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Cytochrome oxidase (CO) is a mitochondrial energy-gen- 
erating enzyme of the oxidative phosphorylation pathway. 
In neurons, CO activity varies among different cells and com- 
partments (perikarya, dendrites, axons, and terminals) ac- 
cording to their physiological activity and metabolic require- 
ments. Regulation of enzyme protein levels, rather than 
enzyme turnover number, largely accounts for local varia- 
tions in CO activity (Hevner and Wong-Riley, 1989, 1990). In 
the present study, we examined how CO activity and protein 
levels are related to mitochondrial DNA (mtDNA) and CO 
subunit mRNA levels in neurons and neuronal compart- 
ments. Mammalian CO comprises 13 subunits (Kadenbach 
et al., 1983), of which three are encoded in mtDNA and 10 
in nuclear genes. We studied one mitochondrial-encoded 
mRNA [subunit I (COI)], two nuclear-encoded mRNAs (COIV, 
COVIII), and mtDNA, using in situ hybridization to determine 
their distributions in monkey hippocampus, cerebellum, and 
primary visual cortex. We compared their distributions with 
those of CO activity and protein, determined by histochem- 
istry and immunohistochemistry, respectively. In all regions, 
the local content of mtDNA was similar, but not identical, to 
the activity and amount of CO. Expression of COI mRNA was 
not proportional to mtDNA abundance or CO activity and 
protein, but instead was highest in cell bodies, lower in den- 
drites, and undetectable in axon terminals. COIV and COVIII 
mRNAs were detected exclusively in perikarya and proximal 
dendrites. Thus, the nuclear-encoded subunits of CO are 
probably translated mainly in neuronal cell bodies and al- 
located to other compartments posttranslationally. Regula- 
tion of CO was studied in two monkeys treated by monocular 
tetrodotoxin (TTX) injection, a procedure that blocks im- 
pulses from one eye. In those animals, cortical changes in 
CO activity were correlated with changes in mtDNA and in 
COI, COIV, and COVIII mRNA. Our results suggest that neu- 
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ronal CO is synthesized and assembled mainly in cell bodies 
and indicate that both nuclear and mitochondrial CO subunit 
genes are regulated by neuronal activity. 

Neurons that are physiologically active are distinguished met- 
abolically by their rapid rate of substrate utilization and, in the 
case of chronically active neurons, by their high content of en- 
zymes involved in the generation of metabolic energy (Dietrich 
et al., 198 1, 1982; Wong-Riley, 1989). Cytochrome oxidase (CO; 
ferrocytochrome c : oxygen oxidoreductase, EC 1.9.3. l), also 
known as complex IV of the mitochondrial respiratory chain, 
is one of the energy-generating enzymes that has been strongly 
linked to neuronal functional activity (reviewed by Wong-Riley, 
1989). This enzyme catalyzes the last reaction of oxidative me- 
tabolism, the main pathway of energy production in brain (Ere- 
cinska and Silver, 1989). Mammalian CO comprises 13 sub- 
units, of which three are encoded in mitochondrial genes and 
10 are encoded in nuclear genes (Kadenbach et al., 1983, 1987). 
Thus, CO biosynthesis involves the coordinated expression of 
two genomes. 

Local differences in CO activity have been found among dif- 
ferent brain regions, cortical laminae, neurons, and neuronal 
compartments (cell bodies, dendritic segments, axons, and ter- 
minals). The local activity of CO is correlated with the physi- 
ological activity of each area, cell, or compartment (Kageyama 
and Wong-Riley, 1982; Livingstone and Hubel, 1984). Fur- 
thermore, changes in the physiological activity of neurons can 
induce parallel changes in the activity of CO. Regulation of CO 
activity by neuronal functional activity has been observed fol- 
lowing experimentally induced alterations in physiological ac- 
tivity (Wong-Riley and Welt, 1980; Horton and Hubel, 198 1; 
Wong-Riley and Carroll, 1984; Mawe and Gershon, 1986), dur- 
ing development (Mjaatvedt and Wong-Riley, 1988), and with 
pathology (Wong-Riley, 1989). Thus, CO is now regarded as a 
metabolic marker for neuronal functional activity (Wong-Riley, 
1989). 

The molecular mechanisms linking CO activity to neuronal 
functional activity have not yet been fully elucidated. Recently, 
we investigated whether CO activity is regulated at the level of 
enzyme amount or enzyme molecular activity, or both. Using 
immunohistochemistry, we studied the distribution of CO pro- 
tein in mouse and monkey brain and compared it with the 
distribution of CO activity, shown histochemically. We found 
that CO activity was strongly correlated with CO amount in 
normal animals as well as in animals with experimentally altered 
functional activity (Hevner and Wong-Riley, 1989, 1990). These 
results indicated that CO activity in neurons is controlled largely 
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or entirely by regulation of the local amount of enzyme protein. 
These studies also suggested that the mechanisms of CO activity 
regulation might be similar in neurons as in muscle cells. In 
muscle, chronic stimulation induced increases in CO activity 
that were dependent on mitochondrial protein synthesis (Wil- 
liams and Harlan, 1987). The increases in CO activity were also 
associated with increased levels of mtDNA and CO subunit 
mRNAs in the stimulated muscles (Williams, 1986; Williams 
et al., 1986, 1987; Hood et al., 1989). 

In neurons, the mechanisms of CO biogenesis and regulation 
may be more complicated than in muscle. Neurons have a more 
complex structure, and their processes may extend several cen- 
timeters or more away from the cell body and nucleus. This 
poses a problem for CO biosynthesis, because the mitochondria 
contain genes for only three CO subunits, while the other 10 
CO subunit genes are in the nuclear DNA, thus, the two genomes 
can be physically separated by large distances. Metabolically, 
neurons are nonhomogeneous, and neuronal compartments dif- 
fer in their CO content, even in the same neuron (Kageyama 
and Wong-Riley, 1982; Hevner and Wong-Riley, 1989). Is nu- 
clear-encoded subunit mRNA selectively transported to com- 
partments that need CO due to a high physiological activity? 
Are mitochondrial-encoded mRNAs expressed in direct pro- 
portion to mtDNA content? How are the distributions of mtDNA 
and CO subunit mRNAs related to each other and to CO activity 
and protein amount? Are the levels of mtDNA and of CO sub- 
unit mRNAs regulated by functional activity in neurons? 

To answer these questions, we used in situ hybridization to 
localize mtDNA and the mRNAs for CO subunit I (COI; mi- 
tochondrial encoded), subunit IV (COIV, nuclear encoded), and 
subunit VIII (COVIII; nuclear encoded) in brain from normal 
monkeys and from monkeys treated to induce local changes in 
CO activity. The hippocampus and cerebellum were studied, 
because in these regions (1) CO activity has been localized at 
the electron microscopic level (Kageyama and Wong-Riley, 1982; 
Mjaatvedt and Wong-Riley, 1988) and (2) some neuronal com- 
partments are segregated into areas or laminae identifiable at 
the light microscopic level. The primary visual cortex was also 
studied, as a model for the local regulation of CO, using the 
monocular tetrodotoxin (TTX) paradigm (Wong-Riley and Car- 
roll, 1984; Hevner and Wong-Riley, 1990). 

Materials and Methods 
Animal tissue preparation 

Normal monkey heart and brain tissues were obtained from adult male 
or female macaques (Macaca fascicularis or M. radiata) used in a sep- 
arate, unrelated study and were provided by Drs. V. M. Haughton and 
C. Nguyen-minh (Medical College of Wisconsin). Two macaques (adult 
female M. mulatta) were used for the CO regulation studies only and 
were treated with TTX as described previously (Hevner and Wong- 
Riley, 1990) for 3 or 7 d. The animals were then given ketamine (20 
mg/kg, i.m.) and atropine (0.05 mg/kg, i.m.), then deeply anesthetized 
with Na pentobarbital (30 mg/kg, i.v., plus 30 mg/kg, i.p., or 65 mg/ 
kg, iv.) and decapitated. Tissues were removed immediately, cut into 
blocks for sectioning or nucleic acid extraction, frozen on dry ice, and 
stored at -80°C until used. For in situ hybridization, IO-pm (hippo- 
campus, cerebellum) or 20-pm (primary visual cortex) sections were cut 
on a cryostat, thaw mounted on slides coated with gelatin (300 bloom, 
Sigma)/chromium potassium sulfate, and frozen at - 80°C until the day 
of the experiment. 

Enzymes and reagents 
Restriction enzymes, ribonuclease A (RNAse), placental RNAse inhib- 
itor, bovine serum albumin, and herring sperm DNA were from Boeh- 

ringer Mannheim. The transcription kit, oligo-dT cellulose, and RNAse 
Block II were from Stratagene. Uridine 5’-[cY-35S-thio]triphosphate [(a- 
35S-thio)UTP], 1250 Ci/mmol, was from Amersham. Formamide (mo- 
lecular biology grade), guanidine isothiocyanate (enzyme grade), and 
yeast tRNA were from Bethesda Research Labs. Ficoll 400 was pur- 
chased from Pharmacia. Diethylpyrocarbonate (DEPC) and other re- 
agents were from Sigma, Aldrich, or Research Organics. Solutions for 
RNA isolation or in situ hybridization were treated with 0.1% DEPC 
to destroy RNAse activity and autoclaved (Sambrook et al., 1989). 

Hybridization probes 
DNA clones. The clones used in our experiments are shown in Figure 
1A. Each DNA was inserted into the multiple cloning site (MCS) of the 
plasmid vector PBS(+) (Stratagene), which contains phage T3 and T7 
promoters flanking the MCS. The.clones were the giftsof Drs. E. A. 
Schon (Columbia Universitv Colleae of Phvsicians and Sureeons) and 
G. Attardi (Caltech). Some subclon~ng was done by us to make optimal 
plasmids for riboprobe synthesis. 

Plasmid pHMt8 contains the 1237-base pair (bp) HindIII/XbaI seg- 
ment of human mtDNA from positions 6204-744 1 (numbering of An- 
derson et al., 198 1). This sequence encodes the C-terminal 4 13 amino 
acids (aa; 80%) of COI. Like all mammalian mitochondrial genes, it 
lacks introns (Ojala et al., 1980; Attardi and Schatz, 1988) and is thus 
equivalent to a cDNA. 

Plasmid pCOX4.N contains a 427-bp EcoRI/HindIII cDNA frag- 
ment encoding the N-terminal 109 aa (74%) of mature human COIV 
as well as the >2-aa presequence and 34 bp ‘of S-untranslated mRNA 
(Zeviani et al., 1987). Because the COIV cDNA was originally in a 
plasmid lacking transcription promoters, we excised the full-length cDNA 
with EcoRI, purified it by agarose gel electrophoresis, extracted it from 
the gel, and ligated it into the EcoRI site of PBS(+). This plasmid was 
designated pCOX4.2 1. To facilitate plasmid linearization and transcrip- 
tion, the DNA between the two Hind111 sites lone internal to the cDNA 
and one in the PBS(+) MCS] was excised, andihe plasmid was religated. 
The resulting plasmid contained single EcoRI and Hind111 sites flanking 
the cDNA fragment and was designated pCOX4.N. 

Plasmid pCOX8.C contains a 338-bp HindIIIIEcoRI cDNA fragment 
encoding the C-terminal 35 aa (80%) of mature human COVIII as well 
as 23 1 bp of 3’-untranslated mRNA. including 7 bn of ~olvA at the 3’ 
end. The original full-length clone, pCOX8.2‘i (Rizzutb ei al., 1989), 
lacked unique restriction sites for linearization, so we excised the DNA 
between the two Hind111 sites [one internal to the cDNA and one in 
the pBS( +) MCS], religated the plasmid, and designated the new con- 
struct pCOX8.C. Although more than two-thirds of the cDNA fragment 
in pCOX8.C comprises 3’-untranslated mRNA, the base sequence in 
this region is evolutionarily conserved (8 1% nucleotide identity between 
rat and human; Rizzuto et al., 1989) and may have contributed to 
hybridization signals. 

Probe synthesis. Plasmids were purified by alkaline lysis of bacteria 
and centrifugation on a CsCl gradient using standard procedures (Sam- 
brook et al., 1989). Purified plasmids were linearized by restriction 
enzyme digestion, aliquotted, frozen at -20°C and used as needed. 
Transcription reactions were done at 37°C with 2 HLR DNA in 40 mM 
Tris (pH, 8.0), 8 mM MgCl,, 2 mM spermidine, 50.;~ NaCl, 0.5 mM 
each of ATP. CTP. and GTP. 10 UM cold UTP. 2.5 ILM (a-YS-thio)IJTP. 
38 mM dithiothreitol (DTT), 25’ U placental ‘RN& inhibitor (Boeh- 
ringer) or 0.5 U RNAse Block II (Stratagene), and 10 U RNA polymerase 
in a total volume of 20 ~1. After reaction for 1 hr, an additional 10 U 
RNA polymerase was added, and the reaction mixture was incubated 
for 1 hr more. The template was then digested with DNAse I (RNAse 
free), and transcripts were purified and concentrated by phenol/chlo- 
reform extraction and ethanol precipitation. The transcripts were dis- 
solved in 20 ~120 mM DTT and stored until used (up to 3 d). A typical 
reaction yielded 250-450 ng RNA with specific activity -3 x lo8 dpm/ 
pg. Analysis by formaldehyde agarose gel electrophoresis showed that 
the transcripts were mostly uniform and full-length (Fig. 1B). 

Blot hybridization 

DNA (Southern) blots. DNA from M. fascicularis monkeys was purified 
by the method of Blin and Stafford (1976) as modified by Sambrook et 
al. (1989). Total DNA was purified from cerebral cortex (yield, -0.52 
mg DNA&n tissue), and mtDNA was purified from isolated brain 
mitochondria (yield, -0.57 pg DNA/mg mitochondrial protein). The 
mitochondria were isolated from gray matter by the procedure of Ren- 
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Figure 1. Hybridization probes. A, 
DNA clones in transcription vector 
PBS(+) (Stratagene). Plasmid pHMt8 
contains human mtDNA encoding the 
C-terminal 80% of COI. Plasmids 
pCOX4.N and pCOX8.C contain hu- 
man cDNA encoding the N-terminal 
74% of COIV and the C-terminal 80% 
of COVIII, respectively, plus some un- 
translated mRNA. The clones are rep- 
resented as arrows in the mRNA sense 
orientation. The coding function of each 
clone segment is indicated by shading 
or hatching. The promoters for T3 and 
T7 RNA polymerase are shown flank- 
ing each clone. B, Riboprobe size anal- 
ysis by denaturing gel electrophoresis. 
Transcripts were, purified by phenol ex- 
traction and ethanol precipitation, run 
on 1.5% agarose gels containing form- 
aldehyde, transferred to nylon mem- 
branes (Bio-Rad Zeta-Probe), and de- 
tected by film autoradiography. Each 
riboprobe appears as a major band of 
the size expected for full-length tran- 
scripts. Long exposures revealed the 
presence of minor bands, but densito- 
metry showed that the major bands al- 
ways contained more than 90% of in- 
corporated radiolabel. In this 
experiment, the CO1 riboprobes were 
transcribed from PstI-cut template 
DNA, thus, the sense and antisense 
transcripts differed in size. In most ex- 
periments, we used longer CO1 probes 
transcribed from templates cut with 
EcoRI (sense) or Hind111 (antisense). 
nt, nucleotides; cpm, counts per min- 
ute. 
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don and Masmoudi (1985) modified as described before (Hevner and 
Wong-Riley, 1989). 

Agarose gel electrophoresis of DNA, capillary transfer to nitrocellu- 
lose paper (Immobilon-NC, Millipore), and vacuum drying ofblots were 
done by standard procedures (Sambrook et al., 1989). Prehybridization 
and hybridization were done in chambers from Hoefer. Blots were pre- 
hybridized for 4 hr at 65°C in hybridization mix [50% formamide, 5 x 
standard sodium citrate (SSC, 1 x SSC is 150 mu NaCl, 15 mM Na, citrate; 
pH, 7), 50 mM Tris, 2.24 mM Na,P,O,, 1% SDS, 10x Denhardt’s so- 
lution (1 x Denhardt’s solution is 0.02OYo each of polyvinylpyrrolidone, 
Ficoll400, and bovine serum albumin), 5 mM Na, EDTA, and 150 fig/ 
ml sheared, denatured herring sperm DNA], then hybridized for 18 hr 
at 48°C in hybridization mix containing 35S-labeled riboprobe (CO1 
sense strand synthesized from pHMt8) at 50-80 r&ml (-2 x lo7 dpm/ 
ml). Blots were then washed twice with 2 x SSC and 0.1% SDS for 15 
min at 55”c, twice with 0.2 x SSC and 0.1% SDS at 55°C for 15 min, 
and twice with 3 x SSC for 15 min at room temperature. Unhybridized 
RNA was digested with RNAse A (10 &ml in 3 x SSC) for 30 min at 
37°C. The blots were further rinsed with 3 x SSC at room temperature, 
dried, and exposed to Kodak XAR-5 film. 

loaded x10+ 

transcript 
size, 
nt 

- 338 

RNA (Northern) blots. RNA was purified from monkey (M. fascicu- 
laris) brain gray matter and from heart by extraction with acid guani- 
dinium thiocyanate-phenol-chloroform (Chomczynski and Sacchi, 
1987). RNA yields were -0.87 mg/gm brain and -0.78 mg/gm heart. 
Oligo-dT cellulose chromatography (procedure of Sambrook et al., 1989) 
was used to partially purify polyadenylated RNA. Formaldehyde aga- 
rose gel electrophoresis (Sambrook et al., 1989) was used to separate 
RNA by size. Further RNA blot procedures were exactly as described 
above for DNA blots, except that probes were antisense strands for each 
subunit and hybridization and posthybridization washes in 2x SSC, 
0.1% SDS, and 0.2~ SSC, 0.1% SDS were done at 60°C rather than 
48°C or 55oC. 

In situ hybridization 
Detection of mRNA. The procedure of Chesselet et al. (1987) was used 
with minor modifications. Briefly, unfixed slide-mounted frozen sec- 
tions were dried and brought to room temperature under a stream of 
air and fixed for 5 min in 3% pamformaldehyde with 0.02% DEPC. 
Sections were rinsed with 2 x SSC, acetylated, treated with 0.1 M Tris- 
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Figure2. Human riboprobe hybridization to monkey RNA and DNA. A, Northern (RNA) blots. Total, polyadenylated (A+), and nonpolyadenylated 
(A-) RNA from monkey heart and brain were run on formaldehyde agarose gels, blotted onto nitrocellulose, and hybridized with “S-labeled 
antisense riboprobe for each CO subunit, as indicated. In each case, the human probe hybridized specifically to the monkey CO subunit mRNA 
(arrows). An ethidium bromide (Et&r)-stained gel is shown for comparison. The positions of 18s and 28s rRNA are shown to the right of each 
blot (dashes). The mRNAs for COI, COIV, and COVIII all were present at higher levels in heart than in brain, were enriched in polyadenylated 
fractions, and were the same size in both heart and brain. The mRNA sizes given in nucleotides (nt) are those reported previously for human CO1 
(Ojala et al., 1980), COIV (Zeviani et al., 1987), and COVIII (Rizzuto et al., 1989). The spots on some autoradiograms were artifacts of the 
hybridization chamber. Lanes contained 20 pg total or Am RNA or 7.5 pg A+ RNA. B, Southern (DNA) blot. Total DNA and purified mtDNA 
from monkey brain were cut with restriction enzymes or left undigested, run on an agarose gel, denatured, transferred to nitrocellulose, and probed 
for mtDNA with 35S-labeled CO1 sense riboprobe. The enzymes used for cutting were EcoRI (E) and Hind111 (H). DNA from phage X, cut with 
H, was used as size marker. The major hybridizing band in total DNA had the same size as in authentic mtDNA, that is, 17 kilobase pairs (kbp) 
for undigested or E-digested DNA, and 5 kbp for DNA digested with H or E + H. Migration distances differed slightly among lanes due to differences 
in the amount of DNA loaded. Minor hybridizing bands in total DNA may have represented nuclear pseudogenes or mtDNA degradation products. 
Because the number of mitochondrial genomes contained in 100 pg mtDNA is twice the number of nuclear genomes contained in 10 pg total DNA, 
an equal signal strength in total DNA and mtDNA lanes would indicate that the total DNA contained two copies mtDNA per nuclear genome. 
Instead, the signal was far stronger in the total DNA lanes than in the mtDNA lanes, indicating (as expected) that the total DNA contained much 
more than two copies mtDNA per nuclear genome. Cultured cells contain several hundred copies of mtDNA per nuclear genome (Bogenhagen and 
Clayton, 1974). For the EtdBr-stained gel, the amount of DNA in each lane was 5 pg (lanes l-3), 160 ng (lane 4), or 240 ng (lanes 5-7 and M). 
For the blotted gel, the amount of DNA in each lane was 10 pg (lanes 1-3) or 100 pg (lanes 4-7). 

glycine (pH, 7.0) dehydrated through graded ethanols, and air dried. SSC, then washed for 5 min and again for 20 min in 50% formamide 
Sections were hybridized for 4 hr (COIV, COVIII) or 6 hr (COI) at 50°C and 2 x SSC at 52°C. Unhybridized riboprobe was then digested with 
with 20 ~1 hybridization mix (40% formamide, 8% dextran sulfate, 4 x RNAse A (100 &ml) in 3 x SSC for 30 min at 37°C. After a final wash 
SSC, 1 mg/ml yeast tRNA, 1 mg/ml herring sperm DNA, 10 mM DTT, for 5 min in 50% formamide and 2 x SSC at 52°C sections were rinsed 
1 x Denhardt’s solution) containing 35S-labeled antisense (sense for con- overnight in 2x SSC and 0.05% Triton X-100. Finally, sections were 
trols) riboprobe (250 &ml) under coverslips cut from Parafilm (Amer- dehydrated through graded ethanols, delipidated in xylene, air dried, 
ican Can Company). After hybridization, sections were rinsed with 2 x and used for film, then emulsion autoradiography. 
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Figure 3. CO activity, mtDNA, and CO subunit mRNA in the deep cerebellar nuclei. CO activity, shown by histochemistry (A, .I), was highest 
in large neuronal cell bodies and proximal dendrites and was moderate in the neuropil. mtDNA (B, K) was distributed throughout the neuropil, 



Detection of mtDNA. Modifications to the mRNA detection procedure 
were made as follows (see also Mita et al., 1989; Shoubridge et al., 
1990): (I) Prehybridization treatments included digestion of RNA in 
the sections with RNAse A (100 &ml in 3 x SSC, 37°C 30 min, after 
fixation but before acetylation), inactivation of residual RNAse with 
fresh 0.1% DEPC in 2x SSC for 5 min at room temperature (Haase, 
1987), and denaturation of DNA in the sections with 70% formamide 
and 0.2 x SSC at 75°C for 5 min just before ethanol dehydration (for 
control sections, no DNA denaturation step was included). (2) Hybrid- 
ization was done at 39°C for 6 hr with CO1 sense strand (500 &ml) 
rather than antisense strand (250 rig/ml); the higher probe concentration 
gave improved signals for mtDNA (Singer et al., 1987). (3) Posthybrid- 
ization washes with 50% formamide and 2 x SSC were done at 39°C. 

Autoradiography. Dried sections were exposed to Kodak XAR-5 film 
for 3-5 d at room temperature. Films were developed with a standard 
processor. Slides were then dipped in Kodak NTB-3 emulsion (melted 
at 43°C with an equal volume of 0.3 M ammonium acetate), dried in a 
humid chamber, and exposed in the dark at 4°C for 4 d to 6 wk. Exposed 
slides were orocessed at 15°C for 3.5 min in Kodak Develoner D-19. 
for 30 set indistilled water, and for 5 min in Kodak Fixer without acid 
hardener. The developed slides were dried, dehydrated through graded 
ethanols, cleared with xylene, and coverslipped with Permount (Fisher). 
Some sections were counterstained with cresyl violet, but the RNAse 
treatments used for in situ hybridization with riboprobes eliminated 
much of the Nissl staining, especially in large neurons with dispersed 
chromatin. Control sections were exposed to x-ray film in the same 
batch with experimental sections, then coated with emulsion and pro- 
cessed the same as experimental sections. 

Cytochrome oxidase histochemistry and 
immunohistochemistry 
Serial sections from the same blocks used for in situ hybridization were 
stained for CO activity by our usual method (Wong-Riley, 1979), mod- 
ified for cryostat sections. Frozen, unfixed slide-mounted sections were 
finger thawed and immediately placed in Coplin jars containing fixative 
(3% parafotmaldehyde in 0.15 M NaCl, 0.1 M Nap,, pH 7) for 5 min at 
room temperature. The sections were rinsed four times with PBS, then 
reacted for CO. After reacting, sections were rinsed with PBS, postfixed 
in 8% formaldehyde overnight at 4°C rinsed with tap water, dried, 
dehydrated, cleared, and coverslipped. Some CO-reacted sections were 
counterstained with cresyl violet. Some CO-stained sections were re- 
acted for in situ hybridization, but riboprobe bound to the CO-reacted 
sections nonspecifically at unacceptable levels. [Mita et al. (1989) have 
combined CO histochemistrv with in situ hvbridization using. DNA 
probes.] CO immunohistochemistry was done as described previously 
(Hevner and Wong-Riley, 1989), using free-floating sections from blocks 
different from those used for in situ hybridization. 

Results 
Human probe specificity versus monkey targets: Southern and 
Northern blots 
We used blot hybridization to determine if our probes from 
human tissue would hybridize efficiently and specifically with 
monkey mtDNA and CO subunit mRNAs (Fig. 2). In Northern 
blots, each of the probes for mRNA (antisense transcripts) hy- 
bridized with a single band of monkey RNA at the appropriate 
size position expected based on mRNA size in humans (Fig. 
2A). For all three subunits, the mRNA was the same size in 
monkey brain and heart, but was more abundant in heart. Also, 
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each mRNA was polyadenylated, as shown by its enrichment 
in oligo-dT-bound fractions. The probe for mtDNA (CO1 sense 
strand) was tested in Southern blots and was found to be specific 
for mtDNA in monkey (Fig. 29. The probe hybridized with 
restriction fragments from total DNA that were the same size 
as restriction fragments of purified monkey mtDNA. The rel- 
ative signal intensities of the total DNA and purified mtDNA 
lanes indicated that the copy number of mtDNA was high in 
the total DNA (see Fig. 2B caption). 

Specificity and sensitivity of in situ hybridization 
In all in situ hybridization experiments, appropriate controls 
were run in parallel to verify the specificity of the results. In 
experiments probing for mRNA, controls were hybridized with 
sense rather than antisense riboprobes. In mtDNA experiments, 
control sections were not exposed to DNA-denaturing condi- 
tions. Controls for both types of experiments showed only low 
levels of dilhtse background labeling that did not form a pattern 
on films (not shown) or emulsions (Fig. 3). Background was 
slightly higher for COIV [56% guanine + cytosine (GC)] and 
COVIII (54% GC) than for CO1 and mtDNA (both 44% GC), 
probably because the COIV and COVIII probes had higher GC 
contents and required longer exposure times after hybridization 
due to their smaller size. Also, the distributions of mRNA and 
mtDNA found by in situ hybridization were consistent with the 
distributions of CO activity and protein, taking into account 
differences in the intraneuronal compartmentalization of mRNA, 
mtDNA, and protein. 

The relative hybridization signal intensities of each probe 
differed according to probe length, other conditions being iden- 
tical. By varying autoradiographic exposure times, we were able 
to obtain similar grain densities for the different probes. Ex- 
posure times were shortest for mtDNA (4-l 2 d) and longer for 
CO1 (l-3 weeks), COIV (2-4 weeks), and COVIII (3-5 weeks) 
mRNAs. Other factors that might have affected signal intensities 
were hybridization efficiencies, extent of human-monkey se- 
quence conservation (mismatches are degraded in the posthy- 
bridization RNAse treatment used in our procedure), and pos- 
sibly target location (mitochondrial or cytosolic). These 
differences among probes prohibited us from making reliable 
quantitative estimates of the relative contents of mtDNA and 
CO subunit mRNAs in tissue. The possible effects of subunit 
isoforms and pseudogenes were considered negligible (see Dis- 
cussion). 

Cellular expression of CO genes: neurons versus glia 
Control and experimental in situ hybridization results are shown 
for the deep cerebellar nuclei in Figure 3. The deep cerebellar 
nuclei contain large, darkly CO-reactive neurons, as well as 
many glia that are very low in CO activity. As shown by in situ 
hybridization, the neurons also contained more mtDNA and 
CO subunit mRNA than did the glia. Glia do contain mito- 

with some enrichment in neuronal cell bodies (arrows in B). CO1 mRNA (C, L) was found in the neuropil, and in cell bodies at higher levels. The 
mRNAs for nuclear-encoded subunits COIV (0, M) and COVIII (E, N) were detectable only in cell bodies. Examination of cresyl violet- 
counterstained sections at high magnification using bright-field optics (K-N) showed that the cell bodies rich in COI, COIV, and COVIII mRNAs 
were large neurons, and that glial cells (arrowheads in L-iv) contained little or no mRNA for CO subunits. Most neuronal cell bodies were noorlv 
stained with cresyl violet because the RNAse treatments used for in situ hybridization remove staining materials, especially in large nuclei containing 
much euchromatin. F-Z show controls. Backgrounds for COIV (ZZ) and COVIII (I) were higher than those for mtDNA (fl and CO1 (G), probably 
because the COIV and COVIII probes had higher GC contents (56% and 54%, respectively) than did the mtDNA and CO1 probes (44%). Dark- 
field optics were used for the emulsion autoradiograms shown in B-Z. 
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Figure 4. CO activity, mtDNA, and CO subunit mRNA in the cerebellum. CO histochemical activity (A) was high in the cerebellar cortex and 
deep cerebellar nuclei (LUV), and low in white matter (wm). Within the cortex, the molecular layer (M) was more darkly stained for overall CO 
activity than the granule cell layer (G). mtDNA (B) strongly resembled CO in its distribution; it was most abundant in the molecular layer of the 
cortex and in the DCN. CO1 mRNA (C) was highest in the granule cell layer and in neurons of the DCN (arrowheads), but was detectable in the 
molecular layer and in neuropil of the DCN. COIV (0) and COVIII (E) mRNA were detected only in cell bodies of the DCN (arrowheads) and 
cortex. Neuronal cell bodies in the granular as well as in the molecular layer of the cerebellar cortex were labeled for COIV and COVIII mRNA 
(see Fig. 5). B-E show film autoradiograms. P, Purkinje cell layer. 

chondria and CO that is low but detectable by cytochemistry, 
and must contain some mtDNA and CO subunit mRNA, but 
neurons clearly contained much more. In neurons, the mRNAs 
for COIV and COVIII were detected exclusively in cell bodies 
and proximal dendrites. CO1 mRNA was concentrated in the 
neuronal cell bodies, but was also clearly present at moderate 
levels in the neuropil. mtDNA was found throughout the neu- 
ropil, and at slightly more concentrated levels in neuronal cell 
bodies. 

The signals for CO1 mRNA and mtDNA in neuropil could 
not be localized to neuronal or glial elements based only on 
morphology at the light microscopic level. However, the pat- 
terns of mtDNA and CO1 mRNA distribution were closely re- 
lated to the pattern of CO distribution in all areas, and CO is 
concentrated in neurons (Wong-Riley, 1989). Also, mitochon- 
dria are most abundant in neurons. It is thus likely that mtDNA 
and CO1 mRNA in the neuropil were contained mostly in neu- 
ronal processes (especially dendrites) rather than glial elements. 

Neuronal expression of CO genes: axons versus dendrites 
versus cell bodies 
The intraneuronal, compartmental distributions of mtDNA and 
CO subunit mRNA were studied in the hippocampus and cer- 

ebellum. The distributions of CO activity and protein in these 
areas have been described in previous studies (Kageyama and 
Wong-Riley, 1982; Mjaatvedt and Wong-Riley, 1988; Hevner 
and Wong-Riley, 1989). 

In all regions of hippocampus and cerebellum, the nuclear- 
encoded mRNAs for COIV and COVIII were detected exclu- 
sively in cell bodies and proximal dendrites. If these mRNAs 
were present in other compartments (e.g., dendritic segments), 
their levels were not distinguishable from background in our 
experiments. In cerebellum, the highest levels of COIV and 
COVIII mRNA were found in the large neurons of the deep 
cerebellar nuclei (Figs. 3,4) and the Purkinje cells (Fig. 5). Other 
neurons, such as granule cells, contained COIV and COVIII 
mRNAs at lower levels (Figs. 5, 6). In hippocampus (Figs. 7- 
9), labeling for COIV and COVIII mRNA was most intense in 
the pyramidal cell layer of region CA3. The CA3 pyramidal cells 
are also rich in CO activity (Kageyama and Wong-Riley, 1982) 
and protein (Hevner and Wong-Riley, 1989). Other neurons, 
such as the pyramidal cells of CAI, contained lower levels of 
CO activity, protein, and subunit mRNA. Cell bodies generally 
contained significant levels of COIV and COVIII mRNA even 
when they were low in CO activity and protein. Examples in- 
cluded the cell bodies of granule cells in the cerebellar cortex 
and of granule cells in the dentate gyms. Overall, the distribu- 
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Figure 5. CO activity, mtDNA, and CO subunit mRNA in the cere- 
bellar cortex. CO activity (A) in the granule cell layer (CC) was most 

tions of the two nuclear-encoded mRNAs were very similar to 
each other, but did not closely resemble the distributions of CO 
activity and protein, which were often found outside cell bodies, 
sometimes at high levels. 

The mitochondrial-encoded mRNA (COI) was found at high 
levels in cell bodies, but was also clearly detected at moderate 
levels outside cell bodies and thus differed significantly from 
COIV and COVIII in its distribution. The highest levels of CO1 
mRNA in cerebellum were found in neurons of the deep nuclei, 
and in hippocampus were found in the CA3 pyramidal cell layer. 
The presence of CO1 mRNA in dendrites was inferred from 
correlations between CO1 mRNA and CO histochemical activ- 
ity in stratum lucidum (SL) of region CA3 in the hippocampus 
(Figs. 7, 8). In SL, CO activity is highest in the apical dendrites 
of CA3 pyramidal cells and lower in other elements of the neu- 
ropil (mostly mossy fiber axons and terminals), as previously 
shown by CO cytochemistry at the electron microscopic level 
(Kageyama and Wong-Riley, 1982). At the light microscopic 
level, bundles of the CA3 proximal apical dendrites are visible 
as darkly CO-stained strips passing through lightly CO-stained 
areas of SL, which correspond to mossy fiber axons, terminals, 
and other elements. The distribution of CO1 mRNA in SL showed 
a clear pattern of intensely labeled strips, representing the pre- 
sumed apical dendrites of CA3 pyramidal cells that are also rich 
in CO activity (Fig. 8). CO1 mRNA was also clearly detected 
in presumed dendrites of other neuropil regions, including the 
molecular layer of the cerebellar cortex (Figs. 4, 5) and the 
molecular layer of the dentate gyrus (Figs. 7, 9). 

Other observations indicated that axon terminals contained 
little or no CO1 mRNA, despite high levels of CO activity in 
some terminals. For example, synaptic glomeruli in the cere- 
bellar granule cell layer are rich in mitochondria and CO, but 
poor in CO1 mRNA (Fig. 6). Each synaptic glomerulus contains 
moderately CO-reactive dendrites from a few granule cells, as 
well as a single mossy fiber axon terminal filled with intensely 
CO-reactive mitochondria (Mjaatvedt and Wong-Riley, 1988; 
our own unpublished observations). Little or no signal for CO1 
mRNA was observed in these presumed mossy fiber terminals 
by bright-field examination of Nissl-counterstained sections of 
the cerebellar granule cell layer (Fig. 6C). In contrast to axon 
terminals, neuronal cell bodies were rich in CO1 mRNA even 
when they were poor in CO activity. Examples of somata with 

t 

intense in presumed mossy fiber terminals, interspersed among regions 
of low CO activity corresponding to granule cell bunches (Mjaatvedt 
and Wong-Riley, 1988; our own unpublished observations). The granule 
cell layer contained moderate levels of mtDNA (B) and high levels of 
CO1 (C), COIV (D), and COVIII (E) mRNAs. Purkinje cells (PC’) were 
clearly outlined by CO activity, found primarily in basket cell terminals 
surrounding their somata (Mjaatvedt and Wong-Riley, 1988). Their 
proximal dendrites were also CO reactive. Purkinje cell somata were 
not noticeably outlined by signal for mtDNA, but did contain high levels 
of COI, COIV, and COVIII mRNA. The molecular layer (MOL), which 
contained high levels of CO activity distributed in fine puncta through- 
out the neuropil, was also rich in mtDNA. CO1 mRNA in the molecular 
layer was concentrated in cell bodies (arrows), but was also detected in 
the neuropil at lower levels. The mRNAs for COIV and COVIII in this 
layer were found only in cell bodies (arrows). The grains in the neuropil 
of the molecular layer were approximately background for COIV and 
COVIII; backgrounds were lower for mtDNA and CO1 (see Fig. 3). E- 
E, emulsion autoradiograms photographed using dark-field optics. 
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Figure 6. CO activity, mtDNA, and CO subunit mRNA in the granule cell layer of the cerebellar cortex. The large spots of CO activity (A) 
correspond to synaptic glomeruli seen by electron microscopy (Mjaatvedt and Wong-Riley, 1988; our own unpublished observations). These synaptic 
glomernli contain small granule cell dendrites and large mossy fiber axon terminals filled with mitochondria high in CO activity. The lightly CO- 
reactive regions, with few puncta of CO staining, correspond to granule cell bodies. Thus, cell bodies (low in CO activity) and axon terminals (rich 
in CO activity) are visibly segregated in this layer, even at the light microscopic level. In cresyl violet-counterstained sections (B), mtDNA signal 
was found over cell bodies as well as in presumed mossy fiber terminals. The signals for CO1 (C), COIV (D), and COVIII (E) mRNA were found 
almost exclusively over granule cell bodies, indicating that CO subunit mRNA (including mitochondrial-encoded COI) is absent or very low in 
presumed mossy fiber terminals. In contrast, mtDNA was present in the mossy fiber terminals, but was not as highly concentrated in them as was 
CO activity. Mitochondria in the mossy fiber terminals are rich in CO activity observed cytochemically at the electron microscopic level (our own 
unpublished observations). 

low CO activity but high CO1 mRNA levels included the granule 
cells of the hippocampal dentate gyrus (Fig. 9C) and the granule 
cells of the cerebellum (Fig. 6C). Cell bodies with high CO 
activity, such as CA3 pyramidal cells and neurons of the deep 
cerebellar nuclei, also contained high levels of CO1 mRNA. 

The strongest correlations to CO activity and protein were 
found for mtDNA. The overall distribution of mtDNA in both 
the cerebellum (Fig. 4) and the hippocampus (Fig. 7) closely 
resembled the distributions of CO activity and protein, as did 
the fine distribution of mtDNA seen at higher magnifications 
in most subregions and cell types. For example, dentate granule 
cells were low in CO activity and mtDNA in their cell bodies 
and high in CO activity and mtDNA in their presumed dendrites 
in the dentate molecular layer (Fig. 9). Likewise, in cerebellum, 

presumed mossy fiber axon terminals were rich in both mtDNA 
and CO activity (Fig. 6). The correlations between CO activity 
and mtDNA concentration were not, however, perfect. Regional 
differences in CO activity were sometimes not reflected as dif- 
ferences in mtDNA content. In the cerebellar granule cell layer, 
for example, CO activity was much higher in synaptic glomeruli 
than in granule cell bodies, but mtDNA levels were relatively 
high in both compartments (Fig. 6). Also, the apical dendrites 
of CA3 pyramids were intensely labeled for CO activity (and 
CO1 mRNA), but were not heavily labeled for mtDNA (Figs. 
7, 8). These disparities between the CO and mtDNA patterns 
suggest that CO activity may not always be proportional to 
mtDNA copy number, though we emphasize that in most cases 
CO activity did reflect mtDNA content. 
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Figure 7. CO activity, CO amount, mtDNA, and CO subunit mRNA in the hippocampus. As in the cerebellum, CO activity (A) is low in white 
matter (wm) and high in gray matter (see also Hevner and Wong-Riley, 1989). In the dentate gyms (DG), granule cell bodies are low in CO activity 
(arrowhead), and the molecular layer is high in CO activity. Higher CO activity levels are found in the outer portion of the dentate molecular layer 
(double asterisk) than in the inner portion (single asterisk). In region CA3 of the hippocampus, pyramidal cells are rich in CO activity, as are 
bundles of their apical dendrites (arrows; identified by electron microscopy; Kageyama and Wong-Riley, 1982) that ascend through the otherwise 
lightly CO-reactive stratum lucidum. In region CAI, there is a prominent band of high CO activity in the molecular layer (m). The subiculum 
(SUB) has moderate levels of CO activity. The presubiculum (Prs) is darkly CO stained in its principal cell layer (p). Each of these features of 
CO activity is also seen in the distribution of CO amount as shown by immunohistochemical staining for CO (B). The section in B was not from 
the same block as the other sections shown. The pattern of mtDNA distribution (C) was similar to that of CO activity and amount; note especially 
the molecular layer of CAl, the pyramidal cell layer of CA3, the dentate molecular layer, and the principal cell layer of the presubiculum. The 
distribution of CO1 mRNA (0) in some ways resembled that of CO activity and amount (e.g., in the intense labeling of CA3 pyramidal cells and 
their apical dendrite bundles), but showed more intense labeling of cell bodies; note, for example, the dentate granule cell somata. The COIV (E) 
and COVIII (F) mRNAs were detected exclusively in neuronal somata and proximal dendrites. C-F show emulsion autoradiograms photographed 
with dark-field optics. 
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Regulation of mtDNA and CO subunit mRNA levels by 
neural functional activity 
Regulation of CO was studied in the primary visual cortex (area 
17) of adult macaque monkeys. Monocular TTX treatment was 
used to block impulse activity from one eye for 3-7 d and thus 
induce decreases in CO activity and protein in cortical ocular 
dominance columns corresponding to the treated eye (Wong- 
Riley and Carroll, 1984; Hevner and Wong-Riley, 1990). In the 
normal visual cortex, mtDNA and CO subunit mRNA levels 
varied by cortical layer, but within layers were constant across 
the cortical extent, except for variations in the levels of mtDNA 
and CO1 in layers 2 and 3 that correlated with CO-rich puff and 
CO-poor interpuff regions (shown for CO1 in Fig. 10). In cortex 
from TTX-treated animals, levels of mtDNA and of all three 
subunit mRNAs were decreased in the same ocular dominance 
columns that had low CO activity (shown for CO1 in Fig. 10). 
The changes in mtDNA and CO subunit mRNA, and in CO 
activity, were greatest in layer 4, which primarily receives af- 
ferent input from the lateral geniculate nucleus. 

Summary of results 
Our results may be summarized as follows: (1) neurons con- 
tained more mtDNA and CO subunit mRNA than did glia; (2) 
the local concentration of mtDNA was closely, but not perfectly, 
related to CO activity; (3) mitochondrial-encoded CO1 mRNA 
was not proportional to mtDNA, but was relatively enriched in 
cell bodies and proximal dendrites and relatively depleted from 
axon terminal regions; (4) nuclear-encoded COIV and COVIII 
mRNAs were detected only in cell bodies and proximal den- 
drites and were strongly correlated with each other; and (5) 
regulation of CO activity by neural functional activity was as- 
sociated with regulation of mtDNA content and with regulation 
of both nuclear- and mitochondrial-encoded CO subunit mRNA 
levels. 

Discussion 
In neurons, CO biosynthesis and regulation involve not only 
coordination between the nuclear and mitochondrial genomes, 
but also control over the local activity of the enzyme in each 
intraneuronal compartment. Previously, we showed that the 
local activity of CO in neurons largely or entirely reflects the 
distribution ofC0 protein (Hevner and Wong-Riley, 1989,199O). 
In the present study, we found that the distributions of mtDNA, 
of mitochondrial-encoded CO subunit mRNA, of nuclear-en- 
coded CO subunit mRNA, and of CO activity and protein are 
distinct, with varying degrees of similarity to each other. What 
are the implications of these results regarding mechanisms of 
CO biosynthesis and regulation? 

c 
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CO subunit isoforms and pseudogenes 
Isoforms (Kadenbach et al., 1987) and pseudogenes (e.g., Bach- 
man et al., 1987; Lomax et al., 1990) have been demonstrated 
for some CO subunits in some species. The possibility that 
monkey isoforms and pseudogenes might influence our results 
was considered. If isoforms were present, our probes might not 
recognize all mRNA species encoding a subunit and thus might 
show only a partial picture of the total subunit mRNA distri- 
bution. However, our Northern blots suggested that only one 
isoform was present for the subunits (I, IV, and VIII) we studied. 
Only one size of each subunit mRNA was detected in both brain 
and heart (Fig. 2A). Other studies have also indicated that pri- 
mate brain contains only one mRNA size each for subunits IV 
(Zeviani et al., 1987) and VIII (Rizzuto et al., 1989). Also, 
Kamimura et al. (1989) detected no CO1 mRNA in human 
cytoplasmic RNA (macaque was not tested), indicating that all 
CO1 transcripts were mitochondrial and did not come from the 
nucleus, where the genes for isoforms of this mitochondrial- 
encoded subunit would necessarily be located. 

Pseudogenes would have affected our experiments to detect 
mtDNA only if the pseudogenes included CO1 sequences, be- 
cause our probe for mtDNA was entirely from the CO1 gene. 
Pseudogenes including CO1 sequences have been found in hu- 
man nuclear DNA (Kamimura et al., 1989) the closest species 
to macaque that has been studied. Also, Kristensen and Prydz 
(1986) reported the presence of intact mtDNA in nuclei from 
human cells. If CO1 pseudogene or nuclear mtDNA sequences 
were detected in our in situ hybridization experiments, their 
signals would be localized to nuclei. However, mtDNA signal 
in our experiments was often lowest in nuclei and cell bodies, 
and higher in neuropil (e.g., in the dentate gyrus). Furthermore, 
our Southern blots showed that the major signai in total brain 
DNA corresponded to authentic mtDNA (Fig. 2B). Our data 
thus indicate that, though it is possible that CO1 genes or pseu- 
dogenes hybridized with probe for mtDNA, the signal from 
these nuclear sequences was insignificant relative to the high 
copy number signal from authentic, mitochondrial mtDNA. 

CO assembly and distribution 
Genes for 10 of 13 CO subunits are found only in the nucleus, 
and not throughout the neuron like mitochondrial subunit genes. 
The nuclear-encoded subunits could be distributed to com- 
partments distant from the nucleus by pre- and/or posttransla- 
tional mechanisms. Pretranslationally, mRNA could be trans- 
ported into processes and then translated into protein. 
Alternatively, by a posttranslational mechanism, nuclear-en- 
coded proteins could be translated from mRNA in the cell body 
and then transported to other compartments, either before or 

Figure 8. CO activity, mtDNA, and CO subunit mRNA in region CA3 of the hippocampus. The principal neurons of this region, the CA3 
pyramidal cells, are found in stratum pyramidale (SP). They are rich in CO activity (A), though this was more evident in Figure 7; the pattern of 
CO activity was partially obscured by freezing artifact in SP of the section shown here. Their apical dendrites (AD) were grouped into bundles that 
were rich in CO compared to other elements of the stratum lucidum (SL). The moderate to high levels of CO activity in the stratum oriens (SO), 
stratum radiatum (SR), and stratum moleculare (SM) likewise were due to CO mainly in dendrites of the CA3 pyramidal cells passing through 
these layers (see Kageyama and Wang-Riley, 1982). mtDNA (B) was somewhat concentrated in the somata of CA3 pyramidal cells, but the proximal 
apical dendrites of ihese cells were not outlined by signal for mtDNA. In contrast, the CA3 pyramidal cell apical dendrites (AD) in SL were clearly 
labeled for CO1 mRNA (Cl. as were the somata of those cells in SP. COIV (D) and COVIII CE) mRNAs were. as in other reaions. found onlv in 

\ II 

neuronal cell bodies, mostly in SP but also in other layers (arrowheads). The diagram at right (h indicates the distributions of C6 activity, mtDI?A, 
and CO subunit mRNAs in a CA3 pyramidal cell based on the data in this figure and on the assumption that all of these markers were, like CO 
activity (Kageyama and Wang-Riley, 1982), located primarily in CA3 pyramidal cell elements and not in other tissue elements [diagram modified 
from Kageyama and Wang-Riley (1982)]. B-E, emulsion autoradiograms photographed with dark-field optics. a, axon. 
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Figure 10. Regulation of mRNA encoding CO1 by functional activity in the macaque visual system. In normal area 17, CO activity (A) and CO1 
mRNA levels (B) are essentially constant within a cortical layer, except in layers 2 and 3 where the puffs or blobs (arrowheads in A and B) contain 
more CO activity and CO1 mRNA than the interpuff regions. The puffs were also enriched for mtDNA, but not for mRNA encoding COIV or 
COVIII (data not shown). In cortex from animals treated monocularly with TTX for 7 d (C and D) or 3 d (E and F), CO activity (C, E) and CO1 
mRNA levels (0, F) were normal in ocular dominance columns corresponding to the untreated eye (arrows in C and D, arrowheads in E and F) 
and decreased in columns corresponding to the treated eye. Similar results were obtained for mtDNA, and mRNA encoding COIV and COVIII 
(not shown). Cortical layers are indicated in A and E (numbers). The adjacent sections in E and F were cut tangential to the cortical surface to 
show the striped pattern of ocular dominance bands in layer 4c of the cortex after TTX treatment, while the other sections shown were cut 
perpendicular to the cortical surface and pass through all cortical layers. Bright-field optics were used for A, C, and E, and dark-field optics for B, 
D, and F. piu, pia mater; wm, white matter. 

after incorporation into mitochondria. The posttranslational 
model is consistent with observations that the cell body and 
proximal dendrites contain most of the ribosomes in the neuron 
and are the main sites of protein synthesis. However, pretransla- 
tional models cannot be ruled out on this basis, because ribo- 
somes are also found (in lower numbers) in dendrites (Steward 
and Falk, 1986), and mRNA transport into dendrites has been 
documented for some mRNAs (Gamer et al., 1988; Burgin et 
al., 1990). Our results support the posttranslational model for 
distribution of nuclear-encoded CO subunits, because the 
mRNAs for COIV and COVIII were localized mainly or exclu- 
sively in the cell bodies and proximal dendrites of neurons, not 
in axons or dendrites beyond the most proximal segments. 

We cannot determine from our results whether newly syn- 
thesized nuclear-encoded polypeptides are transported to pro- 
cesses before or after incorporation into mitochondtia. Pulse- 
chase studies of mitochondrial protein uptake in yeast cells (Reid 

and Schatz, 1982; Reid et al., 1982), in chicken embryo fibro- 
blasts (Jaussi et al., 1982), and in rat hepatocytes (Moti et al., 
198 1) have indicated that mitochondrial proteins are imported 
into mitochondria rapidly, within l-2 min of synthesis. In neu- 
rons, import this rapid would allow little time for transport prior 
to incorporation, and proteins would be imported primarily by 
mitochondria in the cell body. To determine experimentally if 
import occurs in the cell body, one could make use of the fact 
that most nuclear-encoded mitochondrial proteins initially con- 
tain presequences that are proteolytically removed upon import 
(Attardi and Schatz, 1988). If mitochondrial protein import 
occurs only in the soma, and if presequence cleavage and deg- 
radation are not slow, then presequences should be found only 
in cell bodies. Presequences could be localized by immuno- 
histochemistry. 

Because mitochondria are located throughout the neuron and 
contain their own genetic apparatus, we initially hypothesized 

c 

Figure 9. CO activity, mtDNA, and CO subunit mRNA in the dentate gyrus. The principal cells of this region are the granule cells found in the 
granule cell layer (CC). The somata of these cells were low in CO activity (A) and mtDNA (B), but contained high concentrations of CO1 (C), 
COIV (D), and COVIII (E) mRNAs. In the molecular layer, which contains few somata and comprises mostly neuropil, CO activity and mtDNA 
levels were moderate in the inner portion (MOL,) and high in the outer portion (MOL,). The level of mitochondrial-encoded CO1 mRNA was 
moderate throughout the molecular layer, indicating the likely presence of CO1 mRNA in granule cell dendrites, which have most of the CO activity 
in the molecular layer (Kageyama and Wong-Riley, 1982). COIV and COVIII mRNA were not detected in the molecular layer (the grains in this 
layer being at background level for these probes), except for their presence in occasional neuronal cell bodies in that layer (arrow in E). D shows 
a region of the dentate gyrus that was thinner than in the other sections shown; an area of slide without tissue is visible at the fur right. Note that 
the background was higher over tissue than over slide without tissue. The diagram at right (fl summarizes the distributions of CO activity, mtDNA, 
and CO subunit mRNAs in dentate granule cells based on the data shown here and on the assumption that all of these markers are, like CO activity 
(Kageyama and Wong-Riley, 1982) mostly found in granule cell elements [diagram modified from Kageyama and Wong-Riley (1982)]. B-E, 
emulsion autoradiograms photographed using dark-field optics. a, axon. 
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Figure II. Model for synthesis, assembly, and distribution of CO in neurons. The model presents implications based on results regarding the 
distributions of mtDNA and CO subunit mRNAs, as well as postulated mechanisms to explain the mRNA and mtDNA distributions. Postulated 
mechanisms include the rapid transport of mitochondria along microtubules and the stimulation of mtDNA transcription by nuclear-encoded 
factors synthesized mainly in the soma. A, Mitochondria are transported along microtubules (mt) to the cell body (I). The mRNAs for nuclear- 
encoded CO subunits (nut-CO) and other nuclear-encoded mitochondrial proteins, such as the mitochondrial transcription factors (nut-TFmit), 
are expressed in the cell body (2). (The distributions ofnuclear-encoded mRNAs for mitochondrial gene expression proteins have not been determined 
experimentally, but are proposed to be mainly in cell bodies, like COIV and COVIII mRNAs.) Following translation (3), the nuclear-encoded 
mitochondrial proteins are imported into the mitochondria (4). The nuclear-encoded mitochondrial transcription factors bind to the mtDNA and 
stimulate mtDNA gene expression in the cell body (5). B, Stimulation of mtDNA gene expression leads to transcription (6) and translation (7) of 
the mRNAs for mitochondrial-encoded CO subunits (mit-CO) and other mitochondrial gene products. The mitochondrial-encoded proteins are 
inserted into the inner mitochondrial membrane (8). Assembly of CO holoenzyme (CO-holo) occurs by binding of nuclear- and mitochondrial- 
encoded CO subunits in the inner mitochondrial membrane (9). Expression of mitochondrial genes and assembly of CO holoenzyme continue as 
mitochondria are transported away from the cell body (IO), until the mitochondrial mRNAs, and the proteins stimulating mitochondrial gene 
expression, are degraded. 

that CO1 mRNA might also be found throughout the neuron, 
with a distribution similar to that of mtDNA or CO activity 
and protein. However, CO1 mRNA was not well correlated with 
mtDNA or CO activity and protein, nor was CO1 mRNA well 
correlated with COIV and COVIII mRNA. Instead, CO1 mRNA 
showed a unique distribution that was generally high in cell 
bodies, lower in dendrites, and very low or nil in axon terminals. 
This may indicate that factors encoded in the nucleus stimulated 
CO1 gene expression mainly in cell bodies, and to a lesser degree 
in dendrites. This explanation seems reasonable because most 
mitochondrial gene expression proteins, including mitochon- 
drial RNA polymerase (Kelly et al., 1986; Masters et al., 1987) 
and mitochondtial transcription factor 1 (Fisher et al., 1989), 
are encoded in nuclear genes (Attardi and Schatz, 1988). These 
nuclear-encoded proteins may be present at highest concentra- 
tions in cell bodies, if they are (like COIV and COVIII) syn- 

thesized in the soma, and turn over somewhat rapidly. This 
hypothesis could be tested experimentally using immunohis- 
tochemistry and in situ hybridization to localize nuclear-encod- 
ed proteins for mitochondrial gene expression and their mRNAs. 

Our data suggest that most CO holoenzyme assembly prob- 
ably occurs in the cell body, because most CO subunit synthesis 
occurs there. However, a significant amount of CO1 mRNA is 
found in dendrites. Assembly of CO holoenzyme might occur 
in dendrites if free nuclear-encoded CO subunits were available 
to combine with mitochondrial-encoded (COI, COII, COIII) 
subunit protein synthesized in dendrites. The nuclear-encoded 
subunits would be available if they were incorporated in slight 
excess of mitochondrial requirements in the cell body and re- 
mained active during mitochondrial transport into dendrites. 
This idea is consistent with the results of Mita et al. (1989), who 
found that COIV was immunohistochemically detectable at es- 
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sentially normal levels in human muscle mitochondria even 
when mitochondrial-encoded CO subunits were depleted due 
to an mtDNA mutation. Also, CO subunits in yeast can accu- 
mulate in the absence of holoenzyme assembly (Forsburg and 
Guarente, 1989). 

Our results imply that mitochondria must be periodically 
shuttled to and from the cell body region to obtain newly syn- 
thesized nuclear-encoded mitochondrial proteins. Mitochon- 
dria are transported in neurons by a mechanism involving mi- 
crotubules (Vale et al., 1985). The rate ofmitochondrial transport, 
estimated in studies of anterograde transport in rabbit retinal 
ganglion cell axons, is about 0.58 pm/set, or 5 cm/d (Lorenz 
and Willard, 1978). Mitochondrial transport thus allows for the 
relatively rapid distribution of nuclear-encoded mitochondrial 
proteins from the soma. Proteins not associated with organelles 
are transported more slowly, on the order of 1 mm/d (Vale, 
1987). Mitochondrial transport may be regulated according to 
metabolic demand, because the distribution of CO protein is 
not homogeneous within neurons (Hevner and Wong-Riley, 
1989, 1990). 

In sum, our results support the following model for CO as- 
sembly and distribution in neurons (Fig. 11). The mRNAs for 
nuclear-encoded CO subunits and for nuclear-encoded mito- 
chondrial gene expression proteins are translated in the soma. 
The newly translated polypeptides are then rapidly imported 
into mitochondria in the soma. The gene expression proteins 
stimulate synthesis of mitochondrial-encoded CO subunit 
mRNAs. The gene expression proteins and mitochondrial 
mRNAs remain active in the mitochondria as they are trans- 
ported out of the soma, but eventually turn over, depleting 
mitochondria distant from the soma of their mRNAs and gene 
expression proteins. Most CO is thus assembled in the cell body, 
but some assembly occurs in dendrites as newly synthesized 
mitochondrial-encoded subunits combine with free nuclear-en- 
coded subunits imported in excess while the mitochondria were 
in the cell body. Mitochondrial transport provides for the rapid 
distribution of nuclear-encoded mitochondrial proteins, and for 
the periodic return of mitochondria to the soma for new protein 
incorporation. 

Regulation of CO activity 

We previously showed that changes in CO activity, induced 
using the TTX paradigm in the monkey visual system, were due 
to changes in CO protein levels (Hevner and Wong-Riley, 1990). 
In the present study, we found that changes in CO protein levels 
are, in turn, related to changes in mtDNA and CO subunit 
mRNA levels. These results suggest that regulation of gene ex- 
pression and mtDNA copy number are the primary mechanisms 
of CO activity regulation in neurons. mtDNA and CO subunit 
mRNA levels are also regulated in muscle, by contractile activity 
(Williams, 1986; Williams et al., 1986, 1987; Hood et al., 1989). 

Several questions remain concerning CO gene regulation. The 
degree of coordination between the nuclear and mitochondrial 
genomes is unknown. Are changes in the levels of nuclear- and 
mitochondrial-encoded subunit mRNAs proportional, or is one 
class of mRNAs more strongly regulated? Studies of muscle have 
given conflicting answers to this question (Williams, 1986; Wil- 
liams et al., 1986, 1987; Hood et al., 1989). Also, are changes 
in mitochondrial mRNA levels due simply to changes in the 
copy number of mtDNA in mitochondria, or are transcription 
and mRNA stability also regulated? Williams (1986) has pro- 
posed that changes in mtDNA copy number are the major reg- 

ulatory event. Other investigators have emphasized the impor- 
tance of signals from the nucleus in control of mitochondrial 
gene expression (Piko and Taylor, 1987; El Meziane et al., 1989). 
Quantitative comparisons of CO activity, CO amount, mtDNA, 
and mRNA levels must be done to answer these questions. 

Mechanisms other than regulation of gene expression may 
also play a role in controlling CO activity. One possibility is 
that CO activity is regulated conformationally by ATP, though 
the physiological significance of this mechanism has not yet been 
demonstrated (Huther and Kadenbach, 1986; Bisson et al., 1987; 
Gai et al., 1988). Interestingly, we have found that the cyto- 
chemical activity of CO in neuronal mitochondria is variable: 
some mitochondria are rich in CO, and others have little CO 
activity (Kageyama and Wong-Riley, 1982; Carroll and Wong- 
Riley, 1984). What determines the CO activity of individual 
mitochondria? One possibility is that mitochondria may vary 
in their content of mtDNA, because mtDNA levels were usually 
well correlated with CO activity. Tests of this idea must await 
technical developments in methods such as electron microscopic 
in situ hybridization. 
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