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lmmunocytochemical methods were used to localize tachy- 
kinin-like immunoreactivity within neurons of the monkey 
cerebral cortex. Three primary antibodies were used: poly- 
clonal antisera raised against fragments of substance P and 
substance K that excluded the carboxyl termini of these 
peptides, and a monoclonal antibody that recognized the 
carboxyl terminus of the tachykinin family. Each antibody 
stained 2 populations of cortical nonpyramidal neurons: (1) 
A small number of large, intensely stained cells that give 
rise to long, coarsely beaded processes; (2) a relatively large 
number of small, lightly stained cells that are embedded in 
dense plexuses of stained punctate profiles. The large, dark 
cells are present in a superficial band that includes layers 
II and Ill, and in a deep band that includes layer VI and the 
subjacent white matter. The smaller, pale cells are present 
in the middle layers of cortex (layers IV and/or V). Colocal- 
ization studies indicate that virtually all the small tachykinin- 
immunoreactive neurons also display GABA immunoreactiv- 
ity. The larger cells are not GABA-positive, but display both 
somatostatin-like and neuropeptide Y-like immunoreactivity. 

The immunocytochemically stained beaded processes and 
punctate profiles form plexuses that vary in density and 
laminar distribution among different areas of monkey cortex. 
The coarsely beaded processes form a basic quadrilaminar 
pattern, with relatively dense plexuses in layers I and VI and 
in 2 middle layers, usually Ill and V. However, this pattern 
varies considerably from area to area. 

Electron microscopically, the large cells contain a rich col- 
lection of cytoplasmic organelles, particularly Golgi com- 
plex, while the small cells contain relatively few organelles. 
Both types of cells, including large neurons in the white 
matter, receive symmetric and asymmetric synaptic con- 
tacts on their somata and proximal dendrites. The numbers 
of these axosomatic contacts are low. Virtually all synaptic 
contacts formed by immunoreactive terminals possess sym- 
metric membrane thickenings. In 2 areas examined in detail 
(areas 2 and 4), pyramidal cell somata and dendrites are the 
major targets of the immunoreactive synaptic terminals. 
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Until recently, very few neurons of the mammalian cerebral 
cortex were thought to contain members of the tachykinin fam- 
ily of neuropeptides. Low levels of one tachykinin, substance P 
(SP), were detected biochemically or by radioimmunoassay in 
the cerebral cortex of certain species (Brownstein et al., 1976; 
Kanazawa and Jessell, 1976), but because of the small numbers 
of cortical somata displaying SP-like immunoreactivity (Ljung- 
dahl et al., 1978; Inagaki et al., 1982) these levels had been 
attributed to the presence of SP in afferent fibers (Cue110 and 
Kanazawa, 1978; Paxinos et al., 1978) that originate from so- 
mata in the dorsal tegmentum of the pons (Sakanaka et al., 
1983). Immunoreactivity for other known mammalian tachy- 
kinins, such as neuromedin K’(also known as neurokinin B and 
neurokinin beta) and substance K (SK; also known as neurokinin 
A, neurokinin alpha, and neuromedin L), has not been dem- 
onstrated in the cerebral cortex. 

Recent reports, however, suggest that SP may be a more sig- 
nificant element in cortical function than previously assumed. 
Autoradiographic localization of SP binding sites indicates that 
receptors for the peptide are present in greater numbers and in 
more areas of cortex than the few SP-immunoreactive afferent 
fibers previously demonstrated might suggest (Mantyh and Hunt, 
1986). Relatively large populations of neurons displaying SP- 
like immunoreactivity have now been identified in studies of 
the rat (Loesche et al., 1985; Penny et al., 1986), monkey (Jones 
and Hendry, 1985), baboon (Beach and McGeer, 1983) and 
human (Sakamoto et al., 1985) cortex. The SP-positive cells are 
reportedly nonpyramidal neurons, at least some of which are 
also immunoreactive for GABA (Jones and Hendry, 1985) or 
its synthesizing enzyme, glutamic acid decarboxylase (GAD; 
Penny et al., 1986). Finally, SP is a potent excitatory agent when 
applied to cortical neurons (Lamour et al., 1983; Jones and Olpe, 
1984). 

Previous studies of SP localization have used antisera or 
monoclonal antibodies that recognize the carboxyl terminus of 
the peptide. Because this part of the peptide sequence is con- 
served across most members of the tachykinin family (Maggio, 
1985) it is not clear whether the observed SP-like immuno- 
reactivity represents the localization of other tachykinins, as 
well as SP. Antisera that do not cross-react with one another or 
with those against other tachykinins (J. E. Maggio, unpublished 
observations) have now been raised against fragments of SP and 
SK that exclude the carboxyl termini of the 2 peptides. We have 
used these antisera and a monoclonal antibody that recognizes 
the carboxyl terminus of both peptides to examine the mor- 
phology and synaptic organization of SP- and SK-immuno- 
reactive cortical cells and the coexistence of other putative neu- 
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rotransmitters within them. Preliminary reports have appeared 
(Jones and Hendry, 1985; Jones et al., 1987). 

Materials and Methods 
This study was carried out on the brains of 6 cynomolgus monkeys 
(Mucaca fascicularis), weighing 2.75-4.0 kg. None was pretreated with 
colchicine. The monkeys were deeply anesthetized with intravenous 
Nembutal and perfused through the heart with 200 ml of 0.1 M phos- 
phate-buffered saline, followed by 3-4 liters of a fixative solution con- 
taining 2% paraformaldehyde, alone or with 0.1-0.2% glutaraldehyde 
in 0.1 M phosphate buffer (pH 7.4). The brains were removed imme- 
diately, cut into blocks, and postfixed in 2% paraformaldehyde in phos- 
phate buffer for 4-6 hr at 4°C. Some blocks were then placed in 30% 
sucrose in 0.1 M phosphate buffer at 4°C until they had sunk and were 
frozen on dry ice for subsequent sectioning on a sliding microtome. 
Others were rinsed in 7% sucrose in 0.1 M phosphate buffer and sectioned 
immediately on a Vibratome. 

Immunocytochemical methods 
Light microscopy. Three primary antibody reagents were used. Two 
were polyclonal antisera raised in rabbits, one against fragments of SP 
from which the carboxyl terminal amino acids had been cleaved (R9 1 P- 
2) and the other against similarly prepared fragments of substance K 
(R93K-6) (J. E. Maggio, unpublished observations). The cross-reactiv- 
ities of these antisera with other members of the tachykinin family have 
been measured by radioimmunoassay. They are, for R91P-2 (SP = 
lOO%), 0.02% with substance K and 0.01% with neuromedin K; for 
R93K-6 (SK = lOO%), 2.3% with neuromedin K and 0.02% with SP. 
The third primary antibody was a rat monoclonal antibody (NCl/34HL, 
purchased from Sera Labs) that was raised against SP and recognizes 
the carboxyl terminal sequence common to the tachykinins (Cue110 et 
al., 1979). Frozen sectionswere cut serially at 10, 15,o; 30 pm, incubated 
for 24-36 hr in primary antibody (diluted 1:500-1:3000) at 4°C and 
stained either by the peroxidase anti-peroxidase (PAP) method (Stern- 
berger, 1979) using an unlabeled swine anti-rabbit antiserum and’rabbit 
PAP (Dako Corp.), or with the avidin-biotin-peroxidase (ABC) method 
(Hsu et al., 1981), using a biotinylated goat anti-rabbit IgG or rabbit 
anti-rat IgG and avidin-biotin-peroxidase complex (Vector). The sec- 
tions were reacted with 3,3’-diaminobenzidine tetrahydrochloride (DAB, 
50 mg/lOO ml phosphate buffer) and 0.01% hydrogen peroxide, washed 
and mounted onto gelatin-subbed slides, treated with chloroform and 
ethanol to remove lipids and postfixed in 0.1% osmium tetroxide for 
20 min to enhance the DAB reaction product. 

Double-labeling procedures. Sections cut at 4 pm on a cryostat were 
collected on slides and incubated simultaneously in the rat anti-SP 
monoclonal antibody and in a rabbit anti-GABA, anti-neuropeptide Y 
(NPY) or anti-somatostatin (SRIF) antiserum. Pairs of adjacent sections 
were cut and incubated in different combinations of antibodies (e.g., 
anti-SP plus anti-NPY in one and anti-SP nlus anti-SRIF in the other). 
The 2 primary antibodies were localized simultaneously using affinity- 
purified fluorescein isothiocyanate (FITC)-conjugated goat anti-rat IgG 
and rhodamine-conjugated goat anti-rabbit IgG (Cooper Biomedical). 
The sections were viewed and photographed with a Leitz Dialux fluo- 
rescence microscope equipped with fluorescein and rhodamine filter 
packs. 

Electron microscopy. Sections cut at 30 pm on a Vibratome were 
reacted, as above, either by the PAP or by the ABC method, washed 
in phosphate buffer, and postfixed in 1% osmium tetroxide for 1 hr. 
They were dehydrated in ethanol, infiltrated with Spurr’s resin, and 
embedded flat between silicone-coated slides and coverslips. The sec- 
tions were examined under the light microscope and photographed; 
small pieces of the section, about 4 mm’, were cut out with a razor 
blade, glued to a cylindrical epoxy blank and cut at 1 or 2 Km with glass 
knives. The semithin sections were collected on plastic slides cast from 
Spurr’s resin, viewed unstained using differential interference micros- 
copy to locate stained profiles, photographed, trimmed, and resectioned 
at 60-70 nm on an ultramicrotome (DeFelipe and Fair&n, 1982). By 
this method, cell bodies, processes, and terminal-like profiles could be 
sequentially identified and sectioned. The thin sections were cut serially 
and collected on Formvar-coated slot grids; they were stained lightly 
with lead citrate (Reynolds, 1963) and examined in a Philips EM 300 
electron microscope. 

Controlprocedures. A regular series of sections from every block that 
was sectioned and processed was reacted in monoclonal antibody or 

polyclonal antisera preadsorbed with SP, SK, or neuromedin K at con- 
centrations of 5-50 PM. Sections were also incubated in primary anti- 
body preadsorbed with 100 PM NPY, SRIF, cholecystokinin (CCK) 
octapeptide, vasoactive intestinal polypeptide, and dynorphin without 
reduction in staining. For the double-labeling experiments, sections were 
incubated in primary reagents that had been preadsorbed with 100 FM 

SP, GABA, NPY, or SRIF or in reagents from which one of the primary 
antibodies had been omitted or replaced with nonimmune serum of the 
appropriate species. With preadsorbtion, replacement, or omission of 
a primary antibody, fluorescent labeling was seen only for the unad- 
sorbed or remaining specific antibody of a pair. 

Results 

Immunocytochemical staining with the monoclonal antibody 
(NC1/34HL) that recognizes the carboxyl terminal sequence will 
be described first; this will be followed by descriptions of staining 
produced by antisera directed against fragments of SP (R9 1 P- 
2) and SK (R93K-6) that exclude the carboxyl terminus ofeach 
molecule. 

Staining with NCl/34HL 

Somata andprocesses. Neurons and nerve fibers throughout the 
monkey cerebral cortex are stained immunocytochemically with 
this antibody. In all cortical areas studied, 2 types of neurons 
can be distinguished by their morphology and by the character 
of their staining (Figs. 1, 2). A minority of the cells have large, 
ovoid somata (maximum diameter, 15-21 pm) that are very 
intensely stained and that give rise to long, beaded processes 
(Fig. 2B). Many of the processes extend for distances of 300- 
400 grn, adopt a vertical orientation, and cross several cortical 
layers. The second type of neuron greatly outnumbers the first; 
these have small, round somata (8-10 pm in diameter) and are 
stained lightly. With the exception of an occasional short (5- 
IO-pm-long) stump emerging from a soma, processes of these 
neurons are not stained. Instead, the lightly stained cells are 
always embedded in a dense mass of finely stained, punctate 
profiles that surround the somata of stained and unstained neu- 
rons (Fig. 2A). 

Throughout the cortex, the larger, darkly stained somata are 
found in all layers, but are concentrated in 2 bands that include 
the deep half of layer VI and the underlying white matter, and 
layer II and the upper half of layer III (Fig. 1). Although the 
large cells are seen at more or less regular intervals in other 
layers, wide stretches of cortex can be found where they are 
present only in the superficial and deep strata. Even in these 
strata, their numbers are low. 

In the white matter underlying each area of cortex, the large, 
darkly stained neurons with long processes are particularly ev- 
ident. Where areas of cortex on 2 faces of a gyrus are separated 
by narrow stretches ofwhite matter (e.g., in the postcentral gyrus 
or in the occipital lobe, deep to the calcarine sulcus), an even 
distribution of SP-positive cells and processes is found. Else- 
where, the darkly stained cells are all found within 500 pm of 
the overlying cortex. Except for an occasional, isolated fiber, 
staining of somata and processes does not extend into the corona 
radiata, internal capsule, or corpus callosum. 

The smaller, paler cells are more restricted in their laminar 
distribution. They are usually concentrated within a stratum in 
the middle of the cortex that includes the superficial half of layer 
V and a portion of layer IV that varies from area to area, but 
others can be seen in supragranular layers as well. In the primary 
visual area (area 17), unlike other areas, the middle stratum is 
more overtly confined to layer IVC (Fig. 1). By contrast, the 
cells in area 18 are clearly in layer V. A second, periodically 
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interrupted stratum of small immunoreactive cells and their 
processes can also be found in layers II and III of area 17 (see 
Hendry et al., 1988). In other areas, although both types of SP- 
immunoreactive neurons are distributed unevenly in the hori- 
zontal dimension, the pattern shows no regularity and plexus 
density remains relatively constant. 

Immunoreactiveplexuses. Large numbers of immunoreactive 
fibers and punctate elements form dense plexuses in the cortex 
and underlying white matter (Figs. 1, 3, 4). The laminar posi- 
tions of these plexuses and the densities of stained elements 
within them vary from one area to another. In all areas a dense 
concentration of horizontal fibers is present immediately be- 
neath the pia mater in the outer one-third to one-half of layer 
I. A second major zone of fiber density is found in the deep half 
of layer VI and in the subjacent white matter. In the deeper 
plexus, many fibers run horizontally, but the plexus also gives 
rise to vertically oriented fibers that ascend into the overlying 
cortex and commonly reach layer IV. In most areas, a less dense 
plexus of stained fibers and punctate elements is present in layer 
II and the upper half of layer III. From this plexus, the density 
of which varies from area to area, fibers ascend to join the layer 
I plexus and descend into the deep half of layer III. 

The greatest variation in staining among areas of the monkey 
cortex is found in the middle layers. In some areas (Figs. 3, 4), 
the fibers in the middle layers consist only of a few vertically 
oriented processes passing through layers IV and V. By contrast, 
other areas contain dense plexuses of fibers in layers III and V 
and concentrations of punctate profiles that lie among the lightly 
stained somata of layers IV and V. However, since the punctate 
elements are smaller and stain less intensely than the coarsely 
beaded fibers, they and the plexus they form are less easily 
visualized in dark-field microscopy. 

The interareal variability in the density of the coarsely beaded 
fibers can be seen as a progression from frontal areas through 
parietal and occipital areas into temporal areas (Figs. 3, 4). In 
prefrontal areas, dense bands occupy most of layer I and the 
deep half of layer VI, while relatively few, homogeneously dis- 
tributed fibers are found in the remaining layers. A similar pat- 
tern is apparent in the precentral motor area (area 4), but here 
the superficial plexus is confined to the outer half of layer I and 
a hint ofan additional plexus is seen in layer II and the superficial 
part of layer III. In areas 1 and 2 of the first somatic sensory 
cortex (SI), the pattern and density of fibers is the same as that 
seen in area 4, while in area 3b of SI, the overall density of fibers 
is greater and the layer II plexus is more distinct. 

Beginning with areas 5 and 7 of the parietal lobe and con- 
tinuing into the areas of the occipital lobe, 4 fiber plexuses can 
be distinguished. These include the usual plexuses in layer I and 
layer VI, plus dense, wide plexuses in the deeper half of layers 
III and V. Both layers II and IV contain few intensely stained, 
beaded fibers. A similar, low-fiber density is also seen for each 
sublamina of layer IV (layers IVA, IVB and IVC) in area 17 
and throughout layer IV of the adjacent area 18. However, in 
both areas, very dense collections of small, punctate, immu- 
nostained elements fill layers IVA and IVC of area 17 and the 
deep half of layer IV of area 18. 

The quadrilaminar pattern of stained plexuses is also apparent 
in the more lateral areas of temporal cortex. However, in pro- 

Figure I. Camera lucida drawing made at low magnification under 
dark-field illumination, showing the distribution of the 2 kinds of tachy- 
kinin-immunoreactive neurons and the immunoreactive plexuses in a 
section of monkey visual cortex. Layers at right were determined from 
comparison with an adjacent Nissl-stained section. The set of smaller 
immunoreactive cells without visible processes is mainly localized in 
the middle layers (layer I VC of area 17, usually layer V of other areas), 

while the larger, process-bearing cells are found mainly at SLIP 
and deep levels. Bar, 100 pm. 
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Figure 2. A, The smaller, less intensely stained tachykinin-immunoreactive neurons (arrows) of the middle layers of area 17, characteristically 
embedded in the dense mass of immunoreactive punctate elements. Stained with antibody NC1/34HL. B, The large, intensely stained, process- 
bearing immunoreactive cells of layer VI and the subcortical white matter of area 17. Arrow indicates an ascending process. Stained with antibody 
NC1/34HL. Bars, 20 hum. 

gressing medially toward the hippocampal formation, the 2 su- fibers are stained in layer IV, but they are particularly thick and 
perficial plexuses widen and fuse to form a single stained band. coarsely beaded. 
Similarly, the 2 deep plexuses tend to become continuous, leav- These interareal variations in the density and distribution of 
ing only layer IV without a dense concentration of coarse, bead- the plexuses are not correlated with any obvious differences in 
ed fibers. In the more medial areas of the temporal cortex, fewer the numbers and distributions of the larger, darkly stained cell 
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Figure 3. Dark-field photomicrographs of the different patterns of tachykinin immunoreactive plexuses in lateral frontal cortex (A), area 4 (B) 
and areas 1 and 2 (C). Stained with antibody NCU34HL. Bar, 500 pm. 

bodies, even among areas of the sensorimotor and parietal as- 
sociation cortex, where clear differences in plexuses are found. 
Interareal variations are more apparent in the density of the 
smaller, palely stained cell bodies, with the middle layers in 
areas of the frontal and occipital cortex containing a larger num- 
ber, and the same layers in parietal and temporal cortex con- 
taining many fewer. 

Control experiments. The staining of large and small somata, 
coarsely beaded processes, and small, punctate profiles was re- 

duced by the preadsorbtion of NC1/34HL with synthetic SP at 
a concentration of 5 PM in diluted (1: 1000) antibody, and was 
blocked at concentrations of peptide greater than 10 PM. Staining 
with NC1/34HL was also blocked by concentrations of SK and 
neuromedin K only slightly higher (15-20 PM) than those found 
effective with SP. The antibody, therefore, clearly recognizes 
and is adsorbed by the carboxyl terminus of each tachykinin. 
Similar findings, in which immunocytochemical staining with 
NC1/34HL was blocked by preadsorbtion with several members 
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Figure 4. Further patterns of tachykinin-immunoreactive plexuses in area 7 (A), inferior temporal gyrus (B), and area I7 (C). Stained with antibody 
NC1/34HL. Dark-field photomicrographs of area 17 (C) do not clearly reveal the fine punctate elements in the middle layers (cf. Fig. 1). Bar, 
500 pm. 

ofthe tachykinin family, have been reported previously (Sundler 
et al., 1985). 

Staining with R91P-2 and R93K-6 

Antibody R9 1 P-2 stains the large, intensely immunoreactive 
somata and coarsely beaded fibers in each area of cortex and 
also the lightly immunoreactive somata and small, punctate 
elements that occupy principally the middle layers of cortex. 

We used antisera raised against fragments of SP (R9 1 P-2) and The staining is, in both cases, weaker than that with NC 1/34HL. 
SK (R93K-6) that excluded the carboxyl terminus of each mol- Quantitative analyses indicate that the number of large, intense- 
ecule. The staining in each case was comparable to but lighter ly stained somata in 500 wrn-wide columns extending through 
than that achieved with the monoclonal antibody NC1/34HL. the thickness of each area and into the white matter for 400 pm 
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Figure 5. Paired fluorescence micrographs from the same field showing colocalization of tachykinin-like immunoreactivity (SP) with GABA 
immunoreactivity in certain neurons (arrows) of the middle layers from areas 3b (left pair, A) and 4 (right pair, B). Note that only a proportion of 
the GABA neurons show tachykinin-like immunoreactivity. Bar, 10 pm. 

is approximately half the number stained with NC1134HL. A 
prominent density of processes is found in layer VI, near the 
border with the white matter, but otherwise the positions of 
plexuses in each area are discerned with difficulty. 

Demonstration of the small, lightly stained cell population 
depends critically on the concentration of the antiserum. At 
antiserum dilutions greater than 1:2500, the staining is too light 
to detect these neuronal elements in any area of cortex, and at 
dilutions less than 1: 1000, the increase in nonspecific staining 
of somata and neuropil masks their appearance. 

In every major respect, the staining with the anti-SK anti- 
serum, R93K-6, is identical to that seen with the anti-SP anti- 
serum, R9 1 P-2. All of the elements stained with NC1/34HL are 
stained with R93K-6, but the immunoreactive somata and pro- 
cesses are again fewer in number and the plexuses are difficult 
to discern. In 500 pm-wide columns, the number of large cells 
intensely stained for SK by R93K-6 is less than half the number 
stained for tachykinins by NC1/34HL. When adjacent sections 
stained with the 3 antibodies are compared, the number of 

intensely stained cells in sections processed with R9 1 P-2 is equal 
to that in sections processed with R93K-6, but the two, together, 
make up less than the number in sections stained with NCl/ 
34HL. The small, stained somata and accompanying punctate 
elements can be detected with a wider range ofR93K-6 dilutions 
(1:500-1:3000) than is possible with R91P-2. 

All staining with the anti-SP antiserum R9 1 P-2 is blocked by 
preadsorption with synthetic SP at concentrations greater than 
10 PM in diluted (1: 1500) antiserum. By contrast, staining re- 
mains after adsorption with either synthetic SK or synthetic 
neuromedin K at concentrations of 50 PM. All staining with the 
anti-SK antiserum R93K-6 (diluted 1: 1500) is blocked by pread- 
sorption with synthetic SK (10 PM) but not by 50 I.LM SP or 
neuromedin K. 

Colocalization experiments 
Experiments in which the monoclonal antibody, NC1/34HL, 
was used to localize tachykinin immunoreactivity reveal that 
the 2 populations of neurons stained with this antibody can be 
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Figure 6. Paired fluorescence micrographs (A, B) showing colocalization of GABA- and tachykinin-like immunoreactivity in certain neurons from 
2 fields in area 17. Fluorescent dots in single-stained neuron (asterisk) at right ofA are lipofuscin granules. Bar, 10 pm. 

distinguished from each another by the coexistence of immu- 
noreactivity for other neuroactive substances. In any micro- 
scopic field covering the middle layers of a cortical area, a large 
population of GABA-immunoreactive neurons is found (Hen- 
dry et al., 1987); within that population, a moderate percentage 
(counted, on average, as 30%) is also stained with NC1/34HL. 
All of the small, pale, tachykinin-immunoreactive cells are 
GABA-positive (Figs. 5,6), but they are scattered among a much 
larger group of neurons of the same size and shape that are 
stained for GABA only. Among the GABA-positive neurons 
that display no tachykinin-like immunoreactivity are the many 
large neurons with somata 15-25 Km in diameter. 

Very few of the larger, intensely stained tachykinin cells dis- 
play GABA immunoreactivity. Counts of over 500 of these cells 
reveal only 7 that are also GABA-positive. Instead, the larger 
tachykinin-positive cells and the processes they give off often, 
though not invariably, display NPY- and SRIF-like immuno- 

reactivity (Figs. 7, 8). In sections reacted with NC1/34HL and 
with antiserum to either NPY or SRIF, approximately 5% of 
both the total NPY-immunoreactive population and the total 
SRIF-immunoreactive cell population are also tachykinin-pos- 
itive (Fig. 7). Neurons displaying SP and NPY or SP and SRIF 
coexistence are found widely scattered throughout the cortex, 
but are most numerous in the subcortical white matter. No 
member of the lightly stained population of small tachykinin- 
positive neurons in the middle layers of cortex displays SRIF- 
or NPY-like immunoreactivity. 

The numerous, lightly stained punctate profiles found in as- 
sociation with the lightly immunoreactive cells also display 
GABA immunoreactivity. By contrast, the long, coarsely beaded 
tachykinin-positive processes are rarely stained for GABA but 
often display NPY- or SRIF-immunoreactivity instead (Fig. 7). 
These processes, however, make up only a small proportion of 
the fibers stained for either NPY or SRIF. 
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Figure 7. Paired fluorescent micrographs showing colocalization of tachykinin-like immunoreactivity (A) with NPY-like immunoreactivity (B) 
in a neuron of layer VI in area 4. In the same layer and area, NPY-like (C) and tachykinin-like (D) immunoreactivities are colocalized within long, 
beaded processes (arrows). Bar, 100 pm. 

Figure 8. A-D, Paired fluorescence micrographs (A, B and C, D) from the same fields in 2 adjacent 4-pm-thick sections. One section was stained 
for NPY- (A) and tachykinin-like immunoreactivities (B) while the adjacent section was stained for SRIF- (C) and tachykinin-like (D) immuno- 
reactivities. All 3 immunoreactivities are found in 2 neurons (arrows) from the white matter beneath area 3b. Bar, 100 pm. 



When adjacent pairs of 4-pm-thick sections are incubated in 
R91P-2 (for SP) and R93K-6 (for SK), cell bodies stained for 
SP are usually costained for SK. Of 2 17 somata displaying SP- 
like immunoreactivity in sensorimotor, visual, and temporal 
areas of monkey cortex, over 90% (197) are found to display 
SK-like immunoreactivity in the adjacent section. 

Electron-microscopic observations 

The monoclonal antibody NC1/34HL was used to stain Vibra- 
tome sections for subsequent electron-microscopic analysis. In 
semithin sections cut from this material, the same stained neu- 
ronal elements can be detected as are found in the frozen sec- 
tions. Although the osmium intensification of the immunocy- 
tochemical reaction product reduces the difference in staining 
between the 2 types of immunoreactive somata, they can still 
be distinguished by their sizes, laminar distributions, and the 
presence or absence of stained processes. Both coarsely beaded 
processes and terminal-like, punctate structures are identifiable 
in this material; the latter are found adjacent to structures that 
can be identified as the somata and proximal dendrites of py- 
ramidal cells (Fig. 9). Examples of each type of stained soma 
and process were selected from the semithin sections and re- 
sectioned for electron-microscopic analysis. 

In addition to neurons examined in isolated thin sections, 11 
stained neurons were studied in serially collected thin sections 
cut from continuous series of 5-10 semithin sections (for a total 
of 75-150 thin sections). The sections were cut from cytoar- 
chitectonic areas 4 or 2 or from the white matter underlying 
these areas; the neurons included 3 from the white matter and 
3 from the cortex proper that were large, intensely stained, and 
process-bearing, plus 5 from the cortex that were smaller, more 
lightly stained, and devoid of stained processes. The latter were 
selected exclusively from the middle layers of cortex. 

The 2 types of immunoreactive neurons show distinct differ- 
ences in the quantity of organelles that they contain. The larger, 
more intensely stained type is packed with organelles and is 
particularly rich in Golgi complex and endoplasmic reticulum 
(Figs. 10, 11). Along the surfaces of these organelles and of the 
mitochondria, the electron-dense reaction product forms the 
typical uniform coating commonly seen with peroxidase local- 
ization of a cytoplasmic antigen. In addition, the reaction prod- 
uct forms clumps that appear to be associated with aggregations 
of Golgi membranes at low magnification and, at high magni- 
fication, are found to outline large numbers of dense-core ves- 
icles and other vesicular elements of the Golgi complex (Fig. 
1 1). 

By comparison, a lower density of cytoplasmic organelles is 
found in the smaller, less intensely stained somata (Fig. 12). 
The cytoplasm of these cells is pale and contains relatively little 
Golgi complex, a few short cisternae of rough endoplasmic re- 
ticulum, and scattered ribosomal rosettes. In these cells, im- 
munocytochemical reaction product is distributed uniformly 
along the surfaces of cytoplasmic organelles. 

Both types of cells receive symmetric and asymmetric con- 
tacts on their somata and proximal dendrites, but the numbers 
of contacts on the somata are particularly small, with only one 
or 2 synapses found within any long series of thin sections. One 
large, intensely stained soma that was almost completely re- 
constructed from a series of thin sections received only 2 axo- 
somatic contacts. Two other somata in the white matter that 
were partially reconstructed received no synaptic contacts in the 
series of sections that were cut. Typically, in the cortex proper, 
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Figure 9. Plastic semithin sections cut from Vibratome sections stained 
immunocytochemically for tachykinins with NC1/34HL. Small UYYOWS 
indicate immunoreactive punctate profiles applied to the surfaces of a 
pyramidal (P) neuron soma and to an apical dendrite (0) in layer III 
of area 4. All of these puncta proved to be making synaptic contacts on 
the underlying profile when subsequently resectioned and examined 
electron-microscopically. Bars, 10 pm. 

l-3 axosomatic synapses were found in each series of thin sec- 
tions through this type of neuron. This number is low in com- 
parison with that found on other, nonimmunoreactive cortical 
nonpyramidal cells. 

Immunoreactive dendrites in both the cortex and white mat- 
ter present no unusual features that distinguish them from other 
dendrites. The typical organelles are present, and in both sites 
the dendrites receive synapses, although the number is ex- 
tremely small (Figs. 10, C’, D; 11D; 120), especially on cells in 
the white matter (Fig. 1 1D). 

Punctate immunoreactive profiles seen adjacent to neuronal 
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Figure 10. A large, intensely stained immunoreactive neuron from layer II of area 2. Photomicrograph of a semithin plastic section shows the 
soma and 2 processes of this neuron (inset, left). A-D, Electron micrographs from a series of thin sections cut from the semithin section shown in 
the inset. A small number of nonimmunoreactive, symmetric (arrow in B) and asymmetric (arrow in D) synapses were on the soma and processes 
of the immunoreactive cell. D is a higher-magnification electron micrograph of the process (b) shown in C. As, astrocyte. Bars: 1 pm (A, C); 0.5 
pm (B, D), 50 pm (inset). 
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Figure 1 I. A large, intensely stained immunoreactive neuron from the white matter (Wh4) beneath area 4 (arrow, A, B), resectioned for electron 
microscopy (C-E). C shows the cell closely applied to the adjoining blood vessel. The area outlined by the rectangle is enlarged in E, which shows 
reaction product associated with dense-core vesicles (arrows) and part of the extensive Golgi complex (G). D shows an asymmetric synapse (arrow) 
from a unstained terminal on one of the processes of this cell in the white matter. Bars: 1 mm (A); 100 pm (B); 1 pm (C); 0.5 rrn (0. E). 
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Figure 12. Smail neurons from layer III of area 4 (inset, 1, 2). Before osmication, these were categorized as the pale-staining type. In comparison 
with the large, dark neurons in Figs. 9 and 10, these neurons show a paucity of cytoplasmic organelles at the electron-microscopic level (A, B). Cell 
soma 1 receives a symmetric synapse in A (arrow) from an unstained terminal and cell soma 2 receives an asymmetric synapse in another section 
(C, arrow). In D, 3 synapses (arrows) are seen on one of the processes of cell 2. Bars: 1 pm (A, B); 0.5 wrn (C, D); 10 pm (inset). 
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Figure 13. A-C, A small pyramidal neuron from layer II of area 2 with closely approximated immunoreactive puncta (small arrows, inset) that 
proved on thin sectioning to be contacting the neuron. Two of these contacts are shown at low magnification in A and at higher magnification in 
B and C. The same terminal is shown in B and C from 2 sections of the series. The synaptic contacts (larger arrows) are symmetrical. B, The 
immunostained terminal is making contacts on both the apical dendrite (0) and an adjacent dendritic spine (S). D, E, Tachykinin-immunoreactive 
terminals (7) making symmetric contacts (arrows) on a nonimmunoreactive dendrite (0) and on a dendritic spine (5). Bars: 10 pm (A); 0.25 pm 
(B-E); 10 mm (inset). 
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Figure 14. A, B, Immunoreactive terminals (r) making symmetrical synaptic contacts (single arrows) on a large dendrite (0) and a neuronal soma 
(So) in layer III of area 4. C, D, An immunoreactive, small, myelinated axon (Ax) from layer III of area 4 was traced through a series of thin 
sections and eventually gave rise to the immunoreactive terminal (r) that made a symmetrical contact (single arrow) on a small dendrite (D). This 
dendrite also received an asymmetrical contact (double arrows) from a nonimmunoreactive terminal. Bars, 0.25 pm. 

somata and dendrites in semithin sections (Fig. 9) proved on aptic contacts, all but 2 of which possessed symmetric mem- 
thin sectioning to be tachykinin-positive axon terminals (Figs. brane thickenings (Figs. 13, 14). The stained terminals formed 
13, 14). Three hundred and twelve immunoreactive terminal synaptic contacts on neuronal somata, large proximal dendrites, 
boutons were examined serially and made 348 identifiable syn- finer (presumably more distal) dendrites, and dendritic spines 
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(Figs. 13, 14). Occasionally, a single terminal made more than 
one synaptic contact, contacting different kinds of postsynaptic 
profile (Fig. 13C), e.g., a spine and a dendritic shaft. One ter- 
minal was seen to arise from a myelinated immunoreactive axon 
(Fig. 14). 

As is seen in Table 1, pyramidal cell somata and dendrites 
are major targets of tachykinin-immunoreactive synaptic ter- 
minals in areas 4 and 2. The synapses onto pyramidal cell den- 
drites and spines account for almost half of the commonly ob- 
served contacts, with the other synapses occurring on processes 
of unidentified cell types, many of which may also be pyramidal 
cells. Of this sample of 348 synapses, only 10 were found on 
dendrites or somata of positively identified nonpyramidal cells. 

Each of the stained terminals found to form synaptic contacts 
in the electron microscope was identified first with the light 
microscope by examining semithin plastic sections. In every 
case in which a terminal was found apposed to a cell body or 
large process, a synaptic contact between the 2 elements was 
discovered (e.g., Fig. 13). We used this strong correlation be- 
tween light-microscopic prediction and electron-microscopic 
observation to make a provisional survey of the targets of stained 
terminals as seen in the light microscope. The clearest finding 
is that within a single semithin section, a few pyramidal cell 
somata and proximal dendrites are surrounded by stained ter- 
minals, while the somata and dendrites of most adjacent py- 
ramidal cells have very few or no terminals around them. (In 
reconstructions through lo-20 semithin sections, the vast ma- 
jority of pyramidal cells have no more than 2 or 3 stained 
terminals contacting them.) The variability among pyramidal 
cells appears to occur even within single classes of these cells, 
since in area 4 some Betz cells (layer V pyramidal cells greater 
than 25 pm in diameter) are covered by immunoreactive ter- 
minals (Fig. 9D), while others receive none. 

Discussion 
The present studies demonstrate the widespread presence of 
tachykinin-immunoreactive neurons in the monkey cortex and 
the colocalization of these peptides with GABA, or with NPY 
and SRIF, thus extending earlier observations (Beach and 
McGeer, 1983; Sakamoto et al., 1985). By using antisera di- 
rected against fragments of the SP and SK molecules, we have 
also provided a more specific identification of the tachykinins 
expressed. 

Two types of neurons were identified as displaying SP- and 
SK-like immunoreactivity. Both are clearly nonpyramidal neu- 
rons, distinguishable by their distributions and staining inten- 
sities (see also Beach and McGeer, 1983; Sakamoto et al., 1985). 
We found their somata to differ ultrastructurally and were able 
to separate them into nonoverlapping populations by the colo- 
calization of immunoreactivity for other neuroactive substances 
(see below). The relatively large, intensely stained neurons are 
similar in morphology and distribution to cells in monkey cortex 
that display immunoreactivity for other neuropeptides (Hendry 
et al., 1984a, b; Jones and Hendry, 1986). The relatively small, 
lightly stained neurons have characteristics that distinguish them 
from the first type and from neurons displaying immunoreac- 
tivity for other known cortical neuropeptides. They are more 
numerous than other peptide-immunoreactive cells, and their 
somata are distributed most densely in the middle layers of 
cortex, in which other peptide-immunoreactive somata tend to 
be sparse. 

We could see too little of the small cells’ dendritic morphology 

Table 1. Tachykinin-immunoreactive synapses 

Axoso- Axoden- Axo- 
matic dritic know Total 

Motor cortex (area 4) superficial layers (II-IIIB) 
On pyramidal cells 23 16 37 
On unidentified cells - 110 - 
TOTAL 23 126 37 

Motor cortex (area 4) deep layers (V-VI) 
On pyramidal cells 6 9 8 
On unidentified cells - 22 - 
TOTAL 6 31 8 

Sensory cortex (areas l-2) superficial layers (II-III) 
On pyramidal cells 11 11 24 
On unidentified cells - 30 - 
TOTAL 11 41 24 

Sensory cortex (area 2) deep layers (V-VI) 
On pyramidal cells 3 3 4 
On unidentified cells - 18 - 
TOTAL 3 21 4 

Other synapses 
On axon initial segments = 1 
Asymmetric contacts = 2 
Axosomatic (on nonpyramidal cells) = 2 
Axodendritic (on nonpyramidal cells) = 8 
TOTAL NUMBER OF BOUTONS = 3 12 
TOTAL NUMBER OF SYNAPSES = 348 

16 
110 
186 

23 
22 
45 

46 
30 
76 

10 
18 
28 

Distribution of 348 synaptic contacts made by 3 12 tachykinin-immunoreactive 
terminals in superficial and deep layers of motor and somatic sensory cortex, 
stained with antibody NCU34HL. All synaptic contacts, except 2, were clearly of 
the symmetric type. 

to place them in a known class of cortical interneuron, but they 
are unlikely to be basket cells or chandelier cells, both of which 
are GABAergic neurons. Basket cells usually have larger somata 
and show much larger numbers of axosomatic terminals 
(DeFelipe et al., 1986) than the small tachykinin cells, and chan- 
delier cells, though having a similar somal size, show elongated 
rows of synapses on pyramidal cell axon initial segments, some- 
thing that is not found for tachykinin cells (DeFelipe et al., 
1985). 

The identified synaptic targets of tachykinin-positive neurons 
were mainly pyramidal neurons, although a few terminals were 
also identified on nonpyramidal neurons. In the present study 
we have found that while certain pyramidal cells receive rela- 
tively large numbers of tachykinin-positive terminals, other py- 
ramidal cells receive very few such terminals and some receive 
none. The extent to which this represents a true differential 
distribution, an activity-dependent difference in the levels of 
peptide within the terminals (see Hendry et al., 1988) or simply 
a failure of penetration of reagents into deeper parts of a section 
remains to be evaluated. 

Neurotransmitter colocalization 

Classical amino acid or monoamine neurotransmitters and neu- 
ropeptides are found in the same populations of neurons in 
many parts of the CNS (Brecha, 1983; Hijkfelt et al., 1984). 
Often the neuropeptides and the classical transmitters have been 
found to coexist (Hokfelt et al., 1984). In the cerebral cortex, 
certain GABA neurons display immunoreactivity for different 
neuropeptides and can, as a consequence, be divided into dif- 
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ferent classes (Hendry et al., 1984b; Schmechel et al., 1984; 
Somogyi et al., 1984). Ofthe GABA/neuropeptide-positive neu- 
rons, one population expresses CCK-like immunoreactivity while 
a second expresses both SRIF-like and NPY-like immunoreac- 
tivities. However, the coexpression of GABA and a neuropep- 
tide is not obligatory. The majority of GABA neurons are stained 
for none of these peptides (Hendry et al., 1984b; Somogyi et 
al., 1984) and a small proportion of cells expressing both SRIF- 
and NPY-like immunoreactivities is not stained for the GABA- 
synthesizing enzyme, GAD (Hendry et al., 1984b; Schmechel 
et al., 1984). In the present study, 2 populations of tachykinin- 
positive neurons were identified by patterns of colocalization. 
The major population of smaller, less intensely immunostained 
tachykinin neurons is also stained for GABA but not for SRIF 
and NPY. Conversely, the minor population oflarge tachykinin- 
positive cells displays both SRIF- and NPY-like immunoreac- 
tivities without being stained for GABA. 

GABA-like and tachykinin-like immunoreactivities coexist 
not only in cell bodies but also in fibers and punctate profiles. 
The latter were found to be synaptic terminals. The synaptic 
morphology and sites of termination displayed by the tachy- 
kinin-positive terminals and by GAD-positive terminals in 
monkey cortex (Hendry et al., 1983) are identical, suggesting 
that the same synaptic terminal may contain both GABA and 
one or more tachykinins. As with other neuropeptides, such as 
CCK and SRIF, that reportedly are excitatory to cortical neurons 
(e.g., Dodd and Kelly, 1978, 198 l), SP produces an excitatory 
response when applied iontophoretically (Lamour et al., 1983; 
Jones and Olpe, 1984) while GABA is a potent inhibitory sub- 
stance (Krnjevic, 1974). The two might interact at a single re- 
ceptor complex, but only recently have the possible actions of 
a neuropeptide on the GABA receptor complex been addressed 
(Bradwejn and de Montigny, 1984). Interactions of SP with 
other classical neurotransmitters in the cerebral cortex, such as 
acetylcholine (Lamour et al., 1983) and norepinephrine (Jones 
and Olpe, 1984) have also been reported. It is also possible 
that, by analogy with what is known of neuropeptide actions in 
the periphery (Jan and Jan, 1982), the tachykinins may act at 
sites removed from the postsynaptic GABA receptor site. 

Neurons of the subcortical white matter 

Previous studies of primate cerebral cortex have identified a 
relatively large number of SRIF- and NPY-immunoreactive 
cells in the white matter immediately subjacent to layer VI 
(Sorenson, 1982; Hendry et al., 1984b). We found some of these 
cells to display tachykinin-like immunoreactivity; we also found 
them to possess the ultrastructural features of neurons and to 
receive synaptic contacts along their somata and dendrites. The 
sources of the terminals contacting the immunoreactive neurons 
are not known. However, the processes of the tachykinin-pos- 
itive cells themselves enter the cortex and contribute to the 
plexus in layer VI, indicating that these neurons are important 
components of cortical circuitry. They also receive very few 
synapses in the white matter, so their major synaptic input may 
occur on their processes that ascend into the cortex. 

Laminar and area1 distribution of processes 

The plexuses of immunoreactive processes that are associated 
with the tachykinin-immunoreactive neurons and that at least 
in part arise from them adopt a similar basic pattern in the 
cerebral cortex. The plexuses, nonetheless, display clearly iden- 
tifiable differences in density and laminar distribution from area 

to area. Area1 differences in the density of SP fibers are most 
likely related to differences in SP concentration that have been 
detected by radioimmunoassay of monkey cortex (Hayashi and 
Oshima, 1986). The extent, if any, to which SP-positive afferent 
fibers contribute to these plexuses is not known. Although SP- 
immunoreactive fibers were very rarely seen in white matter at 
any distance from cortex, the existence of SP afferents to the 
cortex in rats (Cue110 and Kanazawa, 1978) and the possibility 
that myelinated SP fibers might not be readily stained immu- 
nocytochemically could indicate that some components of the 
plexuses are made up of afferent axons. 

Tachykinins in the cerebral cortex 

Three peptides of the tachykinin family, SP, SK, and neuro- 
medin K, are currently recognized in the mammalian central 
nervous system (see Maggio, 1985, for a review). They and other 
tachykinins isolated from amphibian skin possess carboxyl ter- 
minal sequences that vary by no more than a single amino acid. 
Because of this sequence homology, previous studies (Beach and 
McGeer, 1983; Jones and Hendry, 1985; Sakamoto et al., 1985; 
Penny et al., 1986) that have relied upon antibodies against the 
carboxyl terminus of SP to localize this peptide in the cerebral 
cortex have potentially localized all tachykinins. The present 
data suggest that both SP-like and SK-like immunoreactivities 
exist within monkey cortex and that each exists within neurons 
intrinsic to the cortex; the data do not rule out the possibility 
that other tachykinins may also be present. Neuromedin K, for 
example, is reported to be the most abundant tachykinin in rat 
cortex (Kanazawa et al., 1984). Some immunoreactive material 
may also represent a molecule, as yet uncharacterized, that pos- 
sesses an amino acid sequence similar to that of the tachykinins. 

Isolation and characterization of the preprotachykinin mRNA 
in bovine brain reveals that a single gene encodes for both SP 
and SK (Nawa et al., 1983) but that alternative splicing can 
produce 2 distinct mRNAs, one encoding for both SP and SK 
and the other for SP only (Nawa et al., 1984). While it is likely 
that a neuron synthesizing one peptide will synthesize both 
(Maggio, 1985) differential posttranslational processing might 
lead to a failure of processing of one. Identical populations of 
cortical neurons were found to display SP-like and SK-like im- 
munoreactivities, and the 2 peptides could be colocalized within 
the same neuron. These data are consistent with the findings of 
previous studies showing similar concentrations of the 2 pep- 
tides in various regions of the brain and spinal cord (Kanazawa 
et al., 1984) and similar changes in concentration following 
surgical or chemical manipulations (Maggio and Hunter, 1984; 
Lee et al., 1986). Hence, as at other CNS sites (Kalivas et al., 
1985) SP and SK are probably both expressed by the same cell 
population. 

High-affinity tachykinin binding sites have been localized au- 
toradiographically and biochemically and have been interpreted 
as specific receptor sites (Mantyh et al., 1984a, b). In agreement 
with pharmacological studies, the distribution of binding sites 
indicates that separate and distinct receptors for various tachy- 
kinins exist in the CNS (see Maggio, 1985). Within the cerebral 
cortex of rats, differences between receptor types and their lam- 
inar positions are obvious, with binding sites for radiolabeled 
SK being dense in layers IV and V and sparse in layer I, and 
SP receptors displaying the opposite pattern (Mantyh et al., 
1984a, b). It is not known if similar differences exist in receptor 
localization inmonkey cortex, but the distributions of neurons 
and processes displaying SP-like and SK-like immunoreactivity 
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do not atrvear to differ within monkev cortex. We are currentlv Jan, Y. N., and L. Y. Jan (1982) Peptidergic transmission in svm- _ _ 
investigating high-affinity tachykinin binding sites in the mon- 
key cortex to determine the degree of correlation between im- 
munoreactive neurons and processes and the distribution of 
their receptors. 

pathetic ganglia of the frog. J. Physiol. (Lond.) 327: 2 19-246. I 
Jones, E. G., and S. H. C. Hendry (1985) GABAergic, substance P-im- 

munoreactive neurons in monkey cerebral cortex. Sot. Neurosci. Abstr. 
II: 145. 

Jones, E. G., and S. H. C. Hendry (1986) Peptide-containing neurons 
of the primate cerebral cortex. In Neurooeutides in Neuroloaical and 
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