
The Journal of Neuroscience, April 1990, lO(4): 1331-1340 

Regulation of Cytochrome Oxidase Protein Levels by Functional 
Activity in the Macaque Monkey Visual System 

Robert F. Hevner and Margaret T. T. Wong-Riley 
Department of Anatomy and Cellular Biology, Medical College of Wisconsin, Milwaukee, Wisconsin 53226 

The activity of cytochrome oxidase (CO), a mitochondrial 
enzyme of oxidative energy metabolism, is regulated by nerve 
cell functional activity. The mechanism of CO activity reg- 
ulation was studied using histochemical and immunohisto- 
chemical methods to show the distributions of CO activity 
and protein, respectively, in the macaque monkey visual 
system under normal and experimental conditions. In normal 
animals, patterns of CO activity were found to reflect un- 
derlying patterns of CO protein distribution; for example, 
puffs of high CO activity in cortical area 17 contained high 
levels of CO protein. Experimental animals were injected 
monocularly with TTX for 3-4 weeks; this treatment blocks 
retinal impulses in the injected eye and results in decreased 
CO activity in lateral geniculate laminae and striate cortical 
columns normally driven by the treated eye. The experi- 
mentally induced decreases in CO activity were also found 
to reflect underlying parallel decreases in CO protein levels. 
These results suggest that CO activity is regulated mainly 
at the level of the local amount rather than the turnover 
number of the enzyme and imply that the rates of CO syn- 
thesis and/or degradation are regulated by neural functional 
activity. 

While much progress has been made in studies of brain energy 
metabolism, relatively little is known about the biochemical 
regulation of neural energy metabolic capacity. It is known that 
the activities of several energy-metabolic enzymes are coupled 
to the functional activity of nerve cells (Dietrich et al., 1981, 
1982; Wong-Riley, 1989), but it is not known how neural func- 
tional activity signals changes in enzyme activity, or at what 
levels (transcriptional, translational, distributional, etc.) expres- 
sion of enzyme activity is regulated. These questions are im- 
portant if we are to understand how nerve cell activity and nerve 
cell energy metabolism are linked, and how defective energy 
metabolic regulation causes neurological and muscular disease 
(Morgan-Hughes, 1986). These questions are difficult to address 
in brain tissue by traditional biochemical methods, since the 
distribution of energy metabolic enzymes is nonhomogeneous 
at very local (even subcellular) levels in the brain (Dietrich et 
al., 1981, 1982; Wong-Riley, 1989). 
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We have begun investigating these questions using a mito- 
chondrial respiratory complex, cytochrome oxidase (CO; fer- 
rocytochrome c: oxygen oxidoreductase, EC 1.9.3.1; for review, 
see Kadenbach et al., 1987) as a representative energy metabolic 
enzyme. While CO is well known among neuroscientists as a 
marker for neural functional activity (Wong-Riley, 1989) it also 
serves as an excellent model for studying regulation of enzyme 
activity. CO is a key enzyme of the oxidative pathway, the major 
pathway ofbrain energy metabolism (Erecinska and Silver, 1989); 
the activity of CO is regulated by neural functional activity 
(Wong-Riley, 1989); histochemical (Wong-Riley, 1979) and im- 
munohistochemical (Hevner and Wong-Riley, 1989a) methods 
have been developed for studying CO in brain tissue; and gen- 
omit and cDNA clones encoding most mammalian CO subunits 
have been obtained and sequenced (Anderson et al., 198 1,1982; 
Bibb et al., 198 1; Lomax et al., 1984; Parimoo et al., 1984; 
Bachman et al., 1987; Suske et al., 1987; Zeviani et al., 1987, 
1988; Rizzuto et al., 1988, 1989; Schlerfet al., 1988; Goto et 
al., 1989; Taanman et al., 1989). Thus, the role of the enzyme 
is well known, regulation of its activity has been demonstrated, 
and tools are available for studying its regulation. 

We recently found (Hevner and Wong-Riley, 1989a) that local 
differences in CO activity (shown histochemically) seen in the 
normal mouse and monkey brain reflect similar local differences 
in CO protein concentration (shown immunohistochemically), 
indicating that the local activity of CO is normally determined 
mainly by enzyme protein levels, and not by modulation of the 
molecular activity of homogeneously distributed enzyme (see 
Fig. 1). This finding suggested that changes in CO activity in- 
duced by altered neural functional activity might likewise reflect 
changes in CO protein, i.e., that CO activity is regulated at the 
level of enzyme amount. 

To test this hypothesis, we injected macaque monkeys mon- 
ocularly with TTX for 34 weeks and examined their visual 
system by both CO histochemistry and CO immunohistochem- 
istry. Treatment with TTX blocks retinal impulse activity and 
causes CO activity to decline in laminae of the lateral geniculate 
nucleus (LGN) and columns ofthe primary visual (striate) cortex 
specific to the treated eye (Wong-Riley and Carroll, 1984). We 
found that CO protein levels were decreased in the same regions 
showing reduced CO activity. We also examined normal ani- 
mals and found that CO activity and amount were well corre- 
lated in the normal visual system. These results have been pre- 
sented previously in abstract form (Hevner and Wong-Riley, 
1988, 1989b). 

Materials and Methods 
Animal tissue preparation. Seven normal (Macaca fmcicularis) and 3 
TTX-treated (2 M. radiata, 1 M. fascicularis) adult male and female 
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Figure 1. Hypothetical models for cytochrome oxidase activity regu- 
lation. Two possible mechanisms of CO activity regulation, and im- 
plications of each mechanism for results of experiments, are dia- 
grammed. Different degrees of histochemical staining intensity (CO 
activity) are shown in the center; at the far right and left are shown the 
corresponding degrees of immunohistochemical staining intensity (CO 
amount) expected according to each model. The models can be used to 
explain local CO activity differences in normal tissue, or changes in CO 
activity induced by altered neural functional activity (such as following 
TTX treatment). Our results support the amount-regulated model for 
both cases. (The inactive form of CO is at present purely hypothetical; 
also, regulation of the turnover number of the enzyme could simply 
involve modulation between more and less active forms.) 

monkeys were used in this study. The normal brains came from animals 
used in an unrelated study and were generously provided to us by Drs. 
V. M. Haughton and C. Nguyen-minh. The treated animals received 
intravitreal TTX (Sigma; 19 PLg in 10 ~1 sterile water) injections in the 
left eye twice a week for 3 or 4 weeks, under acepromazine (0.8 mg/kg) 
and ketamine (40 mg/kg) anesthesia, as described previously (Wong- 
Riley and Carroll, 1984). Effectiveness of the TTX was confirmed by 
absence of the pupillary light reflex. For euthanasia, animals were deeply 
anesthetized (Na pentobarbital, 65 mg/kg i.p.) and exsanguinated. The 
eyes and brains were removed immediately and immersed in ice-cold 
4% naraformaldehvde in buffer (4% sucrose. 0.1 M Nap;. DH 7.4) with 
agitation. Prior to immersion in fixative, tge anterior p&on and the 
vitreous body were removed from the eye, and blocks of tissue were 
dissected from the brain. After 4-6 hr, the tissues were rinsed in the 
same buffer without paraformaldehyde and then cryoprotected with cold 
buffer containing increasing concentrations ( 1 O%, 20%, 30%) of sucrose. 
The tissue was equilibrated with each sucrose solution until it sank. 
Blocks of fixed tissue were frozen, sectioned at 14 pm (retina) or 20-30 
pm (LGN and cortex) on a freezing microtome, and placed in PBS (140 
mM NaCl, 2.7 mM KCl, 1.5 mM KP,, 8.1 mM Na,P,, pH 7.4) on ice 
until further processed. All samples of striate cortex came from the 
opercular surface. Blocks of cortex cut in the plane tangential to the 
surface were flattened prior to freezing and sectioning. One animal was 
perfusion-fixed (4% paraformaldehyde), but the immunohistochemical 
signal was lower, and the background higher, relative to immersion- 
fixed tissue. More recently, we have obtained good results using per- 
fusion fixation (4% naraformaldehvde. 0.1% elutaraldehvde) in exner- 
iments with cat‘thaiamus (Luo et al., i989). cur obsen&idns suggest 
that the degree of tissue fixation affects the structure of the antigen and/ 
or the penetration ofantibodies into the mitochondria, and that perfused 
tissue may be used if fixation is mild. It is possible that the thalamus 
is not as strongly fixed as the cortex during perfusion, since our results 
in the perfused monkey were better in the LGN than in the cortex. 

Histochemistry and immunohistochemistry. Alternate sections from 
each tissue block were processed for CO histochemistry (Wong-Riley, 
1979) and CO immunohistochemistry (Hevner and Wong-Riley, 1989a); 
some sections were Nissl stained (1% cresyl violet). As shown in our 

previous paper (Hevner and Wong-Riley, 1989a), the anti-CO antibod- 
ies have the following properties: the antibodies cross-react with CO 
from many mammalian species, including monkey and calf (calf brain 
CO was the immunogen); the antibodies react strongly in SDS immu- 
noblots with subunit IV of the enzyme (and also weakly with subunits 
I and II), but do not react with brain proteins other than CO; and the 
antibodies specifically label CO in immunohistochemistry, as demon- 
strated in both mouse and monkey brain by preimmune and preab- 
sorbed (with purified CO) controls. Free-floating sections were processed 
for CO immunohistochemistry exactly as described previously (Hevner 
and Wong-Riley, 1989a). Brie-fly, nonspecific binding was blocked with 
5% nonfat dry milk (Carnation) in PBS (PBS-NFDM) containing l-5% 
normal goat serum (NGS), incubated in anti-CO (IgG preparation from 
rabbit antiserum) at 1: 1000-8000 in PBS-NFDM with 5% NGS, rinsed 
with PBS, then further incubated in PBS-NFDM-5% NGS with either 
(1) HRP-conjugated goat anti-rabbit IgG (Bio-Rad blotting grade, 1: loo), 
followed by reaction with diaminobenzidine (indirect immunoperoxi- 
dase method), or (2) fluorescein-conjugated goat anti-rabbit IgG<Boeh- 
ringer Mannheim, 1: loo), followed by fluoresce&conjugated swine anti- 
goat IgG (Boehringer Mannheim, 1: 100) (indirect immunofluorescence 
method). Fluorescence was photographed on a Nikon Optiphot equipped 
with epifluorescence optics and appropriate filters for fluorescein. Sec- 
tions stained histochemically or by the indirect immunoperoxidase 
method were illuminated with blue light (Kodak Wratten No. 47 gelatin 
filter) for black and white photography. 

Optical densitometry. Densitometric measurements were made on a 
Zeiss microscope fitted with a Zeiss PI-2 photometer and illuminated 
with a tungsten lamp. All sections used for densitometry were cut in 
the plane tangential to the cortical surface. Circular apertures were used 
to screen puff and interpuff regions of normal cortex (30~pm-thick sec- 
tions, 70-pm-diameter regions) and dark and light (staining intensity) 
ocular dominance columns in cortex from TTX-treated animals (20- 
pm-thick sections, 150~pm-diameter regions). In each section, 25 re- 
gions of each type were sampled. Only adjacent histochemically and 
immunohistochemically stained sections were used for analysis. Means 
and standard deviations were normalized to yield a relative optical 
density of 1 .OO in interpuffs (in normal cortex) or in dark ocular dom- 
inance columns (in experimental cortex) for each section. 

Results 
The retina, LGN, and striate cortex of 7 normal and 3 TTX- 
treated macaques were examined by CO histochemistry and CO 
immunohistochemistry. At the dosage given, TTX does not 
block axoplasmic transport (Wong-Riley and Riley, 1983; Ric- 
cio and Matthews, 1985), nor does TTX (0.2 mM) inhibit the 
activity of CO in vitro (results not shown). 

Results were similar among animals within the normal group 
and within the TTX-treated group; results from both groups are 
presented together by region to clearly show the effects of TTX 
treatment. The patterns of CO histochemical staining have been 
described previously for both normal (Horton and Hubel, 198 1; 
Horton, 1984; Kageyama and Wong-Riley, 1984) and TTX- 
treated (Wong-Riley and Carroll, 1984) macaques, but are also 
shown here for comparison with immunohistochemical staining 
patterns. 

Retina 
CO histochemistry (Fig. 2A) and immunohistochemistry (Fig. 
2B) of the normal retina showed a strong correlation between 
CO activity and amount. Regions reactive by both methods 
included the photoreceptor inner segments, the cone pedicles, 
the outer and inner plexiform layers, some horizontal cells and 
ganglion cells, and unmyelinated portions of the optic nerve 
fibers. Preimmune control sections (Fig. 2C) showed only a low- 
level background, confirming the immunohistochemical spec- 
ificity. 

TTX treatment had mild but parallel effects on retinal CO 
activity (Fig. 20) and protein (Fig. 2E) levels. Slight decreases 
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Figure 2. Cytochrome oxidase activity and amount in normal and experimental retina. A-C, Normal retina; D and E, retina from TTX-treated 
eye. The sections were processed as indicated in each panel. The sections in B and C came from central retina; other sections came from peripheral 
retina. The pigmented epithelium is missing from the section in B. Note the similarity of the histochemical and immunohistochemical staining 
patterns in both the normal and experimental retinas. Note also the low level of nonspecific background seen in the preimmune stained section. 
In B, sublaminae a and b of the inner plexiform layer, which are separated by a lightly reactive zone, are marked; also marked (arrowheads) are 
darkly stained neurons in the inner nuclear layer, which are probably displaced ganglion cells (Kageyama and Wong-Riley, 1984). In D and E, 
darkly reactive cone pedicles are visible (arrowheads). ON, Optic nerve fiber layer; CCL, ganglion cell layer; ZPL, inner plexiform layer; ZNL, inner 
nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; ZS, photoreceptor inner segments; OS, photoreceptor outer segments; PE, 
pigmented epithelium. 

in CO amount and activity were seen in optic nerve fibers, in 
some ganglion cells, and in the inner plexiform layer, but the 
overall patterns of CO staining remained essentially normal. 
Since action potentials in the retina are found only in ganglion 
cells and some amacrine cells (Werblin and Dowling, 1969), it 
is not surprising that treatment with TTX (which acts to block 
the ion channels mediating Na+ action potentials) had little 
impact on CO in most retinal cells. 

Lateral geniculate nucleus 
The normal macaque LGN comprises 6 cellular laminae sep- 
arated by zones of white matter (Fig. 3A). In the normal LGN, 
CO histochemistry (Fig. 3C) and immunohistochemistry (Fig. 
30) showed similar patterns, with the cellular laminae being 
darkly reactive throughout the neuropil and in many cell bodies. 
Even small intralaminar variations in CO were similar histo- 
chemically and immunohistochemically; for example, in the 

adjacent sections shown in Figure 3, relatively dark reactivity 
was seen in the superior and medial portions of lamina 6, and 
in lamina 3, by both histochemistry (Fig. 3C) and immunohisto- 
chemistry (Fig. 30). Preimmune immunohistochemical con- 
trols showed only background staining (Fig. 3B). 

TTX-treated animals showed marked reductions in CO ac- 
tivity (Fig. 3E) and amount (Fig. 30 in LGN laminae inner- 
vated by the treated retina. The LGN shown in Figure 3, E and 
F, was ipsilateral to the treated retina and had low CO levels 
in laminae 2,3, and 5 (which are driven by the ipsilateral retina; 
laminae 1, 4, and 6 are driven by the contralateral retina). The 
differences between laminae were more pronounced histochem- 
ically than immunohistochemically, due to the higher contrast 
of the histochemical method (Hevner and Wong-Riley, 1989a). 
Effects on CO were more striking in the ipsilateral than in the 
contralateral LGN, this difference was also noted previously by 
Wong-Riley and Carroll (1984) in their histochemical study. 
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Figure 3. Cytochrome oxidase activity and amount in normal and experimental LGN. A-U, Normal LGN, E and F, LGN from TTX-treated 
animal. The sections from the normal and the TTX-treated animals came from different anteroposterior positions in the nucleus. Sections were 
stained as follows: A, cresyl violet; B, preimmune serum; C and E, CO histochemistry; D and F, CO immunohistochemistry. Adjacent sections 
are shown in C and D, and in E and F. In A, the cellular laminae are marked 1-6. Note in C and D the parallel intralaminar variations in staining 
intensity seen histochemically and immunohistochemically; e.g., the superior-medial portion of lamina 6 is darkest stained by both methods. In 
E and F, note that laminae 2, 3, and 5 are relatively pale; these laminae received their input from the TTX-treated eye. Z, Inferior; L, lateral; M, 
medial; S, superior. 

Primary visual cortex 
The striate cortex was especially interesting for purposes of the 
present study because the CO histochemical pattern in this re- 
gion has many distinctive features, most notably the supra- 
granular “puffs” (Carroll and Wong-Riley, 1984), also known 
as “patches” (Horton and Hubel, 198 1; Horton, 1984) or “blobs” 
(Livingstone and Hubel, 1988). The puffs are zones of high CO 
activity in cortical layers 2 and 3 that, despite their high levels 
of CO activity relative to interpuff regions, appear histologically 
identical to interpuff regions in a simple Nissl stain. We were 
interested to see if the concentration of CO protein differed 
between puffs and interpuffs, or if CO protein was, like the 
density of Nissl staining, equally concentrated in puffs and in- 
terpuffs (implying the presence of a more active form of CO in 
the puffs). 

A Nissl stain of the normal cortex is shown in Figure 4A. 
Staining of adjacent normal sections by CO histochemistry (Fig. 

4B) and immunohistochemistry (Fig. 4C) revealed that the puffs 
were enriched in CO protein as well as activity. The correspon- 
dence between histochemically and immunohistochemically 
stained puffs was observed both in sections cut perpendicular 
(Fig. 4, B, C) and in sections cut tangential (Figs. 5, A, B; 6, A, 
B) to the cortical surface. In addition to the puffs, other features 
of the histochemical and immunohistochemical patterns also 
generally matched as well. Layer 4A, which is noted for its 
broken, beaded pattern of CO histochemical staining in cross- 
section and its reticulated pattern of staining in tangential sec- 
tion, was stained immunohistochemically with those same pat- 
terns in both planes of section (Figs. 4, B, C, 6, A, B). Preimmune 
controls showed no specific staining (Figs. 40, K’). One differ- 
ence between the two staining methods was that sometimes a 
few more cell bodies were labeled immunohistochemically than 
histochemically (cf. Fig. 4, B, C’). This methodological difference 
was observed and discussed by us previously (Hevner and Wong- 
Riley, 1989a). Another apparent difference was that layers 1 and 
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Figure 4. Cytochrome oxidase activity and amount in normal and experimental striate cortex: sections perpendicular to the cortical surface. A- 
D, Normal cortex; E and F, cortex from TTX-treated animal. Sections were stained as follows: A, cresyl violet; B and E, CO histochemistry; D, 
preimmune serum; C and F, CO immunohistochemistry. Adjacent sections are shown in A-D, and in E and F. Layers of the cortex are identified 
in B. Note the exact alignment between puffs stained histochemically and immunohistochemically in the normal cortex (arrowheads in B and c); 
no corresponding variations in cell numerical density are visible in A. The dark and light ocular dominance columns in the experimental cortex 
are likewise precisely aligned. 

6 of the cortex were sometimes more intensely stained immu- 
nohistochemically than histochemically (Fig. 4, B, C), but such 
differences were not seen consistently (Figs. 5 and 6) and, in 
layer 1, might have been due to edge effects. 

In TTX-treated animals, decreased levels of CO protein (Figs. 
4F, 5E, 60) were observed in the same columns or stripes of 
cortex in which CO activity was reduced (Figs. 4E, 5D, 6C). 
The columns or stripes of low CO activity and protein concen- 
tration corresponded to classical ocular dominance columns 
normally driven by the treated eye (Wong-Riley and Carroll, 
1984). The decreases in CO protein (and activity) were most 
prominent in layer 4C, but were also visible in layers 2, 3, 4A, 
5, and 6. Throughout the cortical thickness, changes in CO 
activity were invariably accompanied by (and were thus at least 
partially due to) parallel changes in CO protein content; this 

was best shown in tangential sections through different cortical 
layers (Figs. 5 and 6). 

Densitometric analyses 
We further evaluated the histochemical and immunohistochem- 
ical results quantitatively by optical densitometry of cortical 
tangential sections (Table 1). To obtain estimates of the degree 
of CO activity and protein enrichment in puffs, puff and interpuff 
optical densities were read in histochemically and immuno- 
histochemically stained tangential sections of normal cortex. Puffs 
stained histochemically were 32% darker than interpuffs, while 
puffs stained immunohistochemically were 19% darker than 
interpuffs. In both cases, staining differences between puffs and 
interpuffs were significant (p < 0.001). 

To estimate the magnitude of the declines in CO activity and 





protein induced by TTX treatment, the optical densities of dark 
and light columns in cortical layer 4C were read in sections from 
TTX-treated animals. Light-column (low in CO) staining den- 
sity was 20% decreased relative to dark-column (high in CO) 
staining density in histochemically stained sections; in immu- 
nohistochemically stained sections, the decrease was 2 1%. Dif- 
ferences between light- and dark-column staining densities were 
significant (p < 0.00 1) by both methods. Thus, the densitometric 
data yielded similar values for declines in CO activity and amount 
following TTX treatment, but somewhat different values for the 
degree of enrichment of CO activity and protein in the puffs. 
However, the relationships between optical density and CO 
amount or activity were not necessarily linear, nor did they 
necessarily follow parallel curves; convenient methods for eval- 
uating these relationships were not available. 

Discussion 
It has long been known that the activities of CO (Wong-Riley 
et al., 1978; Wong-Riley, 1989) and other energy metabolic 
enzymes (Dietrich et al., 198 1, 1982) are regulated by neural 
functional activity. In the present study, we have shown that 
CO activity is regulated mainly at the level of amount rather 
than molecular activity (Fig. l), at least over the time periods 
examined (3-4 weeks). Local differences in CO activity were 
uniformly found to reflect parallel differences in CO protein 
concentration in the present study, and in our previous study 
(Hevner and Wong-Riley, 1989a). [An alternative interpretation 
is that modulation of the molecular activity of the enzyme alters 
its immunoreactivity; for reasons discussed previously (Hevner 
and Wong-Riley, 1989a), this possibility seems unlikely.] 

It is possible that the molecular activity of CO is regulated 
jointly with the amount of CO, but we have found no evidence 
to favor this possibility, nor has evidence of molecular activity 
regulation come from biochemical studies. [It has, however, 
been hypothesized that the metabolic flux through CO may be 
regulated conformationally by ATP effects on the K,,, for cyto- 
chrome c (Huther and Kadenbach, 1986; Bisson et al., 1987; 
Gai et al., 1988).] Our densitometric results roughly indicated 
that CO activity and protein content were directly related, but 
we were not able to establish that optical density and CO activity 
or amount were necessarily linear in these experiments. Fur- 
thermore, the histochemical method generally shows more con- 
trast in staining intensity (Hevner and Wong-Riley, 1989a) and 
lower background staining than the immunohistochemical 
method. 

Cytochrome oxidase is not unique in being amount-regulated 
by nerve cell activity; levels of other molecules important to 
brain function are also activity-dependent. The list of such mol- 
ecules includes GABA (Hendry and Jones, 1988), tachykinin 
(Hendry et al., 1988), and calmodulin-dependent protein kinase 
(Hendry and Kennedy, 1986). These other molecules have no 
direct role in oxidative energy metabolism, but instead are in- 
volved in more specialized functions of the nervous system such 
as synaptic transmission. Hendry and Jones (1988) also showed 

+ 
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Table 1. Optical densitometry of CO histochemical and 
immunohistochemical staining in normal and experimental striate 
cortex 

Cortical layer, 
treatment, 
and region 

Normal layer 2 and 3 

Relative optical density (mean + SD) 
Immunohisto- 

Histochemistry chemistry 

Interpuff 1.00 * 0.05 
Puff 1.32 f 0.04 

TTX-treated (4 week) layer 4C 

1.00 * 0.04 
1.19 * 0.04 

Dark column 1.00 + 0.04 1.00 + 0.08 
Light column 0.80 k 0.02 0.79 + 0.08 

All sections were cut tangential to the cortical surface. Adjacent histochemically 
and immunohistochemically stained sections (normal and experimental) were used 
for densitometry. Densitomenic readings were normalized to yield interpuff (normal 
cortex) or dark column (experimental cortex) densities of 1.00. For each region, 
25 readings were taken. All puiUin/interpuff and dark-columtight-column differences 
within a section were significant 0, < 0.001, Student’s t test, 2-tailed). Optical 
density may not be linearly proportional to CO activity or amount. 

that cell death does not follow TTX treatment in protocols such 
as the one used in the present study, and thus cannot account 
for altered levels of molecules. While it is important to know 
that levels of various molecules are affected by nerve cell activ- 
ity, we attach more significance in the present study to the 
implications for oxidative metabolic regulation than to the ob- 
servation that levels of yet another molecule are activity-de- 
pendent. 

While the activities of oxidative pathway enzymes other than 
CO are known to be regulated by neural functional activity 
(Dietrich et al., 198 1, 1982), the biochemical basis (amount 
regulation or molecular activity regulation) for the activity 
changes was not determined in previous studies. It is reasonable 
to suppose that other energy-metabolic enzymes, especially oth- 
er mitochondrial enzymes, are also amount-regulated. This hy- 
pothesis is supported by studies done in our laboratory, which 
have shown that the fraction of tissue volume occupied by mi- 
tochondria decreases in visual cortical puffs specific to injected- 
eye columns following monocular TTX treatment (Wong-Riley 
et al., 1989a, b). Similar correlations between changes in oxi- 
dative enzyme activities and mitochondrial volume fraction 
have been observed in skeletal muscle following contractile 
stimulation (Schwerzmann et al., 1989). 

The finding that CO activity is regulated at the level of amount 
further implies that the rates of CO synthesis and/or degradation 
are regulated. Further investigation of the mechanisms of syn- 
thetic or degradative rate regulation will be difficult, since in 
general the processes of mitochondrial biogenesis and break- 
down (and their regulation) are as yet poorly understood (Lu- 
zikov, 1985). The most rapid progress is likely to come in in- 
vestigating regulation of CO gene expression, since genomic and 
cDNA clones encoding most of the 13 subunits of mammalian 
CO (of which 3 are encoded in the mitochondrial genome and 

Figure 5. Cytochrome oxidase activity and amount in normal and experimental striate cortex: sections tangential to the cortical surface. A-C, 
Normal cortex; D and E, cortex from TTX-treated animal. Sections were stained as indicated in each panel. The sections shown in A-C, and in 
D and E, were adjacent. Layers of the cortex are indicated by numbers in A and D. The inset in B shows a section of cortical layers 2 and 3 stained 
by indirect immunofluorescence. In the normal cortex, the puffs of layers 2 and 3 (visible as dark spots, or as light spots in the immunofluorescence 
micrograph), and the reticulated pattern of layer 4A, form closely matched patterns histochemically and immunohistochemically. In the experimental 
cortex, ocular dominance stripes are visible in layers 4C and 6 (arrowheads in D and E) by both histochemistry and immunohistochemistry. 
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Figure 6. Cytochrome oxidase activity and amount in normal and experimental striate cortex: layers 2-4a. A and B, Normal cortex; C and D, 
cortex from TTX-treated animal. Sections were stained as indicated in each panel. Adjacent sections are shown in A and B, and in C and D. In 
the normal cortex, immunohistochemically stained puffs lie in exact register with histochemically stained puffs, as shown by reference to major 
blood vessels (urrowheuds in A and B). Layer 4a (labeled in A) is displaced between panels A and B because it is no thicker than the sections (30 
am). In the experimental cortex, note the alternating rows of small, pale puffs and large, dark puffs, visible both histochemically and immuno- 
histochemically. Layer 4a (arrowheads in C and D) is broken into ocular dominance columns in the cortex from the TTX-treated animal. 
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10 in the nuclear genome, making CO a “bigenomic” enzyme) 
have recently been isolated and sequenced (Anderson et al., 
1981, 1982; Bibb et al., 1981; Lomax et al., 1984; Parimoo et 
al., 1984; Bachman et al., 1987; Suske et al., 1987; Zeviani et 
al., 1987, 1988; Rizzuto et al., 1988, 1989; Schlerfet al., 1988; 
Goto et al., 1989; Taanman et al., 1989). Studies of CO gene 
expression in skeletal muscle have generally shown that CO 
mRNA levels, and mitochondrial DNA levels, are regulated by 
cellular functional activity (Williams, 1986; Williams et al., 1986, 
1987; Hood et al., 1989). 

The technique of in situ hybridization should prove useful in 
future studies of CO gene expression in the nervous system, 
where the spatial distribution of molecules is as important as 
their overall levels. Of major interest will be the question of 
how mitochondrial and nuclear gene expression are coordinated 
in time and space (especially since mitochondrial genes may be 
scattered throughout the neuron, while nuclear genes are found 
only in the soma). Studies of skeletal muscle have produced 
conflicting results on the question of nuclear-mitochondrial co- 
ordination, indicating that levels of nuclear and mitochondrial 
mRNAs are (Hood et al., 1989) or are not (Williams et al., 1987) 
coordinately regulated. 

The finding that CO activity is regulated at the level of amount 
suggests that the response time of the system may be rather 
slow, on the order of the half-life for enzyme degradation 
(Schimke and Doyle, 1970), which is approximately 7-10 d in 
viva at least in the rat liver (Ip et al., 1974). The time course 
for CO activity change is indeed rather slow in most experi- 
ments; changes in CO activity are usually observed over periods 
of days to weeks (reviewed by Wong-Riley, 1989). Experimen- 
tally induced changes in CO activity have, however, been ob- 
served after only 8 hr (Mawe and Gershon, 1986). In future 
studies, it will be important to determine if immunohistochem- 
ical changes occur as rapidly as histochemical changes, especially 
soon after TTX treatment or other functional manipulation. 
Such studies will indicate if changes in CO activity can always 
be attributed to changes in CO amount, or if regulation of the 
turnover number occurs during early stages of functional ad- 
justment and is followed by regulation of the amount of the 
enzyme. 
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