THE JOURNAL OF COMPARATIVE NEUROLOGY 369:571-590 (1996)

Differential Glutamatergic Innervation
in Cytochrome Oxidase-Rich and -Poor
Regions of the Macaque Striate Cortex:
Quantitative EM Analysis of Neurons
and Neuropil

FENG NIE aAND MARGARET T.T. WONG-RILEY
Department of Cellular Biology and Anatomy, Medical College of Wisconsin,
Milwaukee, Wisconsin 53226

ABSTRACT

One of the hallmarks of the primate striate cortex is the presence of cytochrome oxidase
(CO)-rich puffs and CO-poor interpuffs in its supragranular layers. However, the neurochemi-
cal basis for their differences in metabolic activity and physiological properties is not well
understood. The goals of the present study were to determine whether CO levels in postsynaptic
neuronal compartments were correlated with the proportion of excitatory glutamate-
immunoreactive (Glu-IR) synapses they received and if Glu-IR terminals and synapses in puffs
differed from those in interpuffs. By combining CO histochemistry and postembedding Glu
immunocytochemistry on the same ultrathin sections, the simultaneous distribution of the two
markers in individual neuronal profiles was quantitatively analyzed. As a comparison, adjacent
sections were identically processed for the double labeling of CO and GABA, an inhibitory
neurotransmitter. In both puffs and interpuffs, most axon terminals forming asymmetric
synapses (84%)—Dbut not symmetric ones, which were GABA-IR—were intensely immunoreac-
tive for Glu. GABA-IR neurons received mainly Glu-IR synapses on their cell bodies, and they
had three times as many mitochondria darkly reactive for CO than Glu-rich neurons, which
received only GABA-IR axosomatic synapses. In puffs, GABA-IR neurons received a signifi-
cantly higher ratio of Glu-IR to GABA-IR axosomatic synapses and contained about twice as
many darkly CO-reactive mitochondria than those in interpuffs. There were significantly more
Glu-IR synapses and a higher ratio of Glu- to GABA-IR synapses in the neuropil of puffs than of
interpuffs. Moreover, Glu-IR axon terminals in puffs contained approximately three times more
darkly CO-reactive mitochondria than those in interpufls, suggesting that the former may be
synaptically more active. Thus, the present results are consistent with our hypothesis that the
levels of oxidative metabolism in postsynaptic neurons and neuropil are positively correlated
with the proportion of excitatory synapses they receive. Our findings also suggest that
excitatory synaptic activity may be more prominent in puffs than in interpuffs, and that the
neurochemical and synaptic differences may constitute one of the bases for physiological and
functional diversities between the two regions.  « 1996 Wiley-Liss, Ine.

Indexing terms: glutamate immunocytochemistry, CO histochemistry mitochondria, puff, interpuft

The anatomical organization of the primate striate cortex
displays highly ordered patterns in its extrinsic and intrin-
sic neural connectivity that obeys clear laminar and colum-
nar boundaries, within which neurons sharing similar
physiological properties tend to be grouped together (Hubel
and Wiesel, 1962, 1969, 1972; Lund, 1990). One of the
hallmarks of the macaque striate cortex is the presence of
regularly repeating puff-like structures (or blob) in its
supragranular layers, as revealed by cytochrome oxidase, a
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mitochondrial energy-generating enzyme (Hendrickson et
al., 1981; Horton and Hubel, 1981; Wikstrom et al., 1981;
Wong-Riley and Carroll, 1984). The intense CO activity
reflects a heightened level of neuronal activity in puffs as
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compared to the surrounding regions, the interpuffs (Living-
stone and Hubel, 1984a; Wong-Riley, 1989, 1994; DeYoe et
al., 1995). Physiologically, puffs differ from interpuffs in
their higher levels of spontaneous activity and their lack of
orientation selectivity (Livingstone and Hubel, 1984a; Ts’o
and Gilbert, 1988). Anatomically, the two regions receive
input from discrete sources and participate in different
projections, implying that the synaptic innervation to these
regions may differ (Livingstone and Hubel, 1982, 1984b;
Fitzpatrick et al., 1983). Recently, it has become increas-
ingly clear that puffs also differ chemically from interpuffs
in the distribution and levels of neurotransmitters and
their receptors (Fitzpatrick et al., 1987; Hendry et al., 1987,
1990, 1994; Kuljis and Rakic, 1989; Hendry and Carder,
1992; Carder and Hendry, 1994; Wong-Riley, 1994). These
findings suggest the need for further investigations into the
neurochemical and synaptic organization of puffs and inter-
puffs, specifically in relationship to the metabolic and
physiological diversities between the two regions. Indeed,
much of the cortical microcircuitry appears to be governed
by rules that apply to both excitatory and inhibitory
synaptic transmission (Lund, 1990; Tsumoto, 1990).

Recently, we started to address this issue by studying the
distribution of inhibitory GABAergic and nonGABAergic
synapses in puffs and interpuffs, and its relationship with
CO levels in postsynaptic neuronal compartments (Nie and
Wong-Riley, 1995). We found that CO-rich puffs received a
higher proportion of nonGABAergic synapses, which were
presumed excitatory based on their morphological features,
than CO-poor interpuffs (Gray, 1959; Uchizono, 1965;
Wong-Riley et al., 1989b; Nie and Wong-Riley, 1995). At the
cellular level, GABAergic neurons, which are consistent
with type C cells previously classified, received mainly
nonGABAergic synapses on their cell bodies and they
contained a much higher CO level than nonGABA neurons
(type A and type B cells) that received exclusively GABAer-
gic axosomatic synapses (Wong-Riley et al., 1989a, 1994;
Nie and Wong-Riley, 1995). These results strongly suggest
that the differences in metabolic levels and physiological
properties among various neuronal groups and between
puffs and interpuffs may depend on the differential synaptic
innervation they receive, as indicated by the asymmetric
distribution of inhibitory and presumed excitatory syn-
apses. However, it is still not known whether these nonGA-
BAergic presynaptic axon terminals are chemically excita-
tory.

Following the finding of a strong excitatory effect of
glutamate on cortical neurons (Curtis and Watkin, 1963;
Krnjevic and Phillis, 1963), a substantial body of evidence
suggested that glutamate was involved in cortical transmis-
sion (Baughman and Gilbert, 1980; Watkins and Evans,
1981; Storm-Mathisen et al., 1983; Fonnum, 1984; Hicks,
1987; Conti et al., 1988, 1989; Storm-Mathisen and Ot-
tersen, 1988; Montero and Wenthold, 1989; Montero, 1990).
Glutamate is transported into axonal terminals by a high-
affinity, sodium-dependent uptake system, concentrated in
synaptic vesicles, and released following depolarizing stimuli.
The reversal potentials of iontophoretically applied gluta-
mate and synaptically evoked responses were similar in the
cerebral cortex and spinal cord neurons (Balcar and Johnson,
1972; de Belleroche and Bradford, 1972; Nadler et al., 1977;
Toggenburger et al., 1982). Based on these findings, gluta-
mate is considered to be a major excitatory synaptic trans-
mitter in the CNS, acting on diverse ionotropic and second
messenger-coupled receptors (Mayer and Westbrook, 1987;
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Hollman et al., 1989; Monaghan et al., 1989; Tsumoto,
1990; Moriyoshi et al., 1991). More recently, immunohisto-
chemical studies in the macaque striate cortex at the light
microscopic level indicated that the patches of intense
glutamate immunoreactivity, largely representing pre-
sumed axon terminals, coincided with regions of CO-rich
puffs, whereas light immunostained regions matched CO-
poor interpuffs (Carder and Hendry, 1994). These results
suggest that the distribution of glutamatergic axon termi-
nals and synapses may be different between puffs and
interpuffs. However, verification of this issue will require
quantitative analysis with glutamate immunocytochemis-
try at the electron microscopic (EM) level.

The major purpose of the present study was to test the
hypothesis that the level of oxidative metabolism as re-
vealed by CO activity in postsynaptic neurons and neuropil
of puffs and interpuffs is positively correlated with the
proportion of excitatory glutamatergic synapses they re-
ceive. To reach this goal, we devised a double labeling
technique combining CO histochemistry and postembed-
ding glutamate or GABA immunocytochemistry on the
same ultrathin sections. CO activity, indicated by CO
histochemistry, served as a marker for the level of oxidative
capacity. Postembedding immunocytochemistry was used
to examine the subcellular distribution of glutamate and to
identify Glu-IR synaptic terminals in puffs and interpuffs.
Adjacent sections were equally processed by double labeling
for CO and GABA and were compared with those stained
for CO and glutamate. This novel technique is necessary in
the present study for several reasons: First, puffs and
interpufls are too small and closely spaced to be dissected
accurately without CO histochemistry; second, only the
double labeling technique can simultaneously reveal CO
and glutamate on the same section at the ultrastructural
level. By using this technique, we wished to determine
whether 1) presumed excitatory axon terminals that were
nonGABA-IR contained a high level of glutamate in puffs
and interpuffs; 2) CO levels in postsynaptic neurons were
correlated with the proportion of Glu-IR to GABA-IR
axosomatic synapses they received; and 3) Glu-IR axon
terminals and synapses in puffs differed from those in
interpuffs. A preliminary report of our findings was pre-
sented elsewhere (Nie et al., 1994).

MATERIALS AND METHODS
Animal and tissue preparation

Three adult macaque monkeys (Macaca mulatta) were
used in this experiment. Animals were deeply anesthetized
with ketamine HCI (25 mg/kg, i.m.) and sodium pentobarbi-
tal (35 mg/kg, i.p.). They were perfused via the left ventricle
with warm 0.1M sodium phosphate-buffered saline fol-
lowed by cold (4°C) fixative consisting of 2.5% paraformalde-
hyde, 1.5% glutaraldehyde, and 4% sucrose in 0.1 M sodium
phosphate buffer, pH 7.35. The brains were promptly
removed and placed in the cold fixative for 1 hour followed
by three rinses in the original buffer. For EM analysis,
60-um vibratome sections from the exposed opercular
striate cortex away from the foveal representation (but
within the central 10°) were cut in the tangential plane.
They were reacted for CO histochemistry as previously
described (Wong-Riley, 1979).

The reacted vibratome sections were viewed under a
dissecting microscope, and core samples of puffs and inter-
puffs in layer III were taken with a modified No. 25 gauge
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Fig. 1. A cytochrome oxidase (CO)-reacted vibratome section show-
ing CO-rich puffs (circle. Py and CO-poor interpuffs (circle, IP). Under a
dissecting microscope, these zones can be easily distinguished. and core
samples were taken from either puffs or interpuffs. The opposite side of

hypodermic needle. Figure 1 shows that puffs and inter-
puffs can be clearly distinguished on CO-reacted vibratome
sections. After each dissection, the opposite side of the
section was checked to ensure that the entire core sample
was taken only from either a puff or an interpuff. Any
sample crossing over both regions was discarded to ensure
their accurate localization. The samples were postfixed for 1
hour in 1% osmium tetroxide in 0.1 M phosphate buffer
(PB), pH 7.35, at 4°C. They were washed again in PB and
dehydrated in a graded series of alcohol. The sections were
then embedded in a resin (Durcupan ACM, Fluka), and
cured for 72 hours at 56°C.

Postembedding immnocytochemistry
for glutamate

Ultrathin sections of CO-reacted puffs or interpuffs were
cut and picked up on Formvar-coated, single slot, nickel
grids for postembedding glutamate immunocytochemistry.
The following procedures of Somogyi and Soltesz (1986)
with minor modifications (Nie and Wong-Riley, 1995) were
used for postembedding glutamate immunocytochemistry.
Ultrathin sections were treated with 2% aqueous solution
of sodium metaperiodate for 20 minutes and rinsed three
times in distilled water. They were then placed in Tris (10
mM )-phosphate (10 mM)-buffered isotonic saline, pH 7.6,
containing 1% NGS (TPBS) and 0.1 % Triton X-100 for 30
min. Grids were then transferred to drops containing the
glutamate-antisera (Arnel) diluted 1:4000 in the same
TPBS buffer. The incubation time in the primary antisera
was 4 hours at room temperature (RT). Afterwards, sec-
tions were rinsed three times in TPBS and then incubated
in the secondary antibodies (goat antirabbit IgG conjugated

each section was also checked to insure that the entire core sample was
confined to either a puff or an interpuff, and any sample crossing over
both regions was discarded. Scale bar = 100 pm.

to 15 nm colloidal gold, Amersham) diluted 1:25 in TPBS,
pH 8.2, for 1 hour at RT. After rinses in TPBS and distilled
water, the sections were stained with alcoholic uranyl
acetate and lead citrate, rinsed again, air-dried, and viewed
under the electron microscope. To evaluate the specificity of
this antisera, sections were processed in the same way as
described above, except that primary antisera were omitted
or preadsorbed with the glutamate-glutaraldehyde-BSA
conjugate. In both controls, glutamate-like immunoreactiv-
ity was completely abolished. To determine whether gluta-
mate colocalizes with GABA, serial adjacent sections were
processed for GABA immunocytochemistry (GABA antise-
rum was kindly provided by Dr. Somogyi) following the
procedure as previously described (Hodgson et al., 1985;
Somogyi and Soltesz, 1986; Nie and Wong-Riley, 1995).

Quantitative analysis at the EM level

Extensive EM quantitative analyses were performed on
double-labeled samples of puffs and interpuffs from the
three animals. All samples were treated identically to
minimize technical variation. A two-dimensional measure-
ment method, as described in our previous studies, was
used in the present study for data collection and analysis
(Wong-Riley et al., 1989a,b, 1994; Nie and Wong-Riley,
1995). Two assumptions were made with this approach:
First, the distribution and orientation of all sampled cle-
ments within puffs and interpuffs were random; and sec-
ond, the effects of fixation and tissue processing did not
vary with region or with profile size.

Quantitative measurement of glutamate immunoreactiv-
ity To determine whether the differences in glutamate
immunoreactivity in different tissue compartments were
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statistically significant, we measured the surface density of
gold particles over cellular profiles identified on the basis of
their fine structural features. Random samples of the
neuropil from puffs and interpuffs were analyzed in photo-
graphs taken at x16,750. Generally, 8-10 nonoverlapping
micrographs were taken from each puff or interpuff. Each
micrograph sampled approximately 100 um? of tissue com-
prising roughly 570 profiles. We have analyzed 120 such
neuropil micrographs from puffs and 120 from interpuffs,
totalling 12,000 pm? from each of the two regions. The
neuropil profiles in which the density of gold particles was
calculated were 1) axon terminals that contained presynap-
tic round vesicles and gave rise to asymmetric synapses—
these were termed axon terminals forming asymmetric
synapses or AA (Wong-Riley et al., 1989b); 2) axon termi-
nals that contained flattened vesicles and made symmetric
synapses—these were called axon terminals forming sym-
metric synapses or AS (Wong-Riley et al., 1989b); 3)
randomly selected dendrites, including dendritic shafts and
dendritic spines; and 4) glial processes usually containing
glial filaments. Adjacent sections processed for GABA immu-
nocytochemistry were used to determine the level of gluta-
mate in GABAergic profiles. Cross-sectional areas of indi-
vidual profiles were computed using a Calcomp 9000
digitizing tablet interfaced with an advanced digital micro-
computer. Gold particles over different neuropil profiles,
including those over mitochondria, were counted and ex-
pressed as the number of particles per um? of each profile
type. Aggregates of two or more gold particles were counted
as one. To prevent overestimation of particle density, those
over plasma membrane were not counted. For the analysis
of cells, electron micrographs were prepared of all cells
found in 18 samples from three animals (9 from puffs, 9
from interpuffs). Cells were classified as type A, B, or C
neurons, or glial cells based on our previous criteria (Wong-
Riley et al., 1989a, 1994). A total of 356 cells from puffs and
360 from interpuffs were analyzed following the same
procedures described above.

Glutamate-IR axon terminals and synapses The nu-
merical density, morphological feature, and postsynaptic
targets of Glu-IR axon terminals and synapses in puffs and
interpuffs were analyzed and compared: 1) Presynaptic
axon terminals were considered Glu-IR if the density of
Glu-IR gold particles over them was at least three times
greater than that over nearby neuropil profiles. This quan-
titative criteria is based on studies using a similar approach
in which the bouton to tissue gold particle density ratio is
usually 2-5 times higher for glutamate-positive boutons
than for other cellular compartments in several regions of
the CNS (Somogyi et al., 1986; Ottersen, 1989a,b). Adjacent
sections labeled for GABA were analyzed and compared to
determine if Glu-IR and GABA-IR axon terminals were
colocalized. As a result, we failed to find any axon terminal
that was simultaneously immunoreactive for both Glu and
GABA, but we did find a small proportion of asymmetric
terminals that was not immunoreactive either for Glu or
for GABA. The cross-sectional areas of glutamate-IR axon
terminals from each region were digitized and computer-
recorded. The mean size and numerical density of these
terminals were also analyzed. 2) Glu-IR synapse was identi-
fied if it originated from a presynaptic axon terminal that
was Glu-IR. Glu-IR, nonGlu-IR, and GABA-IR synapses
were compared with two morphologically different types,
symmetric and asymmetric ones (Colonnier, 1968). The
mean lengths of glutamate-IR synapses in puffs and inter-
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puffs were measured. The numerical densities of Glu-IR
synapses and the ratio of Glu-IR to GABA-IR synapses in
the neuropil of puffs and interpuffs were compared. 3) The
postsynaptic neurons targeted by Glu-IR and/or GABA-IR
synapses were identified as type A, type B (both are
nonGABA-IR), and GABA-IR type C neurons (Wong-Riley
et al,, 1989a, 1994; Nie and Wong-Riley, 1995), and they
were further classified into Glu-rich and Glu-poor neurons
based on the criteria that Glu-IR gold particle density over
Glu-rich neurons was at least two times higher than that
over Glu-poor ones. The numerical density and ratio of
Glu-IR and GABA-IR axosomatic synapses that each type of
neurons received were analyzed. The postsynaptic dendritic
elements targeted by Glu-IR synapses in the neuropil were
classified as dendritic shafts and dendritic spines, as de-
scribed above. These profiles were compared in puffs and
interpuffs.

Mitochondria and CO activity Every detectable mito-
chondrion within each neuron and axon terminal from
sampled regions of puffs and interpuffs was digitized and
computer-recorded as to its area and degree of CO reactivity
(dark, moderate, and light). As previously defined (Wong-
Riley et al., 1989a,b), darkly reactive mitochondria pos-
sessed reaction product covering more than 50% of the
outer surface of the inner mitochondria membrane and
filling the intracristate space. Moderately reactive ones
exhibited a moderate amount of reaction product that filled
less than 50% of the inner mitochondrial membrane.
Lightly reactive ones had little or no detectable reaction
product. Based on the above criteria, areal density and CO
activity of mitochondria in different profiles were compared
between puffs and interpuffs.

Statistical analysis Parametric statistics (Student’s
t-test and analysis of variance) were used to analyze the
numerical density and areal distribution of profiles. Nonpar-
ametric statistics (chi-square) were used for frequency
analysis. Means were reported + standard errors. A P value
of 0.05 or less was considered significant.

RESULTS

Selective distribution of glutamate
immunoreactivity

In sections from the neuropil of puffs and interpuffs
doubly labeled by CO and glutamate, the distribution of
Glu-IR gold particles was distinctly different over various
profiles (Figs. 2—4). Presynaptic axonal terminals that had
intense Glu-IR labeling were generally linked with asymmet-
ric Gray’s type I synaptic specializations (Figs. 2, 3A, 4).
Small, clear, and round vesicles often clustered near the
presynaptic membrane of the synaptic contact in this type
of axon terminals. By contrast, sparse gold particles ap-
peared randomly distributed over other profiles, including
axon terminals forming symmetric synapses, glial pro-
cesses, and many dendrites. Quantitative analysis (Table 1)
indicated that the density of gold particles was significantly
higher in presynaptic axon terminals that made asymmet-
ric synapses (AA terminals) than those forming symmetric
synapses (AS terminals), glial processes, and dendrites that
were randomly examined (P < 0.001, in all cases). Den-
drites contained significantly higher gold particle den-
sity than AS terminals (P < 0.01) and glial processes
(P < 0.001).

In both puffs and interpuffs, 84% of terminals forming
asymmetric synapses contained 3—-10 times higher gold
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Fig. 2. Electron micrographs of the neuropil in a puff (A) and an
interpuff (B) doubly labeled with CO and glutamate. Axon terminals
with a high density of gold particles are identified as glutamate-
immunoreactive (Glu-IR). The Glu-IR axon terminals (asterisks) in
both puffs and interpuffs give rise to only asymmetric synapses
(arrowheads) which target dendritic shafts or spines. The axon termi-
nals forming symmetric synapses (arrows) contain very few gold
particles, and are classified as nonGlu-IR symmetric axon terminals.

particle density than the other neuropil profiles. Based on
the criteria described earlier, we identified them as Glu-IR
presynaptic axon terminals (Figs. 2, 3A, 4). A small propor-

These nonGlu-IR terminals linked to symmetric synapses usually
contain more darkly and moderately CO-reactive mitochondria than
Glu-IR ones. In our electron micrographs, dark, moderate and lightly
CO-reactive mitochondria were indicated by shorter solid, half open,
and open arrows, respectively. In B, the terminal forming an asymmet-
ric synapse (curved arrow) shows only minimal immunostaining for
glutamate and is classified as a nonGlu-IR asymmetric axon terminal.
Scale Bar = 0.5 um.

tion (16% ) of AA terminals, however, contained relatively
low levels of glutamate that were only slightly higher than
or close to those in the other nonGlu-IR profiles (Figs. 2,
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Fig. 3. Adjacent sections from a puff doubly labeled for CO and
glutamate (A) or for CO and GABA (B). A: Glu-IR axon terminals
(asterisks) give rise to asymmetric synapses (arrowheads). A nonGlu-IR
axon terminal forms three symmetric synapses (arrows) and contains
two darkly CO-reactive mitochondria. A small nonGlu-IR axon termi
nal also gives rise to an asymmetric synapse (curved arrow). B: The

3A). Thus, we classified them as nonGlu-IR terminals
forming asymmetric synapses. Serial sections alternately
stained for either GABA or glutamate were examined to
determine if axons with low levels of glutamate were
GABA-IR, or if the two markers were colocalized in the
same terminals (Figs. 3, 7-9). Results showed that presyn-
aptic axon terminals can be divided into three major types:
1) axon terminals forming symmetric synapses that showed
intense staining for glutamate but did not stain for GABA;
2) axon terminals forming asymmetric synapses with a
moderate or low level of glutamate immunoreactivity but
without staining for GABA; and 3) almost all axon termi-
nals forming symmetric synapses, which only showed very
low levels of staining for glutamate, were clearly GABA-

adjacent section immunostained for CO and GABA shows that: (1) all
Glu-IR axon terminals (arrowheads; are nonGABA-IR; (2} a nonGlu-IR
terminal forming an asymmetric synapse (curved arrow) is also non-
GABA-IR; and (3) a nonGlu IR axon terminal {star} which forms three
symmetric synapses (arrows) is intensely immunoreactive for GABA.
Scale bar = 0.5 um.

immunoreactive (Figs. 3, 7-9). The lack of colocalization
with GABA indicates that the distributions of glutamate
and GABA in presynaptic axon terminals are completely
separable. Thus, in the neuropil of both puffs and inter-
puffs, most of axon terminals forming asymmetric synapses
were glutamate-immunoreactive, while nearly all of termi-
nals forming symmetric synapses were GABAergic.

Glutamatergic axonal terminals and synapses
in puffs versus interpuffs

As shown in a recent light microscopic study of the
monkey visual cortex, immunoreactivity of glutamatergic
terminals was particularly prominent in CO-rich puffs of
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Fig. 4. Neuropil from a puff (A) and an interpuff (B) doubly labeled  (stars). The Glu-IR terminals (asterisks) in puffs contain more darkly
with CO and glutamate. In both regions, Glu-IR axon terminals and moderately CO-reactive mitochondria than those in interpuffs.
(asterisks) give rise to asymmetric synapses (arrowheads), while sym-  Note also that there are only few gold particles on a glial process (G) in
metric synapses (arrows) originate from nonGlu-TR axon terminals  B. Scale bar = 0.5 um.



578

TABLE 1. Comparisons of Glutamate Immunoreactivity in the Analyzed
Neuropil Components Between Puffs and Interpuffs

Mean gold
Profile particles per  Profiles Statistical
types wm? = SEM N comparisons
Puffs
AA terminals' 87.46 2 3.41 1978 AA
Dendrites 24,67 + 234 836 <0.001 Den.
AS terminals? (GABA-IR» 11.68 = 0.53 1074 <0.001 <0.01 AS
Glial processes 4.28 + 0.35 226 <0.001 <0.001 <0.01
Interpuffs
AA terminals 83.85 + 3.89 1651 AA
Dendrites 26.63 = 2.17 786 <0.001 Den.
AS terminals (GABA-IR) 12.54 + 0.69 974 <0.001 <0.01 AS
Glial processes 4.69 = 0.15 217 <0.001 <0001 <001

!Axon terminals that make asymmetric synapses.
?Axon terminals that make symmetric synapses.

TABLE 2. Comparisons of Glutamate-IR Axon Terminals Between the
Neuropil of Puffs and Interpuffs!

Statistical
Puffs Interpuffs comparisons
Numerical density (NJ per 100
wm? of neuropil 36.14 = 2.2 2333+ 14 P < 0.001
Mean size tum?*! 0.31 £ 0.04 0.24 + 0.03 P <0.05
Areal density (um? per 100 um?
of neuropil 11.07 £ 0.43 571 = 021 P < 0.001

'A total of 4,423 Glu-IR profiles from 12,000 pm? of neuropil in puffs and 2,774 profiles
from an equivalent area of interpuffs were measured.

laminae II and III (Carder and Hendry, 1994). However, it
would be difficult at the light microscopic level to determine
if the difference in the staining pattern was caused by an
increase in the numerical density and/or a greater mean
size of Glu-IR terminals. To answer this question, the
numerical density and cross-sectional areas of Glu-IR axon
terminals in the neuropil from both puffs and interpuffs
were measured and compared (Figs. 2—4). Table 2 shows
that both the numerical density and mean size of Glu-IR
axonal terminals were significantly greater in puffs than in
interpuffs. Thus, both increased mean number and size of
Glu-IR axonal terminals can contribute to their greater
areal density in puffs.

Our results also showed that Glu-IR terminals in puffs
appeared to contain more CO-reactive mitochondria than
those in interpuffs (Figs. 2—-4). To test whether the differ-
ence is significant, we measured the areal distribution and
CO activity of mitochondria in these terminals between the
two regions. Quantitative analysis (Fig. 5) indicated that
the areal density of mitochondria in Glu-IR axon terminals
in puffs were greater than that in interpuffs (P < 0.01).
Moreover, Glu-IR terminals in puffs contained three times
more darkly CO-reactive mitochondria than those in inter-
puffs (P < 0.001). To compare with those in GABAergic
terminals, parallel measurements were carried out in
GABA-IR terminals. Figure 5 shows that GABA-IR termi-
nals in each region contained significantly more darkly
CO-reactive mitochondria than glutamate-IR ones (P <
0.001).

To determine the characteristics of glutamate-IR syn-
apses in the neuropil of puffs and interpufls, a total of 4,732
synapses from puffs and 3184 from interpuffs were ana-
lyzed. In both regions, all glutamate-IR synapses were
asymmetric ones (Figs. 2-4). However, about 16% of asym-
metric synapses originated from presynaptic terminals that
were not intensely immunostained by glutamate (Figs. 2,
3). No synapse with symmetric features was found to be
glutamate-immunoreactive, while almost all symmetric
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synapses were GABA-IR in the two regions (Figs. 3, 7, 9).
Quantitative analysis showed that there was a higher
numerical density of glutamate-IR synapses in puffs than in
interpuffs (P < 0.001, Table 3). Table 3 also indicates that
the ratio of Glu-IR to GABA-IR synapses in puffs was
significantly higher than that in interpuffs (P < 0.01).
However, the mean lengths of glutamate-1R synapses were
not significantly different between the two regions: 0.23 *
0.04 pm in puffs versus 0.23 = 0.05 in interpuffs (P > 0.05).
To determine whether these synapses preferentially tar-
geted different neuropil elements in the two regions, post-
synaptic targets of Glu-IR synapses were also compared. In
both regions, about 72% of glutamate-IR synapses targeted
dendritic spines, 28% of them contacted dendritic shafts.

Neurons: somatic innervation and CO levels

To determine if CO levels in postsynaptic neurons were
correlated with the type and proportion of axosomatic
synapses they received and if these neurons contained
different levels of glutamate, a total of 334 neurons from
puffs and 336 from interpuffs were analyzed. Classification
of neurons into type A, type B (both are nonGABA-IR), and
GABA-IR type C neurons was based on criteria previously
described (Wong-Riley et al., 1989a, 1994; Nie and Wong-
Riley, 1995), and they were further identified as Glu-rich or
Glu-poor neurons based on their glutamate levels.

Glu-rich, type A, neurons (Fig. 6) This type of neurons
was relatively small but abundant, which comprised about
59% of the neuronal population (Wong-Riley et al., 1989a,
1994). Their thin rim of cytoplasm contained only a few
organelles, including a small number of mitochondria, most
of which were only lightly reactive for CO in both puffs and
interpuffs (Figs. 6, 11). They were strongly immunoreactive
for glutamate (Figs. 6, 7a; Table 4), but consistently not
immunoreactive for GABA (Fig. 7d). Moreover, these Glu-
rich type A neurons received exclusively symmetric, nonGlu-
IR, axosomatic synapses (Figs. 6, 7a). Adjacent sections
stained by GABA antibodies confirmed that these non-
Glu-IR synapses (Fig. 7a) were GABA-immunoreactive
(Fig. 7d), consistent with our previous findings (Nie and
Wong-Riley, 1995). Thus, type A neurons in both puffs and
interpuffs possessed the following major characteristics: 1)
small size with varying shapes, probably including both
small pyramidal and nonpyramidal neurons; 2) immunocy-
tochemically rich in glutamate but lacked GABA in their
cytoplasm; 3) contained relatively few mitochondria, nearly
all with very low levels of CO activity; and 4) received only
GABA-IR axosomatic synapses.

Glu-rich, type B, neurons (Fig. 6) These were medium
and large pyramidal neurons in puffs and interpuffs (Wong-
Riley et al., 1989a, 1994). They contained a wealth of
organelles, and their mitochondria were more densely
packed than those in type A cells. Mitochondria in these
neurons were mainly lightly and moderately reactive for
CO in both regions (Figs. 6, 11). They contained a high level
of glutamate, but lacked GABA immunoreactivity in their
cytoplasm (Figs. 6, 7; Table 4). Like type A cells, they also
received only GABA-IR synapses on their somata (Fig. 7e,f).
Thus, type B cells were large, pyramidal, glutamate-rich
neurons, which received only inhibitory GABA-IR axoso-
matic synapses and contained mainly low to moderate levels
of CO activity.

GABA-IR, but Glu-poor, type C neurons (Figs. 8, 9)
They were the medium-sized, highly CO-reactive nonpyra-
midal neurons (Wong-Riley et al., 1989a, 1994). Neuro-
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Fig. 5. Areal distribution of mitochondria in Glu-IR and GABA-IR
axon terminals per 100 pm? of terminal area. Data are presented as
mean values = S.E.M. The Glu-IR axon terminals in puffs (A) contain
three times more darkly CO-reactive mitochondria than those in

TABLE 3. Comparisons of Glu-IR, GABA-IR, and Non-Glu-IR/Non-GABA-
IR Synapses in the Neuropil of Puffs and Interpuffs!

Synapses Puffs Interpuffs Statistical
per 100 pm? com-
neuropil AA? AS?H AA AS parisons
Glu-IR 2427 x 1.32 — 15.13 = 0.84 — P < 0.001
GABA-IR — 10.11 = 0.72 —_ 832=+051 P <005
non-Glu-IR 462 x 0.25 — 2.72 = 0.16 — P < 0.001
non- — 0.40 + 0.02 — 0.33+0.14 P <005
GABA-IR
Ratio of Glu- 241 = 0.11 1.81 = 0.08 P < 0.01
GABA-IR

"Total count of synapses: 4,732 from puffs and 3,184 from interpuffs.
“8ynapses from asymmetric axon terminals.
‘Synapses from symmetric axon terminals.

chemically, these cells were clearly immunoreactive for
GABA (Figs. 8, 9), confirming our previous findings (Nie
and Wong-Riley, 1995). However, these GABA-IR type C
neurons contained a level of glutamate that was 50% lower
than those in Glu-rich type A and type B neurons (Figs. 8, 9;
Table 4). Their cytoplasm was richly supplied with organ-
elles, including several perinuclear Golgi complexes, rough
endoplasmic reticulum in thin strands and short stacks,
free ribosomes, microtubules, and neurofilaments. In both
puffs (Fig. 8) and interpuffs (Fig. 9), they contained abun-
dant mitochondria that were mainly darkly and moderately
reactive for CO. Moreover, these GABA-IR type C neurons
received both Glu-IR and GABA-IR synapses on their cell
bodies (Figs, 8-9). Quantitative analysis (Fig. 11) indicated
that this type of neurons contained three times more darkly

interpuffs (B) (P < 0.001). The GABA-IR axon terminals (C and D} in
both regions contain a greater proportion of darkly CO-reactive mito-
chondria than Glu-IR terminals (A and B) (P 0.001).

CO-reactive mitochondria than Glu-rich type A or type B
neurons, which received only GABA-IR synapses in both
regions (P < 0.001). Our results also showed that GABA-IR
type C neurons in puffs possessed more darkly CO-reactive
mitochondria than those in interpuffs (P <0.001, Fig. 11).
In puffs, this type of neurons received significantly more
Glu-IR synapses on their somata than those in interpuffs:
10.54 = 0.32 versus 6.21 = 0.28 per 100 pm perikaryal
perimeter in puffs and interpuffs, respectively (P < 0.001).
In addition, the ratio of Glu-IR to GABA-IR axosomatic
synapses targeting GABAergic neurons in puffs was also
significantly higher than that in interpuffs (2.06 = 0.05 vs.
1.35 = 0.04, P < 0.01).

In order to determine whether the levels of glutamate
were different between neurons and glial cells, we measured
the density of gold particles immunostained by glutamate
over the cytoplasm of glial cells. Quantitative analysis
indicated that glial cells consistently contained a much
lower level of glutamate than neurons (Fig. 10; Table 4).

DISCUSSION

‘By combining CO histochemistry and postembedding
glutamate immunocytochemistry on the same ultrathin
sections, we have tested the hypothesis that the capacity for
oxidative metabolism in postsynaptic neurons and neuropil
of puffs and interpuffs is positively correlated with the
proportion of excitatory Glu-IR synapses they receive. The
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Fig. 6. An electron micrograph of two Glu-rich neurons from a puff
doubly labeled with CO and glutamate. The two neurons have a much
higher density of immunogold labeling than the nearby neuropil. The
upper neuron has the features of small, type A cells described previ-
ously (Wong-Riley et al., 1989a). Its thin rim of cytoplasm contains very
few organelles, including mitochondria that are mostly lightly reactive

following findings support our hypothesis: 1) Most pre-
sumed excitatory axon terminals (84% of asymmetric ones)
in both puffs and interpuffs were intensely immunoreactive

for CO. The lower neuron is consistent with type B pyramidal cells as
classified previously (Wong-Riley et al., 1989a). It contains mainly
lightly and some moderately CO-reactive mitochondria. The two types
of neurons receive exclusively nonGlu-IR symmetric synapses on their
cell bodies (arrows). The three axosomatic synapses (a—c) contacting the
two neurons are magnified in Figure 7. Scale bar = 1 um.

for glutamate, indicating that glutamate might be used as
their major excitatory neurotransmitter. 2) GABA-IR neu-
rons received mainly Glu-IR axosomatic synapses and had a



Fig. 7. A higher magnification of three axosomatic synapses (a— in
Fig. 6 contacting the two Glu-rich neurons. Adjacent sections were
doubly labeled with CO and glutamate (a—e), or with CO and GABA
(d-f). In Glu-stained sections (a—c), there is a higher density of gold
particles in the cytoplasm of the two neurons than the nearby neuropil.
The two Glu-rich neurons contain mainly lightly CO-reactive mitochon-
dria. Note that the three axosomatic synapses {arrows) that Glu-rich
neurons receive are symmetric synapses and originate from nonGlu-IR

axon terminals, which contain mainly darkly and moderately CO-
reactive mitochondria. Adjacent GABA-reacted sections (d—f) show that
these three nonGlu-IR terminals are intensely immunoreactive for
GABA, while the cytoplasm of the two neurons is not immunoreactive
for GABA. Note also that the two Glu-IR axon terminals in the neuropil
of a and ¢ (asterisks) give rise to asymmetric synapses {arrowheads),
and adjacent sections (d and f) show that they are nonGABA-IR. Scale
bar = 0.5 pm.
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TABLE 4. Comparisons of Glutamate Immunoreactivity in the Analyzed
Cells Between Puffs and Interpuffs

Mean gold

Cell particles per  Cells
types wm? = SEM N! Statistical comparisons
Pufts

Type A 44.61 + 2.96 194 Type A

Type B 4774 + 2.79 58 NS Type B

Type C iGABA-IRI 18.16 + 1.06 82 <0.001 <0.001  TypeC

Glial 6.53 + 0.41 22 <0.001 <0.001 <0.001
Interpuffs

Type A 43.12 + 2.46 189 Type A

Type B 46.38 = 2.10 62 NS Type B

Type C (GABA-IR) 17.64 = 1.27 85 <0.001 <0001  TypeC

Glial 5.47 = 0.38 24 <0.001 <0.001 <0.001

'For each cell analyzed, 10 randomly selected cytoplasmic regions, each with 1 pm? of
area, were used to measure the density of gold particles.

higher level of CO activity than Glu-rich (nonGABA-IR)
neurons, which received only inhibitory GABA-IR synapses
on their cell bodies. 3) CO-rich puffs received more Glu-IR
synapses and a higher ratio of Glu- to GABA-IR synapses
than CO-poor interpuffs. Moreover, Glu-IR axon terminals
in puffs contained three times as many CO-reactive mito-
chondria than those in interpuffs, suggesting that the
former may be functionally more active.

Glutamate as a major synaptic transmitter
in puffs and interpuffs

With double labeling of CO and glutamate at the EM
level, both the ultrastructure and CO activity of brain
samples were well preserved. Thus, it enabled us to com-
pare morphological features and metabolic differences in
the tissue with confidence. Moreover, postembedding gluta-
mate immunocytochemistry provided a necessary and opti-
mal means for quantifying the subcellular distribution of
glutamate immunoreactivity and for identifying Glu-IR
presynaptic axon terminals (Somogyi et al., 1986; Storm-
Mathisen and Ottersen, 1988; Ottersen, 1989a,b). It has
been reported that the number of immunogold particles per
unit area derived from the sections containing osmium-
treated glutamate conjugates was proportional to the con-
centration of fixed glutamate (Ottersen, 1989b). The speci-
ficity of this antibody in the present study was verified by
the complete abolishment of immunoreactivity by preadsorp-
tion with glutamate. Thus, the relative level of glutamate
immunoreactivity represents the relative amount of gluta-
mate in various profiles. Since glutamate is an amino acid
that acts at two major, well-recognized levels in neuronal
functions: neurotransmitter pool and metabolic pool (Fon-
num, 1984; Erecinska and Silver, 1990), one of the most
important issues to be addressed is the presence of gluta-
mate in all cells, where it is necessary for cellular metabo-
lism. Indeed, glutamate is metabolically involved in protein
synthesis as an amino acid, in citric acid cycle as an
intermediate metabolite, and in GABA synthesis as its
precursor (Fonnum, 1984; Erecinska and Silver, 1990).

One of the criteria for a neurochemical to be a functional
neurotransmitter is its highly selective distribution in
certain presynaptic axon terminals (Fonnum, 1984; Somo-
gyi et al., 1986; Tsumoto, 1990). The present study indi-
cates that there is a significantly higher content of gluta-
mate in axon terminals forming asymmetric synapses than
in GABAergic terminals, dendrites, and glial processes,
consistent with previous studies (Somogyi et al., 1986;
Montero and Wenthold, 1989; Ottersen, 1989a,b; Montero,
1990; van den Pol et al., 1990). Our interpretation, on the
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one hand, is that a low level of glutamate with relatively
uniform distribution in all cellular profiles represents its
various metabolic functions (Hertz, 1979; Erecinska and
Silver, 1990). However, a much lower level of glutamate in
GABAergic terminals and glial processes, as compared to
those in the other profiles, might result from a rapid
conversion of glutamate to GABA by the action of gluta-
mate decarboxylase in GABAergic terminals, and of gluta-
mate to glutamine via glutamine synthetase in glial cells
(Erecinska and Silver, 1990). In fact, nearly all axon
terminals forming symmetric synapses with low glutamate
levels in both puffs and interpuffs are GABAergic, suggest-
ing that glutamate exists there mainly as an intermediate
metabolite rather than as a neurotransmitter (Nie and
Wong-Riley, 1995; the present study). On the other hand,
the higher level of glutamate in axon terminals forming
asymmetric synapses may represent the neurotransmitter
pool there (Somogyi et al., 1986; Tsumoto, 1990). Several
lines of evidence support this interpretation: First, the
terminals intensely labeled by glutamate have morphologi-
cal features (such as round vesicles and asymmetric syn-
apses) generally associated with excitatory neurotransmis-
sion (Gray, 1959; Uchizono, 1965; Somogyi et al., 1986; van
den Pol et al, 1990; Broman and Ottersen, 1992). In
addition, there is a strong correlation between the density
of glutamate immunogold particles and that of synaptic
vesicles in asymmetric axon terminals, but not in symmet-
ric GABAergic ones (Kharazia and Weinberg, 1994; Bro-
man and Ottersen, 1992). Second, the high level of gluta-
mate in these axons is not primarily due to its role in
general metabolism (Cotman et al., 1987; Ottersen et al.,
1990; Osen et al., 1995). After depleting the metabolic pool
of glutamate from neuronal cell bodies, these axon termi-
nals still showed a robust immunoreactivity for glutamate.
However, stimuli such as high potassium or veratridine in
the presence of calcium, which depolarized neurons and
induced the release of neurotransmitter, did cause a loss of
axonal glutamate immunoreactivity (Cotman et al., 1987,
Ottersen et al., 1990; Osen et al., 1995). Third, antagonists
for glutamate receptors can powerfully block the excitatory
actions mediated by glutamate in the visual cortex, indicat-
ing that glutamate is involved in excitatory synaptic trans-
mission in this region (Foster and Fagg, 1984; Tsumoto,
1990; Moriyoshi et al., 1991). Together with the present
results, it is likely that most axon terminals forming
asymmetric synapses use glutamate as their major neuro-
transmitter in both puffs and interpuffs. However, since a
small proportion (about 16%) of asymmetric axon terminals
contained only moderate or low levels of glutamate, we
cannot rule out the possibility that the amount of gluta-
mate as transmitter in these terminals may be below the
level of our detection, or that these terminals may use other
neurotransmitters, such as aspartate (Hicks, 1987; Ot-
tersen, 1989a; Conti, 1991).

Within puffs and interpuffs, the perikaryal labeling for
glutamate in nonGABAergic type A and type B neurons was
two times greater than that in GABAergic ones. Our results
are generally in agreement with previous studies that
pyramidal and some nonpyramidal neurons, which are
consistent with our type B and type A neurons, respectively,
were enriched in glutamate in their somata, suggesting that
these neurons may chemically belong to an excitatory
neurcnal population, and give rise to glutamatergic termi-
nals (Conti et al., 1988, 1989; Wong-Riley et al., 1989a,
1994; Carder and Hendry, 1994; Nie and Wong-Riley,



EM ANALYSIS OF CO AND GLUTAMATE IN PUFFS AND INTERPUFFS

Electron micrographs of two adjacent sections showing the
same Glu-poor neuron from a pufl that was doubly labeled by CO and
glutamate (A), or by CO and GABA (B). A: This neuron is poorly
immunostained by glutamate, and it receives an asymmetric synapse
(arrowhead) originating from an axon terminal (asterisk) which is

Fig. 8.

1995). However, it may be argued that the somatic labeling
does not necessarily reflect a transmitter pool of glutamate,
since a considerable portion of glutamate is estimated to be
involved in protein synthesis and other metabolic functions
in the perikarya (Somogyi et al., 1986; Erecinska and Silver,
1990; Ottersen et al., 1990). A recent study has demon-
strated that the granule cell bodies intensely labeled for
glutamate in the slice preparation of pig brain failed to
display the depolarization-induced decrease in glutamate
immunolabeling typical of the parallel fiber terminals (Osen
et al., 1995). This suggests that the perikarya of these
Glu-rich cells may contain a sizable pool of glutamate for
metabolic needs, and has no direct access to synaptic release
mechanisms.

Presynaptic contacts and oxidative capacity
in postsynaptic neurons

One of the striking findings that emerged from our study
is that there is a consistent correlation between the neuro-
chemical types and frequency of presynaptic contacts and
the level of oxidative metabolism as revealed by CO activity
in postsynaptic neurons. GABAergic neurons receive mainly
excitatory Glu-IR axosomatic synapses, and they contain
primarily darkly CO-reactive mitochondria. Direct depolar-
ization of somatic membrane by excitatory synapses would
place a greater energy demand on the perikarya for ATP-
dependent membrane repolarization than would hyperpolar-
ization (Ruscak and Whittam, 1967; Lowry, 1975; Duckrow
et al., 1981; Wong-Riley, 1989, 1994). Their rich supply of
darkly CO-reactive mitochondria is consistent with our
hypothesis that these neurons do need a greater oxidative
capacity for elevated levels of spontaneous and/or synapti-
cally evoked activity, mainly mediated by Glu-IR synapses.
This is further reinforced by our present findings that
GABA-IR neurons in pufls receive a greater proportion of
Glu-IR axosomatic synapses and contain more darkly CO-
reactive mitochondria than those in interpuffs. Thus, the

strongly immunoreactive for glutamate. The cytoplasm of the neuron
contains mainly darkly and moderately CO-reactive mitochondria. B:
Adjacent section shows that this neuron is GABA-immunoreactive,
while the Glu-IR axon terminal contacting it is not immunoreactive for
GABA. Scale bar = 0.5 um.

increased energy demands, as a result of strong synaptic
innervation by glutamate, in these postsynaptic neurons
could accelerate the rate of energy syntheses through
up-regulating the activity/content of energy-generating
enzymes, such as CO. The regulation of CO levels in
response to changes in energy demand due to presynaptic
activity is likely to involve two different mechanisms:
short-term and long-term regulation (Erecinska and Silver,
1989; Wong-Riley, 1994). Short-term regulation of func-
tional activity could be affected by allosteric alterations via
local changes in the ratio of ADP/ATP, pH values, and
other metabolites (Erecinska and Silver, 1989). The greater
consumption of energy subsequent to excitatory depolariza-
tion leads to a local increase in ADP/ATP ratio. Increased
ADP could signal mitochondria to cease movement, result-
ing in clustering of mitochondria in regions of high ATP
demand (Bereiter-Hahn and Voth, 1983). In addition, the
inhibition of CO activity due to the binding of ATP, as an
allosteric factor, could be relieved following an increased
ratio of ADP/ATP (Erecinska and Silver, 1989). On the
other hand, long-term regulation of CO activity could occur
at the transcriptional and translational levels by affecting
the number of functional enzyme molecules (Hevner and
Wong-Riley, 1990, 1993). Chronic depolarizing stimulation,
such as electrical excitation of muscles in rats, led to an
increased expression of mRNAs for CO accompanied by an
elevated level of CO activity (Williams et al., 1987; Hood,
1990). Physiological studies have shown that excitatory
postsynaptic potentials induced by electrical stimulation of
axons can be predominantly blocked by the addition of
glutamate receptor blockers, such as kynurenic and CNQX,
suggesting the involvement of glutamate-mediated excita-
tion (Hicks, 1987; Tsumoto, 1990; Wuarin and Dudek,
1991). Likewise, monocular deprivation of excitatory affer-
ent impulses dramatically reduces CO activity in the mon-
key striate cortex by down-regulating the expression of CO
mRNAs and proteins, particularly in GABAergic neurons
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Fig. 9. A Glu-poor neuron from an interpuff. This neuron is only
lightly immunoreactive for glutamate. Its cytoplasm contains many
mitochondria that are mainly moderately reactive for CO. This neuron
receives GGlu-IR (arrowheads) and nonGlu-IR synapse (arrow) on its cell
body. Insets a and b: Higher magnifications of axosomatic synapses
which target this neuron. In inset a, this neuron is lightly immunoreac-
tive for glutamate, and receives an asymmetric axosomatic synapse
(arrowhead) from a Glu-IR axon terminal {asterisk). The adjacent
section (a;) which was doubly labeled by CO and GABA shows that this
neuron is GABA-immunoreactive, while the Glu-IR asymmetric axon

terminal is not immunoreactive for GABA. In inset b, two asymmetric
synapses (arrowheads) from Glu-IR axon terminals (asterisks) and one
symmetric synapse (arrow) from nonGlu-IR axon terminal target this
neuron. The adjacent section (b;} doubly labeled by CO and GABA
shows that the two Glu-IR axon terminals are not immunoreactive for
GABA (arrowheads), while the nonGlu-IR axon terminal which forms a
symmetric synapse (arrow) is GABA-immunoreactive. Note that its
cytoplasm contains mitochondria with different CO-reactive levels,
including darkly, moderately, and lightly reactive ones. Scale bars = 1
wm in the neuron and 0.5 pm in insets.
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Fig. 10. Glial cells (O: oligodendrocyte; A: astrocyte) doubly labeled by CO and glutamate. These two
glial cells show very few immuno-gold particles and very low levels of CO. An axon terminal (asterisk) in the
nearby neuropil which forms an asymmetric synapse (arrowhead! is intensely immunoreactive for

glutamate. Seale Bar = 0.5 um.

{Hendry and Jones, 1986; Hevner and Wong-Riley, 1990,
1993; Nie et al., 1995). Thus, the present findings suggest
that CO-rich, GABAergic neurons do require a sustained
excitatory input, mediated mainly by glutamatergic syn-
apses, to maintain their heightened levels of oxidative
metabolism.

In contrast, Glu-rich type A and B neurons that contain
mainly lightly CO-reactive mitochondria receive exclusively
inhibitory GABA-IR synapses on their somata, where they
are generally thought to be much more efficacious in
inhibition than those farther away on distal dendrites (Rall
et al., 1967; Shepherd, 1979; Somogyi, 1989). Physiologi-
cally, GABA-mediated synaptic transmission leads to hyper-
polarization of postsynaptic neurons, and thus reduces the
response in these cells to excitatory signals from their
dendrites (Somogyi, 1989; Berman et al., 1991, 1992).
Neurons are much less excitable if they are under greater
inhibition (Somogyi, 1989) and, metabolically, repolariza-
tion subsequent to hyperpolarization mediated by GABA
synapses is mainly passive, and requires little energy
(Ruscak and Whittam, 1967; Duckrow et al., 1981; Wong-
Riley, 1989, 1994). Thus, neurons under chronic GABA
inhibition are expected to have low metabolic activity, in
agreement with our present findings.

Our results also indicate that the level of oxidative
metabolism in neurons does not bear a direct relationship
with their glutamate levels. Glu-rich neurons and axon
terminals contain much lower CO levels than GABAergic
ones, which are poor in glutamate. Thus, the level of
oxidative metabolism 1n postsynaptic neurons is not corre-
lated with the type of transmitter they contain, but rather,
are closely dependent upon the type and intensity of
innervation they receive. On the other hand, local gluta-
mate levels in neuronal compartments, especially serving as
neurotransmitters, may rely mainly on the presence of

specific mechanisms for its synthetic machinery and/or
reuptake pathway (Hertz, 1979; Fonnum, 1984; Tsumoto,
1990; Conti, 1991).

Excitatory axon terminals and synapses
in puffs versus interpuffs

Our present study demonstrates for the first time that
puffs receive significantly more Glu-IR synapses and a
greater proportion of Glu- to GABA-IR synapses than
interpuffs. This is consistent with a more intense immuno-
reactivity for glutamate, mainly in presumed labeled axon
terminals, in puffs than in interpuffs shown at the light
microscopic level (Carder and Hendry, 1994). Our results
also indicate that glutamatergic axon terminals contain
three times more darkly CO-reactive mitochondria and
have a larger mean size in puffs than those in interpuffs,
suggesting that the former may be synaptically more active.
Although the functional significance of terminal size re-
mains unclear, large terminals are associated with strong
synaptic drive (Pierce and Lewin, 1994). Metabolically, the
synthesis, synaptic release, and reuptake of glutamate have
a stringent requirement for ATP that can only be fully
satisfied by oxidative metabolism in the CNS (Natio and
Ueda, 1983, 1985; Nicholls, 1989). Moreover, most of the
energy cost in the brain can be attributed to active ion
transport not only at postsynaptic but also at presynaptic
sites, presumably to restore the ionic gradients across the
neural membranes subsequent to presynaptic electrical
activity (Ruscak and Whittam, 1967; Lowry, 1975). Studies
in insects, crustaceans, and lampreys have shown that the
firing pattern of presynaptic terminals is closely correlated
with the number and size of mitochondria there (Atwood
and Wojtowicz, 1986; Shupliakov et al., 1992). Tonically
active synapses contain a large amount of mitochondrial
material and tend to have a heightened firing rate as
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Fig. 11. Areal distribution of mitochondria per 100 um? of cyto-  ones. The Glu-rich neurons (A-D) in both regions have a significantly

plasm in Glu-rich {(type A), Glu-rich (type B), and GABA-IR (type C)
neurons from puffs (A,C,E) and from interpuffs (B,D,F). Data are
presented as mean values = S.E.M. According to their CO levels,
mitochondria were divided into dark, moderate, and lightly reactive

compared to phasically active synapses which contain a
lower amount of mitochondria (Atwood and Wojtowicz,
1986; Lnenicka et al. 1986; Shupliakov et al., 1992). These
findings suggest that the effects of firing rate in presynaptic
axon terminals determine their metabolic levels such that
the energy producing capacity is always in excess of current
demand. This notion is further supported by the finding
that changes in neuronal activity induced by retinal TTX
preceded the detectable reduction in CO activity in the
monkey striate cortex, indicating that the adjustment of CO
levels was in response to the altered presynaptic activity
(DeYoe et al., 1995). These and our present findings suggest
that more mitochondria with elevated CO levels in Glu-IR
terminals in puffs are likely to result from a higher firing

lower proportion of darkly CO-reactive mitochondria than GABA-IR
neurons {E-F) (P < 0.001). The GABA-IR neurons (E) in puffs have
more darkly CO-reactive mitochondria than those interpuffs (F) (P <
0.001).

rates in these terminals, which place a greater energy
demand there. Our present results further suggest that
puffs receive more excitatory synapses, which may also be
tonically more active, than those in interpuffs. Thus, the
correspondence between heightened spiking (spontaneous
and evoked) activity and elevated CO levels in puffs (Living-
stone and Hubel, 1984a; Wong-Riley and Carroll, 1984;
DeYoe et al., 1995) can be accounted for by the present
findings that puffs receive a dominant, excitatory drive that
is presumed to be largely responsible for maintaining
background firing rates. As a result, a greater degree of
depolarizing activity in puffs is likely to increase the energy
demands and its production through oxidative metabolism,
as indicated by a higher CO level in puffs.
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Glutamate is reported to be a major excitatory neurotrans-
mitter in the geniculocortical pathway (Ahlsen et al., 1982;
Montera and Wenthold, 1989; Montero, 1990; Tsumoto,
1990). Neuroanatomical tracing studies have shown that
pufls receive afferent input directly from the lateral genicu-
late nucleus (LGN) (Livingstone and Hubel, 1982; Fitz-
patrick et al., 1983) and are connected reciprocally to
adjacent puffs (Livingstone and Hubel, 1984b) as well as to
thin CO-rich stripes of the prestriate cortex (Livingstone
and Hubel, 1983). On the other hand, interpuffs do not
receive direct thalamic input (Livingstone and Hubel, 1982).
They are connected reciprocally to neighboring interpuffs
(Livingstone and Hubel, 1984b) and they project to CO-
poor interstripes of the prestriate cortex (Livingstone and
Hubel, 1983). Thus, specific connections of extracortical
and intracortical pathways in puffs and interpuffs may
constitute the neuroanatomical basis for such a difference
in synaptic composition and metabolic activity in presynap-
tic terminals in the two regions. For instance, Glu-IR axon
terminals in puffs, but not in interpuffs, may originate
directly from the LGN. Geniculate fibers themselves have a
very high level of spontaneous activity and are likely to
cause heightened firing rates of puff neurons (Creutzfield
and Ito, 1968; Livingstone and Hubel, 1982, 1984a; Simons
and Carvell, 1989). As consistent with electrophysiological
evidence, thalamocortical terminals in the primary visual
cortex of rats have a larger mean size and greater fraction of
mitochondria than those of cortical origin, although both
types of terminals are Glu-IR (Kharazia and Weinberg,
1994). Thus, it is likely that elevated metabolic and physi-
ological activity in puffs reflects the tonic influences of LGN
and, to a lesser extent, the tonic effects of other cortical and
subcortical inputs. However, further work is needed to
elucidate quantitative differences of Glu-IR axon terminals
from different sources to puffs and interpuffs, which can be
examined by neuroanatomical tracing methods combined
with the present approach.

Functional considerations

One of the most prominent differences in their receptive
field properties between puffs and interpuffs lies in a lack of
orientation selectivity in cells and neuropil elements of
puffs but high orientation selectivity in those of interpuffs
(Livingstone and Hubel, 1984a; Ts’o and Gilbert, 1988;
Ts’o et al., 1990). The mechanisms underlying such func-
tional diversity is unknown. An excitatory feedforward
model proposed by Hubel and Wiesel (1962) postulated that
orientation selectivity arises from an appropriate align-
ment of synaptic input from the LGN, such that geniculate
cells whose receptive fields fall along a row excite a cortical
cell. However, interpuffs with high orientation selectivity
are not found to receive direct geniculate input (Living-
stone and Hubel, 1982; Fitzpatrick et al., 1983). In addi-
tion, alternative models have invoked orientation-selective
geniculate cells (Vidyasagar, 1984, 1987; Shou and Leven-
thal, 1989). On the other hand, several lines of evidence
suggest that the intracortical inhibition mediated mainly by
GABA synaptic transmission is involved in the generation
of orientation selectivity, such as cross-orientation inhibi-
tion (Sillito et al., 1980; Sillito, 1984; Koch and Poggio,
1985; Bolz and Gilbert, 1986; Vidyasagar and Heide, 1986).
However, the absence of intracellular IPSPs during stimu-
lation in the nonoptimal orientation argue against major
contribution of intracortical inhibition for the generation of
orientation selectivity (Ferster, 1987; Ferster and Koch,
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1987; Douglas et al., 1989). Thus, no model based on either
single excitatory or inhibitory mechanism can explain the
generation of orientation selectivity in the visual cortex.
Recently, a simulation model called canonical microcircuits
suggests that the interaction of excitation and inhibition
may play an important role in establishing orientation
selectivity and other receptive field properties in the visual
cortex (Douglas et al., 1989; Douglas and Martin, 1991;
Berman et al., 1992).

Based on the present results and others, we believe that
the striking difference in receptive field properties between
puffs and interpuffs may depend on their asymmetry of
excitatory and inhibitory interactions, such as strength and
timing of each to the two regions. First, it can be assumed
that there is a stronger excitatory drive in puffs, since they
receive more Glu-IR excitatory synapses than interpuffs.
Studies on the visual cortex have suggested that the
excitatory gain of the cortex may only be modified by a
relatively weak intracortical inhibition (Douglas et al.,
1989; Douglas and Martin, 1991; Berman et al., 1992). In
the face of a strong transient excitation, the inhibitory
synaptic mechanisms failed to prevent the excitatory cur-
rent from producing action potentials, suggesting that the
strength of excitatory drive, rather than inhibitory one,
plays a dominant role in affecting target cell response
(Douglas et al., 1989; Berman et al., 1991, 1992). Further-
more, a nonspecific increase in excitability may allow a
cortical cell to respond to almost any stimulus, even the
weak, but normally subthreshold ones (Ferster and Koch,
1987; Berman et al., 1992). An increase in the excitability of
a cortical cell by intracellular application of Ce*, which
blocks K* channels and raises the membrane resistance,
can result in spikes being evoked at the nonoptimal orienta-
tion (Ferster and Lindstrom, 1983). Thus, the loss of
orientation can be accounted for, at least partially, by a
nonspecific increase in excitation of a group of cortical cells
(e.g., in puffs). In contrast, interpuffs receive relatively
weaker excitatory and stronger inhibitory influence than
puffs, and may form a basis for their higher orientation
selectivity and preference for stimuli of high spatial fre-
quency. However, further work is needed to determine how
the interaction of excitation and inhibition is quantitatively
correlated with the generation of different receptive field
properties. Second, the timing of excitation of puff neurons
to retinal stimuli is expected to be earlier than that in
interpuffs, because puffs, but not interpufls, receive direct
geniculate input which is considered as an initial driving
force for cortical excitation (Livingstone and Hubel, 1982,
Fitzpatrick et al., 1983). The excitation provided by the
thalamic afferents themselves has to be modified, because it
is out of their nonoriented, nondirectional receptive fields
that the selective cortical fields are built (Livingstone and
Hubel, 1984a; Berman et al., 1992). It has been suggested
that cross-orientation inhibition occurring at the visual
cortex requires at least a small bias, which could be
intracortically generated, to initiate further sharpening of
the orientation turning (Sillito, 1979; Worgotter and Koch,
1991). Based on features of delayed excitation and intracor-
tical connection that interpuffs have, we assume that
interpuffs may be more likely than puffs to obtain an
afferent orientation bias. Consequently, orientation turn-
ing could be strengthened substantially with the secondary
inhibitory mechanism in interpuffs. However, direct physi-
ological evidence is needed to confirm this possibility.
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In conclusion, the present results suggest that the diver-
sities in metabolic activity and physiological properties
between puffs and interpuffs may depend on an asymmetry
of excitatory and inhibitory interactions in the two regions.
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