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ABSTRACT

We tested the hypothesis that information is routed from one area of the auditory cortex
(AC) to another via the dorsal division of the medial geniculate body (MGBd) by analyzing the
degree of reciprocal connectivity between the auditory thalamus and cortex. Biotinylated
dextran amine injected into the primary AC (Al) or anterior auditory field (AAF) of mice
produced large, “driver-type” terminals primarily in the MGBd, with essentially no such
terminals in the ventral MGB (MGBvV). In contrast, small, “modulator-type” terminals were
found primarily in the MGBv, and this coincided with areas of retrogradely labeled thalamo-
cortical cell bodies. After MGBvV injections, anterograde label was observed in layers 4 and 6
of the Al and AAF, which coincided with retrogradely labeled layer 6 cell bodies. After MGBd
injections, thalamocortical terminals were seen in layers 1, 4, and 6 of the secondary AC and
dorsoposterior AC, which coincided with labeled layer 6 cell bodies. Notably, after MGBd
injection, a substantial number of layer 5 cells were labeled in all AC areas, whereas very few
were seen after MGBv injection. Further, the degree of anterograde label in layer 4 of cortical
columns containing labeled layer 6 cell bodies was greater than in columns containing labeled
layer 5 cell bodies. These data suggest that auditory layer 5 corticothalamic projections are
targeted to the MGBd in a nonreciprocal fashion and that the MGBd may route this

information to the nonprimary AC. J. Comp. Neurol. 507:1209-1227, 2008.
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Thalamic nuclei can be divided into two categories: first
order (FO) nuclei relay information from the periphery to
the cortex, and higher order (HO) nuclei relay information
from one cortical area to another (Guillery, 1995; Sherman
and Guillery, 2002). This organizational scheme rests on
the assumption that higher order thalamic nuclei bear a
nonreciprocal relationship with two cortical areas. Al-
though 30 years of studies involving bulk labeling and/or
lesioning of either the thalamus or the cortex have con-
cluded that there is general reciprocity in thalamocortical
and corticothalamic projections (Diamond et al., 1969;
Pontes et al., 1975; Robertson, 1977; Nelson and Kaas,
1981; Berson and Graybiel, 1983; Krubitzer and Kaas,
1987; Vaudano et al., 1991), suggesting a feedback role for
corticothalamic projections, most of this work did not
parse out these projections based on cortical layer of origin
or termination type.

More recent work has revealed heterogeneity in the
corticothalamic projection systems such that layer 5 neu-
rons project to higher order thalamic nuclei, end in large
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terminals on proximal dendrites, and show the physiolog-
ical hallmarks of “driver” synapses (large excitatory
postsynaptic potentials [EPSPs], ionotropic but not
metabotropic glutamate receptor activation, paired-pulse
depression), whereas layer 6 neurons project to higher and
first order nuclei, end in small terminals on distal den-
drites, and have the physiological characteristics of “mod-
ulator” synapses (small EPSPs, paired-pulse facilitation,
metabotropic and ionotropic glutamate receptor activa-
tion; Mathers, 1972; Bourassa and Deschenes, 1995;

Grant sponsor: U.S. Public Health Service; Grant numbers: DC008320
(to D.A.L.), DC008794 (to S.M.S.), and EY003038 (to S.M.S.).

*Correspondence to: Daniel A. Llano, Department of Neurology, Univer-
sity of Chicago, 5841 S. Maryland, MC 2030, Chicago, IL 60637.
E-mail: llano@uchicago.edu

Received 30 July 2007;Revised 9 November 2007; 13 November 2007
DOI 10.1002/cne.21602
Published online in Wiley InterScience (www.interscience.wiley.com).
ST GWILEY .
., InterScience’

DISCOVER SOMETHING GREAT



1210

Bourassa et al., 1995; Li et al., 2003; Reichova and Sher-
man, 2004; for a discussion of drivers vs. modulators, see
Sherman and Guillery, 1998). These data suggest that
layer 5 projections are endowed with the anatomic and
physiologic properties necessary to serve a feedforward
role in a cortico-thalamo-cortical circuit, whereas layer 6
modulator projections may be more suited to provide feed-
back modulation.

The mammalian auditory cortex (AC) contains multiple
regions that have been organized into a quasi-hierarchical
scheme based on the complexities of individual neurons’
receptive fields and their intracortical connectivity (Rouil-
lier et al., 1991). At the bottom of this hierarchy are the
primary AC (AD) and the anterior auditory field (AAF),
which are tonotopically organized, respond to sound at
short latencies, and have relatively simple frequency re-
ceptive fields (hence “lemniscal”; Merzenich et al., 1975;
Sally and Kelly, 1988; Thomas et al., 1993; Steibler et al.,
1997). In rodents, there are at least two higher order
regions, the secondary AC (AIIl) and a dorsoposterior re-
gion (DP in mouse, or TE2d in rat), both of which have
weak tonotopy and complex frequency receptive fields
(hence “nonlemniscal”; Sally and Kelly, 1988; Thomas and
Tillein, 1997; Steibler et al., 1997).This difference is re-
flected in the medial geniculate body (MGB), such that the
ventral division of the MGB (MGBvV) provides the bulk of
the thalamic input to the AAF and Al and has typical
lemniscal response properties, whereas the dorsal MGB
(MGBd) provides input to the DP and AIIl and has non-
lemniscal response properties (Calford, 1983; Roger and
Arnault, 1989; Arnault and Roger, 1990; Bordi and Le-
Doux, 1994a,b; Llano and Feng, 1999; Kimura et al.,
2003).

Although several models have been proposed to account
for the roles of the lemniscal and nonlemniscal auditory
forebrain, the presence of large, driver-type terminals,
found in the MGBd after Al tracer injections (Rouiller and
Welker, 1991; Ojima, 1994; Bajo, 1995; Winer et al., 1999;
Hazama et al., 2004), suggests that the early stages of
cortical processing may involve a cortico-thalamo-cortical
pathway, with the MGBd acting as a higher order relay,
routing information from the Al to either the AIIl or DP.
Therefore, the goal of the current study was to test two
related hypotheses. First, the MGBd receives nonrecipro-
cal driver-type input from layer 5 of AI, which would
suggest a feedforward role for these projections. Second,
the layer 6 input from the AC is organized in a reciprocal
fashion with the MGB, implying a feedback role.

Abbreviations
AC auditory cortex
AAF anterior auditory field
Al primary auditory cortex
ATl secondary auditory cortex
D dorsal
DP dorsoposterior region
LP lateral posterior nucleus
LGN lateral geniculate nucleus
M medial
MGB medial geniculate body
MGBd dorsal MGB
MGBm medial MGB
MGBv ventral MGB
MGMz marginal zone of the MGB
PP peripeduncular area
RF rhinal fissure
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MATERIALS AND METHODS

Adult (60-day) Balb/c mice of both sexes were used for
this study. All surgical procedures were approved by the
Institutional Animal Care and Use Committee at the Uni-
versity of Chicago, and animals were housed in animal
care facilities approved by the American Association for
Accreditation of Laboratory Animal Care (AAALAC). Ev-
ery attempt was made to minimize the number of animals
used and to reduce suffering at all stages of the study.
Mice were anesthetized with ketamine hydrochloride (100
mg/kg) and xylazine (3 mg/kg) and placed in a stereotaxic
apparatus. Aseptic conditions were maintained through-
out the surgery. Response to toe pinch was monitored, and
supplements of anesthesia were administered when
needed. Injection targets were localized by using stereo-
tactic coordinates (Paxinos and Franklin, 2001), and the
penetration of specific targets were later confirmed by
using cyto- and chemoarchitectural criteria (see below).

Micropipettes (tip diameter 10 pm) were filled with a
solution of 5% biotinylated dextran amine (BDA; Molecu-
lar Probes, Eugene, OR) in phosphate-buffered saline
(PBS; in all cases at pH 7.4), either 3,000 MW (MGB
injections) or 10,000 MW (AC injections). For cortical in-
jections, the electrode penetrated at approximately 40 de-
grees from the midline in the coronal plane and was low-
ered to about 800 pm from the surface. For MGB
injections, the direction of penetration was parallel to the
sagittal plane. BDA was ejected via iontophoresis by using
current pulses of 5-10 pA, 7 seconds’ duration, half-duty
cycle for 10—15 minutes with negative current of the same
amplitude pulsed as the electrode was passed through
nontarget zones. The electrode remained in place for 5-10
minutes after each injection to minimize tracking of tracer
up the electrode path. Injections were made bilaterally
because there is no evidence to suggest that auditory
thalamocortical or corticothalamic projections cross the
midline (Bartlett et al., 2000).

Tissue processing

Animals were allowed to survive for 72 hours post in-
jection and were then deeply anesthetized with ketamine
and xylazine and perfused transcardially with 4% para-
formaldehyde in PBS. The brains were postfixed overnight
in perfusate. Brains destined for light microscopy were
then placed in an ascending sucrose gradient for cryopro-
tection until saturated with 30% sucrose in PBS. Sixty-
pm-thick sections were cut by using a sliding microtome
and were exposed to 0.5% hydrogen peroxide for 30 min-
utes to quench endogenous peroxidases, washed three
times in PBS, and then immersed in 0.3% (light micros-
copy) Triton-X (Sigma, St. Louis, MO) to enhance mem-
brane permeability. Sections were then incubated for 4
hours at room temperature with peroxidase-based ABC
reagent (Vectastain Elite ABC-Peroxidase Kit, Vector,
Burlingame, CA), and washed in PBS, followed by two
washes in Tris-buffered saline at pH 8.0. Visualization of
label was done by using a cobalt-intensified, diaminoben-
zidine (DAB) reaction (SigmaFast tablets).

Alternate sections were taken for either immunostain-
ing, Nissl staining or, in one case, for cytochrome oxidase
staining. For immunohistochemistry, sections were placed
in 0.5% H,0, for 30 minutes, rinsed in PBS, and then
incubated for 30 minutes in PBS containing 0.3%
Triton-X, followed by 1.5% normal horse serum (NHS;
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Vector) in 0.3% Triton-X for 30 minutes. Sections were
then incubated at 4°C overnight in a primary antibody
solution (1:2,000 for both anti-calbindin and anti-
parvalbumin monoclonal antibodies; Sigma) in 1.5% NHS
and 0.3% Triton-X, followed by 1 hour in a 1:200 dilution
of peroxidase-labeled anti-mouse secondary antibody
made in horse (Vector) solution in 1.5% NHS and 0.3%
Triton-X. Peroxidase was visualized by using either
cobalt-intensified DAB (as above), or non-cobalt-
intensified DAB (SigmaFast tablets) when sections were
processed for both BDA and calcium-binding protein im-
munohistochemistry. Nissl staining was done by using
standard procedures on mounted sections using either
cresyl violet (0.5%) or neutral red (1%, when the same
sections were processed for BDA). For cytochrome oxidase
staining, the method of Wong-Riley (1979) was used. Sec-
tions were incubated with a solution of 0.05% DAB, 4%
sucrose, and 20% cytochrome C (Sigma) in PBS in the
dark at 37°C for 4 hours and quenched with PBS. All
sections were mounted on gelatin-coated slides, air-dried,
and coverslipped by using Permount. All images were
taken from either a Zeiss axiocam digital camera or a
Retiga 2000 monochrome CCD camera mounted to a Leitz
Wetzlar Orthoplan microscope or a Leica DM5000 micro-
scope, respectively.

Images were captured by using Axiovision software (for
the Zeiss camera) or Q Capture Pro software (for the
Retiga camera). The images were imported into Power-
point or CorelDraw for final preparation and for adjust-
ment of contrast and brightness. All images had bright-
ness and contrast adjusted to bring out notable features or
to match image brightness for montage preparation. How-
ever, no focal editing or focal changes in brightness or
contrast were made.

Antibody specificity

Our parvalbumin monoclonal antibody (Sigma, product
number P 3008, clone PARV-19, lot number 064K4777)
was generated against purified frog muscle parvalbumin.
Per the manufacturer, this antibody does not react with
other members of the EF-hand family, such as calmodulin,
intestinal calcium-binding protein, S100A2 (S100L),
S100A6 (calcyclin), the a-chain of S-100 or the B-chain (in
S100a and S-100b), myosin light chain, or troponin. Each
lot is tested by using an immunoblot with rabbit skeletal
muscle extract as antigen and yields a single band at 12
kDa. Our calbindin monoclonal antibody (Sigma, product
number C9848, lot number CB016K4786) was generated
against purified bovine kidney calbindin D-28k. Per the
manufacturer, this monoclonal antibody does not react
with other members of the EF-hand family such as
calbindin-D-9K, calretinin, myosin light chain, parvalbu-
min, S-100a, S-100b, S100A2 (S100L), or S100A6 (calcy-
clin). Each lot is tested by using an immunoblot with
bovine kidney cell extract as antigen and yields a single
band at 28 kDa. We have eliminated the primary antibody
for both calbindin and parvalbumin in control experi-
ments, and this has shown no staining (data not shown).
In addition, the patterns of staining that we observed for
calbindin and parvalbumin (see Figs. 1C,D) is virtually
identical to that demonstrated in the mouse (Cruikshank
et al., 2001) and is very similar to the patterns seen in the
rabbit and monkey (Hashikawa et al., 1991; de Venecia et
al., 1995).
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Data analysis

Injection sites were assigned a location within the AC or
MGB based on the cytoarchitectural and chemoarchitec-
tonic (calbindin or parvalbumin immunostaining) criteria
described below. Injection volumes, not corrected for tis-
sue shrinkage, were determined by multiplying the cross-
sectional area of the injection site seen on each section by
50 pm, and then by 2 (to account for alternate sections) or
3 (when every third section was stained for BDA, and the
others were immuno- or Nissl-stained). We have adopted
the nomenclature of Stiebler and others (Stiebler, 1987;
Stiebler et al., 1997) for the mouse AC, which is parcel-
lated into two lemniscal tonotopic regions (Al and AAF),
as well as two nonlemniscal, weakly tonotopic regions
(DP, AII). We have not distinguished between the ultra-
sonic field and AI and AAF because a clear cyto- or che-
moarchitectural description of this area has yet to be
published and because this area has some elements of
both lemniscal AC areas (i.e., it receives input from the
MGByv; Hoffstetter and Ehret, 1992) and nonlemniscal AC
areas (it is not tonotopic; Steibler et al., 1997).

Based on work in the mouse AC (Caviness, 1975; Wree
et al., 1983; Stiebler et al., 1997; Cruikshank et al., 2001),
and by its homology to the rat (Arnault and Roger, 1990;
Shi and Cassell, 1997; Hazama et al., 2004) and gerbil
(Budinger et al., 2000a), we have defined the AAF and Al
by their koniocellular architecture and their greater thick-
ness than the AII, which is thin and agranular (Fig. 1B).
In addition, both the AT and AAF have been shown to have
strong parvalbumin immunoreactivity, whereas the All,
by contrast, has virtually no staining for parvalbumin
(Wallace et al., 1991; Molinari et al., 1995; Budinger et al.,
2000a; Cruikshank et al., 2001). We distinguished the
AAF from the AI by their rostrocaudal positions. (The Al
is 3.2-3.8 mm posterior to bregma, whereas the AAF is
2.6-3.2 mm posterior to bregma.) To define the DP, we
have used its homology to TE2d in the rat, its identity as
a nontonotopic hypogranular auditory cortical region that
receives input from the MGBd, and its dorsocaudal posi-
tion with respect to the AI (Arnault and Roger, 1990; Shi
and Cassell, 1997; Hazama et al., 2004; Donishi et al.,
2006). This area likely corresponds to mouse cortical area
22, which has been described by Caviness (1975) as being
thinner, with less dense cellularity in layers 4 and 5. We
have used standard nomenclature for the three major
subdivisions of the MGB (the ventral, dorsal, and medial
divisions of this thalamic nucleus) and utilized the nomen-
clature of Clerici and Coleman (1990) for the rat MGB
when referring to subnuclei within the dorsal and ventral
divisions. The subnuclei for the dorsal division are the
suprageniculate, dorsocaudal, dorsal, and deep dorsal;
and for the ventral division are the ovoid nucleus, lateral
ventral, and MG marginal zone.

Corticothalamic terminals were assigned a category
based on Guillery’s classification system for light-level
observations of afferent terminals to the thalamus
(Guillery, 1966). In this system, type I axons are slender
and give off multiple, small, synaptic “knobs” along their
course. Type II axons tend to be thicker and give off large,
clustered, flower-like arrangements of large terminals.
Type I and type II terminals likely correspond to the
round-vesicle, small-terminal (RS) and round-vesicle,
large-terminal (RL) types, respectively, that are seen at
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the ultrastructural level in the corticopulvinar system
(Mathers, 1972).

We have modified this classification system to include
only a single parameter, long-axis length of the terminal,
which has been shown to delineate separate populations of
corticopulvinar terminals in the cat (Van Horn and Sher-
man, 2004). All sections were systematically examined at
100X (Leica N-plan, NA 1.25) with a calibrated eyepiece.
For assessment of distribution of terminal size, single
sections of the MGB containing a high density of cortico-
thalamic staining were selected. The long-axis length of
all terminals (up to 100 terminals) in the full 60-pm depth
of either one (for the MGBv) or two 10,000 pm? squares
were measured. Two squares were used in 2/3 MGBd
sections to increase the number of terminals analyzed.
Note that the goal of the analysis was not to assess the
density of terminal staining (unlike subsequent analysis;
see below) but to amass enough terminals for analysis of
the distribution of terminal sizes. Measurements were
done by using Imaged software (http://rsb.info.nih.gov/ij/).
Terminals with length less than 0.3 pm, were binned into
a single bin of less than 0.3 pwm, given the limits of the
resolution at the light microscopic level with this combi-
nation of magnification and numerical aperture (Slaytor,
1970).

To assess the spatial distribution of terminal types, all
sections were systematically examined at 100X to look for
terminals greater than 1-2 pm in long-axis length. All
such terminals were then photographed and had their
long axes remeasured via Axiovision software. Care was
taken to exclude terminals with greater than two feeding
axons because it is impossible to resolve whether or not
such “terminals” represent an individual terminal or sev-
eral overlapping terminals. All terminals greater than 2
pm in long axis were called type II; all others were type I.
All type II terminals and retrogradely labeled cell bodies
were plotted on a high-resolution blowup of the MGB
using local landmarks for further analysis. For type I
terminal counts in the MGB, a grid with 100-pm spacing
was placed over computerized images from the MGB, and
each animal, section, and each square on each grid were
assigned a number. A random number generator was used
to pick numbered sites in the ventral or MGBd for count-
ing. Once a site was found, all type I terminals in the full
depth of a 100 X 100-um square were counted at 40X by
using a calibrated eyepiece. To avoid double counts, all
counting started from the center of each square and pro-
gressed in a counterclockwise fashion. A similar procedure
was used for synaptic counts in the cortex.

Statistics

All synaptic counts were treated as independent sam-
ples, and thus a Student’s t-test was used to compare
the distributions and compute significance. For all cat-
egorical data (e.g., laminar or sublaminar distribution
of corticothalamic projections), 2 X 2 tables were con-
structed to compute Chi-squared values. A Mann-
Whitney U-test was used to compare the distributions of
long-axis lengths of terminals from the MGBv and
MGBd, given their nongaussian distribution in the
MGBd (see Fig. 3).
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RESULTS
Subdivisions of the AC and MGB

Nissl staining of the AC revealed prominent differences
in cytoarchitecture corresponding to the previously de-
scribed borders between the lemniscal and nonlemniscal
AC. As shown in Figure 1B, the AI demonstrates promi-
nent lamination with dense granularity within layer 4,
whereas the All is thinner, with a frankly agranular or-
ganization (Fig. 1B). The AAF demonstrates a lamination
pattern similar to that of the AI (not shown). As described
in Materials and Methods, we have used Caviness’s (1975)
description of area 22 to define the DP, which is also
thinner and less granular than the Al but retains greater
lamination than the AIl. We found strong immunostain-
ing for parvalbumin in nonpyramidal cells of layers 2/3
and 5 of the AI, AAF, and DP, virtually no staining for
parvalbumin in the AII (Fig. 1D,F), and a slight promi-
nence of cytochrome oxidase signal in the Al relative to
the AII, as described previously (Gonzalez-Lima and
Cada, 1994). We found no differences in calbindin staining
in any AC area.

Nissl and immunostaining of the MGB revealed differ-
ences among the subdivisions consistent with previous
descriptions (Fig. 1A,C,D; Morest, 1965; Clerici and
Coleman, 1990; Molinari et al., 1995; Budinger et al.,
2000b; Cruikshank et al., 2001). The MGBv is character-
ized by densely packed small cells. In the lateral portions
of the MGBv, cells were packed in arrays oriented from
dorsolateral to ventromedial, whereas in the more medial
portions, the cell packing was organized in concentric
circles, although this distinction was not apparent in all
sections. These differences likely correspond to the lateral
ventral and ovoid nuclei of the MGBv, respectively. The
MGBy also showed strong neuropil staining and moderate
somatic staining for parvalbumin, with no calbindin stain-
ing. The MGBd had large cell bodies, particularly in the
most dorsal and medial portions, with no obvious packing
arrangement to the cells. The largest cells in the medial
portions of the MGBd formed their own structure within
the MGBd, likely corresponding to the suprageniculate
nucleus, but this was not obvious on all sections. The
MGBd showed strong somatic staining for calbindin and
weak staining for parvalbumin, primarily in the neuropil.
The medial division of the MGB (MGBm) in general
showed a loose packing arrangement, with some very
large cells. Similar to the MGBd, the MGBm had strong
somatic staining for calbindin and weak neuropil staining
for parvalbumin. In general, the differences in immuno-
staining patterns between the MGBd and MGBv were
obvious but did not distinguish subnuclei within the
MGBv and MGBd. In addition, the differences in the sub-
nuclei were not always apparent using Nissl stains. Thus
no attempt was made in this study to delineate the pro-
jection patterns of the subnuclei of the MGBd and MGBv.

Summary of injections

There were six injections of 10,000 kDa MW BDA into
either the Al (four injections) or the AAF (two injections).
An example of a typical injection site on a flattened cortex,
counterstained for cytochrome oxidase (to illustrate the
position of the barrel cortex) or for parvalbumin, is shown
in Figure 1E and F, respectively. The mean injection max-
imum cross-sectional area (uncorrected for tissue shrink-
age) was 2.5 X 10° pm? (SD 1.1 X 10° pm?), and the
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Fig. 1.
illustrating the three major subdivisions of the MGB (the MGBv,
MGBd, and MGBm), as well as the marginal zone of the MGB
(MGM2z). B: Cresyl violet-stained coronal sections through the Al and
AII illustrating the increased thickness and granularity of the AI

A: Cresyl violet-stained coronal section through the MGB

compared with the AIL. C,D: Calbindin- and parvalbumin-

immunostained coronal sections, respectively. E,F: Flat mounts of
mouse neocortex, demonstrating an injection site into the AI and
counterstained for cytochrome oxidase (E) or immunostained for parv-
albumin (F). Superimposed on the cortex is the map of the mouse AC
proposed by Stiebler (1987). For abbreviations, see list. Scale bar = 1
mm in A (applies to A,C,D) and E (applies to E,F); 500 pm in B.



Fig. 2. A: Photomontage of the MGB after injection of BDA into
the Al Inset: An alternate section, stained with cresyl violet, to
illustrate the subdivisions of the MGB (D, MGBd; V, MGBv; M,
MGBm). B: Expanded areas from the MGBv and MGBd optically
reconstructed at 40X showing a cluster of type II terminals (top) and

injections were centered in layers 4—6 (as determined by
comparison with alternate Nissl-stained sections), al-
though in all the cases there was spread of label to the
supraganular layers. In the MGB, two injections of 3,000
kDa MW BDA were made into the MGBv (mean injection
maximum cross-sectional area = 0.77 X 10° pm?®) and
three injections into the MGBd (mean injection maximum
cross-sectional area = 0.40 X 10° um?).

Cortex injections

Al and AAF injections produced intense anterograde
staining in one or two large bands in the MGBv, one
oriented dorsolaterally to ventromedially and often an
additional horizontal band at the dorsal edge of the MGBv
(Fig. 2A). There was also lighter axonal and terminal
staining throughout the rest of the MGBv and sparse
staining in the MGBd and MGBm. Under high magnifi-
cation, we discerned that the large bands of label were
comprised of highly branched small axons studded with
multiple branches ending in small synaptic terminals (<1
pm in long-axis diameter), which we call type I terminals
(Guillery, 1966). Anterograde corticothalamic labeling in
the MGBd consisted of a small number of type I terminals
as well as thick axons, ending in large terminals (>2 pm),
which we call type II terminals (also based on Guillery,
1966). Type II terminals tended to be found in clusters of
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type I terminals with two retrogradely labeled thalamocortical cell
bodies (bottom). Arrows indicate retrogradely labeled cell bodies in
the MGBv. For abbreviations, see list. Scale bar = 200 wm in A; 20 pm
in B.

four to five and emanated from large axons with a rela-
tively small number of branches (Fig. 2B, upper half).
Dense terminal labeling was also seen in the auditory
portion of the thalamic reticular nucleus (not shown).
Retrograde labeling of thalamocortical relay neurons was
relatively sparse but almost exclusively found in the
MGByv and coincided with areas of dense type I terminals
(Fig. 2B, lower half). Most neurons showed dense granular
labeling, clearly delineating the outline of somata, with
filling only to the proximal dendrites.

Terminal sizes were analyzed by measuring their long-
axis length. The distributions of long-axis length in the
MGBd and the MGBv, pooled from the first three injection
sites studied, is shown in Figure 3. The distribution of
terminal sizes in the MGBv appeared to have a normal
distribution (with slight skewing at the short-length end,
given the resolution limits of our approach; Slaytor, 1970).
A similar peak was seen in the MGBd (although in much
smaller numbers). In addition, there was a second peak in
the MGBd at long-axis lengths greater than 2.0 pm. The
difference between the distribution of terminal sizes in the
MGBd and MGBv was significantly different (P < 0.001,
U = 24571.0, Mann-Whitney test). Given these data, a
conservative estimate of 2 pm was used for subsequent
analysis to score a terminal at the light microscopic level
as being type I (<2.0 pm) or type II (>2.0 pm,; see below).
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Fig. 3. Distributions of long-axis lengths of terminals in the MGBd
(A) and MGBv (B). Bin size = 0.1 pm, except for the first bin, which
is 0.3 pm and under, given the resolution limitations at the light
microscopic level. Data are pooled over three animals. n = 126 for
MGBd; n = 293 for MGBv. For abbreviations, see list.

Type II terminals were located primarily in the MGBd
and were segregated from retrogradely labeled thalamic
relay cells. An example of the distribution of type II ter-
minals and labeled relay cell bodies is shown in Figure 4.
Type II terminals were found throughout the rostrocaudal
extent of the MGB, but primarily in the MGBd, with
occasional large terminals in the peripeduncular area and
the MGBm, including its marginal zone (asterisk in Fig.
4). In this example, cell bodies were found exclusively in
the MGBv, overlapping the major extent of the antero-
grade small terminal (type I) labeling. As shown in Figure
5, across all six animals, the type II terminals were dis-
tributed primarily in the MGBd and MGBm. The labeled
relay cell bodies were in the MGBv, and these were found
in regions of dense small-terminal (type I) labeling. Again,
a few large (type II) terminals were found in the peripe-
duncular area. We emphasize that the distribution of type
II terminals and retrogradely labeled relay cell bodies was
segregated, with type II terminals chiefly in the MGBd
and relay cell bodies primarily in the MGBv, with the
exception of the caudalmost portion of the MGBm, where
they were intermixed (Fig. 5, caudalmost section; see Dis-
cussion), thus demonstrating a lack of corticothalamic and
thalamocortical reciprocity with respect to the large-
terminal (type II) system.

Labeled type I terminals were heavily distributed in
dense bands across the MGBv, presumably reflecting the
tonotopic location of the AC injection site relative to the
known tonotopic laminar arrangement within the MGBv
(Morel et al., 1987; Redies and Bradner, 1991). The den-
sity of type I terminal innervation was higher in the
MGBv than in the MGBd, as assessed by comparison of
terminal density in these divisions. A total of 20 locations
(10 in the MGBv and 10 in the MGBd) were chosen at
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random from 100 X 100-pm grids that were placed over
the MGB. The density of type I terminal labeling in the
grids in the MGBv was 334 terminals/10,000 pm? (SD 239
terminals/10,000 pm?) vs. 24.2 terminals/10,000 um? (SD
19 terminals/10,000 pm?) in the MGBd (P < 0.001, Stu-
dent’s t-test). Thus the densest type I terminal labeling
overlapped the retrograde labeling of relay cells, and this
further indicates strong reciprocity of thalamocortical and
type I corticothalamic pathways to and from the MGBv.
Note that the difference in type I terminal density be-
tween the MGBd and MGByv differs in this analysis from
the analysis seen in Figure 3. This is because of the
difference in sampling used for the two approaches. The
current approach used random sampling of grid points, in
which in some cases, the terminal density was very low.
For Figure 3, sections that had high density of antero-
grade labeling were selected (see Materials and Methods)
in order to acquire enough terminals (particularly in the
MGBd, where labeling density is low) to assess their dis-
tribution.

Thalamus injections

Injection of 3,000 MW BDA into the MGBv produced
two regions of dense anterograde and retrograde label in
the AC. Both regions were located in the koniocellular
portion of the temporal cortex. One region was displaced
anteriorly and slightly ventrally to the other. (Total
rostral-caudal extent of label was from 2.5 to 3.8 mm
posterior to bregma.) Based on these characteristics, these
areas corresponded to the Al (posterior dorsal region) and
AAF (anteroventral region). No label was observed in the
AII or DP. Dense terminal and retrograde somatic label-
ing was seen in the auditory portion of the thalamic retic-
ular nucleus, and scattered retrograde labeling was seen
across the central nucleus of the inferior colliculus of both
animals (not shown). An example of the cortical labeling
following injections into the MGBv is shown in Figure 6B
(injection site in Fig. 6A). In both the AAF and Al, there
was dense terminal labeling in layers 4 and 6, with no
terminal labeling in layer 1. Retrograde corticothalamic
label was seen in all sublamina of layer 6. There was close
correspondence between regions of anterograde and retro-
grade label, again suggesting reciprocity. The rostrocau-
dal extent of cortical label for this animal is shown in
Figure 6C. Labeled layer 6 corticothalamic cell bodies
were seen across the Al and AAF, corresponding closely to
regions of anterograde layer 4 and 6 thalamocortical ter-
minal labeling. A single layer 5 labeled neuron was found
vs. a total of 119 layer 6 labeled neurons. The distributions
of anterograde and retrograde label, as well as the propor-
tions of labeled layer 5 and layer 6 corticothalamic neu-
rons, was virtually identical in the second animal that was
injected in the MGBv (1 layer 5 vs. 93 layer 6 labeled
corticothalamic neurons).

Injection of 3,000 MW BDA into the MGBd labeled
several cortical areas. In general, cortical labeling was
less dense than with MGBv injections, likely related in
part to the smaller injection size in our material. An
example of the distribution of cortical labeling is shown in
Figure 7B (injection site shown in Fig. 7A). Most antero-
grade labeling was seen in layers 1, 4, and 6 in both the
AIl and DP (dashed boxes), although lighter terminal
labeling was seen in layers 1 and 6 of Al. Retrograde layer
6 corticothalamic label was seen primarily in the DP and
AII (asterisks), although occasional labeled layer 6 cells
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Fig. 4. Example of the distribution of type II terminals and retro-
gradely labeled cell bodies after injection of BDA into AI. A: Coronal
section using metal-intensified DAB to visualize BDA, without coun-
terstain, illustrating the injection site in the Al as well as the distri-
bution of labeling in the MGB. B: Series of camera lucida reconstruc-
tions, from caudal to rostral, of the anterograde labeling in MGB,

were seen in the Al. In addition, terminal and retrograde
somatic labeling was seen in the auditory portion of the
thalamic reticular nucleus, and scattered retrograde la-
beling was seen across the external nuclei of the inferior
colliculus (not shown).

Al
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overlaid with the locations of type II terminals (red circles) and
retrogradely labeled thalamocortical cell bodies (green triangles). The
asterisk represents a type II terminal found in the marginal zone of
the MGB. Scale bar = 1 mm in A; 0.5 mm in B. For abbreviations, see
list.

Layer 5 retrograde label was seen in both the AT and DP
(red arrows). The distribution of anterograde and retro-
grade labeling across the cortex is shown in Figure 7C. As
shown in Figure 7C, anterograde label and layer 6 retro-
grade label was primarily found in the nonlemniscal re-
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Fig. 5. Summary slide illustrating the distribution of type II ter-
minals and retrogradely labeled thalamocortical cell bodies across the
MGB, with data pooled from six different Al or AAF injections. Sec-
tions drawn from caudal to rostral. Circles, injection 8.11.06.2L;

gions of the AC (DP and AIl), whereas layer 5 retrograde
label was distributed to both lemniscal and nonlemniscal
regions. In addition, several layer 5 labeled cells were seen
in the visual cortex, likely related to extension of the
injection site into the lateral posterior nucleus because
visual cortical labeling was not seen in the two other
MGBd injections that did not extend to the lateral poste-
rior nucleus.

Although the montage in Figure 7 was created to
illustrate the spatial relationships among the DP, Al,
and AII in the same section, anterograde labeling in the
DP was denser in caudal sections (peak at —3.88 from
mm bregma), whereas anterograde labeling in AIl was
denser in more rostral sections (peak at —2.18 mm from
bregma). The anterograde label from these points is
illustrated in Figure 8 to compare the distribution of
thalamocortical label in the nonlemniscal vs. lemniscal
AC. As shown, the highest density of thalamocortical
input to all regions was to cortical layer 4, with a
smaller component to layer 6. There is was additional
layer 1 projection in the nonlemniscal AC, which is not
seen in the lemniscal AC. Also note the lack of antero-
grade label in layer 4 of the Al after MGBd injection,
despite the presence of anterograde layer 1 and 6 label,
as well as a retrogradely labeled layer 5 neuron
(Fig. 8C).

The distribution of layer 5 and 6 corticothalamic label
from all three MGBd injections is shown in Figure 9. This
figure illustrates the dissociation of layer 6 and layer 5
input with respect to the lemniscal and non lemniscal AC.

B  Type Il terminal
P TC cell body

squares, 9.12.06.2L; plus signs, 8.11.06.3L; diamonds, 9.12.06.2R;
hexagons, 8.11.06.3R; triangles, 7.31.06.4R. Scale bar = 0.5 mm. For
abbreviations, see list.

Labeled layer 6 cells were primarily found in the nonlem-
niscal portions of the AC (DP and AII), whereas labeled
layer 5 cells were primarily found in the lemniscal por-
tions (AAF and Al). In addition, a larger percentage of
labeled corticothalamic neurons emanated from layer 5
after injections of the MGBd than after injections of the
MGBv (29/41 for the former compared with 2/214 for the
latter, DF = 1, x? = 157, P < 0.001). Furthermore, there
was a difference in the degree of reciprocity with the MGB
vis a vis labeled layer 5 and layer 6 cells. Ten layer 5 and
ten layer 6 labeled corticothalamic cells (after MGBd in-
jections) were selected randomly from all areas of the AC,
and the numbers of orthogradely labeled terminals in a
100 X 100-pm square centered in layer 4 above the se-
lected cells were counted. The mean terminal densities
were 233 terminals/10,000 pm? (SD 154 terminals/10,000
wm?) above layer 6 corticothalamic cells vs. 30.1
terminals/10,000 um? (SD 65.2 terminals/10,000 um?; P <
0.001, Student’s t-test), suggesting that layer 6 corticotha-
lamic neurons are found in regions receiving a higher
degree of thalamocortical input than layer 5 corticotha-
lamic neurons.

Sublaminar organization of layer 6
corticothalamic projections

The sublaminar pattern of labeled layer 6 neurons was
also examined, as this has been found to differ in the
lemniscal vs. nonlemniscal portions of the somatosensory
corticothalamic projection (Zhang and Deschenes, 1997,
Killackey and Sherman, 2003). Based on criteria of Zhang
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Fig. 6. A: Injection site illustrating an MGBv injection. B: Photo-
montage of the distribution of anterograde and retrograde label in the
AC. Asterisk demonstrates a layer 6 retrogradely labeled corticotha-
lamic cell body. C: Distribution of anterograde and retrograde label
across the rostrocaudal extent of the cortex from the same injection
site shown above, drawn onto tracings from Paxinos and Franklin

-
Rostral N Layer 6

(2001). Yellow represents regions receiving major anterograde input.
Green and red circles represent layer 6 and layer 5 corticothalamic
cells, respectively. Numbers below represent the position of the sec-
tions relative to bregma. Scale bar = 500 pm in A,B. For abbrevia-
tions, see list.
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Fig. 7. Cortical labeling after MGBd injection. A-C: Same organization as in Figure 6, except that in
B dashed boxes represent areas receiving major anterograde input, and red arrows represent retro-
gradely labeled layer 5 corticothalamic cell bodies. Scale bar = 500 um in A,B. For abbreviations, see list.
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Fig. 8. Photographs demonstrating the distribution of thalamocor-
tical anterograde label in several regions of cortex. A: MGBv to Al
B: MGBd to AIl. C: MGBd to AL. D: MGBd to DP. Notice that in A, B,
and D, there is major input to cortical layer 4, with less in layer 6.

and Deschenes (1997), we divided layer 6 into two sublay-
ers: layer 6a and layer 6b. Layer 6b is located within a
band of tangentially traveling fibers and consists of
densely packed small cells; it tends to occupy the lower
20% of layer 6. In our samples, for injections of the MGBd,
11/41 (27%) labeled layer 6 cells were in layer 6b, whereas
after injections of the ventral division, 30/214 (14%) cells
were in layer 6b (P < 0.05, via xZ comparison, DF = 1, % =
4.18). This suggests that the sublaminar distribution of
the layer 6 corticothalamic projection differs between the
dorsal and ventral divisions of the MGB, namely, that the
dorsal division receives a greater proportion of corticotha-
lamic input from layer 6b.

The Journal of Comparative Neurology. DOI 10.1002/cne
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There is an additional projection to layer 1 seen only in the nonlem-
niscal areas. Scale bar = 250 pm in D (applies to A-D). For abbrevi-
ations, see list.

DISCUSSION
Summary of findings

We utilized the driver/modulator dichotomy (see Intro-
duction) to parse out the projections from the AC to MGB
and compared their reciprocity with thalamocortical pro-
jections. By using this framework, we present three main
findings: 1) type II corticothalamic terminals (presumed
drivers) from the AI and AAF are found chiefly in the
MGBd, whereas type I corticothalamic terminals (pre-
sumed modulators) are found chiefly in the MGBv; 2) the
MGBd receives corticothalamic projections from layer 5 of
all areas of the AC and layer 6 of the nonlemniscal
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Fig. 9. Summary data from all three MGBd injections illustrating the distribution of retrogradely
labeled corticothalamic neurons. Areas in gray represent the lemniscal portions of the AC (Al and AAF),
and stippled areas represent the nonlemniscal areas (DP and AII). Circles, animal 10.26.06.1L; squares,
animal 9.22.06.2R; triangles, animal 10.10.06.1L. For abbreviations, see list.

AC, whereas the MGBv receives layer 6 corticothalamic
input only from the lemniscal AC; and 3) there is
thalamocortical-corticothalamic reciprocity in the projec-
tions involving the MGBv, whereas there is no reciprocity
in the MGBd-lemniscal AC pathway, with the corticotha-
lamic component involving type II terminals from layer 5.
The lack of reciprocity in the latter system raises the
possibility that the MGBd may be important for relaying
information between different cortical areas, which will be
further explored below.

Methodological considerations

This study, like virtually all bulk labeling techniques, is
subject to the problem of having our experimental findings
contaminated by en passant axons taking up label. For the
lemniscal AC injections, it is possible, although unlikely,
that the large-terminal MGBd labeling was due to axons
from the infragranular layers of the nonlemniscal AC
coursing through the injection zone prior to projecting to
the MGBd. We feel that this is unlikely because the cor-
ticofugal projections from the nonlemniscal AC project
into the subcortical white matter immediately after leav-
ing the AC without coursing through other cortical areas
(Arnault and Roger, 1990; Budinger et al., 2000b; Cruik-
shank et al., 2002). In the case of the MGB injections, it
has been shown in the rat that there are relatively few

fibers passing through the MGBd and MGBv proper
(Clerici and Coleman, 1990). In addition, the fiber bundles
that do run near the MGBd and MGBv (likely branches
from the optic tract, brachium of the superior colliculus,
and brachium of the inferior colliculus) tend to course
ventrolaterally to dorsomedially, such that both MGBv
and MGBd injections would be susceptible to axonal up-
take artifact, and therefore this potential source of artifact
could not explain our differential findings in terms of
MGBd and MGByv injections.

A second concern is that we have concluded that the
MGBd-layer 5 large-terminal system is organized in a
nonreciprocal fashion with the AC based on the absence of
particular findings. Specifically, this conclusion is based
on the absence of retrogradely labeled cell bodies in the
MGBd after lemniscal AC injection and the absence of
anterograde labeling to the middle layers of the lemniscal
AC after MGBd injection. However, because there are
clearly significant numbers of retrogradely labeled cells in
the MGBv after leminscal AC injection, and anterograde
terminals in the nonlemniscal AC after MGBd injection,
the previously mentioned absence of findings cannot be
attributed to a lack of sensitivity of our tracer in either the
anterograde or retrograde direction.

Finally, the small numbers of corticothalamic cell bodies
labeled in the current study are of some concern, particu-
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larly after MGBd injections. This is likely related to the
very small injections that were needed to ensure lack of
spillover into the MGBv. Despite the relatively small
numbers of neurons labeled, the differences in their dis-
tributions were so dramatic and statistically significant
(e.g., 29/41 layer 5 corticothalamic neurons after MGBd
injection, vs. 2/214 after MGBv injection, and see distri-
bution of layer 5 and 6 neurons in Figs. 6 and 7) that
larger numbers were not necessary to draw our conclu-
sions.

Comparison with other work on
corticothalamic projections

Type II corticothalamic terminals have been found in
the higher order portions of the visual and somatosensory
thalamus (Mathers, 1972; Hoogland et al., 1987; Rock-
land, 1994; Bourassa et al., 1995; Liao et al., 2006) as well
as the MGBd of rat, cat, and monkey (Ojima, 1994; Bajo,
1995; Winer et al., 1999; Hazama et al., 2004). In the cat,
these projections retain their topographic relationships
(Takanayagi and Ojima, 2006), suggesting that there is
connectional specificity compatible with a specific role in
information processing. The density of type II terminals
appears to be slightly smaller in our preparation than in
other studies, but this is likely related to our small injec-
tion sizes. Note that, despite the relatively small numbers
of type II terminals in the MGBd, they can have dispro-
portionately large impact on their thalamic targets. For
example, in the lateral geniculate nucleus (LGN) of the
cat, which is the only system for which there are substan-
tial quantitative data, synapses from equivalent type II
terminals (from the retina) account for only 7% of all
synapses (Van Horn et al., 2000). Furthermore, these ter-
minals are the only ones making multiple synapses
(roughly nine each; Van Horn et al., 2000), so the estimate
of type II terminals, regardless of origin, reduces to less
than 2% of the total. In addition, type II terminals are less
frequent in higher order than first order relays (Huppe-
Georges et al., 2006; Van Horn and Sherman, 2007). Thus,
in higher order relays like the MGBd, our observation of
scarce type II terminals is consistent with other observa-
tions.

The resemblance of large corticothalamic terminals to
ascending projections innervating the primary thalamic
sensory nuclei suggests that they carry information in a
feedforward manner as part of a cortico-thalamo-cortical
circuit (Guillery, 1995; Sherman and Guillery, 2006). This
is supported by physiological findings in the somatosen-
sory and visual systems, in which two types of corticotha-
lamic terminal EPSPs were found in the posterior-medial
nucleus (POm; a higher order somatosensory relay) and
the lateral posterior nucleus (LP; a higher order visual
relay): large, all-or-none EPSPs showing paired-pulse de-
pression and no activation of metabotropic glutamate re-
ceptors (drivers, resembling retinogeniculate synapses),
and small, graded EPSPs with paired-pulse facilitation
and a clear participation of metabotropic glutamate recep-
tors (modulators; Li et al., 2003; Reichova and Sherman
2004). Further, Reichova and Sherman (2004) showed
that the driver-type profile was only found after stimulat-
ing in layer 5 of the barrel cortex. (The cortex was not
retained in the Li et al. study.) This suggests, as is further
explored below, that the driver terminals emanate from
layer 5.

The Journal of Comparative Neurology. DOI 10.1002/cne
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In the auditory system, corticothalamic drivers would
imply that many or all MGBd neurons derive their acous-
tic response properties via this cortical projection. The
reports that MGBd neurons respond to sound with long
latency and have broad tuning curves (similar to re-
sponses in the AC) is consistent with this hypothesis (Cal-
ford, 1983; Bordi and LeDoux, 1994a,b; Llano and Feng,
1999). Although it is possible that these response proper-
ties can be transmitted via the external and dorsal corti-
ces of the IC (Calford and Aitkin, 1983; LeDoux et al.,
1985), it has not been established that these areas provide
driving input to the MGBd. Utrastructural analysis of the
IC to MGBd pathway showed that the afferent terminals
are smaller, and synapse on smaller dendrites, than the
terminals of the IC to MGBv pathway (Bartlett et al.,
2000). Physiological studies of the IC to MGBd pathway
(Hu et al., 1994; Bartlett and Smith, 1999, 2002) have
been compromised by the electrical stimulation of cut ax-
ons in the brachium of the IC, leaving open the possibility
that branched corticotectal fibers (which send large termi-
nal branches to the higher order somatosensory and visual
thalamus; Bourassa and Deschenes, 1995; Bourassa et al.,
1995) were stimulated.

Even so, Bartlett and Smith (2002) found a trend for
MGBd neurons to show greater paired-pulse facilitation;
they also found that a higher relative proportion of stellate
cells (only found in the MGBd) show long-term depolar-
ization to tetanic stimulation, which is suggestive of acti-
vation of metabotropic glutamate receptors (both hall-
marks of modulator input; Sherman and Guillery, 1998,
2006). Although the proposition that the AC, rather than
the shell nuclei of the IC, drives MGBd neurons has yet to
be fully explored, it is possible that the MGBd may in fact
have a mixture of first and higher order circuits within it,
with individual neurons receiving input from the tectum
or cortex, respectively, similar to the heterogeneous orga-
nization of the pulvinar, which has both tecto-recipient
and striate-recipient zones (Updyke, 1977; Berson and
Graybiel, 1978; Mason and Groos, 1981).

Type II terminals were also occasionally found in the
MGBm and the PP, which are part of the “paralaminar”
(Herkenham, 1980) or “associated sensory” nuclei (Winer
and Morest, 1983). Large corticothalamic terminals have
also been found in the MGBm in the cat (Ojima, 1994,
Winer et al., 1999), although, similar to our study, these
were greatly outnumbered by those in the MGBd. In ad-
dition, large corticothalamic terminals have been seen in
the ventral shell area of the somatosensory thalamus after
somatosensory cortex injection (Liao et al., 2006). The
functional significance of these paralaminar terminals is
not clear. However, like the MGBd, MGBm neurons tend
to show longer response latencies and broader frequency
tuning than in the MGBv (Calford, 1983; Bordi and Le-
Doux, 1994a; Llano and Feng, 1999), so it is possible that
higher order circuits exist in the MGBm and play a similar
role to that postulated for the MGBd.

Alternatively, given the widespread AC projections of
paralaminar neurons, drivers to this group could increase
excitability across large areas of AC (Metherate and
Cruikshank, 1999; Linke and Schwegler, 2000; Sukov and
Barth, 2001; Smith et al., 2006) or could transmit infor-
mation to their other known targets, such as the basal
ganglia, amygdale, or inferior colliculus (LeDoux et al.,
1985; Winer et al., 2002). Alternatively, because in many
respects the paralaminar group resembles the intralami-



The Journal of Comparative Neurology. DOI 10.1002/cne

NONRECIPROCITY IN AUDITORY THALAMOCORTICAL SYSTEM

nar nuclei, having a decreased expression of low-threshold
Ca-spiking, and sending projections to the basal ganglia
as well as layer 1 across the temporal cortex (Linke and
Schwegler, 2000; Smith et al., 2006), drivers to this group
could lead to activation across large expanses of the audi-
tory cortex, possibly to increase excitability in these re-
gions (Sukov and Barth, 2001), although their point-to-
point connectional specificity, at least in the MGBd , might
argue against this (Takanayagi and Ojima, 2006). This
topic awaits further investigation.

Laminar organization of corticothalamic
projections

We have found that the MGBd derives its cortical input
from both layer 5 and layer 6 of the AC, whereas the
MGByv derives its input exclusively from layer 6. In addi-
tion, MGBd corticothalamic input is segregated such that
layer 5 and 6 inputs are derived from the nonlemniscal
areas of the AC (AIl and DP), whereas the lemniscal areas
(AI and AAF) only send layer 5 inputs. This is quite
similar to the findings in the cat visual system, in which
after injection of wheat germ agglutinin-horseradish per-
oxidase (WGA-HRP) into the striate-recipient zone of LP,
layer 5 and 6 neurons were retrogradely labeled in areas
19, 20, and 21, whereas layer 5 labeled cells were only
found in areas 17 and 18 (Abramson and Chalupa, 1985).
Similarly, in the rat somatosensory system, layer 5 label-
ing was only seen after injection of fluorescent micro-
spheres into the POm and not into the ventral posterior
region (a first order somatosensory relay; Killackey and
Sherman, 2003). However, unlike our data, Killackey and
Sherman did find layer 6b label in the barrel cortex after
POm injection. This is possibly related to the higher sen-
sitivity of the fluorescent microspheres than 3,000 MW
BDA for retrograde transport, which is evident in the
large numbers of neurons labeled in their study, or possi-
bly to interspecies or intersystem differences. The finding
that the POm projects to the granular layers of the barrel
field (Lu and Lin, 1993; Bureau et al., 2006), but that
MGBd does not project to the granular layers of the Al or
AAF (current study), suggests that layer 6 feedback may
only be found in areas that receive thalamocortical input
in the middle layers of the cortex.

In addition, we found that although the majority of
layer 6 corticothalamic input to both the MGBd and
MGBYy is derived from layer 6a, a substantial minority of
the projections (27%) to the MGBd emanate from layer 6b.
The finding that most of the lemniscal AC-to-MGBv path-
way emanates from layer 6a is consistent with findings
from the rabbit (deVenecia et al., 1998), but not the cat
(Prieto and Winer, 1999), in which corticothalamic neu-
rons were evenly distributed throughout layer 6. The dis-
crepancy between the latter study and ours may be related
to the criterion used to define layer 6b, which in the
current study was limited to the lower band of high cellu-
lar density within approximately 100 pm of the cortical/
subcortical white matter border. Outside of the auditory
system, an increased proportion of layer 6b corticotha-
lamic neurons that project to the HO portions of the sen-
sory thalamus have been found in the barrel cortex and
the primary visual cortex (Bourassa and Deschenes, 1995;
Bourassa et al., 1995; Killackey and Sherman, 2003; Us-
rey and Fitzpatrick, 1996).

The differences in sublaminar location also correspond
with different morphologies. Zhang and Deschenes (1997),
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although only working in layer 6a of barrel cortex, found
that after juxtacellular injection of biocytin, HO-
projecting corticothalamic neurons showed greater lateral
extension of projections, often across multiple barrels. Us-
rey and Fitzpatrick (1996) found that layer 6b cortico-
thalamic pyramidal cells in the tree shrew showed a
greater degree of branching in the vertical dimension,
often branching into layer 1. These data suggest that
HO-projecting layer 6 neurons may integrate information
from a greater area than FO-projecting neurons, which
would be consistent with the proposed reciprocal nature of
layer 6 corticothalamic projections. That is, because layer
6b projections can branch to innervate both HO and FO
thalamic relays (Bourassa and Deschenes, 1995; Bourassa
et al., 1995), it is expected that they would receive
thalamocortical input from HO and FO regions, either
directly into the same column, or via collateral projections
from higher order to lower order cortical regions.

Lack of reciprocity in thalamocortical
systems

Although early neurodegeneration studies were sugges-
tive of relatively strict reciprocity between the auditory
thalamus and cortex (Diamond et al., 1969), later work
using more sensitive tracers produced mixed results.
Winer and Larue (1987) used a combination of HRP and
tritiated leucine injections into the rat AC and found areal
reciprocity intermixed with small zones of nonreciprocity
within all MG subdivisions. In the visual system, Van
Horn and Sherman (2004) injected BDA into large areas of
the cat visual cortex (areas 17, 18, 19, and 21) and found
three types of zones in the visual thalamus: nonreciprocal
zones in the LP-pulvinar with anterogradely labeled large
without retrogradely labeled cell bodies, and two recipro-
cal zones: one in the LP-pulvinar, with primarily small
terminals, and one in the LGN, with only small terminals.
In contrast, Huppe-Georges et al., (2006) demonstrated
overlap of large terminals and thalamocortical cell bodies
in the lateral region of the LP (LP]) after area 17 injection
of BDA but did not comment about the distribution of
reciprocal vs. nonreciprocal zones in the thalamus. The
observed overlap is likely related to the branching pat-
terns of TC neurons from the LP1 of the cat, which send a
branch to the posteromedial lateral suprasylvian cortex (a
higher order region of visual cortex) and area 17 (Tong and
Spear, 1986; Miceli et al., 1991), likely to layer 1 (cat:
Abramson and Chalupa, 1985; monkey: Rockland et al.,
1999). Our injections tended to avoid layer 1, so this may
account for this discrepancy. On the other hand, such
branching patterns may not exist in mouse auditory non-
lemniscal thalamocortical neurons, although there is some
evidence for extensive lateral branching of lemniscal
thalamocortical neurons in juvenile rabbits (de Venecia
and McMullen, 1994). Finally, in the somatosensory sys-
tem, after tracer cocktail injections into the parietal cortex
of macaques, Darian-Smith et al. (1999) described zones of
nonreciprocity in the lateral portion of the ventral postero-
lateral nucleus and pulvinar with corticothalamic termi-
nations in areas without backfilled thalamocortical cells,
with a greater dissociation in the pulvinar.

This convergence of evidence from multiple sensory
systems, combined with the current work, suggests that
nonreciprocity between the thalamus and cortex, rather
than being an exception (Deschenes et al., 1998), may in
fact be one of the organizing principles of higher order
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Fig. 10. Diagram illustrating our proposed cortico-thalamo-
cortical model of cortical processing. In this model, information
reaches the lemniscal AC via a projection from the MGBv to layer 4 of
either the AAF or the Al. From here, a layer 5 pyramidal projects to
the MGBd, where a thalamocortical relay cell projects to layer 4 of the
nonlemniscal AC (DP or AII). From the nonlemniscal AC, a layer 6
projection is sent to the MGBd, adhering to the principle that all
thalamocortical projections, whether coming from the first or higher
order thalamus, receive a modulator, reciprocal projection from layer
6. For abbreviations, see list.

thalamocortical systems. Further, by the “no strong
loops” hypothesis of Crick and Koch (1998), the driver
properties of type II synapses (Li et al., 2003; Reichova
and Sherman, 2004) would prohibit them from being
included in a in a reciprocal thalamocortical-
corticothalamic circuit, which could lead to unstable
oscillations (Crick and Koch, 1998). In the context of the
auditory system, we propose that the neurons in the
MGBd receive layer 5 driver projections from lower
order areas of the AC and then project to higher cortical
areas We propose that there are two types of auditory
thalamocortical circuits: 1) a reciprocal circuit originat-
ing in the MGBv or MGBd, projecting mainly to layers 4
and 6 of the lemniscal or nonlemniscal AC, respectively,
and then projecting from layer 6 to the thalamic region
of origin via modulator, type I terminals; and 2) a non-
reciprocal circuit, originating in layer 5 of the lemniscal
AC, projecting to the MGBd via driver, type II termi-
nals, and then projecting mainly to layers 4 and 6 of the
nonlemniscal AC.

Finally, embedded in this nonreciprocal cortico-
thalamo-cortical circuit is a reciprocal circuit involving
a layer 6 corticothalamic projection and linking the
MGBd and the nonlemniscal AC, adhering to the prin-
ciple that all thalamocortical projections, whether com-
ing from the FO or HO thalamus, receive a modulator,
reciprocal projection from layer 6 (Fig. 10). The finding
that a major component of nonlemniscal thalamocorti-
cal projection is directed to the middle cortical layers
(Hashikawa et al., 1995; Huang and Winer, 2000; Fig. 8
of current study), and that nonlemniscal thalamocorti-
cal layer 4 synapses have a driver-type physiological
signature (Lee and Sherman, 2006), supports the latter
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part of this circuit. Note that our finding of retrogradely
labeled layer 5 neurons in the nonlemniscal AC after
MGBd injection suggests that both reciprocal and non-
reciprocal circuits may be found within the MGBd. This
would be consistent with work in the higher order visual
thalamus, in which both reciprocal and nonreciprocal
zones have been found (Van Horn and Sherman, 2004)
and suggests that multiple pathways may exist through
the MGBd. Further, the projection of the MGBd to mul-
tiple cortical fields suggests that the organization of the
MGBd may resemble that of the pulvinar, in which a
single higher order thalamic region projects to multiple
cortical areas (Benevento and Rezak, 1976).

One important facet of the proposed scheme is the
driving nature of the nonlemniscal thalamocortical pro-
jection. Others have proposed a modulatory role for this
projection (Olshausen et al., 1993; Jones, 2002), partly
based on its projection to layer 1 of the cortex. It is
important to note that in the higher order regions of
cortex, nonlemniscal thalamocortical neurons project to
the middle cortical layers, as well as layer 1, and may in
fact send collaterals to layer 1 of the primary sensory
cortex. For example, in the monkey auditory system, it
was shown that MGBd neurons were labeled after fast
blue-soaked filter paper was placed over the exposed
surface of the AI but that anterograde label directly
placed into the MGBd labeled the middle cortical layers
of the belt areas of the cortex (Molinari et al., 1995;
Hashikawa et al., 1995). This suggests that the layer 1
projections in the Al may represent collaterals from an
MGBd-to-All projection.

Indeed, the current study and work of others (Hash-
ikawa et al., 1995; Huang and Winer, 2000) have shown
that the MGBd-nonlemniscal AC pathway is notable for
projections to layers 4 and 6, as in the lemniscal pathway,
as well as layer 1. Further, the current study demon-
strates layer 1 projections from the MGBd to the AI (Fig.
8), also consistent with the idea that nonlemniscal
thalamocortical axons send projections to the middle lay-
ers of higher order cortical fields as well as to layer 1 of
lower order fields, possibly via branching of individual
axons. In addition, recent work has established that
thalamocortical projections from the POm and the MGBd
to layer 4 of the SII and AlI, respectively, share the char-
acteristics of driver inputs (large EPSPs, paired-pulse de-
pression, lack of metabotropic glutamate receptor re-
sponses) seen in lemniscal layer 4 TC synapses (Lee and
Sherman, 2006). These studies, as well as the current
work, suggest that projections from the HO thalamus to
the nonlemniscal cortex have targets in the middle corti-
cal layers, have driver-type physiology, and may be re-
sponsible, at least in part, for the receptive field properties
of higher order cortical neurons.
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