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Cholinergic Modulation of Visual Attention and
Working Memory: Dissociable Effects of Basal
Forebrain 192-gG-saporin Lesions and
Intraprefrontal Infusions of Scopolamine
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"Cambridge University, Department of Experimental Psychology, Cambridge CB2 3EB, UK

Two experiments examined the effects of reductions in cortical cholinergic function on performance of a novel task
that allowed for the simultaneous assessment of attention to a visual stimulus and memory for that stimulus over a
variable delay within the same test session. In the first experiment, infusions of the muscarinic receptor antagonist
scopolamine into the medial prefrontal cortex (mPFC) produced many omissions but did not impair rats’ ability to
correctly detect a brief visual stimulus. However, these animals were highly impaired in remembering the location of
that stimulus following a delay period, although in a delay-independent manner. In the second experiment, another
group of animals with selective 192 IgG-saporin lesions of the nucleus basalis magnocellularis (nBM) were not
impaired under conditions of low-attentional demand. However, when the stimulus duration was reduced, a
significant memory impairment was observed, but similar to the results of the first experiment, the nBM-lesioned
animals were not impaired in attentional accuracy, although aspects of attention were compromised (e.g., omissions).
These findings demonstrate that (I) cortical cholinergic depletion produces dissociable deficits in attention and
memory, depending on the task demands, (2) delay-independent mnemonic deficits produced by scopolamine are
probably due to impairments other than simple inattention, and (3) working memory deficits are not simply
dependent on attentional difficulties per se. Together, these findings implicate the nBM cortical cholinergic system in

both attentional and mnemonic processing.

There has been a long standing interest in the hypothesis that
cortical cholinergic dysfunction underlies the cognitive impair-
ments associated with normal aging and dementia (Drachman
and Leavitt 1974; Bartus et al. 1982; 1985; Weingartner 1985;
Broks et al. 1988; Sahakian et al. 1990; Dunnett and Barth 1991;
Robbins et al. 1997; Wenk 1997; Barense et al. 2002). The mag-
nocellular cells of the nucleus basalis of Meynert are significantly
deficient in patients with Alzheimer’s disease (Whitehouse et al.
1982; Candy et al. 1983), and cholinergic markers in the cortical
target fields of basal forebrain neurons are also reduced in these
individuals (Davies and Maloney 1976; Perry et al. 1977), which
appears to correlate with the degree of dementia (Perry et al.
1978).

In normal human volunteers, it is well established that sco-
polamine, a muscarinic receptor antagonist, impairs the acquisi-
tion of new information and disrupts the process of memory
consolidation (Drachman and Leavitt 1974; Petersen 1977; Jones
et al. 1979; Broks et al. 1988) as well as impairing continuous
performance in a task that challenges sustained attentional
mechanisms (Colquhoun 1962; Wesnes and Warburton 1983,
1984; Broks et al. 1988). These findings clearly implicate the cho-
linergic system in both attentional and memory processes, but
the precise relationship between these two functions is far from
resolved.

In rodents, most tests of working memory depend on defin-
ing delay-dependent effects in generic-delayed response tasks
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such as delayed alternation and delayed nonmatching to posi-
tion. Apparent delay-dependent effects can, however, arise arti-
factually from scaling constrained by ceiling effects, and do not
always adequately assess the contribution of other processes such
as stimulus control, attention, and response selection. Hence,
behavioral effects of scopolamine infusions into the rat medial
prefrontal cortex (mPFC) have been inconclusive. Whereas some
have argued that scopolamine produces a specific working-
memory deficit (Granon et al. 1995; Ragozzino et al. 1998), oth-
ers have shown that scopolamine or nBM cholinergic lesions
produce delay-independent deficits, suggesting, therefore, that
the deficit was not primarily mnemonic and more likely a reflec-
tion of poor attentional responding (Dunnett et al. 1989, 1991;
Robbins et al. 1989; Everitt and Robbins 1997).

This notion has been substantiated recently by the intro-
duction of the immunotoxin 192 IgG-saporin, which has a
greater specificity for cholinergic cells, and which produces defi-
cits that are mainly attentional in nature (McGaughy et al. 1996,
2002; Baxter and Chiba 1999; Sarter and Bruno 1999; Robbins
2002) rather than mnemonic (Torres et al. 1994; Wenk et al.
1994; Baxter et al. 1995; Chappell et al. 1998). Most recently, in
the 5-choice serial reaction time task (Carli et al. 1983; Robbins
2002), a rat analog of the continuous performance test (Rosvold
et al. 1956), intrabasalis infusions of high or low doses of 192
IgG-saporin produced different degrees of damage that correlated
with the degree of accuracy deficit (McGaughy et al. 2002). Fur-
thermore, the accuracy deficit was significantly correlated with a
reduction in cortical acetylcholine (ACh) efflux in rats with ex-
tensive lesions only (McGaughy et al. 2002).

Nevertheless, the conclusion that the cortical cholinergic
system subserves attentional rather than mnemonic functions
fails to adequately characterize the role of these neurons in cog-
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nitive function (see also Dunnett et al. 1991; Baxter and Chiba
1999). The possibility still remains that the basal forebrain me-
diates both attentional and memory processes, and the direct
role of acetylcholine may be to distribute attentional capacity in
tasks that require effortful processing such as holding a stimulus
on-line. However, it is difficult to disentangle the attentional
component from memory during a delayed-response paradigm
and equally difficult to explore the working memory component
incorporated within the SCSRTT. To this end, we have developed
anovel paradigm using the 9-hole box (Robbins 2002) in order to
explore the rats’ ability to detect brief visual targets, and then to
retain their locations over varying delays. In this combined at-
tention-memory (CAM) task, rats attained >70% accuracy at 0.7-
1.0-sec stimulus duration for the attentional component
(chance = 20%) and a delay-dependent gradient from 0-16 sec of
~70%-50% (chance = 50%) for the memory component. In ex-
periment 1, trained rats were implanted with guide cannulae in
the mPFC, and then received three doses of intra-mPFC scopol-
amine infusions (vehicle, 3 or 10 pg) in a counterbalanced order.
In experiment 2, another cohort of trained rats received 192 IgG-
saporin lesions of the nBM to examine the effects of selective
cortical cholinergic depletion on attention and memory. Follow-
ing postoperative recovery, the rats were tested for 8 d on the
baseline schedule of the task. Following this, in one session, the
stimulus duration was reduced from 1.0 to 0.25 sec to enhance
attentional encoding demands.

RESULTS

Experiment I: Intramedial Prefrontal Cortex Infusions
of Scopolamine

Histological Analysis

Figure 1 shows a schematic representation of the position of the
cannula tips within the mPFC. The cannula tips were located
mainly in the anterior cingulate cortex (Cgl) and prelimbic (PrL)
region of the mPFC. Cytoarchitectonic borders and nomencla-
ture were taken from Paxinos and Watson (1997). One animal
died during surgery, therefore, a total of 13 rats were used for this
study.

Behavioral Results

Postoperative Baseline (Five Sessions)
Following 7 d of post operative recovery, the animals were rein-
troduced to the standard baseline schedule for 5 d. The group of

Figure 1 Schematic diagram showing location of cannula tips in the
medial prefrontal cortex (mPFC). Atlas plates adapted from Paxinos and
Watson (1997). Section +3.2 mm from bregma.

animals showed accurate performance on attentional accuracy
across all sessions [F(4, 48) = 0.17, P > 0.05; mean of five sessions,
77.1% (+2.2 SEM)] that was associated with a low number of
target omissions [F(4, 48) = 2.09, P > 0.05; mean of five sessions,
6.9% (+1.1)]. There was no differential effect of session on the
latency to respond to the target [P > 0.05; mean in csec, 73.18].
The number of premature responses declined over sessions [F(4,
48) = 2.45, P = 0.059; mean (+SEM) for session 1, 92 (13), mean
for session 5, 85 (15)]. There was no significant change over ses-
sions in the number of perseverative nose pokes made in the
holes during the delay [F(4, 48) =1.35, P> 0.05]. During the
memory phase, these animals showed a delay-dependent decline
in choice accuracy [F(3, 36) =41.9, P < 0.01; means (+ SEM): Os-
72.1% (1.8), 4s- 69.6% (1.6), 8s- 64.8% (1.3), 16s- 53.7% (1.3)],
but there was no main effect of session [F(4, 48) = 1.31, P > 0.05].
Latencies to respond to the choice stimuli or collect food reward
were also unaffected (P > 0.05).

Effect of Scopolamine Infusions Into the Medial
Prefrontal Cortex

Figure 2A shows that there was no significant effect of dose on
attentional accuracy [F(2, 24) = 1.53, P < 0.05]. However, these
animals made significantly more omissions at the high dose [F(2,
24) =9.42, P < 0.01; see Fig. 2B] and were also slower to respond
to the target [F(2, 24) =7.55, P <0.01; means (+SEM) in csec,
veh- 67.2 (2.93), 3 ng dose- 67.2 (2.89), 10 pug dose- 77.5 (2.85)].
ANOVA showed a dose-dependent effect of scopolamine on the
number of premature responses [F(2, 24) = 5.93, P < 0.01] that
was characterized by an increase in the number of responses
made at the low dose and a reduction in responses made at the
high dose [means (+SEM), veh- 113 (21.2), 3 pg dose- 137 (21.5),
10 pg dose- 94 (20.8)]. The number of perseverative nose pokes
made during the delay also significantly reduced at the high dose
[F(2, 24) =4.12, P <0.01; means (=SEM), veh- 98 (18.9), 3 pg
dose- 93 (18.0), 10 pg dose- 67 (16.9)].

During the memory phase of the task, overall, choice accu-
racy systematically declined as a function of delay [F(3,
36) =11.71, P < 0.001]. The high dose of scopolamine produced
a delay-independent reduction in choice accuracy across all de-
lays [F(2, 24) = 13.31, P < 0.001; see Fig. 2C]. There was no dose x
delay interaction [F(6, 72) = 0.45, P > 0.05]. In addition, the high
dose of scopolamine made all animals slower to respond cor-
rectly to the choice stimulus [F(2, 24) = 5.60, P < 0.01; means
(=SEM) in csec, veh- 116 (4.70), 3 pg dose- 111 (3.22), 10 ng
dose- 123 (3.79)] and lengthened magazine latencies [F(2,
24) =6.71, P < 0.01; means (+SEM) in csec, veh- 143 (8.86), 3 ug
dose- 143 (8.20), 10 pg dose- 220 (36.25)].

Thus, although a high dose of scopolamine infused into the
mPFC did not impair the animals’ ability to correctly detect the
target in the attentional phase, these animals were unable to
accurately respond to the matching target stimulus during the
choice (memory) phase of the task, even at the short delay. Speed
of responding was also significantly impaired.

Experiment 2: Effects of nBM-Saporin Lesions on
Performance of the CAM Task

Histological Analysis

Representative photomicrographs of the saporin lesion in the
basal forebrain are shown in Figure 3. Examination of the sec-
tions revealed a substantial reduction in the number of ChAT-
immunoreactive (IR) neurons throughout the full extent of the
Ch4 region of the basal forebrain in 192-I1gG-lesioned-animals.
The lesion was assessed in a semiquantitative manner by count-
ing ChAT-IR neurons in the Ch4 region (Mesulam et al. 1983a,b)
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Figure 2 Mean (= SEM) performance of animals with intra-mPFC infu-
sions of vehicle, 3 and 10 pg scopolamine on attentional (target) accu-
racy (A), target omissions (B), and memory for the target during the
choice phase (O).

of a representative section of the basal forebrain (roughly —0.6
mm posterior to bregma). This analysis revealed a >85% reduc-
tion in ChAT-IR neurons [mean (= SEM) number of ChAT-IR cells
in the left and right hemispheres, respectively; shams, left 44 (7),
right 52 (7), lesion, left 3 (1), right 6 (1)], which was comparable
in magnitude with the low-dose saporin lesions made in our
earlier study (McGaughy et al. 2002). There was no significant
indication that ChAT-IR neurons in adjacent nuclei of the basal
forebrain, including the horizontal and vertical limbs of diagonal
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band and septum were decreased in number, and there was no
evidence of gross nonselective neuronal damage such as cavita-
tion. In addition, parvalbumin-IR neurons within the basal fore-
brain were unaffected by the 192-1gG-saporin infusions (see also,
McGaughy et al. 2002).

Behavioural Results

Postoperative Baseline (Eight Sessions)

Over the eight postoperative baseline sessions, all animals im-
proved attentional accuracy [F(7, 77) = 5.80, P < 0.01], but there
was no effect of group on this measure [F(1, 11) = 2.48, P > 0.05;
see Fig. 4A]. Figure 4B shows that the nBM-lesioned animals
made more target omissions across all sessions [means (=SEM),
shams—7.4% (1.3), nBM—13.6% (4.7)], but there was no signifi-
cant effect of lesion on this measure [F(1, 11) = 2.25, P > 0.05] or
on target response latency [F(1, 11) = 2.88, P > 0.05; means
(£SEM) in csec for session 8, shams—64.9 (4.62), nBM—77.2
(9.33)]. The number of premature responses [F(7, 77) =2.42,
P < 0.05] and perseverative nose pokes [F(7, 77) = 2.82, P < 0.01]
remained stable over sessions and was unaffected by lesion group
[F < 1]. Choice performance accuracy in the memory phase im-
proved over session [F(7, 77) =3.80, P <0.001; see Fig. 4C].
ANOVA also showed a delay-dependent effect [F(3, 33) =12.5,
P <0.001], but there was no differential effect of lesion [F(1,
11) = 1.08, P > 0.05]. Similarly, there was no effect of lesion
group on choice response or magazine latency (P > 0.05).

Reduced Stimulus Duration (25 csec)

Reducing the stimulus duration to 25 csec led to a reduction in
attentional accuracy [F(1, 11) = 149.16, P < 0.001], but there was
no significant difference between the sham and lesion groups
[F(1, 11) =0.99, P > 0.05; see Fig. SA]. Similarly, both groups of
animals showed an increase in the number of target omissions
[(F1, 11) = 13.81, P < 0.01]. The nBM-lesioned group made fewer
premature responses during the standard stimulus duration, but
made more premature responses when the stimulus duration was
reduced, as revealed by a lesion x stimulus duration interaction
[F(1, 11) = 4.45, P < 0.05]. In contrast, the number of persevera-
tive nose pokes made during the delay declined at the reduced
stimulus duration [F(1, 11) = 51.96, P < 0.001], although the
nBM-lesioned group was not significantly impaired in either con-
dition [F(1, 11) = 0.01, P < 0.05].

Figure 5B shows percent accuracy scores across all delays
during the memory phase of the task. Although there was a de-
lay-dependent reduction in choice response accuracy, this was
not quite significant overall [F(3, 33) = 0.06, P > 0.05]. Nonethe-
less, nBM-lesioned animals were significantly impaired in choice
accuracy during the memory phase compared with sham con-
trols, particularly at the long delays [F(1, 10) = 12.01, P < 0.01].
Speed of responding was not affected during this testing schedule
(F<1).

In summary, saporin lesions of the nBM did not impair at-
tention to the target or memory for that target under baseline
conditions. When the stimulus duration was reduced, although
the nBM group had many errors of omission, they showed no
impairment in target detection relative to sham controls. None-
theless, rats with nBM lesions were unable to remember the
stimulus that they had attended to during the memory phase of
the task.

DISCUSSION

Using a novel procedure (CAM task) that allows the separate
assessment of attentional and working memory capacities within
the same test session, we have demonstrated that reducing cor-
tical cholinergic transmission produces dissociable deficits in at-
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Figure 3 Representative photomicrographs of sections of the basal forebrain showing ChAT-IR neurons in the Ch4 region of sham (q, left) and 192
IgG-saporin lesioned (b, right) rats. It can be seen that the magnocellular ChAT-IR neurons of the Ch4 cell group (nucleus basalis magnocellularis; nBM)
are greatly reduced in number after intrabasalis infusions of 192 IgG-saporin. (v) Ventral;, (m) medial; (gp) globus pallidus.

tention and memory. Specifically, a high dose of intra-mPFC sco-
polamine produced a marked decrement in memory for the tar-
get stimuli across all delays, although there was no obvious
attentional impairment in terms of accuracy. When the cortical
cholinergic projections were depleted selectively by intrabasalis
infusions of 192 IgG-saporin, attentional and mnemonic perfor-
mance was relatively unaffected. However, increasing the atten-
tional load by reducing the target duration to 0.25 sec impaired
memory performance. These data implicate cortical acetylcho-
line in working memory function, particularly when the atten-
tional demands are high.

The pronounced memory deficit observed following intra-
mPFC scopolamine infusions is consistent with earlier reports
showing delay-independent deficits following scopolamine treat-
ment in operant-delayed alternation paradigms (Dunnett et al.
1990, 1991; Everitt and Robbins 1997). It is tempting to suggest,
therefore, that these animals failed to attend or encode the target
stimulus, resulting in gross memory impairments even at the
short delays; an interpretation consistent with nonspecific
memory deficits (Dunnett and Barth 1991). However, the present
data fail to support this account, on the grounds that subjects in
the present study had already attended to and responded to the
targets that they were then required to remember. These data are
thus important in demonstrating a deficit in working memory
that is not simply dependent on an attentional deficit per se.
Nevertheless, intra-mPFC scopolamine at the high dose did pro-
duce evidence of a performance deficit in the attention phase.
Although attentional accuracy was not impaired, the rats exhib-
ited increased omissions and were slow both to respond and to
collect food, suggesting possible deficits in arousal and motiva-
tion. It seems unlikely that the effect of scopolamine on working
memory can be attributed simply to impaired motivation, as the
accuracy deficit in the memory phase was not paralleled by an
accuracy deficit in the attentional phase. There was less evidence
of impairment in other aspects of executive control of respond-
ing, as neither premature nor perseverative responding was sig-
nificantly increased.

A previous study (Robbins et al. 1998) also reported effects
of intra-mPFC scopolamine on the SCSRTT. These authors found
that a 10-ug dose of scopolamine significantly reduced atten-
tional accuracy as well as impairing other aspects of performance.
However, these rats were trained at a target duration of 0.5sec
rather than the 0.7sec of the present experiment, which had been
used to ensure good behavioral performance at the attentional
phase. Overall, therefore, the data are consistent with both at-

tentional and working memory deficits of the intra-mPFC infu-
sions, depending on the precise task requirements.

The integrity of the cortical cholinergic system in memory
function was further supported by the impairments observed in
animals with selective saporin-induced nBM lesions, although, as
in the case of intracortical scopolamine, their deficits were also
not restricted to memory. A working memory deficit in the sa-
porin nBM-lesioned rats emerged under certain test conditions.
Specifically, when the target duration in the attentional phase
was reduced to 0.25 sec, although both the sham and nBM-
lesioned trained rats performed well above chance level. How-
ever, the nBM group was significantly impaired when a delay was
introduced, especially at the longest delays (Fig. 4B).

The evidence of mild nonsignificant attentional deficits, for
example, the increase in omissions (Fig. 2B) is not uncommon in
animals at this dose of saporin. In a recent study by Risbrough et
al. (2002), nBM-saporin-induced lesions using a dose similar to
the one used in the present study, also reported increased target
omissions under demanding attentional constraints of reduced
target duration and intensity, although response accuracy was
not significantly affected. In fact, we deliberately focused on this
low dose of saporin so as to ensure that profound attentional
impairments were minimized while measuring working memory
performance. There was also some evidence of impaired inhibi-
tory response control, which emerged at the short stimulus du-
ration with increased premature responding in the nBM trained
rats. Such deficits, as well as attentional impairments, are readily
discernible at higher doses of saporin (McGaughy et al. 2002),
which damage neurons of the horizontal diagonal band of Broca
(HDB) in addition to nBM neurons. Notably, both cell groups are
known to innervate the mPFC (Saper 1984; Luiten et al. 1987),
and this may be relevant to the severity of the attentional im-
pairments observed following intrabasalis infusions of 192 IgG-
saporin. The low dose of saporin used in the present study pref-
erentially destroyed nBM, but spared HDB cholinergic neurons
(Mesulam et al. 1983a,b). Therefore, it is possible that greater
effects may have been observed following a larger lesion that
included both the nBM and HDB. Nevertheless, the finding that
local infusions of scopolamine into the PFC produced deficits
similar to the nBM lesions suggests that selective cholinergic
depletion in the nBM is sufficient to affect muscarinic transmis-
sion in the mPFC

Thus, animals with restricted nBM saporin lesions appear
not to be impaired in attentional accuracy under standard con-
ditions, and accordingly, produce no change in extracellular ACh
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Figure 4 Mean (= SEM) performance of Sham controls and nBM le-
sioned animals on postoperative baseline testing for 8 d on attentional
(target) accuracy (A), target omissions (B), and memory for the target
during the choice phase (C).

during performance of the SCSRTT (see McGaughy et al. 2002).
One possibility is that the basal forebrain cortical cholinergic
system may be subject to functional compensation following se-
lective cell loss in the nBM, for example, up-regulation of nico-
tinic and muscarinic receptors in the cortex (e.g., Rossner et al.
1995; Schleibs et al. 1996), and so we cannot be sure how choli-
noreceptor density after the lesion may contribute to the benign
effects of the lesion under low-attentional demands. Nonethe-
less, behavioral changes are likely to be more apparent soon,
rather than late after the lesion, and this time dependency may
be relevant for functional receptor changes, including resprout-

82 Learning & Memory

www.Iearnmem.org

ing of surviving neurons and increased synthesis that may
emerge with time. Furthermore, deficits induced by cholinergic
depletion appear to be dependent on task requirements (Waite et
al. 1999; Himmelheber et al. 2001; McGaughy et al. 2002). Simi-
larly, the nBM-lesioned rats in the present study only showed a
memory impairment when the attentional demands were high,
but not under the standard baseline condition, suggesting that
damage to the basal forebrain cholinergic neurons may be critical
in optimizing performance in response to specific behavioral
challenges (Dunnett et al. 1991; Baxter and Chiba 1999), and this
notion is compatible with the role of the cholinergic system in
processes of cortical arousal (Richardson and DeLong 1988;
Everitt and Robbins 1997).

These observations provide further insight into the modu-
latory effect of the cortical cholinergic system in attention and
memory. Current views hold that selective lesions of the basal
forebrain cholinergic neurons produce disruptions in specific
forms of attentional processing (Robbins et al. 1989; Chiba et al.
1995, 1999; McGaughy et al. 1996; Stoehr et al. 1997; Turchi and
Sarter 1997; Waite et al. 1999) rather than specific mnemonic
functions (Etherington et al. 1987; Torres et al. 1994; Wenk 1997;
Chappell et al. 1998). However, few, if any, studies have directly
compared effects of attention and memory using 192 IgG-
saporin in the same animals within the same behavioral task.
Deficits produced by less-selective methods for damaging cortical
cholinergic projections were taken to support a role for ACh in
the cortical plasticity that underlies learning and memory (Dun-
nett et al. 1991; Everitt and Robbins 1997). There is considerable
evidence that central cholinergic neurons do have an important
role in mnemonic processing (Hagan and Morris 1988; Sahakian
1988; Fibiger 1991). Interestingly, however, excitotoxic lesions of
the mPFC produce working memory deficits (Dunnett et al. 1990;
Kesner 2000; Dias and Aggleton 2002), particularly when the task
requires effortful processing (Granon et al. 1994), and this is con-
sistent with the finding that mPFC lesions also produce profound
attentional impairments (Muir et al. 1996; Passetti et al. 2002).
Together, these data indicate that ACh in the frontal cortex plays
a key role in maintaining memory over time as well as serving to
optimize attentional processing. Selective excitotoxic lesions of
the dorsal prefrontal cortex produce attentional impairments in
the SCSRTT, whereas the more ventral prelimbic cortex appears
to be sensitive to performance requiring working memory, in-
cluding holding information on-line and inhibition of interfer-
ence from competing traces. (Delatour and Gisquet-Verrier 2000;
Passetti et al. 2002; Chudasama et al. 2003). Therefore, atten-
tional and memory functions of ACh may be attributable to cho-
linergic projections to selective frontal areas. This hypothesis
needs to be tested directly by studying the various contributions
of the different ACh cell groups in the BF to both attention and
memory functions.

Our results implicate the basal forebrain cholinergic system
in attentional and mnemonic processing. Importantly, however,
our observations suggest that memory deficits caused by cholin-
ergic depletions may not be directly attributable to an attentional
deficit, although aspects of attention (such as target omissions)
may be equally compromised. It is more likely that the cortical
cholinergic system modulates both attentional and mnemonic
processing, perhaps because of its capacity to generally enhance
signal-to-noise ratios (Gu 2002). Together, these data have im-
plications for attempts to model cognitive functions produced by
cholinergic lesions with relatively selective actions on attention
and memory. The simultaneous assessment of attention and its
effect on memory in the CAM task provides us with a valuable
method for modeling effects of neurochemical manipulations on
component cognitive processes in disorders of cognitive func-
tion.
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Figure 5 Effects of nBM lesions on the CAM task when the stimulus duration was reduced to 0.25 sec. Mean (= SEM) performance on attentional

(target) accuracy (A) and memory (choice) phase (B).

MATERIAL AND METHODS

Subjects

All subjects were male Lister Hooded rats (Charles River), housed
in pairs in a temperature controlled room (22°C), under diurnal
conditions (12 h light/12 h dark). Rats were food deprived and
maintained at 85% of their free-feeding weight throughout the
experiment. All testing occurred at a regular time during the light
period, and animals were 3-months-of-age (230-260 g) at the
start of behavioral training. All experimental procedures were
subject to UK Home Office approval (Project Licence PPL 80/
1324).

Apparatus

Six nine-hole boxes (Cambridge Cognition) were used for the
combined attention-memory (CAM) task. This apparatus has
been described previously (see Carli et al. 1983) and is used pri-
marily to assess continuous performance in rats (Muir 1996; Pas-
setti et al. 2002). In brief, each box was a 25 X 25-cm aluminium
chamber with an arc of contiguous apertures numbered one to
nine (each 2.5 cm square, 4 cm deep, and set 2 cm above floor
level). Illumination of each hole was provided by a standard 3W
bulb located at the rear of the hole. In addition, located at the
entrance of each aperture was an infrared photocell beam moni-
toring the nose poke responding of the rat. Each aperture could
be blocked by a metal cover when not required. For the present
study, apertures 1, 3, 5, 7, and 9 were open. Pellets were delivered
in a food magazine that was located in the wall opposite the
visual array. The opening of the food magazine was covered by a
hinged Perspex panel door and was monitored by a microswitch.
The four chambers were housed individually within sound-
attenuating cabinets and were ventilated by low-level noise fans,
which also served to mask extraneous background noise. The
apparatus and on-line data collection was controlled by means of
an Acorn computer system with software written by Dr. R.N.
Cardinal (Cambridge University, Cambridge, United Kingdom).

Behavioral Procedure

Each trial consisted of two phases, the target (attention) phase
and the choice (memory) phase. The target phase was similar to
the 5-choice serial reaction time task (Carli et al. 1983), although
the final requirement for the target duration was less stringent
(0.7 sec for experiment 1 and 1.0 sec for experiment 2). Rats were
trained to discriminate a brief visual stimulus presented ran-
domly in one of the five spatial locations. At the beginning of
trial, the house light was illuminated and the trial was initiated
by the rat making an entry into the food magazine. After a fixed

5-sec interval, the light at the rear of one of the apertures was
illuminated for a short period (0.7 or 1.0 sec). A nose-poke re-
sponse in the aperture during illumination and for 5 sec after-
ward (the limited hold period) was recorded as a correct response.
Responses in a nonilluminated hole during the target presenta-
tion period (incorrect response) and failures to respond within
the limited hold period (omission) terminated the trial. The next
trial began following a 10-sec intertrial interval, during which all
lights were extinguished.

If the rat made a correct target response, a delay interval was
initiated that was signified by the illumination of the food maga-
zine. The animal was required to nose poke the food magazine
during the delay. The last nose poke after the delay interval re-
sulted in the choice (memory) phase when two lights were pre-
sented simultaneously for 3 sec. One choice stimulus light was
presented in the hole that was identical to the target light during
the attention phase of the trial. The second distractor choice
stimulus light was a random light that occurred in one of the
remaining four holes. The rat was rewarded with two pellets if it
made a nose-poke response in the choice hole that was the same
as the original target light (correct choice response) while it was
illuminated, and after, for 5 sec (the limited hold period). A nose-
poke response in the distractor choice hole or in any of the non-
illuminated holes (incorrect choice response) or a failure to re-
spond (choice omission) resulted in the termination of the trial
and no food was delivered. The next trial began after an intertrial
interval of darkness for 10 sec, after which the houselight was
illuminated. Each session consisted of 100 trials.

Importantly, the proximity of the choice stimulus lights
during the memory phase could be presented at extreme loca-
tions. For example, on some trials, the choice lights could be
presented in holes 1 and 2, whereas on other trials, the locations
could be holes 1 and 5. Although we cannot dismiss the potential
confound that discrimination might be easier when the stimulus
lights were further apart from each other than when presented in
adjacent holes, a comparison of the accuracy as a function of
hole proximity (holes 1 and 2 vs. holes 1 and 5) revealed no
significant differences on the last preoperative training day [ac-
curacy: F(1, 12) =0.122, P > 0.05; hole proximity: F(1,
12) =0.122, P > 0.05]. In addition, of the nine holes that were
available in the apparatus, four were occluded, leaving a space
between each hole. Therefore, even when the choice lights were
presented in adjacent holes, they were always one hole apart
allowing for easier discrimination.

Given the demanding requirements of the CAM task, it took
~4-6 mo to train animals on this task. Therefore, initial training
was conducted according to two phases. The animals were first
trained to detect the target; thus, the stimulus duration and lim-
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ited hold period were both set at 1 min. These variables were
altered on subsequent sessions according to the animal’s perfor-
mance, until the animal was able to detect a target duration of
0.7-1.0 sec. The animal was required to attain >80% correct re-
sponses accompanied by <20% omissions over five consecutive
sessions within a 30-min session time. Approximately 25 sessions
were required for the animals to attain this criterion.

Following successful training of the target phase, the delay
intervals were instituted between the target (attention) and the
choice (memory) phases of the task. During initial training, the
delay was set at O sec for the entire session. The animal was
rewarded for making a correct target response and a correct
choice response. When animals were able to complete >70% cor-
rect choice responses at the 0-sec delay for five consecutive days,
the reward pellet following the correct target was removed; thus,
animals were only rewarded for making a correct choice response
in the memory phase only. Additional delays of 0-16 sec were
then introduced according to the animal’s performance. When
rats were showing reliable performance across five consecutive
days with a criterion of =70 correct during the target phase and
at least 60 correct during the choice phase, the animals were
ready for surgery. Approximately 90 sessions were required to
attain this criterion.

Following implantation of guide cannulae in the mPFC (ex-
periment 1), the animals were retested on the standard baseline
schedule until stable performance was obtained (5 d). Subse-
quently, these animals were infused with scopolamine prior to
testing on the CAM task. In experiment 2, animals with 192
IgG-saporin lesions of the nucleus basalis magnocellularis (nBM)
were also retested on the standard baseline schedule. The diffi-
culty of the task was then increased by reducing the stimulus
duration in one session to 0.25 sec.

Performance Measures

Several performance measures were recorded for each phase for
each trial. For the target (attention) phase, the following mea-
sures were calculated:

1. Attentional accuracy was the number of correct target re-
sponses/total number of target responses expressed as a per-
centage. Thus, this measures errors of commission without
including errors of omission.

2. Errors of target omission were also recorded for this phase, as
the number of trials on which no response was made ex-
pressed as a percentage. This measure reflects possible failures
in detection.

3. Premature responses were the number of nose-poke responses
in the apertures during the interval prior to the onset of the
target. This measure reflects possible deficits in impulse con-
trol and is related to response preparation.

4. Target-response latency was defined as the time between the
onset of the visual target and the point at which the animal
made a correct target response.

For the choice (memory) phase, the following measures were
calculated:

1. Choice accuracy was the number of correct choice responses/
total number of choice responses expressed as a percentage for
each delay.

2. Choice response latency was the time from when the animal
made the last nose poke in the food magazine after the delay
to when the animal made a correct choice response.

3. Magazine latency was the time between the correct choice
response and the time the rat entered the food magazine to
collect its food reward.

In addition, the CAM task may well be subject to mediating
behaviors similar to the standard delayed nonmatching to posi-
tion task (Dunnett et al. 1990; Chudasama and Muir 1997), in
which behaviors directed at the food magazine appear to facili-
tate correct responding. In the CAM task, the food magazine is in
the opposite direction to the visual display, preventing the ani-
mal from using magazine oriented behaviors. Nonetheless, it was
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still possible that the animals could mediate by nose poking in
the same hole as the target stimulus hole in order to facilitate
memory. For this reason, we calculated the number of nose-poke
responses during the delay that were made in the same hole
relative to all other holes. Statistical analyses failed to show any
significant differences in these measures throughout the entire
testing regimen, suggesting to us that mediating behaviors in the
CAM task were certainly minimized, if not perfectly eliminated.
Therefore, responses to the same and other holes during the de-
lay were combined to provide a total number of perseverative
nose-poke responses during the delay.

Surgery

Cannulae Implantation

After training on the CAM task, animals underwent stereotaxic
implantation of chronic double-guide cannula. Each guide can-
nula consisted of a plastic square comprising two 23-guage metal
tubes that were 1.5 mm apart, projecting 3 mm from the pedestal
(Plastics One). Animals were deeply anaesthetised by an intra-
muscular injection of xylazine (Rompun, Vet Drug; 10 mg/kg)
and ketamine (Ketaset, Vet Drug; 50 mg/kg) and placed in a ste-
reotaxic frame fitted with atraumatic bars (David Kopf Instru-
ments). The incisor bar was set at —3.3 mm. A small quantity of
ophthalmic ointment (Lacri-Lube) was gently wiped over each
eye to prevent desiccation of the corneal surfaces. The scalp was
retracted to expose the skull, and craniotomies were made di-
rectly above the target region of the brain. The guide cannulae
was mounted on the arm of the stereotaxic frame and was low-
ered through the craniotomies at the following coordinates from
bregma; AP + 3.0, L +/— 0.7, DV — 2.2 (from dura). The cannula
was then implanted and affixed with dental cement and stainless
sterile screws that served to hold the cannula in place. Sterile
(dummy) stylets (Plastic One) were introduced in the guide can-
nula to prevent occlusion. Particular care was taken to minimize
infection. Therefore, during a 10-d recovery period, the dummy
stylets were changed every other day. Rats were housed individu-
ally for the subsequent testing period. A total of 14 rats were
cannulated.

Microinfusion Procedure

Following post operative recovery, rats were initially adapted to
two mock infusion protocols to minimize any stress associated
with the procedure. Rats were gently restrained while the dummy
stylets were removed and replaced with a 30-gauge stainless-steel
double injector extending 1.5 mm beyond the tip of the guide
cannula. The double injectors were connected by Portex fine bore
polythene tubing (Portex Ltd) to two 10-pL precision syringes
(SGE) mounted in a Harvard Apparatus infusion pump. Drug or
vehicle was infused bilaterally in a volume of 0.5 puL over 2 min.
The cannulae were left in place for a further 2 min before behav-
ioral testing.

Drug Preparation

Scopolamine hydrobromide was dissolved in sterile PBS (pH 7.0-
7.2) (RBI). All animals received two doses (3 or 10 pg) or vehicle
according to a latin square design. Injections were administered
immediately before testing. Each drug-test day was followed by a
drug-free day, when no behavioral testing occurred. Animals
were then tested on the baseline schedule of the task before the
next treatment.

Saporin Lesions of the nBM

Subjects were administered ketamine (Ketaset, Vet Drug; 90 mg/
kg, i.p.) in combination with xylazine (Rompun, Vet Drug; 6.7
mg/kg, i.p.) to induce anaesthesia before being secured in a flat
skull position (incisor bar set at —3.3 mm relative to the inter-
aural line). A small quantity of ophthalmic ointment (Lacri-Lube)
was wiped gently over each eye to prevent desiccation of the
corneal surfaces. Lesions of the cortically projecting cholinergic
neurons of the nucleus basalis magnocellularis (nBM) were made
using the immunotoxin 192 IgG-saporin (Chemicon). Bilateral
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microinfusions of vehicle (PBS, pH 7.4) or 192 IgG-saporin (125
ng/infusion, 0.5 pL infusion vol) were carried out using 31-gauge,
nonbeveled stainless-steel injectors (Cooperneedle works) at a
rate of 0.25 pL/m, commencing 2 min after lowering the injec-
tors in the brain. The following stereotaxic coordinates were used
(relative to bregma and the dural surface): AP —0.5 mm; L + 2.9
mm; V —7.2 mm (Paxinos and Watson 1997). Following each
infusion, the injector was left in place for 4 min before being
slowly retracted. Animals were given a full week to recover from
surgery before being retested and housed individually for subse-
quent testing.

Histological Procedures

At the conclusion of the behavioral testing, the animals were
perfused transcardially with 0.01 M PBS followed by 4% para-
formaldehyde. The cannulae were carefully removed from the
brain and discarded. After dehydration by immersion in 20%
sucrose overnight, the brains were sectioned on a freezing micro-
tome. For brains with cannulae implantations, every second sec-
tion (60 pm) was mounted on glass slides and stained with Cresyl
Violet. The sections were used to verify cannulae placement.

Neuronal Specificity of 192 IgG-Saporin

An assessment was made of the specificity of the 192 IgG-saporin
for cholinergic and parvalbumin (PARV) containing GABAergic
neurons of the basal forebrain. Following perfusions and dehy-
dration according to the schedule above, every fourth section (40
pm) was stained for choline acetyletransferase (ChAT)-positive
cells, and every third section was stained for PARV-positive cells.
The histological procedure protocol and histological quantifica-
tion for these staining techniques was identical to that provided
by McGaughy et al. (2002). Cresyl violet staining was used to
determine the extent of any general neuronal loss or degenera-
tion in the region of the infusion.

Data Analysis

Data for each variable were subjected to repeated measures of
ANOVA using the SPSS statistical package, version 9.0 (SPSS Inc.).
Data were initally explored using boxplots and tests of homoge-
neity of variance, so that outliers were identified and skewed
data, which violate the distribution requirement of the ANOVA
were transformed appropriately (arcsine, square root, or logarith-
mic) as recommended by Winer (1971). Homogeneity of variance
across groups was assessed by the Mauchly Sphericity Test. When
data sets significantly violated this requirement for a repeated
measures design, the Huynh-Feldt ¢ was used to calculate a more
conservative P-value for each F-ratio. The criterion for statistical
significance was a probability level of P < 0.05. For experiment 1,
the within subject factor was dose (three levels vehicle; 3 pg, and
10 pg) and the within-subjects factor included session (5 d) and
delay (4 levels; 0, 4, 8, and 16sec). For experiment 2, the between-
subject factor was lesion [2 levels; Sham controls and nBM-
saporin (nBM)], the within-subject factor included session (8 d)
and delay (4 levels; 2, 4, 8, and 16 sec), and the stimulus duration
(1.0 and 0.25 sec) as appropriate.
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