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ABSTRACT

Nuclei of the thalamus that project to cingulate cortex have been implicated in responses to
noxious stimuli, cholinergic and motor functions. The rabbit limbic thalamus may play an
important role in these functions, but has not been studied extensively in terms of its
cytoarchitecture, the topographical organization of its cortical projections, and differential
transmitter regulation of its subnuclei. Therefore, the architecture, projections to cingulate
cortex, and radioligand binding were investigated in the anterior, ventral, lateral, and midline
nuclei of rabbit thalamus. The anterior nuclei are highly differentiated because both the dorsal
and ventral nuclei have parvicellular and magnocellular divisions. Fluorescent dyes were
injected into cingulate cortex to evaluate limbic thalamocortical connections. The anterior
medial, submedial, and parafascicular nuclei project primarily to anterior cingulate cortex,
while they have small or no projections to posterior areas. The ventral anterior and ventral
lateral nuclei have a significant projection to dorsal cingulate cortex, including areas 24b and
29d. Projections of the anterior ventral nucleus are topographically organized, since medial
parts of the parvicellular division project to rostral area 29, and lateral parts project to caudal
area 29. The lateral nuclei and the parvicellular and magnocellular divisions of the anterior
dorsal nucleus project with progressively higher densities in the rostrocaudal plane of area 29.
Finally, the magnocellular division of the anterior ventral nucleus projects almost exclusively to
caudal and ventral area 29, i.e., granular retrosplenial cortex. Ligand binding studies employed
coverslip autoradiography and single grain counting techniques. Muscarinic receptor binding
was moderate for both pirenzepine and oxotremorine-M in the parvicellular anterior ventral
nucleus, while in other nuclei, there was an inverse relationship in the binding for these ligands.
Most notably, the anterior dorsal nucleus, which receives no cholinergic input, had very high
oxotremorine-M and low pirenzepine binding, while the anterior medial nucleus, which receives
a moderate cholinergic input, had the highest pirenzepine binding and very low oxotremo-
rine-M binding. Muscimol binding to GABA, receptors was highest in the anterior ventral
nucleus, while it was at moderate levels in the anterior dorsal and lateral nuclei. The binding of
Tyr-D-Ala-Gly-MePhe-Gly-ol to mu opioid receptors and 2-D-penicillamine-5-D-penicillamine-
enkephalin to delta opioid receptors were both high in the parvicellular and low in the
magnocellular divisions of the anterior dorsal nucleus. The magnocellular division of the
anterior ventral, the lateral dorsal, and the parafascicular nuclei had high mu opioid binding,
while the lateral dorsal and lateral magnocellular nuclei had low levels of delta opioid binding.
The submedial nucleus had moderate binding of both opiocid compounds. These results suggest
that the limbic thalamus in the rabbit is highly differentiated and has topographically organized
connections to cingulate cortex. Some of these connections may mediate responses to noxious
stimuli including those from the submedial and parafascicular nuclei. Finally, the ligand
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binding studies indicate that transmitter systems differentially regulate the various subnuclei
within the limbic thalamus and may modulate different components of limbic thalamocortical

circuitry. o 1992 Wiley-Liss, Inc.
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The nuclei in the thalamus that have projections mainly
to limbic cortex are referred to as the limbic thalamic
nuclei. Cingulate cortex is one of the largest components of
limbic cortex and it receives most input from the anterior,
lateral, midline, and intralaminar thalamic nuclei (Rose
and Woolsey, ’'48; Domesick, '72; Vogt et al., ’79, ’87;
Matsuoka, ’86; Sripanidkulchai and Wyss, '86; Minciacchi
et al., ’86; Horikawa et al., '88; Musil and Olson, '88;
Buchanan et al., ’89). Some of these nuclei have been
implicated in responses to noxious stimuli. Thus, lesions in
the parafascicular-centromedianum complex interfere with
avoidance responses to noxious electrical stimulation of the
tooth pulp in cats (Kaelber et al., ’75), and ablations of the
anterior and medial dorsal nuclei disrupt avoidance learn-
ing in rabbits where noxious footshock is the uncondi-
tional stimulus (Gabriel et al., ’88). Electrophysiological
studies have shown that neurons in the parafascicular,
central lateral, and submedial nuclei respond to noxious
mechanical and thermal stimuli (Casey, ’66; Dong et al.,
'78; Peschanski et al.,, ’81; Miletic and Coffield, ’89).
Furthermore, there are enkephalin-immunoreactive pro-
cesses and neurons (Sar et al., ’78; Finley et al., ’81), and
mu and delta opioid receptors in this part of the thalamus
(Moskowitz and Goodman, ’84; McLean et al., ’86; Mansour
et al., ’87; Sharif and Hughes, ’89). Since these nuclei
project to anterior cingulate cortex (Jones and Leavitt, *74;
Macchi et al., ’77; Herkenham, ’78; Vogt et al., ’79, ’87,
Robertson and Kaitz, '81; Craig et al., ’82; Royce and
Mourey, ’85; Royce et al., ’89), they provide a potential
source of nociceptor input to cingulate cortex and may be
differentially regulated by opioid compounds and other
neurotransmitters.

There is evidence for the differential regulation of
thalamocortical projection neurons in limbic thalamus by
cholinergic and GABAergic afferents. Thus, the parvicellu-
lar division of the anterior ventral nucleus has one of the
highest levels of choline acetyltransferase immunoreactiv-
ity in the rodent thalamus, while there is no such immuno-
reactivity in the anterior dorsal nucleus (Levey et al., ’87).
Although all anterior nuclei have high and almost equiva-
lent levels of binding of classical muscarinic antagonists
(Kobayashi et al., ’78; Rotter et al., ’79), pirenzepine
binding is highest in the parvicellular portion of the ante-
rior ventral nucleus (Sikes and Vogt, '87), suggesting that
cholinergic afferents differentially regulate divisions of the
anterior nuclei. Additionally, Palacios et al. ("'81) demon-
strated that there are more high-affinity GABA receptors in
the anterior ventral and anterior medial nuclei than in the
anterior dorsal nucleus, suggesting that there are also
differences in GABAergic control of limbic thalamic nuclei.

A survey of the cytoarchitecture of limbic thalamic nuclei
in the rabbit brain suggests that these nuclei are highly
differentiated. The anterior dorsal nucleus, for example,
has parvicellular and magnocellular divisions which have
not been previously described. Therefore, the present study
was undertaken to analyze the structure of these nuclei in

rabbit thalamus as well as the topographical organization of
their projections to cingulate cortex. Since there is almost
no information available about the distribution of transmit-
ter receptors in the rabbit limbic thalamus, a combination
of radioligand binding and coverslip autoradiography were
used to assess the distribution of mu and delta opioid,
muscarinic and GABA, receptors. These data in combina-
tion with the connection studies suggest that opioidergic,
cholinergic, and GABAergic connections target different
compoenents of the limbic thalamic nuclei and so differen-
tially regulate thalamocortical projection neurons.

MATERIALS AND METHODS
Nissl staining techniques

Five male Dutch belted rabbits were used for cytoarchitec-
tural analysis of the limbic thalamus. The rabbits were
overdosed with an i.p. injection of a mixture of chloral
hydrate and pentobarbital (Chloropent, Fort Dodge Labora-
tories, Fort Dodge, IA; 3.5 ml/kg) and perfused briefly with
500 ml 0.9% saline followed by 1 liter of 10% formalin. The
brains were removed, celloidin embedded and cut at a
thickness of 40 pm. The sections were then stained with
cresyl violet. The cytoarchitecture of nuclei in limbic thala-
mus were delineated according to the criteria of Gerhard
(’68), Rose and Woolsey (’48), and Vogt and Sikes (’90).

Fluorescent tracer techniques

Fluorescent dyes were injected into the cihgulate cortices
of 19 rabbits. The rabbits were anesthetized with an i.p.
injection of a mixture of ketamine and xylazine (Bristol

Abbreviations
AD anterior dorsal nucleus
ADm anterior dorsal nucleus, magnocellular division
ADp anterior dorsal nucleus, parvicellular division
AM anterior medial nucleus

AV anterior ventral nucleus

AVm anterior ventral nucleus, magnocellular division
AVp anterior ventral nucleus, parvicellular division
Ce central nucleus

CL central lateral nucleus

LD lateral dorsal nucleus

LM lateral magnocellular nucleus

LP lateral posterior nucleus

MD medial dorsal nucleus

MDm medial dorsal nucleus, magnocellular division
MDp medial dorsal nucleus, parvicellular division
MTT mamillothalamic tract

Pf parafascicular nucleus

Pt paratenial nucleus

Pv paraventricular nucleus

Re reuniens nucleus

Rh rhomboid nucleus

Sm stria medullaris

SM submedial nucleus

VA ventral anterior nucleus

VB ventral basal nucleus

VL ventral lateral nucleus

VM ventral medial nucleus
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Laboratories, Syracuse, NY; 35 mg ketamine and 5 mg
xylazine/kg; White and Holmes, ’76). Diamidino yellow (0.1
1l; 3% w/v in distilled water; Keizer et al., ’83), fast blue
(7% w/v in distilled water) or rhodamine-labeled fluores-
cent latex microspheres (Katz et al., '84) were injected
through glass micropipettes. The animals were perfused
5-7 days after the injections with 500 ml 0.9% saline
followed by 1 liter of 10% formalin in 0.1 M cacodylate
buffer. The brains were removed, placed in 30% sucrose in
cacodylate buffer until they sank, and then cut into 40-pm-
thick sections on a freezing microtome. One series of
sections (1 in 6) was stained with thionin and an unstained
series (1 in 6) was dehydrated and coverslipped.

Brightfield illumination and epifluorescence (fast blue
and diamidino yellow: 380-425-nm excitation, 450-nm
absorption; rhodamine microspheres: 546-nm excitation,
580-nm absorption) were used to determine cytoarchitec-
ture and to visualize labeled neurons, respectively. The
cytoarchitectural areas in cingulate cortex were defined
according to the criteria of Vogt et al. ('86). Injection sites
were plotted onto a flattened map of these areas as shown in
Figure 3. The labeled neurons were plotted with an IBM AT
computer interfaced to the x and y coordinates of the
microscope stage. Thalamic nuclei in adjacent thionin-
stained sections were plotted to determine the locations of
labeled neurons in the unstained sections. Neurons in every
unstained section were plotted, and labeled neurons counted
in each nucleus. In the figures, each dot represents 4 labeled
neurons. Labeled neurons in limbic thalamus for each case
were totalled and the percentage of labeled neurons in each
nucleus was calculated. These percentages, as well as the
total number of labeled neurons counted, are presented in
Table 1.

Ligand binding techniques

A total of 18 male Dutch belted and New Zealand rabbits
were used for ligand binding studies. They were sacrificed
with CO,, their brains were removed, the thalamus dis-
sected, and frozen to —80°C. Cryostat sections 30-pwm-thick
were cut and mounted on chrom-alum coated slides.

Unlabelled pirenzepine was kindly provided by Boeh-
ringer Ingelheim, Ltd. and levallorphan was kindly pro-
vided by Hoffmann-La Roche. Tritiated ligands were pur-
chased from New England Nuclear. Muscarinic receptor
binding was assayed by autoradiography with [*H|piren-
zepine (specific activity 84 Ci/mM) and [*H]oxotremorine-
M (specific activity 85.1 Ci/mM). For the pirenzepine
binding assay, sections were incubated in 12 nM [*H]piren-
zepine in Krebs-Henseleit buffer for 70 minutes at 25°C,
followed by 2 buffer washes at 4°C for 3 minutes each, and
the sections were then quickly air dried. Non-specific
binding was determined with 1 pM atropine in a parallel
series of sections. Binding of [*H]oxotremorine-M involved
incubation of sections for 30 minutes at 25°C in 0.1 nM
[®Hloxotremorine-M in 20 mM Hepes-Tris buffer with 10
mM Mg?* and 50 nM pirenzepine (0XO-M/PZ). Sections
were then washed in buffer at 4°C for 2 minutes each
followed by a 2 minute water wash. Sections were then
quickly air dried. Non-specific binding was assessed in a
parallel series with 1 uM atropine.

{*Hlmuscimol binding (specific activity 23.2 Ci/mM) was
assessed in sections that were preincubated in 50 mM Tris
buffer for 40 minutes at 20°C. Sections were then incubated
for 15 minutes at 20°C in buffer with 20 nM [*H]muscimol,
followed by one buffer wash for 2 minutes at 4°C and a 2
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minute water wash at 4°C and then were quickly air dried.
Non-specific binding was determined by coincubation with
100 uM muscimol.

Mu and delta opioid receptor binding was analyzed by
using [*H]Tyr-D-Ala-Gly-MePhe-Gly-ol (DAGO; specific ac-
tivity 30.3 Ci/mM) and [*H]2-D-penicillamine-5-D-penicil-
lamine-enkephalin (DPDPE; specific activity 43 Ci/mM),
respectively. For the DAGO binding assay, sections were
incubated for 45 minutes at 25°C in 50 mM Tris with 1 nM
[*HIDAGO. Sections were then washed in buffer three
times for 1 minute each at 4°C and quickly air dried.
Non-specific binding was evaluated in a parallel series with
1 uM levallorphan. Binding of DPDPE involved preincuba-
tion of sections in 50 mM Tris with § mM MgCl,, 2 mg/ml
bovine serum albumin, 20 pg/ml bacitracin, 100 mM NaCl
and 50 uM GTP for 15 minutes at 25°C, followed by two 5
minute washes at 25°C in buffer to remove the GTP. The
sections were then incubated for 1 hour at 25°C in 50 mM
Tris with 2 mg/ml bovine serum albumin and 5 nM
[PHIDPDPE. The incubation was followed by three buffer
washes for 10 minutes each at 4°C and the sections were
then quickly air dried. Non-specific binding was determined
with 1 uM DPDPE.

The method of Young and Kuhar (’79) was used to
prepare autoradiographs, Coverslips were acid-cleaned and
dipped in Kodak NTB-2 emulsion and dried. The slides
were apposed with the dipped coverslips and incubated in
the dark at —20°C for 3 weeks to 4 months. The autoradio-
graphs were developed in Kodak D-19, fixed in Kodak Rapid
Fix without hardener, and counterstained with thionin.

The cytoarchitecture of the limbic thalamic nuclei was
determined by inspection with brightfield optics. Darkfield
illumination was then used to calculate the number of
grains per 2,500 pm? field within a particular nucleus with
a model 1000 Image Analysis system (Donsanto Corp.,
Natick, MA). Miscounts due to overlapping grains were
visually corrected. Grain densities of three sections of total
ligand binding and that for non-specific binding were
counted and the mean was calculated for each nucleus in
each animal. Non-specific binding was subtracted from
total binding to determine specific binding. The mean *+
S.E.M. specific binding was calculated for each thalamic
nucleus. A one way analysis of variance was performed to
analyze binding among nuclei. The F ratios with a p <
.0001 are shown in Table 2. Multiple comparison protected
t tests (Couch, '82) were performed to compare differences
in binding in thalamic nuclei for each ligand. The computer
program used for these analyses was produced by Dynamic
Microsystems, Inc. (Silver Spring, MD).

RESULTS
Cytoarchitecture of limbic thalamic nuclei

Anterior thalamus. The anterior thalamic nuclei con-
sist of the anterior dorsal (AD), anterior ventral (AV) and
anterior medial (AM) nuclei. The AD nucleus is dorsal to
AV and lateral to the stria medullaris and has two subdivi-
sions as shown in Figure 1A. The parvicellular division
(ADp) is composed of small and round or elongate neurons,
while the magnocellular part (ADm) lies ventral to ADp and
has large dark-staining neurons. The AV nucleus is also
composed of two subdivisions. The magnocellular division
(AVm) lies in the dorsomedial sector of AV and contains
large, round neurons, while the parvicellular portion (AVp)
contains smaller, round and elongated, pale-staining neu-
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Fig. 1. Photomicrographs of coronal sections through the rabbit
limbic thalamus in a celloidin-embedded and Nissl-stained case. A:
Rostral level of limbic thalamus shows parvicellular and magnocellular
divisions of AD and AV (marked by arrowheads). B: SM is marked by
arrowheads and lies medial to MTT and lateral to Re and Ce. C: Caudal
level of limbic thalamus demonstrating LD, LP, and LM. The arrow-
heads mark the border between LD and LP.

L.J. VOGT ET AL.

rons. The AVp is present in the anterior and middle parts of
the rostrocaudal extent of AV, while AVm is larger at caudal
levels. The AM nucleus lies medial to the AV nucleus and
contains medium-sized, loosely arranged neurons.

Ventral thalamus. The cell groups in the ventral thala-
mus which project to limbic cortex include the ventral
anterior (VA), ventral medial (VM), and submedial (SM)
nuclei. The VA nucleus is ventral and lateral to the AV
nucleus and contains neurons that are medium-sized, oval
shaped, and loosely packed. The VM nucleus is medial to
the ventral lateral nucleus, dorsolateral to the mamillotha-
lamic tract, and contains loosely packed and large neurons
as shown in Figure 1B. Rostral levels of the SM nucleus
(delineated with arrowheads in Fig. 1B) are medial to the
mamillothalamic tract and lateral to the reuniens and
central nuclei. This nucleus contains round and medium-
sized neurons that are packed more densely than are
neurons in VM.

Lateral thalamus. The lateral thalamus in the rabbit is
composed of three regions as shown in Figure 1C: lateral
dorsal (LD), lateral posterior (LP) and lateral magnocellu-
lar (LM) nuclei. At the mid-rostrocaudal level of LD (Fig.
1C), this nucleus is lateral to AD and dorsal to LP. At
rostral levels of LD, the LP nucleus is not present, while at
caudal levels of LD, the AD nucleus is absent. The LD
nucleus contains medium-sized and round neurons that are
loosely packed. The LP nucleus lies ventral to LD and
contains neurons that are smaller and lighter-staining than
LD. The LM nucleus is a chevron-shaped group of neurons
that underlies a rostral extension of LP and the most
medial and lateral parts of LD. The LM nucleus contains
the largest and most heavily stained neurons in the rabbit
thalamus.

Midline and intralaminar thalamus. The midline thal-
amus includes of the rhomboid (Rh), central (Ce), and
reuniens (Re) nuclei. The Rh nucleus lies medial and dorsal
to AM and contains medium-sized neurons with a moderate
packing density. The Ce nucleus is ventral to Rh and
contains dark-staining, tightly packed neurons, as shown in
Figure 1B. The Re nucleus lies between Ce and the third
ventricle and contains small, lightly staining, loosely packed
neurons. Finally, the central lateral (CL) and parafascicular
(P) nuclei are intralaminar nuclei and are defined here
according to Gerhard ('68). The CL nucleus is lateral to Ce
and is usually ventral to AM and the mediodorsal nucleus.
The CL nucleus contains light-staining, ovoid and loosely
packed neurons. The Pf nucleus is pierced by the habenulo-
interpeduncular tract and contains dark-staining, medium-
sized neurons.

Retrograde labeling of thalamocortical
projection neurons

Anterior cingulate injections. Ten injections were made
into area 24b with 2-3 injections of different dyes in each
case. One case was chosen as an example in which 3 dyes
were injected into different rostrocaudal levels of area 24b.
The injection of diamidino yellow into caudal area 24b is
shown in Figure 2. Figure 3 shows these injection sites
represented on a flattened medial surface on which the
cytoarchitectural divisions of cingulate cortex are delin-
eated and three representative sections are shown of retro-
gradely-labeled neurons in the thalamus. Following a ros-
tral area 24b injection, the greatest number of labeled
neurons occurred in AM, VA, and SM (Fig. 3A). The labeled
neurons in AM were located dorsally within the nucleus.
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Fig. 2. Photomicrographs of diamidino yellow injections into caudal area 24b and rostral area 29d. The
arrows in the first photograph delimit the border of area 24b, while the arrow in the second photograph

shows the ventral border of area 29d.

The VA nucleus had labeled neurons that were located
medially, while SM labeling occurred throughout this nu-
cleus. There was also labeling in medial parts of the ventral
lateral (VL) nucleus, throughout VM and in the parvicellu-
lar part of the medial dorsal (MDp) nucleus (Fig. 3B,C).

The caudal area 24b injection produced heavy labeling of
neurons in AM, VA, and VL (Fig. 3A,B). There was a
topographical organization of labeled neurons in AM, since
caudal area 24b injections labeled neurons that were more
ventral in AM than did rostral injections. Also, there was a
topography within VA, VL, and MDp where caudal injec-
tions labeled neurons more laterally within these nuclei.
Caudal area 24b injections also labeled neurons in LM, LP,
LD, and CL, while rostral injections did not.

The Pf nucleus contained retrogradely labeled neurons
following area 24b injections. These labeled neurons were
located lateral to the habenulo-interpeduncular tract follow-
ing both rostral and caudal area 24b injections. There was
no apparent topography in Pf following injections into
different parts of area 24b.

Posterior cingulate injections. Twenty-five injections
were made into posterior cingulate cortex with 2-3 injec-
tions per case. A reconstruction of injection sites and
labeled neurons for one case which received three injections
in area 29d is shown in Figure 4. The anterior area 29d
diamidino yellow injection is shown in Figure 2. Following a
rostral diamidino yellow and a caudal fast blue injection
into area 29d, most labeled neurons in the anterior thala-
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Fig. 3. Injections were made into two rostrocaudal levels of area 24b
with rhodamine-labeled fluorescent latex microspheres (@) and diami-
dino yellow (O). Cytoarchitectural areas are displayed on a flattened
medial surface above the corpus callosum (black) and positions of
retrogradely labeled neurons in limbic thalamus are shown in trans-

mus were in AVp and AD (Fig. 4A); the intermediate
injection of rhodamine-labeled fluorescent latex micro-
spheres is not illustrated. Figure 5 is a photomicrograph
showing labeled neurons in AVp, as well as Nissl-stained
cells in a nearby section. The fiber bundles coursing through
AVp are emphasized with asterisks in each section. The
labeled neurons in AVp, but not AD, were topographically
organized. Thus, the rostral diamidino yellow injection
labeled neurons medially in AVp, while the labeled neurons
following the caudal fast blue injection were more lateral.
The injection of rhodamine-labeled fluorescent latex micro-
spheres intermediate between the rostral and caudal area
29d injections labeled neurons in AVp between the diami-
dino and fast blue labeled neurons (not illustrated). The AD
nucleus contained neurons double-labeled with diamidino
yellow and microspheres, while AVp did not contain double-
labeled neurons. The caudal area 29d injection also labeled
neurons in VA, In caudal levels of the thalamus (Fig. 4B,C),
area 29d injections labeled neurons in LM, LP, MDp, and
VL. Finally, rostral area 29d injections labeled neurons in
LP more medially than did injections into caudal area 29d
(Fig. 40C).

verse sections A—C. One dot represents four labeled neurons. Following
a rostral area 24b injection, there was heavy labeling in dorsal AM,
medial VA and SM, while a caudal area 24b injection produced heavy
labeling in mid AM, VA, and VL.

Figure 6 represents a case with area 29¢ and area 29b
injections. Following the caudal area 29c¢ rhodamine-
labeled fluorescent latex microsphere injection and the 29b
diamidino yellow injection, most labeled neurons in ante-
rior thalamus were in AD and AV. Both parvicellular and
magnocellular divisions of AD contained labeled cells and
there was no apparent segregation within this nucleus.
Labeled neurons in AV also occurred in both divisions.
Although there was no segregation of labeled neurons in
either division of AV, labeled neurons with both dyes were
located laterally within AV. There was less labeling in AM
following both injections in contrast to that produced by
injections into anterior cingulate cortex. In caudal parts of
the thalamus, area 29¢ and 29b injections labeled neurons
in LM, LP and LD, with LP and LD containing the highest
density of labeled neurons (Fig. 6B,C). There was minimal
labeling in VL following the caudal area 29c injection.

Table 1 presents the percentage of labeled cells in each
nucleus as well as the total number of labeled neurons for
each injection site presented in Figures 3, 4, and 6. A
qualitative assessment of anterior to posterior changes in
the density of labeled neurons in each nucleus following
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Injections of diamidino yellow (O) and fast blue (*) were made into area 29d and labeled neurons

in limbic thalamus are shown in transverse sections A—C. Area 29d injections labeled neurons in AD and

AVp, with those in AVp topographically organized.

progressively more caudal injections is shown in the last
column under “Trend.” Cases with injections into anterior
cingulate cortex had highest labeling in AM, VA, SM, and
MDp, and labeling in these nuclei decreased with injections
into progressively more caudal cingulate cortex. Labeling of
neurons in Re, VM, and CL was limited but also showed a
decrease in density with more caudal injections. Neurons
labeled in the ADp, ADm, AVm, LM, and LD nuclei were
most prominent following injections into caudal cingulate
cortex. This labeling increased with injections into progres-
sively more caudal levels of cingulate cortex.

There were very different patterns of thalamic neuron
labeling following injections into different cytoarchitectural
divisions of posterior cingulate cortex. As shown in Table 1,
ahout 40% of the neurons labeled in the thalamus following
area 29d injections were in LP. In contrast, less than half
this percentage of neurons were labeled following the area
29¢ injection. In this latter case, 12-19% of the labeled
neurons were in each of the ADm, AVp, and LD nuclei. In
the area 29b injection, 10.9% of the labeled neurons were in
LP, while 20.3% were in AVm and 14.2% were in ADm,
Although there were relatively few labeled neurons in VA
and VL following the rostral area 29d injection, there was
elevated labeling in these nuclei after the caudal area 29d
injection. Since labeling in these nuclei was also high

following injections into the middle anteroposterior level of
area 24b, it appears that there were two foci in dorsal
cingulate cortex which receive inputs from these nuclei.
Finally, it is of interest that the total number of labeled cells
were generally higher following rostral cingulate cortex
injections (642—-1,125 labeled neurons) than following injec-
tions into caudal cingulate cortex (395-596 labeled neu-
rons). These injections did not appear to differ in size.

Ligand binding

Muscarinic receptors. Table 2 is a summary of the
specific binding for 18 rabbits for the ligands studied. Each
division of the anterior nuclei and the LM, LD, SM, and Pf
nuclei were analyzed. Specific pirenzepine binding was
highest in the AVm, AM, and LD nuclei and there was no
difference in the binding in these nuclei. There were
significant differences in pirenzepine binding between AM
and the following nuclei: ADp, ADm, AVp, LM, SM, and Pf.
The lowest density of pirenzepine binding was observed in
the ADm and Pf nuclei. In contrast to the very high
pirenzepine binding in AM, this nucleus had one of the
lowest densities of OXO-M/PZ binding. The highest OXO-
M/PZ binding in the limbic thalamus was in ADp, while
that in ADm was about half of that density. Figure 7B is a



Fig. 5. A: Photomicrograph of labeled neurons in AVp, following a diamidino yellow injection into
rostral area 29d. B: Photomicrograph of Nissl-stained AVp within 250 wm of that in A. Fiber bundles are
characteristic of AVp and are marked by asterisks. Also note the small, elongate and round pale-staining
neurons that are characteristic of AVp.
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Injections of rhodamine-labeled fluorescent latex microspheres (@) and diamidino yellow (O)

were made into areas 29¢ and 29b, respectively, and labeled neurons in the thalamus are shown in sections
A-C. Area 29c and 29b injections labeled neurons in AD, AV, and the lateral nuclei, with heaviest labeling

in AVm.

TABLE 1. Proportion of Total Labeled Neurons in Each Limbic Thalarnic
Nucleus

Rostral Caudal Rostrai Caudal

Caudal Caudal Trend

Nuclei 24b 24b 29d 29d 29¢ 29b AP
ADp — — 59 6.4 7.2 12.7 1
ADm — — 8.4 7.2 11.7 14.2 1
AVp — 1.4 13.8 8.0 12.1 71 —
AVm — — — — 10.7 20.3 1
AM 26.5 19.2 5.7 1.8 35 1.0 i
Rh _ 0.5 —_ — — — —
Re 5.1 4.6 — 0.6 — — i
VA 23.1 17.7 0.5 5.8 — — !
VL 48 13.6 2.5 11.0 3.9 — —
VM 5.5 0.9 —_ — — — !
VB — — 0.5 0.2 — — —
Ce — 2.2 1.7 1.0 — 1.3 —
CL 1.4 3.6 1.2 0.2 — — !
SM 12.6 1.4 — 0.4 — — !
LM — 1.2 44 4.4 10.1 18.7 H
LD — 2.1 — 38 19.0 19.0 1
Lp — 6.8 415 38.8 19.5 10.9 —
MDp 19.5 22.4 138 10.2 23 — !
Pf 16 2.3 — — — — —
Totalcells 642 1,125 405 498 596 395 {

photomicrograph of 0X0-M/PZ binding in these subnuclei,
and shows the relatively high binding in ADp in comparison
to that in ADm,

TABLE 2. Specific Binding (Grains = S.E.M./2,500 um?®)

Pirenzepine  OXO-M/PZ  Muscimol DAGO DPDPE
ADp 147 = 8! 245 * 13° 240 = 7! 97 = 4 142 = 6*
ADm 87 + 6! 128 + 9! 184 + @} 45 = 2! 71 = 4
AVp 128 £ 7! 124 = 8! 309 = 92 81 = 6 794!
AVm 184 + 102 75 = 5t 312 = 11° 160 = 87 92 = 4!
AM 214 * 142 56 + 6! 203 = 7 127 + 5! 74 + 4}
LM 119 = ' 31 + 5! 128 = 6} 72 = 4! 36 x 2!
LD 190 = 9° 94+ 7! 262 + 7* 149 + 6° 63 = 4!
SM 116 = 6! 59 + 3! 76 = 4! 118 + 5! 78 + 5!
Pf 87 + 6! 79 + 5! 55 + 6 140 + 102 76 = 5!
F-Ratio* 30 74 149 42 41

*All ANOVA F ratios haveap < .0001.
*Values significantly different from the highest valueat p < .01.
Highest densities of specific binding for each ligand.

GABA receptors. Specific museimol binding was highest
in the AV nucleus in both AVp and AVm. Muscimol binding
in these subnuclei was not significantly different. The AM,
AD, LD, LM, SM, and Pf nuclei all had lower densities of
muscimol binding.

Opioid receptors. Specific DAGO binding distinguished
between the divisions of AV. The highest density of DAGO
binding in limbic thalamus was in AVm, while AVp had only
half as much DAGO binding. Binding of DPDPE did not
distinguish between the subdivisions of AV.
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Fig. 7. A: Photomicrograph of Nissl-stained, cryostat section, demonstrating divisions of AD. B: The
binding of OXO-M/PZ in ADp is twice as dense as that in ADm. C: The binding of DPDPE is also high in
ADp and low in ADm. The border between ADp and ADm is marked by arrows.

The binding of both opioid compounds was significantly
different for each of the subdivisions of AD. The ADp
nucleus had high DAGO and DPDPE binding; however,
ADm had only one-half this binding. The photomicrograph
in Figure 7C demonstrates the differences in DPDPE
binding in ADp and ADm, with that in ADp being very high.
The striking differences in OX0-M/PZ and DPDPE binding
in ADp and ADm confirms cytoarchitectural observations
that these are distinet subnuclei. Finally, DAGO binding
was high in AVm, LD, and Pf, and the binding of DPDPE
was homogeneous throughout the limbic thalamus, except
for the high binding previously noted in ADp.

DISCUSSION

A large number of thalamic nuclei project to cingulate
cortex and are here referred to as the limbic thalamus. The
role of these nuclei in cortical function is likely more
complex than that of the sensory and motor thalamic nuclei
in that limbic nuclei may participate in affective responses
to noxious stimuli, learning and memory. Since the rabbit is
being increasingly used in functional studies of the nervous
system, more information is needed about the structure
and connections of its limbic thalamus. The present study
detailed the unique cytoarchitectural features of the rabbit
limbic thalamic nuclei, their projections to cingulate cortex
and the distribution of transmitter receptors that have
differential binding in particular subnueclei and so differen-
tially modulate parts of limbic thalamocortical circuitry.

The division of the AD nucleus into parvicellular and
magnocellular components appears to be unique to the
rabbit brain. These cytoarchitectural divisions of AD have
very different patterns in transmitter receptor binding,
although each has broad projections throughout area 29.
The AD nucleus itself is unique among the limbic thalamic

nuclei because it receives little or no cingulate cortical
(Domesick, *72; Vogt, ’85) or cholinergic (Levey et al., '87)
inputs, while its main input is from the mamillary bodies
(Cruce, ’75; Veazey et al., ’82; Seki and Zyo, ’84). These
connections likely determine the form of neuronal activity
in AD during the acquisition of avoidance learning in
rabbits. Thus, neurons in AD produce massive excitatory
responses to conditional stimuli during the earliest stages
of avoidance training. These excitatory responses subside
and become discriminative (i.e., greater excitatory re-
sponses to the positive than the negative conditional stimu-
lus) when the rabbit attains criterion avoidance responding
(Gabriel et al., ’91). Section of the mamillothalamic tract
reduces the excitatory responses in AD, while removal of
cingulate cortex increases excitatory responses in AV (Gab-
riel et al., ’88). Thus, a lack of inhibitory cingulate cortical
control and a dominant excitatory prajection from the
mamillary bodies likely result in the hyperexcitability of
neurons in the AD nucleus during discriminative avoidance
learning.

The midline and intralaminar thalamic nuclei are part of
the limbic thalamus and contain neurons that respond to
noxious stimuli (Casey, '66; Dong et al., ’78; Peschanski et
al., ’81; Ma et al., ’88; Miletic and Cofhield, ’89). The SM and
Pf nuclei are among those nuclei that receive direct projec-
tions from the spinal cord, including neurons in lamina 1
(Craig and Burton, ’81, '85; Dado and Giesler, "90), and
project in turn to cingulate cortex in the cat (Robertson and
Kaitz, ’81; Craig et al., '82; Musil and Olson, ’88) and
monkey (Vogt et al., ’79, '87). Injections of fluorescent dyes
into rostral area 24b of the rabbit in the present study
labeled neurons in SM and Pf. In light of recent findings
that neurons in rostral area 24b respond to noxious mechan-
ical and thermal stimuli and the block of these responses by
medial thalamic injections of lidocaine (Sikes and Vogt,
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’91), it is likely that SM and Pf projections to cingulate
cortex contribute to responses to noxious stimuli in ante-
rior cingulate cortex. Furthermore, SM has enkephalin-
immunoreactive axons (Miletic and Coffield, '88) and the
present study shows that SM and Pf have moderate densi-
ties of mu and delta opioid receptors. Therefore, neuronal
activity in SM and Pf likely contributes to nociceptive
neuronal activity in limbic cortex and is modulated by
enkephalinergic connections.

Since all previous opioid receptor binding studies have
been done with film autoradiography, no studies are avail-
able which localize these receptors to subnuclei within the
limbic thalamus. The present study employed coverslip
autoradiography, and so a number of new issues can be
raised about the distribution of opioid receptors. First, the
most striking observation of the present study was that
DPDPE binding was highest in ADp. The dichotomy of high
DPDPE binding in ADp and low binding in ADm confirms
cytoarchitectural observations of the present study that AD
has two subdivisions. In a previous study of delta opioid
ligand binding in rat (McLean et al., ’86), there was almost
no such binding in AD. One interpretation of these findings
is that the rat does not have an equivalent to the rabbit ADp
nucleus. Second, McLean et al. ("86) observed high mu
opioid binding in AM and LD as was true for the present
study. However, as shown in Table 2, highest densities of
DAGO binding were in AVm. The earlier finding of sparse
mu binding in AV could have been due to differences in
ligand specificity. Furthermore, enkephalin-immunoreac-
tive axons have been noted in AV (Sar et al., *78; Finley et
al, '81) and immunoreactive neurons in the mamillary
bodies. Since the mammillary bodies project to AV, it is
possible that enkephalinergic mamillothalamic projec-
tions modulate the activity of AD, AV, and AM neurons via
mu opioid receptors.

The AVp nucleus has one of the highest levels of choline
acetyltransferase activity in the thalamus (Levey et al., ’87)
and this input arises from neurons in the lateral dorsal
tegmental, cuneiform and pedunculopontine nuclei (Hoover
and Baisden, ’80; Sofroniew et al., ’85; Satoh and Fibiger,
’86). The present analysis shows that AVp projects mainly
to areas 29c¢ and 29d and less to area 29b, while AVm
projects more heavily to caudal area 29¢ and area 29b.
Therefore, the influence of cholinergic activity in the
thalamus is principally on neurons which project to mid-
levels of cingulate cortex, not caudal and ventral cingulate
cortical areas. It was the AVp and mid-levels of cingulate
cortex which had increased binding of OX0O-M/PZ in rab-
bits trained to first significant and criterion stages of
discriminative avoidance learning (Vogt et al., '91). Thus,
it is possible that cholinergic connections, particularly to
AVp, play a role in elevating muscarinic binding during the
acquisition of this task.

The distribution of muscarinic ligand binding in limbic
thalamus reported in this study raises a number of issues
about the cellular localization of muscarinic receptors.
First, pirenzepine binding is high in AM, AVm, and LD.
Although pirenzepine binds to m1, m3 and m4 receptors
(Buckley et al., ’89), m3 but not m1 and m4 receptors are
expressed by rat thalamic neurons (Buckley et al., ’88).
Therefore, pirenzepine binding is likely to m3 receptors
throughout limbic thalamus. Second, OXO-M/PZ binding
is a protocol which has enhanced binding to m2 receptors
(Vogt and Burns, ’88; Vogt et al., ’92). It is striking that
highest OX0-M/PZ binding occurred in ADp which receives
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no cholinergic afferents. Although in situ studies of mRNA
for the m2 receptor have failed to show expression of this
receptor by AD neurons (Buckley et al., ’88), experimental
ligand binding studies suggest that AD neurons transport
these receptors to their axon terminals in cingulate cortex.
Van Groen and Wyss (personal communication) have ob-
served AD projections to layer I1I of area 29¢, and Vogt et al.
(’92) have demonstrated a massive reduction in OXO-
M/PZ binding in layer III following thalamic lesions. Thus,
most OX0-M/PZ binding in ADp is likely associated with
newly synthesized m2 receptors which are destined for
transport to cingulate cortex. Third, 0X0O-M/PZ binding in
AVp was at moderate levels and may reflect binding to m2
receptors on two cellular elements in this nucleus; autore-
ceptors on cholinergic afferents from the brainstem and
‘“‘presynaptic’’ m2 receptors which are synthesized in AV
(Buckley et al., ’88) and transported to cingulate cortex
(Vogt et al., ’92).

The rat anterior thalamus does not contain GABAergic
neurons; however, the AV nucleus shows immunoreactivity
for the enzyme GAD (Tappaz et al., '76; Mugnaini and
Oertel, ’85). The highest levels of muscimol binding in the
present study of the rabbit occurred in AV, with significant
differences in binding between AV and the other limbic
nuclei. These data support the findings of Palacios et al.
(’81) who demonstrated that AV contained a high number
of high-affinity GABA receptors. Therefore, GABAergic
control differs among the limbic thalamic nuclei.

The ventral anterior and ventral lateral thalamic nuclei
project to cingulate cortex in the depths of the cingulate
sulcus of the monkey brain (Vogt et al., ’87; Holsapple and
Strick, ’89). The present study shows that VA has a major
projection to dorsal cingulate area 24b and also has a small
projection to area 29d in the rabbit. The VL nucleus also
has moderate projections to areas 24b and 29d. There are
four reasons for suggesting that parts of cingulate cortex
are involved in motor functions. First, on the basis of
lipofuscin content of neurons, Braak (’76) proposed that
cortex in the depths of the human cingulate sulcus may
contain a motor area. Second, the VA and VL nuclei have
been implicated in motor functions and receive inputs from
different motor systems. Thus, the VA nucleus receives
projections from the globus pallidus and the substantia
nigra (Strick, ’85; Ilinsky et al., ’85; Ilinsky and Kultas-
Ilinsky, ’87) and VL receives input from the cerebellum
(Kalil, ’81; Schell and Strick, ’84). Third, cortex in the
depths of the monkey cingulate sulcus and area 24b in the
rat have projections to the spinal cord (Biber et al., ’78;
Miller, ’87; Hutchins et al., ’88; Dum and Strick, ’91).
Fourth, Shima et al. ("91) demonstrated two movement-
related foci in cingulate areas 24¢ and 23c in the monkey
during signal-triggered and self-paced forelimb movements.
Anterior cingulate cortex contained more self-paced neu-
rons and neurons that discharged 500 msec or more before
movement than did posterior cingulate cortex. The hypoth-
esis was proposed by Shima et al. ("91) that the anterior
cingulate motor area mediates the internal drive for move-
ments. In conclusion, although the rabbit does not have a
cingulate sulcus, dorsal cingulate area 24b receives a large
input from VA and a smaller input from VL, suggesting
that area 24b may contain a motor area in the rabbit.
Furthermore, based on VA/VL projections, there may be
two discrete cingulate motor regions in the rabbit. One may
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be located at a mid-rostrocaudal level of area 24b and one in
caudal area 29d.

The rabbit has become an important species for neurobi-
ological studies because of its highly differentiated posterior
cingulate cortex. The present study of the rabbit limbic
thalamus shows that these nuclei are also highly differenti-
ated, have topographically organized connections to cingu-
late cortex, and that afferent transmitter systems differen-
tially regulate these thalamocortical projection neurons.
These limbic nuclei likely play an important role in re-
sponses to noxious stimuli and learning, and “limbic¢”’ parts
of VA and VL may contribute to motor functions in
cingulate cortex.
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