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Abstract
Conditioned fear (CF) is one of the most frequently used behavioral paradigms; however, little work
has mapped changes in cerebral perfusion during CF in the rat—the species which has dominated
CF research. Adult rats carrying an implanted minipump were exposed to a tone (controls, n = 8) or
a tone conditioned in association with footshocks (CS group, n = 9). During reexposure to the tone
24 h later, animals were injected intravenously by remote activation with [14C]-iodoantipyrine using
the pump. Significant group differences in regional CBF-related tissue radioactivity (CBF-TR) were
determined by region-of-interest analysis of brain autoradiographs, as well as in the reconstructed,
three-dimensional brain by statistical parametric mapping (SPM). CS animals demonstrated
significantly greater, fear-enhanced increases in CBF-TR in auditory cortex than controls. The lateral
amygdala was activated, whereas the basolateral/basomedial and central amygdala were deactivated.
In the hippocampus and medial prefrontal cortex, CBF-TR increased significantly ventrally but not
dorsally. Significant activations were noted in medial striatum and the thalamic midline and
intralaminar nuclei. However, the ventrolateral/dorsolateral striatum and its afferents from motor
and somatosensory cortex were deactivated, consistent with the behavioral immobility seen during
CF. Significant activations were also noted in the lateral septum, periaqueductal gray, and deep
mesencephalic nucleus/tegmental tract. Our results show that auditory stimuli endowed with aversive
properties through conditioning result in significant redistribution of cerebral perfusion. SPM is a
useful tool in the brain mapping of complex rodent behaviors, in particular the changes in activation
patterns in limbic, thalamic, motor, and cortical circuits during CF.
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Introduction
Fear conditioning (CF) has been extensively used to explore the neural circuitry of fear and
emotional learning (Fanselow and Tighe, 1988;Kim and Fanselow, 1992;Anagnostaras et al.,
1999;LeDoux, 2000). Previous work in the rat relating changes in CF behavior to changes in
brain function has been based to a large extent on lesion studies. While lesion methods have
yielded substantial information, nonspecific damage to fibers of passage or overlying structures
may complicate interpretation of results (Lomber, 1999). A question that has been repeatedly
raised is whether freezing deficits observed after lesions truly represent a memory deficit or
rather a deficit in performing the fear response (Gewirtz et al., 2000;Anagnostaras et al.,
2001;Maren, 2003).

Experimental methods that do not require lesioning include electroencephalography
(Romanski et al., 1993;Garcia et al., 1998;Tang et al., 2001), measurement of cytochrome
oxidase (a rate-limiting mitochondrial enzyme for oxidative energy metabolism of ATP)
(Poremba et al., 1998), measurement of the expression of early response genes such as c-fos
(Beck and Fibiger, 1995), and measurement of glucose metabolism (Barrett et al., 2003). While
brain electrical recordings offer the advantage of detailed information regarding the temporal
and spatial synchronization of cognitive processes, only limited cortical and subcortical areas
can be mapped in a single animal. Measurements of cytochrome oxidase and early gene
responses offer spatial resolution at the cellular level, however, in order to elicit a robust signal,
these methods require averaging of cerebral activation patterns over a prolonged period (days
to weeks for cytochrome oxidase, minutes to hours for the early gene response). Likewise,
mapping glucose metabolism using the deoxyglucose method signals is averaged over several
minutes. Such averaging, when applied to a cognitive process such as CF, characterized by
rapid formation and retrieval of a memory, may result in the inclusion of nonspecific mental
processes in the overall picture of neural activation.

Regional cerebral perfusion has been extensively used as a surrogate marker of neural
activation to obtain ‘snapshots’ of cognitive and sensory processes occurring over a brief time
frame (seconds). Such methods have been used in human subjects exposed to the CF paradigm
(Büchel and Dolan, 2000). However, little work has been done to map brain blood flow during
CF in the rat—the species, which historically, has dominated CF research. A single prior study
by Ledoux et al. measured local cerebral blood flow (CBF) in immobilized rats during auditory-
cued CF and demonstrated an increase in blood flow in regions of interests corresponding to
the hypothalamus and amygdala (LeDoux et al., 1983). In the present study, we examined local
cerebral perfusion during auditory cued CF in nontethered, nonrestrained rats, free of the
potential stress represented by immobilization (Hauger et al., 1990;Wan et al., 1992;Ma et al.,
1997). In addition to a region-of-interest analysis, we applied statistical parametric mapping
(SPM) (Friston et al., 1990,1995), a comprehensive, voxel-by-voxel analysis of the functional
brain activation patterns that can be applied to the reconstructed, three-dimensional rodent
brain (Nguyen et al., 2004).
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Methods
Animals

Experiments were carried out under a protocol approved by the Animal Research Committee
of the University of Southern California. Adult, male Wistar rats (Harlan Sprague-Dawley,
Indianapolis, IN) were randomized to one of 2 groups: conditioned stimulus (CS, body weight
462 ± 17 g, n = 9) or control (body weight 441 ± 15 g, n = 8). Prior to surgery, rats were housed
in groups of 4 animals on a 12-h light:12-h dark cycle (7 p.m.-7 a.m. lights off) with free access
to water and rodent chow. Following surgery, animals were individually housed.

Implantation of an infusion pump
We have developed a self-contained, fully implantable miniature infusion pump (MIP) that
allows bolus administration of a radiotracer by remote activation (Holschneider et al., 2002).
The MIP has been validated in freely moving rats for functional neuroimaging using injection
of 14C-iodoantipyrine followed by autoradiographic analysis of the changes in cerebral blood
flow tracer distribution (Holschneider et al., 2003,2004). Both the design of the MIP and its
surgical implantation have been described in detail elsewhere (Holschneider et al., 2002). In
brief, the pump consists of an elastomeric reservoir, which creates a hydraulic pressure source
to force liquid out of the MIP at a constant flow rate. Flow is controlled by a solenoid valve
inside a separate silicone embedded electronics module, whose operation is determined by a
phototransistor with peak sensitivity in the nearinfrared spectrum at 880 nm. Upon being
transcutaneously illuminated by an infrared light source mounted above the cage, the
phototransistor energizes the microvalve allowing bolus intravenous injection of the
radiotracer, followed immediately by a separate bolus of a euthanasia solution.

To implant the MIP, the animals were anesthetized with isoflurane (2.5% induction, 1.5%
maintenance). The ventral skin of the neck was aseptically prepared, and the right external
jugular vein was catheterized with a 5 French silastic catheter, advanced 3.5 cm into the superior
vena cava. The catheter was tunneled through the subcutaneous space to the back and connected
to the MIP situated subcutaneously in the infrascapular region. The skin was sutured over the
implant, except around the pump’s percutaneous access port (a 2-cm silastic tubing capped
with a stainless steel plug). The percutaneous port allowed for flushes of the catheter every 2
days postoperatively to ensure patency (0.8 ml of 0.9% saline, followed by 0.1 ml of 20 U/ml
heparin in 0.9% saline). It also allowed for loading of the radiotracer approximately 1 h prior
to imaging.

Conditioned fear—training phase
Experiments were conducted at 1 week postsurgery using standard methods (LeDoux, 2000).
Prior to the behavioral exposure, animals were habituated to the experimental room for 40 min
in a stainless steel transport cage. Thereafter, rats were placed in the test chamber, which
consisted of a Plexiglas/stainless steel box (30 cm × 30 cm × 30 cm) with a floor of stainless
steel rods of 2-mm diameter and 8-mm separation. The chamber was illuminated with the
indirect ambient fluorescent light from a ceiling panel and was subjected to background
ambient sound level of 57 dB. After a 3-min baseline, the CS animals were subjected to the
training phase in which they received 8 tone/footshock pairings, each separated by a 1-min
silent interval. In each pairing, presentation of a tone (30 s, 72 dB, 1000 Hz/8000 Hz continuous,
alternating sequence of 250-ms pulses) was followed immediately by a footshock (1 mA, 1 s).
Control animals received identical exposure to the tone but without the footshock. One minute
after the final footshock, rats were returned to their home cages. Rats were individually trained;
animals awaiting their turn were placed in a separate room, separated by 3 doors, while in the
presence of a low level white noise generator to minimize the possibility of detection of the
ultrasonic vocalization, which may occur during CF training.
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Functional neuroimaging during conditioned fear recall
Twenty-four hours after the training session, animals were immobilized for 5 min in a soft
plastic rodent restrainer (Decapicone, Braintree Scientific, Braintree, MA) while the
radiotracer ([14C]-iodoantipyrine, 100 μCi/kg in 300 μl of 0.9% saline, Amersham Biosciences,
Piscataway, NJ) was loaded into the pump through the percutaneous port. At this time, a
euthanasia agent was also loaded (1 ml of 100 mg/ml pentobarbital, 3 M KCl). Animals were
returned to a transport cage, where they rested undisturbed for 40 min prior to exposure to the
behavioral paradigm. Thereafter, recall of the fear conditioned response was tested in the
absence of any footshock. CS and control animals received a 2-min exposure to a new context
(a cylindrical, dimlylit, Plexiglas cage with a flat, paper floor), which was followed by a 2-min
continuous exposure to the conditioned tone. Triggering of the pump at the end of the tone
exposure resulted in bolus intravenous injection of the radiotracer, followed immediately by
injection of the euthanasia solution. This resulted in cardiac arrest within ∼10 s, a precipitous
fall of arterial blood pressure, termination of brain perfusion, and death. This 10-s time window
provides the temporal resolution during which the distribution of CBF-TR is mapped
(Holschneider et al., 2002). Brains were rapidly removed, flash frozen in dry ice/methylbutane
(-55°C).

Behavioral analysis
Behaviors were recorded on tape by a camera mounted above the cage. The duration of the
animal’s freezing response (in seconds) served as the behavioral measure of conditioned fear
memory. Freezing was defined as the absence of all visible movements of the body and
vibrissae aside from respiratory movement. Freezing was distinguished from resting responses
by the presence of a tensed state, included horizontal positioning of the head, stretched and
flattened position of the body, and stiffening of the tail (Tang et al., 2001). Behaviors were
analyzed in a blinded fashion using the Observer, a software package for the analysis of animal
behavior (Version 5.0, Noldus Information Technology, Leesburg, VA). The freezing data
were transformed to a percentage of time spent freezing within each 30-s interval. Statistical
comparison of group differences in the ‘percent freezing’ was performed with a univariate
repeated measures analysis of variance (ANOVA), using “group” as a between-subject factor
and “time” as a within-subjects factor. Analysis was performed separately for the following
phases of the experiment: (a) day 1 baseline (minutes 1-3), (b) day 1 following delivery of the
tone/shock (minutes 4-15), (c) day 2 baseline (minutes 1-2), (d) day 2 following exposure to
the tone cue (minutes 3-4). Changes in freezing response in the baseline condition between
days 1 and 2 were similarly evaluated for each group. Post hoc t tests (1-tailed, P < 0.05) were
used to examine differences for each 30-s interval.

Autoradiography
Cerebral blood flow related tissue radioactivity (CBF-TR) was measured by the classic [14C]-
iodoantipyrine method (Goldman and Sapirstein, 1973;Sakurada et al., 1978;Patlak et al.,
1984) during the recall phase (day 2). In this method, there is a strict linear proportionality
between tissue radioactivity and cerebral blood flow when the radioactivity data are captured
within a brief interval (∼10 s) after the radiotracer injection (Van Uitert and Levy, 1978;Jones
et al., 1991). Brains were sliced in a cryostat at –18°C in 20-μm sections, with an interslice
spacing of 300 μm. Slices were heat dried on glass slides and exposed to Kodak Ektascan film
for 15 days at room temperature with 12 [14C] standards (Amersham Biosciences). Images
(autoradiographs) of brain sections were digitized on an 8-bit gray-scale with a ChromaPro 45
IAIS “Dumas” film illumination system and a Phillips charge-coupled device monochrome
imaging module coupled to a Flashpoint 128 digitizing board on a microcomputer.
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3D reconstruction of the digitized autoradiographs
In preparation for the statistical parametric mapping (SPM) analysis, a three dimensional (3D)
reconstruction of each animal’s brain was computed using sixty-three serial coronal sections,
selected starting at 4.3 mm anterior to bregma. Adjacent sections were aligned using TurboReg
an automated pixel-based registration algorithm (Thevenaz et al., 1998). This algorithm
registered each section sequentially to the previous section and used a nonwarping geometric
model that included rotations and translations (rigid-body transformation) and used nearest-
neighbor interpolation. Alignment was initiated beginning in the middle of the data set and
proceeded separately to the rostral and caudal tip of the brain. Individual 3D images for each
brain were spatially normalized into a standard space defined by a template of the rat brain.
Creation of the rat brain template has been described in our previous work (Nguyen et al.,
2004). Spatial normalization consisted in applying a 12-parameter affine transformation
followed by a nonlinear spatial normalization using three-dimensional discrete cosine
transforms (Ashburner and Friston, 1999). Normalized images were averaged to create a mean
image. This image was smoothed with a Gaussian kernel (FWHM = 3 × voxel dimension, voxel
size: 0.216 × 0.216 × 0.9 mm3) to create the final rat-brain template. Then each initial
reconstructed brain was spatially normalized to this average template.

Statistical parametric mapping (SPM)
SPM (Friston et al., 1990,1995), a system developed for analysis of imaging data in humans,
has been recently adapted by us for use in rat brain autoradiographs (Nguyen et al., 2004). The
nonbiased, voxel-by-voxel analysis of whole-brain activation using SPM was used for
detection of significant changes in functional brain activation that would be difficult to predict
a priori. Global differences in the absolute amount of radiotracer delivered to the brain were
adjusted by the SPM software in each animal by scaling the voxel intensities so that the mean
intensity for each brain was the same (proportional scaling). Using SPM, we implemented a
Student t test (unpaired) at each voxel, testing the null hypothesis that there was no effect of
group. Maps of positive and negative t were separately analyzed. We chose to set a significance
threshold P < 0.05 for individual voxels within clusters of contiguous voxels and a minimum
cluster size of 150 contiguous voxels (extent threshold). We then evaluated the significance of
clusters of contiguous voxels exceeding the minimum cluster size, as well as the significance
of individual voxels within clusters smaller than the threshold limit in the entire SPM. Regions
determined to be significant at the voxel level were required to show significance in two or
more autoradiographic slices. Brain regions were identified using an anatomical atlas of the
rat brain (Paxinos and Watson, 1998).

Region-of-interest (ROI) analysis
Statistical significance of brain regions showing significant group differences in functional
activation on the SPM analysis were reexamined using an ROI analysis, as previously reported
(Holschneider et al., 2003). Brain regions were identified using the anatomic atlas of the rat
brain (Paxinos and Watson, 1998) and transcribed to a visual template. Overlay of this template
on to the digitized images allowed measurement of the optical density of locations in the cortical
mantle in a manner invariant between animals. Optical density was measured with Image Pro-
Plus software (Media Cybernetics, Silver Springs, MD). Twelve to 20 optical density measures,
each spaced in 15° intervals along the cortical rim were taken per hemisphere for each slice.
The optical density of symmetrical regions was averaged across the hemispheres. Structures
sampled in the cortex included the regions outlined in Table 1, as well as the cingulate cortex
(Cg), insular cortex (I), olfactory cortex (O), orbital cortex (OF), parietal cortex (PtA), visual
cortex (V1), primary somatosensory cortex (S1BF, S1J, S1FL, S1HL, S1TR), and secondary
somatosensory cortex (S2). Structures sampled in the subcortex included the regions outlined
in Table 1, as well as inferior colliculus, superior colliculus, medial geniculate, median raphe
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(MnR), striatum (dorsolateral), substantia nigra (SN), thalamus (ventrolateral, ventromedial,
VL, VM), lateral hypothalamus (LH), and posterior intralaminar nucleus (PIL). Cerebellar
structures included the cerebellar lobules 1-4, the spinaltrigeminal, and lateral striatal tracts.
A Z-score transformation was performed on the tissue radioactivity data to produce patterns
of regional tracer concentrations for each animal (Hays, 1973). Differences in regional CBF
Z-scores of animals exposed to the conditioned tone cue and controls were compared using t
tests (unpaired, 2-tailed, P < 0.05).

Results
Behavioral response

Day 1—Baseline observation during the first 3 min after placement in the experimental cage
showed animals to be engaged in active exploratory behavior, with little or no freezing activity
(0-14%) and no significant group differences (P > 0.05) in this response. Delivery of the tone/
footshock stimulus (minutes 4-15) resulted in a significant increase in the animal’s freezing
response (42-89%) compared to controls (5-59%) (Group: F1,15 = 8.4, P < 0.01), with no
significant group difference in this response over time. In the controls, delivery of the tone
without a footshock increased freezing activity to a small extent above baseline, suggesting
that the tone itself provided an unfamiliar, potentially fearful stimulus to the animal (Fig. 1).

Day 2—Behavioral freezing during the first 2 min following placement of the animal in the
experimental cage was elevated in both groups compared to the baseline of the previous day
(Time: F9,135 = 10.3, P < 0.0005), with no significant group difference in this response. This
elevated freezing (CS 24-50%, control 25-44%) was likely due, in part, to the brief restraint
stress, necessary for loading of the radiotracer, which preceded the exposure to the
experimental cage by 40 min. Compared to the day 2 baseline without the tone(minutes 1-2),
exposure to the tone stimulus (minutes 3-4) significantly increased immobility in CS animals
(Tone exposure: F1,16 = 35.2, P < 0.0005) but not in controls. During the tone exposure, CS
animals froze significantly more compared to the controls (Group: F1,15 = 12.4, P < 0.005; CS
66-97%, control 44-54%), a response which increased significantly during the continuous tone
exposure (Group × Time, F3,45 = 3.0, P < 0.05). In fact, freezing for the CS group was near
maximal (97%) during the final minute prior to triggering of the MIP.

Distribution of CBF-related tissue radioactivity
The significant positive and negative cerebral activations of rats exposed to the conditioned
fear paradigm compared to control animals are displayed in several ways. First, group
subcortical differences in the distribution of CBF-TR are shown in Fig. 2 as color-coded
statistical parametric maps superimposed on the brain coronal, transverse, and sagittal slices.
In Fig. 3, group differences in CBF-TR of the cerebral cortex obtained from the ROI analysis
are shown in the form of group Z-score differences mapped onto the two-dimensional surface
of the flattened cortex. Finally, Table 1 lists cortical and subcortical regions for which group
differences were significant (P < 0.05) for the SPM and ROI analyses.

Cortex—Both CS and control animals exposed to the tone demonstrated increased CBF-TR
in auditory cortex (Au) and temporal association cortex (TeA). Topographically, this replicated
results from a previous study by our group that mapped the sensory response to an identical
simple auditory challenge (Holschneider et al., 2004). Tone-conditioned animals demonstrated
significantly greater increases in CBF-TR in the auditory area compared to control animals,
despite the fact that both groups were exposed to the same sound (Fig. 2, Table 1).

CS animals compared to controls also showed a small region of significantly increased CBF-
TR in secondary visual cortex (V2) at its lateral border with Au and TeA—an area spatially
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more restricted than that previously reported by our group during acute administration of a
footshock in the absence of conditioning (Holschneider et al., 2004).

A low CBF-TR was noted in both groups in primary and secondary motor cortex (M1, M2),
primary somatosensory cortex including the barrel fields (S1, S1BF), as well as piriform cortex
(Pir). However, CS animals showed significantly lower values in these cortical regions
compared to controls.

Within the medial prefrontal cortex (mPFC), significant increases in CBF-TR were noted
primarily in ventral regions. This included infralimbic cortex (IL), prelimbic cortex (PrL), and
to a small extent cingulate cortex area 2 (Cg2). CS animals compared to controls also showed
increases in CBF-TR in the medial entorhinal cortex (MEnt) and ectorhinal cortex (Ect) but
not the lateral entorhinal cortex (LEnt).

Subcortex—Within the amygdala, the fear response elicited by the tone cue resulted in a
significant increase in CBF-TR in the lateral amygdala (LA). Significant decreases in CBF-
TR were noted in anterior sites of the basolateral and basomedial amygdala (BLA, BMA) and
the central nucleus of the amygdala (CE) (anterior to bregma AP - 2.6 mm), the cortical
amygdala (Anterior ACo, Posteriolateral PLCo), the medial amygdala (Me), and the anterior
amygdaloid area (AA). In the hippocampus (HPC), rats conditioned to the tone cue compared
to controls showed significant increases in CBF-TR in the ventral HPC (CA1, CA2) and ventral
subiculum, while a decrease was noted in the anterior, dorsal HPC (CA1-3, DG), the subiculum
(ventral posterior, dorsal), and the pre, post and parasubiculum (PreS, Post, PaS). Significant
increases in CBF-TR occurred in the intermediate and ventral parts of the lateral septal nucleus
(LSI, LSV), as well as in the deep mesencephalic nucleus (DpMe)/tegmental tract (tg) area.
Within the striatum, medial regions showed significant activations, while central and
centrolateral regions showed significant deactivations. Within the thalamus, significant
increases in CBF-TR in response to the conditioned tone were seen in midline and intralaminar
nuclei (anteromedial, AM; centromedial, CM; paraventricular, PV; reuinens, Re; rhomboid,
Rh), while significant decreases were noted in the ventral posteromedial and ventral
posterolateral thalamic nuclei (VPM, VPL). Increases in CBF-TR were noted in the
dorsomedial, ventromedial, and posterior hypothalamic area (DMH, VMH, PH), as well as in
dorsomedial, dorsolateral, lateral periaqueductal gray (dmPAG, dlPAG, lPAG) at rostral and
caudal sites, with increases in the ventrolateral subregions (vlPAG) being less extensive and
seen only caudally.

Discussion
Isocortex

Tone-conditioned animals demonstrated significantly greater increases in CBF-TR in the
auditory area (Au, TeA) compared to controls, though both groups were exposed to the same
sound (Fig. 2, Table 1). This suggests that the emotional response elicited by CF enhanced the
neural response to the auditory input. The greatest increase in CBF-TR was noted in the caudal
portions of auditory cortex, an area thought to represent sound frequencies in the lower four
octaves (from 0.5 to 8 kHz) (Doron et al., 2002), consistent with the frequencies used in the
current paradigm. Others using tonotopic mapping of the Au have shown that CF indeed can
result in a shift of tuning toward or to the frequency of the conditioned stimulus (Weinberger,
1998). The activation noted in visual cortex during recall of the CS was spatially more restricted
than that previously reported by our group during acute administration of a footshock in the
absence of conditioning (Holschneider et al., 2004), suggesting that during recall, attention
was directed dominantly to the conditioned auditory cue, and less to the nonconditioned, visual
aspect of the experimental cage. A low CBF-TR was noted in motor cortex (M1, M2) and
primary somatosensory cortex (S1, S1BF) of both groups, with significantly lower values in
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the CS animals. Such deactivations were consistent with the increased motor immobility noted
(and presumably decreased somatosensory input) in these animals compared to controls in
response to the tone.

Amygdala
A central component in the acquisition and expression of CF is the amygdala. The afferent
limb of the response is centered most importantly around the LA and also includes the BLA
and BMA (Maren, 2000;Pare et al., 2004;Yaniv et al., 2004). Associative activity in the LA
encodes fear memory and contributes to the expression of learned fear behaviors (Goosens et
al., 2003). In our study, the fear response elicited by the tone cue resulted in a significant
increase in CBF-TR in the LA, while a significant decrease in CBF-TR was noted in anterior
portions of the BLA and BMA. Differences in the response of the LA to that of BLA/BMA
are of interest in so far as a differential role for these regions in CF has been suggested
(Amorapanth et al., 2000). Whereas the LA provides the primary sensory interface for
unimodal, sensory processes associated with auditory stimuli, the BLA/BMA may serve as an
amygdaloid sensory interface for multimodal, complex, configural, conditioned stimuli (Yaniv
et al., 2001,2004). The activation of the LA but not BLA/BMA seen in our study is consistent
with the simple, conditioned auditory cue the animals were exposed to. Activation of the LA
was larger in the right than left side, consistent with an increased role of the right LA proposed
for anxiety (Andersen and Teicher, 1999) and CF memory (Baker and Kim, 2004).

Output from the LA (possibly via the intercalated cells) (Pare et al., 2004) is relayed to the CE,
a critical component of the efferent limb of the CF response. The decrease in CBF-TR in the
CE noted in our study was surprising, in so far as this structure is felt to control the animal’s
motor and autonomic response via the midbrain, hypothalamus, medulla, and extended
amygdala. A possible explanation may be found in the temporal changes in amygdala activity
reported in human subjects during CF exposure. Here, it has been suggested that learning-
related activation occurs only during early acquisition, whereas deactivation is seen during
later stages of retention and extinction (Büchel et al., 1998;Büchel and Dolan, 2000;LaBar et
al., 1998), possibly due to inhibitory modulation arising from the mPFC (Quirk et al., 2003).
In our study, CE deactivations may have been the result of the fact that measurement of CBF-
TR was performed during delayed recall, rather than during acquisition.

Medial prefrontal cortex
The mPFC has been proposed to be necessary for the normal expression and extinction of CF
(Morgan and LeDoux, 1995;Vouimba et al., 2000;Milad and Quirk, 2002;Pezze et al., 2003).
Specifically, activation of the ventral mPFC has been shown to enhance long-term extinction
memory and activation of the dorsal mPFC to enhance acquisition. Our study showed a
dominant importance of the ventral over the dorsal mPFC during recall in the absence of a
footshock, with significant activations seen primarily in the PrL and IL. The ventral mPFC
projects dominantly to limbic structures such as the amygdala, septum, medial parts of the
preoptic and hypothalamic areas, the temporal and limbic association cortices, as well as the
medial striatum (reviewed in (Heidbreder and Groenewegen, 2003))—regions that in our study
demonstrated significant activation during CF recall. Decreases noted in our study in CBF-TR
in the CE and BLA are consistent with the hypothesis that activation of IL neurons may serve
to dampen the output of the CE and BLA, which over time results in a decrease of the
immobility response associated with conditioned recall (Heidbreder and Groenewegen,
2003;Milad et al., 2004). Our study did not demonstrate significant activation of the dorsal
mPFC (dorsal cingulate cortex, Cg1) or its projection areas (the dorsal and lateral parts of the
preoptic and hypothalamic areas, the core of the nucleus accumbens, sensorimotor cortex, and
the superior colliculus).
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Our measurements of CBF-TR were taken following a 2-min exposure to the conditioned tone
cue, 24 h after training. This time point likely precedes extinction, as reflected by the fact that
freezing behavior remained maximal throughout the tone exposure. Electrophysiologic studies
by Laviolette et al. (2005) support a role for both the PL and IL regions within minutes of the
recall of a conditioned odor cue. However, single unit recordings by Milad and Quirk (2002)
suggest that IL is not activated during recall delayed by 1 day, but only with the onset of
extinction occurring on day 2 after repeated exposure to the conditioned cue. Differences
between our results and those of Milad and Quirk may be methodologic (electrophysiology
versus perfusion measurement) and possibly relate to issues of neurovascular coupling, further
discussed below.

Hippocampus and parahippocampal region
CS rats compared to controls showed significantly increased CBF-TR in the ventral HPC (CA1,
CA2) and the ventral subiculum, while a decrease was noted in the anterior, dorsal HPC
(CA1-3, DG), and the dorsal subiculum. Afferents to the ventral two-thirds of the HPC arise
from subcortical structures involved in defense and emotion, including the amygdala,
hypothalamus, septum, and nucleus accumbens (Ottersen, 1982;Canteras and Swanson,
1992;Pitkanën et al., 2000;Petrovich et al., 2001). The ventral HPC may play a role in resolving
conflicts, specifically as pertaining to “safety signaling” in situations involving anxiety and
threat of punishment (Gray and McNaughton, 2000). Swanson et al. have emphasized a critical
role for the ventral hippocampus (excluding the most ventral tip) in the expression of defensive,
goal-oriented, motivated behavior such as freezing in response to external threat (Canteras and
Swanson, 1992;Risold and Swanson, 1996;Petrovich et al., 2001). In particular, the CA1/
subiculum domains 2 and 3 are described as projecting directly and indirectly (via a relay in
the rostral LS) to the medial hypothalamus (Canteras, 2002;Sewards and Sewards, 2002). The
CA1/subiculum domains 2 and 3 have also been identified as receiving the most dense terminal
plexus from the LA (Petrovich et al., 2001). All these structures - LS, medial hypothalamus
and LA - showed functional activation during tone-cued recall. In contrast, connections to the
dorsal HPC may play a greater role in spatial navigation (Bannerman et al., 2004).

A differential role of the ventral HPC compared to the dorsal HPC in CF is consistent with
work which has suggested that lesions of the ventral HPC result in a tone-conditioning deficit
(Bast et al., 2001;Zhang et al., 2001), whereas lesions of the dorsal HPC do not (Phillips and
LeDoux, 1992;Bast et al., 2003;Trivedi and Coover, 2004) or to a lesser extent (Bast et al.,
2003) (but see also (Maren et al., 1997)). Our study supports these findings at the level of
functional neural activation and corroborates earlier work that suggested increased metabolic
activation in CA2 during tone cued recall (Barrett et al., 2003).

Past work has shown that manipulation of the neuronal activity in the Ent participates in the
consolidation of emotional memories (Izquierdo and Medina, 1997), including learning during
CF (Maren and Fanselow, 1997). Our study demonstrated activations in the MEnt but not the
LEnt. This is consistent with the findings of Witter et al. (1989), who suggested that the LEnt
is part of a mainly sensory circuitry that connects different cortical areas with the HPC, while
the MEnt receives input from limbic areas and sends projections to the LEnt. Indeed, the LA
provides a robust projection to the Ent in the rat, in particular the ventral and medial portions
(Pikkarainen et al., 1999). Our results are consistent with recent work suggesting activation of
the amygdalo-entorhinal pathway in fear conditioning (Majak and Pitkanen, 2003). In addition,
efferent fibers from the Ent terminate both in PrL/IL cortex and the lateral septal complex
(Witter and Amaral, 2004)— each of which in our study also showed significant increases in
CBF-TR in cued animals compared to controls.
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Lateral septum
Rats conditioned to the tone cue compared to controls showed broadly increased CBF-TR in
the LS. Experimental data tend to implicate the LS in many behavioral and physiologic
responses, including emotional behaviors (Risold and Swanson, 1997;Mizumori et al.,
2000;Sheehan and Numan, 2000;Risold, 2004). Lesions of this nucleus result in what is thought
to be exaggerated defensive behavior (Blanchard et al., 1979;Albert and Chew, 1980;Sparks
and LeDoux, 1995;Sheehan and Numan, 2000). It has been suggested that LS synapses are
part of a brain circuit that helps the animal predict the occurrence of an impending stressor
(Garcia and Jaffard, 1996). Whereas some studies have documented a role for the LS in
contextual CF, others have shown no effect on fear conditioning to a tone (Sparks and LeDoux,
1995;Garcia and Jaffard, 1996). Recent work suggests that alteration of neuronal excitability
in the LS during tone-conditioned fear is dependent on the number of repetitions during training
of the conditioned stimulus-unconditioned stimulus (Thomas et al., 1991;Hamamura et al.,
1997;Desmedt et al., 2003), and that HPC-LS neurotransmission may modulate the strength
of simple associations between the conditioned and unconditioned stimulus. Our animals were
trained over 12 min with a series of 8 tone/footshock pairings. It appears that this was sufficient
to yield a robust difference in functional brain activation in the LS during the recall of the
conditioned cue.

Striatum
Tone cued animals compared to controls showed significant deactivation in the central and
centrolateral striatum. These areas receive cortical projections, respectively, from motor cortex
(M1, M2) and primary somatosensory cortex (S1)—both of which showed a pattern of decrease
in CBF-TR or no change. In contrast, significant activations were seen in ventral mPFC and
its efferent target, the medial striatum. The medial and ventral parts of the striatum are more
densely innervated by limbic structures than the dorsal part (McDonald, 1991a,b; Berendse et
al., 1992) and receive fibers originating not only from the PrL (McDonald, 1991a,b;
Groenewegen and Berendse, 1994) but also from the amygdala (McDonald, 1991a,b; Pitkanen,
2000) and the ventral HPC (Groenewegen et al., 1987;Brog et al., 1993). Our results give a
functional basis to both anatomic and behavioral observations suggesting a particular role of
the medial striatum in the processing of emotional information (Cardinal et al., 2002).

The topographic organization seen in corticostriatal circuits becomes increasingly divergent
in its downstream projections (Gerfen, 2004), with components of the motor/somatosensory
projections intermingling with those of the limbic, midline cortex. Though efferent fibers
remain segregated among themselves, a mosaic pattern is seen in the projections of both of
these circuits to the lateral globus pallidus, the substantia nigra and the ventral and midline
thalamic nuclei. This may explain the absence of significant changes in the substantia nigra
(SN) and VM, where segregation of fibers from different cortical areas and subregions of the
striatum is less distinct, and mixing of activated and deactivated circuits occurs over sufficiently
close range to be outside of the estimated spatial resolution of our technique (∼0.1 mm).

One target downstream from the corticostriatal circuits that remains distinct in its afferent
connections is the centromedial thalamus (CM). In our study, the CM showed a significant
increase in CBF-TR, consistent with its projections from the prelimbic cortex→medial
striatum→substantia nigra→CM.

Thalamus
A significant increase in CBF-TR in response to the conditioned tone was seen in midline and
intralaminar nuclei (AM, CM, PV, PVP, Re, Rh). Much remains unknown about the functions
of the thalamic midline and intralaminar complex (Groenewegen and Witter, 2004). The
anterior portion of the CM, in addition to its role in the striatal circuitry, has been proposed to
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play a role in polymodal sensory awareness (Van der Werf et al., 2002). The PV has connections
predominantly with the mPFC, the amygdala, the medial nucleus accumbens, and is part of the
‘viscerolimbic’ midline nuclei (Van der Werf et al., 2002), with a suggested role in stress and
fear (Chastrette et al., 1991;Beck and Fibiger, 1995). The Re has been proposed as a critical
relay in the transfer of emotional/cognitive information from limbic/limbic-associated
structures to its major targets, the HPC, mPFC, and Ent (Dolleman-Van der Weel and Witter,
2000;McKenna and Vertes, 2004).

Cued animals compared to controls demonstrated a significant decrease in CBF-TR in the VPM
and VPL. The VPM and VPL are a primary thalamic relay for nociceptive input from neurons
in superficial laminae of the spinal cord (lamina I), as well as a tactile input from the dorsal
column neurons, with projections to the primary somatosensory cortex. It has been proposed
that this system is involved in the discriminative aspect of nociceptive processing (Gauriau
and Bernard, 2002). A significant decrease in CBF-TR in cued animals compared to controls
was also noted in the posterior thalamic nucleus (Po). The Po receives inputs from various
different sensory modalities, including somatosensory, auditory, visual, and vestibular input.
One of its proposed roles has been as a relay in the sensory-motor interface of the whisker
system that an animal uses to explore its surroundings (Veinante et al., 2000). Since exploratory
activity by the vibrissae is by definition absent during the immobility response, one can
speculate that a lower CBF-TR in the Po is consistent with the presumably lower sensory-motor
activity in the whisker system in the CS group compared to controls.

The absence of significant group differences in CBF-TR in the MG, a station of the auditory
pathway that provides efferent input to the LA (LeDoux et al., 1990;Turner and Herkenham,
1991) and which shows associative plasticity during CF (Edeline and Weinberger, 1992),
remains difficult to explain. Barrett et al., examining brain activity in mice using radiolabeled
glucose metabolic mapping, noted increases in the MG, as well as Au during CF recall (Barrett
et al., 2003). However, here, recall occurred 7 days after acquisition, and metabolic changes
were averaged over several minutes of exposure to the conditioned cue, making direct
comparison with our results difficult. Similar observations to ours have been made by LeDoux
et al. (1983), who in their measurement of CBF in immobilized animals noted that while CBF
increased in the MG and IC during tone exposure, this response did not significantly differ
between CF animals and a control group that received simple acoustic stimulation. Our methods
may not have been sufficiently sensitive to detect the rapid but relatively impoverished auditory
input from the auditory thalamus to the LA in comparison to slower but richer input from the
Au (Li et al., 1996). On the other hand, differences during recall may be related to those ascribed
to the different roles played by the MG and Au, as has been shown in the acoustic startle
response (Huang et al., 2005) or in the elicitation of long-term potentiation within the LA
(Doyere et al., 2003).

Hypothalamus
Increases in CBF-TR were noted in the PH, DMH, and VMH. Past work has shown that
stimulation or disinhibition of the PH and DMH increases blood pressure, heart, and respiratory
rate and escape-defense behavior (Bunag et al., 1975;Bunag and Riley, 1979;Shekhar et al.,
1990;Samuels et al., 2004). With projections to midline thalamic nuclei and brainstem
cardiovascular centers (Vertes et al., 1995;Vertes and Crane, 1996), the PH has been proposed
to be in a position to receive converging sensory and limbic input and, thus, alter the levels of
cerebral activation, as well as cardiovascular tone. The DMH and VMH have been implicated
in anxiety and defensive behaviors (Colpaert and Wiepkema, 1976;LeDoux et al.,
1984;Inglefield et al., 1994;Beck and Fibiger, 1995;Sajdyk et al., 1997;Shekhar et al., 2002).
These hypothalamic regions receive multimodal sensory input and substantial cortical and
subcortical limbic input, including inputs from PrL, IL, the amygdala, the septum, and the
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HPC, as well as from the PAG and hypothalamus (for review, see (Simerly, 2004). Many of
these connections appear to be bidirectional. It has been demonstrated that hypothalamic
medial zone nuclei can influence the ventral hippocampal regions (including temporal
Ammon’s horn/subiculum and MEnt) through dense projections onto midline nuclei of the
thalamus, in particular the Re (Risold et al., 1994, 1997).

Periaqueductal gray
Past work has shown that the PAG is important in the immobility response (Amorapanth et al.,
1999), and lesions attenuate CF freezing when made either before or after training. An
inhibitory role has been proposed for both the dlPAG and vlPAG in CF acquisition, both of
which derived strong afferent input from the mPFC. An additional role has been proposed for
the vlPAG in recall (De Oca et al., 1998), which derives extensive afferent input from the CE
(Rizvi et al., 1991). Efferents from the PAG project to specific hypothalamic and midline and
intralaminar thalamic regions (CM, centrolateral, intermediodorsal, and PV nuclei). In
particular, the dlPAG and lPAG then selectively target the dorsal and medial hypothalamic
areas from which hypertension and tachycardia may be evoked, whereas the vlPAG targets the
lateral hypothalamic area, a region associated with the elicitation of hypotension and
bradycardia.

Our study demonstrated significant increases in CBF-TR in dmPAG, and dlPAG at rostral, as
well as caudal sites. Increases in CBF-TR in the lPAG and vlPAG were less extensive and seen
only caudally. This pattern of activation was equivalent to the pattern previously reported for
Fos-like immunoreactivity in the PAG of rats exposed to a predator outside their cage (Canteras
and Goto, 1999;Comoli et al., 2003). Our results showed a more prominent activation of the
dmPAG and dlPAG than was noted in a study evaluating Fos expression during recall of
contextual CF (Carrive et al., 1997), whose findings suggested a predominance of vlPAG
activation. That such differences may be attributed to differences between recall of a context
as compared to a tone cue is suggested by preliminary data from our laboratory, suggesting a
dominant increase in CBF-TR in the vlPAG during CF to context (personal communication).
The activation of both dorsal as well as ventral PAG sites in the current paradigm suggests that
both passive coping, as well as active coping, may be elicited during CF recall (Keay and
Bandler, 2004). Such global activation may represent a preparatory state in which the animal
anticipates its repertoire of responses to the external stressor.

Technical considerations
Functional brain maps obtained represent a single ‘snapshot’ of patterns of perfusion that
continuously change as a function of time. We chose to image the brain 24 h after acquisition
and 2 min after reexposure to the conditioned cue, with CBF patterns integrated over a ∼10-
s time window (Holschneider et al., 2002). Past imaging studies of the CF response in human
subjects have underscored that brain activation during CF recall is a dynamic process (Büchel
et al., 1998;Büchel and Dolan, 2000;LaBar et al., 1998). It is likely that functional brain maps
obtained during acquisition or during late stages of extinction would differ from those obtained
in the current study.

Although the existence of a flow/metabolism coupling at rest is well accepted, the exact
relationship between neuronal activity, regional CBF (rCBF), and metabolism during cerebral
activation remains a question of debate (Gsell et al., 2000;Mintun et al., 2001;Keri and Gulyas,
2003). Unresolved issues include (a) the assumption that behavioral performance shows
correlations with rCBF equally in all brain regions, (b) the limits of proxy measures such as
rCBF have in detecting changes in spatial and temporal neural processing, in which the overall
energy demands may remain unchanged, and (c) the role of excitatory compared to inhibitory
neurotransmitters have in altering brain perfusion and metabolism. In particular, hemodynamic
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changes evoked by activation can be driven by subthreshold synaptic activity, and the balance
between synaptic excitation and inhibition, as well as the electroresponsive properties of the
targeted nerve cells themselves, controls the amplitudes of the neuronal and vascular signals.
Hence, it is not possible on the basis of an increase in regional CBF to definitively judge whether
the output level of activity of that region is increased or not, since this will depend on the
connections between the cells in that network. Of relevance here are findings that the
development of extinction during repeated exposure of a conditioned cue appears in the mPFC
to correspond with a shift in synaptic efficacy from depression to potentiation (Herry et al.,
1999). While such shift may be detectable with electrophysiological methods (Milad and Quirk,
2002), they may not be detected by perfusion measures.

Limitations
A limitation of our methods is that we did not include a control group in whom the tone cue
was presented in an unrelated fashion with the footshock. Such a group might have controlled
for a number of possible nonspecific confounding effects such as differences in arousal or
sensitization. Future work will need to evaluate this possibility.

The use of normalized data in the ROI and SPM analyses, necessary for addressing potential
differences in the amount of radiotracer received by each animal, carries with it certain
limitations for the interpretation of data. First, a change in the absolute amount of perfusion
will not be detected if there is no change in the overall pattern. Second, a change in the mean
flow may increase or decrease the normalized flow of an individual brain region, even if that
region itself shows no change in absolute flow. Hence, the possibility exists for any individual
activation or deactivation to be artifactually increased or decreased as a result of the
normalization process.

Effectiveness of SPM analysis of whole brain data sets is limited by the accuracy of proper
reconstruction prior to analysis of the brain’s coronal sections into a 3D volume (Nikou et al.,
2003). These include potential errors introduced by artifacts in the coronal sections, as well as
the propagation of errors due to misregistration of preceding slices. Incomplete alignment may
be most apparent at border zones such as the interface of the cerebral ventricles with the brain
tissue, the white-matter-gray matter transitions, or the external section contour. Misalignments
are in part adjusted for by smoothing of the data within SPM. In an effort to further minimize
such biases at border zones, we confirmed many of the findings in SPM by ROI analysis. Thus,
prominent group differences adjacent to the cerebral ventricles such as, for instance, findings
in the LS, the periventricular thalamic nucleus, the ventral CA1 region, PAG, and medial
striatum were significant, both with the SPM and ROI analytic approaches. For the analysis of
the cortical rim, which represents a continuous border, an analysis was used in which ROIs
were manually placed on each slice by the investigator according to a set template. In addition,
proper adjustment of the minimum cluster-size required for significance helped prevent false
positives related to slice misalignment. For structures significant at the voxel level, significance
was required on at least 2 autoradiographic planes. Furthermore, the frequent symmetrical
appearance of significant changes across the hemispheres, though not accounted for
statistically in the SPM methodology, reinforced the significance of these results, as they are
unlikely to occur by chance.

SPM detected several regions of activation/deactivation that were not found by the ROI
analysis. These included the cingulate (Cg2), anterior pretectal nucleus (APT), thalamic
posterior nucleus (Po), and zona inserta (ZI). Differences between these methods may have
been related to subjective placement of the subcortical ROIs and standardized warping inherent
in spatial normalization in SPM. For brain structures that displayed irregular borders or a
mosaic organization of their afferent and efferent projections, defining appropriate ROIs is
typically difficult. This was the case for the abovementioned regions in which the patchy quality
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of significant changes made exact placement of the ROI challenging. Because significance in
SPM was established at the voxel level, rather than with a user-defined ROI, it allowed
improved detection of activation in geometrically complex regions. In this case, it provided a
complementary method to the standard ROI analysis and a powerful tool for the exploration
of brain function of complex behaviors.

Summary
Our study showed that auditory stimuli endowed with aversive properties through conditioning,
resulted in significant alterations in brain perfusion patterns. These included activation of
regions of the amygdala, HPC, LS, mPFC, PAG, and hypothalamus. Our results highlighted
the dominant role of the ventral compared to the dorsal HPC during CF recall, as well as the
ventral mPFC compared to the dorsal mPFC. They demonstrated that reexposure to the
conditioned auditory cue resulted in activation of the LA, whereas deactivation was seen in
anterior portions of the BLA/BME and CE B emphasizing the different functional roles for
subnuclei of the amygdala during recall. A particular role during this memory facilitation by
specific emotional cues was shown for the medial striatum, as well as its projections to midline
and intralaminar nuclei, such as the centromedial nucleus of the thalamus. In contrast, the
ventrolateral/dorsolateral striatum and its afferent input from motor and somatosensory cortex
- all implicated in motor/somatosensory processing - were deactivated, consistent with the
behavioral immobility characteristic of the CF response. In addition, the DpMe/tg was activated
during CF recall, a finding not previously reported, and which will require future confirmation.
Use of SPM for the analysis of rat brain autoradiographs is a novel application of this powerful,
statistical tool routinely used in human functional neuroimaging. Previously, we showed the
applicability of this analytic method to a standardized locomotor task (treadmill walking)
(Nguyen et al., 2004); the current study shows its application to a more complex behavior.
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Fig 1.
Freezing response during training (day 1) and during recall (day 2) for rats who have learned
to associate a tone with an electric footshock (CS group, n = 9) or control animals (control, n
= 8). Freezing scores are expressed as mean percentage of time (±SEM) spent immobile within
each 30-s interval. Horizontal arrows on day 1 correspond to delivery of a tone stimulus (30-
s duration) followed by delivery of a 1-s, 1-mA footshock (CS) or no footshock (control). On
day 2, following a 2-min baseline, all animals were exposed to a 2-min continuous tone
exposure (horizontal arrow), followed thereafter by triggering of the pump to inject the
radiotracer (indicated by the vertical dotted line). *P < 0.05 for t test performed separately for
each 30-s time interval.
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Fig 2.
Changes in functional brain activity in rats in response to tone-conditioned fear (CS versus
control). Depicted are a selection of representative coronal slices (anterior-posterior
coordinates relative to bregma), a sagittal slice (+2.4 mm lateral to bregma) and a transverse
brain slice (-5.1 mm dorsoventral to bregma). Colored overlays show statistically significant
positive (red) and negative (blue) differences of CS animals (n = 9) compared to controls (n =
8). Significance is shown with a t statistic color scale, which corresponds to the level of the
significance at the voxel level. Abbreviations are those from the Paxinos and Watson (1998)
rat atlas: ACo (anterior cortical amygdaloid nucleus), APT (anterior pretectal nucleus), Au
(auditory cortex), BLA/BMA (basolateral, basomedial amygdaloid nucleus), BST (bed nucleus
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of the stria terminalis), CA1/CA2 (hippocampus), CE (central amygdaloid nucleus), Cg2
(cingulated cortex, area 2), clCPU (centrolateral striatum), CM (central thalamic nucleus), DG
(dentate gyrus), DMH (dorsomedial hypothalamic area), DpMe (deep mesencephalic nucleus),
Ect (ectorhinal cortex), fi (fimbria of the hippocampus), IL (infralimbic cortex), IMLF
(interstitial nucleus of the medial longitudinal fasciculus, LA (lateral amygdaloid nucleus),
LGP (lateral globus pallidus), LS (lateral septum), M2 (secondary motor cortex), mCPU
(medial striatum), Me (medial amygdaloid nucleus), MEnt (medial entorhinal cortex), PAG
(periaqueductal gray), PCo (posterior amygdaloid nucleus), PH (posterior hypothalamus),
Post/PrS/PaS (pre/post/parasubiculum), PrL (prelimbic cortex), PV (paraventricular thalamic
nucleus), RSA (retrosplenial cortex), S1/S2 (primary and secondary somatosensory cortex), S
(subiculum), TeA (temporal association cortex), VPM (ventral posteromedial thalamus).
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Fig 3.
Maps of the color-coded average Z-scores. Depicted are Z-scores for rats exposed to the
conditioned cue (CS) and control animals (control), as well as their differences, i.e., Z-
scoreCS minus Z-scoreControl. In these two-dimensional maps of the flattened cortex, the x- and
y-coordinates are obtained from measures of the anatomical distances within the
autoradiographs. The x-axis (locations) represents lateral distance from the midline (in mm)
along the cortical rim within a slice. The y-axis (slices) represents coronal slices, numbered
from rostral to caudal, with distance relative to bregma in millimeters (positive values being
rostral to this landmark). To avoid discontinuities in the graphic representation, the space
between each coronal slice and the 12-20 locations within each slice, where there were no
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measurements, was filled with values calculated by linear interpolation (interpolation distance
300-1000 μm). Superimposed on the maps are the borders of the main cortical areas (Paxinos
and Watson, 1998): A, cortical amygdaloid nucleus; Au, auditory; FrA, frontal association; I,
insular; MEnt, medial entorhinal; M1, primary motor; M2, secondary motor; O, olfactory; OF,
orbital frontal; PtA, parietal association; Pir, piriform; PRh, perirhinal; RSA, retrosplenial.
Primary somatosensory mapping: S1FL, the forelimbs; S1HL, the hindlimbs; S1TR, the trunk;
S1BF, the barrel fields; S1J, the jaw, lip, and oral region. S2, secondary somatosensory; TeA,
temporal association; V1, primary visual; V2, secondary visual.

Holschneider et al. Page 25

Neuroimage. Author manuscript; available in PMC 2007 June 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Holschneider et al. Page 26

Table 1
Regions of statistically significant differences of functional brain activation in the cortex and subcortex between
rats in response to a fear conditioned tone cue (CS) or a control condition (control)

CS versus control Sig. SPM Sig. ROI

Cortex
Isocortex
 Auditory (Au) ↑ v, c,* Y
 Temporal association (TeA) ↑ v, c,* Y
 Visual, secondary lateral (V2) ↑ v Y
 Motor, primary, secondary (M1, M2) ↓ v, c Y
 Somatosensory, primary (S1, S1BF) ↓ v, c Y
Cingulate area 2 (Cg2) ↑ v, c,* N
Ectorhinal (Ect) ↑ v, c,* Y
Entorhinal, medial posterior (MEnt) ↑ v, c,* Y
Prelimbic (PrL), Infralimbic (IL) ↑ v, c,* Y†
Piriform (Pir) ↓ v Y
Subcortex
Amygdala ↑
 Amygdala, lateral (LA) ↓ v, c,* Y
 Amygdala, anterior area, cortical anterior, cortical posterior,
medial (AA, ACo, PLCo, Me) ↓ v, c Y†

 Amygdala, central (CE) ↓ v, c Y
 Amygdala, basomedial, basolateral (BMA, BLA) ↓ v, c Y†
Hippocampal formation
 Fimbria of hippocampus (fi) ↑ v Y
 Hippocampus ventral (CA1, CA2) ↑ v, c,* Y
 Subiculum, ventral posterior (S) ↑ v, c,* Y
 Hippocampus dorsal (CA1, CA2, CA3, DG) ↓ v, c,* Y
 Subiculum, dorsal (S) ↓ v, c,* Y
 Parasubiculum (PaS), presubiculum (PreS), postsubiculum (Post) ↓ v, c,* Y
Hypothalamus
 Hypothalamus, dorsomedial, ventromedial, posterior (DMH,
VMH, PH) ↑ v Y
Periaqueductal gray, dorsomedial, dorsolateral, lateral >
ventrolateral (dmPAG, dlPAG, lPAG > PAG) ↑ v, c Y
Striatum
 Caudate-putamen, medial (mCPu) ↑ v, c,* Y†
 Caudate-Putamen, centrolateral (clCPu) ↓ v, c Y
Thalamus
 Thalamic midline nuclei: anteromedial, centromedial,
paraventricular, paraventricular posterior, reunions, rhomboid (AM,
CM, MD, PV, PVP, Re, Rh)

↑ v, c,* Y†

 Thalamus, posterior nucleus (Po) ↓ v, c,* N
 Thalamus, ventral posteromedial, ventral posterolateral nucleus
(VPM, VPL) ↓ v, c,* Y
Other
 Deep mesencephalic nucleus (DpMe)/tegmental tract (tg) area ↑ v, c N
 Lateral septal nucleus, intermediate, ventral (LSI, LSV) ↑ v, c,* Y†
 Pons (Pn) ↓ v Y
 Pretectal nucleus, anterior (APT) ↓ v, c,* N
 Zona Inserta (ZI) ↓ v, c,* N

The first column lists the cortical and subcortical brain regions, with abbreviations taken from the Paxinos and Watson (1998) rat atlas.

The second column indicates whether such differences represent increases (i.e., CS minus control > 0) or decreases (i.e., CS minus control < 0).

Regions shown in Fig. 2 that were significant only at the voxel level, without significance at either the cluster level or the ROI level, are not shown.

*
The third column indicates for the SPM analysis whether presence of statistical significance was at the voxel level (v) and cluster level (c), as well as

whether significance ( P < 0.05) was retained after correction for multiple comparisons.

†
The fourth column indicates whether the indicated region was significant (Yes/No) using the ROI method at the P < 0.05 level or P < 0.005 level.
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