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Feedback connections from extrastriate cortex to primary vi-
sual cortex (V1) in the primate may provide “top-down” infor-
mation that plays a role in visual attention and object recogni-
tion. Our work in a rodent model of corticocortical circuitry
demonstrates that feedback pathways synapse preferentially
with pyramidal cells in V1 (Johnson and Burkhalter, 1996) and
favor excitation over inhibition in cortical microcircuits (Shao
and Burkhalter, 1996).

To investigate the polysynaptic circuits activated by feedback
inputs, we studied chains of neurons postsynaptic to feedback
connections using a combination of axonal tract tracing and
anterograde degeneration. This approach enabled independent
labeling of local collaterals of forward-projecting neurons in V1
and feedback connections from extrastriate lateromedial (LM)
visual area to V1. Postsynaptic targets were identified in the
electron microscope after retrograde transport of biotinylated
dextran amine (BDA) to identify dendrites of forward-projecting

neurons (i.e., from V1 to LM) and postembedding immunogold
labeling to identify GABAergic interneurons.

The results show that feedback connections provide strong
monosynaptic input to forward-projecting neurons in V1. These
neurons in turn make local connections that preferentially form
synapses with other pyramidal cells (;97%), many of which
were identified as forward-projecting neurons. This indicates
that feedback pathways provide input directly to neurons which
make the reciprocal forward connection, and that feedback-
recipient forward-projecting neurons are strongly intercon-
nected. The function of these excitatory networks within V1
may be to amplify feedback activity and provide a circuit for
modulation of striate cortical activity by top-down influences.
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Recent evidence from macaque monkey suggests that the cortical
representation of a visual stimulus can be shaped by “top-down”
influences involving attention and past experience (Desimone
and Duncan, 1995; Maunsell, 1995). It has been proposed that
these signals originate extraretinally in higher cortical areas and
are sent via feedback connections to hierarchically lower areas
(Motter, 1993). Modulation of visual responses by extraretinal
information was first described in primate extrastriate visual
cortex (Haenny et al., 1988; Moran and Desimone, 1985; Maun-
sell et al., 1991), but more recently has also been demonstrated in
primary visual cortex (V1) (Motter, 1993; Press et al., 1994). The
purpose of corticocortical feedback in the monkey, similar to
corticogeniculate feedback in the cat (Sherman and Koch, 1986;
Sillito et al., 1994), may be to alter the responsiveness of forward-
projecting neurons, thereby modulating the transfer of informa-
tion to higher areas. However, the cortical circuits that underlie
this modulation are presently unknown.

We have used the rodent visual cortex as a model system for
examining synaptic connectivity in pathways that link visual cor-
tical areas. Although the laminar pattern of forward and feedback
terminations differs slightly between rat, cat, and monkey (Coo-
gan and Burkhalter, 1993), basic principles of organization are

preserved in the rat (i.e., forward circuits are directed to layer 4
and feedback connections tend to avoid layer 4). Thus differences
in the laminar distribution of reciprocal forward and feedback
connections can be used to delineate a hierarchy of visual areas in
the rodent, similar to cat and monkey (Felleman and Van Essen,
1991; Coogan and Burkhalter, 1993).

In slices of rat visual cortex that preserve forward and feedback
circuitry, we have found that activation of feedback inputs pro-
duces monosynaptic excitatory responses in the majority of striate
cortical neurons which are virtually unopposed by disynaptic
inhibition (Shao and Burkhalter, 1996). In parallel, we have
demonstrated that feedback connections contact relatively few
GABAergic interneurons (Johnson and Burkhalter, 1996) com-
pared with thalamocortical inputs and local connections of
thalamocortical-recipient neurons (White, 1989; Anderson et al.,
1994). This organization suggests that feedback pathways may
have special access to recurrent excitatory circuits (Douglas and
Martin, 1991; Douglas et al., 1995) that could amplify feedback
signals and influence activity generated by thalamocortical input
under stimulus-specific conditions (Lamme, 1995; Zipser et al.,
1996).

To test this notion anatomically, we examined the chain of
polysynaptic feedback circuits in striate cortex consisting of feed-
back inputs from the secondary visual area lateromedial (LM) to
neurons in V1 and in turn from feedback-recipient cells to neigh-
boring neurons within area 17 of rat visual cortex. We accom-
plished this using a combination of anterograde degeneration to
selectively label feedback connections and biotinylated dextran
amine (BDA) to label feedback-recipient neurons and their local
axon collaterals in area 17.
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MATERIALS AND METHODS
General. Our approach to study polyneuronal feedback circuits is similar
to that described by White et al. (1992). The underlying principle is
explained in Figure 1. Forward projecting neurons in area 17 were
retrogradely labeled after BDA injection into the secondary visual area
LM (Coogan and Burkhalter, 1993). Injection of BDA was immediately
preceded by small quantities of NMDA to promote complete filling of
dendrites and axon collaterals of forward-projecting neurons in area 17
(Jiang et al., 1993). After a 1 d interval, which is sufficient for complete
filling of forward-projecting neurons with BDA (Jiang et al., 1993), area
LM was lesioned by local injection of NMDA (see below). Although
BDA labeled both feedback pathways and local collaterals of forward-
projecting neurons within area 17, only feedback terminals underwent
anterograde degeneration, identified by characteristic ultrastructural
changes (Jones and Powell, 1970; Peters et al., 1991) consisting sequen-
tially of: (1) darkening cytoplasm with little change in organelles, (2) loss
of synaptic vesicles and mitochondrial cristae, (3) shrinkage and distor-
tion of terminals, (4) disappearance of mitochondria, and (5) engulfment
by “reactive glial” processes.

Experiments were performed on nine adult Long Evans rats (200–230
gm body weight). All experiments adhered to policy on the use of animals
in neuroscience research as described by the United States Public Health
Service, National Institutes of Health guidelines, and the United States
Animal Welfare Act and outlined by the Society for Neuroscience.
Animal care and experimental protocols were also submitted and ap-
proved by local committee review at Washington University. For pathway
tracing, animals were anesthetized using a mixture of ketamine and
xylazine. Injections into LM were made at previously established coor-
dinates (1.0 mm anterior, 6.0 mm lateral to the lambda suture; Coogan
and Burkhalter, 1993) through small burr holes. All injections were made
by applying brief (5–15 msec) air pressure pulses to the back of a glass
micropipette (inner tip diameter 5 12–18 mm) with a Picospritzer (Gen-
eral Valve, Fairfield, NJ). Chemicals were obtained from Sigma (St.
Louis, MO) except where noted otherwise.

NMDA-enhanced BDA labeling. In four animals, BDA injection was
immediately preceded by injection of NMDA into LM [;0.05–0.1 ml of
10 mM NMDA in 0.01 M phosphate buffer (PB), pH 7.0]. BDA (Molec-
ular Probes, Eugene, OR) (10,000 MW; 0.1–0.15 ml of 10% BDA in 0.01

M PB, pH 7.25) was then slowly injected over a period of ;15–20 min. On
the following day, LM was lesioned by NMDA injection (0.25 ml of 120
mM over 20 min) at the same location. Animals were allowed to survive
4 d after lesion, a period determined to be optimal for ultrastructural
identification of degenerating terminals in preliminary experiments (see
below).

Animals were anesthetized deeply with pentobarbital (80 mg/kg) and
perfused transcardially with a brief rinse of 0.1 M PB, pH 7.4, followed by
a phosphate buffered mixture of 1% paraformaldehyde and 2.5% glutar-
aldehyde, pH 7.4. Brains were stored in the same fixative for 1 hr.
Coronal sections were cut at 50 mm using a vibratome and collected in
four alternating series for light and electron microscopic examination of
BDA, silver impregnation of degenerating fibers, and electron micro-
scopic study of degeneration.

BDA localization. Sections were preincubated for 30 –45 min in 0.1 M
PB containing 2% normal rabbit serum and 0.3% Triton X-100 for light
microscopy or 0.05% Triton X-100 for electron microscopy. After several
brief rinses with PB, sections were incubated in HRP-avidin-biotin
complex (ABC Elite-Kit, Vector Laboratories, Burlingame, CA; double
strength) in 0.1 M PB overnight at 4°C on a rotator. The next day, sections
were thoroughly rinsed with PB and reacted using 3,5-diaminobenzidine
(DAB) with nickel and cobalt enhancement (Adams, 1981). Sections for
light microscopy were rinsed and dried on glass slides, dehydrated in
ethanol, cleared in xylene, and coverslipped with DPX. Selected sections
were counter-stained with neutral red.

Electron microscopy. Alternate sections were rinsed and post-fixed in
2% OsO4 containing 0.05 M potassium ferricyanide in 0.1 M PB (40 min),
dehydrated in an ascending series of ethanols (5 min each) with 1%
uranyl acetate included in the 70% stage (1 hr), and transferred from
100% ethanol to methanol (Fluka, Buchs, Switzerland) (3 x 5 min).
Alcohol was removed by rinsing in propylene oxide (EM Sciences; 3 x 15
min). Finally, sections were infiltrated in a 1:1 mixture of propylene oxide
and durcupan resin (Fluka) for 1–2 hr and placed on slides in drops of
pure resin in a vacuum for 2 hr to remove residual solvent. Sections were
flat-embedded between slides and coverslips coated with plastic mold
release agent (EM Sciences; 48 hr at 56°C).

Silver impregnation of degenerating axon terminals. Silver staining was
performed according to the method of Fink and Heimer (1967; proce-
dure II). The following steps optimized labeling: (1) storage of sections
at 4°C for 3–6 weeks in 10% formalin in 0.1 M PB, (2) reaction in 0.025%
potassium permanganate for 10 min, (3) incubation in 2.5% uranyl
nitrate (Fluka) for 10 min, (4) incubation in 0.3% silver nitrate with 2%
pyridine for 2 hr, and (5) transfer to freshly prepared ammoniacal silver
nitrate for 2–3 min. Sections were reacted in Nauta-Gygax reducer and
processed as described by Fink and Heimer (1967).

Time course of anterograde degeneration. Preliminary studies were
performed in five animals to examine the progression of degeneration.
For this purpose, NMDA and BDA were injected into area LM as
described above, and animals were allowed to survive 1–5 d after LM was
lesioned. Sections were collected in two series: for light microscopic
examination of BDA labeling and for electron microscopic examination
of degenerating profiles without BDA reaction. Unreacted sections were
processed for electron microscopy as described above and examined for
ultrastructural signs of degeneration (Jones and Powell, 1970; Peters et
al., 1991) within the feedback projection zone in area 17.

Light and electron microscopy of forward-projecting neurons. Pairs of
adjacent vibratome sections reacted alternately for BDA (Ni-Co/DAB)
and degeneration (silver staining) were examined in the light microscope
to identify retrogradely labeled forward projecting cells in area 17 within
the densest region of feedback projections. Briefly, coverslips were re-
moved and selected regions were cut out and glued onto blank capsules
of resin. Blocks were trimmed to a mesa that included layers 1 and 2/3
and long uninterrupted series of thin sections (;85–90 nm thickness)
were cut and collected alternately on copper and nickel formvar-coated
polyslot grids (five to eight thin sections per grid). Copper grids were
stained briefly with Reynold’s lead citrate and examined with a JEOL
1200 EX transmission electron microscope at an accelerating voltage of
60 kV.

Nickel grids were reacted for GABA using immunogold labeling to
further characterize both postsynaptic dendritic shafts and second, sym-
metric inputs made onto dendritic spines. Postembedding immunocyto-
chemistry was performed according to Somogyi and Hodgson (1985), as
modified by Freund and Gulyás (1991). Briefly, grids were processed by
etching with 1% periodic acid and 1% periodate, preincubation in 1%
BSA, and incubation in 1:1000 rabbit anti-GABA (Sigma), and incuba-

Figure 1. Methodology. Forward projecting neurons in area 17 (filled
triangles, right cylinder) are retrogradely labeled after BDA injection into
area LM (lef t cylinder). BDA injection was preceded by injection of
NMDA (Jiang et al., 1993) resulting in Golgi-like filling of distal dendrites
and labeling of short-range local axon collaterals (filled circles). In addi-
tion, BDA labels feedback axon terminals in area 17 (filled ellipses).
Feedback-projecting neurons (filled triangle, lef t cylinder) are chemically
lesioned by NMDA injection into area LM, causing selective anterograde
degeneration of feedback axons (dotted lines) and terminals (filled el-
lipses). Short-range local axon collaterals of forward-projecting neurons,
however, remain ultrastructurally intact. Axon terminals and dendrites of
inhibitory interneurons (open circles) are identified by postembedding
staining for GABA.
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tion in 15 nm gold-conjugated goat anti-rabbit IgG. Each step was
followed by thorough rinsing with deionized, distilled water. Pairs of
grids were examined in the electron microscope and data were collected
as described below. Briefly, one thin section per grid was used to identify
all labeled presynaptic and postsynaptic structures. Profiles that did not
make synaptic connections were followed in serial sections on the same
grid until a synapse was identified or until the last section was reached.
All labeled synaptic profiles were photographed at 20,000–27,0003
magnification.

RESULTS
Light microscopy
Golgi-like retrograde tracing of forward projecting neurons
Retrogradely filled forward-projecting neurons in area 17 are
illustrated in Figure 2. Without exception, BDA labeled neurons
were pyramidal cells (Fig. 2 A). The appearance of filled neurons
was similar to that described in classic Golgi studies: filled neu-
rons typically had a skirt of basal dendrites that radiated from the
cell body and a single primary apical dendrite that gave off
secondary branches near the soma (Fig. 2B) and formed an apical
tuft in layer 1 (Fig. 2C). BDA filled neurons were present in all
layers but were most numerous in layer 2/3.

Examination of BDA labeled pyramidal cells at higher power
(Fig. 2B,C) showed evidence for labeling of local axon collaterals
of retrogradely labeled neurons (Fig. 2B) and Golgi-like filling of
distal apical dendrites and dendritic spines (Fig. 2C). Each ret-
rogradely labeled neuron had a clearly labeled main axon that
descended from the cell body toward the white matter (Fig. 2 A).

Because vibratome sections were relatively thin, however, the
majority of axons was truncated near the cell body. In the exam-
ple shown in Figure 2B, the main axon descended from the cell
body and after a short distance gave off several collaterals that
formed axonal boutons (arrowheads) in the vicinity of its basal
dendrites. Such close encounters between BDA labeled axons and
dendrites were quite common. The morphology of labeled axons
resembled that seen in other species (Kisvárday et al., 1986;
Gabbott et al., 1987; McGuire et al., 1991) with boutons made
mostly en passant and less frequently bouton termineaux (Fig. 2C).

Identification of local axon collaterals of forward
projecting neurons
Preliminary evidence for anterograde degeneration of feedback
connections was obtained in a series of cases perfused 1–5 d after
area LM was lesioned with NMDA. At day 1 after lesion, the
pattern of labeling consisted of a small patch of retrogradely
labeled cells in layer 2/3 of area 17 embedded in a dense network
of feedback and local axon collaterals (Fig. 3A). By day 2 after
lesion, however, the pattern was obviously different. The projec-
tion zone contained Golgi-like labeled pyramidal cells (Fig. 3B)
but axonal labeling was much sparser than at day 1. Inspection at
higher power (Fig. 3E) revealed two distinct populations of axons.
A small number consisted of intact axons that were indistinguish-
able from those labeled at day 1. A second, much larger, popula-
tion of axons appeared to be broken up into short segments with
periodic swellings which are clear signs of degeneration (Fig. 3E;

Figure 2. Photomicrographs of BDA-labeled forward-projecting neurons. A, Cluster of forward-projecting pyramidal neurons in area 17 after
NMDA/BDA injection in extrastriate area LM, 4 d after lesion with NMDA. In addition to prominent dendritic labeling, axons are seen descending
from labeled cell bodies (arrows). B, Forward-projecting neuron in lower layer 2/3. Main axon (open arrowheads) bifurcates close to the soma. Local
collaterals form axonal boutons in vicinity of basal dendrites (filled arrowheads). Other BDA-labeled axons ramify in close proximity to apical dendrites
(arrows). C, BDA-labeled apical dendrite in layer 1 of forward-projecting neuron located in lower layer 2/3, illustrating complete filling of dendrites
(arrow). Filled arrowheads point to representative dendritic spines, which stud labeled dendrites. Open arrowheads show bouton termineax. Scale bars: A,
100 mm; B, 50 mm; C, 10 mm.
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arrowheads). Also unlike labeling at day 1 after lesion, numerous
BDA labeled puncta were scattered throughout the feedback
projection zone. Importantly, retrogradely labeled cell bodies and
dendrites appeared normal 2 d post-lesion. The same was true for
axons that emerged from retrogradely labeled neurons in layer 2/3
and terminated in layers 2/3 and 5 (Fig. 3B,C), a well-described
local axon pathway (Burkhalter, 1989). This strongly suggests that
axon collaterals of forward-projecting neurons were unaffected by
LM lesions.

Labeling of feedback connections
Figure 4 A illustrates the position of the NMDA injection in area
LM (asterisk) and the pattern of resulting anterograde degener-
ation. Under dark-field illumination, silver reaction product ap-
peared bright. The injection was centered in lower layers and
resulted in a cup-shaped lesion. In area 17, axonal degeneration
occurred in a bilaminar pattern (Fig. 4 A,D), and resembled the
laminar pattern of feedback inputs (Coogan and Burkhalter,
1993). Silver reaction product extended medially from the edge of

the lesion in LM into the projection zone in area 17 and was most
dense in layer 1 and in layer 6 (arrowheads). Weaker labeling was
observed in layers 2/3 and 5 and was almost absent in layer 4. In
contrast, degeneration in anterolateral (AL) extrastriate areas,
medial complex (Mx), and far lateral complex (FLx), all known to
receive forward input from LM (Coogan and Burkhalter, 1993),
typically included layer 4 (Fig. 4 A). Prominent degeneration was
found subcortically in the lateral posterior nucleus (Fig. 4B) and
in deep layers of the superior colliculus (Fig. 4C). However,
labeling was relatively absent in upper layers of the superior
colliculus and in the lateral geniculate nucleus. This pattern of
cortical and subcortical labeling is consistent with known projec-
tions from area LM (Coogan and Burkhalter, 1993), providing
confidence that the lesion was confined to this area.

Electron microscopy
Electron microscopic evidence for anterograde degeneration
The cases illustrated in Figure 3 were examined ultrastructurally
to determine whether feedback terminals degenerated synchro-

Figure 3. Time course of anterograde degeneration in feedback pathways, area 17. A, Dark-field photomicrographs show BDA labeling in area 17 in rat
killed 1 d after area LM was lesioned. Retrogradely labeled neurons in lower layer 2/3 embedded in a dense network of BDA-labeled fibers. B, Bright-field
photomicrograph shows layer 1 at higher magnification from the case illustrated in A. Labeling consists of axons bearing synaptic boutons (arrows) and
dendrites (center of field). C, At day 2 after lesion, however, labeled feedback axons are less visible under dark-field illumination. Labeling continues to be
abundant, however, in retrogradely labeled cell bodies and dendrites of layer 2/3 forward-projecting neurons and their local axon collaterals, which ramify
within layers 2/3 and 5 (arrowheads). D, At higher power, two distinct populations of axons are seen. One is normal in appearance (arrows), identical to those
at day 0, but the other is broken into chains of labeled puncta (arrowheads), representing short-range axon collaterals of forward-projecting neurons and
feedback axons, respectively. E, At day 4 after lesion, labeling was similar to day 2 after lesion. F, However, at higher power degenerating axons had
completely disappeared, leaving only normal intact axons (arrows). Coronal sections are shown. Scale bars: top row, 0.25 mm; bottom row, 40 mm.
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nously and to ensure that no newly degenerating terminals were
present at longer survival times. For this purpose, we restricted
our examination to unreacted sections to avoid potential confu-
sion with BDA labeling. Briefly, all degenerating terminals exhib-
ited ultrastructural changes consistent with the description of
Jones and Powell (1970) for nonfilamentous degeneration. The
earliest signs of degeneration observed in axon terminals were
darkened cytoplasm and reduced numbers of synaptic vesicles. At
later stages of degeneration (3 and 4 d after lesion), however, the
terminal cytoplasm became increasingly electron dense, and syn-
aptic vesicles and mitochondria disappeared (Figs. 5B, 6C,D).
Later than 4 d after lesion, degenerating terminals were still
observed but were more difficult to identify because of their
severely shrunken size and engulfment by reactive glial processes
(not shown). Importantly, at 4–5 d after lesion, no evidence was
found for terminals in earlier stages of degeneration, indicating
the absence of newly degenerating terminals at these time points.
We therefore restricted our observation to animals killed at day 4
after lesion.

Despite radical changes in the presynaptic terminals of degen-

erating feedback synapses, the only consistent ultrastructural
change in the postsynaptic site was an occasional increase in the
concavity of the postsynaptic membrane and synaptic density
(Figs. 5B, 7B). All postsynaptic sites had an intact synaptic cleft
and a clearly identifiable postsynaptic density. Neuronal cell bod-
ies, nuclei, and dendrites examined at all stages had normal
ultrastructure, as described by Peters et al. (1991).

Ultrastructure of labeled synaptic elements
In the electron microscope, we were able to distinguish be-
tween normal and degenerated BDA labeled axon terminals.
Examples of each type are shown in Figure 5. Ultrastructur-
ally, the degenerating axon terminal shown in Figure 5A (t1)
exhibited significant shrinkage, cytoplasmic condensation, and
loss of synaptic vesicles and mitochondria, consistent with late
stages of degeneration. Within this terminal electron dense
Ni-Co/DAB was patchy within both the cytoplasmic space and
the apparent vestige of a mitochondrion. This stands in con-
trast to the normal ultrastructural appearance of a nearby
unlabeled terminal (t2). The axon terminal illustrated in Fig-

Figure 4. Pattern of anterograde degeneration after area LM was lesioned. A, Coronal sections through visual cortex, dark-field illumination. Asterisk
shows NMDA injection site centered in LM. Dotted line indicates region of cell loss determined from Nissl-stained adjacent section. Silver-labeled (bright)
degenerating feedback projections (arrows) are seen in superficial and deep layers of area 17. Forward projections are seen lateral to LM. Additional
labeling of forward projections is found in anterolateral extrastriate area (AL) and medial extrastriate cortex (Mx). RS, Retrosplenial cortex; FLx, far
lateral complex. B, Labeling of degenerating corticothalamic projections to the lateral posterior nucleus (LPN) of the thalamus. C, Bright-field
photomicrograph of area 17, upper layers, showing grains of silver precipitate in layers 1 and 2/3 of the feedback projection zone. D, Bright-field
photomicrograph of silver-impregnated axons in the superior colliculus. Degenerating axons (arrowheads) are densest in the inferior gray (InG) and lower
optic layers (Op) but are absent from the superficial gray (SuG) consistent with projections originating in extrastriate cortex. Dorsal, up; Medial, right.
LGN, Lateral geniculate nucleus. Scale bars: A, 1 mm; B, 0.5 mm; C, 50 mm.
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ure 5B (t1) contained similarly electron dense precipitate that
uniformly filled the cytoplasm. Unlike degenerating terminals,
normal terminals contained mitochondria and well-defined
synaptic vesicles. Consistent with our methodology, the most
likely interpretation these results is that ultrastructurally nor-
mal, BDA labeled terminals are intrinsic axon collaterals of
forward-projecting neurons, whereas those that are degenerat-
ing are feedback terminals.

Figure 6A shows the typical appearance of a BDA labeled
apical dendrite. Electron dense reaction product was deposited
along parallel arrays of microtubules (arrowheads) within den-
dritic shafts (d) and along unidentified membranous and cytoskel-
etal elements within dendritic spines (Fig. 6 A–C). BDA labeling
clearly extended through the thin spine neck into the head of
labeled spines (s). Nearby unlabeled dendritic shafts (ud) and
spines (us) are shown for comparison. Relatively little precipitate
was present directly apposed to plasma membranes even in in-
tensely stained dendrites, facilitating the distinction between
asymmetric and symmetric postsynaptic densities.

As classically described (Peters et al., 1991), asymmetric con-
nections were associated with relatively thick postsynaptic spe-
cializations and with presynaptic terminals that contained uni-
formly small, round vesicles (Fig. 6A). In contrast symmetric
connections had a very thin postsynaptic density and were asso-
ciated with terminals containing pleiomorphic or flattened vesi-
cles (Fig. 6B, arrow). These two types of terminals are generally
considered to be associated with excitatory and inhibitory func-
tion, respectively (Colonnier, 1981).

Postsynaptic targets of feedback pathways
Additional feedback terminals are illustrated in Figures 6C,D,
and 7B. All feedback terminals identified in this study (36/36)
were found to terminate at thick postsynaptic specializations,
consistent with excitatory function (Shao and Burkhalter, 1996).
Figures 6C,D and 7B illustrate feedback terminals that synapse
with dendritic spines and shafts, respectively.

Postsynaptic targets of feedback terminals were tabulated (Ta-
bles 1, 2). The majority of feedback connections were made with
dendritic spines (94.4%; 34/36) and the remainder with dendritic
shafts (5.6%; 2/36). Of the latter, one input terminated on a
BDA-negative spiny dendrite (Fig. 7B) that was found to be

GABA-negative. The second input was to a dendritic shaft that
expressed very weak GABA immunoreactivity (not shown). This
indicates that ;97% of feedback terminals (35/36) terminate on
pyramidal neurons and only ;3% (1/36) provide input to
GABAergic neurons.

Figure 6C,D), in addition, provides evidence that feedback
axons directly contact forward-projecting neurons. The dendritic
spines illustrated in these panels contain Ni-Co/DAB precipitate
indicating that they are BDA labeled spines of forward-projecting
neurons. Further examination revealed that all feedback inputs to
identified forward-projecting neurons (7/7) contacted dendritic
spines (Table 1). No labeled or unlabeled dendritic spines
postsynaptic to feedback inputs (0/34) were found to receive a
second symmetric input.

Postsynaptic targets of intrinsic axons of forward
projecting cells
The ultrastructural appearance of local axon collaterals of
forward-projecting neurons and their postsynaptic targets in area
17 is further illustrated in Figure 7. Figure 7C shows a BDA
labeled axon terminal that makes an asymmetric connection with
a labeled dendritic spine of a cell that projects from area 17 to
area LM. Figure 7D shows a similar connection with the shaft of
an identified forward projecting neuron.

Similar to feedback connections, the majority of postsynaptic
targets of forward projecting cells in area 17 were dendritic spines
(93.6%; 59/63). Of these, a substantial proportion were found to
contain BDA (13.5%; 8/59), indicating that forward projecting
cells make synaptic connections with other forward-projecting
neurons. Similarly, the majority of dendritic shafts postsynaptic to
forward projecting cells (75%; 3/4) contained BDA labeling, and
therefore were identified as shafts of forward-projecting neurons.
GABA labeling in the single BDA-negative shaft was equivocal
(not shown), and no definitive information was obtained
ultrastructurally.

Of the dendritic spines postsynaptic to local axon collaterals of
forward-projecting neurons (n 5 59), one spine was identified
that received a second symmetric input (Fig. 7A1). Reaction for
GABA in a serial sections indicated that this terminal contained
GABA (Fig. 7A2).

Figure 5. Ultrastructural distinction between
BDA-labeled intrinsic axon terminals of
forward-projecting neurons and feedback termi-
nals in area 17, after lesion day 4. A, Electron
micrograph of a BDA-labeled degenerating
feedback terminal (t1). The terminal is
shrunken in appearance and devoid of normal
synaptic vesicles. Only a remnant of the mito-
chondrion remains (beneath the t1). A nearby
unlabeled terminal (t2) that also makes an
asymmetric connection with a dendritic spine (s)
is shown for comparison. B, Nearby BDA-
labeled axon terminal (t1) of a local axon col-
lateral of a forward-projecting neuron in area
17. The terminal is ultrastructurally intact, with
clearly visible synaptic vesicles and mitochon-
drion. The terminal makes an asymmetric syn-
apse (arrow) with an unlabeled dendritic spine
(s). Scale bar (shown in A for A and B): 0.5 mm.
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Figure 6. Feedback inputs to forward-projecting cells in area 17, layer 2/3. A, Ultrastructural appearance of BDA-labeled forward-projecting cell
dendrite. Ni-Co/DAB reaction product is concentrated along parallel arrays of microtubules (arrowheads) in the dendritic shaft (d). Labeling is also
found in a dendritic spine (s) that receives an unlabeled asymmetric input (arrow). A nearby unlabeled spine (us) is shown for comparison. B, A weakly
BDA-labeled dendritic shaft (d) receives an unlabeled symmetric input containing flattened vesicles and a thin postsynaptic specialization. A nearby
unlabeled dendritic shaft (ud) and spine (us) are shown for comparison. C, Degenerating feedback terminal makes an asymmetric contact (arrow) with
a BDA-labeled spine of a forward-projecting neuron. Labeling in the spine (arrowhead) is relatively weak, but clearly present in comparison to a nearby
unlabeled spine (us). Inset, Same spine as in C showing more prominent BDA labeling (arrowheads). D, Additional example of feedback input to
BDA-labeled dendritic spine of a forward-projecting neuron. Scale bar: A–D, 0.5 mm.
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Comparison of postsynaptic targets
A summary of the postsynaptic targets of local axon collaterals of
forward projecting cells and feedback projections in area 17 is
shown in Figure 8. For a point of reference, the postsynaptic sites
selected by each pathway were compared with those contacted by
unlabeled asymmetric synapses (“neuropil”) in upper layers of
area 17 determined in a previous study (Johnson and Burkhalter,
1996). Data for postsynaptic targets of feedback connections was
pooled with 113 additional feedback inputs studied previously
(Johnson and Burkhalter, 1996).

Similar to the neuropil (;86%) most feedback inputs (96.6%;
144/149) and local collaterals of forward-projecting neurons
(93.6%; 59/63) targeted spines of pyramidal neurons. In addition
to these axospinous local inputs, many short-range local collater-
als of forward-projecting neurons contacted dendritic shafts of
other forward-projecting neurons (3/4), bringing the total input to
pyramidal neurons to at least ;97%. The remaining ;3% of local
axon terminals most likely contact dendritic shafts of GABAergic
neurons. This proportion is significantly lower than the ;10% of
unlabeled asymmetric connections which synapse with GABAer-

Figure 7. A1, BDA-labeled axon terminal of local short-range collateral (t1) of a forward-projecting cell in area 17 makes a local asymmetric connection
(arrow) with an unlabeled spine that receives a second unlabeled symmetric input (arrowhead). A2, Serial thin section shows clustering of gold particles
over the second input indicating that it is the axon terminal of a GABAergic interneuron. B, Degenerating feedback terminal (t1) in upper layer 1 of
area 17 forms an asymmetric connection (arrow) with an unlabeled dendritic shaft (d2). The presence of a dendritic spine projecting off to the right
combined with a scarcity of additional synaptic inputs strongly suggests that it originates from a pyramidal neuron. C, BDA-labeled local short-range axon
terminal (t1) of a forward-projecting neuron in area 17 makes an asymmetric connection (arrow) with a BDA-labeled dendritic spine of a forward-
projecting neuron. A nearby unlabeled synapse is shown for comparison. D, A similar connection (t1, arrow) is made with an identified dendritic shaft
(d1) of a forward-projecting neuron. Scale bars: 0.5 mm.

Table 1. Asymmetric synaptic inputs to forward-projecting cells

Layer a

Spine Shaft Total

FWI FB Unlab FWI FB Unlab FWI FB Unlab

1 5 (6.1) 5 (6.1) 72 (87.8) 2 (22.2) 0 7 (77.8) 7 (7.7) 5 (5.5) 79 (86.8)
2/3 3 (12) 2 (8) 20 (80) 1 (100) 0 0 4 (15.4) 2 (7.7) 20 (76.9)
Total 8 (7.5) 7 (6.5) 92 (86.0) 3 (30) 0 7 (70) 11 (9.4) 7 (6.0) 99 (84.6)

FWI, Forward-projection cell intrinsic axon collateral; FB, feedback terminal; Unlab, unlabeled asymmetric terminal.
a Cortical layer in which synaptic connections were examined.
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gic targets ( p , 0.05; Fisher’s exact test) observed in the neuropil.
This strongly suggests that local axon collaterals of forward-
projecting neurons preferentially communicate with other pyra-
midal cells.

Similar to local axon collaterals of forward projecting cells,
feedback pathways provided relatively little input to GABAergic
neurons (2.7%; 4/149) compared with connections in the neuropil
( p , 0.01; Fisher’s exact test). However, unlike short-range local
axon collaterals of forward-projecting neurons, feedback inputs
showed a different subcellular distribution of their inputs to

pyramidal cells with a greater tendency to synapse with dendritic
spines (;97%; 144/149) rather than dendritic shafts compared
with connections in the neuropil ( p , 0.01; Fisher’s exact test).

Anatomical strength of feedback inputs to forward
projecting cells
To obtain an estimate of the strength of feedback connections to
identified forward projecting cells, we determined the proportion
of degenerating synaptic inputs relative to all labeled and unla-
beled asymmetric inputs to BDA labeled dendrites in layer 1 and
upper layer 2/3 of area 17 (Table 2). Feedback connections
accounted for ;8% of all asymmetric inputs to forward project-
ing cells. Although these data suggest that feedback connections
provide only a minor contribution of the total synaptic input of
forward projecting cells, it is comparable to that of geniculocor-
tical input to layer 4 striate cortical neurons in the cat (Peters and
Payne, 1993) and thalamocortical input to pyramidal cells in
mouse somatosensory cortex (White, 1989).

DISCUSSION
Our investigation of the corticocortical circuit linking extrastriate
visual area LM and area 17 in the rat has shown that feedback
connections provide input directly to neurons in V1 that make the
reciprocal forward projection. In addition, feedback-recipient neu-
rons are strongly connected to pyramidal cells within area 17 but
contact approximately three- to fourfold fewer GABAergic neu-
rons than connections in the neuropil. Furthermore, many local
collaterals of forward-projecting neurons provide input to other
forward projecting cells, suggesting that these cells as a population
are strongly interconnected. This connectivity suggests that a sub-
set of pyramidal cells in V1 amplify feedback input in a local
excitatory network and then send activity back upstream.

Technical considerations
Anterograde axonal degeneration combined with various meth-
ods of intracellular filling (Fig. 1) has become a well accepted
method for differentiating afferent inputs from local collaterals in
the electron microscope (Somogyi, 1978; Freund and Somogyi,
1983; Buhl et al., 1989; White, 1989; White et al., 1992). Our
approach was similar to that of White et al. (1992), but we chose
BDA because it provides superior filling of distal dendrites of
projection neurons (Jiang et al., 1993), but like HRP, has no
known selectivity for neuronal subtypes (Veenman et al., 1992;
Jiang et al., 1993).

Challenges associated with using degeneration as an axonal
marker were overcome by making the lesion large enough to
encompass the BDA injection site. As a result every case showed
overlapping fields of BDA labeling and degeneration in area 17.
In addition, Nissl staining showed no surviving neurons at the
BDA injection site indicating that all BDA labeled feedback
connections underwent anterograde degeneration. Furthermore,
examination in the electron microscope revealed no evidence for
retrograde or transneuronal degeneration of neurons in area 17
(Pubols, 1968; Fry and Cowan, 1972; Barron et al., 1973; Tanaka
and Chen, 1974; Heimer and Kalil, 1978). Finally, terminal de-
generation appeared to be complete 3–5 d after lesion because
there were no newly degenerating terminals. Thus it is highly
likely that we specifically labeled the entire contingent of feed-
back axons emanating from the lesion. This conclusion agrees
with the results of similar experiments in rodent thalamocortical
and transcallosal pathways (Porter and White, 1986; White, 1989;

Table 2. Postsynaptic targets of local collaterals of forward-projecting
cells and feedback projections

Layer a

Forward axons Feedback axons

Spineb Shaft Spine Shaft

1 43 (95.6) 2 (4.4) 29 (93.5) 2 (6.5)
2/3 16 (88.9) 2 (11.1) 5 (100) 0 (0)
Total 59 (93.7) 4 (6.3) 34 (94.4) 2 (5.5)

a Cortical layer in which synaptic connections were examined.
b Spine and shaft inputs, respectively, are expressed within parentheses as percent of
total identified inputs within indicated layer.

Figure 8. Comparison of postsynaptic targets of short-range intrinsic
axon terminals of forward-projecting cells (FWI), feedback pathways
(FB), and unlabeled connections in the neuropil (NP) (Johnson and
Burkhalter, 1996) in layers 1 and 2/3 of area 17. Proportion of spines,
GABA(2) shafts and GABA(1) shafts indicated by shaded and hatched
bars as shown in legend. Feedback connections are made selectively with
dendritic spines (Fisher’s exact test, p , 0.01) and with GABA(2) targets
( p , 0.01) compared with neuropil connections. Short-range axon collat-
eral terminals of forward-projecting neurons also exhibited specificity for
GABA(2) targets ( p , 0.05), but formed synapses with similar propor-
tions of spines and shafts compared with the neuropil.
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Elhanany and White, 1990; White and Czeiger, 1991; White et al.,
1992; Czeiger and White, 1993).

In contrast to feedback connections, we probably labeled only a
minority of forward-projecting neurons in area 17 that project to
area LM. Although we have not directly compared the number of
forward-projecting neurons labeled using the current technique
with that obtained with other methods (Burkhalter and Charles,
1990), counts from our best cases (Jiang et al., 1993) suggested
that only ;40–50% of forward-projecting neurons were labeled
with BDA. For reasons that are unclear, slightly fewer forward-
projecting neurons were labeled in this study (;20–30%). The
finding that 11/63 (17.5%) targets of local axon terminals of
forward-projecting neurons were identified as forward-projecting
neurons, therefore, should be interpreted with caution, because
the actual number is likely to be higher.

A circuit for intracortical facilitation via
feedback pathways
Feedback pathways synapse with forward projecting neurons
This study demonstrates that feedback inputs account for a sub-
stantial proportion of asymmetric inputs to forward-projecting
neurons (;7–8%). This is similar to the strength of callosal input
to callosally projecting cells (;2–6%; Porter and White, 1986).
However, because area 17 receives input from several additional
extrastriate areas (Coogan and Burkhalter, 1993) it is likely that
convergent feedback connections account for a much greater
proportion of synapses, perhaps approaching that of thalamocor-
tical connections to layer 4 spiny stellate cells in mouse somato-
sensory cortex (;20%; Benshalom and White, 1986).

Local collaterals of forward projecting cells target
pyramidal neurons
Interestingly, local axon collaterals of layer 2/3 forward projecting
cells in rat visual cortex preferentially contact pyramidal cells
(;97–98%) and avoid GABAergic neurons in area 17 (;2–3%)
compared with randomly selected inputs in the neuropil. Similar
results have been obtained for local collaterals of callosally pro-
jecting neurons in rodent somatosensory and visual cortex (White
and Czeiger, 1991; Czeiger and White, 1993). These connections,
however, are different from local collaterals of forward-projecting
neurons (Elhanany and White, 1990) and corticothalamic neurons
(White and Keller, 1987) in mouse somatosensory cortex and

layer 6 to layer 4 projections in the cat (McGuire et al., 1984)
which provide ;5- to 30-fold stronger input to inhibitory inter-
neurons. Although several studies in rat and cat have shown that
some pathways synapse preferentially with pyramidal neurons
(White and Czeiger, 1991; Czeiger and White, 1993; Keller and
Asanuma, 1993; Johnson and Burkhalter, 1996), this type of
connection has not yet been demonstrated in primate.

Finally, our results support the notion that short-range connec-
tions of pyramidal cells may be much less inhibitory than their
long-range connections. We base this assertion on the fact that
feedback pathways in the rat, which share a similar synaptic
organization with short-range collaterals of forward projecting
cells with (i.e., ;3% input to inhibitory interneurons), provide
virtually no disynaptic inhibition. In contrast, stimulation of long-
range connections in upper layers of rat (Shao and Burkhalter,
1996) and cat V1 (Hirsch and Gilbert, 1991) produces strong
disynaptic inhibition.

Support for the idea that long-range connections synapse with
a much larger proportion of inhibitory targets is derived from
monkey (McGuire et al., 1991) in which ;20% of long-range
axon collaterals formed synapses with putative inhibitory inter-
neurons. Furthermore, this distinct synaptic organization of
short-range and long-range circuits is consistent with anatomical
evidence obtained from cat motor cortex (Keller and Asanuma,
1993). However, direct evidence that individual pyramidal cells in
rat visual cortex differ in their local and long-range synaptic
targets is lacking. In addition, it remains to be determined
whether feedback-recipient neurons in lower layers are similar to
those in upper layers.

Microcircuitry of corticocortical feedback connections
Our current conception of the organization of feedback and
horizontal circuits, derived from the studies described above, is
illustrated in Figure 9. The principles illustrated are are follows:
(1) feedback connections provide strong excitatory input to for-
ward projecting cells but weak excitatory input to inhibitory
neurons; (2) feedback-recipient forward projecting cells make
strong, excitatory short-range connections to neighboring forward
projecting cells which represent the same point of the visuotopic
map, but short-range input to inhibitory interneurons is weak;
and (3) feedback-recipient forward projecting cells provide rela-

Figure 9. Schematic representation of
reciprocal circuit between area 17 and
LM of rat visual cortex. Feedback con-
nections from area LM (broken lines)
form synapses predominantly with pyra-
midal cells in area 17 (;97%; filled trian-
gles) and provide only a minor input to
inhibitory interneurons (;3%; small open
circles). Similarly, feedback-recipient
forward-projecting neurons in area 17
(filled triangles) make short-range connec-
tions preferentially with pyramidal cells
(;97%), many of which also make for-
ward connections to LM, forming a net-
work of forward-projecting neurons
strongly linked through recurrent excita-
tory collaterals and only weak connec-
tions to inhibitory neurons. In contrast,
long-range horizontal connections of py-
ramidal cells in striate visual cortex pro-
vide strong input to smooth, putative
GABAergic neurons (;20%; large open
circles) (McGuire et al., 1991).
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tively weak excitatory input to distant forward-projecting neurons
which represent dissimilar points of the visuotopic map, but
strong long-range input to inhibitory neurons.

Functional implications
Reciprocity
Currently, the best understood feedback pathway is the cortico-
geniculate projection in the cat. Recent evidence indicates that
this feedback pathway synchronizes firing in geniculate relay cells
that respond to the same visual stimulus (Sillito et al., 1994).
These interactions take place through a reciprocal pathway be-
tween layer 6 striate cortical neurons and relay cells in the lateral
geniculate nucleus that project back to cortex (Wilson et al.,
1984), although strictly speaking the connection between layer 6
corticogeniculate-projecting neurons and geniculocortical affer-
ents has not been proven (Ahmed et al., 1994). Similarly, forward-
projecting cells in area 17 receive input from area LM and in turn
send projections back to LM (this study), but forward pathways
have not been shown to make direct connections with feedback-
projecting cells. Through their direct connection with forward-
projecting neurons, however, it is conceivable that corticocortical
feedback pathways might play a similar role in strengthening and
coordinating output from lower to higher cortical areas.

Recurrent excitation via short-range collaterals
Through a wide range of stimulation intensities, feedback inputs
elicit early followed by late EPSPs in neurons of rat area 17 (Shao
et al., 1996). This is very different from responses generated by
activation of white matter or by long-range horizontal or forward
corticocortical pathways (Shao and Burkhalter, 1996; Shao et al.,
1996) in which polysynaptic excitation is evoked only by weak
stimulation. We therefore suggest that feedback pathways provide
preferential input to interconnected sets of forward-projecting
neurons. Although similar amplification circuits involving recur-
rent collaterals from layer 6 to layer 4 have been postulated in the
geniculocortical pathway (Ferster and Lindstrom, 1985; Katz,
1987; Douglas and Martin, 1991; Douglas et al., 1995), this circuit
differs from polysynaptic feedback circuits by its high connectivity
with putative inhibitory interneurons (McGuire et al., 1984;
Anderson et al., 1994) and its narrow dynamic range (Hirsch,
1995).

Feedback modulation of long-range horizontal connections
It is difficult to imagine how feedback connections could modulate
responses at specific visuotopic locations (Moran and Desimone,
1985; Press et al., 1994) given that feedback and long-range
horizontal circuits both provide widespread, nontopographic in-
put (cat: Gilbert, 1993; Salin and Bullier, 1995; rat: R. Knutsen
and A. Burkhalter, unpublished observations). To examine this
issue, Salin and Bullier (1995) proposed, on the basis of physio-
logical observations of the cat area 18 to area 17 projection, that
topographically precise feedback connections are made predom-
inantly with excitatory neurons but that widespread feedback
connections synapse mostly with inhibitory interneurons.

Their model, however, demands that feedback axons “know”
when they have crossed from the visuotopically aligned domain to
the nonvisuotopic domain, and that they alter their selection of
postsynaptic targets accordingly. We propose instead that the
distinct synaptic organization of short-range and long-range col-
laterals of feedback-recipient neurons may confer spatial selectiv-
ity to feedback influences via much stronger inhibitory connec-
tions formed by long-range collaterals compared with short range

collaterals. This would allow feedback pathways to chose the
same set of targets regardless of spatial information, and in
addition allows for either facilitation or suppression via long-
range horizontal connections depending on the strength at which
feedback inputs are driving the surround (Shao and Burkhalter,
1996).
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