Research

Dynamic Changes in Acetylcholine Output in the
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The present studies explored the role of the medial striatum in learning when task contingencies change. Experiment
I examined whether the medial striatum is involved in place reversal learning. Testing occurred in a modified
cross-maze across two consecutive sessions. Injections of the local anesthetic, bupivacaine, into the medial striatum,
did not impair place acquisition, but impaired place reversal learning. The reversal-learning deficit was due to an
inability to maintain the new choice pattern following the initial shift. Experiment 2 determined whether changes in
acetylcholine (ACh) output occur during the acquisition or reversal learning of a place discrimination. Extracellular
ACh output from the medial striatum was assessed in samples collected at 6-min intervals using in vivo microdialysis
during behavioral testing. ACh output did not change from basal levels during place acquisition. During reversal
learning, ACh output significantly increased as rats began to learn the new choice pattern, and returned to near
basal levels as a rat reliably executed the new place strategy. The present results suggest that the medial striatum
may be critical for flexible adaptations involving spatial information, and that ACh actions in this area enable the

shifting of choice patterns when environmental conditions change.

There is accumulating evidence that different striatal regions
may play distinct roles in learning and memory (Dunnett and
Iversen 1982; Brown and Robbins 1989; Pisa and Cyr 1990; Levy
et al. 1997; Devan et al. 1999; Eagle et al. 1999). In particular, the
medial striatum may be critical for strategy selection when con-
ditions demand a shift in response patterns (Livesey and Muter
1976; Kolb 1977; Thompson et al. 1980; Whishaw et al. 1987;
Pisa and Cyr 1990; Ragozzino et al. 2002a,b). Several studies have
found that lesions, temporary inactivation, or targeted pharma-
cological treatments of the medial striatum do not impair acqui-
sition of a visual cue or egocentric response discrimination, but
impair reversal learning or extra-dimensional shifts requiring vi-
sual cue and egocentric response discriminations (Kirkby 1969;
Pisa and Cyr 1990; Ragozzino et al. 2002a,b). This set of results
suggests that the medial striatum is critical when conditions de-
mand the flexible use of visual cue and/or egocentric response
information.

The medial striatum may also be important for the flexible
use of spatial information. Lesions or blockade of NMDA recep-
tors in the medial striatum impair spatial working memory (Dun-
nett et al. 1999; Smith-Roe et al. 1999). Furthermore, medial stria-
tal lesions decrease the use of a spatial strategy in the Morris
water maze (Whishaw et al. 1987; Devan et al. 1999) and large
lesions of the striatum, encompassing the medial striatum, im-
pair place reversal learning (Kolb 1977). Moreover, recordings
from dorsomedial striatal neurons in the rat show selective firing
when the environmental demands are switched in a spatial
memory test, requiring a rat to flexibly use different behavioral
strategies (Mizumori et al. 2000). Therefore, the medial striatum
may enable behavioral flexibility when conditions require the
learning or use of spatial information.

Although there is evidence that the medial striatum contrib-
utes to behavioral flexibility, unclear are the neurochemical pro-
cesses in this brain region that support behavioral flexibility. One
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neurotransmitter that may play a key role in facilitating behav-
ioral flexibility is ACh. ACh content in the striatum originates
almost entirely from interneurons (Woolf and Butcher 1981;
Bolam et al. 1984). Cholinergic interneurons have been shown to
fire tonically at a rate that varies from 4 to 9 Hz (Wilson et al.
1990; Kawaguchi 1993; Aosaki et al. 1994, 1995). Whereas these
neurons exhibit correlated firing during learning of a sensorimo-
tor conditioning task (Aosaki et al. 1994), tonically active
neurons also become active during the preparatory phase of a
Go/No-Go task that demands the flexible shifting between dif-
ferent responses, and when there is a change in task contingen-
cies as well as context (Apicella et al. 1991; Ravel et al. 2001).
Despite this electrophysiological evidence, there has not been a
direct examination of ACh output in the medial striatum during
a test of behavioral flexibility.

To further characterize the role of the medial striatum in
behavioral flexibility, the first experiment determined whether
medial striatal inactivation affects place acquisition or reversal
learning. Experiment 2 measured ACh efflux during the acquisi-
tion and reversal learning of a place discrimination.

RESULTS

Experiment 1. The Effect of Bupivacaine Infusions Into
the Medial Striatum on Acquisition and Reversal
Learning of a Place Discrimination

Histology

The cannula tip placements in Experiment 1 were concentrated
in the anterior portion of the dorsal striatum (see Fig. 1). Histo-
logical examination indicated that the cannula tips were found
in the medial region of the dorsal striatum. The dye injections
revealed that the fluid spread ventrolaterally from the injection
site. In no cases, did the dye extend into the nucleus accumbens
region. Two rats were excluded from the behavioral analyses be-
cause of cannula misplacements. One rat had a cannula place-
ment in the corpus callosum and another rat had a cannula
placement in the lateral ventricles.
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Figure 1 Placement of the cannula tips in the striatum for rats included
in the behavioral analyses in Experiment 1. Cannula tips were concen-
trated in the dorsomedial striatum ranging from 0.2 to 1.7 anterior to
bregma. Rat brain sections were modified from the atlas of Paxinos and
Watson (1996).

Behavioral Testing

The results on acquisition and reversal learning of the place dis-
crimination are shown in Figure 2A. Bupivacaine injections into
the medial striatum did not impair initial learning compared
with that of saline controls. The difference in reaching criterion
on the acquisition phase among the groups was not significant,
[F(2,15) = 0.40; P > 0.05]. In contrast, the difference in obtaining
trials to criterion during reversal learning among the groups was
significant, [F(2,15) =13.33; P < 0.01]. Newman-Keuls tests re-
vealed that the saline-bupivacaine group required significantly

more trials to achieve criterion on reversal learning than the
saline-saline or bupivacaine-saline groups (P’s < 0.05). The dif-
ference in trials to criterion between the saline-saline and bupi-
vacaine-saline groups was not significant (P > 0.05).

Figure 2B illustrates the pattern of perseverative and regres-
sive errors for the different treatment groups during reversal
learning. The difference in perseverative errors among the groups
was not significant, [F(2,15) = 0.16; P > 0.05]. However, there was
a significant difference in regressive errors among the groups,
[F(2,15) = 9.34; P < 0.01]. Newman-Keuls tests indicated that the
saline-bupivacaine group made significantly more regressive er-
rors than either the saline-saline or bupivacaine-saline group
(P's < 0.05). The difference in regressive errors between the saline—
saline and bupivacaine-saline groups was not significant
(P>0.05).

Experiment 2. ACh Output from the Medial Striatum
during Acquisition and Reversal Learning of a
Place Discrimination

Histology

All 10 rats included in the statistical analyses had microdialysis
probe placements in the dorsal striatum. As with the cannula tip
placements in Experiment 1, the microdialysis probe placements
were concentrated in the anterior and medial portions of the
dorsal striatum (see Fig. 3).

ACh Output and Behavioral Testing

ACh output during baseline sampling was similar during the
place acquisition and reversal learning sessions. The basal ACh
output (mean + SEM) from the five samples collected prior to
behavioral testing was 542.2 = 25.9 and 519.7 + 60.7 fmoles/
sample in the place acquisition and place reversal-learning ses-
sions, respectively. ACh output during baseline collection from
the left and right striata was similar during both test sessions. The
basal ACh output collected from the left hemisphere (n=35) in
the place acquisition session was 552.4 = 38.1 fmoles/sample.
The basal ACh output from the right hemisphere (n = 5) in the
place acquisition session was 531.9 + 35.7 fmoles/sample. In the
place reversal-learning session, the basal ACh output from the
left and right hemispheres was 528.9 = 116.7 and 474.4 = 35.6,
respectively.

During place acquisition testing, the performance of rats
was slightly above chance levels (56.1%) in the first test block
(see Fig. 4A). Performance improved steadily across each subse-
quent 6-min test block, such that performance improved to
>90% by the last 6-min block. Analysis of the percent correct
scores across test blocks indicated that there was a significant
effect [F(4,36) = 22.04; P < 0.01], reflecting the improvement in
percent correct scores across place acquisition testing. In contrast
to the improved behavioral performance across acquisition test-
ing, striatal ACh output did not change during the behavioral
test or during the post-test sample collection compared with
basal levels [F(14,126) = 0.89; P > 0.05, see Fig. 4B].

Figure 5A illustrates the behavioral results during the place
reversal learning session. In the first 6-min test block, rats ini-
tially chose the location that was reinforced during acquisition,
but by the end of the first test block, rats began to choose the
other location. This pattern is reflected by a percent correct score
that was below chance levels (35.4%). In the subsequent two test
blocks, rats performed at chance levels. Performance continued
to improve across the final three test blocks, such that rats were
obtaining >90% accuracy by the final test block. There was a
significant effect for test block, [F(5,45) = 70.57; P < 0.01], again
indicating the increase in performance across test blocks. ACh
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Figure 2 (A) Mean trials to criterion on acquisition and reversal learning
of a place discrimination after bilateral infusions of saline or 2% bupiva-
caine into the medial striatum. Bupivacaine infusions did not impair ac-
quisition compared with that of saline infusions, but significantly in-
creased the trials to criterion on reversal learning compared with that of
saline injections. (SAL) Saline; (BUP) 2% bupivacaine. The treatment re-
ceived in a particular phase of testing is represented in bold. (*) P < 0.05.
(B) Mean number of perseverative and regressive errors during place
reversal learning following an injection of either saline or 2% bupivacaine.
Bupivacaine injections increased the number of regressive errors sig-
nificantly, but not perseverative errors, compared with that following
saline infusions. (SAL) Saline; (BUP) 2% bupivacaine. The treatment re-
ceived during reversal learning is represented in bold for each group.
(*) P<0.05.

efflux during reversal learning testing did not change initially
from basal levels, but subsequently increased starting at the sec-
ond 6-min block (see Fig. 5B). In subsequent test blocks, ACh
efflux remained elevated, but decreased gradually to near basal
levels by the last 6-min test block. Analysis of striatal ACh output
during the reversal learning session indicated that there was a
significant effect, [F(15,135) = 5.66; P < 0.01]. ACh efflux in the
first test block was not significantly different from that of base-
line levels (P > 0.05). ACh efflux at a second test block was el-
evated significantly compared with baseline levels (P < 0.01).
ACh output remained significantly elevated above basal levels
during the third and fourth test blocks (P’s < 0.05), but ACh out-
put in the last two blocks was not significantly different from
that of baseline levels (P’s > 0.05).

A previous study found that ACh efflux in the lateral stria-
tum increases during the expression of an egocentric response

72  Learning & Memory

www.Iearnmem.org

strategy (Chang and Gold 2003). One possibility is that ACh
efflux from the medial striatum became elevated during reversal
learning because rats were transiently using an egocentric re-
sponse strategy. If this were the case, then this behavioral pattern
would show up in the type of errors made. Because rats were
started from two different arms, directly opposite of each other,
then a rat that was predominantly turning in the same direction
would only make errors when started from one of the arms. If a
rat was not using this type of strategy, then, in theory, the rat
should make an equal number of errors from each start arm. A x>
test was performed on the error pattern in test blocks 2—4 for each
rat. Because ACh output was significantly increased in these test
blocks, the errors were only examined in these blocks. Four of the
10 rats made significantly more errors from one start arm than
the other arm, suggesting these rats were using an egocentric
response strategy during test blocks 2—-4. The percent change in
ACh output during these test blocks was similar between rats
who appeared to be using an egocentric response strategy and
those who were not. Specifically, the mean percent change in
ACh output during test blocks 2—4 for the four rats preferentially
turning in one direction was 200.0 + 43.3 SEM, and for the other
six rats, the mean percent change was 191.3 + 15.0.

DISCUSSION

The results from Experiment 1 indicate that medial striatal inac-
tivation did not impair acquisition of a place discrimination, but
did impair place learning when conditions demanded selecting a
new spatial location and inhibit selecting a previously reinforced
spatial location. Because temporary inactivation of the medial
striatum produced a selective deficit during reversal learning, the
findings suggest that the impairment is not due to changes in
motivation or motor function, nor a general impairment in place
learning. This pattern of results is similar to previous results dem-
onstrating that lesions or temporary inactivation of the medial
striatum produced a deficit in place, visual cue, or response re-
versal learning, as well as shifts between visual cue and response
strategies (Kirby 1969; Livesey and Muter 1976; Kolb 1977; Pisa
and Cyr 1990; Ragozzino et al. 2002a,b). Thus, the medial stria-
tum may facilitate the flexible use of response patterns in various
situations.

The place reversal-learning deficit produced by medial stria-
tal inactivation led to an increase in regressive errors, but not
perseverative errors. This pattern indicates that medial striatal
inactivation did not impair the initial shift from the previously
reinforced choice pattern, but increased reversions back to the
previously reinforced spatial location as a rat began to learn the
new, relevant choice pattern. This selective increase in regressive
errors has also been observed following medial striatal inactiva-
tion in a response reversal-learning task, as well as shifts between
a visual cue and response strategy (Ragozzino et al. 2002a,b).
These findings suggest that the medial striatum is not critical for
the initial inhibition of a previously learned strategy or genera-
tion of a new strategy, because there was no increase in perse-
veration, but may be critical for enabling the execution of effec-
tive strategies for a particular behavioral context by reinforcing
the correct choice pattern when generated (Wise et al. 1996).

Unlike the medial striatum, temporary inactivation or le-
sions of the medial prefrontal cortex and orbital prefrontal cortex
both produce behavioral flexibility impairments by increasing
perseverative responses, but not regressive errors (Eichenbaum
et al. 1983; Ragozzino et al. 1999, 2003; Dias and Aggleton 2000;
Kim and Ragozzino 2003). Interestingly, both of these prefrontal
cortex areas project to the medial striatum (Berendse et al. 1992).
The dissociation in error patterns following medial striatal and
prefrontal cortex inactivation suggests that these interconnected
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Figure 3 Placement of the microdialysis probes in the striatum for rats
included in the behavioral and neurochemical analyses in Experiment 2.
The length of the microdialysis probe was 2 mm. Microdialysis probes
were concentrated in the dorsomedial striatum ranging from 0.2-1.7
anterior to bregma. Rat brain sections were modified from the atlas of
Paxinos and Watson (1996).

areas play complimentary roles as part of a larger neural system
to enable the shifting of strategies under changing environmen-
tal demands.

Experiment 2 measured changes in ACh output during place
acquisition and reversal learning. The combined techniques used
to collect and measure ACh efflux are sensitive in detecting even
small fluctuations in ACh output (Fadel et al. 2001; Chang and
Gold 2003). The findings from Experiment 2 revealed that ACh
efflux did not change compared with baseline levels at any point

during the initial learning of a place discrimination. In contrast,
a distinct pattern of ACh output occurred during place reversal
learning. Specifically, ACh output did not change during the first
test block, as rats spent a large portion of the period perseverating
to the previously reinforced location, but ACh efflux increased
significantly in the subsequent three test blocks, as rats were
learning to choose the other spatial location. As rats showed a
high level of accuracy over the last two blocks, ACh efflux was
near basal levels. The selective elevation in ACh efflux during
reversal learning is also consistent with a recent study demon-
strating that the blockade of muscarinic cholinergic receptors
in the medial striatum does not impair acquisition of a re-
sponse discrimination, but selectively impairs response reversal
learning by increasing regressive errors (Ragozzino et al. 2002b).
Thus, ACh actions in the medial striatum may facilitate flex-
ible adaptations that are mediated by muscarinic cholinergic
receptors.

The pattern of change in ACh output during reversal learn-
ing has interesting parallels with the error pattern observed in
reversal learning following bupivacaine treatment. Medial stria-
tal inactivation impaired reversal learning, not by increasing per-
severation, but by increasing regressive errors. However, almost
all rats from this first study, including controls, showed some
degree of perseveration during the initial trials of reversal learn-
ing. This was also true for rats in the second study, as indicated by
an accuracy that was below chance during the first test block.
Although, by the end of the test block, all of these rats began to
choose the new correct location. No increase in ACh output was
observed during the first test block when rats were predomi-
nantly perseverating. After perseveration had ceased in Experi-
ment 1, medial striatal inactivation prevented the continual in-
hibition of the previously relevant choice pattern, leading to a
significant increase in regressive errors. In Experiment 2, only
after perseveration had ceased and a rat was beginning to inhibit
the previously relevant choice pattern and learn the new choice
pattern, was a significant elevation in ACh output exhibited. This
pattern of ACh output suggests that cholinergic interneurons
from the medial striatum are activated when environmental
conditions change, demanding the continual inhibition of a pre-
viously relevant choice pattern while learning a new choice
pattern.

Because ACh output did not increase during acquisition, the
increase observed during reversal learning can not be attributed
to navigating in the maze and/or the consumption of cereal
pieces. Furthermore, the ACh output increase is unlikely due to
the amount of reinforcement, because a rat who was at chance
levels during acquisition did not exhibit an increase in ACh out-
put, but did show an increase in ACh output when a similar level
of accuracy was achieved during reversal learning. In a related
manner, the increase in ACh output also cannot be attributed to
a “frustration” effect, because the largest increase was observed
when accuracy continued to improve (test blocks 2-4) and not
when accuracy was the lowest (test block 1), the time when “frus-
tration” would likely be highest. In addition, it is unlikely that
the elevated ACh efflux was just a delayed response following
“frustration,” because on the last day of habituation, rats were
reinforced almost every time when entering an arm, then on the
following day, in acquisition testing, rats were reinforced in ap-
proximately half of the trials in the first test block, but at no
point during acquisition was there an elevation of ACh efflux.

An alternative explanation for the increase in ACh efflux
during reversal learning is that rats initially used an egocentric
response strategy, for example, always turn right, and the expres-
sion of an egocentric response strategy resulted in elevated ACh
output, but not the actual behavioral switching. The results from
previous studies suggest that the striatum, as a whole, may be
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Figure 4 (A) Mean percent correct during place acquisition testing.
Each rat was tested for five 6-min blocks. The total number of trials
completed in a block ranged from 8-14. Rats performed slightly above
chance levels at the first test block and improved to >90% accuracy by
the last test block. (B) Effect of place acquisition testing on medial striatal
ACh output. ACh output during place acquisition testing did not change
compared with baseline levels. ACh output following behavioral testing
was also comparable with that during baseline collection.
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critical for egocentric response learning (Potegal 1969; Cook and
Kesner 1988; Kesner et al. 1993). Furthermore, measuring ACh
output from the dorsolateral striatum during a place-response
task, Chang and Gold (2003) found that ACh output selectively
increased after extensive testing when rats predominantly mani-
fested an egocentric response strategy. In the present study, some
rats appeared to be using an egocentric response strategy during
the test blocks in which ACh output was elevated, but there was
no difference in ACh output between the rats who appeared to
express an egocentric response strategy and those rats who did
not. Thus, the elevated ACh output during reversal learning can-
not be explained by the expression of an egocentric response
strategy.

The present findings, indicating that ACh actions in the
medial striatum facilitate the shifting of choice patterns, and the
results by Chang and Gold (2003) showing that ACh actions in
the lateral striatum support the expression of an egocentric re-
sponse strategy, suggest that ACh actions in the striatum con-
tribute to multiple functions that may be defined by striatal sub-
region. Taken together, the results are consistent with accumu-
lating evidence that the dorsomedial and dorsolateral striatum
contribute differentially to various learning and memory pro-
cesses (Brown and Robbins 1989; Pisa and Cyr 1990; Brasted et al.
1999; Devan et al. 1999).

The finding that rats use various strategies in attempting to
learn a new task have been reported previously (Krechevsky
1938; Whishaw and Petrie 1988). One idea is that during the
learning or presolution phase, a rat may try multiple strategies,
from which the correct one is eventually chosen (Krechevsky
1938). We have observed in several studies that rats often at-
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tempt various inappropriate strategies before selecting the appro-
priate strategy in a specific context (Ragozzino 2002; M.E.
Ragozzino and K.E. Ragozzino, unpubl.). However, despite indi-
vidual differences among rats, manipulations of the medial stria-
tum have reliably produced distinct patterns of errors during
tests of behavioral flexibility (Ragozzino et al. 2002a,b). The pat-
tern of increase in medial striatal ACh efflux during reversal
learning is consistent with the idea that cholinergic activity in
this region facilitates the learning of a new choice pattern and
the inhibition of an old choice pattern under changing environ-
mental contingencies.

How might cholinergic activity modify striatal output to
influence shifts in response patterns? Graybiel (1998) has pro-
posed that cholinergic interneurons modulate corticostriatal ac-
tivity in different clusters of matrisomes, which leads to a recod-
ing of corticostriatal information. The differential pattern of ac-
tivation in this circuitry may lead to long-term plastic changes,
ultimately producing changes in response selection. Whereas
this idea has been proposed for the mechanisms underlying
stimulus-response learning in the striatum, a similar mechanism
may occur in the medial striatum to facilitate the switching of
choice patterns under changing environmental demands.

MATERIALS AND METHODS

Subjects

Male Long-Evans rats (Charles Rivers), weighing between 350
and 375 gm at the beginning of the experiment, served as sub-
jects. Rats were housed individually in plastic cages (26.5 cm
wide X 50 cm long X 20 cm high) located in a temperature-con-
trolled room. Subjects were kept on a 12-h light/dark cycle (lights
on at 7 a.m.). All rats were food restricted to maintain their
weight at 90% of their ad libitum weight with free access to water
throughout the experiment.

Apparatus

A four-arm cross-maze made of 0.6 cm thick black plastic was
used for all behavioral testing. The maze was placed on a table
that was 72 cm above the floor. Each arm was 55 cm long X 10
cm wide. The height of the arm walls was 15.0 cm. Each arm
contained a food well (3.2 cm diameter X 1.6 cm high) that was
3 cm away from the end wall. Each food-well hole was 2.3 cm in
diameter and 1.6 cm deep.

Surgery

Each rat received stereotaxic surgery to bilaterally implant can-
nula into the medial striatum. A rat was first injected with atro-
pine sulfate (0.2 mL of a 250 ng/mL solution, i.p.). Ten minutes
after the injection of atropine, the general anesthetic, sodium
pentobarbital (50 mg/kg, i.p.) was administered. Subsequently, a
rat was placed on the stereotaxic frame, and the incisor bar was
positioned to 3.3 = 0.4 below horizontal zero to equal the height
of bregma and \. A midsaggital incision was made and the scalp
retracted. In Experiment 1, each rat was implanted bilaterally
with an 8-mm stainless-steel guide cannula (Plastics One)
into the dorsomedial striatum. The stereotaxic coordinates were
1.1 mm anterior to bregma, + 2.8 mm lateral to the midline and
3.5 mm ventral to dura. The cannulae were implanted at a 10°
angle. In Experiment 2, each rat was implanted bilaterally with
a 10-mm guide cannula (BAS). The stereotaxic coordinates were
1.1 mm anterior to bregma, = 3.0 lateral to the midline and 3.3
ventral to dura. The cannulae were implanted at a 15° angle. In
both experiments, four jeweler’s screws were positioned in the
skull surrounding the cannulae. The cannulae were secured in
place with dental acrylic (Stoelting). Stylets were secured in the
guide cannulae after the dental acrylic dried. Following surgery,
rats received 6 cc of saline (s.c.). Each rat was fed rat-ground rat
chow with sugar that was mixed in water for 1 d.
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Figure 5 (A) Mean percent correct during place reversal learning. Each
rat was tested for six 6-min blocks. The total number of trials completed
in a block ranged from 9-14. Rats started below chance levels during the
first test block, but improved across each test block, obtaining >90%
accuracy by the last test block. (B) Effect of place reversal learning testing
on medial striatal ACh output. ACh output did not change during the first
test block compared with baseline levels. ACh output significantly in-
creased above baseline levels during test blocks 2-4. ACh output during
test blocks 5 and 6 was not significantly different from baseline levels.
(**) P<0.01; (*) P<0.05.
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Microinfusion

In Experiment 1, bilateral infusions into the medial striatum
were made through an inner cannula (28 gauge) that extended
1 mm below the guide cannula. The inner cannula was attached
to a polyethylene tube (PE-20) connected to a 10 pL Hamilton
syringe. The syringe was driven by a microinfusion pump (74900
Series, Cole-Parmer). Solutions were infused at a rate of 0.5 pL per
2 min. The total volume injected on each side was 0.5 pL. Fol-
lowing the injection, the inner cannula remained in the guide
cannula for 1 min to allow for diffusion. Rats received either
saline or the local anesthetic, bupivacaine, at a 2% concentra-
tion. The same concentration has been used in previous studies
that inactivated specific brain regions to examine the effects on
learning and memory (Ragozzino et al. 2002b, 2003).

Microdialysis

In Experiment 2, a 2-mm dialysis probe was inserted through the
guide cannula on one side. The dialysis probe was connected to
plastic tubing. The plastic tubing was attached to a liquid swivel.
Plastic tubing was attached to a microinfusion pump, which con-
nected to the liquid swivel. The liquid swivel was connected to a
balance arm, which was attached to a metal bar that was perma-
nently fixed to the ceiling directly above the maze. The dialysis
probe was perfused continuously at a rate of 2.0 pL/min with
artificial cerebrospinal fluid. The artificial cerebrospinal fluid
contained 128 mM NaCl, 2.5 nM KCI, 1.3 mM Ca Cl,, 2.1 mM
Mg Cl,, and 3.3 mM glucose. The solution was brought to a pH
of 7.4 by NaOH. To reliably detect ACh levels in the dialysate, the
reversible acetylcholinesterase inhibitor, neostigmine bromide
(0.1 uM) was added to the artificial cerebrospinal fluid.

Habituation

A similar habituation procedure was used in both experiments.
One week after surgery, habituation in the cross-maze was begun.
On the first day of habituation, three half pieces of Froot Loops
cereal (Kelloggs) were placed in each arm of the maze. Two pieces
were placed in each food well, and one was placed outside of the
food well. A rat was placed in the maze and allowed to explore
each arm and consume cereal pieces. If a rat consumed all cereal
pieces before 15 min elapsed, then the rat was placed in a holding
chamber, the food wells were reloaded with cereal pieces, and the
rat was placed back in the maze. Once 15 min elapsed, the session
was terminated.

On subsequent habituation days, only two half pieces of
cereal were placed inside each well. After eating two half pieces of
cereal from any food well, a rat was picked up and placed in a
different start arm. This acclimated the rat to being picked up in
the maze after consuming cereal, as would occur in the test pro-
cedure. This procedure was continued until a rat completed four
trials in 15 min or less across 2 consecutive days. On the last day
of habituation, the maze was arranged such that a black plastic
block (9 cm wide X 13 cm high X 1.0 cm thick) was placed at
the center entrance of one arm, preventing entry into that arm.
This gave the maze a T-shape. A rat was started from the stem arm
and allowed to turn left or right to obtain a half piece of cereal.
After this initial choice, the rat was picked up and placed back
into the stem arm and allowed to make a second choice. If the rat
chose the same arm as the initial choice, it was returned to the
stem arm until the it chose the other arm. After the rat chose
both arms, it was placed back in the holding cage, the block was
moved to a different location, and the two choice arms baited.
This procedure was continued for seven trials.

Following the last habituation session, the stylets of a rat
were removed and either an injection needle (Experiment 1) or a
microdialysis probe (Experiment 2) was inserted through the
guide cannula for 1 min. This was done to prevent clogging of
the microinfusion or dialysis perfusion on test days. The habitu-
ation procedure lasted 4-11 d. In Experiment 1, rats were as-
signed pseudorandomly to the different treatment groups to
match the amount of habituation sessions among the groups.

Place Discrimination Test

In Experiment 1, rats were tested on the acquisition and reversal
learning of a place discrimination across 2 consecutive days. Rats
were started randomly from two different arms, opposite each
other, and had to enter the same arm to receive a half piece of
Froot Loops cereal. Between trials, a rat was placed in a round-
bottom plastic bowl (35 cm high X 40 cm diameter), which sat
next to the maze. Subsequently, the maze arms were wiped down
by a sponge moistened with an ammonium chloride solution.
The intertrial interval was ~15 sec. To minimize the use of in-
tramaze cues, every four trials, the maze was turned 90° clockwise
relative to the experimenter. A rat reached criterion when it
made 10 consecutive correct choices. This is a similar criterion as
used in previous studies (Ragozzino et al. 2002a,b). On the sec-
ond day of testing (reversal learning), a rat was required to enter
the opposite arm that was reinforced during acquisition. Again,
the rat reached criterion when it made 10 consecutive correct
choices.

In Experiment 1, the error pattern during reversal learning
was analyzed to determine whether temporary inactivation af-
fected perseveration or reversions back to the previously correct
place choice after perseveration had ceased. Perseveration in-
volved continuing to enter the same arm that was reinforced
during the acquisition phase. Perseveration was defined as enter-
ing the incorrect arm in three or more trials in consecutive blocks
of four trials each. This is a similar criterion as used in previous
studies (Dias and Aggleton 2000; Ragozzino 2002; Ragozzino
et al. 2002a,b). Once a rat made less than three errors in a block
the first time, all subsequent errors were no longer counted as
perseverative errors. When perseveration ceased, as defined
above, the number of errors was counted when a rat reverted
back to the previously correct choice. These errors are referred to
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as regressive errors. This allowed a measure of the ability to main-
tain or learn a new choice pattern after the initial shift.

Five minutes prior to each test session, rats received a mi-
croinfusion. Each rat was pseudorandomly assigned to one of
three treatment groups to match the amount of habituation ses-
sions among the groups. Group assignment was determined by
the treatment administered during each phase, (1) acquisition—
saline and reversal learning—saline (n = 6); (2) acquisition—sa-
line and reversal learning—2% bupivacaine (n = 6); and (3) ac-
quisition—2% bupivacaine and reversal learning—saline (1 = 6).

In Experiment 2, place discrimination testing was combined
with microdialysis collection. A total of 10 rats were used in this
study. Prior to behavioral testing, a rat was placed in a round-
bottom plastic bowl, and a probe was placed in one hemisphere.
The group was counterbalanced, such that half of the rats had a
probe in the left hemisphere during place acquisition, and half of
the rats had a probe in the right hemisphere during place acqui-
sition. The perfusate collected during the first 60 min was not
analyzed, to allow equilibration between the brain tissue and
perfusion solution before sampling. Subsequently, five samples
were collected at 6-min intervals that served as baseline rates for
ACh output. Following baseline collection, a rat was placed in the
maze for acquisition testing. A similar test procedure was used as
in Experiment 1, except that each rat was tested for a total of 30
min and not until a rat achieved a certain learning criterion. This
allowed collection of five microdialysis samples during behav-
ioral testing. A rat’s behavioral performance was separated into
6-min blocks, which corresponded with the collection of micro-
dialysis samples. For each 6-min block, a percent correct score
was determined by calculating the number of trials a rat chose
the correct arm divided by the total number of trials for that
block. After behavioral testing, the rat was returned to the plastic
bowl and five posttest samples were collected.

On the following day, rats were tested on place reversal
learning. A probe was placed in the opposite hemisphere, as on
place acquisition. A similar procedure was used as during place
acquisition. However, during reversal-learning testing, when a
rat was required to enter the opposite arm, testing lasted 36 min.
In this behavioral testing phase, six microdialysis samples were
collected. Again, a percent correct score was calculated for each
6-min block, and behavioral testing was followed by collection of
five samples while a rat remained in the plastic bowl.

ACh Assay

Samples (10 pL) were assayed for ACh using high-pressure liquid
chromatography with electrochemical detection. Samples were
loaded on a microbore analytical column for separation of ACh
and choline. Following separation, an enzymatic post-column
reactor containing acetylcholinesterase and choline oxidase con-
verted ACh to choline and acetate and choline to betaine and
hydrogen peroxide. Stoichiometric quantities of hydrogen per-
oxide were produced from the breakdown of ACh and choline.
The hydrogen peroxide was further broken down and detected by
a glassy carbon-wired electrode coated with horseradish peroxi-
dase operated at +100 mV versus an Ag/AgCl reference electrode
(Huang et al. 1995). The mobile phase containing 50 mM
Na,HPO,, 0.3 mM EDTA, and 0.005% ProClin (to prevent bacte-
rial growth) was delivered at a rate of 100 pL/min by a solvent
delivery system. ACh peaks were quantified by comparison with
peak heights of ACh standard solutions. The detection limit was
10 fmole, and the assay was completed in 12 min.

Histology

After completion of behavioral testing, each rat received a lethal
dose of sodium pentobarbital. In Experiment 1, each rat received
a 0.5-pL injection of 2.5% Chicago blue stain through each guide
cannula to highlight the approximate spread of the intracranial
injection as in previous studies (Ragozzino et al. 2002a,b). In
Experiment 2, a probe dipped in 2.5% Chicago blue stain was
inserted in each guide cannula to highlight the location of the
probe. All rats were perfused intracardially with 0.9% phosphate
buffered saline, followed by a 4% formaldehyde solution. Brains
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were removed and stored in a 4% formaldehyde solution. The
brains were frozen and cut in coronal sections (40 pm) on a
cryostat. The brain sections were mounted on slides, dried, and
examined to determine the spread of the stain. Subsequently, the
brain sections were stained with cresyl violet to assess the loca-
tion of the cannula tips or probes.

Statistical Analysis

In Experiment 1, a one-way analysis of variance (ANOVA) was
used to determine whether the groups differed on the number of
trials to criterion in the acquisition and reversal-learning phases.
Separate ANOVA tests were used to examine perseverative and
regressive errors among the groups.

In Experiment 2, the microdialysis data were analyzed by
converting the raw values to percentages from each subject’s
baseline output. The baseline output was calculated from the
mean of the first five samples for each subject. The percent values
were analyzed by a repeated measures ANOVA. Dunnett’s test
was applied to compare specific samples with the last baseline
value.

A repeated-measures ANOVA was used to analyze the per-
cent correct scores across blocks for place acquisition and rever-
sal-learning testing.
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