The Journal of Neuroscience, April 5, 2006 « 26(14):3791-3797 « 3791

Behavioral/Systems/Cognitive

Different Roles for Amygdala Central Nucleus and
Substantia Innominata in the Surprise-Induced
Enhancement of Learning

Peter C. Holland and Michela Gallagher
Department of Psychological and Brain Sciences, Johns Hopkins University, Baltimore, Maryland 21218

Within most modern learning theories, the discrepancy between expected and obtained outcomes (“prediction error” or “surprise”) isa
critical determinant of the acquisition of learned associations. The results of studies from many laboratories show that the surprising
omission of an expected event may enhance attention to stimuli that remain present, such that subsequent learning about those stimuli
is enhanced. A series of reports from our laboratories demonstrated that these surprise-induced enhancements of stimulus associability
depend on circuitry that includes the amygdala central nucleus (CeA), the cholinergic neurons in the sublenticular substantia innomi-
nata/nucleus basalis magnocellularis (SI/nBM), as well as certain cortical projections of these latter neurons. In this study, we found very
different roles for CeA and SI/nBM in surprise-induced enhancements of stimulus associability. In four experiments that used transient
inactivation techniques, we found that surprise-induced enhancement of subsequent learning about a stimulus depended on intact CeA
function at the time of surprise but not when more rapid learning was subsequently expressed. In contrast, normal SI/nBM function was
critical to the expression of enhanced learning but was not necessary when surprise was induced. These data suggest that these two
components of the so-called “extended amygdala” serve distinct roles in the encoding and retrieval of information used in modulating
attention to stimuli in associative learning. Additional circuitry linking these brain regions may also be important in the maintenance of

that information.
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Introduction
According to most modern theories of associative learning, learn-
ing is enhanced when expectancies are violated (Schultz and
Dickinson, 2000). Although the most common instantiation of
this claim is that surprising reinforcers are more effective than
expected ones (Rescorla and Wagner, 1972), many theorists have
asserted that the induction of surprise (“prediction error”) in a
learning trial enhances attention to potential cues present on that
trial. For example, Pearce and Hall (1980) maintained that the
magnitude of the prediction error on a conditioning trial deter-
mines the learning rate parameter (termed “associability”) for the
conditioned stimuli present on that trial. Thus, as learning pro-
ceeds and the reinforcer becomes better predicted, the condi-
tioned stimuli associability will decline, and subsequent learning
about that conditioned stimulus (CS) will be slowed. Likewise,
increases in the prediction error produced by omitting an ex-
pected event or presenting an unexpected event enhance the as-
sociability of the CS and hence facilitate subsequent learning
about that event. These predictions are supported by the results
of many behavioral experiments (Holland, 1997).

In several behavioral training protocols, we (Holland and Gal-
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lagher, 1999) found that enhanced learning about conditioned
stimuli after omission of surprising events depends on circuitry
that includes the amygdala central nucleus (CeA), the cholinergic
substantia innominata/nucleus basalis magnocellularis (SI/
nBM), and the posterior parietal cortex (PPC). We proposed that
surprise-induced cortical processing of sensory events was en-
hanced by activity of the SI/nBM, which in turn was modulated
by the CeA.

In one of the protocols used in our previous research (Wilson
et al., 1992) (Table 1), rats were first extensively exposed to a
light—tone sequence. Later, rats in a “consistent” condition re-
ceived additional light—tone training, whereas the tone was
omitted on one-half of the trials for rats in a “surprise” condition.
Within the Pearce and Hall (1980) model, as the light becomes a
better predictor of the tone, its associability will decline, but the
surprising omission of the tone in the surprise condition will
increase its associability. We assessed these associability changes
by examining the acquisition of conditioned responses (CRs) to
the light when it was paired with food in a final test phase. Intact
rats exposed to the surprise treatment learned more rapidly than
those that received the consistent treatment. No such effect was
observed in rats with bilateral lesions of either the CeA (Holland
and Gallagher, 1993) or the SI/nBM (Chiba et al., 1995). This
deficit was also displayed by rats in which communication be-
tween those two structures was disrupted (Han et al., 1999) and
by rats with lesions that removed the cholinergic innervation of
the PPC from the SI/nBM (Bucci et al., 1998).

In the present study, we used this protocol to further explore
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Table 1. Outline of behavioral treatment procedures

Group Phase 1 Phase 2 Test

Consistent Light—tone—food Light—tone—food Light—food
Light—tone—>nothing Light—tone—nothing

Surprise Light—tone—food Light—tone—food Light—food
Light—tone—nothing Light—nothing

The surprising omission of the tone (bold "nothing”) on nonreinforced trials in phase 2 in the surprise group is
intended to enhance the associability of the lightin that group. The associability of the light is assessed by examining
the rate of learning of light—food associations in the test phase.

the roles of the CeA and the SI/nBM in these surprise-induced
enhancements of attention, by examining the effects of transient
inactivation of the CeA or SI/nBM only at the time of surprise or
at the time of testing. Thus, we considered whether these regions
were critical to the initial processing of the prediction error to
alter the associability of the light, the maintenance of that infor-
mation, or to the later expression of this enhanced associability as
more rapid learning.

Materials and Methods

This study was conducted as four experiments, each with five replica-
tions. Each experiment used identical behavioral training procedures but
differed in lesion/cannula placement and in the training phase in which
neural function was disrupted by infusion of an inactivating agent. In
experiments 1 and 2, we targeted CeA function, and in experiments 3 and
4, we targeted SI/nBM function. In experiments 1 and 3, we examined the
effects of inactivation at the time of surprise (phase 2), whereas in exper-
iments 2 and 4, we examined the effects of inactivation at the time of
testing.

Inactivation was produced by infusions of 1,2,3,4-tetrahydro-6-nitro-
2,3-dioxo-benzo[f]quinoxaline-7-sulfonamide (NBQX), a competitive
antagonist at ionotropic AMPA/kainate receptors that effectively blocks
the induction of EPSCs. This agent has been used extensively in the CeA
(Walker and Davis, 1997; McDannald et al., 2004; Groshek et al., 2005).
In the SI/nBM, it is notable that Ikonomovic et al. (2000) reported that
97% of neurons that labeled for the 192IgG-positive receptor [a popula-
tion of cholinergic neurons critical to performance in the behavioral task
used here (Chiba et al., 1995)] also labeled for the AMPA receptor sub-
unit GluR1.

In these experiments, we used a combination of unilateral lesion and
inactivation, rather than bilateral infusions of the inactivating agent, to
better constrain localization of function. Thus, the rats received a unilat-
eral lesion of the region of interest combined with a contralateral place-
ment of a cannula positioned immediately dorsal to that region. Al-
though the boundaries of the inactivating effects of NBQX cannot be
specified, the placement and boundaries of the unilateral lesion are
readily defined. Whereas bilateral lesions of either of these target struc-
tures produce pronounced impairments, previous studies (Han et al.,
1999) showed relatively small effects of unilateral lesions of either the
CEA or SI/nBM on performance in this task, even when those unilateral
lesions were very large. If the target structure is critical to performance,
then rats that receive infusions of NBQX contralateral to a lesion should
show significantly poorer performance than those that receive infusions
of vehicle. Thus, the observation of limited, specifiable damage on the
lesioned side constrains localization of function in this preparation even
in the absence of a precise demarcation for the inactivating effects of
NBQX.

Subjects. The subjects were 179 male Long—Evans rats (Charles River
Laboratories, Raleigh, NC), which weighed 300—325 g when they arrived
in the laboratory vivarium. After 1 week with ad libitum access to food
and water, the rats received surgery, followed by 10—14 d of recovery.
They were then reduced to 85% of their ad libitum weights by restricting
their access to food. Throughout the study, the rats lived in individual
cages in a colony room illuminated from 6 A.M. to 8 P.M.

Apparatus. The behavioral training apparatus consisted of eight indi-
vidual chambers (22.9 X 20.3 X 20.3 cm) with aluminum front and back
walls, clear acrylic sides and top, and a floor made of 0.48 cm stainless
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steel rods spaced 1.9 cm apart. A dimly illuminated food cup was recessed
in the center of the front wall. An infrared photocell placed just inside the
food cup was polled (1 kHz) by computer circuitry to record the time
each rat spent with its head in the food cup. Each chamber was enclosed
in a sound-resistant shell. A speaker, used to present auditory condi-
tioned stimuli, was mounted on the inside wall of the inner shell, 10 cm
above the experimental chamber and even with the front wall of the
chamber. A 6 W lamp was mounted behind a jeweled lens on the front
wall, 10 cm above the food cup; illumination of this lamp served as the
light CS. Ventilation fans provided masking noise (70 dB). Constant dim
illumination was provided by a 6 W lamp behind a dense red lens
mounted next to the speaker. A television camera was mounted within
each shell to provide a view of the chamber; the output from each camera
was digitized, merged into a single image of all four chambers, and re-
corded on videotape. Results of behavioral analysis from these videotapes
are not reported here, except in passing.

Surgical procedures. Surgery was performed under isoflurane anesthe-
sia with aseptic conditions. In experiments 1 (n = 51) and 2 (n = 43), all
rats received unilateral ibotenic acid lesions of the CeA and a contralat-
eral placement of a cannula dorsal to the CeA. For one-half of the rats, the
lesions were on the left side, and for the other half, they were on the right
side. CeA lesions were made using stereotaxic coordinates 2.4 mm pos-
terior to bregma and 4.3 mm from the midline, with infusions at a depth
of 7.9 mm from the skull surface. Each lesion was made using 0.25 ul of
10 ug/ul ibotenic acid (Sigma, St. Louis, MO) in PBS solution, infused
with a 2.0 ul Hamilton syringe over a 6 min period. A 31 gauge guide
cannula, fitted with a dummy injector (Plastics One, Roanoke Rapids,
VA), was chronically implanted in each rat using the same stereotaxic
coordinates as were used for the lesion, with the tip at a depth of 5.9 mm
from the skull surface. Lesion and cannula implantation procedures were
identical for experiments 3 (n = 48) and 4 (n = 43), except that lesions
and cannulas were directed to the SI/nBM. SI/nBM lesions were made
using stereotaxic coordinates 0.8 mm posterior to bregma and 2.3 and 3.3
mm from the midline, with infusions at depths of —7.8 and —8.1 mm,
respectively. For each of the two infusion sites, 0.2 ul of 0.26 ug/ul
192IgG-saporin (Chemicon, Temecula, CA) in PBS solution was infused
with a 2.0 ul Hamilton syringe over a 4 min period. A guide cannula was
implanted contralaterally at the coordinates 0.8 mm posterior to bregma
and 2.8 mm from the midline, with the tip at a depth of 5.9 mm from the
skull surface. After surgery, all rats received a single 0.02 ml subcutaneous
injection of buprenorphine hydrochloride (Sigma) for amelioration of
pain and were allowed to recover from surgery for 10—14 d before addi-
tional behavioral testing.

Histological procedures. After completion of behavioral testing, the rats
were deeply anesthetized with isofluorane and perfused with 0.1 m PBS,
followed by 4% cold paraformaldehyde. After removal of the cannulas,
the brains were removed and stored in 0.1 M PBS with 20% (w/v) sucrose
at 4°C for 24—48 h and frozen for later analysis. Four series of 40 um
sections were taken from each brain, and every fourth section was
mounted on slides and Nissl stained to verify the cannula placements and
CeA lesions. In experiments 3 and 4, the remaining series were mounted
on slides and processed for choline acetyl transferase (ChAT), acetyl-
choinesterase (AChE), and parvalbumin, using procedures reported pre-
viously (Chiba et al., 1995) to more thoroughly characterize the effects of
the cholinergic lesions of the SI/nBM. Estimates of CeA lesion sizes were
made by outlining lesions on Nissl-stained coronal sections at three an-
teroposterior levels onto atlas plates. SI lesions were evaluated by quali-
tative comparisons of lesion and cannula sides on ChAT- and
parvalbumin-stained sections and by lesion versus cannula side compar-
isons of the optical densities of AChE-stained coronal sections of the
cortex at three anteroposterior planes.

Infusion procedures. During the last 2 d of the surgical recovery period,
the dummy cannula injectors were removed and replaced to acclimate
the rats to manipulation of the cannula headset. In all four experiments,
all rats received an infusion of PBS vehicle before each of phase 1 sessions
6-10. The purpose of these infusions was to familiarize all rats with the
infusion procedure, well before surprise was induced in phase 2. In ex-
periments 1 and 3, before each of the sessions of phase 2, one-half of the
rats in each behavioral training group (surprise or consistent) were in-
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fused with NBQX, and one-half were infused with PBS vehicle. In the test
phase, all of these rats received PBS infusions before each session. In
experiments 2 and 4, all of the rats received PBS infusions before each
phase 2 session, but before each of the test sessions, one-half of the rats in
each training group received NBQX infusions and one-half received PBS
infusions.

Twenty minutes before each designated training session, the dummy
cannula was removed from each rat, and an injector cannula was inserted
and secured into the guide cannula so that its tip projected 2 mm beyond
the guide cannula. The injector cannulas were connected by PE50 tubing
to 10 ul Hamilton syringes placed in a multigang precision syringe
pump. The syringe pump delivered 0.2 ul of 20 mg/ml NBQX (Sigma) or
the PBS vehicle alone over a 1 min interval. The injector was left in place
for an additional 1 min. After removal of the injector cannula and re-
placement of the dummy cannula, each rat was placed in a small (22 X
11 X 11 cm) confinement cage for the time remaining before the behav-
ioral training session.

Behavioral training procedures. Table 1 provides an outline of the pro-
cedures that were used in all four experiments. The rats first received two
64 min sessions to train the rats to approach and eat from the food cup on
food delivery. Each of these sessions included 16 deliveries of two food
pellets (45 mg grain pellets; Research Diets, New Brunswick, NJ), the
reinforcer used throughout these studies. In the next 10 phase 1 training
sessions, each rat received 16 presentations of a serial compound stimu-
lus, which comprised a 10 s illumination of the panel light, followed
immediately by a 10's, 78 dB, 1500 Hz tone. One-half of these trials were
reinforced with food, and the other half was not. The two types of trials
were intermixed randomly, with intertrial intervals that ranged from 2 to
6 min. In phase 2, one-half of the rats in each experiment were assigned to
the consistent group. These rats received two additional sessions identi-
cal to those of phase 1. The remaining rats were assigned to the surprise
group; these rats received sessions similar to those of the consistent
group, except that the nonreinforced light—tone trials were replaced by
light-alone trials. Thus, the rats in the surprise group would be surprised
by the omission of the tone on light-alone trials. The effects of this sur-
prise on the rate of learning about the light was assessed in a final test
phase, in which all rats received eight light—food pairings in each of
three 64 min sessions.

Notably, this training protocol has been used extensively (Wilson et
al,, 1992; Holland and Gallagher, 1993; Chiba et al., 1995; Bucci et al.,
1998) to isolate surprise-induced enhancements of attention apart from
other learning processes such as, for example, those specified by the
Rescorla and Wagner (1972) model. First, only the predictability of the
light—tone relationship was altered in the surprise condition; the prob-
ability of food delivery on trials with the target light cue remained at 50%
throughout the training phases in both treatment conditions. Thus, rats
in both the consistent and surprise conditions had equal opportunities
for context conditioning by the food reinforcer or frustration because of
its omission. Second, the training conditions were designed to minimize
direct light—food conditioning during phases 1 and 2. The light was
placed in an unfavorable temporal relationship with food, relative to the
tone—food relationship, and the light was also chosen to be less salient
than the tone. Third, these same training conditions have been shown to
enhance both excitatory light—food learning and inhibitory light—no
food learning in test (Holland et al., 2001). Thus, with these training
conditions, the test procedure reveals attention to the light (as indexed by
learning rate) rather than the establishment of previous light—food asso-
ciations. Holland et al. (2002) and Holland and Gallagher (1993) discuss
these issues in more detail.

Behavioral measures. The primary measure of learning was the per-
centage of time the rat spent in the recessed food cup during the condi-
tioned stimuli, as measured by the infrared photocell sampling system.
Because food cup entry is more frequent during the second half of 10 s
conditioned stimuli (Holland, 1977; Gallagher et al., 1990) and this in-
terval is less contaminated by conditioned orienting behaviors (not re-
ported here), we reported food cup responding in the last 5 s of CS
periods.
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Figure 1. Photomicrogaphs of representative brain sections in experiments 1and 2 (4-D)
and experiments 3 and 4 (E-H). A, B, Low-power images of the CeA on the cannula (4) and
lesion (B) sides of the same section. Damage from the cannula is visible at the top of A, but
neurons in the CeA are intact. A lesion of the CeA, with substantial gliosis in the medial region
and cell loss along the border with the BLA, is shown in B. €, D, Higher-power images of those
same sections, along the CeA—BLA border. E, F, High-power images of ChAT-positive neuronsin
comparable portions of the SI/nBMin the cannula (E) and lesioned (F) sides of the same section.
The density of large cholinergic neurons is greater on the cannula side. G, H, Cannula and lesion
sides of the parvalbumin-stained section adjacent to the ChAT-stained section shownin Eand F;
the density of parvalbumin-positive GABAergic neurons is comparable in the two sides.

Results

Histological results

Of the 94 rats in experiments 1 and 2, 5 died before completion of
the study, and 18 were discarded because they lost their headsets,
developed obstructed cannulas, had unacceptably small CeA le-
sions, or excessive damage to the CeA in the hemisphere with the
cannula. Lesions were rejected if there was <40% damage to the
medial portion of the CeA (which projects to the SI/nBM) or if
there was more than minimal damage to regions adjoining the
CeA. Figure 1 A-D shows a Nissl-stained section of a brain with a
cannula placement and intact CeA on the right side and a CeA
lesion on the left side. The acceptable lesions averaged 61.0 =
3.3% damage to the medial CeA and 41.0 = 2.8% damage to the
CeA overall in experiment 1 and 62.0 * 3.7% and 44.3 * 3.5%
damage, respectively, in experiment 2. Neither damage from le-
sions nor damage from cannulas extended to the SI/nBM in any
brain. Approximately equal numbers of rats with acceptable le-
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sions were found in each of the four com-
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Table 2. Food cup responding in phases 1and 2

binations of the behavioral training group Phase 1 Phase 2
(consistent or surprise) and infusion Group 0 Light Tone Light Tone
(NBQX or vehicle) during the critical
phase (Table 2). Furthermore, within each Experiment 1
. . Cons-VEH 7 127 £ 45 544 +12.7 76 £35 46.7 =129

of these conditions, approximately equal ¢ Cyaoy 8 Mn2+27 539 = 113 104+ 23 513 =107
numbers of rats had cannulas on eachside.  gyyrice vy 8 158 + 54 458+ 97 18+ 43 525+ 67

Of the 85 rats in experiments 3 and 4, 2 Surprise-NBQX 7 139 +38 513 + 124 88+ 26 52191
died before completion of the study, and  Experiment2
17 were excluded because they lost their Cons-VEH 8 7325 514 =55 142 £ 4.2 576 =59
headsets, developed obstructed cannulas, Eors;iNB?IXE y Z 123 :—: ‘3‘; 2;2 f ?'285 gi :L—r ;(6) Zéz f §§
had unacceptably small SI/nBM lesions, or Sﬂrgri:-NBQX 6 141 %29 557 =118 184 + 48 599 = 119
had more than minimal damage to the SI/ Experiment 3
nBM in the hemisphere with the cannula.  ¢ons-ven 8 51+17 625 = 103 59+ 14 711+ 99
All rats showed substantial damage to the Cons-NBQX 6 113 +3.1 60.2 = 11.8 4614 533114
lateral globus pa]lidus on the cannula side Surprise-VEH 8 15.7 =30 60.6 = 7.1 14.0 = 4.1 751 +83
but no such damage contralaterally. The Su_rprise-NBQX 6 174 £6.7 654+ 75 129 £50 57296
acceptable lesions were characterized by Eng;::e\;'Et: 8 18459 613 = 100 28 +57 604 = 105
substantial loss of ChAT-positive magno- ¢, ygo 8 194 + 42 637 + 63 173+ 49 670 + 62
cellular neurons in the SI/nBM region  gyprise-VEH 10 198 + 5.1 73.0 = 19.8 208 +58 720 + 47
(Fig. 1E,F) and by lighter AChE staining Surprise-NBOX 8 27+73 599 + 6.2 19.2 %50 629+ 6.4

throughout the neocortex, relative to the
unlesioned (cannula) side. Importantly,
the lesions in experiments 3 and 4 were
comparable. The cortical optical densities were 24.4 * 2.5%
lower on the lesioned side than on the cannula side in experiment
3 and 24.8 = 1.6% lower in experiment 4. Within each experi-
ment, approximately equal numbers of rats with acceptable le-
sions were found in each of the four combinations of the behav-
ioral training group (consistent or surprise) and infusion (NBQX
or vehicle) during the critical phase (Table 2). Furthermore,
within each of these conditions, approximately equal numbers of
rats had cannulas on each side.

The lesions did not extend into the medial septal area or the
vertical limb of the diagonal band, and in many of the brains,
there was a relatively small loss of neurons in the horizontal limb
of the diagonal band. Furthermore, parvalbumin immunostain-
ing revealed no hemispheric differences (i.e., lesion or cannula)
in the distribution of GABAergic neurons within the SI/nBM
region (Fig. 1G,H). Damage from either lesions or cannulas did
not extend into the CeA in any brain in experiments 3 and 4.

control.

Behavioral results

Eleven rats in experiments 1 and 2 and four rats in experiments 3
and 4 failed to acquire conditioned responding to the serial com-
pound cues by the end of phase 1, spending <10% of their time in
the food cup during the tone. These rats were discarded. Because
within each pair of experiments all of the rats had been treated
identically up to that point in the study, this loss of subjects was
not attributable to differences in the treatment or infusion
condition.

In phase 1, the remaining rats in all four experiments rapidly
acquired moderate levels of conditioned responding to the tone,
which immediately preceded food delivery, and low levels of re-
sponding to the visual CS, which was more remote from the food.
Table 2 shows the levels of responding attained by the last two
sessions of phase 1 in each of the four treatment conditions in
each experiment. For each experiment, group (consistent or sur-
prise) by subsequent infusion (NBQX or vehicle to be infused in
later phases) by session (1-10) ANOVAs for each stimulus period
(light, tone, and pre-CS periods) showed no significant effects of
either group or subsequent infusion ( p > 0.153) nor interactions
of those variables with the other variables ( p > 0.164). Group-

Data are the mean == SEM percentages of time with head in food cup on light—tone—food trials. n, Number of subjects; Cons, consistent; VEH, vehicle

by-infusion ANOVAs for the final two sessions combined yielded
comparable results. Thus, in each experiment, the rats entered
phase 2 with similar response levels in all treatment conditions.

In phase 2, the tone was omitted on nonreinforced trials in the
surprise groups in all experiments. Tone omission had no effect
on performance during light—tone—food trials (common to all
groups) in any experiment (Table 2); separate treatment-by-
infusion ANOVAs for the tone, light, and pre-CS periods in each
experiment showed no significant effects of treatment (F < 1;p >
0.395). In experiments 1 and 3, the rats in the surprise-NBQX and
consistent-NBQX groups received intracranial infusions of
NBQX before each phase 2 session. In experiment 1, performance
of previously established CRs during these periods was unaf-
fected by infusion of NBQX into the CeA (F < 1; p > 0.570).
However, in experiment 3, although infusion of NBQX into the
SI/nBM had no significant effect on responding in the light or
pre-CS periods (F < 1; p > 0.580), it suppressed responding to
the tone (Table 2) in both the consistent and surprise treatment
conditions (F, 54y = 4.67; p = 0.041). This suppression of re-
sponding was transient. On the first phase 2 session, responding
in the NBQX-infused consistent and surprise groups was reduced
to 47.6 = 12.1% and 45.1 * 9.9%, respectively, compared with
76.1 = 7.8% and 71.1 = 9.9% in the comparable vehicle-infused
groups (F(, ,4) = 7.61; p = 0.011), but on the second phase 2
session, responding to the tone did not differ significantly among
the groups (range: 61.4 = 14.8 to 74.1 £ 9.1%; F(, 5,y = 2.12;p =
0.158).

Figure 2 shows the primary data from each experiment, the
results of the final test phase in which the associability of the light
CS was assessed by measuring the acquisition of CRs to that cue
when it was paired with food. If omission of the tone in phase 2 in
the surprise groups enhanced the associability of the light, then
rats in those groups should acquire more conditioned respond-
ing over the course of testing than rats in the consistent groups. In
all four experiments, vehicle control rats in the surprise group
indeed showed more light—food learning than those in the con-
sistent group. However, both inactivation of the CeA during the
phase 2 surprise sessions (experiment 1) (Fig. 2A) and inactiva-
tion of the SI/nBM during the test sessions (experiment 4) (Fig.
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sponding during the light CS showed no
significant main effects (F; ,5) < 1.34;p >
0.259) or group-by-infusion interaction
(F < 1; p = 0.935) for that measure.

In experiment 2 (Fig. 2B), CeA inacti-
vation in the test phase did not affect the
surprise advantage. The group-by-
infusion interaction was not significant

Surprise  Consistent 12 3

70 - Test infusions into CeA D 70 | Testinfusions into Si/nBM

60 [ 60
50 50
40

30 30
20 20
10 10
0 0

vs}

% time in food cup
s
o

4 5 6

(F125 < 0.01; p = 0.972). At the same
time, the effect of group was significant
(F(1,25) = 9.10; p = 0.006), indicating that
surprise while CeA function was intact en-
hanced subsequent learning about the
light in the test sessions, regardless of the
status of the CeA at the time of that test.
NBQX- and vehicle-infused rats in both
the surprise and consistent groups per-
formed similarly (F < 1; p = 0.919 and

Surprise  Consistent

I

Surprise  Consistent 1 2 3 4 5

Group Half-session blocks

O-O Surprise-NBQX
7 Cons-NBQX

Half-session blocks

@@ Surprise-Veh

W¥-V¥ Cons-Veh m NBQX

Figure2.

by infusions of NBQX into the SI/nBM during the test phase but not the surprise phase.

2 D) eliminated that more rapid learning by rats in the surprise
groups. In contrast, neither inactivation of the CeA during the
test sessions (experiment 2) (Fig. 2B) nor inactivation of the
SI/nBM during phase 2 surprise sessions (experiment 3) (Fig. 2C)
affected this normal surprise-induced enhancement of learning
rate. Thus, CeA function was critical only at the time of surprise,
presumably for adjusting the associability of the light cue,
whereas SI/nBM function was critical only when that enhanced
associability was expressed in more rapid learning.

For each experiment, responding during the light CS was sub-
jected to a group (consistent or surprise) by infusion (NBQX or
vehicle) by half-session blocks of trials (1-6) ANOVA. Effects of
inactivation specific to surprise-induced enhancement of learn-
ing would be revealed by less learning by NBQX-infused rats in the
surprise group but no differences attributable to infusion in the con-
sistent group. This pattern of data would be indicated by a significant
group-by-infusion interaction and subsequent planned contrasts of
responding of NBQX versus vehicle rats in each of the two treatment
groups.

In experiment 1 (Fig. 2A), CeA inactivation at the time of
surprise (phase 2) eliminated the normal surprise-induced en-
hancement of subsequent learning in the test phase. The group-
by-infusion interaction was significant (F, ,¢, = 4.93; p = 0.035),
as were the effects of infusion (F, 55y = 6.92; p = 0.014) and
blocks (Fs 130 = 14.20; p < 0.001). Individual contrasts showed
that responding of rats in the surprise-NBQX group was signifi-
cantly lower than that in the surprise-vehicle group (F(, 55, =
11.77; p = 0.002), but responding of rats in the consistent-NBQX
and consistent-vehicle groups did not differ (F < 1; p = 0.775).
Responding in the pre-CS (baseline) intervals ranged from 8.8 *
1.9 to 16.9 = 5.8%; ANOVAs such as those performed for re-

= \/chicle

Behavioral data from the test phase of experiments 1 4. The left side of each panel shows the acquisition of food cup
(Rs over the course of the test phase, and the right side of each panel shows the mean (==SEM) responding over the entire test
phase. The target of the lesions and cannulas was the CeA in experiments Tand 2 (4, B) and the SI/nBM in experiments 3 and 4 (C,
D). The rats in the NBQX subgroups received infusions of NBQX during either the phase 2 surprise treatment (experiments 1and 3;
A, €) or the test phase (experiments 2 and 4; B, D); the rats in the vehicle-only (Veh) subgroups received infusions of vehicle alone
inthose phases. Surprise-induced enhancements in cue associability are reflected in greater responding in the surprise group than
in the consistent (Cons) group. Vehicle-only rats showed significant surprise-induced enhancement of learning in all four experi-
ments. This enhancement was eliminated by infusions of NBQX into the CeA during the surprise phase but not the test phase and

0.762, respectively). The effect of blocks
was also significant (Fs 1,5, = 21.86; p <
0.001). Responding in the pre-CS intervals
ranged from 8.7 * 2.3 to 16.8 *= 4.6%;
ANOVAs such as those performed for re-
sponding during the light CS showed no
significant main effects (F < 1; p > 0.504)
or group-by-infusion interaction (F(, ,5) =
2.62; p = 0.118) for pre-CS responding.

It is notable that the lesions and can-
nula placements of experiment 2 were in-
distinguishable from those of experiment
1, in which inactivation during phase 2
eliminated the surprise effect. An analysis
of the acquisition of conditioned orienting responses (ORs; rear-
ing) to the visual CS in the test phase of experiment 2 also con-
firmed the behavioral efficacy of the lesion/inactivation proce-
dure in this experiment, despite its not affecting the surprise
effect. Gallagher et al. (1990) showed that bilateral CeA lesions
disrupted the acquisition of conditioned ORs to the onset of
visual conditioned stimuli but not the acquisition of learned be-
haviors directed toward the food cup. Unilateral CeA lesions had
no such effect (Han et al., 1997, 1999). An analysis of video re-
cordings of the test sessions of experiment 2 showed substantially
less acquisition of rearing in rats that received NBQX infusions in
the test than in rats that received vehicle infusions [12.2 = 2.9%
vs 27.2 * 3.3% over the test phase (F(, ,5, = 13.38; p = 0.001)].

In experiment 3 (Fig. 2C), SI/nBM inactivation at the time of
surprise (phase 2) did not affect the expression of enhanced
learning during the subsequent test phase. The group-by-
infusion interaction was not significant (F, ,,) < 1; p = 0.763).
At the same time, the effect of group was significant (F, 54 =
7.14; p = 0.013), indicating that SI/nBM function at the time of
surprise was irrelevant to the subsequent display of surprise-
induced enhancement of learning. Individual contrasts showed
that NBQX- and vehicle-infused rats in both the surprise and
consistent groups performed similarly (F < 1; p = 0.503 and
0.806, respectively). The effect of blocks was also significant
(F(s,125) = 15.20; p < 0.001). Responding in the pre-CS intervals
ranged from 11.1 * 2.5 to 16.2 = 5.8%; ANOVAs such as those
performed for responding during the light CS showed no signif-
icant main effects (F < 1; p > 0.533) or group-by-infusion inter-
action (F(, ,4) < 1; p = 0.521) for that measure.

It is notable that the lesions and cannula placements of exper-
iment 3 were indistinguishable from those of experiment 4, in which

Surprise  Consistent
Group
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the infusion of NBQX into the SI in the test phase had significant
effects on behavior. Thus, because these lesions and inactivations
were behaviorally effective in experiment 4, the lack of effects in
experiment 3 cannot be attributed to the comparatively smaller cho-
linergic damage produced here than in previous studies in which
bilateral lesions were made before all training (Chiba et al., 1995).

Finally, in experiment 4 (Fig. 2 D), SI/nBM inactivation in the
test phase eliminated the normal effect of phase 2 surprise. The
group-by-infusion interaction was significant (F, o) = 5.22;p =
0.030), as was the effect of blocks (F s 50, = 19.01; p < 0.001).
Individual contrasts showed that responding of rats in the
surprise-NBQX group was significantly less than that in the
surprise-vehicle group (F, 30y = 5.54; p = 0.025), but responding
of rats in the consistent-NBQX and consistent-vehicle groups did
not differ (F < 1; p = 0.366). Responding in the pre-CS intervals
ranged from 17.8 * 5.8 to 20.4 = 6.4%; ANOVAs such as those
performed for responding during the light CS showed no signif-
icant main effects (F < 1; p > 0.712) or group-by-infusion inter-
action (F(; 55y < 1; p = 0.911) on pre-CS responding.

Although the 1921gG-saporin lesions were specific to a popu-
lation of magnocellular cholinergic neurons, the contralateral in-
fusion of NBQX is likely to have disrupted the function of a wider
range of neuron types. Thus, the effects of NBQX infusion ob-
served in experiment 4 might be attributable to unilateral inacti-
vation of this broader range of neurons rather than to bilateral
disruption of cholinergic function alone. However, in this regard,
it is worth noting that Chiba et al. (1994, 1995) found that lesions
of the SI/nBM made with AMPA, which produced much less
damage to cholinergic neurons but greater damage to other neu-
ron types than those made with 192IgG-saporin, had smaller
effects on performance in the task used here than the latter le-
sions. Furthermore, in the present study, unilateral NBQX infu-
sion had no effect on performance in rats that were discarded
because of a lack of a contralateral SI/nBM lesion. Finally, in a
previous study using this procedure, even very substantial unilat-
eral lesions of the SI/nBM had no observable effects (Han et al.,
1999). Thus, we think it reasonable to attribute the effects of
contralateral SI/nBM 192IgG-saporin lesion/NBQX inactivation
to bilateral disruption of cholinergic function.

Discussion

The results of these experiments indicate that the CeA and SI/
nBM play distinct roles in surprise-induced enhancement of
learning in this task. CeA function must be intact when surprise is
induced, but is unimportant at the time of testing for enhanced
new learning. Thus, the CeA is critical to the augmentation of CS
associability by surprise, or to the processing of that surprise
(prediction error) itself. However, once the associability of the CS
is adjusted, the expression of more rapid learning to that cue does
not depend on CeA function. In contrast, the SI/nBM is not
importantly involved in either the processing of the prediction
error when it occurs or the consequent changes in CS associabil-
ity. Nevertheless, SI/nBM function is critical to the expression of
more rapid learning once CS associability has been altered (e.g.,
by modulating activity in the PPC or other cortical regions)
(Chiba et al., 1995; Bucci et al., 1998).

Notably, our observations that CeA function is not needed at
the time of expression of this function and SI/nBM function is
not required at the time of surprise or induction of increases in
CS associability constrains identification of likely candidates for
the maintenance of information about increased CS associability.
If this information were maintained solely in the CeA, then bilat-
eral disruption of CeA function in testing should prevent the
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expression of previously enhanced CS associability in new learn-
ing about the light. No such effect was observed in experiment 2.
Likewise, if the CeA acted at the time of surprise to store associa-
bility information in the SI/nBM, then functional inactivation of
the SI/nBM at that time would prevent such storage. No such
effect was observed in experiment 3.

One possible resolution of this discrepancy is that alteration of
the SI/nBM by the CeA occurs over an extended time period after
the surprise sessions themselves, after the inactivating effects of
NBQX have dissipated. Many authors have asserted that the con-
solidation of memories can involve substantial periods of pro-
cessing after the learning experience (McGaugh et al., 2000; Hoff-
man and McNaughton, 2002). For example, Marr (1971) suggested
that memory storage in cortical regions can be enhanced by
rehearsal-like neural processing in the hippocampus that occurs in
periods of slow-wave sleep long after training sessions. By analogy,
phase 2 transient inactivation of the SI/nBM may have been ineffec-
tive in disrupting subsequent enhancements in the learning rate be-
cause the CeA continued to “train” the SI/nBM for an extended
period of time, after the effects of NBQX dissipated. By this view, a
longer-lasting inactivation of the SI/nBM at the time of surprise
might produce deficits in subsequent learning.

We consider another account for our data more likely. The
CeA may alter an additional brain region at the time of surprise,
and that region in turn influences the SI/nBM at the time of
expression. In this regard, it is useful to note analogous results
from previous studies that showed time-limited roles for the CeA
and other brain regions in another attentional function of the
CeA, the acquisition of conditioned ORs to conditioned stimuli
paired with food delivery. The acquisition and expression of
those learned ORs, but not the production of unconditioned ORs
or for the acquisition of food-related CRs, depends on the integ-
rity of a circuit that includes the CeA and the dorsolateral stria-
tum (DLS) (Han et al., 1997). As with surprise-induced enhance-
ment of CS associability, CeA function was critical to the
acquisition of conditioned ORs but not to the expression of pre-
viously acquired ORs (McDannald et al., 2004; Groshek et al.,
2005), whereas the opposite was true of the DLS (Han et al.,
1997). Thus, in both that case and the results presented in this
study, the CeA is critical for the acquisition of an attentional
function, conditioned ORs, or enhanced associability but not for
its ultimate expression. Similarly, in both cases, structures effer-
ent to the CeA, DLS and SI/nBM, respectively, were critical to the
expression of these CeA-dependent functions but were not
needed at the time of their acquisition.

In the case of conditioned ORs, CeA communication with the
DLS occurs via CeA innervation of the substantia nigra pars com-
pact (SNc), and thus the SNc¢ was an obvious candidate interme-
diate structure for storage of information critical to conditioned
ORs. Indeed, we found that disconnection of the CeA and SNc¢
prevented the acquisition of conditioned ORs (Lee et al., 2005a),
and lesion/inactivation studies such as those performed here
showed that intact SNc function is required at both the time of
acquisition and the time of expression (H. El-Amamy and P. C.
Holland, unpublished observation). This pattern of data is con-
sistent with the claim that, for learned orienting, the SNc is influ-
enced by the CeA at the time of acquisition and influences the
DLS at the time of expression.

Interestingly, recent data suggest that surprise-induced en-
hancements of learning in the task used here also depend on
communication between the CeA and SNc. Lee et al. (2005b)
found that rats with contralateral disconnection lesions of the
CeA and SNc failed to show this enhanced learning, whereas
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normal performance was observed in rats with ipsilateral lesions
of these two structures. Notably, SNc dopamine neurons project
to SI/nBM (Hasue and Shammah-Lagnado, 2002). Thus, CeA
might influence SNc at the time of surprise, and SNc input may,
in turn, influence SI/nBM activity at the time of expression of the
augmented CS associability. By this view, the direct CeA—>SI
projections we proposed previously (Holland and Gallagher,
1999) as mediating this effect may not provide a sufficient basis.
Instead, the communication between the CeA and SI/nBM re-
quired for surprise-induced enhancements of associability (Han
etal., 1999) may include essential indirect components, involving
CeA—-SNc and SNc—SI/nBM projections. This proposed involve-
ment of mid-brain dopamine systems in a circuit critical for the
surprise-induced enhancement of CS associability is consistent
with the widely appreciated role of dopamine neurons in the
generation of prediction error signals (Schultz and Dickinson,
2000). Indeed, consistent with the Pearce and Hall (1980) model,
Fiorillo et al. (2003) observed that the sustained activity of dopamine
neurons during reward signals was greatest under conditions of
maximum uncertainty about the delivery of reward (i.e., when cues
were reinforced on 50% of their trials, as in the present studies).
Mapping of brain systems engaged in particular behavioral
tasks requires specification of the component processes that un-
derlie performance in those tasks. The Pearce and Hall (1980)
model, for example, assumes both a mechanism for generating
prediction error signals and a mechanism by which those signals
can modify learning rate parameters (associability) of cues. Pre-
viously, we (Chiba et al., 1995; Holland and Gallagher, 1999)
suggested that certain instances of surprise-enhanced learning
reflected increased cortical processing of cues. Our previous evi-
dence suggested that this increased cortical processing occurs as a
result of cholinergic modulation via the SI/nBM under the con-
trol of the CeA and SI/nBM. The data of Lee et al. (2005a) suggest
that this system for controlling the associability of cues may gain
access to prediction error information through its connections
with the SN¢, which innervates both the CeA (Swanson, 1982)
and SI/nBm (Hasue and Shammah-Lagnado, 2002). The present
also data show that the roles of the components of this system are
time limited (i.e., the role of the CeA is limited to the time of
surprise, whereas the SI/NBM must be active at the time en-
hanced associability is expressed in more rapid learning).
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