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subjects for both film sessions. Subjects recalled significantly
more E films than N films. The average (+SEM) number of films
recalled for the E session was 6.25 * 1 .06 versus 2.75 *+ 0.67 for
the N session (t = 2.86, P < 0.05, two-tailed paired ¢ test).

AC Activity. The subtraction analysis revealed no significant
differences in AC activity measured during the E and N film
sessions. However, differences in AC activity between the
sessions were revealed by the correlational analyses. Fig. 2
shows a horizontal brain section at the level of the AC. Fig. 24
shows brain regions from the E session in which rGMR was
significantly correlated positively (orange/yellow) and nega-
tively (blue/green) with the number of films recalled from the
E session. Fig. 2B shows brain regions in which rGMR from the
N session was significantly correlated with the number of films
recalled from the N session. The principal finding (indicated by
the arrow) was a region of the right AC [modified Talairach
coordinates (23): Z, —16.00 mm; X, +18.8 mm; Y, 4.8 mm] in
which activity during the E session was positively correlated
with retention of E films. Activity of the same region during the
N session was not correlated with the number of N films
recalled. In addition, horizontal slices above and below the
level represented in Fig. 2 revealed significant correlations in
the center of the right AC that were also selective for the E
session (data not shown). Slices below the level represented in
Fig. 2 also contained pixels of significant correlation in the left
and right superficial inferomedial temporal lobe, which is
consistent with a localization to the periamygdaloid cortex,
uncus, parahippocampal cortex, and/or Brodmanns area 38 of
temporal cortex. However, these were present for both the E
and N conditions. Another area related to the AC, but not in
the AC proper, is the substantia innominata, which contains a
portion of the extended amygdala. This region showed signif-
icant correlations bilaterally between activity and recall that
were selective for the E session.

The correlations between right AC activity in each session
and the number of films recalled from the respective session
are shown in Fig. 3. The scatter plots show the relationship
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between rGMR in the right AC (the colored region indicated
by the arrow in Fig. 24) in the E or N session and the number
of films recalled for each subject in that session. AC rGMR
during the E session was significantly correlated with the
number of films recalled from that session (» = 0.93, P < 0.01).
In contrast, tGMR in the same region during the N session was
not correlated with the number of neutral films recalled (R =
0.33, not significant).

Finally, rtGMR of this AC region in each session was not
correlated with the average rating of emotional reaction to the
films for that session (E session, r = —0.04, not significant; N
session, r = 0.46, not significant).

DISCUSSION

This experiment was designed to investigate whether the AC
in human subjects is selectively involved with memory forma-
tion for emotionally arousing situations. The main finding is
that the rGMR of the right AC was significantly correlated
with long-term recall of film clips from a relatively emotionally
arousing film session, but not with recall of clips from a
relatively emotionally neutral film session. Although some
investigations have questioned the role of the AC in memory
(24, 25), or have emphasized its role in nonconscious condi-
tioning processes (26), the present findings suggest a role for
the AC in long-term, emotionally influenced, conscious recall.
The results indicate memory-related changes in AC activity
that appear selective for emotional (aversive) material and are
consistent with the view that the AC modulates memory
storage for emotionally arousing events (11).

Very few published reports using brain imaging techniques
have specifically addressed AC function in human subjects,
especially in relation to memory. In one recent report, Hug-
dahl et al. (27) used the PET technique to study brain regions
involved with aversive classical conditioning (a tone paired
with a shock to the wrist). They found no evidence for changes
in AC activity in this paradigm, a finding that appears to

B Neutral

FiG.2. (A) Axial brain section at the level of the AC [section 11 from Matsui and Hirano atlas (22), 21% of head height from CM line] showing
regions whose relative GMR during the E session was significantly correlated positively (orange/yellow) or negatively (blue/green) with the number
of films recalled from that session. (B) Brain regions in which relative GMR from the N session was significantly correlated with the number of
films recalled from that session. The arrow points to the right AC in both cases. (Following radiologic convention, the right side of the brain is
displayed on the left side of the image.) Note the area within the right AC whose activity correlated positively with recall of E, but not N, films.
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FiG.3. Scatterplots of right AC relative GMR versus recall for both
the E and N sessions. (4) Plot of relative GMR in the right AC
(measured for each subject within a template defined by the large
colored region in the right AC shown in Fig. 24) during the E session
and the number of E films recalled by each subject. (B) The same
analysis for the N session.

contrast with a substantial animal literature on the AC role in
aversive classical conditioning (26, 28). In another recent
study, Rauch et al. (29) report that the right AC is activated
during retrieval of highly emotional memories in humans, but
they did not address the role of the AC in acquisition of
emotional memories. Thus, the present findings appear to be
the first to relate AC activity at encoding during periods of
emotional arousal to subsequent retention. It is possible that
the lack of correlation between AC activity and N film recall
may have been due to the smaller variance in N film compared
with E film recall; however, the variance in N film recall was
sufficient to yield significant correlations between it and
activity in other brain regions (see Fig. 2B).

AC function has been examined with brain imaging tech-
niques in the context of various emotionally-based psycholog-
ical disorders. For example, Drevets et al. (30) found that
activity of the left AC was enhanced in depressed patients, and
that the degree of activation correlated with the severity of
depressive symptoms. Other studies have failed to relate AC
activity to phobic fear (31-33). Finally, in a study of patients
with obsessive-compulsive disorder, Horwitz et al. (34) found
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no overall change in AC activity in the patients compared with
controls. However, a correlational analysis strongly indicated
that functional relationships between the AC and many other
brain regions are altered in this disorder (34). It is not clear,
however, how changes in AC activity during chronically altered
emotional states may relate to the present finding of AC
involvement in memory storage for acute emotional events.

Asymmetries in brain function have been widely observed in
both animal and human imaging studies (egs., refs. 35-40).
However, there is not yet an explanation for such asymmetries.
Likewise, there is no clear a priori explanation of the present
finding of asymmetrical involvement of the AC in emotional
learning. Some evidence suggests that encoding (storage) and
retrieval processes differentially engage the two sides of the
brain. Several studies now suggest that the left prefrontal
cortex is more involved with memory storage processes, and
that the right prefrontal cortex is more important for memory
retrieval (37, 38). Consistent with this notion of asymmetrical
function, stimulation of the left AC alone is sufficient to
modulate memory storage in rats (41), whereas the right AC
in rats appears more involved than the left with memory
retrieval (42). Furthermore, a recent PET study implicates the
right AC in retrieval of affect-laden autobiographical memo-
ries (43), a finding consistent with the report of Rauch et al.
(29) mentioned above. Therefore, it is possible that the present
findings reflect a differential involvement of the left and right
AC in encoding and retrieval of emotional events.

A second possible explanation for assymetric involvement of
the AC in memory for emotionally aversive material comes
from recent investigations of brain activity during experimen-
tally induced mood states. Schneider et al. (44) examined
regional cerebral blood flow during both happy and sad mood
induction procedures. They found that cerebral blood flow in
the left AC increased during sad mood induction relative to
emotionally neutral conditions. Another recent report (45)
demonstrated activation of the left AC in humans during
intense fear (induced by intra-venous injection of procaine).
These findings are consistent with those of Drevets et al. (30)
with depressed patients. The present findings may also reflect
a differential involvement of the left and right AC in positive
and negative emotions.

Although AC activity in this study was correlated with
retention of the emotional films, it was not correlated with the
average rating of film emotionality in either the emotional or
neutral sessions. This is somewhat surprising given the large
literature indicating that the generation of emotion (especially
negative emotions like fear) requires the AC. However, a
recent report involving monkeys with ibotenic acid lesions of
the AC questioned the degree to which the AC is required for
emotional changes associated with Kluver-Bucy syndrome
(46). Our recent study (15) of a rare patient with bilateral AC
damage suggested a greater role for the AC in recall associated
with emotion than in the emotional reactions of the patient.
Together these studies suggest that AC activity may be more
important for the translation of an emotional reaction into
heightened recall than it is for the generation of an emotional
reaction per se. However, it may be that the simple rating
measure of emotional reaction used in this study was not
sufficiently sensitive to detect a relationship between AC
activity and emotional reaction.

In this experiment, —GMR of the right AC correlated
significantly with recall from the E, but not N, film sessions.
However, average AC rGMR did not differ significantly
between the sessions. The findings therefore indicate that the
essential difference in AC function between emotionally neu-
tral versus arousing learning situations is in the relationship
between its activity and subsequent long-term recall. AC
activity during encoding appears to be related to recall of
emotionally arousing experiences. We did not find a compa-
rable relationship between AC activity at encoding and recall
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of relatively nonemotional experiences. Our findings add to
those of a number of brain imaging studies in which correla-
tional analyses have revealed aspects of brain function not
found with standard subtraction analyses (20, 34-36, 47). In an
early example, Haier et al. (20) reported significant individual-
difference correlations between performance on a complex
visuospatial task and relative GMR in several brain regions.
And in recent PET investigation of eyeblink conditioning,
Logan and Grafton (35) report that activity in several brain
regions (e.g., the right cerebellar deep nuclei) correlated
significantly with degree of learning despite the fact that the
training and control conditions did not produce different
overall glucose levels in these regions.

Because this experiment tested a specific a priori hypothesis
regarding AC function, our analyses focused only on this brain
region. Of course, the AC must operate in conjunction with
many other brain regions. Indeed, there is extensive evidence
that the AC modulates memory through its influences on other
brain regions (11, 14, 41). The correlational analyses per-
formed in this experiment revealed brain regions other than
the AC whose activity during either the E or N sessions was
significantly correlated with retention (see Fig. 2). As one
example, the activity of a large area of the orbitofrontal cortex
was positively correlated with recall of the emotional film clips
(see Fig. 2), a particularly interesting finding in that the AC has
a substantial projection to this area (48, 49). The correlational
analyses suggest that the storage of memory for emotional and
nonemotional experiences involves activation of different
brain systems.

In conclusion, the results reported here support the view,
derived from both animal investigations and studies of humans
with AC damage, that the AC has a selective role in learning
and memory processes. AC activity during emotional experi-
ences is related to long-term, conscious recall of those expe-
riences, but AC activity during relatively nonemotional learn-
ing situations is not. The findings further support the view that
the AC modulates memory storage during periods of emo-
tional arousal (11).
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