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ABSTRACT

In visual and somatosensory cortices of several species, spiny stellate cells in layer 4 are
the first elements in signal processing where thalamic information is integrated and emer-
gent receptive field properties are generated and sent on to more superficial cortical layers.
In vivo and in vitro experiments have provided important information about how the anat-
omy and physiology of these cells and this layer fit into the functional cortical circuitry. No
such data exist for the auditory cortex but are requisite if we are to understand whether ideas
about information processing in one sensory cortical area can be generalized to another.
Accordingly, we used in vitro slices from which to record and labeled cells in the middle layers
of the cat auditory and visual cortices to compare basic anatomical and physiological features
of cells recovered in similar layers using the same methods. Our results demonstrate a
striking difference in a basic characteristic of two primary sensory cortical areas. In the
visual cortex, spiny stellate cells predominate, receive short-latency synaptic inputs, and
project to supergranular layers. No such spiny stellate population is encountered in the
middle layers of the auditory cortex. Spiny cells that are not stellate or pyramidal are
occasionally encountered but, as a group, do not display consistent anatomical or physiolog-
ical features that might allow them to function as auditory cortical versions of the visual
spiny stellates. Rather, pyramidal cells in the lower half of layer 3 and layer 4 appear to have

assumed this role. J. Comp. Neurol. 436:508-519, 2001.
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The spiny stellate cell populates layer 4 of primary
visual and somatosensory cortices (O’Leary, 1941; Lund,
1973, 1984; Jones, 1975; Braak, 1978; Feldman and Pe-
ters, 1978; Simons and Woolsey, 1984), replacing pyrami-
dal cells as the dominant excitatory neuron. As the major
recipient of thalamocortical terminals in layer 4, spiny
stellate neurons form an important link between thala-
mus and cortex (see, e.g., LeVay, 1973; LeVay and Gilbert,
1976; White, 1978, 1979; White and Rock, 1980). Evidence
also suggests that one of their main functions is to inte-
grate this thalamic information and convey it primarily to
superficial cortical layers (Gilbert and Wiesel, 1983).

The small profile of the spiny stellate cell body in layer
4 is one of the features that led to early descriptions of
primary cortical cytarchitecture as “granulous” or “konio-
cortical” (von Economo, 1929), including primary auditory
cortex in human (von Economo and Koskinas, 1925), mon-
key (Walker, 1937), and cat (Bremer and Dow, 1939).
However, Rose (1949) questioned its granular nature, not-
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ing that layer 4 was not heavily granular and concluded
that, by strict definition, cat auditory cortex was not ko-
niocortical. Rose’s observation may have foreshadowed
observations of fundamental differences between layer 4
in auditory and other sensory cortices. Golgi studies in
rabbit (McMullen and Glaser, 1982), cat (Winer, 1984),
mustached bat (Fitzpatrick and Henson, 1994), and hu-
man (Meyer and Ferres-Torres, 1984; Meyer et al., 1989)
showed that spiny stellates are rare in layer 4. In contrast
to the symmetric dendritic trees of visual and somatosen-
sory spiny stellates that are confined to layer 4, a great
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DIFFERENCES IN CAT AUDITORY AND VISUAL CORTICES

variety occurs in the dendritic arborization patterns of
these infrequently encountered cells purported to be spiny
stellate homologues. If spiny stellate cells are not the
primary excitatory cell type, what is? Several reports (Mc-
Mullen and Glaser, 1982; Meyer et al., 1989; Fitzpatrick
and Henson, 1994) indicate that pyramidal cells populate
layer 4 in several species, although they are reported to be
absent in cat primary auditory cortex (Winer, 1984).

In vivo and in vitro experiments in visual and somato-
sensory cortex of nonrodent mammals have verified that
the spiny stellate is the major excitatory cell type in layer
4 and have provided important information about how
their anatomy and physiology fit into the functional cir-
cuitry of their respective regions (Gilbert and Wiesel,
1983; Martin and Whitteridge, 1984; Katz et al., 1989;
Anderson et al., 1994; Hirsch, 1995; Woolsey, 1996; Cal-
laway, 1998; Fleidervish et al., 1998; Hirsch et al., 1998;
Somogyi et al., 1998). The same cannot be said for audi-
tory cortical layer 4, about which, beyond the initial Golgi
studies, little is known.

Documenting structural and physiological differences
between these layers in auditory and visual cortices may
shed further light on how sensory information from differ-
ent modalities is processed in cerebral cortex. Accordingly,
our goal was to determine the composition of the spiny cell
population of the middle layers of the cat auditory cortex.
We performed additional experiments in cat primary vi-
sual cortex to compare basic anatomical and physiological
features of cells recovered in similar layers using the same
methods. We also wanted to make sure that we could
successfully record from and recover spiny stellates such
as those found in primary visual cortex, where they are
abundant.

MATERIALS AND METHODS

Healthy adult cats, aged one year or older, with no signs
of external or middle ear infections, were initially anes-
thetized with an intramuscular injection of a combination
of ketamine (20 mg/kg) and acepromazine (0.4 ml). Anes-
thesia was maintained with intravenous injections of so-
dium pentobarbital (35 mg/kg). Body temperature was
stabilized at 37°C. A tracheotomy was performed, with all
wound areas swabbed liberally with lidocaine. All meth-
ods were approved by the University of Wisconsin Insti-
tutional Animal Care and Use committee. Animals were
maintained in an American Association for Accreditation
of Laboratory Animals Care-approved facility.

Slices of auditory and visual cortex

To harvest auditory cortical slices, the following steps
were taken. The temporal and occipital bones overlying
the temporal cortex were removed on one side, and the
anterior ectosylvian sulcus (AES), posterior ectosylvian
sulcus (PES), and suprasylvian sulcus (SSS) were iden-
tified (Fig. 1A). The amount of time and the numerous
penetrations required to define physiologically the exact
boundaries of the primary auditory cortex and map the
frequency organization would compromise the integrity
of the slices subsequently taken from this region, so this
was not done. Instead, we used the surface maps illus-
trated in the figures of Rose (1949), Reale and Imig
(1980), and Brugge and Reale (1985) as indicators of the
boundaries of primary auditory cortex and harvested
our slices from these areas. Thus, although we are con-
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fident that we recorded from cells in primary auditory
cortex, we cannot be certain where the cells were within
the frequency map because the boundaries of primary
auditory cortex and the frequency map within those
boundaries varies somewhat from animal to animal.
Cold oxygenated saline (see below) was perfused onto
the exposed cortical surface, and scalpel cuts were made
to remove a wedge of brain containing auditory cortex.
Two coronal cuts were made, one approximately 1 mm
rostral to the AES and the other approximately 2 mm
caudal to the PES. A horizontal cut was made between
the bottom points of the two coronal cuts at a level just
dorsal to the pseudosylvian sulcus. A final sagittal cut
was then made between the SSS and the midline of the
brain, between the two coronal cuts. The isolated corti-
cal wedge was then removed and placed in cold oxygen-
ated saline. For horizontal slices, the wedge was glued
ventral side down, and 500 pm sections were taken
using the AES, PES, and SSS as landmarks defining the
location of Al. For coronal slices, the wedge was glued
caudal side down, and 500 pm sections were taken
using the three sulci as landmarks.

To generate visual cortical slices, the following steps
were taken. The locations of the primary visual cortex
and its boundaries were based on the figures of Tusa et
al. (1978). The occipital bone was removed to expose the
entire occipital cortex on one side and the top of the
occipital cortex on the other in order to yield a good view
of the midline where area 17 is located (Fig. 1A). Cold
oxygenated saline was perfused onto the cortical sur-
face, and scalpel cuts were made to remove a wedge of
brain containing visual cortical area 17 on one side. Two
coronal cuts were made from the top of the cortex down
to about 5 mm below the suprasylvian sulcus, one about
6 mm from the caudalmost tip of the occipital cortex and
the other about 1.5 cm rostrally, both extending across
the midline. A cut was then made in the horizontal
plane at the bottom of the two coronal cuts. A final cut
was next made in the sagittal plane, in the occipital
cortex just across the midline from the side to be sliced,
that ran rostrocaudally between the two coronal cuts.
The isolated cortical wedge was removed and immedi-
ately immersed in cold oxygenated saline. The block was
glued rostral end down, and 500 wm coronal sections of
visual cortex were taken, trimmed, and stored in oxy-
genated saline.

The cortical slices were placed in a holding chamber
containing normal, oxygenated artificial cerebrospinal
fluid (ACSF) at room temperature. After equilibrating in
the holding chamber for at least 30 minutes, one slice was
transferred to the recording chamber, placed between two
sets of nylon mesh, and perfused with normal, oxygenated
ACSF at 33-35°C containing the following (in mM): NaCl,
124; KCl, 5; KH,HPO,, 1.2; CaCl,, 2.4; MgSO,, 1.3;
NaHCO,, 26; and glucose, 10.

Recording and stimulation

Electrical activation of synaptic inputs was accom-
plished using bipolar stimulating electrodes (A and M
Systems, Everett, WA), with tips separated by about 500
pm that were placed in the white matter below layer 6.
Shock duration was either 100 or 200 pwsec. The white
matter consists of thalamocortical axons as well as other
axons heading to and from the cortex. Thalamic axons
have been shown to be the thickest, and both in vivo and



510

& : . @ - %
: i"-'g‘.";!.h ‘.HJ

Fig. 1. A:Lateral view of a cat brain with the left side tilted down
so that the dorsal midline is visible. The typical location of the pri-
mary auditory cortex (Al) is outlined. The block of cortex that was
removed for taking auditory cortical slices is the larger outline sur-
rounding Al. The white area labeled V1 represents the typical loca-
tion of the portion of the primary visual cortex that can be seen from
this viewpoint. Most of the primary visual cortex is located on the
medial surface of the temporal lobe (large gray arrow). The block of
cortex that was removed for taking visual cortical slices is outlined.

in vitro studies have indicated that they have the lowest
activation threshold (Bullier and Henry, 1979; Ferster
and Lindstrom, 1983, 1985; McGuire et al., 1984; Katz,
1987; Ferster, 1990; Hirsch, 1995). We used shock
strengths of moderate intensity, so we are confident that
much of the excitatory synaptic activity we elicited was
from the activation of thalamocortical axons. We have
some direct evidence for this. We recorded from and la-
beled many cells whose axons could be followed into the
white matter. It was unusual to drive antidromically these
or any cells from which we recorded with shock stimula-
tion of the white matter, and when this did occur it was
usually at the highest shock strengths used. The excita-
tory postsynaptic potentials (epsp) and inhibitory postsyn-
aptic potential (ipsp) latencies on which we report were
elicited at lower shock strengths, so it is very unlikely that
these were generated by the axon collaterals of backfired
cortical cells.
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Several of the sulci used as landmarks have been labeled.
B-E: Photomicrographs of four cells that were labeled with Neurobi-
otin in layer 4 of the auditory (B,E) and visual (C,D) cortices. Camera
lucida drawings of the cells in B and E are cells 1 and 3, respectively,
in Figure 3. Camera lucida drawings of the cells in C and D are cells
5 and 1, respectively, in Figure 4. AES, anterior ectosylvian sulcus;
PES, posterior ectosylvian sulcus; PLS, posterior lateral sulcus; LS,
lateral sulcus; SSS, suprasylvain sulcus. Scale bar in A = 1 cm; scale
bar in B = 100 pm for B-E.

Intracellular recordings were made with sharp glass
microelectrodes, which, when filled with 2% Neurobi-
otin (Vector, Burlingame, CA) in 2 M potassium acetate,
had resistances of 90-140 M. Physiological data were
collected with custom software developed at the Univer-
sity of Wisconsin. The difference between the voltage
measured extracellularly in saline and intracellularly
during recording was taken as the resting membrane
potential. Epsp and short-latency ipsp latencies were
measured from stimulus artifact onset to where the psp
consistently changed the membrane potential. To disso-
ciate epsp and ipsp latencies when both were present,
responses were recorded while the cell was polarized
around the resting membrane potential. Epsp latencies
were calculated near the ipsp reversal potential. Spike
widths were measured at the base of the spike defined
by the point at which the upswing of the spike became
all or none.
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Histology

Slices were removed from the recording chamber and
immediately fixed in fresh 4% paraformaldehyde. The
slice was then cryoprotected, and frozen 60 pm sections
were collected. The sections containing the Neurobiotin-
labeled cells were then processed using methods describe
previously (Smith, 1992), mounted, counterstained with
cresyl violet, and coverslipped. Examples of labeled cells
from the auditory and visual cortices are illustrated in
Figure 1B-E.

Cells and their axons were drawn either at 630X or
1,000 using a camera lucida attached to a Nikon Biophot
microscope. The depths that corresponded to a particular
cortical layer for auditory cortex were taken from Winer
(1992) and for visual cortex were taken from Gilbert and
Wiesel (1979). We also expressed the location of cells as a
percentage of the total depth of the cortex. For this, the
distance between the surface of the cortex and the layer
6/white matter border was measured at the location of the
labeled cell body and the cell’s location expressed as a
percentage of the total depth of the cortex at that point. In
the visual cortex the distinction between the bottom of
layer 6 and the white matter was well defined. In auditory
cortex, this distinction was not as apparent, so the bottom
of layer 6 was defined as the point where the cell concen-
tration changed from dense to sparse. Independent judge-
ments made by two observers were typically within 50 pm
of one another. The areas of cell bodies of auditory and
visual cortical neurons were measured from scanned cam-
era lucida drawings using NIH Image software from Scion
Corporation.

RESULTS
General features

We recorded from and labeled 110 cells located within
the confines of layers 3-5 of auditory cortex. One hundred
of these cells were pyramidal and five cells were classified,
based on their dendritic profiles, as “nonpyramidal with
spines” (referred to below as “nonpyramidal cells”). The
remaining five were aspinous interneurons and are not
discussed further here. Figure 2A illustrates the depth of
the pyramidal cells (squares) and nonpyramidal cells (cir-
cles) from the surface and their layer locations based on
the values for the cat auditory cortex described by Winer
(1984, 1992). Measurements of the cell body size of the
pyramidal and nonpyramidal population revealed that (1)
virtually all the pyramidal cells in layer 5, and at the
boundary between layers 4 and 5, could be grouped into
two size categories, those with cell bodies larger than 300
um? (designated “large”) and those with cell bodies
smaller than 220 pm? (designated “small”); the large cells,
including those at the 4/5 boundary, all had large, thick
apical dendrites that extended to layer 1; the members of
the small cell population had much thinner, less profusely
branching apical dendrites that only extended into layer 3;
the axonal projection patterns and the synaptic and in-
trinsic physiology of these two populations differed as
well, but the details are not discussed in this report; (2)
small, medium-sized, and large pyramidal cells were
found in layer 3, but the medium-sized and large cells
were confined to the deeper half of the layer; and (3) the
large majority of the pyramidal cells at depths correspond-
ing to layer 4 were in the small category, as were four of
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Fig. 2. Depth and soma size of labeled spiny cells in the auditory
(A) and visual (B) cortices. Horizontal dotted lines distinguish be-
tween layer boundaries; vertical dotted lines distinguish between cell
size categories.

the five nonpyramidal cells in this layer. Two other fea-
tures of auditory cortical layer 4, relative to the surround-
ing layers, are apparent from Figure 2A. First, there is no
obvious break in the distribution of pyramidal cells at
layer 4. Second, the infrequently encountered and labeled
nonpyramidal cells were located in, or at the boundary of,
layer 4.

Comparison to layer 4 of visual cortex

In the visual cortex pyramidal cells also populate layer
4, but, in cats and higher primates, the most abundant
excitatory cell type in this layer is the spiny stellate (see,
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e.g., O'Leary, 1941; Lund et al., 1979; Gilbert and Wiesel,
1979; Martin and Whitteridge, 1984; Dudek and Fried-
lander, 1996). We were curious to know (1) why we had not
encountered any true spiny stellates in auditory cortex, (2)
whether the infrequently encountered nonpyramidal cells
in auditory layer 4 might be the homologue of the spiny
stellate cell in layer 4 of the visual cortex, and (3) were
that the case, why had we not encountered them more
frequently?

To rule out a possible recording bias for our lack of
labeled stellate cells in layer 4 of the auditory cortex, and,
as a means of comparison, we also recorded from and
labeled 32 cells in primary visual cortical slices. Thirty-
one were located in layers 3-5 as defined by Gilbert (1977).
Figure 2B illustrates the depth of both pyramidal and
stellate cells in visual cortex. Twenty of these cells were
pyramidal, and 12 were nonpyramidal. All of the nonpy-
ramidal cells had stellate dendritic configurations. Eleven
of 12 were considered spiny stellate and not local inhibi-
tory interneurons based on the following: (1) Eight of 12
were labeled darkly enough to distinguish dendritic
spines, and (2) three of the remaining 4 had an axon that
headed into the white matter, a common feature of the
spiny stellates of layer 4ab (Gilbert and Wiesel, 1979),
where most of our sample was located. As Figure 2B
illustrates, the majority of the spiny cells labeled in layer
4 were spiny stellates. This is consistent with the reports,
cited above, that pyramidal cells are replaced by stellates
as the major excitatory cell type in layer 4 of the cat visual
cortex. It is also consistent with the notion that we were
reliably sampling the excitatory cell types in this layer of
the visual cortex and presumably the auditory cortex as
well.

In comparison to the labeled population from the audi-
tory cortex, Figure 2 illustrates that, as with the spiny
stellate cells labeled in the visual cortex, our small popu-
lation of labeled nonpyramidal cells in auditory cortex was
located in layer 4 and the majority (4/5) of these had small
cell bodies. This, however, was the only clear similarity
between the two populations. Other parameters would
indicate that these auditory nonpyramidal cells are not
the homologue of the visual spiny stellates. First, the
number of these auditory nonpyramidal cells in layer 4, as
a percentage of spiny neurons there, is quite low compared
to that of the visual spiny stellates (11/21, or about 52% in
visual vs. 5/31 or about 16% in auditory). Second, the
members of the nonpyramidal population in the visual
cortex are stellate, whereas those in the auditory cortex
are not. Examination of the dendritic tree of these nonpy-
ramidal cells (Fig. 3) shows that they are not consistently
oriented, nor are they symmetric or confined to layer 4,
two characteristics of spiny stellate cells in the visual and
somatosensory cortices. As Figure 3 illustrates, at least
one dendrite on each of the five auditory nonpyramidal
cells extended a considerable distance from the soma,
often out of layer 4 to more superficial or deeper adjacent
layers. A closer view of dendritic branches (insets in Fig. 3)
also reveals that the spines decorating the dendrites are
not of a consistent shape or length. Several of these non-
pyramidal spiny cells resemble cells defined as “inverted
pyramidals” that have been described for the auditory
cortex of several species, including cats (Tunturi, 1971;
McMullen and Glaser, 1982; Winer, 1992). Figure 4 illus-
trates five examples of the visual, layer 4 stellate cells. In
contrast to those of the auditory nonpyramidal cells, their
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Fig. 3. Camera lucida drawings of the five nonpyramidal spiny
cells in or at the border of layer 4 of the cat auditory cortex. Portions
of the dendritic trees (highlighted in gray) of two cells are enlarged to
illustrate spines. Inset below cell 4 illustrates the depth of each cell
and the layer 4 boundaries (dashed lines). Curved arrows indicate
axons. Cells are oriented so that the top edge of the figure would be
parallel to the cortical surface. Scale bar = 50 pm.

dendritic trees are relatively symmetric about the cell
body and remain confined primarily to layer IV, typical of
the spiny stellate cell classification. A closer view of den-
dritic branches (insets in Fig. 4) indicates that their spines
tend to be more uniform in size and shape.

In addition to their fairly consistent cell body size and
dendritic configuration, visual spiny stellates tend to
share another important anatomical feature, namely,
their axon collateral branching pattern, which is not seen
in the auditory nonpyramidal cells. Several reports (Gil-
bert and Wiesel, 1979; Martin and Whitteridge, 1984;
Anderson et al., 1993) have shown that visual spiny stel-
late cells primarily innervate the same and more superfi-
cial cortical layers. Figure 5 illustrates the axons of four
spiny stellate cells in visual cortex. It is clear that much of
the collateral system for these cells concentrates in layer 4
and more superficially. Reconstructions of the axons of the
nonpyramidal population from the auditory cortex show
no such consistency (Fig. 6). Although some collaterals of
all of these cells remain within the same layer or head
superficially, this does not appear to be their primary
target.

We also examined physiological properties of these cells
that might indicate whether they represent the auditory
cortical version of the visual cortical spiny stellate cell.
One important feature is epsp latency. Several studies of
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Fig. 4. Camera lucida drawings of five spiny stellate cells in or at
the borders of layer 4 of the cat visual cortex. Portions of the dendritic
trees (highlighted in gray) of two cells are enlarged to illustrate
spines. Inset to the right of cell 3 illustrates the depth of each cell and
the layer 4 boundaries (dashed lines). Curved arrows indicate axons.
Cells are oriented so that the top edge of the figure would be parallel
to the cortical surface. Scale bar = 50 pm.

the visual cortex have indicated that spiny stellates re-
ceive a monosynaptic input from the thalamocortical ax-
ons (Gilbert, 1983; Martin and Whitteridge, 1984; Ferster,
1992; Hirsch, 1995; Stratford et al., 1996). These axons
are the thickest, most rapidly conducting axons entering
the gray matter; are activated at the lowest threshold; and
generate epsp in spiny stellate cells with the shortest
latencies (Hirsch, 1995; Stratford et al., 1996; Hill et al.,
1997). Similar short-latency epsp have been reported in
the auditory system, where stimulation of the auditory
thalamus consistently elicited monosynaptic events in cor-
tical layer 4 (Mitani and Shimokouchi, 1985; Mitani et al.,
1985). Based on the epsp latency values reported by Strat-
ford et al. (1996) for thalamocortical epsp latencies in
visual spiny stellates located in sublayer 4ab and by Mi-
tani in the auditory cortex, we set a minimum latency of
1.5 msec as the criterion for whether a cell was receiving
a direct input from thalamocortical axons. For reasons
described in Materials and Methods, we are reasonably
confident that our short-latency excitatory synaptic events
arose from axons that were thalamocortical. As the top
panel of Figure 7B illustrates, all of our spiny stellate cells
located in this sublayer had latencies below this level. A
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Fig. 5. Camera lucida drawings of the cell bodies and axons of four
of the spiny stellate cells in the visual cortex, shown in Figure 4,
drawn in the section of the cortex containing the cell body (curved
arrows). Thick lines represent the cortical surface. Thin lines imme-
diately below represent the boundary of layers 1 and 2. Thin lines
between the label w.m. and the cell represents the boundary between
the white matter and layer 6. Scale bar = 1 mm.

comparison of the same feature for the nonpyramidal cells
in layer 4 of the auditory cortex (Fig. 7A, top panel) shows
that the epsp of only one of these four cells that received
an excitatory input was below 1.5 msec. The lower two
panels in Figure 7B show that criteria can also be set for
the layer 4ab spiny stellate ipsp latency (3.0 msec or less
for those receiving an ipsp) and spike width (0.9 msec or
less). A comparison of the same features for the nonpyra-
midal cells in layer 4 of the auditory cortex (Fig. 7A,
bottom and center panels) shows that they are inconsis-
tent and can fall on either side of these boundaries.
Another feature that several visual spiny stellate cells
displayed and that has been reported elsewhere (Hirsch,
1995; Stratford et al., 1996; Fleidervish et al., 1998; Feld-
meyer et al., 1999) was the spike response to depolarizing
current pulses (Fig. 8). At depolarizing current level close
to threshold, they would often (6/11) either fire a single-
onset spike, then pause for some time, then resume spik-
ing (Fig. 8A), or show a slow ramping and then start to fire
some time considerably after current onset (Fig. 8B). At
higher current levels they would all fire repetitively in
what has been classified as a regular spiking (RS) re-
sponse (Agmon and Connors, 1992). None of the nonpyra-
midal auditory cells would show such a pause or ramping
response before becoming RS at some level above thresh-
old (Fig. 9). In addition, one of them also showed very-
high-frequency spike bursts during the RS responses (Fig.
9B, inset), a feature similar to the “chattering response”
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Fig. 6. Camera lucida drawings of the cell bodies and axons of four
of the spiny nonpyramidal cells in the auditory cortex, shown in
Figure 3, drawn in the section of the cortex containing the cell body
(curved arrows). Thick lines represent the cortical surface. Thin lines
immediately below represent the boundary of layers 1 and 2. Thin
lines between the label w.m. and the cell represents the boundary
between the white matter and layer 6. Scale bar = 1 mm.

previously described for some pyramidal cells in the su-
perficial layers of cat visual cortex (Gray and McCormick,
1996; Brumberg et al., 2000) and for some of the layer 2/3
auditory pyramidal cells described below. Thus, the visual
spiny stellates tend to show similarities in their general
anatomical and physiological features, whereas the audi-
tory layer 4 nonpyramidal cells do not seem to show either
anatomical or physiological features similar to those of
one another or to those of visual spiny stellates.

Redefinition of auditory cortical layer 4

In the visual system, the thalamocortical inputs from
the major thalamic pathways (X and Y) terminate primar-
ily in layer 4, with only a slight spillover into a narrow
region at the bottom of layer 3 (LeVay and Gilbert, 1976;
Ferster and LeVay, 1978; Gilbert and Wiesel, 1979;
Freund et al., 1985a,b, 1989). This thalamic input extends
over a depth of from about 35% to about 60% from the
surface. The primary or lemniscal auditory thalamic input
to the middle layers of cat auditory cortex extends for a
considerable distance beyond the upper limits of the very
narrowly defined layer 4 into the lower half of layer 3,
where they are as dense as or more dense than in layer 4
(Winer, 1992; Huang and Winer, 2000). When measured
in terms of depth, this thalamic input to the middle layers
of auditory cortex also extends from about 35% to 60% of
the depth from the cortical surface.
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Fig. 7. Plots of epsp latency (top), ipsp latency (middle), and
spike width (bottom) for cells with spines in the middle layers of the
auditory (A) and visual (B) cortices. Vertical dotted lines in each plot
represent the upper limits of these parameters for our labeled spiny
stellate cells in layer 4ab of the visual cortex.

Given the apparent lack of true spiny stellates in layer
4 of auditory cortex and the failure of the rare nonpyra-
midal cells there to display consistently several of the
important spiny stellate features, we reasoned that per-
haps the pyramidal cells in the more broadly defined
“thalamocortical recipient region” of auditory cortex might
be providing a functional “service” similarly to the visual
spiny stellates. Such a service would entail receiving a
short-latency input from thalamocortical axons and the
capability of transferring that information, via axon col-
laterals, to the same and more superficial cortical layers.
Thus, given the extensive auditory thalamocortical inner-
vation of both layer 4 and the lower half of layer 3 (Winer,
1992; Huang and Winer, 2000), we extended our observa-
tions to look for these features in cells of lower layer 3 as
well. We found that several pyramidal cells in this
“thalamocortical recipient zone” of auditory cortex did, in
fact, have both short synaptic latencies and collaterals
that innervated granular and supragranular layers. Fig-
ure 10 (same plot as in the top panel of Fig. 5A, with the
nonpyramidal cells removed) shows the depths of pyrami-
dal cells in the auditory cortex and their epsp latencies.
The area enclosed by the box formed by the dotted line
represents the approximate location of layer 4 of the vi-
sual cortex but is also the thalamocortical recipient zones
of both visual and auditory cortex. A large majority of the
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Fig. 8. A,B: Spike outputs of two spiny stellate cells, in layer 4 of
the visual cortex, in response to 300 msec current pulses (bottom
trace) at increasing current strengths (lower to higher traces) illus-
trating the onset/pause (A) and buildup (B) responses often seen close
to threshold for this cell type. C: Response of the same cell as in B to
a long current pulse (lower trace) close to threshold. Upper scale
bars = 100 msec and 20 mV and are for all traces; lower scale bar =
0.2 nA and applies to all current traces.

pyramidal cells whose epsp latencies fall below the latency
criteria set by spiny stellates in the visual cortex (1.5
msec, vertical dotted line) are located near the edges or
within the boundaries of this thalamocortical recipient
zone. Another interesting feature of several of these pyra-
midal cells in lower layer 3 and layer 4 of auditory cortex
was their spike duration. Many of them had the shortest
spike duration seen in the pyramidal cell population [Figs.
10A (open symbols), 11C]. At low current strengths, they
would all fire in the RS mode, but, at high current
strengths, several would fire spike doublets, triplets, or
bursts at high frequency (Figs. 9B,C, 10A, open triangles).
In fact, all but one of the pyramidal cells encountered,
which had short-duration spikes (defined as less than 0.7
msec at the spike base), also had epsp latencies less than
1.5 msec (Fig. 10B), and the one exception had an epsp
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Fig. 9. A,B: Spike output of two spiny nonpyramidal cells, in layer
4 of the auditory cortex, in response to 300 msec current pulses
(bottom traces) at increasing current strengths (lower to higher
traces) illustrating the regular spiking (RS) responses seen for this
cell type. Inset above B illustrates one of the spike bursts generated
during the response. C: Spike output of a pyramidal cell in deep layer
3 of auditory cortex in response to 300 msec current pulses (bottom
trace) at increasing current strengths (lower to higher traces) illus-
trating the RS responses seen for this cell type at lower current
strengths and doublet and triplet firing at higher current strengths.
Inset above C illustrates the three multispike responses generated
early in the trace. Upper scale bars in A = 100 msec and 20 mV and
are for all voltage traces except the insets. Lower scale bar in A = 0.2
nA and applies to the current traces in A; scale bar in B = 1 nA and
applies to current traces in B and C; scale bar in inset = 10 msec and
applies to both insets.

latency of 1.6 msec. Two of these fast spike/short epsp
latency pyramidal cells were well labeled, and both had
collaterals heading superficially (Fig. 11C). Unfortu-
nately, these pyramidal cells were unusually difficult to
label with Neurobiotin. Despite several minutes of current
injection, which in other penetrations would almost al-
ways darkly label pyramidal cells with longer duration
spikes, these cells would usually be moderately or lightly
labeled. Thus, although the dendritic tree filled darkly
enough to distinguish them as pyramidal cells, the axon
collateral branching of most could not be followed for more
than a short distance from their origin off the main axon.

Those pyramidal cells that had short-duration spikes
and short-latency epsp were not the only cells to send
collaterals to the same or more superficial layers. For
example, some of them did not have short-latency epsp
(Fig. 11A,D) or short-duration spikes (Fig. 11A,B,D), and,
although all of the cells showed RS responses to depolar-
izing current pulses, none of them showed the buildup or
pause response pattern at threshold levels.
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Fig. 10. A: Plot of the depth of labeled pyramidal cells in the
auditory cortex vs. epsp latency. Open symbols represent pyramidal
cells with short spike durations (triangles) some of which could fire
multiple action potentials (doublets) with very short interspike inter-
vals (circles). Areas enclosed by darker dotted lines represent the
thalamocortical recipient zone of the auditory cortex as determined
from Winer (1992), which also closely resembles the area encom-
passed by layer 4 (the thalamocortical recipient zone) of the visual
cortex. Roman numerals to the right and lighter horizontal lines
represent the typically defined auditory cortical layers. B: Plot of the
spike width vs. epsp latency for all pyramidal cells illustrating that
those with narrow spike widths also showed short-latency epsp.

DISCUSSION

We recorded from and labeled cells in the middle layers
of the cat auditory and visual cortices, paying particular
attention to cells in the thalamocortical recipient zone.
Our results demonstrate that, in a given species, a differ-
ence exists in a fundamental feature of two primary sen-
sory cortical areas. In visual cortex, spiny stellate cells
predominate in layer 4. As several studies previously
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Fig.11. A-D: Camera lucida drawing of four pyramidal cells in the
thalamocortical recipient zone of the auditory cortex. Left figure in
A-D represents the cell body and dendritic tree; right figure repre-
sents the cell body and axon collaterals. The cell in A had an action
potential (AP) duration of 0.74 and an epsp latency of 1.86 msec, the
cell in B an AP duration of 1.1 and epsp latency of 1.3 msec, the cell
in C an AP duration 0.45 msec and epsp latency of 1.1 msec, and the
cell in D an AP duration of 1 msec and epsp latency of 1.8 msec.
Shaded areas represent the thalamocortical recipient zone of the
auditory cortex as determined from Winer et al. (1992, 2000), which
also closely resembles the area encompassed by layer 4 (the thalamo-
cortical recipient zone) of the visual cortex. Dotted lines represent the
boundaries of layer 4 in the auditory cortex as defined by Winer
(1992). Scale bar = 200 pm.

pointed out, these cells act as the first elements in intra-
cortical signal processing. It is here, at the thalamus—
cortex interface, where several emergent properties arise
(Hubel and Wiesel, 1962, 1968; Gilbert, 1977; Blasdel et
al., 1985; Douglas et al., 1991). In contrast, spiny stellates
are rarely encountered in the middle layers of the auditory
cortex, whereas pyramidal cells predominate. Spiny cells
that are not stellate or pyramidal are occasionally encoun-
tered here but, as a group, do not display consistent ana-
tomical or physiological features that might allow them to
function as auditory cortical versions of the visual spiny
stellates. Our data, combined with anatomical evidence
from previous Golgi studies in several species, indicate
that the spiny stellate is not the predominant or even a
major cell type in any auditory thalamocortical recipient
zone studied (McMullen and Glaser, 1982; Meyer and
Ferres-Torres, 1984; Winer, 1984; Fitzpatrick and Hen-
son, 1994).

In rabbit, human, and bat, but not cat, pyramidal cells
were named as the major layer 4 spiny cell type. For the
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cat, Winer (1984) indicates that layer 4 is a 250 pm stra-
tum starting at a depth of about 800 pm that has few
commissurally projecting neurons and is devoid of pyra-
midal cells. Our data show no break in the pyramidal cell
population here, but, given the variable thickness of the
cortex, plots like the one in Figure 2 might not distinguish
such a small break. However, even if this narrow region of
primary auditory cortex is devoid of pyramidal cells, in-
puts from primary auditory thalamus span a larger region
not confined to this definition of layer 4. We show that
several of the auditory pyramidal cells in this thalamocor-
tical recipient zone send collaterals to more superficial
layers, have short-latency epsp, and could potentially rep-
resent the auditory version of the spiny stellate. Many of
those with short-latency epsp also showed very narrow
spike widths. Thus, pyramidal cells are likely to be the
major excitatory cell type receiving thalamic input and
could serve to transfer this information to more superficial
layers.

No data are available to suggest why, in many species,
the visual and somatosensory systems utilize the spiny
stellate cell as their receiver/distributor of thalamic infor-
mation; but the auditory system does not, nor is there
conclusive evidence that the spiny stellate cell is either a
developmentally distinct cell type (e.g., derived from a
unique type of neural stem cell) or a form of pyramidal cell
modified during development by interactions with the cor-
tical environment. One study in monkey visual cortex
reported the presence of the stellate form early in devel-
opment (Lund et al., 1977), but a preliminary report on rat
somatosensory cortex (Peinado and Katz, 1990) and a
study of cat visual cortex (Vercelli et al., 1992) suggested
that stellate cells are initially pyramidal cells that lose
their apical dendrites during development. Another con-
founding variable is that, although spiny stellates are
common in primary visual and somatosensory cortices of
most terrestrial vertebrates, including cat, monkey, man,
and ferret, some species lack them. Layer 4 of guinea pig
visual cortex has mostly pyramidal cells (Dudek and
Friedlander, 1996), as does rat, in which most were clas-
sified as star pyramidal cells (Peters and Kara, 1985), a
cell class originally described by Lorente de No (1949).
These cells resemble the spiny stellate cell with its radiate
apical dendritic bush but mimic pyramidal cells with an
apical dendrite, although it is reduced in size and com-
plexity. Such cells often populate layer 4 along with the
more numerous spiny stellates or, as in rat, may be the
major cell type. Some consider them to be intermediates in
a continuum between the spiny stellate and pyramidal cell
morphology. Likewise, in the somatosensory cortex, al-
though several species, such as mouse, rat, and rabbit,
have been shown to favor spiny stellates (Simons and
Woolsey, 1984; Benshalom and White, 1986; Feldmeyer et
al., 1999), monkey somatosensory cortex is reportedly pop-
ulated by star pyramidal cells (Jones, 1975).

Considerable information is available on the transition
occurring between the visual thalamic synapses and layer
4 spiny stellate cells. In contrast to the small, circular,
on-and-off-center receptive fields of LGN cells, spiny stel-
late cells show predominantly “simple” receptive fields
with new features, including larger rectangular receptive
fields with adjacent on-and-off regions, orientation tuning,
directional selectivity to motion, and end inhibition
(Hubel and Wiesel, 1962; Gilbert, 1977; Gilbert and Wie-
sel, 1979; Martin and Whitteridge, 1984). These presum-
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ably result from the converging direct thalamocortical in-
puts combined with secondary excitatory inputs primarily
from layer 4 and layer 6 cells and local inhibitory inputs.
The contribution of each input to these emergent proper-
ties is not completely understood, but thalamocortical in-
puts must certainly be vital. Emergent properties occur-
ring at the thalamocortical-layer 3/4 interface of the
auditory system have not been determined. Steinschnei-
der et al. (1980, 1992) attempted to distinguish differences
in speech-evoked activity between auditory thalamic ax-
ons and cortical cells of awake monkey using evoked
potential/multiunit recordings. Although some sharpen-
ing of response differences between different syllables was
noted in supragranular layers, in layers 3/4 no distinction
could be made between the thalamocortical and cortical
population responses, so the function of the thalamocorti-
cal zone in making this conversion could not be evaluated.
Others (Clarey et al., 1995; Barone et al., 1996; Samson et
al., 2000) compared spatial/directionality tuning of MGB
cells and cortical layer 3/4 cells. The authors have noted
that, although more cortical cells display such tuning, this
was not a unique new feature of cortical responses. Simi-
larly, more cells in the cat middle cortical layers were
sensitive to interaural intensity differences (Ivarsson et
al., 1988; Semple and Kitzes, 1993a,b), but this was not a
new feature unique to the cortex.

Perhaps the difference we describe, between a basic
feature of the auditory and visual cortices, should not be
surprising. Certainly there are considerable differences at
more peripheral levels. For example, a map of visual space
is represented at the receptor level, where light from a
point in space stimulates a set of sensory receptors while
immediately adjacent receptors are stimulated by imme-
diately adjacent areas of space. This retinotopic space map
is transferred through LGN onto cortex, where it is pre-
cisely represented. In the auditory system, receptors are
lined up in the cochlea, and no mapped representation of
spatial location is provided. Which receptors are stimu-
lated provides information about stimulus frequency but
not spatial location. It is one of the primary tasks of
auditory brainstem nuclei to extract such information.
Despite this, although removal of cat auditory cortex elim-
inates the ability to localize (Kaas et al., 1967; Strominger,
1969; Cranford et al., 1971; Whitfield et al., 1972), and
although some cells in primary auditory cortex have re-
ceptive fields specific to particular regions of auditory
space (Masterton and Imig, 1984; Imig et al., 1990; Brugge
et al., 1996; Irvine, 1998), no map of space is found there.

Another fundamental difference between auditory and
visual systems may be in the functional output of cells in
the thalamic recipient zone. In visual system, layer 4 is
the most peripheral site for binocular convergence of syn-
aptic input from two eyes. Segregated inputs from the two
eyes make most cells in this layer primarily monocular. It
is the convergence of outputs of spiny stellate cells onto
cells in the same and more superficial layers that are
likely to confer binocularity. In the auditory system, con-
vergence of input from the two ears occurs in the brain-
stem, and binaurality is first seen here. Thus, one of the
major functions of visual spiny stellates, namely, converg-
ing the inputs from receptors in both sensory apparati
onto upstream cells, has already been carried out far
downstream in the auditory system.

Recent findings add an interesting twist to this specu-
lation on the similarities and differences between auditory
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and visual systems. It was noted that the fundamental
representation of, and responses to, the visual world can
be generated in and through the auditory cortex by divert-
ing visual inputs to auditory thalamus (Sharma et al.,
2000; von Melchner et al., 2000). Cells in ferret auditory
cortex could be made to respond to visual stimuli, become
organized into a retinotopic space map, and have receptive
fields similar to that of normal visual cortex. In addition,
visual stimuli received by auditory cortex were perceived
as visual and could direct visually guided behavior. Do
these findings imply that auditory cortical wiring, includ-
ing the thalamocortical recipient zone, has enough struc-
tural homology to the visual system to perform visual
tasks? The authors noted that the visual input, routed
through auditory thalamus, caused changes in the hori-
zontal connectivity of the auditory cortex. Perhaps struc-
tural changes had to take place in the middle cortical
layers as well.
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