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Combined
retrograde
transport-immunocytochemical
experiments were carried out on cats to study the morphology,
laminar distribution,
and percentages
of corticocortical
projecting neurons
of somatosensory
area I (SI) and II (SII)
showing immunoreactivity
to an antiserum raised against the
amino acid glutamate
(Glu).
A previously
characterized
anti-Glu
serum (Conti et al.,
1987a, b; Hepler et al., 1987) was used in conjunction
with
HRP. This tracer was injected either in SI to label retrogradely
neurons
in ipsilateral
SII (SII-SI association
neurons)
and
contralateral
SI (SI-SI callosal neurons) or in SII to label retrogradely
neurons in ipsilateral
SI (SI-SII association
neurons) and contralateral
SII (SII-SII callosal neurons).
In sections from SI and SII processed for simultaneous
visualization
of Glu and HRP (Bowker
et al., 1982), and containing
the
cells from which every one of the 4 corticocortical
projections arise, 3 types of labeled neurons were observed:
(1)
single-labeled
neurons
showing
the homogeneous
brown
immunoreaction
product of Glu (Glu-positive
neurons);
(2)
single-labeled
neurons containing
the granular
black reaction product of retrogradely
transported
HRP (Glu-negative,
association
or callosal neurons); and (3) double-labeled
neurons in which both the black HRP granules and the brown
immunostaining
were present (Glu-positive,
association
or
callosal neurons). Double-labeled
neurons were all pyramidal in shape and were distributed
intermingled
with Glunegative corticocortical
neurons in all layers of SI and SII
known to give rise to association
and callosal projections.
Counts from 25pm-thick
sections showed that of 432 association and callosal neurons sampled from SI and SII, 214
(49.5%) were Glu-negative
and 218 (50.5%) Glu-positive.
In
counts carried out on 5-pm-thick
sections, the percentage
of Glu-positive
corticocortical
neurons raised to about 70%.
The 2 populations
of single- and double-labeled
corticocortical neurons
showed
no difference
in their perikaryal
cross-sectional
areas.
The present results show that a large fraction of association and callosal neurons of SI and SII are immunoreactive
for Glu, and, therefore, these neurons probably use this excitatory amino acid, or a closely related compound,
as neurotransmitter.
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The amino acids glutamate
(Glu) and aspartate(Asp) have been
associatedwith cortical function sincethe early pharmacological
studiesof Krnjevii: and Phillis (1963). Glu and Asp were later
proposedasexcitatory synaptic transmitters (seeJohnson, 1972,
and KrnjeviC and Phillis, 1974, for reviews), and since then
various techniqueshave beenemployed to identify cortical Glu/
Asp-ergic neurons and pathways. Lesion-induced reduction of
endogenouslevel and stimulated releaseand uptake of these
amino acids were demonstrated in many structures receiving
cortical projections (Fonnum and Malthe-Sorenssen,1981; Fagg
and Foster, 1983; Fonnum, 1984; Streit, 1984).Following iontophoretic delivery of their specific antagonists,block of corticofugal excitatory effects was also reported in some of these
structures (Mayer and Westbrook, 1987). Tritiated D-aspartate
(D-3H-A~p) wasalso usedas selective retrograde marker of cortical projecting neurons supposedto use Glu and/or Asp as
neurotransmitter (Streit, 1980). Labeling was obtained of cortical neurons projecting to the spinal cord and the cuneatenucleus(Rustioni and CuCnod, 1982), ventrobasal complex (Rustioni et al., 1983; Jones, 1985), lateral geniculate (Baughman
and Gilbert, 198I), neostriatum and substantia nigra (Streit,
1980),and superior colliculus (Matute and Streit, 1985). These
studies indicate that Glu and/or Asp might be the excitatory
neurotransmitter used by nearly all corticofugal systems.Evidencethat corticocortical projecting neuronsmay alsousethese
excitatory amino acidswas provided by recent experiments on
cats, showing that associationand callosal neurons could be
retrogradely labeledwith D-~H-As~in the somatic sensoryareas
I (SI) and II (SII) (Manzoni et al., 1986; Barbaresiet al., 1987).
Becauseof the limitations inherent to this technique, several
important questions remained unanswered.One question was
whether Glu or Asp is the neurotransmitter of corticocortical
neurons labeled with D-~H-As~. This question could not be
answeredsince this marker does not allow for differentiating
neuronsusingGlu from thoseusingAsp, beingthat L-Glu, L-ASP,
and their D-forms accumulated in neurons by the samehighaffinity uptake mechanism(Balcarand Johnston, 1972).Another
problem waswhether corticocortical projectionscould arisefrom
more than one neuronal population, each usinga different neurotransmitter. The only evidence was that in lower layer III
corticocortical neurons labeled with D-~H-As~ were rare compared with those labeled with the unselective tracer HRP. It
wasarguedthat theseneurons could make up a different, layerspecificclassof corticocortical neurons(Barbaresiet al., 1987),
yet whether they are a specialpopulation of amino acid-ergic
neurons that do not accumulate D-asp, i.e., a caseof false negativity (Cutnod et al., 1982; Wiklund et al., 1984), or whether
they use a different neurotransmitter is still unsettled.
A major progressin the study of neurotransmitters in the
cerebralcortex wasthe demonstrationthat Glu can be visualized
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Area
injected
with
HRP

Injection site(s)

Number
of
injections

CCGl
CCG2
CCG3
CCG4

-

-

-

SII
SI

Forepaw
Forepaw and trunk

CCG5

SI

Forepaw and trunk

CCG6
CCG7

SI
SI

Trunk
Forepaw and trunk

CCG8

SII

Forepaw

3
3
3
3
3
3
2
6
4

Amount of
HRP per
injection
Survival
(~1)
time (hr)

Fixative
4% Carbodiimide

4%
Paraformaldehyde

-

Postfixation (hr)

Sections
thickness
(bm)

-

-

+

0.25
0.25

36
36

+
+
+

+
+

72
75
72
80

25
25
25
25

0.25

32

+

+

96

25

0.25
0.25

38
37

+
+

+
+

72
96

25
25

0.25

40

+

+
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in neurons with immunocytochemistry
(Storm-Mathisen
et al.,
1983; Ottersen and Storm-Mathisen,
1984). Hepler et al. (1988)
recently produced and characterized
an antiserum against Glu
that effectively and selectively labels only neurons rich in Glu.
Based on other evidence, it was proposed that labeling obtained
with this serum in selected experimental
conditions
probably
reflects the neurotransmitter
pool of Glu (Conti et al., 1987a).
Using this probe, Conti et al. (1987a) studied the laminar distribution
and morphology
of Glu-positive
neurons in the somatic sensory cortex of rats and monkeys and found that the
anti-Glu serum positively marked about 30-50% of pyramidal
neurons both in supragranular
and infragranular
layers from
which corticocortical
fibers arise (Jones, 1984).
In the present experiments the question of which neurotransmitter is used by corticocortical
neurons was reinvestigated
using this anti-Glu
serum and HRP in combined immunocytochemical-retrograde
transport
experiments
according to the
method introduced by Bowker et al. (1982). This approach provides some advantages with respect to the D-~H-As~ technique
and might give an answer to the above mentioned
questions.
Whereas HRP retrogradely labels neurons regardless of the neurotransmitter
they use, the anti-Glu serum (1) selectively labels
Glu-ergic neurons since it is able to differentiate
between Glu
and other amino acids, including Asp, and (2) appears to give
a nearly complete picture of putative Glu-ergic neurons.
Preliminary
results from these experiments
have been reported in abstract form (Conti et al., 1987~; Manzoni
et al.,
1987).

Materials and Methods
The present research is based on the results from 8 adult cats weighing
2.5-3 kg (see Table 1). Two cats (CCGl and CCG2) were used to study
the laminar distribution of Glu-positive neurons and the ratio between
labeled and unlabeled neurons in SI and SII. On 6 cats (CCG3-CCG8),
combined immunocytochemical-retrograde
transport experiments were
performed.
Surgery and HRP injections. Cats CCG3-CCG8 were premeditated
with desamethazone (1.3 mg/kg, i.m.), anesthetized with ketamine (Ketalar, 33 mg/kg, i.m.), and mounted on a stereotaxic frame. The skull
was opened and the dura removed to expose either SI or SII. HRP
(Boehringer, grade I; 33% in sterile saline) was injected by pressure with
a glass micropipette glued to a 5~1 Hamilton microsyringe over a period
of 10-l 5 min. The pipette was removed after 10 more min. Since fine
topography was unnecessary to the purpose of the present study, injec-
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tion sites were located by comparing sulcal patterns of experimental
animals with the known topography of body representation in SI and
SII. In animals with SI injections, HRP was delivered in the cortex of
the posterior sygmoid gyrus flanking the medial branch of the ansate
sulcus (injections aimed at the trunk representation: Manzoni et al.,
1980; McKenna et al., 1981; Felleman et al., 1983), and in the posterior
third of the lateral sygmoid gyrus (injections aimed at the hand representation: McKenna et al., 198 1; Felleman et al., 1983). In animals with
SII injections, HRP was delivered in the cortex of the anterior ectosylvian gyrus just laterally to the rostra1 part of the suprasylvian sulcus
(Burton et al., 1982). Details on location and number of HRP injections,
amount of tracer delivered, and survival time are given in Table 1.
Perfusion and tissue preparation. At the time of sacrifice, animals
CCG3-CCG8 were deeply anesthetized (Nembutal, 30 mg/kg, i.p.) and
perfused through the ascending aorta with saline followed by 4% carbodiimide in 0.1 M phosphate buffer (pH 7.4) and 4% paraformaldehyde
in the same buffer. Cats CCGl and CCG2 were similarly anesthetized
and perfused with saline, followed by 4% carbodiimide in 0.1 M phosphate buffer (pH 7.4). All brains were removed and postfixed for 3-4
d in 4% paraformaldehyde. Small blocks were removed from SI and
SII, rinsed in PBS, and cut with a Vibratome in 25-Frn-thick sections,
except some blocks from cat CCG8, which were immersed in sucrose
solution (20-30%) and cut with a cryostat in 5-pm-thick sections. Sections from all blocks were collected in serial groups of4. The first sections
were processed for HRP histochemistry, the second for combined HRPGlu reaction, and the third counterstained with 0.1% thionine, while
the fourth was kept unprocessed in PBS for some days. In the series
from animals CCGl and CCG2, the first sections were processed for
immunocytochemistry,
the second counterstained with 0.1% thionine,
and the remaining two kept in PBS.
HRP histochemistry. HRP histochemistry was performed according
to the protocol of Bowker et al. (1982). Briefly, sections were rinsed 3
times in phosphate buffer (pH 7.4), once in Tris buffer (pH 7.2-7.4),
and then incubated in cobalt chloride (0.5% in Tris buffer) for 10 min.
After 2 rinses in Tris and 2 more in phosphate buffer, sections were
incubated in diaminobenzidine
(DAB; 0.02% in Tris buffer) with 0.0 1%
H,O, for lo-15 min and finally rinsed 3 times (5 min each) in PBS.
One of the 2 series processed for HRP was mounted in subbed slides,
air-dried, coverslipped, and used as control to check loss of HRP reaction product during immunocytochemical procedure.
Immunocytochemicalprocedure.
Sections used for the combined HRPGlu processing were rinsed in PBS for 15 min and incubated for 30 min
in normal sheep serum (NSS; 2% in PBS) to mask nonspecific binding
sites (Stemberger, 1986). After a quick rinse in PBS, sections were
transferred into the primary antiserum (see below) diluted at 1:80001: 12,000 and incubated overnight at 4°C. On the following day, sections
were rinsed 3 times in PBS. incubated in NSS for 10 min. and immersed
in the secondary antiserum (biotinilated goat antirabbi;, bGAR, 1:200
in PBS) for about 100 min. Following incubation in bGAR, sections
were rinsed again in PBS (2 rinses; 15 min each) and transferred into a
solution containing the ABC reagents (Hsu et al., 198 1). After about
100 min, sections were removed, rinsed in PBS, and incubated in DAB
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(Sigma; 0.075% in 0.05 M Tris buffer, pH 7.6) for 5-7 min. Wet sections
were observed under a microscope to assess staining intensity, and
incubation was discontinued when staining was considered sufficient to
ensure identification of immunoreactive neurons and, at the same time,
not so intense as to mask HRP reaction product. Sections were then
rinsed for 30 min in PBS, mounted on slides, air-dried, dehydrated,
and CoversliDDed with DPX. Sections from animals CCGl and CCG2
were processed in a similar way, except that they were kept in DAB for
10 min. Thin sections from animal CCGP were processed following a
modified protocol (see Conti et al., 1987a).
The anti-Glu serum (n. 482a; Hepler et al., 1988) used in this study
was raised in a rabbit against Glu conjugated to keyhole limpet hemocyanin with glutaraldehyde. Details on anti-Glu serum characterization are dealt with in a previous paper (Hepler et al., 1988). In brief,
under optimal staining conditions, no cross-reactivity with a series of
structurally related and biologically significant compounds was observed
in immunoabsorption
tests; analogous evidence was obtained in immunoblot specificity tests (Hepler et al., 1988). Details on method and
antiserum specificity at cortical level are reported by Conti et al. (1987a).
In the present histological material only method specificity was tested,
by omitting the primary antiserum and processing the sections in the
same way as those incubated in the anti-Glu serum. These control
sections showed no labeling. Sections were then studied before and after
counterstaining with thionine (0.1%).
Data analysis. For quantitative data on the laminar distribution of
Glu-positive neurons in SI and SII, sections from cats CCGl and CCG3
were studied under a 25 x objective of a light microscope and 500-pmwide sectors of SI and SII were reproduced with a drawing tube using
the criteria described by Conti et al. (1987a). In samples from animals
CCG3-CCG8, on which double-labeling experiments were carried out,
data were obtained from cortical regions containing HRP retrogradely
labeled neurons and showing staining intensity similar to that observed
in noninjected animals. Outlines of Glu-positive, HRP-positive and
Glu/HRP-positive
perikarya were drawn with a camera lucida using a
40 x objective. Only neurons with nuclei occupying a large proportion
of the perikarya were drawn, since this indicates a plane of section that
is near the center of the cell. Cross-sectional areas of these neurons were
measured with a graphic tablet interfaced with an IBM/PC-AT
computer.
SII cytoarchitecture and layering were identified according to the
description given by Burton et al. (1982); SI cytoarchitecture and layering were identified according to Hassler and Muhs-Clement (1964).
In both SI and SII layer III was divided into an outer small-celled
sublayer and an inner large-celled sublayer (Burton et al., 1982; Barbaresi et al., 1987).

Results

Glu-positive neurons in SI and SII
Brains from cats CCGl and CCG2 were usedfor quantitative
study of the laminar distribution and the percentageof Gluimmunoreactive neurons.In both areasnumerousGlu-positive
neurons were present and displayed a brown reaction product
spread throughout the perikarya and proximal dendrites (Fig.
1). In neurons cut through the soma, the nuclei appearedfree
of immunostaining (Fig. 1). In most cases,Glu-positive cell
bodieswere characterized by typical triangular shapeswith apical and/or basal dendrites. These cells could be identified as
pyramidal neurons(Fig. 1; seealsoConti et al., 1987a).Although
quantitative estimatesof pyramidal versus nonpyramidal neurons were not made,in the overwhelming majority of casesGlupositive neurons appeared to belong to the former type, but
somenonpyramidal Glu-positive neuronswere also observed,
especially in layers II, IV, and VI. Glu-positive neurons were
equally numerousin SII and SI. They showedno area1preference
in 3a, 3b, 1, and 2 and were distributed in all cortical layers.
However, counts from randomly selectedcortical regionsclearly
showedthat in both areastheseneuronsoccurred with different
frequencies

in the different

laminae.

In a representative

sample

of 815 neurons collected from SI (429 neurons) and SII (386
neurons),277 (34%)were Glu-positive. Theseneuronsamount-

ed to 143(33.3%)in SI and 134(34.7%) in SII. Counts oflabeled
and unlabeled neurons present in each cortical
that in SI the highest percentages of Glu-positive

layer revealed
neurons were

in layersV (37.0%)and III (36.0%),followed by layersII (35.4%)
VI (3 1.3%) and IV (17.9%). In SII the highest percentagesof
Glu-positive neuronswerein layers V and VI (35.6%and 36. I%,
respectively), followed by layers III (32.9%) and II (30.9%); the
lowest percentagewas in layer IV (14.3%). In layer I of both
areas,Glu-positive neuronswere rarely observed. Examplesof
the laminar distribution of Glu-positive and Glu-negative neurons in 2 vertical strips reconstructed from 2 immunocytochemically processedand counterstained sectionsfrom SI and
SII are shown in Figure 2.

Double-labeling

experiments

In cats CCG3-8 used for double-labeling experiments, 2 preliminary controls were carried out. The first aimed at ascertaining whether the fixation procedure, slightly different from
those tested in previous experiments(Conti et al., 1987a),and/
or the HRP histochemical
processing to which sections were
submitted prior to immunocytochemistry, could have affected
the density and/or the laminar distribution of Glu-positive neurons in SI and SII. Counts from these sectionsyielded results
in all similar to those obtained from cats CCGl and CCG2. The
second control was devised to ascertain whether immunocytochemical processingcould lead to loss of HRP from retrogradely labeled cells. This was achieved by routinely checking,
in all animals used for the double-labeling
experiments, for the
number of HRP-labeled cells contained in sectionsprocessed
for HRP to be almost equivalent to that of HRP-labeled cells
found in adjacent sectionsprocessedfor HRP and Glu immunolabeling.
In eachcat injected with HRP, the cellsof origin of 2 different
corticocortical systems,one callosaland one associational,were
retrogradely labeled.Injections in SI (catsCCG4-7) retrogradely
labeled neurons in ipsilateral SII (SII-SI associationneurons)
and contralateral SI (SI-SI callosal neurons). Injections in SII
(catsCCG3 and 8) retrogradely labeledneuronsin ipsilateral SI
(SI-SII associationneurons) and contralateral SII (SII-SII callosalneurons).In all sectionsprocessedfor visualization of both
HRP and Glu, and containing the cells of origin of one of the
4 corticocortical systems, 3 types of labeled neurons (Fig. 3)
were observed: (1) single-labeledneurons showing the brown
diffuse reaction typical of Glu-positive neurons; (2) single-labeled neurons containing black HRP granulesthrough the somata, often extended to the dendritic processes(Glu-negative
association

or callosal neurons);

and (3) double-labeled

neurons

displayingboth black HRP granulesand brown immunostaining
(Glu-positive associationor callosalneurons).
In the vast majority of cases(94%), the 2 forms of labeling
were easily identified in the double-labeledneurons. However,
in a few cases,HRP granules were so densely packed as to
obscure the Glu reaction product, while in others the brown
reaction was insufficiently intense. These casesaccounted for
only 6% (29 neurons)out of a total sampleof 475 HRP-labeled
corticocortical neurons selected from SI and SII. Of the remaining 432 neurons, 2 14 (49.5%) were Glu-negative and 2 18
(50.5%) Glu-positive. The proportion of single- and doublelabeledneurons in eachcorticocortical systeminvestigated will
be reported in the next paragraphsin which data are presented
systemby systemand not caseby case.The generaltopography
of HRP-labeled corticocortical neurons in the respective areas
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Figure 1. Photomicrographs

of 3 Glu-positive

Association neurons
In SI, 143 HRP-labeled association neurons were considered
for the counts. Fifty-nine (4 1.33%)were Glu-negative, while 84
(58.7%) were Glu-positive (Table 2). Association neuronswere
all pyramidal in shape and, except for some in layer II (not
included in the counts), all were distributed in layer III, both

Table 2. Percentages of single- and double-labeled
cats CCG3-CCGS

HRP
HRP/Glu
Total

corticocortical

in its inner and outer parts. Single- and double-labeledassociation neurons were intermingled throughout these2 layers and
showedno apparent sublaminar segregation(Fig. 4). Perikaryal
cross-sectionalareaswere measuredfrom a selectedsampleof
SI-SII associationneuronsof layer III, and similar values were
obtained from Glu-negative (218.1 pm2, SD 70.5) and Glupositive

(215.8 pm2, SD 57.2) neurons

neurons sampled from SI and SII of

SII-SI
layers V-VI

Callosal neurons
SI-SI
SII-SII
layer III
layer III

59
(41.3%)
84
(58.7%)
143
(100%)

26
(45.4%)
31
(54.6%)
57
(100%)

(ii%)
36
(40%)
90
(100%)

(E%)
80
(100%)

(Fig. 6A).

Of the 137 HRP-labeled associationneurons sampledfrom
SII, 70 (5 1.1%)were Glu-negative and 67 (48.9%) Glu-positive
(Table 2). These neurons were all distributed in layers II-III
and V-VI. As in SI, single- and double-labeled neurons were
pyramidal and intermingled in these layers (Fig. 4). However,
the proportions of single-and double-labeledcellswere slightly
different in the supragranularand infragranular layers(Table 2).

Association neurons
SI-SII
S&S1
layers II-III
layers II-III
44
(55%)

1988, 8(8) 2951

pyramidal neurons: A, layer III, SI; B, layer III, SII; C, layer VI, SII. Scale bar, 15 pm.

will not be described since it was similar to that obtained in
cats in previous tracing experiments on SI-SII (Manzoni et al.,
1979; Burton and Kopf, 1984; Barbaresi et al., 1987) and SIISI (Alloway and Burton, 1985;Barbaresiet al., 1987)association
projections and on SI-SI (Caminiti et al., 1979; Manzoni et al.,
1980; Barbaresiet al., 1987) and SII-SII (Caminiti et al., 1979)
callosalprojections.

Label

August

31
(50%)
31
(50%)
62
(100%)
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Illi

Illi

V

-

VI

100

pm

Figure
2. Distribution of Glu-positive (jilled) and Glu-negative (open) neurons in 2 strips of cortex from SI and SII, reconstructed from 2
immunocytochemically processed, counterstained sections (camera lucida drawings).

Values of cross-sectional areas measured from Glu-negative and
Glu-positive association neurons of supragranular layers virtually coincided (206.8 Fm2, SD 53.4, vs. 208.6 pm2, SD 56.1;
Fig. 6B). The slight difference between values from single- and
double-labelled neurons in infragranular layers (239.4 pm*, SD
70.0 vs. 221.1 hm2, SD 61.4; Fig. 6c) was not significant (p >
0.05).

Callosal neurons
Two samples of 90 and 62 HRP-labeled callosal neurons were
selected from SI and SII, respectively. Of the first sample, 36
(40%) neurons were Glu-negative and 54 (60%) Glu-positive,
while in the second sample exactly 50% of neurons were Glunegative and 50% Glu-positive (Table 2). Single- and double-

Figure3.
P1hotomicrographs
showingthe 3typesofneuronallabelinsned with thecombinedHRP retrograde transport-immunol ?.
^^I.SUUWLU~
^... :x^IL^-^l^L
_^._.- UIUUSC
>1m ^^ a~ammg
.r-l-l--..-‘--,ryp~a~o~-I-c.,
---‘I’
-.x1- JS,
n “’amgle-laoelea
1 1 1 1 3 neuron alsplaymg olac
-s:..,.,,. .L,.l,.A IIGUIUIIS
technique. A, .XLI~;LC;-LUC;KU
UK palt: UIOWII,
UN-pos~uve
ecus.
HRP granular reaction product. C, Double-labeled neuron with both black HRP granules and the diffuse brown reaction product. Scale bar, 2
Frn for A and C, 35 Mm for B.

labeled neurons in the 2 sampleswere all pyramidal and were
intermingled in the outer and inner parts of layer III (Fig. 5).
SomeGlu-negative and Glu-positive neurons (not included in
the counts) were also observed in the infragranular layers of SI
and SII. Perikaryal cross-sectionalareasof Glu-negative and
Glu-positive, and SI-SI callosal neurons were similar (261.1
Fm2, SD 60.0, vs. 262.8 hrn2, SD 7 1.6; Fig. 60). Mean values
from single-and double-labeledSII-SII callosalneurons(2 10.0
prn2, SD 64.0, vs. 243.7 wrn2,SD 71.2; Fig. 6E) were slightlv,
- .
’
Data on double-labeling experiments reported above were all
obtained from 25-wrn-thick sections. Despite the rather strict
criteria adopted to selectneuronsfor counts (seeMaterials and
Methods), double-labeledcorticocortical neuronswere liable to
be underestimated becauseof the limited penetration of the
antibody. Counts were therefore carried out in 5-pm-thick sections from SI of cat CCG8, in which HRP was injected in the
ipsilateral SII. A total of 58 HRP-labeled SI-SII association
neurons were sampled from 8 sections. Of these neurons, 15
(25.9%) were Glu-negative and 43 (74.1%) Glu-positive (Fig 7).

Discussion
The present experiments show that in the SI and SII of cats a
large share of corticocortical projecting neurons, identified by
meansof retrograde labeling with HRP, were immunoreactive

to the anti-Glu serum. These neurons, therefore, probably u:
Glu, or a closelyrelatedcompound, astheir synaptic transmitte
Before dealingwith this issue,sometechnicalaspectsupon whit
the validity of the presentresultsdependsneed to be discussec
Technical considerations
Three main technical factors must be considered:(1) the spec
ificity of the anti-Glu serum; (2) its selectivity in
transmitter pool of Glu; and (3) the technique usedfor doublelabeling of corticocortical neurons.
The specificity of the anti-Glu serum used in the prese
experimentsis discussedin a recent paper (Hepler et al., 1988m.
In brief, both immunocytochemistry and immunoblot analysis
showed that this antiserum does not cross-react with 0th
chemically related and biologically active compounds,includi :
Asp (Conti et al., 1987b; Hepler et al., 1988). A strictly relate
although different, question is whether the immunostaining
neuronsobserved in theseexperimental conditions is relatedI m
the transmitter pool, to the metabolic pool of Glu, or both. This
question was discussedin detail in another report by Conti et
al. (1987a), who concluded that the immunoreactivity obtained
in cortical neuronsof rats and monkeys with the sameanti-Glu
serum used in the present experiments is likely to reflect t
cellular levels of this acidic amino acid related to neur
mission.
Several techniques devised over the last 10 years h
tempted to combine retrograde tracing with neurotran

2954

Conti

et al. * Glu-Positive

Corticocortical

Neurons

SI ASS

S II ASS

-

Ill0

b
A
- +*-

b-“llli

llli

0

0

A

0

)

0

IV

- --

A_,

3

IV
0

V

d

A

V

&
0

0

0

0

O

0

0
6

I

VI

Figure 4. Laminar distribution in area SI (cat CCG3) and SII (cat CCG7) of Glu-positive neurons (open), HRP-labeled Glu-negative association
neurons (stippled) and HRP-labeled, Glu-positive association neurons (jilled). Camera lucida drawing from 2 immunocytochemically
processed,
noncounterstained sections.
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processed, noncounterstained sections.
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Figure

immunocytochemistry
(Ljungdahl et al., 1975; see Hiikfelt et
al., 1983, for a review). Every method employed so far entails
a series of advantages and disadvantages and “no one is perfect”
(Skirboll et al., 1984). The main advantages of the method

adopted in this study, i.e., Glu immunocytochemistry
in conjunction with HRP retrograde tracing, are (1) absence of fading
of the retrograde tracer; (2) simultaneous visualization of the 2
forms of labeling and ease to ascertain their presence in the
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Figure 7. Bright-field (A) and dark-field (B) photomicrographs
showing a HRP-labeled (arrow)and a double-labeled SI-SII association neuron in
layer III of SI. Immunocytochemically
processed, noncounterstained section (5 pm thick) from cat CCG8. Scale bar, 15 pm.

samecell, which makesidentification of double-labeledneurons
very reliable; (3) possibility of counterstaining sections with
Nissl methods, leaving both types of labeling unaffected; and
(4) absenceof crossedinfluences between HRP and immunocytochemical procedure, i.e., the first processingdoes not alter
the number of neurons labeledwith immunocytochemistry and
vice versa. The main disadvantageis the low sensitivity of the
cobalt-enhancedDAB method for visualization of HRP compared with other more sensitive HRP methods (Mesulam and
Rosene, 1979). A strictly related problem is that of fixation
procedure sincein order to obtain the best conditions for Gluimmunoreactivity visualization (Conti et al., 1987a), glutaraldehyde, which is the fixative of choice for HRP histochemistry
(Roseneand Mesulam, 1978), was not used.The fixation procedure adopted in our double-labeling experiments was, however, the most suitedto thesekinds of experimentsfor 2 reasons.
First, the percentagesand the layer distributions of Glu-positive
neurons in SI and SII of cats usedfor double-labeling experimentswere comparableto thoseobtained in animalsCCGl and
2, whosebrains were fixed according to a procedure successfully
tested in previous experiments on the somatic sensory cortex
of rats and monkeys (Conti et al., 1987a),in which the anti-Glu
serum was assumedto give a complete picture of cortical Glupositive neurons.Second, density of HRP-labeled neurons was
still satisfactory in all corticocortical systemsinvestigated and
the topography and laminar patterns of these corticocortical
neurons were in agreementwith data reported in several anatomical experiments on callosal and associationprojections of
SI and SII of cats (Caminiti et al., 1979; Manzoni et al., 1979,
1980; McKenna et al., 1981; Burton and Kopf, 1984; Alloway
and Burton, 1985; Barbaresiet al., 1987). The number of HRP-

labeledneuronsin all neuronal systemsdependson severaltechnical factors (Jones, 1975), and mainly on histochemicalmethods and fixation procedures.Therefore, while a number of corticocortical neurons is certain to have escapedhistochemical
visualization in our experiments, it is likely that they escaped
visualization regardlessof their chemical identity and were randomly distributed betweenGlu-negative and Glu-positive neurons.
The last problem related to double-labeling is the potential
occurrence of sampling bias due to the limited penetration of
the antiserum in 25pm-thick sectionscompared with the free
penetration of HRP histochemistry reagents,which can determine underestimation of the total number of double-labeled
neurons(Bowker et al., 1982). Resultsfrom 5-pm-thick sections
show that this samplingbias really occurs: in thin sectionsthe
percentage of double-labeled SI-SII association neurons was
higher (75%) than that observed in thicker sections(60%). The
ratio of the percentagesof double-labeledneurons in thin and
thick sectionsyields a correction factor of 1.25. Underestimation of number of double-labeledcells is unrelated to neuronal
systems since this bias depends upon mere physical factors.
Therefore, we feel that the correction factor should be used in
all 4 corticocortical systemsto obtain a final percentagerepresenting to a better approximation the real estimate of Glu-positive corticocortical neurons.
Glu-positive corticocortical neuronsand Glu-ergic
subpopulations
In the 4 corticocortical systemsstudied in the present experiments, numerousprojecting neuronswere immunoreactive for
Glu and amounted to 40.0-58.7% of HRP-labeled neurons.
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However, by applying the above mentioned correction factor,
the percentage of Glu-positive neurons ranged from 50.0 to
73.4% of the sample of corticocortical neurons identified in SI
and SII. The involvement of excitatory amino acids in corticocortical synaptic transmission has been previously suggested
(Streit, 1980; Fisher et al., 1982; Hicks and Guedes, 1983; Hicks
et al., 1985), and recent D-~H-As~ experiments showed that the
neurons of origin of the same corticocortical projections investigated in the present research could be retrogradely labeled with
the tritiated marker (Barbaresi et al., 1987). The results obtained
with the anti-Glu serum extend these data and answer some of
the questions raised in the introduction. Since D-~H-As~ retrogradely labels both Glu-ergic and Asp-ergic neurons (Streit, 1980;
CuCnod et al., 1982) the question of whether the neurotransmitter used by corticocortical neurons is Glu or Asp was unsettled. The anti-Glu serum, on the contrary, does not crossreact with Asp and therefore selectively labels only neurons with
high intracellular levels of Glu (Conti et al., 1987a; Hepler et
al., 1988).
Another important result from the present experiments is that
numerous association and callosal neurons in lower layer III, a
source of corticocortical fibers in all mammals (Jones, 1984)
were immunoreactive for Glu, whereas they were rarely labeled
with D-)H-As~ (Barbaresi et al., 1987). It was proposed that
these neurons could be a class of Glu/Asp-ergic neurons not
incorporating this amino acid or, alternatively, a population of
neurons using other neurotransmitters
(Barbaresi et al., 1987).
Since D-~H-As~ is known to label Glu-ergic neurons also, it can
be safely assumed that the numerous Glu-positive corticocortical neurons found in the present experiments in the lower layer
III were rarely labeled with D-~H-As~ because they may be a
layer-specific subpopulation of Glu-ergic neurons unable to incorporate D-‘H-As~. The existence of subpopulations of Gluergic neurons was also proposed by Conti et al. (1987a) on the
basis of evidence from immunocytochemical experiments showing that neurons immunoreactive for Glu (Conti et al., 1987a)
and glutaminase (Donoghue et al., 1985), an enzyme involved
in Glu metabolism, are characterized by a different laminar
distribution in the cerebral cortex of rats and monkeys. Both
sets of data on the existence of Glu-ergic neuronal subpopulations suggest that the anti-Glu serum could label all putative
Glu-ergic neurons in the cerebral cortex, whereas other probes
so far used to identify such neurons probably label only a fraction.

Other possible neurotransmitters of corticocortical neurons
The present results give clear evidence that in all layers containing Glu-positive corticocortical neurons, HRP-labeled cell
bodies were present and were unlabeled with the anti-Glu serum.
These neurons amounted to about a third of all corticocortical
neurons sampled from SI and SII. Since, as reported above, the
anti-Glu serum used in the present research appears to be able
to provide a nearly complete picture of putative Glu-ergic neurons present in the cerebral cortex (Conti et al., 1987a), it follows
that HRP-positive, Glu-negative neurons are not Glu-ergic.
At present no experimental data are available on other possible neurotransmitters
in corticocortical fibers, and many unknown substances could have synaptic effects. Among the endogenous chemicals supposed to exert excitatory action in the
cerebral cortex (see Luini et al., 1984), 2 neurotransmitter candidates in corticocortical fibers are Asp and homocysteic acid

(HCA). Evidence for Asp as a neurotransmitter is not as thorough as it is for Glu, yet this amino acid is generahy considered
an excitatory synaptic transmitter (see Streit, 1984), and some
lines of evidence, although indirect, support this hypothesis.
Recent neuropharmacological experiments on visual areas of
cats suggest that Asp may be an excitatory transmitter in corticocortical pathways (Hicks et al., 1985). The population of
association and callosal neurons labeled with D-~H-As~ in previous experiments might indeed include some Asp-ergic neurons (Barbaresi et al., 1987). Immunocytochemical experiments
showed that there exists in the cerebral cortex of rats a population of neurons immunoreactive for Asp (Campistron et al.,
1986; Conti et al., 1987b). Asp- and Glu-positive neurons form
2 distinct populations, so neurons immunoreactive for Asp were
not immunoreactive for Glu, and vice versa, except for a few
neurons (about 10%) that reacted with both antisera. However,
these populations were both composed of pyramidal cells and
showed similar laminar distributions and perikaryal cross-sectional areas (Conti et al., 1987b). Corticocortical neurons that
were not immunoreactive for Glu in our sample were all pyramidal, and soma size and laminar distributions were similar
to those of Glu-positive neurons. Other immunocytochemical
experiments showed cortical neurons immunoreactive for Aspaminotransferase (ATT), an enzyme participating in Asp metabolism (Donoghue et al., 1985). Interpretation of experiments
involving Asp and ATT immunocytochemistry
must be very
conservative since both substances could be related either to the
metabolic pool of Asp or to the GABA metabolism (Donoghue
et al., 1985; Conti et al., 1987b; Hepler et al., 1988). Further
investigations are therefore in order to discover whether Asp is
indeed the neurotransmitter
of those corticocortical neurons
that were Glu-negative in our experiments.
As far as HCA is concerned, it was shown that this substance
has strong excitatory effects on mammalian neurons (Curtis and
Watkins, 1963). Do et al. (1986a, b) recently showed a potassium-induced, calcium-dependent release of HCA from various
regions of the nervous system and found that the ratio of stimulated and resting efflux was higher in the neocortex than in all
other structures examined. These authors proposed a role for
HCA as a cortical neurotransmitter.
Postsynaptic mechanisms
The excitatory effects exerted by Glu-releasing corticocortical
fibers on target neurons depends on several factors and, among
others, on the type of postsynaptic receptor (Mayer and Westbrook, 1987). Three or more types of excitatory amino acid
receptors, named after their specific agonists and supposed to
have differential effects on postsynaptic membranes, were proposed in the CNS of vertebrates (Watkins and Evans, 1981;
McLennan, 1983; see Mayer and Westbrook, 1987). The involvement of one of them, the N-methyl-D-Asp
(NMDA) receptor, in the responses of cortical neurons to corpus callosum
stimulation has recently been suggested by Thomson (1986; see
also Hicks and Guedes, 1983). In isolated slices of rat sensorimotor cortex, Thomson stimulated callosal fibers and recorded
from pyramidal neurons a type of excitatory postsynaptic potential with striking similarities to the responses of the same
neurons to iontophoretically applied NMDA in terms of voltage
relations, Mg*+ concentration dependence, and sensitivity to
NMDA antagonists. These data, together with the present demonstration that callosal fibers are probably Glu-ergic, seem to
indicate one mode of operation of at least some callosal synapses

The Journal

(and possibly of association synapses, too). Under physiological
conditions, NMDA receptors do not mediate fast excitatory
responses but, rather, long-lasting effects that are subthreshold
for cell firing (Mayer and Westbrook, 1987). These effects are
supposed to be involved in some forms of synaptic plasticity,
such as long-term potentiation in the hippocampus (Collingridge
et al., 1983) and synaptic plasticity in the kitten visual cortex
(Tsumoto et al., 1987), and mainly “to boost incoming depolarization from other inputs” (Mayer and Westbrook, 1987).
These findings may have a connection with intracellular studies
in vivo showingthat, in many visual (Toyama et al., 1974; Singer
et al,. 1975; Innocenti, 1980) and somatosensory(Innocenti et
al., 1972) cortical neurons, high-frequency repetitive stimulation of callosal fibers causesslowly rising, low-amplitude postsynaptic depolarization that rarely initiated action potentials.
All thesedata would suggest
that Glu-ergic callosalfibers,through
their NMDA receptors,may well provide the chemicalbasisfor
the involvement of the callosum in “plastic functions.”
Note added in proof Recently, Conti et al. (1988) showedthat
about half of corticocortical neurons in cat SI and SII were
immunoreactive to an anti-Asp serum(Hepler et al., 1988).This
finding brings someevidence to the hypothesisthat Glu-negative corticocortical neuronsmight useAsp asa neurotransmitter
(seeDiscussion).
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