
Proc. Natl. Acad. Sci. USA
Vol. 93, pp. 7337-7340, July 1996
Neurobiology

Selective expression of m2 muscarinic receptor in the
parvocellular channel of the primate visual cortex

(striate cortex/synapses/neurotransmission/neuromodulation/heteroreceptor)

LADIsLAv MRZLJAK*t, ALLAN I. LEVEYt, AND PASKO RAKIC*
*Section of Neurobiology, Yale University School of Medicine, New Haven, CT 06511; and tDepartment of Neurology, Emory University School of Medicine,
Atlanta, GA 30322

Contributed by Pasko Rakic, March 20, 1996

ABSTRACT Visual information in primates is relayed
from the dorsal lateral geniculate nucleus to the cerebral
cortex by three parallel neuronal channels designated the
parvocellular, magnocellular, and interlaminar pathways.
Here we report that m2 muscarinic acetylcholine receptor in
the macaque monkey visual cortex is selectively associated
with synaptic circuits subserving the function of only one of
these channels. The m2 receptor protein is enriched both in
layer IV axons originating from parvocellular layers of the
dorsal lateral geniculate nucleus and in cytochrome oxidase
poor interblob compartments in layers II and III, which are
linked with the parvocellular pathway. In these compartments,
m2 receptors appear to be heteroreceptors, i.e., they are associ-
ated predominantly with asymmetric, noncholinergic synapses,
suggesting a selective role in the modulation of excitatory neu-
rotransmission through the parvocellular visual channel.

Information processing within the mammalian visual system
involves three functional parallel pathways that remain segre-
gated from the retina to the visual cortex. Two of these
pathways, the so-called M and P pathways, originate from the
magno- and parvocellular layers, respectively, of the dorsal
lateral geniculate nucleus of the thalamus and are involved in
motion, color, and form discrimination (1, 2). The third
pathway, known as the I or K channel, originates from neurons
in interlaminar regions or the koniocellular layers of the lateral
geniculate nucleus (3-5). In the primary visual cortex of
macaque monkeys, information carried by M, P, and K chan-
nels is partitioned in the subdivisions of layer IV and among
cytochrome oxidase (CO)-rich blob (puff) and interblob (in-
terpuff) compartments of layers II and III. The P pathway
axons terminate in layers IVA and IVCb, and M pathway
axons terminate in layer IVCa (6). The K channel axons
project directly to the CO-rich blobs, whereas the M and P
channels form indirect projections to both blobs and interblobs
(4, 5). Although a number of peptides and neurotransmitters,
as well as their synthesizing enzymes and receptors, are
distributed differentially within these compartments in the
primary visual cortex, none has been shown to be selectively
associated with the specific synaptic circuits of only one visual
channel (7-11). Here, using antibodies generated against the
recombinant m2 receptor subtype (12, 13) in combination with
light and electron microscopic immunohistochemistry and CO
histochemistry, we report that m2 muscarinic acetylcholine
receptor immunoreactivity is enriched in the P channel of the
primary visual cortex in macaque monkey.

Muscarinic receptors mediate in large part the action of
acetylcholine (14), the neurotransmitter that has been shown
to have important modulatory functions within the visual
cortex (14, 15). Recent cloning of muscarinic receptor genes
ml-mS (16) and the production of subtype-specific antibodies

against receptor proteins (12, 13) have allowed the localization
of individual receptors with high specificity at both the light
and electron microscopic levels (12, 17). We have taken
advantages of these advances to examine the expression of the
m2 receptor protein in circuits of the primary visual cortex in
the macaque monkeys.

MATERIALS AND METHODS
Five adult rhesus monkeys (Macaca mulatta), housed and
treated in accordance with institutional guidelines, were em-
ployed in this study. The animals were deeply anesthetized
with Nembutal (100 mg/kg given intravenously) and perfused
through the heart with 3-4% paraformaldehyde/0.1% glutar-
aldehyde/0.2% picric acid in 0.1 M phosphate buffer. Coronal
or tangential blocks of the primary visual cortex area were cut
frozen at 30-40 ,mm on a cryostat for light microscopic
examination or on a vibratome for electron microscopic anal-
ysis. Adjacent sections were processed both for immunohisto-
chemistry by use of subtype-specific polyclonal (12) or mono-
clonal (13) antibodies against recombinant m2 receptor pro-
tein and CO histochemistry (18). Sections were photographed
and examined with a Zeiss Aristoplan microscope. For elec-
tron microscopic analysis, vibratome sections stained for m2
receptor were first osmicated in 1-2% osmium tetroxide in
phosphate buffer and flat embedded in Durcupan (Fluka).
Selected blocks were cut serially into ultrathin sections on an
Ultramicrotome (Reichert), stained with lead citrate and
uranyl acetate, and examined with a JEOL transmission elec-
tron microscope.
The quantification of m2-positive structures (e.g., axons and

dendrites) in m2-rich interblobs was performed on electron
micrographs as described (19, 20). The analysis was performed
on sections obtained from three blocks in one representative
monkey case. Electron micrographs (500) from the interblob
area in the superficial and deep parts of layer III were printed
at a final magnification of X25,000. The total interblob area
analyzed was 30,390 ,tm2, and in the quantitative assessment
we determined (i) the frequency of m2-positive tissue elements
(e.g., axons and dendrites) and (ii) the labeling index for each
element by dividing the percentage of each m2-positive ele-
ment by the percentage of element (total labeled and unla-
beled) in our sample. The latter information was obtained by
randomly superimposing the grid with 63 crossing points on
each micrograph.

RESULTS
In the monkey visual cortex, we found the strongest m2
immunoreactivity in layers IVA and IVCb (Figs. 1A and 2
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FIG. 1. Adjacent coronal (A and B) and tangential (C-F) sections
processed for m2 receptor immunohistochemistry (A, C, and E) and
CO histochemistry (B, D, and F). Sections in C and D are through
superficial strata of layer III, and sections in E and F are through deep
strata of layer III. Note interdigitation between the m2 receptor and
CO; m2-rich compartments occupy CO-poor interblob areas. Arrows
point to blood vessels in the adjacent sections that are used as markers
for alignment. In coronal sections (A and B), m2-rich staining in
parvocellular recipient layers 4A and 4Cb and intense CO reactivity
overlap. In contrast, m2 immunoreactivity is poor in the magnocellular
layers IVCa and IVB and abundant in layer V, which is inverse to the
pattern of CO staining. [B, bar = 300 gm (forA and B); F, bar = 0.5
mm (for C-F).]

C-F). The stained elements form a dense network of fibers that
bear numerous boutons, whose shape and ultrastructure are
consistent with the terminations of the P pathway (6). As ob-
served in the electron microscope, these large immunoreactive
boutons (>1 ,m) form multiple asymmetric synapses, predom-
inantly on dendritic spines and less commonly on dendritic shafts
and cell bodies of cortical neurons (Fig. 3 C and D).

Further evidence for selective enrichment of m2 receptor in
the P channel comes from enriched staining in the CO-poor
interblob compartments, which receive intracortical projec-
tions from layer IVCb neurons, which belong to the P system
in the visual cortex (21, 22). An examination of coronal
sections through the macaque primary visual cortex revealed
the presence of distinct, vertically oriented m2 receptor-
enriched compartments within layers II and III that alternate
with the m2-poor zones (Fig. 1A). Adjacent CO-stained
sections show that m2-rich zones correspond to the CO-poor
interblob regions (Fig. 1B). Tangential sections cut parallel to
the pial surface of the primary visual cortex revealed the
pattern of interdigitation of m2 and CO staining; m2 receptor
immunoreactivity forms a matrix with round, poorly immuno-
stained holes into which CO blobs fit precisely (Figs. 1 C-F and
4). Electron microscopic analysis revealed that m2-enriched,
diffuse granular interblob neuropil (Fig. 2A and B) contained
both immunopositive axons (Fig. 3 A and B), as well as
dendrites and spines (Fig. 5 A and B). The labeled axons
typically formed asymmetric synapses with spines and small
dendrites (Fig. 3 A and B). In addition, a smaller number of
axons forming symmetric junctions, with all characteristics of
cholinergic afferents in the cortex (23), was also observed.

Quantitative analysis revealed that, among m2-positive el-
ements in interblobs, axonal labeling accounts for 55.2% of

FIG. 2. Low and high magnification photomicrographs of tangen-
tial sections through m2-rich and m2-poor (asterisks) compartments in
layer III (A and B), honeycomb-like m2 immunoreactivity of layer IVA
(C and D), and dense staining in layer IVCb (E and F). In contrast to
diffuse and granular neuropil in m2-rich compartments of layer III (A
and B), staining in layers IVA and IVCb consists of immunopositive
fibers that bear numerous boutons characteristic for P axonal terminals
(arrowheads in D and F). (A, C, and E, bar = 200 ,um; B, D, and F,
bar = 40 ,Lm.)

elements (axon terminals forming asymmetric synapses,
23.8%; symmetric contacts, 9.4%; and without visible synaptic
contact, 22%). Dendrites were found in 17.8%, spines in 6.6%,
and unidentified profiles in 20,4% of labeled elements. Axons
forming asymmetric and symmetric synapses had the largest
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FIG. 3. (A and B) Two m2-positive axons (a) in m2-rich layer III
interblob domains form asymmetric synapses (arrows) with a dendrite
(d) (A) and two spines (s) (B). Arrowheads point to immunoreaction
product either segregated from (A, C, and D) or associated with (B,
open arrow) the synaptic specializations. In comparison with positive
axons in m2-rich compartments of layers II and III (A and B), those
in layers IVA (C) and IVCb (D) are larger (>1 ,um). They form
multiple synaptic contacts with dendritic spines (arrows, C) and small
dendrites (D), characteristic of P terminals. (Bars = 0.5 ,um.)
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FIG. 4. Computer pseudo-colored images of micrographs shown in Fig. 1 E and F generated for better visualization of complementary of m2
(Left) and CO (Right).

labeling indexes, 3.4 and 4.7, respectively. The labeling indexes
for spines and unidentified profiles were 1.2 and 1.7, respec-
tively. Although dendritic profiles were most frequently en-
countered in our sample (44.3%), they were least frequently
labeled (labeling index 0.4%).

DISCUSSION
We present new evidence for chemical specialization within a
thalamocortical pathway in the primate visual system. Among
three parallel channels, which relay visual information from
the lateral geniculate nucleus, m2 muscarinic acetylcholine
receptor is selectively enriched in the P pathway in the
macaque primary visual cortex. Thus, we found strong m2
immunoreactivity in CO-poor interblob compartments of lay-
ers II and III, as well as layers IVA and IVCb, that are
associated with the P stream. In contrast, m2 receptor protein
expression in CO-rich blob compartment and layer IVCa,
which receive K and M pathway projections, respectively, is
sparse. The m2-positive terminals in layers IVA and IVCb are
defined as parvocellular by established criteria based on
tracing experiments at the light and electron microscopic
levels. (i) P axons terminate in sublayers IVA and IVCb (6),
and (ii) these terminal are large and form usually multiple
asymmetric synapses predominantly with spines (24, 25).

Origin of m2 Immunoreactive Circuitry in Interblobs.
Although both presynaptic and postsynaptic m2-positive ele-
ments contribute to the enriched immunostaining in the
interblob compartments of the layers II and III, m2-positive
axons forming asymmetric synapses are most numerous. These
axons presumably belong to spiny stellate and pyramidal
neurons of the P layers, which are known to project to
interblobs (21, 22), where they form asymmetric synapses (26).
Casagrande and coworkers (21) found that the majority of
these interblob projection neurons are situated in the IVCb P

FIG. 5. Postsynaptic localization of m2 receptor in m2-rich inter-
blobs (A and B). Two immunoreactive spines (s) are postsynaptic
elements of asymmetric synapses (arrows) formed by unlabeled axons
(a). Although the immunoreactivity is present on the postsynaptic
densities (arrowheads), due to the diffusion of immunoperoxidase
end-product, this localization may be also be the result of secondary
depositions of immunoreaction label from extrasynaptic sites in the
dendritic spines. (Bars = 0.5 ,um.)

layer. In contrast, Yoshioka and coworkers (22) pointed out
that spiny stellate neurons, which project to interblob regions,
are situated at the border between layers IVCa and IVCb and,
therefore, should carry both M and P channel information.
However, since layer IVCa exhibits poor m2 staining, it is
unlikely that M neurons contribute to m2-rich staining in the
interblobs. Other possible, but less likely, candidates for the
origin of m2-positive interblob axons are neurons of the
secondary visual areas (27). The origin of asymmetric input
may also be from the intralaminar and central thalamic nuclei
(28), as well as the serotoninergic fiber network of the brain
stem (29).

If m2-positive axons forming asymmetric synapses in inter-
blobs belong to the neurons in P layer IVCb, it would be
expected that these neurons synthesize the m2 receptor pro-
tein. Also, the presence of immunoreactive dendrites and
spines in interblobs is additional evidence that selected neu-
rons in the primary visual cortex may synthesize this receptor.
It may be surprising that no m2 immunoreactive neuronal
somata were observed in layer IVC and very few m2-positive,
presumably GABAergic, neurons are found in other layers of
the primary visual cortex. The absence of m2-positive somata
may be due to the selectivity of our antibody, which recognizes
only the mature form of the receptor at functionally active
sites. The m2 protein is presumably synthesized by neurons
situated outside the interblobs and then transported and
accumulated in distal dendrites, dendritic spines, and axon
terminals, which reside in the interblobs. Spiny stellate neurons
in layer IV or pyramidal neurons in the infragranular layers are
the most likely candidates for synthesis and the selective
distribution of m2 receptor protein within the interblobs
because parts of their distal dendrites and axons reside in this
region (26, 30). Indeed, our preliminary data about localiza-
tion ofmRNA for the m2 receptor in the macaque visual cortex
(data obtained by in situ hybridization histochemistry; data not
shown) suggest the presence of m2-synthesizing neurons in the
infragranular layers, as well as in layer IV.
The smaller proportions of m2-positive terminals in the

interblobs form symmetric synapses and presumably belong to
cholinergic axons because cholinergic axons in the primate,
carnivore, and rodent neocortex form exclusively symmetric
synapses (23, 31, 32) and their neurons of origin in the basal
forebrain synthesize m2 receptor protein (13). In cholinergic
axons, m2 receptors function as autoreceptors, which inhibit
acetylcholine release (33). Cholinergic axons are present in the
interblob areas, although no periodic differences in their
density is observed in supragranular layers (34, 35). Another
potential source ofm2-positive fibers forming symmetric synapses
in the cerebral cortex are GABAergic neurons in the basal
forebrain (36), which also expressm2 protein (13). In contrast, the
asymmetric type of synapses in the cerebral cortex belong pre-
dominantly to thalamo-cortical and cortico-cortical pathways,
which use excitatory amino acids as neurotransmitters (37).

Function and Significance of m2 Receptor Localization.
Localization of the m2 receptor in both presynaptic and
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postsynaptic elements of noncholinergic asymmetric synapses
suggests its role as a heteroreceptor in the visual cortex, as it
has been shown in some other cortical areas (17). For example,
presynaptic m2 heteroreceptors in the interblobs and in the P
axons of layer IV may regulate the release of glutamate, the
principal neurotransmitter in cortico-cortical and thalamo-
cortical projections, including the visual afferent pathways (11,
38, 39). For example, stimulation of presynaptic m2 heterore-
ceptors in the neocortex reduces glutamate release from nerve
terminals and modifies excitatory postsynaptic potentials (40).
In the primary visual cortex, cholinergic agonists reduce the
amplitude of the fast excitatory postsynaptic potentials via
presynaptic mechanisms involving muscarinic receptors (41).
An additional mechanism suggested by our results is that m2
heteroreceptors situated on spines and dendrites may modify
such inputs at the postsynaptic level. The acetylcholine, which
activates m2 heteroreceptors, may diffuse from local cholin-
ergic fiber networks (32) that are in close nonjunctional
contact with glutamate-positive axons and spines (42). There-
fore, these heteroreceptor mechanisms may not involve cho-
linergic synapses but rather "volume transmission" (43). Our
findings suggest that the m2 receptor may modulate input and
output information within the interblobs via m2 receptors.
Interblob neurons belong to the so called "infratemporal"
stream, which is in the visual cortical hierarchy responsible for
object recognition (1, 2). The interblob neurons are orienta-
tion-selective and binocularly driven and have no color pref-
erence (1). It is generally accepted that the neurotransmitter
y-aminobutyric acid (GABA) is involved in modulation of
orientation specificity and other receptive field properties, i.e.,
functions represented in interblobs (44). It was also suggested
that the cholinergic system may be implicated in this modu-
lation by bringing inhibitory GABAergic circuitry to a level of
activity where it becomes effective (45). Such cholinergic-
GABAergic interaction may be implemented via both pre- and
postsynaptic muscarinic receptors. For example, acetylcholine
can directly excite GABA neurons in the visual cortex via
postsynaptic muscarinic receptors (46) or inhibit excitatory
synaptic transmission through presynaptic muscarinic recep-
tors (40, 41).

In conclusion, our results show that m2 receptor immuno-
histochemistry can serve as a useful marker for the P pathway
within the primate primary visual cortex. Furthermore, the
pattern of distribution of m2 receptor protein in cortical
circuitry suggests its modulatory function in segregated visual
pathways.
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