Learning and Memory

Five healthy male subjects participated in a classical
conditioning experiment, and positron emission tomo-
graphy (PET) was used to compare regional cerebral
blood flow before and after conditioning. The subjects
participated in three different experimental phases. In the
first (habituation) phase they listened to 24 repetitions of
a tone with random intervals. In the second (acquisition)
phase, the tone was paired with a brief shock to the wrist.
In the third (extinction) phase, the tone was presented
alone again. OPET scans were taken during the
habituation and extinction phases. Because the habitua-
tion and extinction phases were similar, any difference in
blood flow to the tones presented during extinction
probably reflected conditioning that occurred during the
acquisition phase. Statistical parametric mapping (SPM)
analysis of the PET data showed significantly increased
activation in the right hemisphere in the orbito-frontal
cortex, dorsolateral prefrontal cortex, inferior and
superior frontal corticies, and inferior and middle
temporal corticies. The only activated areas in the left
hemisphere were area 19 and the superior frontal cortex.
The results are interpreted as evidence for the involve-
ment of cortical areas in human classical conditioning.
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Introduction

One of the simplest forms of learning is Pavlovian,
or classical, conditioning. This form of learning
occurs when a previously neutral stimulus is paired
with a stimulus that produces a response; . after
pairing, the neutral stimulus then comes to produce
the response. Conditioning is, thus, learning of
relationships between events, allowing the organism
to represent its environment.! Recent work has
emphasized that the classical conditioning of differ-
ent response systems involves different brain sys-
tems.>” A particularly interesting form of classical
conditioning is fear conditioning, in which a neutral
CS, such as a tone or light, is paired with an aversive
UCS, such as a brief electric shock or intense noise.

Although the neural ‘pathways ™ mediating the
acquisition of fear conditioning have been studied
extensively in animals, relatively little work has been
conducted in humans. The only data that pertain to
the neural mechanisms underlying human condition-
ing rely on event-related potentials (ERPs)*” and the
results suggest that cortical areas of the brain are
involved in conditioning, especially with regard to the
elicitation of slow negative shifts in the ERP. This
may indicate the build-up of cortical expectancy that
is linked to the presentation of the CS. However, the
ERP effects are small, and not always replicated. In

addition, although ERP findings provide good
information about temporal coding of information,
they are less useful for specifying the spatial location
of the brain regions involved.

Here we report a preliminary attempt to delineate
the brain mechanisms that underlie human classical
conditioning. We have studied this phenomenon
using positron emission tomography (PET), which
allowed us to measure blood flow distribution in the
brain. The ?O PET technique we used allows average
blood flow in various regions of the brain to be
recorded within a 70s recording window for each
scan, with a 10min resting period berween scans.
Ideally, we would have liked to have compared
patterns of PET activity on a trial-by-trial basis,’
using one CS that is paired with the UCS (CS+), and

“one which is not paired (CS—). However, because of

the technical limitations imposed by the measurement
technique, it was necessary to develop a novel
berween-subjects design (Fig. 1). The design consists
of three phases; a pre-conditioning (habituation)
phase, a conditioning (acquisition) phase and a post-
conditioning (extinction) phase. PET scanning was
performed during the first and third phases, with the
second scan starting immediately after the last
acquisition trial and continuing through the extinc-
tion phase. During the habituation phase, tones were
repeatedly presented at random intervals. During the
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FIG. 1. Qutline of the experimental design, featuring the three phases
. of the experiment. Note that PET scans were taken only during Phase
1and 3.

acquisition phase, the tones were paired with a briet
electric shock to the wrist. Finally, during the
extinction phase, the tones were presented alone in a
similar arrangement to that in the habituation phase.
Because the habituation and extinction phases were
similar, any difference in blood flow to the tones
presented during the extinction phase would probably
be due to the pairing of the CS tone with the UCS
shock during the acquisition phase. Thus, to examine
the neural mechanisms underlying conditioning, we
subtracted blood flow during the habituation phase
from that during the extinction phase.

Subjects and Methods

Subjects: The subjects were five right-handed male
students with a mean age of 22 years (range 18-28).
All subjects were healthy as determined from a health
questionnaire. Potential subjects were tested on the
Eysenck Personality Inventory’ (Neurotiscism sub-
scale) before the experiment, as a screening tool over
the telephone. The Neurotiscism subscale was used
because high scores on this subscale could be taken as
index of conditionability.'® Only subjects with scores’
>10 were included (mean = 17, range = 13-21). The
Spielberger State-Trait Anxiety Inventory was admi-
nistered just before the experiment to determine state
and trait anxiety levels. The Trait Anxiety mean was
46 (range 32-59), and the State Anxiery mean was 41
(range 32-51). The Trait Anxiety scores indicated that
subjects had higher anxiety levels than would be
expected by the normative values (mean = 38, s.d. =
10)."* Thie State anxiety scores were also higher than
would be expected from male college students
(normative sample mean = 36, s.d. = 10).
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Apparatus and stimuli: Electric shocks were adminis-
tered by a Grass Instruments S-44 stimulator, with an
Isolation Unit SIU-6, and a constant current unit
CCU1 (all by Grass Instruments, Quincy, MA). The
shock level to be used during the experiment was
determined in a pre-study phase while subjects sat
comfortably on a chair. The shock electrodes (also
made by Grass Instruments) were placed on the back
of the right wrist. Subjects were instructed that their
task was to determine a shock level that was
‘uncomfortable but not painful’. Following this,
shock levels were incremented by 0.5 mA, starting at
0mA, until the subject decided that the shock level
was uncomfortable but not painful. If subjects
hesitated at a particular level, they were encouraged
to try a higher current level, which was then decreased
to the lower setting if the level was found to be too
uncomfortable.

The CS tones had a duration of 5s, with an
intensity of 1000 Hz/70dB, and with 5ms rise and
decay time. The UCS had a duration of 250 ms, with a
steady state shock with a mean intensity of 1.8 mA
(range 1.0-2.5mA). The UCS was administered
during the last 250 ms of CS tone presentation. The
tones were generated using the tone generator option
under the effects file menu of the SoundEdit program
for Macintosh computers (Farallon Computing,
Berkeley, CA). Rise time was controlled by increas-
ing the tone amplitude by 20% every ms until after
5 ms the tone had full amplitude (100%). Decay time
was controlled in a similar manner during the last 5 ms
of tone presentation. Amplitude was decreased by
20% every ms until after 5 ms the tone was off (0%
amplitude). The subjects listened to the tones through
AIWA loudspeakers placed on a wooden table raised
above the scanner bed. The tones were presented by a
PC. Tone frequency was controlled by a sound meter
that was held where the subject’s head would be
placed in the scanner.

There were 24 trials during the habituation phase of
the experiment, with 12 trials during acquisition and
extinction. We included more trials during habitua-
tion in order to habituate every aspect of the orienting
response before acquisition began. The inter-trial
interval was either 5 or 9s (half of the intervals were
55, the other half 95, randomly interspersed) for all
three phases of the experiment.

Conditioning procedure: Subjects remained on the
PET scanner bed during all phases of the experiment.
In Phase 1, subjects were instructed that they would
soon hear a series of tones, and that they should close
their eyes and keep them closed. They were instructed
to empty their minds and not do anything other than
listen to the tones. Before Phase 2, the acquisition
phase, subjects were provided similar instructions as
in Phase 1, but in addition they were instructed that at
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times, they would be administered an electric shock at
the level they previously had chosen to be uncomfor-
table but not painful. The subjects were told not to
speak during the entire experiment. Ambient noise
was kept to the minimum and lights were turned off
in the PET room during the experiment.

Phase 2 (acquisition) shifted to Phase 3 (extinction)
without any indication to the subject. In Phase 2, the
12 tones were presented paired with the shock UCS.
In Phase 3, the shocker was turned off when the PET
scanner was turned on, and subjects continued to
listen to the tones. The subjects were not informed
about the contingency berween the tones and shock
during Phase 2. All stimulus presentations and timing
between events were controlled by a Macintosh
computer using the MacLab software program.'?

For technical reasons we could not record
autonomic measures when the subjects were being
scanned. However, before beginning the PET study,
we tested six subjects off-line in the conditioning
procedure. The details of the procedure were adjusted
until we obtained reliable conditioning, as indicated
by characteristic changes in skin conductance before
and after conditioning. The paradigm we used in the
scanning study was thus validated off-line, and we are
confident that it would lead to conditioning.

PET procedure: Subjects were tested individually.
After being informed of the conditioning phase that
was to follow, each subject was fitted with a
thermoplastic custom-moulded face mask (True
Scan, Annapolis, MD). The subject was then
positioned in the scanner, head aligned relative to
the cantho-meatal (CM) line. The mask was placed in
position to stabilize the subject’s head, then a pair of
nasal cannulae was placed in the subject’s nose. The

cannulae were attached to a tube that was connected

to a gas inflow by which the radiolabelled isotope 1*O
was delivered. A plastic vacuum mask was then placed
over the subject’s nose. Three transmission scans were
taken with an orbiting rod prior to the *O emission

scans. Following this, the experiment began, with 20

measurements during each PET scan; the first three
over a 10s period, then the following 17 measure-
ments each over 5s periods.’ o

In Phase 1 of the experiment, subjects first listened

to 15 tones. This required approximately 3 min.
Immediately following this initial tone presentation
period, the PET camera acquisition program was
started (at this point, the scanner measured only
residual background activity from previous studies).
Following the initiation of the acquisition program,
four more tones were presented; on the fourth trial
(30s after the PET acquisition program was turned
on), delivery of 'O began. Subjects continued
listening to the tones for an additional 60s, while

being scanned. Following this 60s scan period O
delivery was stopped, and the subjects continued to
listen to the remaining tones for an additional 12s.

During Phase 2 of the experiment, no PET scanning
was performed. In this phase, the subjects listened to
the 12 tones paired with shock. After eight tones,
(approximately 96s), the PET acquisition program
was initiated once again, activating the camera, and
with tones continuing throughout. Thirty seconds
after the PET camera was turned on, O delivery
resumed while subjects continued to hear tones which
were now no longer paired with shock. This marked
the beginning of Phase 3 of the experiment. This
scanning phase lasted 60s while subjects listened to
six tones. After a 60s period, the flow of B0 was
stopped, while the subjects continued to listen to an
additional six tones. The concentration of the
delivered [?O]CO, was 2800 MBq 1™ at a flow rate
of 21 min". The >O was diluted by mixing with room
air so that the measured peak count rate from the
brain was 100000-200000 eventss ™.

Scanning was performed by a GE Scanditronix
PC4096 15-slice whole-body tomograph, which was
used in its stationary mode.”> The scanner yielded
contiguous slices separated by 6.5mm center-to-
center; the axial field was equal to 97.5mm. The
axial resolution was 6.0mm full width at half
maximum (FWHM). The PET machine is located in
a room built specifically for scanning. Every effort
was made to ensure that ambient conditions were
controlled across all scans.

PET image reconstruction: The blood flow images
were computed based on scans 4-16, which were
summed after reconstruction. Using radial artery
cannulation, we have found that integrated counts
over periods up to 90s are a linear function over the
flow range of 0-130 ml min"'/100 g™*. Thus, an arterial
line was not required to ensure that data could be
described in units of flow relative to the whole brain.
The images were reconstructed using a measured
attenuation correction and a Hanning-weighted
reconstruction filter; the filter was set to a spatial
resolution of 8.0mm in-plane (FWHM). For the

image reconstruction process,” effects “of ‘random” =

coincidences, scattered radiation, and counting losses
due to dead time in the camera electronics were also
corrected.

Each slice of the scan data was summed across both
scanned behavioral conditions, and the co-ordinates
of midline structures were marked on all slices.
Parameters of the midsagittal plane were estimated
by applying a least squares procedure to the above-
mentioned coordinates. We then re-sliced the images
parasagittally at 5.1 mm intervals. The countour of a
sagittal slice 10.2mm from midline was outlined by
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hand at the 50% threshold level (nominal). In some
cases, missing data from the parasagittal emission
images were completed with the data from sagittal
transmission images, which covered a broader range
of the brain surface. The PET data were then
translated into the Talairach coordinate system by
deforming the 10mm sagittal planes specified by
Talairach and Tournoux™ until we obrained the best
fit to a standard template (with ‘best’ being defined in
a least-squares sense; see Ref. 15). This method
allowed us to estimate the positions of the frontal
and occipital poles, vertex, anterior (AC) and poster-
ior (PC) commissures, as well as angle of tilt. Piece-
wise linear conversion to Talairach space was
accomplished using the estimated loci of these
regions as well as that of the midsagittal plane. The
quality of the transformation was assessed both by
inspecting the parameters’ standard errors, and by
visually comparing the manually drawn brain contour
to the atlas contour produced by the program.

To ensure that the brain regions represented in the
converted image were accurately translated to
Talairach coordinates, we superimposed a computer-
ized version of the Talairach and Szikla'® atlas onto
the transformed image data. The computerized
rendering of the atlas projects silhouettes of brain
areas that then can be visually matched to the actual
PET emission data images, and examined for good-
ness of fit.

PET statistical analysis: The mean concentration in
each slice for each run was specified as an area-
weighted sum, which we adjusted to a nominal value
of 50mlmin™/100g™. The images were then scaled
and smoothed with a two-dimensional Gaussian filter
(20 mm wide, FWHM). We then summed the images
across subjects within each condition, with one image
(condition) being- subtracted from the other; these
images were subtracted within subjects. The results
were represented as images of the mean differences,
standard deviations, and a t-value for each pixel. Each
t-statistic image was then submitted to a statistical
parametric mapping (SPM) analysis."” This process
generates ‘omnibus subtraction images’, which corre-
spond to standardized normal deviates and ensures
the minimization of Type I errors since artifactual
areas of activation are very unlikely to reach
significance. Image smoothness partly addresses the
problem of multiple comparisons. This value was
measured employing the method of Friston et 4/'” and
was found to be 14.2 mm. In these analyses, Z-scores
of 3.0 correspond to z-scores that without correction
for multiple comparisons achieve the p < 0.001 level.
This criterion has bee used in previous articles
reporting similar types of data (see Ref. 18). For
additional details on the PET methods and analysis
procedures, see Ref. 19.
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Results

Two sets of analyses were performed on the PET
data. First, Phase 1 (habiruation) data were subtracted
from Phase 3 (extinction) data, and then the reverse
subtraction was performed. Co-ordinates of the
centroid of activation are presented in Table 1 along
with maximal Z-scores for each region.

Figures 2 and 3 illustrate the significant findings
and the loci relative to the anterior-posterior
commussures. When we asked which areas had more
blood flow in the extinction phase than in the
habituation phase, we found acuvation in the
following regions in the right hemisphere: orbito-
frontal cortex, dorsolateral prefrontal cortex, inferior
and superior frontal cortices, as well as inferior and
middle temporal cortices. In the left hemisphere, only
area 19 and the superior frontal cortex were activated.
When we asked which areas had more blood flow in
the habituation phase than in the extinction phase, we
found that only the left temporo-occipital junction/
area 19 was activated. Contrary to our expectations,
we did not find activation in the amygdala.

Discussion

Classical conditioning resulted in increased activa-
tion in frontal and temporal regions of the brain,
especially in the right cerebral hemisphere. This is
suggested by the increased blood flow to these regions
in extinction relative to habituation. In addition, there
was a deactivation in the left temporo-occipital
junction (see Table 1 and Fig. 3). The present
findings are in contrast to the brain pathways of fear
conditioning revealed by studies of experimental

Table 1. Coordinates (in mm, relative to the anterior commissure) and
Z-scores for regions in which there was more activation in the
extinction condition than in the habituation condition, and vice versa.
Regions are presented from posterior to anteriar. Seen from the rear
of the head, the X coordinate is horizontal (with positive values to the
right), the Y coordinate is in depth (with positive values anterior to the
anterior commissure) and the Z coordinate is vertical (with positive
values superior to the anterior commissure). Values within 5mm of
the inter-hemispheric midline are considered to be ‘midline regions’

x y z Z score

Extinction minus habituation h I
Left hemisphere regions

Area 19 -33 —65 24 3.15
Right hemisphere regions

Inferior temporal 55 -18 -12 3.36
Middle temporal 58 -17 -8 3.70
Orbito-frontal . 18 15 -16 3.56
Inferior frontal 34 29 -16 3.13
DLPFC 26 63 -12 3.63
Midline regions

Superior frontal 4 52 32 3.53

(area 9)

Habituation minus extinction

Left hemisphere regions

Temporo-occipital junction - -39 -85 12 13.44

DLPFC, dorsolateral prefrontal cortex (area 10).
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FIG. 3. Same as for Figure 2, for habituation minus extinction subtraction.
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animals.>**?! For example, the amygdala has been |

implicated in fear conditioning in amimal studies,
although we found no evidence of inreased blood;
flow in the amygdala. Other conditioning studies in
e.g. cats and guinea pigs with auditory CSs have
found evidence for neuronal changes in areas of the
auditory cortex and auditory thalamus that are
specific for the frequency of the CS (see Ref. 22 for
review). Qur Z-scores for the thalamus were in most
instances close to zero, with the exception of the
dorsomedial thalamus (Z-score = 3D 1.35: the co-
ordinates for this point were —1, —=12, 8 (x, y, 2)). It
should be pointed out, however, that areas 9 and 10,
which both showed increased activation, have
principal connections to the thalamus, the other
cortical lobes, and the hypothalamus.

A possible explanation for these differences
between our findings and those in animals may be
related to the fact that our results are most accurately
considered measures of extinction than conditioning,
since we scanned only the habituation and extinction
phases, leaving out the acquisition phase (for
methological reasons). In light of this it is interesting
that we found significant increases in blood flow in
the frontal areas, areas that animal studies also have
shown to be crucial to extinction processes in fear
conditioning. Further, a recent study of evoked
potentials during human conditioning found loca-
lized frontal activation, during the extinction of the
conditioned response.” In addition, the increase in
blood flow in fronto-temporal areas in our study may
reflect the involvement of certain higher functions
that are called into play in the human brain during
conditioning. For example, activation of the inferior
frontal, orbito-frontal, and dorsolateral prefrontal
cortex may reflect the activity of an ‘expectancy
circuit’. Furthermore, the frontal cortical areas that
were activated during extinction are similar to those
that comprise the ‘anterior attention system’ postu-
lated by Posner.”® Although this circuitry may not be
necessary for the acquisition, or performance, of a
conditioned response, it is likely that the processing of
the CS during extinction will result in the directing of
attention to the CS.

It is also worth noting the apparent asymmetry in
fronto-temporal activation, with more activation on
the right side. A right hemisphere basis for classical
conditioning has previously been suggested by
Hugdah! and Johnsen.** This suggestion was based
on studies with unilateral visual input, using auto-
nomic responses. The present PET darta support the
right hemisphere asymmetry previously suggested.
Subtraction of habituation from extinction showed
that the only area in the left hemisphere that was
significantly activated during extinction was area 19,

which lies in the occipital-temporal ‘visual associa-
tion” cortex. Thus, the right hemisphere asymmerry
effect seems empirically valid, and should be further
explored in future studies.

We close with an important word of caution. The
present results are based on a single conditioning
group. Thus, possible effects of UCS sensitization
were not controlled. It is possible that some of our
results may reflect perceptual processing of the UCS,
rather than the association between the CS and UCS.
However, it is very unlikely that all the observed
significant effects pertain to sensitization and percep-
tual sensitivity. A reasonable speculation is that some
of the activation over the sensory areas may be due to
sensitization, rather than to CS-UCS associations.
The validity of these speculations will however have
to await further empirical evidence.
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