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Impaired Cardiac Mitochondrial Membrane Potential
and Respiration in Copper-Deficient Rats
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Cardiac mitochondrial respiration, ATP synthase activity, and membrane potential and intactness
were evaluated in copper-deficient rats. In the presence of NADH, both copper-deficient and copper-
adequate mitochondria had very low oxygen consumption rates, indicating membrane intactness.
However copper-deficient mitochondria had significantly lower oxygen consumption rates with
NADH than did copper-adequate mitochondria. Copper-deficient mitochondria had significantly lower
membrane potential than did copper-adequate mitochondria using fluorescent dyes. Copper-deficient
mitochondria had significantly lower state 3 oxygen consumption rates and were less sensitive to inhi-
bition by oligomycin, an ATP synthase inhibitor. Copper-deficient and copper-adequate mitochondria
responded similiarly to CCCP. No difference was observed in mitochondrial ATPase activity between
copper-deficient and copper-adequate rats using submitochondrial particles. We conclude that cardiac
mitochondrial respiration is compromised in copper-deficient rats, and may be related to an altered
ATP synthase complex and/or a decreased mitochondrial membrane potential.
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INTRODUCTION copper deficient rats. One explanation for this may be that
the nuclear encoded subunits are unable to be transported
Dietary copper depletion results in cardiac hyper- across the mitochondrial membrane and thus degraded in
trophy and ultrastructual pathology. Copper-deficient rats the cytosol. Protein translocation across the mitochondrial
have enlarged cardiac myocytes, which are character-membrane requires an electrochemical gradient and the
ized by increased mitochondria volume density and gross morphological changes in mitochondria caused by
mitochondria—myofibril ratio with mitochondria exhibit-  the copper deficiency may negatively affect this potential.
ing vacuoles and disrupted cristae (Medeireis al,, In addition to CCO, Chaet al.(1994) also reported
1991a,b). It has been well established that copper defi-changes in ATP synthase, the enzyme adjacent to CCO
ciency results in decreased activity of cytochroomexi- that catalyzes the conversion of ADP to ATP, in copper
dase (CCO), a cuproenzyme, which is a key enzyme in thedeficient rats. In particular they noted that there was a
mitochondrial electron transport chain (Clet@l., 1993). decreased amount éfsubunit in copper deficient rats. A
Medeiroset al. (1997) reported significant decreases in subsequent study (Maet al, 2000) revealed decreased
the protein levels of nuclear encoded subunits of CCO level of theg subunit MRNA in copper deficient animals.
in copper deficient rats, but no detectable changes in theMatz et al. (1995) did not find any changes in the rate
mitochondrially encoded subunits. However the mRNA of ATP hydrolysis in copper deficient rats but they did
levels of the nuclear encoded subunits were not altered inreport that oligomycin, an ATP synthase inhibitor, had less
inhibitory effect upon ATP hydrolysis in copper deficient
FE— y o animals.
Ezﬁsgtsment of Human Nutrition, Kansas State University, Manhattan, According to Mitchell's chemiosmotic theory, the
2 Towhom correspondence should be addressed atDepartmentofHumaneIeCtron tr_anSport chain pumps pr,OtonS a(?ross the mito-
Nutrition, Kansas State University, 213 Justin Hall, Manhattan, Kansas chondrial inner membrane and this establishes a proton
66506; e-mail: Medeiros@ksu.edu. gradient. This gradient is essential for ATP formation.

397

0145-479X/02/1000-0397/6 2002 Plenum Publishing Corporation



398 Chen, Jennings, and Medeiros

Protons reenter the matrix throughHg-ATP synthase. study, mitochondrial membrane potential was tested in six
The electron transport chain must be tightly coupled to rats randomly assigned to two treatment groups (copper-
ATP synthase in order for ATP to be synthesized. The mi- adequate and copper deficieM,= 3 in each group)
tochondria respiratory control ratio (RCR), which is ex- for 5 weeks. Dietary copper levels were verified by
pressed as the ratio of state 3 (oxygen consumption in theflame atomic absorption spectrophotometry. The copper-
presence of ADP) and state 4 (oxygen consumption whenadequate diet contained 7.19 mg Cu/kg (0.11 mmol/kg)
ADP is limiting), can indicate how tight the coupling is.  diet, and the copper deficient diet contained 0.78 mg Cu/kg
Both Chaoet al. (1993) and Matzt al. (1995) reported (0.01 mmol/kg) diet. All rats were given free access to food
decreased states 3 and 4 respiration rates, but &telo and deionized—distilled water and weighed weekly. At the
also reported decreased RCR. One unresolved questiorcompletion of the 5-week period, rats were anesthetized
is whether these changes in mitochondrial respiration are by injecting with 65 mg/kg pentobarbital intraperitoneally.
duetoimpairmentsin CCO and/or ATP synthase function. The thoracic cavity was opened and a small volume of
Alternatively, since the mitochondria are structurally com- blood was obtained from the heart by cardiac puncture and
promised (Medeirogt al, 1991a,b), the question arises used for hematocrit determination. Hearts were quickly
as to whether these previously reported observations areremoved and kept in isolation buffer &t@. Livers were
due to compromised membrane intactness. Mitochondrial removed and frozen at20°C and later assayed for Zn—-Cu
respiration in the presence of NADH was used to evalu- superoxide dismutase (SOD) activity.
ate membrane intactness. In addition, we used membrane
potential-sensitive dyes to determine if there are changes
in the mitochondrial membrane potential associated with
copper def_|C|en_cy. A.S t_o whether CCO and/or ATP syn- Mitochondria were isolated according to the proto-
thase are impaired, it is necessary to separate the func- . . e
. e col from Mela and Seitz (1979) with some modifications.
tions of these enzymes as they relate to copper deficiency. . N : :
Carbonyl cyanide m-chlorophenylhydrazone (CCCP) can The mitochondrial isolation buffer consisted of 0.225 M
: . mannitol, 0.075 M sucrose, 20 MM HEPES, 1 mM EGTA,
conduct protons across the mitochondria membrane by I
. : and 0.5 mg/mL BSA, pH 7.4. After weighing, the hearts
bypassing H-ATP synthase. This leads to collapse of o . .
: : ; were chopped in isolation buffer, and the chopped tis-
the electrochemical gradient, and uncoupling of oxygen

consumptn by CCO from ATP formaton by ATF -0 138 Sfed n 10 L of ol bfer e
synthase. The result is a measure of CCO function. On y 9 gase. y

the other hand, oligomycin binds to ATP synthase and was homogengd with three strokes in Io_ose f|tt!ng glas_s
. . Teflon homogenizer at 150 rpm and then immediately di-

blocks the formation of ATP. To determine where po- o )

. L . ) . . Jutedto 30 mL with isolation buffer. The homogenate was
tential alteration in oxidative phosphorylation exists in . . .

- ; X - . centrifuged at 100@for 5 min. The resulting supernatant

copper deficiency, mitochondrial respiration studies us- ,
) . : was filtered through two layers of cheesecloth and cen-
ing oligomycin and CCCP were conducted. To further

test the effect of copper deficiency on ATP synthase, we trifuged at 770@ for 10 min. A light fluffy layer, con-

. L sisting of membrane fragments, surrounding the pellet,
gﬁggnr:1nyec?nATP hydrolysis in the presence and absence Ofwas carefully discarded using a brush. The dark brown

pellet was saved and gently resuspended in 30 mL iso-
lation buffer and centrifuged at 77§Gor 10 min. The
final mitochondria pellet was suspended in 400 iso-
lation buffer. Protein concentration was determined us-
ing a Bio-Rad Protein Assay kit (Bio-Rad Laboratory,
Hercules, CA), and protein concentrations were adjusted
to 6-8ug proteinfiL.

Isolation of Intact Mitochondria From Heart

METHODS AND MATERIALS
General Procedure

The protocol used was approved by the Kansas State
University Institutional Animal Care and Use Commit-
tee. Male weanling Long-Evans rats were purchased from
Charles River Laboratory. Upon arrival, the rats were Submitochondrial Particle Preparation
housed singly in stainless steel cages with 12-h L:D
cycle at 22C. In the first study, the function of mito- Submitochondrial particles were prepared accord-
chondria respiration and ATP synthase were evaluated.ing to the protocol of Catterall and Pederson (1971). An
Fifteen rats were randomly assigned to two dietary treat- aliquot of 200uL of mitochondria suspension obtained
ment groups (copper-adequate= 7; and copper defi-  above was diluted in 4 mL of isolation buffer and sub-
cient,n = 8) and fed the diets for 5 weeks. In the second jected to sonic oscillation at 50% maximal intensity for a
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total of 2 min in 10-s intervals at°C. After sonication, 0.6 mM phosphoenolpyruvic acid, 5 mM KCN, 1 unit
the volume of the submitochondrial solution was adjusted of lactic dehydrogenase, 1 unit of pyruvate kinase). The
to 10ml with isolation buffer and centrifuged at speed of decreasing rate of absorbance at 340 nm was recorded,
150,00@ for 45 min at 0C. The submitochondrial pellet  which represents the rate of oxidation of NADH to
was resuspended in 2(4 of isolation buffer and protein ~ NAD. The effect of oligomycin was studied by adding
concentration adjusted to 6+&) protein/mL and used for 2.5 ug/mL oligomycin to the reaction system. ATPase
an ATP hydrolysis assay. specific activity was calculated by the formula: specific
activity = (AA340 nm/min)/(6.2x mg protein/mL reac-

Mitochondrial Respiration and Membrane tion mixture).

Intactness Assay
Fluorometric Analysis of Membrane Potential
Air-saturated respiration buffer (225 mM sucrose,
10 mM KHPQy, 20 mM KCI, and 5 mM MgCl, pH Mitochondria were prepared as described earlier and
7.4) was added to a sample oxygen monitor chamber (YSI suspended in the isolation buffer gi.§ proteinftL. Each
Model 5300 biological Oxygen Monitor, Yellow Springs mitochondria sample was used for both fluorescence mea-
Instrument Co., Yellow Springs, OH) in the presence of surement and microscope analysis. RCR was determined
10 mM glutamate and 10 mM malate as substrate and for each sample using methods described earlier.
equilibrated to 30C with a magnetic stirrer. The final vol- Mitochondria were incubated in 2Q0L succinate—
ume was 3.0 mL. After reaching constant temperature, rotenone buffer (120 mM KCI, 10 mM Hepes, 5 mM suc-
the monitor was set to 100%. Mitochondria were added to cinate, 1 mM potassium phosphate, andN rotenone;
the sample chamber and reached a final concentration ofpH 7.2.) at 0.3 mg protein/mL at room temperature. JC-
66.7 ng/mL. A slow rate of oxygen uptake was detected 1 dye was added to a final concentration of @.BI.
by an oxygen probe (YSI 5338 “O” Ring Applicator) in  JC-1 dye was excited at 490 nm, and fluorescent emis-
the presence of substrate and absence of ADP. State 3 ression was monitored at 530 nm and 590 nm using a fluo-
piration was recorded following addition of ADP to afinal rescence spectrophotometer (Turner Quaritédbigital
concentration of 0.067 mM. State 4 respiration appeared Filter Fluorometer, Model FM 109535, Barnstead Ther-
when ADP became limiting. The ratio of state 3 and state molyne, Dubuque, 1A). The maximum emission light in-
4 oxygen consumption rates was expressed as RCR. Mi-tensity was set by using 12M JC-1 dye in DMSO at
tochondrial respiration in the presence of oligomycin and 530 nm as the standard and then subsequent emission was
CCCP was also studied. After ADP induction of state 3 expressed as relative fluorescence intensity.
respiration, oligomycin was added to a final concentra- Mitochondrial membrane potential was also mea-
tion of 0.07 mg/mL and oxygen consumption rate was sured using rhodamine 123, another membrane poten-
recorded. The effect of CCCP upon mitochondrial respi- tial probe. Rhodaminel23 was added to the succinate-
ration was tested by adding CCCP to a final concentration rotenone buffer to a final concentration of 1 mM. Dye was
of 0.08uM into the respiration buffer containing substrate excited at 490 nm and emission monitored at 530 nm. Mi-
and mitochondria. tochondria were added to a final concentration of 0.3 mg
Mitochondrial membrane intactness was assessed byprotein/mL.
measuring respiration in the presence of NADH. NADH For microscopy, a Zeiss LSM 410 microscope with a
was added to a final concentration of 90 mM into the 40 x 11.3 objective lense was used. Filters used included
mitochondria respiration buffer in the presence of mito- a KP600 line filter, BP 515-540 (Green filter) and LP590
chondria and oxygen consumption rate was recorded.  (Red filter). Images were recorded and stored as digital

files.
ATP Hydrolysis Measurement
Liver SOD Activity Assay
Hydrolysis of ATP was measured spectrophotomet-
rically at 340 nm by coupling the production of ADP Liver SOD activity was measured by monitoring in-

to the oxidation of NADH via the pyruvate kinase and hibition of the oxidation of pyrogallol as described by
lactic dehydrogenase reactions (Pedersenl, 1981). Marklund and Marklund (1974) and modified by Prohaska
The submitochondrial suspension (1/@ protein) was (1983). One unit of SOD activity was the amount of sam-
added to 1 mL of reaction mixture (4 mM ATP, 65 mM ple needed to inhibit the reaction of pyrogallol oxidation
Tris-Cl, 4.8 mM MgC}, 2.5 mM KPi, 0.4 mM NADH, by 50%.



400 Chen, Jennings, and Medeiros

Statistical Analysis 180 ECu+
160 - mCu-
Data were analyzed by a one-way ANOVA using the ¢ 140 1
General Linear Models procedure of Statistical Analy- %a *
sis System (SAS Institute, Cary, NC). The 0.05 level of £ £ 1207
significance was set as the critical value for analysis of £ £ 100 -
appropriate data. All values were expressed as mean 3 % 80 - *
SEM. o E
2£ 601
X
o 40 4
RESULTS
Copper Status

w/o NADH w/ NADH Change

Indlces qf copper status in bOt.h copper-adequate andFig. 1. Mitochondrial respiration in the presence of NADH inC(n =
copper deficient rats are summarized in Table | for rats 7) and Ca (n = 8).Mitochondrial respiration rate was recorded before
used in the mitochondrial respiration, membrane intact- (without NADH) and after adding NADH (with NADH). There were very
ness, and the ATP hydrolysis studies, and for the mito- low oxygen consumption rates in both €and Cur in the presence of
chondrial membrane potential studies. For both sets of NADH (90 mM), which indicated good membrane integrity in both'Cu
studies, the copper deficient animals had significantly 3nd €U cardiac mitochondria preparations. The copper-adequate group
lower body Weights than did copper-adequate animals r,:laAdD?_iagmﬂcantly h|gher oxygen consumption rate in the presence of

(meanst SE, *p < 0.05).
(p < 0.05). The heart weights of copper deficient rats
were significantly higher than those of copper-adequate
rats (p < 0.05). The ratio of heart-to-body weight was
also significantly increased in the copper deficient group
(p < 0.05). Liver superoxide dismutase (Zn, Cu—-SOD)
activities from copper-adequate rats were much higher
than those from copper deficient rags € 0.05). These
findings indicate that rats fed a copper-deficient diet for 5
weeks were deficient in copper.

mitochondria by substrate shuttles at very low levels. A
low rate of mitochondrial respiration in the presence of
NADH is often used as an indicator of the intactness of
the mitochondrial membrane (Richwoetlal., 1987). In
this study, in the presence of NADH, mitochondria had a
very low oxygen consumption rate in both copper deficient
animals (81.8 nmol O/min/mg) and copper-adequate ani-
mals (143.7 nmo O/min/mg) (Fig. 1). This indicates that
the inner membrane of the mitochondria from both groups
Membrane Intactness Assay were intact. Interestingly baseline oxygen consumption
rates and oxygen consumption in the presence of NADH

NADH does not directly penetrate the intact mi- in the copper-adequate rats were significantly higher than

tochondrial membrane, but it can be transferred into those in the copper deficient rats (Fig. 1).

Table I. Indices of Copper Deficiency in Copper-Adequate {Cand Copper-Deficient (CY Rats

Variables Cd(n=7) Cu (n=28)
Mitochondrial respiration, membrane intactness, and ATP hydrolysis studies
Final body weight (g) 29% 10.7 277+ 112
Heart weight (g) 0.98:0.04 1.38+ 0.09
Heart/body weight x10~3) 3.38+0.05 4.96+ 0.22
Liver SOD activity (units/g liver) 1206& 677 3051+ 69

(n=3) n=23)

Mitochondrial membrane potential study
Final body weight (g) 302 21.2 227+ 9.7
Heart weight (g) 1.15-0.07 1.68+ 0.46
Heart/body weight x10~3) 3.79+ 0.03 7.39%+ 1.08
Liver SOD activity (units/g liver) 12519 775 3982+ 953

NoteValues are meatt SEM.
agignificant difference§ < 0.05) between Ctiand Cur.
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Mitochondrial Respiration decreased. There was no significant differenre-(0.05)
with regard to state 4 respiration rate by treatment. The res-

Evaluation of mitochondrial respiration is illustrated piratory control ratio (state 3 respiration rate divided by
in Fig. 2 by representative traces. The addition of ADP state 4 respirationrate) decreased slightlyinthe copper de-
(0.067 mM) to the mitochondria and substrate mixture in- ficient rats, but was not significantly differemg & 0.05).
duced rapid oxygen consumption, state 3 respiration. The The addition of oligomycin inhibited mitochondrial res-
state 3 respiration rate was 20% lower in the copper defi- piration in both sets of rats but the inhibitory effect in the
cient animals than in controls. When ADP became limit- copper deficient rats was significantly lower than that in
ing, state 4 respiration,the mitochondrial respiration rate copper-adequate rats (Fig. (2b) and (3a)). When mitochon-
dria were treated with CCCP, oxygen consumption rate in-
creased dramatically in both groups, but there was no sig-
nificant difference p > 0.05) between copper-adequate

and copper deficient rats (Fig. 3b).
Mit+Sub ADP

100 =y & —*— Cur Hydrolysis of ATP
E’ o5 ATP hydrolysis in submitochondrial particles from
-% copper deficient hearts was not significantly different
£ (p > 0.05) from that of copper-adequate hearts (Fig. 4).
g 901 The addition of oligomycin produced significant inhi-
8 bition (p < 0.05) in the rates of ATP hydrolysis, but
@ 85 | there was no significant difference & 0.05) observed
g for oligomycin sensitivity between copper deficient and
copper-adequate rats.
80 . : . : \
0 2 4 6 8 Fluorometric Analysis of Mitochondrial Inner
Time (min) Membrane Potential
b JC-1is a membrane potential-sensitive probe that ac-
) cumulates in energized mitochondria and subsequently
Mit+Sub ADP .
100 . )4 —e— Cu+ forms J-gggregatgs from monomers. The depo'larlzat'lon
= ———- Cu- of the mitochondrial membrane is associated with an in-
% crease in monomer fluorescence at 535 nm, as well as a
S 95 - ADP decrease in the fluorescence of J-aggregates at 590 nm
g ---- % Oligomyein (Lisa et al,, 1995 and Reerst al,, 1991). The ratio be-
§ 9 | tween 530 nm and 590 nm emission can be used as an
s ! N\ P~ indicator of the mitochondrial inner membrane potential
S (Nuydenset al, 1999). Mitochondria from copper de-
g 85 ficient rats had significantly higher 530:590 ratios than
© those of the copper-adequate rats (Fig. (5a)}(0.05),
80 which indicated decreased membrane potential in copper

deficient animals.

Rhodamine 123, another membrane potential-
sensitive probe (Johnsaat al, 1980), was utilized as a
Fig. 2. Cardiac mitochondrial respiration in Cun = 7) and Cu rats secondary measure 9f membrane potential changes. The
(n = 8) (representative traces) in the absence (a) and presence (b) ofP€rcentage of quenching of the fluorescence at 530 nmwas
oligomycin. In panel a, state 3 was induced by adding ADP to a final used as measure of mitochondrial membrane potential. In
concentration of 0.067 mM. Itwas followed by state 4 when ADP became copper deficient rats, the quenching rate (24%) was Sig-

limited. Cu rats had deprg;sed sta_te 3 re;piration. In panel b, in the nificantly lower than that of copper-adequate rats (34%)
process of state 3, the addition of oligomycin (0.07 mg/mL) decreased

the oxygen consumption rate in both Cand Cu rats.The inhibitory (Fig. (5b)) (p < 0‘95)' . . . .
effect of oligomycin was less in Cuthan Cu™ in mitochondria. (Mit, The same mitochondrial suspensions, stained with

mitochondria; Sub, substrate). JC-1 and rhodamine 123, were visualized by microscopy

Time (min)
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a 0.45 T .Cu+
0.4 - mCu-
600 - m Cu+ el 0.35 -
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£E 400 o° 0.2 -
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OS& ikl 0.05 -
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ATPase  w/ Oligomycin  Change
0 -

Fig. 4. ATP hydrolysis and the effect of the oligomycin on Cand

ielCeamCIIvIRIgRmySin Change Cu rats. Mitochondrial ATPase activity was determined in the absence
b and presen_ge qf oIigomycin.Chang'e was galculated py subtracting the
ATPase activity in the presence of oligomycin from that in the absence of
oligomycin.There was no difference betweerGand Cu with regard
600 - to ATPase activity in the presence or in the absence of oligomycin, nor
mCu+ was there any indication of altered oligomycin sensitivity (mear&E,
ool mCu- p > 0.05).
25
£ E 400 - and 6(d)). Correspondingly copper deficient mitochondria
2 £ had more green fluorescence. This indicates a decrease in
8 G 300 - the mitochondrial membrane potential of copper deficient
S 2 mitchondria.
e HiEn Mitochondria with “healthy” membrane potentials
o take up and sequester rhodamine123 (“quench” it). This
100 + . . . . . . .
results in bright red mitochondria when visualized by mi-
0 croscopy. If the mitochondria lack or have poor mem-

= A w/ CCCP Change brane potentials, they do not take up rhodamine 123, and
the whole slide is a dull red. In this study, in the presence
Fig. 3. The effect of oligomycin (a) and CCCP (b) on mitochondrialres-  of rhodamine 123, copper-adequate mitochondria samples
piration in Cu" (n = 7) and Cu (n = 8) rats. In panel a, mitochondrial exhibited more red fluorescence (Fig. 6(6)) thandid copper
state 3 respiration rate was recorded before (without oligomycin) and deficientmitochondriasamples (Fig 6(f)) Againthis indi-
after adding oligomycin (with oligomycin) in Cuand Cu rats.The . . TN
change was calculated by subtracting the mitochondrial oxygen con- Cates that copper deficient mitochondria have lower mem-
sumption rate in the presence of oligomycin from that in the absence of brane potentials than do copper-adequate mitochondria.
oligomycin. The Cu rats had decreased state 3 respiration and were less To confirm the effectiveness of the JC-1 dye and rho-
sensitive to oligomycin inhibition (meat SE, *p < 0.05). In panel b, damine123 as mitochondrial membrane potential probes,

baseline respiration in the absence of ADP was recorded.The addition . . .
of CCCP (0.08«M) induced increased mitochondrial respiration (with control mitochondria were de energlzed by CCCP after

CCCP).The change was calculated by subtracting the baseline respira-2€iNg Stained by JC-1 and rhodaminel123. In the presence

tion rate from the respiration rate in the presence of CCCP.The effect of Of CCCP, mitochondria stained with JC-1 dye exhibited

CCCP was not significantly different between'Cand Cu rats. (Mean little-to-no red fluorescence (Fig. 6(a)) compared to mito-

+SE,p > 0.05). chondria that were not treated with CCCP (Fig. 6(b)). De-
energized mitochondria also exhibited less rhodamine123

(Fig. 6). In the presence of JC-1 dye, green fluorescencequenching when compared to untreated controls (data not

indicated the presence of JC-1 monomers and redshown).

fluorescence indicated the presence of JC-1 aggregates

in mitochondria. The orange region was where both DISCUSSION

green and red fluorescence coexisted. Copper adequate

mitochondria samples exhibited more red fluorescence Previous studies have demonstrated that cardiac mi-

than did copper deficient mitochondria samples (Fig. 6(c) tochondria from rats fed a copper-deficient diet have
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a deficient rats prompted us to utilize NADH to evaluate
mitochondria inner membrane intactness. Both copper-

3 adequate and copper deficient mitochondria had very low
oxygen consumption rates in the presence of NADH. This
indicated good membrane intactness in both groups. Sur-
prisingly, the copper-adequate mitochondria had a signifi-
cantly higher oxygen consumption rate than did copper de-
ficient mitochondria. One explanation for this unexpected
result may be that the function of the substrate shuttle for
NADH is impaired in copper deficient mitochondria, due
to a change either in the shuttle itself or in membrane
potential.

Mitochondrial membrane potential is a vital compo-
nent of respiring mitochondria and is linked to a host of mi-
tochondrial functions including import of nuclear encoded
mitochondrial proteins and translocation of some metabo-
lites and drugs. Utilizing membrane potential-sensitive
b dyes, we have shown in this study that copper deficient

mitochondria had significantly lower membrane potential

40 - compared to control mitochondria. This decrease is mito-
chondrial membrane potential may impair the tanslocation
of proteins and other substances into mitochondria, pro-
viding an explanation as to why the protein level of the
nuclear encoded subunits of CCO are decreased in copper
deficient rats, but the mRNA levels of the subunits do not
differ (Medeiroset al, 1997). It may be that in copper
deficient rats, the nuclear encoded subunits of CCO are

F530nm/F590nm
P

Quenching (%)
N
o

15 synthesized in the cytosol but cannot be translocated into

the mitochondria, resulting in their subsequent degrada-

10 tion in the cytosol as suggested by the findings of Medeiros
5 1 et al. (1997).

In this study, state 4 and state 3 respiration rates de-

0 - creased, with state 3 respiration rate significantly lower

Cu+ Cu- in copper deficient rats than that in copper-adequate rats.

. . ) . . RCR, a measure of the degree of coupling of phospho-
Fig. 5. Evaluation of mitochondrial membrane potential using JC-1 dye rvlation to oxidation. did not differ by ar which i
(a) and rhodamine 123 (b) in Cun = 3) and Ca (n = 3) rats. JC-1 ylation 1o oxidation, 0 er by group, chis

dye was excited at 490 nm and fluorescence at 530 nm and 590 nm wereln @greement with results reported by Matzal. (1995),
recorded. The ratio of the fluorescence at 530 nm to the fluorescence atbut in contrast to that reported by Chabal. (1993) in

590 nm(F530 nm/F590 nm) was used as an indicator of the membrane po-which significantly lower RCR values were observed in
tential. Cu mitochondria had significantly higher ratiosg < 0.05), copper deficient rats. These inconsistent data might be
indicating lower membrane potentials compared with"Guoitochon- due to different mitochondria preparation conditions used
dria. In panel b, rhodamine 123 was excited at 490 nm, and fluorescence ; .
at 530 nm was recorded. After adding mitochondria (0.3 mg/mL), rho- P€tween these studies. First, Chetaal. (1993) reported
damine 123 fluorescence dropped because of the uptake of rhodaminemuch lower RCR values in both controls (3.6) and copper-
123 by mitochondria. The drop in fluorescence value at 530 nm was deficient (2.6) rats than did the present study, where they
divided by the value before adding mitochondria and was referred to were around 5. Second, we used mannitol in the current

as guenching.The mitochondria from Cuats had significantly higher studv in preparation of isolated mitochondria. whereas
quenching than did the mitochondria from Crats, again indicating a y prep !

decrease in mitochondrial membrane potential i Gats. Chaoet al. (1993) did not. On the basis of our present
study, the coupling of phosphorylation to oxidation in cop-

impaired mitochondrial respiration (Chaa al, 1993; per deficient rats appeared intact.

Matz et al, 1995) and altered membrane pathology To identify the possible mechanisms within the

(Medeiros et al, 1991a,b). Concern with overall mi- oxidative-phosphorylation pathway for the observed
tochondria membrane intactness in hearts of copper-changes in cardiac mitochondrial respiration, respiration
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was studied using two drugs, CCCP and oligomycin. As the copper deficient rats. In the present study there was no
mentioned previously, CCCP allows protons to cross the significant difference inthe inhibitory effect of oligomycin
mitochondrial inner membrane, thereby disrupting the between copper deficient and copper-adequate rats. This
proton gradient and dissociating oxidation in the res- inconsistency might be due to the fact that we used sub-
piratory chain from phosphorylation, thus allowing the mitochondrial particles whereas Magt al. (1995) used
function of the electron transport chain to be evaluated intact mitochondria. By using submitochondrial particles,
separately from potential changes in ATP synthase. Mito- we eliminated any effect that changes in the inner mem-
chondrial respiration did not differ between copper de- brane due to copper deficiency may have had.

ficient and copper-adequate groups in the presence of There are at least two possible reasons why
CCCP, suggesting that the potential mitochondrial res- oligomycin may have had less of an effect upon ATP
piration defect in copper deficiency might not lie within  synthase in copper deficiency. First, there may be a defect
the electron transport chain. The classical explanation for in the ATP synthase enzyme, possibly in one of the
the impaired mitochondrial function in copper deficiency oligomycin sensitivity conferring proteins. Oligomycin
has been the reduced activity of cuproenzyme CCO (Chaobinds to the & subunit of ATP synthase and blocks the
et al, 1994),the terminal enzyme complex of the electron proton translocation throughgF Both the oligomycin
transport chain. While CCO activity was not measured in sensitivity conferring protein (OSCP) and play impor-

this study, it has been reported to be decreased in coppetant roles in the inhibition of ATP synthase by oligomycin
deficiency (Chaet al, 1993). On the basis of this study, (Goldenet al, 1998). Another possible explanation for

a CCO defect did not appear to significantly compromise the decreased sensitivity is that oligomycin is unable to
the electron transport chain function which suggests that penetrate the mitochondrial membrane, perhaps because

other factors may be involved. of decreased membrane potential, and thus is unable to
Chaoet al. (1994) showed that there is a decrease bind to the y unit.
in ATP synthase§ subunit protein levels in copper defi- In summary, our data indicates that (1) mitochondria

cientrats. A subsequent study (Meial,, 2000) revealed  from hearts of copper deficient rats appear intact as indi-
that the mRNA level of ATP synthaggsubunit also de-  cated by the low NADH-dependent oxygen consumption,
creased in copper deficient animals. These data indicate(2) the oxygen consumption in the presence of NADH
another potential mechanism by which mitochondrial res- was lower than that of controls, (3) mitochondria from
piration may be impaired in copper deficient animals. To copper-deficient rats had a lower membrane potential, (4)
investigate the role of ATP synthase in the alteration of there was no effect of CCCP on oxygen consumption as a
mitochondrial function, oligomycin was used as a tool. function of copper, and (5) copper-deficient mitochondria
Oligomycin binds to ATP synthase, blocking the translo- were less sensitive to oligomycin in intact mitochondria.
cation of protons into the mitochondria through the en- It is important to note that although the function of CCO
zyme and eventually inhibiting the mitochondrial respi- has been found to be impaired in copper deficiency, it does
ration rate. In agreement with results reported by Matz not appear to be rate limiting. This study demonstrates a
et al. (1995), we observed that oligomycin had less in- potential defect in mitochondrial ATP synthase activity.
hibitory effect on mitochondrial respiration in copper de- Further studies should address changes in various
ficient rats than that in the copper-adequate rats. Collec- ATP synthase proteins including Bnd OSCP which are
tively, these data suggest that copper deficiency directly involved in sensitivity to oligomycin (Goldegt al., 1998).
affects ATP synthase function rather than overall mito- Additionally there is a strong possibility that the differ-
chondrial respiration. ences we observed, even the changes in protein levels,
In addition to mitochondrial respiration assays, mi- may be entirely due to membrane changes. Cell culture
tochondrial ATP hydrolysis was also measured. ATP hy- studies will enable us to examine how rapidly the mem-
drolysis and ATP synthesis occur by a common reversible brane changes occur and whether they are a primary or
catalytic process in mitochondria, thus measurement of secondary effect of copper deficiency.
ATP hydrolysis is often used as a measure of ATP syn-
thase activity. In contrast to the data from the respiration
assay, there was no difference observed between coppeACKNOWLEDGMENTS
deficient and copper-adequate rats in ATP hydrolysis (or
ATPase) activity when submitochondrial particles were This work was supported by funds from the National
used. Matzet al. (1995) also saw no changes in ATPase Institutes of Health (Grant No. RO1HL56771). The au-
activity in copper deficiency, however they did report less thors are grateful to Dr. Dan Boyle for assistance with the
of an inhibitory effect of oligomycin on ATP hydrolysisin  microscopy studies.



406

REFERENCES

Catterall, W. A., and Pedersen, P. L. (1971)Biol. Chem246, 4987—
4994,

Chao, J. C., Medeiros, D. M., Altschuld, R. A., and Hohl, C. M. (1993).
Comp. Biochem. Physiol. Comp. Physitd4A(1), 103-108.

Chao, D. C., Medeiros, D. M., Davidson, J., and Shiry, L. (1994)lutr.
124, 789-803.

Golden, T. R., and Pedersen, P. L. (199Bjochemistry37, 13871
13881.

Johnson, L. V., Walsh, M. L., and Chen, L. B. (198Bjoc. Natl. Acad.
Sci. U.S.A77(2), 990-994.

Lisa, F. D., Blank, P. S., Colonna, R., Ganbassi, G., Silverman, H. S.,
Stern, M. D., and Hansford, R. G. (1993) Physiol 486(1), 1-13.

Mao, S., Leone, T. C., Kelly, D. P., and Medeiros, D. M. (20Q0Nutr.
130, 2143-2150.

Marklund, S., and Marklund, G. (1974ur. J. Biochem47, 469-474.

Matz, J. M., Saari, J. T., and Bode, A. M. (1993).Nutr. Biochem6,
644—652.

Chen, Jennings, and Medeiros

Medeiros, D. M., Bagbhy, D., Overka, G., and McCormick, R. (1991a).
J. Nutr. 121, 815-824.

Medeiros, D. M., Liao, Z., and Hamlin, R. L. (1991h). Nutr. 121,
1026-1034.

Medeiros, D. M., Shiry, L., and Samelman, T. (199Zpmp. Biochem.
Physial. 117A, 1:77-87.

Mela, L., and Seitz, S. (1979eth. Enzymol55, 39-51.

Nuydens, R., Novalbos, J., Dispersyn, G., Weber, C., Borgers,
M., and Geerts, H. (1999)J. Neurosci. Methods92, 153—
159.

Pedersen, P. L., Hullihen, J., and Wehrle, J. P. (19BBjiol. Chem256,
1362-1369.

Prohaska, J. R. (1983). Nutr. 113 2048-2058.

Reers, M., Smith, T. W., and Chen, L. B. (199&)ochemistn30, 4480—
4486.

Richwood, D., Wilson, M. T., and Darley-Usmar (1987). Mi-
tochondria, a Practical Approach: Isolation and Characteris-
tics of Intact Mitochondria(Darley-Usmar, Richwood, D., and
Wilson, M. T., eds.), IRL Press, Washington, DC, pp. 125-
175.



