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The goal of the present study was to examine the contri- 
bution of thalamo-amygdala and thalamo-cortico-amygdala 
projections to fear conditioning. Lesions were used to de- 
stroy either the thalamo-cortico-amygdala projection, the 
thalamo-amygdala projection, or both projections, and the 
effects of such lesions on the acquisition of conditioned fear 
responses (changes in arterial pressure and freezing be- 
havior) to a tone paired with footshock were measured. In 
each group of animals examined, a large lesion of the acous- 
tic thalamus, including all nuclei of the medial geniculate 
body and adjacent portions of the posterior thalamus, was 
made on one side of the brain to block auditory transmission 
to the forebrain at the level of the thalamus on that side. In 
this way, experimental lesions could be made on the con- 
tralateral side of the brain. Thus, animals with thalamo-amyg- 
dala pathway lesions received a large lesion of the acoustic 
thalamus on one side. Contralaterally, only the nuclei that 
project to the amygdala (the medial division of the medial 
geniculate body, the posterior intralaminar nucleus, and the 
suprageniculate nucleus) were selectively destroyed, leav- 
ing much of the thalamo-cortico-amygdala projection intact. 
For thalamo-cottico-amygdala pathway lesions, the acoustic 
thalamus was destroyed on one side and temporal and peri- 
rhinal cortices were ablated contralaterally. In these animals, 
thalamo-amygdala projections were intact on the side of the 
cortical lesion. Destruction of either pathway alone had no 
effect on auditory fear conditioning. However, combined le- 
sions of the two sensory pathways disrupted conditioning. 
Thus, auditory conditioned stimulus (CS) transmission to the 
amygdala is necessary in fear conditioning but either thal- 
amo-amygdala or thalamo-cortico-amygdala projections are 
sufficient as CS transmission routes. 

Classical fear conditioning depends upon the transmission of 
auditory conditioned stimulus (CS) information to the lateral 
nucleus of the amygdala (AL) (LeDoux et al., 1990b). AL re- 
ceives inputs from auditory processing areas of the thalamus 
and cortex. Auditory thalamo-amygdala projections originate 
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in the medial division (MGm) of the medial geniculate body 
(MGB), the posterior intralaminar nucleus (PIN), and the su- 
prageniculate nucleus (SG) (Veening, 1978; Ottersen and Ben- 
Ari, 1979; Turner and Herkenham, 198 1, 199 1; Russchen, 1982; 
LeDoux et al., 1985, 1990a, 1991; Kudo et al., 1989). In the 
rat, these posterior thalamic areas each receive inputs from the 
inferior colliculus and project to AL (LeDoux et al., 1987, 1990a). 
Auditory thalamo-cortical projections arise from these same 
thalamic nuclei, as well as from ventral (MGv) and dorsal (MGd) 
divisions of the MGB, and terminate in temporal neocortex and 
perirhinal periallocortex (Lashley, 194 1; Locke, 196 1; Jones and 
Powell, 1971; Niimi and Naito, 1974; Killackey and Ryugo, 
1975; Patterson, 1977; Winer et al., 1977; Deacon et al., 1983; 
Diamond, 1983; Vaughan, 1983; LeDoux et al., 1984, 1985, 
199 1; Winer and Larue, 1987; Scheel, 1988; Roger and Amault, 
1989; Arnault and Roger, 1990; Romanski, 199 1; for review, 
see Kelly, 1990). Temporal neocortical and perirhinal perial- 
locortical regions, in turn, project to the amygdala (Whitlock 
and Nauta, 1956; Jones and Powell, 1970; Herzog and Van 
Hoesen, 1975; Aggleton et al., 1980; Turner et al., 1980; Guldin 
and Markowitsch, 1983; Turner and Zimmer, 1984; Amaral, 
1987; McDonald and Jackson, 1987; Kudo et al., 1989; LeDoux 
et al., 199 1; Romanski, 199 1). Thus, auditory information, in- 
cluding auditory CS information, may reach the AL via thala- 
mo-amygdala or thalamo-cortico-amygdala projections. 

Previous studies have shown that auditory fear conditioning, 
in rats, is not blocked by bilateral ablation of the auditory cortex 
(LeDoux et al., 1984), even when posterior perirhinal cortex is 
included (Romanski and LeDoux, 1992) but is interfered with 
by bilateral lesions of the MGB and adjacent nuclei of the pos- 
terior thalamus (LeDoux et al., 1984, 1986) bilateral lesions of 
the amygdala (Kapp et al., 1979; Gentile et al., 1986; Hitchcock 
and Davis, 1986; LcDoux et al., 1990b), or disconnection of 
the amygdala from auditory processing areas of the thalamus 
(Iwata et al., 1986; LeDoux et al., 1986). These findings indicate 
that cortico-amygdala projections are not necessary and that 
thalamo-amygdala projections are sufficient as auditory CS 
transmission routes to the amygdala during fear conditioning. 
However, these findings leave unanswered whether thalamo- 
amygdala projections are necessary and whether cortico-amyg- 
dala projections are sufficient as CS transmission routes. 

The goal of the present study was to examine further the 
contribution of thalamo-amygdala and thalamo-cortico-amyg- 
dala projections to fear conditioning. Lesions were used to in- 
terrupt either the auditory thalamo-amygdala pathway (selective 
lesions of only those thalamic regions that receive inputs from 
the inferior colliculus and send afferents to the amygdala), the 
thalamo-cortico-amygdala pathway (complete auditory cortex 
lesions), or both pathways. The effect of these lesions on the 
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Figure 1. The rat MGB and associated nuclei ofthe posterior thalamus. 
Major auditory nuclei are shown in boldface. Thalamo-amygdala pro- 
jections originate from MGm, PIN, and SG, while thalamo-cortical 
projections originate from these as well as the MGv and MGd. APT, 
anterior pretectal nucleus; cp, cerebral peduncle; LP, lateral posterior 
nucleus; MZ, marginal zone; PP, peripeduncular nucleus; SN, substantia 
nigra. 

acquisition ofconditioned fear responses was measured. On the 
basis of previous studies, we hypothesized that either (1) inter- 
ruption of thalamo-amygdala projections alone, but not inter- 
ruption of cortico-amygdala projections, would interfere with 
conditioning, or (2) destruction of neither pathway alone would 
interfere with conditioning but destruction of both pathways 
together would. If destruction of the thalamo-amygdala pathway 
disrupts conditioning, we would conclude that thalamo-amyg- 
dala projections are a necessary and sufficient CS transmission 
route. However, if destruction of neither pathway alone inter- 
feres with conditioning, but combined lesions of the two path- 
ways do, we would conclude that while neither pathway is nec- 
essary, each is sufficient. 

Materials and Methods 
Animals 
Studies were performed using male Sprague-Dawley rats (Hilltop Lab- 
oratories), which weighed 300-350 gm at the start of the experiments. 
The animals were housed individually in clear plastic cages and had 
free access to laboratory chow and water. The housing area was ther- 
mally controlled, sealed to sunlight, and maintained on a fluorescent 
light cycle (0700 on, 1900 ofI). All experiments were conducted during 
the light phase of the cycle. 

Surgery 
Stereotaxic placement of lesions. One week after their arrival, animals 
were anesthetized with pentobarbital (40 mg/kg) and placed in a ste- 
reotaxic frame. Lesions were made either electrolytically or by subpial 
aspiration. All surgeries were performed under aseptic conditions. 

Lesions were made to accomplish the following goals. (1) To destroy 
completely the acoustic thalamus, defined as those areas ofthe thalamus 
that receive inputs from the inferior colliculus (see LeDoux et al., 1987): 
these lesions included the ventral, dorsal, and medial divisions of the 
medial geniculate body (MGB), as well as PIN, SG, and other regions 

of the posterior thalamus. The divisions of the MGB (Fig. 1) in the rat 
(LeDoux et al.. 1985. 1987: Winer and Larue. 1987: Clerici and Cole- 
man, 1990) are classified in a manner similar to the widely accepted 
scheme of Morest and Winer for the cat (Morest, 1964, 1965, 1975; 
Morest and Winer. 1986) and ooossum (Wirier et al.. 1988). PIN and 
SG in the rat (Ledoux et al., 1985, 1986; Paxinos and Watson, 1986) 
are based on parcellation schemes in opossum (Rockel et al., 1972; 
Neylon and Haight, 1983; Winer et al., 1988). (2) To destroy selectively 
only those thalamic areas that both receive inputs from the inferior 
colliculus and project to AL (see LeDoux et al., 1987, 1990a): these 
lesions included the medial division of the medial geniculate body 
(MGm). PIN, and SG. (3) To destrov comoletelv the auditorv cortex. 
which was defined in the ‘most liberal fashibn possible on the’basis of 
studies of axonal transport from the MGB (LeDoux et al., 1985; Winer 
and Larue, 1987: Roaer and Amault. 1989: Clerici and Coleman. 1990: 
Romanski, 199 1) and includes neocortical’areas TEl, TE2, and TE3 of 
Zilles (Zilles et al., 1980, 1990; Zilles and Wree, 1985) and perirhinal 
periallocortex (Turner and Zimmer, 1984). 

Large lesions of the acoustic thalamus (MGB lesions) were made by 
passing anodal constant current (1 mA, 15-l 7 set) through a monopolar, 
stainless steel electrode (200 pm diameter) insulated with epoxylite to 
within 500 pm of the tip. Lesion placement was guided by an atlas of 
the rat brain (Paxinos and Watson, 1986). The anterior, posterior, me- 
diolateral, and dorsoventral coordinates were computed relative to the 
interaural line (AP 2.9, ML 3.3, DV 3.3). 

Lesions of MGm, PIN, and SG were made by passing anodal constant 
current (100 PA, 7-9 set) through a stainless steel wire (0.005 in di- 
ameter) coated with Teflon to within 500 pm of the tip. Coordinates 
were: AP 3.0, ML 3.0, DV 3.3 and AP 3.6, ML 2.8, DV 3.1. 

For auditory cortex lesions, the skull covering temporal neocortex 
was removed and an incision was made in the dura. Ablation of ventral 
auditory cortex was accomplished by placing six electrolytic lesions 
along the anterior-posterior extent of the rhinal fissure (AP 1.8. ML 
6.4, DV 2.8; AP 3.0, ML 6.8, DV 2.5; AP 4.5, ML 6.8,‘DV 2.6; AP 
6.0, ML 6.7, DV 2.8) using the parameters described above for lesions 
of the acoustic thalamus. Then, dura was reflected back and dorsal 
temporal neocortex was aspirated. Bleeding was controlled with Gel- 
foam or gauze. The dura was then resutured (when possible). Controls 
were either unoperated or given unilateral lesions of the acoustic thal- 
amus. 

Upon completion of all surgeries, the wound was closed and bacte- 
riostatic ointment was applied. The animal was placed into its home 
cage under a heat lamp. Once awake, the animal was returned to the 
housing area. Body weight, food and water intake, and general health 
were routinely monitored. 

Chronic catheterization for recording arterial pressure. After 14-2 1 d 
recovery from stereotaxic surgery, a catheter was implanted in the left 
carotid artery (Talman et al., 1980; LeDoux et al., 1984, 1985, 1986, 
1990b; Iwata et al., 1986). Animals were anesthetized with Aerrane 
(Anaquest, 2-4% in 100% oxygen). An incision was made in the neck 
on the ventral surface and the tissues were retracted, exposing the left 
carotid artery. A plastic (Tygon) cannula (0.0 15 inch i.d.) filled with 
0.9% saline containing heparin (100 PI/ml) was inserted into the thoracic 
aorta via the left common carotid artery. Its tip was placed at the level 
of the diaphragm. The distal end of the left carotid was occluded. The 
free end of the cannula was fixed to the soft tissues with sutures and 
passed subcutaneously through an incision behind the head at the back 
ofthe neck. The neck wound was sutured around the cannula, anchoring 
it in place, and the cannula was sealed with a stainless steel plug. Upon 
recovery from the anesthesia, the animal was returned to the housing 
area. The cannula was flushed daily with 0.5 ml of heparinized saline. 

Behavioral procedures 

Classical conditioning. Details of the conditioning and testing proce- 
dures have been previously published (LeDoux et al., 1984, 1986, 1990b). 
Briefly, all rats were conditioned 14-2 1 d following stereotaxic surgery 
and 24 hr after chronic catheterization. Animals were removed from 
their home cages and placed individually in a rodent conditioning cham- 
ber (Coulboum Instruments, E lo- IO) &closed in a sound-attenuating 
shell (Coulboum Instruments. ElO-20). The conditioned stimulus (CS) 
was an 800 Hz tone produced by a frequency generator (Coulboum 
Instruments, S8 l-06), amplified to 80 dB (Archer Mini Amplifier), and 
presented for 10 set through a speaker mounted on the side panel of 
the conditioning chamber. The unconditioned stimulus (US) consisted 
of a brief (500 msec) pulse of direct current (2.5 mA) produced by a 
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Figure 2. Schematic diagram of the lesion strategy used to examine auditory pathways involved in fear conditioning. During auditory fear 
conditioning, sensory information can reach the amygdala via two pathways. In A, the thalamo-amygdala pathway is a monosynaptic relay that 
originates in MGm, PIN, and SG, while the thalamo-cortico-amygdala pathway is a polysynaptic route through auditory cortex that originates in 
several areas of the posterior thalamus including MGv and MGm. Large lesions of the acoustic thalamus were made unilaterally in A-D (shown 
as the solid circle on the right), interrupting transmission to the amygdala on that side, so that the effects of experimental lesions could be evaluated 
contralaterally. A, A unilateral lesion of the acoustic thalamus on the right still allows transmission of auditory CS information to the amygdala 
contralaterally via thalamo-amygdala and thalamo-cortico-amygdala pathways. B, MGm, PIN, and SG lesions block thalamo-amygdala projections 
but still allow CS transmission via thalamo-cortico-amygdala projections on the same side. C, Auditory cortex lesions block cortico-amygdala 
projections but allow CS transmission via thalamo-amygdala projections on the same side. The stippling in MGv indicates retrograde degeneration. 
D, Combined auditory cortex plus MGm, PIN, and SG lesions blocks CS transmission through both thalamo-amygdala and thalamo-cortico- 
amygdala pathways. 

grid floor shocker (Coulboum Instruments, E13-08) and distributed 
across the grid floor. 

Stimulus presentation was controlled by a microprocessor (IBM-XT) 
equipped with a digital output board (Opto 22). During the classical 
conditioning session, the auditory CS was presented alone for the first 
10 trials, and for the next 30 trials the final 500 msec of the CS was 
concurrent with the footshock US. For a pseudoconditioned control 
group, the US occurred randomly with respect to the CS. The intertrial 
interval was 150 set on the average (range, 100-200 set). Following the 
training session, which lasted 103 min, the animal was returned to its 
home cage and transferred to the housing area. 

Assessment of conditioned responses. Conditioned responses (CRs) 
were tested in the presence of the CS during extinction trials (no US), 
approximately 24-28 hr after classical conditioning. Testing was con- 
ducted either in the animal’s home cage or in a separate test box, similar 
to the conditioning box but lacking a grid floor. The autonomic response 
consisted ofa stimulus-locked increase in arterial blood pressure (LeDoux 
et al., 1984; Iwata and LeDoux, 1988). The behavioral change measured 
was the crouching or “freezing” response induced by presentation of 
the CS (Blanchard and Blanchard, 1972; Fanselow and Belles, 1979; 
Bouton and Bolles. 1980: LeDoux et al., 1984). The arterial blood 
pressure and freezing responses differ in animals’ given paired presen- 
tations of the CS and US versus animals given random, unpaired pre- 
sentations of the CS and US and thus reflect associative learning pro- 
cesses (Iwata et al., 1986; LeDoux et al., 1986; Iwata and LeDoux, 
1988). 

To examine arterial pressure responses, the animals were placed in 
the test box and the arterial cannula was connected to a strain-gauge 
transducer (Stratham P23Db), which rested outside the box at the level 
of the animal’s heart. Pulsatile and mean arterial blood pressure were 
digitized at 100 Hz and continuously recorded on a computer based 
system that allowed a second-by-second reconstruction of the blood 
pressure recording. 

After connecting the cannula to the strain-gauge transducer, approx- 
imately 15 min was allowed for the animals to acclimate to the testing 
apparatus. When blood pressure had stabilized, the CS was presented. 
The presentation schedule of the CS by the microprocessor was the 
same as during the conditioning trials except that experimenter inter- 
vention was possible. If an animal moved excessively or blood pressure 
was unsteady during the pre-CS baseline period, the trial was aborted 
and restarted when a steady baseline was reached. Arterial blood pres- 
sure was recorded continuously throughout the 10 set CS, and for the 
10 set immediately preceding and following the CS. Three extinction 
trials were presented and averaged together. After the trials, the animal 
was returned to its home cage and given food and water. 

Approximately 2 hr after the arterial pressure test, freezing in the 
presence of the CS was measured. The animal was placed into the test 
box (see above). This procedure elicits a high level ofexploratory activity 
(Bouton and Belles, 1980; LeDoux et al., 1984). After approximately 
15 set of continuous activity, the CS was presented and the amount of 
freezing during the 120 set test period was measured with a stopwatch. 

Histology 
Upon completion of the behavioral studies, the animals were given an 
overdose of sodium pentobarbital (120 mg/kg) and perfused transcar- 
dially with 0.9% saline followed by 10% buffered formalin. The brains 
were postfixed in formalin and later frozen and sectioned on a sliding 
microtome at 40 pm. Every fourth section was collected and mounted 
onto acid-cleaned, gelatin-subbed slides, and stained with thionin (0.25%). 
Lesion location was plotted using camera lucida or a projection micro- 
scope. 

Results 
To assess the contributions of thalamo-amygdala and thalamo- 
cot-tico-amygdala pathways to fear conditioning, an asymmetric 
lesion strategy was used (Iwata et al., 1986; LeDoux et al., 1986). 
In each lesion group, the entire acoustic thalamus, defined as 
the projection field of the inferior colliculus (LeDoux et al., 
1987) was lesioned in one hemisphere and the experimental 
lesion was made contralaterally. Using this strategy, auditory 
information transmission to the forebrain was interrupted at 
the level of the thalamus on the side of the large thalamic lesion 
(Fig. 24 and the effects ofthe contralateral, experimental lesions 
were selectively assessed without the necessity of making bilat- 
erally symmetric lesions (Iwata et al., 1986; LeDoux et al., 1986). 
Five groups of animals were examined. One group of animals 
received unilateral lesions ofthe acoustic thalamus (UMG group). 
In these animals, auditory information can reach the amygdala 
on the intact side by way of either thalamo-amygdala or thal- 
amo-cortico-amygdala projections (Fig. 24. A second group of 
animals (MGm group) received lesions of MGm, PIN, and SG 
on one side and large thalamic lesions contralaterally (Fig. 24. 
In these animals, the thalamo-amygdala projection is destroyed 
on the experimental side by the MGm, PIN, and SG lesions, 
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Figure 3. Photomicrographs of typi- 
cal thalamic and cortical lesions. Two 
cases are shown to illustrate all of the 
various lesion combinations. Four le- 
sion groups were examined: UMG, 
MGm, ACX, and ACX + MGm. A, 
Thalamo-amygdala. Animals in this 
LOUD received lesions of MGm. PIN. 
and SG on one side (right side, krved 
arrow) and lesions of the entire acoustic 
thalamus contralaterally (left side, 
straight arrow). B, Combined thalamo- 
amygdala and thalamo-cortico-amyg- 
dala lesion. On the right side, auditory 
cortex (arrowheads) and MGm, PIN, 
and SG (curved arrow) are lesioned, 
while the entire acoustic thalamus is le- 
sioned contralaterally (left side, straight 
arrow). The cortical lesion included all 
areas within TEI, TE2, TE3, and pos- 
terior perirhinal periallocortex. Arrow- 
heads delimit the dorsal and ventral as- 
pects of the cortical ablations. Animals 
in the ACX group received the same 
cortical ablations, shown in B, on one 
side and a lesion of the acoustic thal- 
amus contralaterally. UMG animals re- 
ceived only a lesion ofthe acoustic thal- 
amus on one side. 

but auditory information can still reach the amygdala by way 
of projections from intact thalamic areas, particularly MGv and 
MGd, which project to temporal and perirhinal cortex, which 
in turn project to the amygdala. The third group consisted of 
animals with unilateral lesions of auditory cortex and large tha- 
lamic lesions contralaterally (ACX group). This lesion combi- 
nation eliminates thalamo-cortico-amygdala transmission but 
allows thalamo-amygdala transmission on the side of the au- 
ditory cortex lesion (Fig. 2C). In the fourth group, lesions of 
MGm, PIN, and SG were combined with auditory cortex lesions 
on the same side (ACX + MGm group), destroying both thal- 
amo-amygdala and cortico-amygdala pathways on that side (Fig. 
20). As in other groups, a large thalamic lesion was made con- 
tralaterally. A group of unoperated controls (n = 11) was also 
tested. 

Histological observations 
As stated previously, the experimental lesions were made uni- 
laterally and the acoustic thalamus was lesioned contralaterally. 
In each lesion group, the contralateral lesion of the acoustic 
thalamus included damage to all subnuclei of the MGB, as well 
as adjacent regions of the posterior thalamus including PIN, SG, 
the peripeduncular region, and the medial posterior nucleus. In 
most cases, the brachium of the inferior colliculus as it enters 
the MGB was also ablated. Damage to the rostra1 one-third of 
the MGB varied, as did the extension of the lesion medially into 
the midbrain and thalamus. 

Animals with lesions of MGm, PIN, and SG (n = 7) showed 
extensive damage to MGm and PIN as well as damage to the 
caudal most portions of SG and the medial posterior nucleus 
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of the thalamus (Fig. 3A). In a few cases, the most rostra1 por- 
tions of SG and the posterior nucleus of the thalamus were 
spared. 

Animals with auditory cortex lesions that were acceptable (n 
= 6) exhibited damage to all of temporal neocortex, including 
areas TE 1, TE2 and TE3, as well as caudal perirhinal perial- 
locortex. In each case, TEl and TE3 were completely destroyed 
(Fig. 4). In some cases there was minor sparing ofTE2, especially 
the most caudal portion. This caudal aspect of TE2 appears to 
be, at least in part, a visual association area (Kolb, 1990). Since 
the aspiration lesions destroyed the portion of the external cap- 
sule that provides the fiber innervation of caudal TE2, this small 
surviving area was disconnected from the rest of the brain. In 
fact, there was severe retrograde chromatolysis in this region. 
In most auditory cortex lesions, the damage extended beyond 
auditory cortex, into parietal cortex. Also, in some cases there 
was unilateral damage to the dorsal most portion of the amyg- 
dala, but in no case was there bilateral amygdala damage. Ex- 
tensive retrograde degeneration of ventral MGB was observed 
in all animals with auditory cortex lesions. MGm, PIN, and SG 
neurons survive auditory cortex lesions, presumably because of 
their subcortidal projections (LeDoux et al., 1984). 

In the ACX + MGm group (n = 7), each of the lesions was 
evaluated separately according to the criteria discussed above 
(Fig. 3B). Reconstruction of a typical combination lesion is 
depicted in Figure 5. 

Efects of lesions on fear conditioning 
Unoperated controls, UMG, MGm, and ACX lesioned animals 
all showed typical increases in arterial pressure and freezing 
behavior at the onset of the CS (Fig. 6). However, arterial pres- 
sure responses and freezing responses were greatly reduced in 
the ACX + MGm group. The arterial pressure responses of 
unoperated controls, UMG, MGm, and ACX lesioned animals 
increased at the onset of the CS and reached its peak at the third 
second of the CS (Fig. 6, left). ACX + MGm lesioned animals 
did not exhibit a large pressor response to the CS. 

To analyze the autonomic CRs, an overall two-way ANOVA 
with one repeated measure was conducted. The factors were 
lesion group and time (seconds l-l 0 ofthe CS). The lesion group 
effect was significant [F(4, 41) = 3.844; p = 0.011, as was time 
[F(9, 369) = 40.63; p < O.OOl] and the interaction of lesion 
group and time [1;(36, 369) = 1.940; p < O.OOl]. Post hoc 
analysis with the Tukey test determined that the ACX + MGm 
group differed from all other groups. This effect was significant 
0, < 0.01) at seconds 3 and 4 of the CS (Fig. 6, left, stars). In 
fact, ACX + MGm lesioned animals exhibited autonomic re- 
sponses to the CS that did not differ from that of animals given 
unpaired presentations of the CS and US (pseudoconditioned) 
[F(l, 12) = 0.130, NS; Fig. 71. 

Animals with combined lesions ofboth pathways also differed 
from all other groups with respect to freezing. While unoperated 
(UNOPER) MGm, ACX, or UMG groups exhibited a high 
amount of freezing, ACX + MGm lesioned animals did not 
(Fig. 6, right). Statistical analysis of freezing (one-way ANOVA) 
revealed a significant lesion effect [F(4,4 1) = 11.77; p < 0.00 11, 
and the Tukey test indicated that the ACX + MGm group was 
significantly different (p < 0.001) from all other groups, which 
did not differ from one another (Fig. 6, right). 

Animals with lesions of either the thalamo-amygdala pathway 
(MGm group) or thalamo-cortico-amygdala pathway (ACX 
group) showed emotional CRs. However, the responses were 
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Figure 4. Schemata of the rat cerebral cortex, lateral view. A, Sche- 
matic diagram of auditory cortical regions in the rat. The parcellation 
of temporal cortex into TEl, TE2, and TE3, and their subregions, is 
based on Zilles et al., (1990) and findings from Romanski and LeDoux 
(unpublished observations), and is consistent with other parcellation __.. - _._.. 
schemes of the rat auditory cortex (Krieg, 1946; Patterson, 1977; Zilles 
and Wree. 1985: Herbert et al.. 1991). A c marks the location nf+hP , . .  “ .  .  . . -  

most c&al coronal section depicted in Figure 5; an r indicates the 
location of the most rostra1 section in Figure 5. B, Lateral view of the 
location and size of auditory cortical lesions used in this study. The 
smallest lesions that were acceptable in this study encompassed the 
stippled area. The largest cortical lesion is indicated by the broken line. 
RF, rhinal fissure. C, Auditory cortex lesion, lateral view. A photomi- 
crograph of a typical lesion of the auditory cortex is shown. Damage to 
all of TEl and TE3 is present as well as damage to rostra1 TE2 and the 
caudal two-thirds of perirhinal periallocortex. Animals in the ACX 
group and animals in the ACX + MGm group received lesions of the 
auditory cortex identical to the one depicted. 

greatly reduced in animals with damage to both thalamo-amyg- 
dala and thalamo-cortico-amygdala pathways (ACX + MGm 
group). These results demonstrate that either thalamo-amygdala 
or thalamo-cortico-amygdala pathways are sufficient as sensory 
transmission systems in classical fear conditioning using a sim- 
ple auditory stimulus as a CS. 
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Figure 5. Thalamo-amygdala + thal- 
amo-cortico-amygdala lesion, caudal to 
rostra1 extent. A combined ACX + 
MGm lesion is depicted in its full cau- 
dorostral extent in coronal sections. On 
the left, the auditory cortical lesion re- 
veals damage to temporal and perirhi- 
nal cortex as well as parietal cortical 
regions. The stippled areas on the left 
side (curved arrows) indicate the MGm, 
PIN, and SG lesions, ipsilateral to the 
cortical lesion, and a lesion of the 
acoustic thalamus is depicted with stip- 
pling on the right side (straight arrows). 

Figure 6. Effects of thalamo-amyg- 
dala and thalamo-cortico-amygdala 
pathway lesions on auditory fear con- 
ditioning. Combined lesions of both 
pathways (ACX + MGm group; II = 7) 
interfere with autonomic (blood pres- 
sure) and behavioral (freezing) re- 
sponses, while lesions of either the thal- 
amo-cortico-amygdala (ACX group; n 
= 9) or thalamo-amygdala pathway 
(MGm group; n = 7) do not disrupt 
conditioned responding compared with 
unoperated (UNOPER; n = 11) or uni- 
lateral thalamic (UMG group; n = 12) 
lesioned controls. Animals in the un- 
operated, UMG, ACX, and MGm 
groups showed increases in blood pres- 
sure (depicted on the left graph) at the 
onset of the 10 set CS. In contrast, an- 
imals in the combination lesion group 
(ACX + MGm) exhibited greatly re- 
duced blood pressure responses (*, p < 
0.001). The amount of freezing (right 
graph), in response to the CS, of ani- 
mals with combined lesions of both 
pathways (ACX + MGm group) was 
also significantly lower than that of all 
other groups (*, p < 0.00 1). 
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Discussion 

The present study demonstrates the equipotentiality ofthalamo- 
amygdala and thalamo-cortico-amygdala pathways in mediat- 
ing auditory fear conditioning. Thus, lesions of either the thal- 
amo-amygdala pathway or the thalamo-cortico-amygdala 
pathway do not interfere with fear conditioning but combined 
lesions of both pathways severely impairs conditioning. Audi- 
tory CS transmission to the amygdala is essential in auditory 
fear conditioning but either thalamo-amygdala or thalamo-cor- 
tico-amygdala pathways are sufficient as CS transmission routes 
at least for conditioning tasks using a simple, undiscrimi- 
nated CS. 

Our results confirm previous findings that lesions of auditory 
cortex do not disrupt auditory fear conditioning to a simple CS 
(Goldberg and Neff, 196 1; DiCara et al., 1970; LeDoux et al., 
1984) even when all temporal and perirhinal cortical areas that 
receive afferents from the acoustic thalamus are destroyed (Ro- 
manski and LeDoux, 1992). In contrast, a recent study (Rosen 
et al., in press, cited in Sananes and Davis, 1992) found that 
lesions of perirhinal cortex interfered with fear CRs. However, 
that study examined the effects of perirhinal cortical lesions on 
the retention rather than the acquisition of the CR. Thus, peri- 
rhinal and other cortical areas may play a role in long-term 
storage of emotional memory. 

Although forebrain auditory projections to the amygdala are 
required for the associative conditioning of autonomic re- 
sponses, nonassociative responses utilize different pathways. This 
is indicated by the fact that pseudoconditioned responses elic- 
ited by the CS are unaffected even when both thalamo-amygdala 
and thalamo-cortico-amygdala CS transmission pathways are 
damaged. Since nonassociative autonomic responses also re- 
main after lesions of the MGB or the inferior colliculus (LeDoux 
et al., 1984), such responses are probably mediated by direct 
connections between brainstem auditory nuclei and autonomic 
control regions. 

Thalamo-amygdala and thalamo-cortico-amygdala CS trans- 
mission routes originate in different regions of the acoustic thal- 
amus and probably have different processing capabilities and 
functions. The acoustic thalamus, as defined here, includes tha- 
lamic nuclei that receive inputs from the inferior colliculus. In 
the rat, these nuclei are the MGv, MGd, and MGm, as well as 
several areas of the posterior thalamus, including PIN and SG 
(LeDoux et al., 1985, 1987). Physiological studies, conducted 
mostly in cats, have shown that neurons in the MGv are tono- 
topically organized and narrowly tuned and respond with short 
latencies to acoustic stimuli (Aitkin and Dunlop, 1969; Aitkin 
and Webster, 1972; Aitkin, 1973; Calford and Webster, 198 1; 
Calford, 1983). In contrast, neurons in other areas of the MGB 
and in the posterior thalamus tend to be more broadly tuned 
(Aitkin and Dunlop, 1969; Aitkin, 1973; Calford, 1983) with 
some cells also responding to somatosensory stimuli (Poggio 
and Mountcastle, 1960; Wepsic, 1966; Love and Scott, 1969). 

Various schemes have been proposed to classify these audi- 
tory and other sensory processing areas of the thalamus: specific 
versus nonspecific (Lorente de No, 1938), lemniscal versus ex- 
tralemniscal (Morrison and Dempsey, 1942; Nauta and Kuy- 
pers, 1958) lemniscal versus lemniscal adjunct (Graybiel, 1973) 
main sensory versus associated sensory versus unaligned (Winer 
and Morest, 1983). The scheme of Winer and Morest (1983) 
has the advantage of recognizing the diversity of possible sensory 
representations in the thalamus. In the auditory system, the 
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Figure 7. Animals with combined lesions of the thalamo-amygdala 
and thalamo-cortico-amygdala pathway (ACX + MGm group; n = 7) 
show autonomic CRs that are similar to those of unoperated animals 
(CTRL-PSEUDO group; n = 7) given random presentations of the CS 
and US (pseudoconditioned). Such nonassociative responses are prob- 
ably mediated by connections between brainstem auditory and auto- 
nomic nuclei. 

main sensory nucleus is the MGv, whereas the other divisions 
of the MGB and adjacent areas of the posterior thalamus, such 
as PIN and SG, constitute the associated and unaligned nuclei. 
Thalamo-cortico-amygdala auditory projections originate from 
main sensory, associated, and unaligned thalamic nuclei, where- 
as thalamo-amygdala auditory projections originate from as- 
sociated and unaligned nuclei. The auditory thalamo-amygdala 
projection can therefore be viewed as a subset of the thalamo- 
cortical system since it originates in the associated and unaligned 
nuclei of the acoustic thalamus. As a result, the thalamo-amyg- 
dala system has a somewhat limited processing capacity com- 
pared to the thalamo-cortico-amygdala system, which capital- 
izes on the additional processing capabilities of main sensory 
thalamic nuclei and utilizes the full range of auditory processing 
capabilities of the neocortex (for review, see Brugge and Reale, 
1985). This allows the thalamo-cortico-amygdala system to pro- 
vide the amygdala with elaborate auditory representations. While 
either system is adequate for the processing of simple, undis- 
criminated stimuli, the thalamo-amygdala system is incapable 
of mediating emotional learning where complex stimuli serve 
as the CS. For example, during differential Pavlovian condi- 
tioning procedures, which require discrimination between a CS 
paired with the US and a CS that is not paired, the thalamo- 
cortico-amygdala pathway is necessary (Jarrel et al., 1987). 
However, in spite of its advantages in terms of the breadth and 
accuracy of stimulus representation, the thalamo-cortico-amyg- 
dala projection is longer by several synaptic links. Therefore, 
the direct, thalamo-amygdala projection has a temporal pro- 
cessing advantage that may be adaptive in threatening situations 
requiring rapid responses to acoustic events (LeDoux, 1986, 
1991). 

Thalamo-amygdala and thalamo-cortico-amygdala transmis- 
sion routes converge in the lateral nucleus of the amygdala 
(LeDoux et al., 199 1) and may have complementary functions, 
trading off speed of transmission against accuracy of represen- 
tation. Increased knowledge of the organization and function of 
these complementary pathways is thus necessary to understand 
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fully stimulus transmission to the amygdala during emotional 
processing and associative learning. 
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