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A recent study suggests that lesions to all major areas of the cholinergic basal forebrain in the rat (medial septum,
horizontal limb of the diagonal band of Broca, and nucleus basalis magnocellularis) impair a spatial working memory
task. However, this experiment used a surgical technique that may have damaged cerebellar Purkinje cells. The
present study tested rats with highly selective lesions of cholinergic neurons in all major areas of the basal forebrain
on a spatial working memory task in the radial arm maze. In postoperative testing, there were no significant
differences between lesion and control groups in working memory, even with a delay period of 8 h, with the
exception of a transient impairment during the first 2 d of postoperative testing at shorter delays (0 or 2 h). This
finding corroborates other results that indicate that the cholinergic basal forebrain does not play a significant role in
spatial working memory. Furthermore, it underscores the presence of intact memory functions after cholinergic basal
forebrain damage, despite attentional impairments that follow these lesions, demonstrated in other task paradigms.

The cognitive functions of the basal forebrain cholinergic system
(BFCS) are of considerable interest, given the damage to this sys-
tem associated with neuropathological conditions such as Alz-
heimer’s disease (Perry et al. 1977, 1978; Bartus et al. 1982,
1985a; Baxter and Gallagher 1997; Bartus 2000). Experimental
lesion studies have attempted to address the question of which
aspects of cognitive impairment in these human disease states, if
any, can be attributed to loss of cholinergic neurons. The present
study aims to further clarify the role of the BFCS in spatial cog-
nition.

The extent of acetylcholine loss in aged and demented sub-
jects correlates with the extent of their cognitive impairment
(Perry et al. 1977, 1978; Bartus et al. 1982). Experiments on ani-
mals have therefore examined the effects of BFCS lesions on spa-
tial learning and memory tasks. These tasks are thought to effec-
tively model the cognitive processes that are usually the first to
deteriorate in aged and demented humans (Gallagher and Pel-
leymounter 1988). However, different BFCS lesion experiments
have produced seemingly contradictory results. Early studies sug-
gested an important role for this system in learning and memory.
Rats with ibotenic acid lesions of the nucleus basalis magnocel-
lularis/substantia innominata (nBM/SI), the component of the
basal forebrain that projects predominantly to neocortex, were
impaired on a preoperatively learned delayed nonmatching-to-
sample (DNMS) radial maze task (Bartus et al. 1985b, 1986). Simi-
larly, lesions to the nBM/SI or medial septum/vertical limb of the
diagonal band (MS/VDB; the component of the basal forebrain
that projects predominantly to the hippocampus) also impaired
learning and performance in spatial working memory in the ra-
dial arm maze (Hepler et al. 1985; M’Harzi and Jarrard 1992).

However, studies using ibotenic acid can be questioned be-
cause these lesions are not selective for basal forebrain choliner-
gic neurons (Dunnett et al. 1991; Gallagher and Colombo 1995;
Baxter and Murg 2002). For example, deficits in memory after
basal forebrain lesions with different excitotoxins do not neces-
sarily correlate with the extent of cholinergic damage (see Dun-

nett et al. 1991). As a result, an important tool in this line of
investigation has been 192 IgG-saporin, an immunotoxin that
produces complete and highly selective lesions of cholinergic
neurons (Wiley et al. 1991; Wrenn et al. 1999). Studies with this
toxin have indicated that the BFCS does not play as central or
direct a role in spatial learning and memory as was supposed.
Selective cholinergic lesions of either MS/VDB or nBM/SI fail to
impair spatial learning in the Morris water maze (Torres et al.
1994; Baxter et al. 1995, 1996; Dornan et al. 1996).

Effects of these lesions on spatial working memory, how-
ever, have been more variable. Two studies using intraseptal ad-
ministration of 192 IgG-saporin reported impairments in radial
maze performance in a spatial DNMS procedure; in one study
these impairments were delay-dependent (Walsh et al. 1996),
and in one they were delay-independent (Shen et al. 1996). How-
ever, both studies used midline injections of 192 IgG-saporin
that could possibly damage noncholinergic neurons (Torres et al.
1994); neither of these studies provided independent corrobora-
tion of intact noncholinergic neurons at the lesion site. McMa-
han et al. (1997) found that bilateral (as opposed to midline)
MS/VDB lesions did not impair performance in a water version of
the DNMS radial arm maze task. Rats with similar lesions (in
which the integrity of noncholinergic MS/VDB neurons was con-
firmed) failed to impair memory in a dry-land DNMS task, when
rats were trained preoperatively (Chappell et al. 1998), in con-
trast to the report by Walsh et al. (1996). These latter two studies
confirmed that the 192 IgG-saporin lesions produced extensive
cholinergic denervation of hippocampus but failed to damage
noncholinergic neurons in the MS/VDB. However, a recent study
in which cholinergic neuron integrity at the lesion site was veri-
fied found impairment in spatial working memory after 192 IgG-
saporin lesions of the MS/VDB (Lehmann et al. 2003), suggesting
that these lesions can be sufficient to impair spatial memory
under some circumstances. Studies examining spatial working
memory using rewarded T-maze alternation have not found ef-
fects of cholinergic MS/VDB lesions (Pang and Nocera 1999;
Kirby and Rawlins 2003). These differences across studies also do
not appear to be related to whether the lesion is given before
training on the maze task, or afterward. When damage is limited
to the MS/VDB, loss of both GABAergic and cholinergic neurons
may be required to produce deficits in spatial memory (Pang et al.
2001).
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However, other research has complicated this picture. One
study by Wrenn et al. (1999) reported deficits in working
memory in the radial maze after intraventricular 192 IgG-saporin
lesions, which damaged cholinergic neurons throughout the en-
tire BFCS (MS/VDB, nBM/SI, and the horizontal limb of the di-
agonal band of Broca [HDB]). Only rats with >75% depletion of
BF cholinergic cells were impaired. These investigators concluded
that only severe cholinergic neuronal loss is sufficient to cause
learning and memory deficits; earlier studies that failed to find
impairment may not have disabled a sufficient number of cho-
linergic neurons. Furthermore, this study suggested that lesions
limited to hippocampal cholinergic projections are insufficient
for impairment; cortical projections must also be damaged. Rats
with almost total depletion in one of these structures, but with-
out total BFCS neuron loss >75%, were unimpaired. Because MS/
VDB cholinergic neurons project primarily to the hippocampus,
this finding may account for the lack of impairment seen in
earlier studies of 192 IgG-saporin lesions of the MS/VDB.

Nonetheless, the intraventricular injection of toxin in this
experiment makes its result difficult to interpret. Injections of
this type also damage cerebellar Purkinje cells. Wrenn et al.
(1999) reported such damage, although a control experiment
that confirmedmotor function in all lesion groups suggested that
damage to cerebellar neurons was minimal. Later work by Wrenn
and Wiley (2001) showed that Purkinje cell lesions, by them-
selves, do not cause decrements in radial maze performance. In
this study, as in the previous one, only rats with both extensive
cholinergic basal forebrain lesions and Purkinje cell lesions were

impaired. Wrenn and Wiley (2001) also showed that spatial
memory errors could be predicted based on BFCS cell counts but
that adding Purkinje cell counts to the analysis did not increase
its predictive power.

Although these results support the view that severe loss of
basal forebrain cholinergic neurons impairs spatial working
memory, it remains a logical possibility that only the combined
loss of cholinergic projections and Purkinje cells will produce
impaired performance. The fact that Purkinje cell counts do not
make predictions of behavioral performance more accurate does
not show that these cells play no role in normal spatial cogni-
tion, given that loss of cholinergic neurons and Purkinje cells
tended to be highly correlated (Wrenn and Wiley 2001) and
other evidence for a role of Purkinje cells in spatial cognition
(Goodlett et al. 1992; Gandhi et al. 2000). Only a study of exten-
sive basal forebrain cholinergic lesions without Purkinje cell
damage can definitively link such lesions to spatial working
memory impairments.

The present study seeks to resolve this issue by examining
the effects of extensive and highly selective BFCS lesions (MS/
VDB, HDB, and nBM) on performance in a DNMS task in the
radial maze. In contrast to the earlier experiment by Wrenn et al.
(1999), in which 192 IgG-saporin was injected into the ventricu-
lar system, this experiment uses intraparenchymal injections of
neurotoxin. Such injections are not known to damage Purkinje
cells (see Heckers et al. 1994). In the DNMS task, rats were al-
lowed to visit four baited arms of a 12-arm radial arm maze prior
to a variable delay. At the end of the delay period, free access to

all arms of the maze was allowed, but
arms visited before the delay period no
longer contained food reward. Revisits
to arms visited before the delay were
scored as retroactive (working memory)
errors. Revisits to arms visited after the
delay were scored as proactive errors (im-
mediate working memory). Also, four
arms of the maze were never baited, and
initial entries to these arms (which were
only available for entry after the delay)
were scored as reference memory errors.

RESULTS

Subjects
One rat died of unknown causes before
behavioral testing began, and another
died after surgery. Six rats did not receive
surgeries because they failed to learn the
task to criterion. One rat was excluded
due to anatomical abnormalities, which
appeared to be unrelated to its surgical
manipulation, discovered while its brain
was being sectioned in preparation for
neurobiological analysis. Finally, one rat
was excluded on the basis of ChAT im-
munohistochemistry, which revealed
that its MS/VDB and HDB lesions were
not complete. Consistent with the im-
munohistochemical data from this rat,
AChE histochemistry revealed preserva-
tion of staining in hippocampus and
piriform cortex. All sections examined
from both lesions and controls exhibited
robust parvalbumin staining. Figures 1
and 2 illustrate AChE histochemistry
and ChAT and parvalbumin immuno-

Figure 1 AChE histochemistry. Panels depict AChE staining in hippocampus (A, B), frontal cortex and
striatum (C, D), and parietal cortex (E, F) in a control (A, C, E) and BF-lesioned (B, D, F) rat. Extensive
depletion of AChE-positive fibers is apparent in hippocampus and neocortex in the BF-lesioned rat.
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histochemistry in control and BF-lesioned rats. The final number
of subjects in each group was eight.

Histological Analysis
Determinations of mean pixel intensity were made from digital
photomicrographs of AChE-stained sections from frontal cortex,
parietal cortex, and the CAl, CA3, and DG hippocampal sub-
fields. These values were then normalized to mean densities in
striatum. Raw pixel intensity values in striatum (used for normal-
ization) did not differ between the groups (mean � SD: control,
215.15 � 29.38; BF lesion, 222.93 � 21.43; t(14) = �0.61,
P = 0.56). Cases that were over-postfixed were equally distributed
between the control and lesion groups, so overall values did not
differ. The ratio to striatal values, which were not affected by the
lesion, allowed comparison of depletion in cases with different
amounts of postfixation. Differences in AChE-staining intensity
for lesions and controls were determined by comparing the stain-
ing in cortical and hippocampal regions (expressed as a ratio to
staining in striatum) in a series of unpaired t-tests. Lesions had
significantly lower ratios than controls for all brain regions ex-
amined (Table 1; ts(14) > 3.66, Ps < 0.003).

This measure of pixel intensity from AChE histochemistry
likely underestimates the magnitude of cortical cholinergic de-
nervation; for example, a 32.7% reduction in staining intensity
in frontal cortex does not mean that only 32.7% of cortical cho-
linergic input was removed. Because we did not have ChAT-
immunostained material from all of our rats, and we did not
prepare our tissue to permit unbiased stereological counting of
cholinergic basal forebrain cells, we were not able to compare our
AChE depletions with loss of cholinergic basal forebrain neurons
per se. However, we were able to make comparisons with data
from another study that used similar methods to measure cortical

AChE densitometry, in rats in which ChAT neuron loss was as-
sessed quantitatively (Wrenn et al. 1999). Their percentage of
depletions of AChE densitometry were 28.3% in dorsolateral
frontal cortex, 33.8% in cingulate cortex, and 38.8% in hippo-
campus (all subfields) in their highest-dose 192 IgG-saporin (4
µg) group (C.C. Wrenn, pers. comm.). These values compare fa-
vorably with those in our study, suggesting any differences in
behavioral outcome between the two experiments are probably
not due to differences in lesion extent. Furthermore, examina-
tion of immunohistochemical material in rats in which it was
available confirmed extensive (nearly total) loss of cholinergic
(ChAT-immunopositive) neurons in the basal forebrain, with
preservation of parvalbumin-immunoreactive neurons, as is typi-
cal for these lesions produced in our laboratory (see Cahill and
Baxter 2001; De Rosa et al. 2001).

Behavioral Data
A repeated-measures ANOVA showed that lesions did not alter
DNMS performance when all 12 d of postoperative testing were

Table 1. Densitometry Measurements of AChE Histochemistry
(Expressed as Ratio to Striatal Values)

Structure Control SD
BF

lesion SD
Percentage
decrease

Frontal cortex 0.657 0.103 0.442 0.027 32.7
Parietal cortex 0.550 0.104 0.381 0.062 30.7
Hippocampal CA1 0.589 0.091 0.403 0.037 31.6
Hippocampal CA3 0.515 0.122 0.329 0.076 36.1
Dentate gyrus 0.603 0.127 0.324 0.111 46.2

Mean and SD for each group.

Figure 2 Immunohistochemistry. Panels depict ChAT (A–F) and parvalbumin (G–I) immunohistochemistry in the MS/VDB (A, D, G), HDB (B, E, H), and
nBM/SI (C, F, I) of control (A–C) and BF-lesioned (D–I) rats. A loss of cholinergic (ChAT-positive) basal forebrain neurons is apparent in the BF-lesioned
rats (D–F), but parvalbumin-immunoreactive neurons are preserved at the lesion site (G–I).
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analyzed together; there was no effect of lesion on retroactive
errors (Fig. 3; F(1, 14) = 1.44, P = 0.25). As expected, there was a
strong main effect of delay; retroactive errors increased with de-
lay for both groups (F(3, 42) = 15.07, P < 0.0005). However, there
was no significant delay by lesion interaction (F(3, 42) = 0.84,
P = 0.48), indicating that there was no differential effect of lesion
at different delays.

Lesion status and delay period did not affect the number of
proactive errors committed. There was no main effect of lesion
(F(1, 14) = 0.03, P = 0.86) or of delay (F(3, 42) = 0.64, P = 0.59) on
this error type. Furthermore, the delay by lesion interaction was
not significant for proactive errors (F(3, 42) = 1.13, P = 0.39).
BFCS lesions also did not affect the commission of reference
memory errors (mean � SEM: control, 2.29 � 0.22; lesion,
2.50 � 0.24; F(1, 14) = 0.40, P = 0.54).

In addition to the overall analysis across all 12 d of postop-
erative testing, the data were broken into three blocks of four

testing days each. Each block consisted of 1 d for each delay
period (90 sec, 2 h, 4 h, and 8 h). Repeated-measures ANOVAs
performed on each block showed a main effect of lesion on ret-
roactive errors in block 1 (F(1, 14) = 5.50, P = 0.03) but not in
block 2 (F(1, 14) = 0.09, P = 0.77) or in block 3 (F(1, 12) = 0.759,
P = 0.40; Fig. 4). Two rats, one control and one lesion, were ex-
cluded from block 3 analysis because they did not complete the
DNMS task within the 10-min allotted time on the last day of
postoperative testing. The overall analysis of retroactive errors
was based on averages obtained from 11 d of testing for these
rats, as opposed to 12 for the other subjects. Analysis by block of
proactive errors revealed that there was no effect of lesion on this
error type in any block (Fs(1, 12 or 14) < 2.11, ps < 0.17).

Although the analysis by block did reveal a main effect of
lesion in block 1, there was no interaction between DNMS im-
pairment and delay length (F(3, 42) = 0.80, P = 0.50). Thus, the
impairment was not delay-dependent. However, unpaired t-tests
performed for each delay length in block 1 revealed that lesioned
rats only made significantly more errors than did controls for the
2-h delay, on the second day of postoperative testing (P = 0.04).
The difference for the 90-sec delay on the first day of testing
approached significance (P = 0.13), but lesioned rats and controls
performed comparably on the 4-h (P = 1.00) and 8-h delays
(P = 0.32). Thus, the apparent memory impairment seen in block
1 resulted almost entirely from poor performance on the first 2 d
of postoperative testing, and disappeared entirely when the delay
period became longer.

DISCUSSION
In the present experiment, rats with extensive BFCS lesions were
completely unimpaired in immediate working memory (mea-
sured by proactive errors), and relatively unimpaired in working
memory for spatial information held across delays. There was no
overall differential impairment of working memory in lesioned
rats at long delays, but rather only a transient effect of lesion
during the first 2 d of postoperative testing.

These results indicate that extensive basal forebrain cholin-
ergic lesions, by themselves, do not necessarily induce severe
memory disturbances of the kind reported in other recent studies
(Wrenn et al. 1999; Wrenn and Wiley 2001). Several differences
between the current experiment and these other studies of ex-
tensive lesions should be noted. First, a six-arm radial maze was
used in both previous studies, whereas a 12-armmaze was used in
the experiment reported here. Given that our DNMS task re-
quired rats to keep track of more spatial locations, one might
expect it to be more sensitive to a lesion-induced memory im-
pairment, but no impairment was found. Furthermore, the pre-
sent study tested rats at much longer delays, ranging from 90 sec
to 8 h; studies showing impairment used very short delays (�30
sec). Again, the longer delays in the task reported here would
presumably make the DNMS procedure more demanding of spa-
tial memory and thus more sensitive to lesion-induced impair-
ments. However, we presented delays to our rats in a different
manner from that of Wrenn et al. (1999): Our rats were given
four locations to be remembered before the delay, whereas
Wrenn et al. (1999) imposed a delay (from 5 to 30 sec) after each
choice, before allowing the next choice to be made. Hence, the
tasks may also differ in the way in which working memory is
taxed, and the time course across which memories must be re-
tained. It is possible that allowing rats to acquire a list of spatial
locations and then retain it over a long time interval exerts less
demand on the BFCS (and its cortical targets) than does continu-
ously updating a list of locations over seconds or minutes (see
Turchi and Sarter 2000). Parametric manipulation of this variable
within a single study may shed greater light on this issue.

Figure 3 Retroactive and proactive errors at each of the four delays in
postoperative testing for control and BF-lesioned rats, across all 12 d of
postoperative testing. Retroactive errors (entries into maze arms visited
before the delay) increase as the delay between sample and choice in-
creases, but BF-lesioned rats perform comparably to control rats at each
of the four delays. Proactive errors (re-entries into arms visited after the
delay) do not vary with delay and also do not differ between control and
BF-lesioned rats.
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Another possibility is that there are differences in the infor-
mation available to the rats in solving the radial maze tasks in
different studies. Specifically, the radial maze used by Wrenn et
al. (1999) had clear arms but opaque covers on each arm, so the
rats may have had limited views of extramaze cues depending on
where they were in the maze (C.C. Wrenn, pers. comm.). In
contrast, our maze was located inside a square test area sur-
rounded by curtains, with a few discrete and salient visual cues.
These considerations may affect whether rats use a “cognitive
map,” path integration information, or memory for egocentric
body movement (or some combination thereof) to remember
locations they have visited in the radial maze. Differences in
information available to use for navigation may also affect the
attentional requirements of spatial tasks (a point returned to in a
later paragraph). These factors also reflect a potential source of
differences between experiments that may need to be taken into
account in making cross-study comparisons. A similar explana-
tion might apply to situations in which lesions limited to MS/
VDB cholinergic neurons do or do not impair spatial memory
(Chappell et al. 1998; Lehmann et al. 2003).

We verified the completeness of our cholinergic lesions by
using AChE densitometry methods similar to those of Wrenn et
al. (1999). Our lesions were similar in extent to those reported by
Wrenn et al. (1999), which were produced by the highest (4 µg)
dose of intraventricular 192 IgG-saporin. Immunohistochemical
observations indicated near-total depletion of cholinergic neu-
rons in the brains of lesioned animals; furthermore, our deple-
tions of cortical AChE are similar in magnitude to those reported
by Wrenn et al. (1999) for their rats with working memory im-
pairment. Thus, although the lesions were produced by different
methods (intraventricular versus intraparenchymal injection of
192 IgG-saporin), it seems unlikely that differences in cholinergic
lesion extent can account for the different outcomes of our two
studies. Thus, it is possible that conjoint damage to cerebellar
neurons and basal forebrain cholinergic neurons impairs spatial
memory more severely than lesions of either population alone
(Wrenn et al. 1999; Wrenn and Wiley 2001) although studies
aimed at testing this hypothesis explicitly are needed.

Notably, studies using nonselective lesions of basal fore-
brain neurons (e.g., with ibotenic acid) in both the MS/VDB and
NBM have demonstrated deficits in spatial memory in the radial
maze with much smaller reductions in cortical cholinergic inner-
vation (∼33%, measured by ChAT radioenzymatic assay) than
those produced by the 192 IgG-saporin lesions, demonstrating
the sensitivity of the radial maze task to basal forebrain damage
(see Knowlton et al. 1985). Thus, as noted for other spatial memory
tasks, deficits in performance caused by neurotoxic basal forebrain
lesions cannot be explained entirely by loss of cholinergic neurons.

We did note a temporary lesion-related deficit in the first
block of postoperative testing. BF-lesioned rats were impaired in
working memory during the first 2 d of postoperative testing, on
90-sec and 2-h delays. It is possible that this impairment reflects
an initial impairment in working memory. Because performance
on retroactive errors did not differ by the third day of testing (on
which an even longer delay was presented), or on subsequent
days of testing, the deficit may have recovered very rapidly or
been attenuated by practice at short delays. This contrasts with
enduring deficits reported in other studies (Walsh et al. 1996;
Wrenn et al. 1999). It is also possible that the lesioned rats sim-
ply did not remember the requirements of the DNMS task as
well as did the controls. They might have forgotten the win-shift
principle, for example. Comparable analyses for reference
memory errors and proactive errors revealed no main effect of
lesion on the first 2 d of postoperative testing, although lesioned
rats scored numerically higher than did controls on both mea-
sures on both of these days (e.g., proactive errors on day 1 of

Figure 4 Retroactive errors at each of the four delays, broken down for
the three blocks of postoperative testing. An effect on the first 2 d of
postoperative testing (the first two delays of the first block) is apparent,
whereas performance of control and BF-lesioned rats does not differ ap-
preciably on any of the other days of testing.
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postoperative testing, mean � SEM: control, 0.25 � 0.16; BF-
lesion, 1.38 � 0.73; t(14) = 1.5, P = 0.16). This would reflect
some kind of general retrograde amnesia or disruption of moti-
vation rather than a deficit of spatial working memory per se.
Our data do not allow us to distinguish between these possibili-
ties, but at the very least, spatial working memory capacity across
long delays appears to be intact overall and not subject to endur-
ing impairments after extensive basal forebrain cholinergic lesions.

Attentional defects are reliably observed after selective loss
of basal forebrain cholinergic neurons (McGaughy et al. 1996;
Sarter et al. 1997; McGaughy and Sarter 1998; Sarter and Bruno
1999). It is interesting to note that despite these attentional im-
pairments (which were not measured directly in the present
study, but for impairments in attention after similar basal fore-
brain lesions, see Baxter et al. 1999), our rats demonstrated intact
spatial working memory, even at long (8 h) delays. It is not ob-
vious how, in the presence of disrupted attentional function, rats
could learn which four of the 12 arms were visited before the
delay period and retain this information across long delay peri-
ods. This finding, as well as other reports of intact learning and
memory functions after damage to basal forebrain cholinergic
neurons, suggests that impairments in attention after basal fore-
brain cholinergic lesions must exert relatively circumscribed ef-
fects on the overall efficiency of cognitive processing. That is,
these lesions might be better characterized as disrupting the ca-
pacity to regulate attentional resources rather than the capacity
to attend to stimuli per se (Baxter and Chiba 1999). If spatial
memory tasks were designed to tax attentional resources more
severely (e.g., by limiting the amount of spatial information
available to navigate or by requiring the rat to attend to a subset
of cues for navigation), it seems likely that deficits would emerge
after basal forebrain lesions. However, the presence of dissocia-
tions between mnemonic and attentional performance after
basal forebrain cholinergic damage suggests that many memory
processes, including consolidation, storage, and retrieval, as well
as encoding, can operate perfectly normally in the absence of
cholinergic input.

MATERIALS AND METHODS

Subjects
Twenty-six male hooded Long-Evans rats (Taconic, German-
town, NY) were housed separately in cages on a 12-h light/12-h
dark cycle beginning at 8:00 a.m. Throughout behavioral testing,
animals were kept on food restriction and maintained at 85% of
their free-feeding weight. They were placed back on ad libitum
food prior to surgery and during the recovery period after surgery.

Surgery
Following pretraining to criterion, rats were assigned to lesion
(final n = 8) or control (final n = 8) groups based on the number
of trials they required to reach criterion in pretraining on the
DNMS task. The mean number of trials required to reach crite-
rion did not differ significantly between the twomatched groups.
All surgery conditions were identical except that control rats re-
ceived microinjections of 0.1 M phosphate-buffered saline,
whereas lesioned rats received injections of 192 IgG-saporin (0.12
or 0.15 µg/µL in 0.1 M phosphate-buffered saline; Chemicon).
The immunotoxin used in this study was prepared from two
different batches, which did not differ in potency at their final
concentration (0.12 or 0.15 µg/µL) based on pilot experiments in
our laboratory.

Surgical procedures were similar to those outlined in Baxter
et al. (1995) and De Rosa et al. (2001). Each rat was anaesthetized
with ketamine (80 mg/kg, intramuscularly) and xylazine (5 mg/
kg, intramuscularly). Anesthesia was supplemented as necessary
throughout surgery, and surgery was conducted under aseptic
conditions.

The coordinates for all injections were measured from
bregma and determined by using the Paxinos and Watson (1986)
rat brain atlas. Four injections were placed in the MS/VDB at
AP = +0.45 mm and ML = �0.6 mm, at two depths on each side:
DV = �7.8 mm and �6.2 mm. The DV �7.8 mm injection vol-
ume was 0.3 µL, and the DV �6.2 mm injection volume was 0.2
µL. All injections into theMS/VDB were delivered at a rate of 0.05
µL/min. Each rat also received two injections into the HDB at
AP = �0.15 mm, ML = �1.8 mm, and DV = �8.7 mm; 0.3 µL
was delivered at 0.1 µL/min. Finally, there were four injections to
nBM/SI, at AP = �0.75 mm, DV = �8.1 mm (at ML = �3.3 mm),
and DV = �7.8 mm (at ML = �2.3 mm). These consisted of 0.2
µL infused at 0.1 µL/min.

Behavioral Training and Testing
Rats were trained to perform a spatial working memory task on a
12-arm radial maze. The maze was surrounded by black curtains
forming a square (7� � 7�) enclosure. Each curtain contained a
different large (2� � 3�) black-and-white poster as a visual cue.
No other objects in the testing room were visible. The rats were
observed through a camera suspended above the center of the
maze and connected to a television monitor.

Rats were habituated to the radial maze for 10 d and then
began pretraining on the DNMS task. Each trial of pretraining
proceeded as follows. Four arms of the maze were randomly se-
lected to serve as reference memory arms and were not baited on
any trial; these were the same for all rats. Hence, across sessions,
the rats were to learn that entries into these arms were never
reinforced. The doors leading to these arms were closed during
the predelay period. Of the remaining eight arms, four were
baited at the beginning of the trial and had their doors open; four
others had their doors closed. The four baited arms open during
the predelay period were chosen randomly on each day of test-
ing. After the rat had gone to the ends of each of the four open
baited arms, it was removed for a delay of 90 sec. When the rat
re-entered the maze after the 90-sec delay, all doors were open
and only the four previously unbaited arms contained food re-
wards. The trial finished when the rat had gone to the ends of all
four newly baited arms or 10 min had elapsed. Each rat had one
trial per day with ∼2 d off per week.

During the pretraining DNMS trials, each rat’s performance
was scored for working memory errors and reference memory
errors. Working memory errors consisted of entries into an arm
baited before the delay (retroactive errors) and entries into an
arm previously visited during the postdelay phase (proactive er-
rors). First entries into any of the four never-baited arms were
scored separately as reference memory errors. Subsequent entries
into any of these arms were scored as additional proactive errors.
Rats continued with pretraining until they reached criterion lev-
els of performance, defined as three consecutive days with mean
less than one working memory errors.

Before postoperative testing, rats were allowed 2 weeks to
recover from surgery. Postoperative testing involved a procedure
identical to that of pretraining, except that the length of the
delay was varied. Rats were tested on 90-sec, 2-h, 4-h, and 8-h
delays. Again, they had one trial per day. The delay periods were
initially presented in ascending order for the first 4 d of postop-
erative testing (i.e., block 1 of postoperative testing) and then
randomly varied for subsequent blocks of postoperative testing.
There were 12 total days of postoperative testing, so that each rat
was tested three times on each delay. Scoring was the same as in
pretraining.

Histological Analysis
After completion of radial maze testing, all rats were killed with
an overdose of Nembutal (0.8 mL) and were transcardially per-
fused with ice-cold 0.9% normal saline (5 min) followed by ice-
cold 4% paraformaldehyde (20 min) at a flow rate of ∼18 mL/
min. All brains were postfixed in 4% paraformaldehyde and then
transferred to 20% sucrose in phosphate-buffered saline. The
brains remained in this solution for 4 to 6 d, after which they
were cut into sets of six 60-µm coronal sections on a freezing
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sliding microtome. As a result of experimenter error, half of the
brains in each group were left in the postfix for 1 week rather
than 2 h. This resulted in abnormally light AChE staining in
these brains—a result that was taken into account in our AChE
fiber density counts (see Results).

Several different neurobiological measures were used to as-
sess the completeness and selectivity of the lesions. AChE histo-
chemistry was performed on sections taken from all areas be-
tween and including the frontal cortex and the caudal hippo-
campus in every rat. The procedure for AChE staining was
essentially that outlined in Paxinos and Watson (1986). Photo-
micrographs of AChE-stained sections were analyzed by using
the software package Image (National Institutes of Health). Esti-
mates of mean pixel intensity were obtained for frontal cortex,
parietal cortex, and the CA1, CA3, and dentate gyrus (DG) hip-
pocampal subfields. These values were then normalized to pixel
densities in striatum to eliminate confounds that could arise
from different intensities of AChE stain in different brains—in
particular, from the notably lighter stains obtained from all
brains left in postfix for a week. This procedure for the quanti-
tative evaluation of AChE-staining fiber density is similar to
methods used in other BFCS lesion studies (see Dougherty et al.
1998; Wrenn et al. 1999).

To obtain a qualitative assessment of the completeness and
selectivity of the immunolesions, ChAT and parvalbumin immu-
nocytochemistry were performed on sections through the basal
forebrain taken from a subset of the rats (those that were post-
fixed for 2 h; the extended postfixation of the remainder of the
brains precluded their immunohistochemical analysis). Immu-
nostaining was done by using avidin-biotin complex methods
discussed elsewhere (Cahill and Baxter 2001). ChAT immunohis-
tochemistry was carried out with monoclonal anti-ChAT anti-
bodies (goat monoclonal anti-ChAT, Vector Labs). Parvalbumin
immunostaining was completed with monoclonal anti-parval-
bumin antibodies (mouse monoclonal anti-parvalbumin, Sigma).
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