 

462 k 18 
574 k 36 

1592 2 246 
414 2 44 
15.5 k 0.9 
388 k 37 

363 2 22a 
643 2 14 

1429 2 159 
371 2 36 
15.8 k 1.4 
253 k 22a 

391 k 23 
474 k 54 

1015 k 96 
234 k 22 
15.9 k 1.5 
272 ? 16 

310 k 9.8' 
575 5 80 
892 5 137 
200 5 35 
9.4 5 0.6* 
239 2 17 

Note. Values are means 5 SEM of 2-month-old rats (n = 4). Means of Cu-repleted rats (rCu) were significantly different (P < 0.05) by 
ANOVA for afemales and bmales. Brains were dissected into six regions and PAM activity was determined by HPLC with UV detection. 
+ CuF, Cu-adequate female; rCuF, Cu-repleted female; +CUM, Cu-adequate male; rCuM, Cu-repleted male. 

first in cerebellar extracts by Prohaska and Wells (23). 
That pattern seems to be consistent among all brain 
regions studied as shown by the current data. 

The elevation in vitro of DBM activity in the brain 
of Cu-deficient rats was noted recently (1 1). That pat- 
tern exists for all regions examined in the current stud- 
ies. This in vitro observation on DBM is in contrast 
to alterations in the pool size of norepinephrine and 
dopamine, the substrate and product of DBM, respec- 
tively. The original suggestion that Cu deficiency lim- 
ited rat brain DBM activity was based on the measure- 
ment of lower norepinephrine levels in brains of Cu- 
deficient pups (23). Recent regional HPLC analysis of 
both catecholamines support this hypothesis (1 1). 

The modified HPLC method for PAM activity 
worked well for rat brain regional analysis. The pres- 
ence of NEM in the assay was essential for optimal 
activity (24). The method was capable of measuring 
PAM in regions differing in activity by 100-fold (for 
example, hypothalamus versus cerebellum). The brain 
regional differences in PAM we measured are consis- 
tent with previous reports on rats (7). 

The observation that fresh tissue homogenates 
from brain regions of Cu-deficient rats had less appar- 
ent PAM activity than controls is novel. We expected, 
based on analogy of DBM, that PAM activity in vitro 
might have been elevated following Cu deficiency. 

This would have been consistent with earlier observa- 
tions following DDC treatment (8). In that study, PAM 
activity estimated in situ was lower but in vitro, as- 
sayed with added Cu, was higher than control activity. 
Presumably, removal of Cu by chelation with DDC 
resulted in elevated PAM synthesis (8). The study on 
Cu deficiency in older rats by Mains et al. also assayed 
PAM with added Cu (10). They found higher PAM in 
the anterior pituitary but no change in the hypothala- 
mus comparing Cu-deficient to control rats. We failed 
to detect any difference in PAM activity in midbrain 
homogenates of weanling rats fed a Cu-deficient diet 
for 5 weeks even though midbrain Cu levels had fallen 
36% (24). The decrease in brain Cu reported in the 
Mains et al. study was less than 30% (10). Timing and 
severity of Cu deficiency influence PAM activity (24). 
The apparent reduction in PAM activity, in vitro, in 
samples from tissues of Cu-deficient rats suggest that 
PAM activity might be limiting in vivo. This, however, 
will need to be established. The in situ studies with Cu 
chelation do support this possibility. Earlier nutri- 
tional studies on ascorbic acid deficiency in guinea pig 
demonstrated reduction in PAM activity in vivo (25). 

Results shown in these studies on recovery from 
Cu deficiency confirm earlier work in rats (26, 27) and 
mice (28) that showed 1 month was not sufficient to 
restore brain Cu levels or brain CCO activity. In fact, 

Table IV. Rat Brain Regional DBM Activity Following I-Month Copper Repletion 

Region Group 

+CuF rCuF +CUM 
(nmol/[h - mg protein]) 

rCuM 

Cerebrum 0.68 k 0.01 0.72 k 0.07 0.60 k 0.04 0.65 k 0.02 
Mid brain 0.53 k 0.03 0.64 k 0.10 0.42 k 0.06 0.60 k 0.03" 
Hypothalamus 0.88 k 0.05 1.04 k 0.05 0.79 2 0.06 0.94 k 0.06 
Striatum 0.28 2 0.04 0.36 k 0.04 0.21 k 0.02 0.21 k 0.03 
Cere be1 I u m 0.32 2 0.02 0.37 2 0.04 0.31 k 0.03 0.35 k 0.02 
Medulla 0.83 k 0.05 0.95 k 0.02 0.75 k 0.09 0.99 * 0.10 
Note. Values are means 5 SEM of 2-month-old rats (n = 4). Means of Cu-repleted rats (rCu) were significantly different (P < 0.05) by 
ANOVA for amales Brains were dissected into six regions and DBM activity was determined spectrophotometrically. + CuF, Cu- 
adequate female; rCuF, Cu-repleted female; +CUM, Cu-adequate male; rCuM, Cu-repleted male. 
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Table V. Rat Brain Regional CCO Activity Following 1-Month Copper Repletion 

Region Group 

+CuF rCuF +CUM 
(pmol/[min - mg protein]) 

rCuM 

Cerebrum 
Midbrain 
Hypothalamus 
Striatum 
Cerebel I um 
Medu Ila 

1.10 2 0.05 
0.94 2 0.05 
0.92 f 0.04 
1.05 k 0.05 
0.92 k 0.03 
0.77 k 0.1 

0.67 2 0.04' 
0.81 ? 0.19 
0.71 k 0.05" 
0.75 k 0.02" 
0.72 2 O.O!ia 
0.56 f 0.09" 

0.86 k 0.04 

1.05 2 0.03 
0.98 2 0.02 
1.34 f 0.04 
1.14 k 0.09 

1.02 k 0.04 
0.56 f. 0.03* 
0.66 k 0.01* 
0.69 f 0.02* 
0.59 f 0.02* 
0.89 k 0.03* 
0.74 k 0.02* 

Note. Values are means k SEM of 2-month-old rats (n = 4). Means of Cu-repleted rats (rCu) were significantly different (P < 0.05) by 
ANOVA for afemales or 'males. Brains were dissected into six regions and CCO activity was determined spectrophotometrically. 
+ CuF, Cu-adequate female; rCuF, Cu-repleted female; +CUM, Cu-adequate male; rCuM, Cu-repleted male. 

recent studies on female rats in our lab indicate that 
brain Cu and CCO did not recover even after 5 months 
of repletion (29). SOD activity was restored following 
1 month repletion in the current studies and previously 
(26). 

Elevated DBM activity appears to fall to control 
levels following Cu repletion (29). Elevation of norepi- 
nephrine pool size to control levels has also been re- 
ported for both rats (26, 27) and mice (28). Thus, like 
SOD, the altered activity of DBM seems to reach con- 
trol levels within a month of repletion. 

Regional analysis of Cu levels in brain of month- 
old Cu-deficient offspring indicated that the hypothal- 
amus was somewhat less affected compared with other 
regions (11). In the current studies, the reduction in 
CCO, SOD, and PAM activity in Cu-deficient rats was 
least in hypothalamus. The restoration of Cu content 
following 1-month repletion was also more evident in 
hypothalamus of repleted rats suggesting, in addition 
to the enzyme data, some regional specificity follow- 
ing Cu deficiency. 

The long-term consequences of perinatal Cu defi- 
ciency need to be evaluated both biochemically and 
physiologically. The current studies do suggest wide- 
spread long-term alterations in Cu-dependent func- 
tions when nutritional Cu deficiency occurs during 
early development. 

Support for this research was provided by Grant 93-37200-8756 
from NRI Competitive Grants ProgradUSDA. 
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