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The functional roles of the medial septal area (MSA) and 
nucleus basalis magnocellularis (NBM) in memory were in- 
vestigated to determine (1) their relative contribution to 
working and reference memory, (2) their operation in spatial 
and nonspatial memory, (3) the temporal dynamics of the 
neural activity within these nuclei as they relate to mnemonic 
processes, (4) the neurochemical regulation of their activity, 
and (5) the importance of ACh for their function. Working 
memory was tested in a continuous conditional discrimina- 
tion (CCD), and reference memory was tested in the CCD 
and a sensory discrimination (SD). Bipolar recording elec- 
trodes in the dentate hilus monitored hippocampal EEG (the- 
ta rhythm). Immediately prior to behavioral testing, trained 
rats were infused with tetracaine, scopolamine, or muscimol 
into the MSA or NBM, and the subsequent behavioral and 
physiological changes were measured and correlated. MSA 
infusions of all three drugs reduced the power of hippocam- 
pal theta and impaired choice accuracy in the CCD; the mag- 
nitude of both effects was greater for larger doses and 
steadily decreased over time after the infusion, producing 
a strong positive correlation between the power of theta and 
choice accuracy in the CCD. These infusions had no effect 
on measures of reference memory in the CCD or in the SD. 
The results demonstrate that rhythmic activity along the sep- 
tohippocampal pathway reflects processing of nonspatial 
working, but not reference memory. NBM infusions did not 
affect hippocampal theta but did reduce choice accuracy in 
the SD and completely disrupted performance in the CCD. 
The NBM appears to have a critical role in both working and 
reference memory. 

[Key words: hippocampus, scopolamine, GABA, ACh, the- 
ta rhythm, nucleus basalis, basal forebrain, memory] 

The two principal components of the basal forebrain, the medial 
septal area (MSA) and nucleus basalis magnocellularis (NBM), 
provide the major cholinergic innervation to the hippocampus 
and neocortex, respectively. The MSA and its cholinergic pro- 
jections to the hippocampus and related temporal lobe struc- 
tures are critical for trial-dependent working memory (Olton et 
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al., 1992). The hypothesis that the septohippocampal system is 
required for working memory, but not for trial-independent 
reference memory, was tested in the present experiment using 
two discriminations that were identical in all respects (stimuli, 
responses, reinforcements) except that one task required work- 
ing memory and the other did not. 

Basal forebrain neural activity is modulated by afferent input. 
Two important regulators of basal forebrain activity are GABA 
and ACh. Muscimol, a GABA, receptor agonist, and scopol- 
amine, a muscarinic antagonist, inhibit MSA neural activity. 
Intraseptal infusions of muscimol suppressed hippocampal the- 
ta rhythm and impaired performance on a variety of spatial 
working memory tasks (Chrobak et al., 1989; Brioni et al., 1990; 
Givens and Olton, 1990; Chrobak and Napier, 1992; Nagahara 
and McGaugh, 1992). Intraseptal infusion of scopolamine (15 
pg) disrupts the rhythmic output from MSA neurons and impairs 
working memory (Givens and Olton, 1990). The behavioral and 
electrophysiological consequences of transmitter-specific regu- 
lation of basal forebrain were further investigated in the present 
experiments by using site-directed microinfusions of GABAer- 
gic and cholinergic compounds to determine the effect on neural, 
temporal, and mnemonic parameters. 

Whereas spatial functions of the hippocampus in the rat have 
been well established, nonspatial functions are still being de- 
bated (see Barnes, 1988; see also Hippocampus, Vol 1, No 3, 
1991). In the present experiment, an operant procedure that 
assessed working memory was designed so that the relevant 
dimensions of the stimuli were nonspatial. If the MSA is re- 
quired for nonspatial working memory as well as spatial working 
memory, then infusions of scopolamine and muscimol into the 
MSA should impair choice accuracy in this nonspatial working 
memory task. 

Hippocampal theta rhythm may have an important role in 
mnemonic processes. The theta rhythm is dependent on the 
septohippocampal pathway and has been linked to learning and 
memory (Landfield et al., 197 1; Winson, 1978; Rawlins, 1985). 
Theta rhythm and working memory are correlated such that 
decreases in theta power are associated with decreases in choice 
accuracy (Givens and Olton, 1990). Although these studies have 
established a global correlation between theta and memory, the 
precise moment-to-moment association between the two mea- 
sures has not been investigated. The present experiment re- 
corded hippocampal theta during the entire test session so that 
theta could be directly correlated with choice accuracy. If hip- 
pocampal theta itself or neural mechanisms associated with the- 
ta are involved in working memory, then choice accuracy in 
working memory tasks should be correlated with theta, and the 
reduction in choice accuracy produced by MSA infusions of 
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muscimol and scopolamine should be correlated with the mag- 
nitude of reduction in the power of theta. 

The cholinergic nature of basal forebrain projections may be 
critical for their function. In large doses (100-300 ng) that also 
reduce hippocampal high-affinity choline uptake, intraseptal 
muscimol impaired spatial learning and increased extinction 
responding (Blaker et al., 1984; Brioni et al., 1990). However, 
lower doses can reduce theta and impair spatial working mem- 
ory, but no information is available to determine if they also 
decrease cholinergic indices in the hippocampus. The present 
experiment tested the hypothesis that the decrease in choice 
accuracy in working memory tasks produced by intraseptal mus- 
cimol is due to inhibition of cholinergic activity in the hippo- 
campus, as measured by 3H-hemicholinium-3 binding. If  the 
cholinergic system is involved in the working memory impair- 
ments following these MSA infusions, then ‘H-hemicholinium-3 
binding in the hippocampus should be reduced by the same 
doses that impair working memory. 

The other principal component of the basal forebrain, the 
nucleus basalis magnocellularis (NBM), has been associated with 
arousal, motivation, attention, and memory (Olton and Wenk, 
1987; Buzsaki et al., 1988; Richardson and DeLong, 1990). The 
NBM has widespread projections throughout the cerebral cortex 
(Mesulum et al., 1983) and is regulated by a number of afferent 
inputs, including GABAergic afferents from nucleus accumbens 
and cholinergic afferents from the brainstem (Zaborszky et al., 
1991). Studies that have used neurotoxic lesions suggest that 
the NBM may be critically involved in reference memory (for 
review, see Olton and Wenk, 1987) although these deficits may 
involve other brain structures (Dunnett et al., 199 l), and other 
cognitive processes such as attention (Robbins et al., 1989). Very 
low doses of muscimol infused into the NBM can impair con- 
ditional visual discrimination (Dudchenko and Sarter, 1991; 
Muir et al., 1992). Ifthe NBM is important for trial-independent 
reference memory, and if GABAergic and cholinergic afferents 
are important regulators of NBM neural activity, then muscimol 
or scopolamine infused into the NBM will impair performance 
on both the working and reference memory tasks. 

The present study investigates the time dependence of GA- 
BAergic and cholinergic regulation ofbasal forebrain as it relates 
to nonspatial working and reference memory. The possibility 
of a functional dissociation between MSA and NBM was tested 
by infusing muscimol and scopolamine in the NBM and com- 
paring the behavioral effects with those following infusions into 
the MSA. Ifactivity in the septohippocampal pathway is critical 
for the timing of working memory processes, then the electro- 
physiological and behavioral consequences of intraseptal mi- 

food was available ad libitum in the home cage. Each rat was handled 
for 3 d before behavioral testing began. 

The 42 rats were divided into three groups. Two groups received 
behavioral testing (18 in the CCD, I4 in the SD) followed by histology 
(29 with dye infusions, 3 with ?H-muscimol infusions). The third group 
(N = 10) was used for ‘H-hemichohnium-3 autoradiography. 

Apparatus 

Behuvior. The operant chambers used for training were each 26 x 26 
x 30 cm and had four walls and a hinged ceiling made of 0.5.cm-thick 
Plexiglas. The floor consisted of parallel stainless steel rods (0.5 cm 
diameter), 2 cm apart. A cup for delivery of water was located in the 
center of the front panel, 5 cm above the floor. Two response levers, 
one on each side of the front panel and 5 cm from the cup, were po- 
sitioned 4 cm above the floor. A tone generator and a light were located 
I4 cm and 17 cm above the water reward cup, respectively. The operant 
chamber was placed in a box (40 x 40 x SO). All stimuli were controlled 
and responses recorded with an IBM personal computer using software 
developed by Med Associates (East Fairfield, VT). 

The operant chamber used for elcctrophysiological testing was iden- 
tical to the training chambers except for a commutator attached to the 
ceiling, electrical shielding, and acrylic rods for the floor. 

Surgery. A Knopf (Tejunga, CA) stereotaxic apparatus was used for 
surgery. Each cannula was 26 gauge stainless steel hypodermic tubing, 
10 mm long. Each stylet used to occlude the cannula was 32 gauge wire, 
1 1 mm long, with the last 1 mm bent at a 1 IO” angle. The electrodes 
for recording hippocampal theta were parallel stainless steel wires, 76.2 
pm, coated with Teflon (A-M Systems, Everett, WA). The reference 
electrode was a single 254 pm stainless steel wire insulated to the tip 
with Teflon. 

Intracranial irzfisions. Intracranial drug infusions used a Sage micro- 
syringe pump (Orion Res. Inc., Boston, MA). An injector made of 32 
gauge stainless steel tubing, approximately 30 mm long, bent 12 mm 
from the end, was glued to polyethylene tubing (PE- 10, Intramedic) that 
was connected to a 10 ~1 Hamilton syringe mounted on the infusion 
pump. Tetracaine hydrochloride (20 pg/pl), muscimol (10, 30, and 60 
ng/pl), and scopolamine hydrochloride (10, 30, and 60 &J) were pre- 
pared in saline and stored frozen (~40°C) at their final concentrations 
in 100 ~1 aliquots. Doses were based on the salt of the drug. 

Electroph~~.~iologicul recording. An operational amplifier sent unity 
gain signals through a slip ring commutator (Biela, Anaheim, CA) to 
amplifiers, filters, and an analog-to-digital acquisition board. The dig- 
itized signals were stored and analyzed by software developed by Brain- 
wave, Inc. (Thor-ton, CO). 

Procedure 

Shaping. After I d of water restriction, each rat was shaped to press 
each lever for a water reward (~0.1 ml). Each session was 90 min long. 
One session was given each day until 100 presses were made in a session. 

Continuousconditionuldiscrimination (CCD). The CCD is a modified 
version of the continuous nonmatch-to-sample task described nrevi- 
ously by Pontecorvo (1983) and characterized as hippocampaliy de- 
pendent by Wan et al. (I 990). For each trial, either a light or a tone was 
presented. If the stimulus on the current trial was the same as the 
stimulus on the previous trial (match trial), responses on one lever was 
reinforced. If the stimulus on the current trial was different from that 

croinfusions should be hiahlv correlated. The results indicate presented on the previous trial (a nonmatch trial). resuonses on the 
u 2 

that both muscimol and scopolamine equally disrupt septohip- other lever were reinforced. A correct response was followed by delivery 

pocampal neural activity, and impair mnemonic performance 
of water (0.1 ml). The stimulus was turned off following a lever press, 

in a working but not in a reference memory task, and that the 
or after 5 set if no lever press occurred. The interstimulus interval (ISI) 

electrophysiological changes correlate with errors in working 
was 2.5, 10, or 20 set; the three ISIS were presented randomly with the 
constraint that within each block of 15 trials, each IS1 occurred five 

memory. Results from experiments using NBM microinfusions times. One session, 90 min long, was given each day, 7 d a week. 

indicate that the NBM may contribute to both working and A sequence of match trials was alternated with a sequence of non- 

reference memory. 
match trials. The number of trials in each sequence was 4 1, 2 1, 11, 5, 
and 3. Training in each sequence continued until a criterion of a mean 
choice accuracy of 80% on both match and nonmatch trials was obtained 

Materials and Methods for 2 consecutive days, and then the next shorter sequence was begun. 
After criterion performance on seauences of three. the nresentation of 

Subjects 
Male Long-Evans hooded rats (Charles River) were virus antibody free 
and weighed 300-400 gm. The colony room had a 12: 12 hr light : dark 
cycle (lights on at 7:00 A.M.) and was maintained at 25°C. During the 
first week, food and water were available ad libitum, after which only 

match and nonmatch trials was randomized, and training continued to 
the same criterion of performance. 

Sensory discrimination (SD). Each trial began with the presentation 
of one stimulus, either a light or a tone. For a light stimulus, pressing 
the right lever was the correct response. For a tone stimulus, pressing 
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ber. Testing continued for at least 4 d and until the preoperative criterion 
of performance was attained. Performance in the recording chamber 
was not significantly different from performance in the training chamber 
(p > 0.05). The mean (?SEM) number of trials/session was 274 (?28) 
and 32 1 (? 24) in the CCD and SD, respectively. 

B. 

Microinfusion. Each rat was placed on a clean, padded platform. The 
stylet in the cannula was removed and immediately rinsed with 80% 
ethanol. A sterile injector was placed into the guide cannula, and the 
syringe pump was turned on to deliver fluid at 0.1 pl/min. The rat was 
free to move about the platform while the movement of an air bubble, 
0.01 ~1 in the tubing between the drug and the deionized water, was 
monitored to assure proper drug delivery. After 5 min, the syringe pump 
was turned off. After an additional 1 min to allow for diffusion of drug 
away from the injector tip, the injector was removed and the stylet 
reinserted into the guide cannula. The bilateral NBM infusions were 
made sequentially. Each rat was immediately put in the recording cham- 
ber for behavioral testing. 

Microinfusion took place no more than twice a week with at least 2 
d separating infusions. Control performance was determined by aver- 
aging data from sessions that occurred on the day (24 hr) before drug 
testing. The order of drug, dose, and site of injection was completely 
randomized across the entire study. With two exceptions, each rat re- 
ceived each dose of each drug. The drugs and doses were saline (0.5 pl), 
tetracaine (10 fig), muscimol (5, 10, and 30 ng), and scopolamine (5, 
15, and 30 pg). 

Figure 1. Location of intracranial sites of infusion. A, Distribution of 
tritiated muscimol 10 min after infusion into the MSA. A coronal section 

Hemicholinium binding. The effect of intraseptal muscimol on pre- 
synaptic uptake ofcholine, an index ofcholinergic function, was assessed 
in 10 rats. Ten minutes after microinfusion of saline or muscimol (15 
ng) into the MSA, each rat was decapitated. The brain was rapidly 
removed and dissected into frontal cortex, hippocampus, entorhinal 
cortex, and striatum. Each section was rapidly frozen on dry ice and 

at the level of the MSA was stained with Nissl for cell bodies and 
autoradiography of ‘H-muscimol. Note that the tritiated muscimol is 
concentrated in the MSA and that the cannula tract is visible in the 
overlying cortex. B, Location of cannula tips (0) in the MSA collapsed 
?600 pm onto a representative coronal section, 700 pm anterior to 
bregma. C, Location of bilateral cannula tips (0) in the NBM collapsed 
?600 pm onto a single coronal section, 400 wrn posterior to bregma. 
In both B and C the thick outer line represents the maximum extent of 
dye diffusion, and the thin inner line is the minimum overlap from all 
dye infusions. The region between the two lines is shaded. The coronal 
sections were adapted with permission from Paxinos and Watson (1986). 

the left lever was the correct response. A response turned off the stimulus 
and began a variable IS1 of 2.5, 10, or 20 sec. A correct response was 
followed by water (0.1 ml). I f  after 5 set a lever was not pressed, the 
stimulus was turned off and the IS1 for the next trial began. One session, 
90 min long, was given each day, 7 d a week. Training continued until 
a mean of 80% correct responding was obtained for each stimulus for 
three consecutive sessions. 

Three dependent variables were measured in both behavioral tasks. 
Choice accuracy was the percentage of total responses that were correct, 
response omissions were the percentage of trials in which no response 
was made, and IS1 responses were the number of responses during the 
ISI. 

Surgery. After anesthesia with pentobarbital sodium (45 m&kg), each 
rat was placed in the stereotaxic apparatus. The scalp was retracted and 
holes were drilled through the skull to implant guide cannulas, elec- 
trodes, and jeweler’s screws. For MSA infusions, the guide cannula was 
placed 0.6 mm anterior and 1.5 mm lateral to bregma at a 15” angle 
toward the midline. The tip of the cannula was placed 5.7 mm below 
the dura. For NBM infusions, two guide cannulas were placed bilaterally, 
1.5 mm posterior and 2.0 mm lateral to bregma. The end ofeach cannula 
was 9 mm below the dura. A recording electrode was placed 3.5 mm 
posterior and 2.5 mm lateral to bregma, with the tip 3 mm below the 
dura. A reference electrode was placed in the contralateral parietal cor- 
tex. The electrodes were attached to a connector that was mounted on 
the skull over the cerebellum. The cannula. electrodes. and connector 

stored at -80°C. 
Tissue was homogenized in 0.32 M sucrose and centrifuged (1000 x 

g) for 15 min at 4°C. The supematant was centrifuged (36,000 x g) for 
20 min at 4°C and then the pellet was resuspended in 10 mM Na-K- 
phosphate buffer, containing 150 mM NaCl, pH 7.4. Binding was de- 
termined in triplicate with 2.3 nM )H-hemicholinium-3, and nonspecific 
binding in the presence of 1 PM ‘H-hemicholinium-3. The reaction was 
incubated at 25°C for 25 min. The membranes were collected on a cell 
harvester. Radioisotope emissions were counted on a scintillation coun- 
ter, and a Lowery protein assay was performed on the supernatant. 

Data analysis 
The data were analyzed as a repeated measure over time. The five 
independent variables were task, drug, time during session, delay, and 
site of infusion. The time during session was nine blocks of 16 min 
each. The tasks were CCD or SD. Drugs were saline. tetracaine< mus- 
cimol (three doses), and scopolamine Tthree doses). ‘Delays were 2.5, 
10, and 20 sec. Sites of infusion were MSA and NBM. 

Behavior. Dependent variables were choice accuracy, response 
omissions, and IS1 responses. For each behavioral variable, a MAN- 
OVA was calculated followed by univariate ANOVAs to determine the 
source of the main effects, and post hoc Newman-Keuls analysis when 
appropriate. For the CCD, the MANOVA was time (9) x drug (9) x 
delay (3). For the SD, the MANOVA was time (9) x drug (3) x site of 
infusion (2). An additional analysis of behavioral variables as a function 
of cannula tip location was performed by t test. 

Physiology. The dependent variable was mean spectral power in the 
theta frequency (6-8 Hz). The mean power of theta was determined for 
each block of 10 min during the 90 min session. The statistical analyses 
were the same as those used for the behavioral data. In addition, a 
regression analysis was calculated on the mean choice accuracy and 
mean theta power across time for each ISI. 

Neurochemistry. Differences in hemicholinium binding in each of the 
four brain regions were evaluated by t test for a comparison of the 
means for muscimol infusion and saline infusion. 

Histology 

ment until all reflexes and motor abilities were normal. 

were fixed into place with dental acrylic. The incision was infiltrated Chicago sky blue dye (0.5% in 0.5 ~1 water) was infused into the MSA 
with topical lidocaine (5%) and the rat was placed in a warm environ- in 29 rats and in the NBM in 12 of these rats. After 10 min. the rat was 

decapitated and the brain removed. After 1 week of fixation in formalin, 
and 24 hr in sucrose, the brain was frozen and cut into coronal sections, 
40 pm thick, from the anterior MSA through the dorsal hippocampus. 
Each section was stained with Congo red. The location of the tip of 

Postoperative behavior. Four days after surgery, testing with the same 
procedure used at the end of the preoperative testing (randomized se- 
quence of match and nonmatch trials) was begun in the recording cham- 
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Figure 2. Choice accuracy in the continuous conditional discrimination (CCD) as a function of delay interval following intraseptal infusions. 
Saline and low doses of muscimol and scopolamine had no effect on choice accuracy. Tetracaine and higher doses of muscimol and scopolamine 
produced a dose- and delay-dependent reduction in choice accuracy. *, p < 0.05; t, p < 0.01; compared to saline. 

each cannula and electrode, and the extent of dye diffusion were re- 
corded. The MSA and NBM were divided into dorsoventral and me- 
diolateral segments for analysis of behavioral effects as a function of 
infusion site. 

3H-muscimol was infused into the MSA in order to determine the 
extent of diffusion of the drug from the injection site in three rats. 
Muscimol(30 ng in 0.5 ~1; 10 nCi of ZH-labeled muscimol) was infused 
as described above. Ten minutes after infusion, the rat was decapitated 
and the brain was rapidly removed and frozen in isopentane. The brain 
was cut into 20 wrn thin sections. Each section was thaw-mounted onto 
gelatin-coated slides, desiccated for 24 hr at O-4%, and placed on tri- 
tium-sensitive film in an autoradiographic cassette for 2 months. The 
film was developed by standard photographic techniques. 

Results 
Histology 
All 32 MSA infusions included the MSA; five also extended 
into the intermediate division of the lateral septum. The au- 
toradiographic distribution of tritium in the MSA of one rat 
that received 3H-muscimol is presented in Figure 1A. The lo- 
cation of each cannula tip and the extent of dye diffusion are 
shown in Figure 1B. 

All 12 NBM dye infusions included the NBM; three also 
extended into the globus pallidus, just dorsal to the NBM. The 
location of each cannula tip and extent of dye diffusion are 
shown in Figure 1C. 

Continuous conditional discrimination (CCD) 

The mean (?SEM) number of sessions required to complete the 
five stages of training was 64 (+8). The most difficult transition 
was the last step to random presentation ofmatch and nonmatch 
trials, which took 32 (+ 12) sessions. 

Postoperative performance under control conditions was de- 
lay dependent; that is, the mean choice accuracy decreased as 
the interstimulus interval (ISI) increased (F2,,26 = 4.53,~ < 0.05; 

Fig. 2). The mean control level of choice accuracy was 89.3 
(+1.2), 84.4 (k1.5) and 78.4 (+l.S), respectively, for 2.5, 10, 
and 20 set ISIS. 

Measures of general task performance were highly consistent 
within subjects across daily sessions. Responding during the IS1 
was low, with a mean of 0.8 (kO.7) responses per trial during 
control sessions. Response omissions were infrequent, occurring 
on 8.0% (?3.6%) of trials. The omissions usually occurred at 
the end of a session, and probably were due to satiation because 
rats received most of their daily water in the task. 

MSA infusions 
Behavior. A total of 104 infusions were given to 18 rats (5.8 ? 
1.2 infusions/rat). Saline had no effect on choice accuracy, in- 
dicating that the infusion procedure itself did not alter behavior 
(Fig. 2). 

Choice accuracy was significantly affected by drug infusions 
(main effect of drug, F8,24z = 5.97, p < 0.01; Fig. 2), and was 
dependent on the length of the delay interval, with longer ISIS 
resulting in lower choice accuracy (main effect of delay, F,,,,z = 
3.26, p < 0.05). Moreover, the magnitude of the drug-induced 
impairment increased as the IS1 increased (drug x delay inter- 
action, p < 0.01). 

The time of testing after infusion also affected choice accuracy 
(main effect of time, Fs,r4z = 2.86, p < 0.05). The drug-induced 
decreases in choice accuracy diminished as the time in the test 
session increased (drug x time interaction, p < 0.01). This 
interaction was dependent on delay interval, with longer delays 
being more affected by drug and time (delay x drug x time 
interaction, p < 0.05). The time-dependent effects of drug in- 
fusion are illustrated in Figure 3, in which the results over time 
from the largest dose of each drug at three different delays are 
shown. 
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SALINE (0.5 pi) TETRACAINE (10 pg) 

con’ro’ 10 20 30 40 50 60 70 80 90 control 10 20 30 40 50 60 70 80 90 

MUSCIMOL (30 ng) SCOPOLAMINE (30 pg) 

control 10 20 30 40 50 60 70 60 90 control IO 20 JO 40 50 60 70 60 60 

Minutes after infusion 
Figure 3. Intraseptal drug infusions decreased choice accuracy in the CCD. The control choice accuracy (left side ofeach panel) was from sessions 
the day before infusion sessions. Drug, delay, and time after infusion had significant effects on choice accuracy. See text for an explanation of time 
course-of drug effects. 

- . 

Saline, when compared to control, produced no significant 
effect on choice accuracy 0, > 0.05; Fig. 2), which remained 
stable throughout each session (Fig. 3, top left). 

Tetracaine (10 Kg) impaired choice accuracy at the 10 and 20 
but not the 2.5 set IS1 (p < 0.01; Fig. 2). During the first 30 
min, tetracaine impaired mean choice accuracy at all three ISIS 
(Fig. 3, top right), after which choice accuracy rapidly improved 
and remained within baseline levels for the remainder of the 
session. 

Muscimol produced a dose- and delay-dependent impairment 
of choice accuracy. The 5 ng dose had no effect at any time or 
delay (p > 0.05) the 10 ng dose had a greater effect on the 
longer delays (p < 0.05 at 2.5 set, p < 0.01 at 10 and 20 set 
ISIS), and the 30 ng dose had an effect at all three ISIS (p < 
0.01; Fig. 2). Muscimol (30 ng), at the start of testing, reduced 
mean choice accuracy to chance levels (p < 0.01). Choice ac- 
curacy returned to baseline levels between 30 and 90 min postin- 
fusion, with the shortest delay recovering first, followed by the 
middle delay. Choice accuracy at the longest delay was still 
below baseline 90 min after infusion (Fig. 3, bottom left). 

Scopolamine produced a pattern of results similar to that for 
muscimol. The low dose (5 kg) had no significant effect at any 
time or delay (p > 0.05). The intermediate dose (15 pg) signif- 
icantly decreased choice accuracy at the 10 and 20 but not the 
2.5 set IS1 (p < 0.01; Fig. 2). The largest dose (30 pg) reduced 
choice accuracy at all three ISIS (p < O.Ol), reducing accuracy 
to chance levels during the first 20 min, followed by a gradual 

delay-dependent recovery. The recovery of performance after 
scopolamine was more rapid and complete when compared to 
muscimol (Fig. 3, bottom right). 

Measures of general task performance were not significantly 
altered: response omissions (F8,,76 = 0.83, p > 0.05) response 
bias (F8.176 = 0.64, p > 0.05) and ISI responses (F,,,,, = 1.2, p 
> 0.05). Analysis of behavioral data as a function of location 
of infusion revealed no correlation between the site of infusion 
and performance on any dimension (p > 0.05). 

Theta. Reliable hippocampal theta was obtained from 16 of 
the 18 rats that completed behavioral testing. Drug infusion 
significantly suppressed theta activity (main effect of drug, F,,,,, 
= 8.7, p < 0.01). The magnitude of the suppression decreased 
as time in the test session increased (main effect of time after 
infusion, F,,,,, = 4.3, p < 0.01). Saline had no effect on theta 
activity at any time after infusion. Figure 4, taken from the same 
sessions as Figure 3, shows that tetracaine, muscimol, and sco- 
polamine significantly suppressed theta activity (all p < 0.05). 

Tetracaine (10 pg) abolished the hippocampal theta rhythm 
during the first 40 min (p < 0.01) after which theta rapidly 
returned to baseline (Fig. 4). Muscimol produced a dose-de- 
pendent disruption oftheta, and at 30 ng significantly suppressed 
theta across the entire 90 min session (p < 0.01; Fig. 4). Like- 
wise, scopolamine disrupted theta in a dose-dependent manner, 
with 30 pg suppressing theta throughout the first 50 min (p < 
0.01; Fig. 4). 

Theta and choice accuracy. Choice accuracy and theta were 
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Figure 4. Hippocampal theta rhythm following MSA infusions during 
performance of the CCD. The sessions are the same as those in Figure 
3. The mean level of theta for the entire session is given on the right. 
Both drug and time after infusion had significant effects on theta. 

significantly correlated following each drug for each of the three 
delays. The correlation was greatest at the 20 set IS1 (Y = 0.6 1, 
p < 0.01; Fig. 5) but was also significant at the 10 set and 2.5 
set ISIS (r = 0.53, p < 0.05 and r = 0.4 1, p < 0.05, respectively). 
A third-order (cubic) function provided the best fit to the data 
for the change over time in both physiology and behavior. 

Hemicholinium binding. MSA infusions of muscimol (15 ng) 
selectively reduced the density (B,,,) of 3H-hemicholinium-3 
binding in the hippocampus (t = -2.61, p < 0.05) but not in 
the striatum (t = -0.16, p > 0.05) or frontal cortex (t = 1.05, 
p > 0.05). The decrease in the entorhinal cortex was substantial, 
but did not reach significance (t = - 1.69, p = 0.06; Table 1). 

NBA4 infusions 

In three rats, the lowest dose of muscimol(5 ng) or scopolamine 
(5 pg) was infused into the NBM prior to testing. In all cases, 
the rats stopped responding entirely, and thus no further NBM 
infusions were given to any rats trained in the CCD. 

Sensory discrimination (SD) 

Acquisition was rapid, and the mean number of sessions to reach 
criterion performance was 12 + 2.2. Within a daily session, 
choice accuracy was stable during the entire 90 min session. 
The IS1 did not affect choice accuracy (F2,60 = 0.67, p > 0.05) 
which was, respectively, 99.3 (kO.2) 99.3 (a0.2) and 99.0 
(kO.2) at 2.5, 10, and 20 set ISIS. 

Measures of general task performance were stable within sub- 
jects across daily sessions. Responding during the ISI was low 
with a mean of 0.6 (kO.1) per trial, and response omissions 
were infrequent, occurring on only 4.3% (+ 1.2) of the trials. 

MSA infusions 

Behavior. A total of 89 infusions was given to 14 rats (6.4 5 
0.8 infusions/rat). Choice accuracy was unaffected (no main 
effect of drug, F2,*, = 0.64, p > 0.05; Table 2). 

Theta. Drug infusion had a significant effect on hippocampal 
theta (F2.,> = 7.3, p < 0.01; Fig. 6, right). Muscimol(30 ng) and 
scopolamine (30 wg) reduced the power of theta over the entire 
90 min session, and lower doses of muscimol (10 ng) and sco- 

1 0 scopolamine 1 

0 I I I I I 
40 45 50 55 60 IS 70 75 60 55 90 

Choice accuracy 

Figure 5. Correlation of choice accuracy at the longest (20 set) ISI in 
the CCD and spectral power in the theta frequency range. The positive 
correlation between these measures was significant (r = 0.6 1, p < 0.0 1). 
The data in this figure are taken from Figure 3 (20 set ISI) and Figure 
4. Each symbol represents the group mean for a 10 min interval of 
testing, producing nine data points for each of the substances that were 
infused: saline, muscimol (30 ng), and scopolamine (30 pg). 

polamine (15 pg) also reduced theta, but only during the first 
30 min. 

NBM infusions 

Behavior. Twelve rats that received MSA infusions also received 
NBM infusions. Choice accuracy was significantly reduced by 
drug infusion (F2,60 = 3.26, p < 0.05). Saline had no effect on 
performance as compared to baseline. Scopolamine and mus- 
cimol caused dose-dependent decreases in choice accuracy (p 
< 0.05; Table 2, Fig. 6, left). 

Different drugs had different effects on response omissions or 
IS1 responses as indicated by an interaction of drug infusions 
and these behavioral measures. Post hoc analysis revealed that 
muscimol (30 ng) increased response omissions, and scopol- 
amine decreased (5 pg) or increased (30 Kg) response omissions 
and increased IS1 responses (5, 15, and 30 pg). However, changes 
in choice accuracy occurred during the first half of the test ses- 
sion, whereas changes in response omissions occurred during 
the last half of each session (Table 2). 

Theta. Infusions did not change theta activity (Fig. 6, right), 
and the correlation between theta and choice accuracy was not 
significant (r = 0.18, p > 0.05). 

Discussion 
Septohippocampal system 
Working and reference memory 
Three dissociations in the present experiment suggest that the 
septohippocampal system is important for working memory but 

Table 1. 3H-hemicholinium-3 binding (B,,, values) 10 min after 
intraseptal microinfusion of saline (0.5 ~1) or muscimol(15 ng), 
expressed as mean t SEM fmol/mg protein 

Brain region Saline (0.5 ~1) Muscimol (15 ng) 

Dorsal hippocampus 21.1 + 4.3 11.4* t 0.7 
Entorhinal cortex 26.3 + 2.5 20.5 i 1.3 

Frontal cortex 35.0 k 2.3 44.2 i 6.9 

Striatum 89.0 +- 12.2 85.4 + 13.3 

*p -c 0.05. 
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Figure 6. Choice accuracy and theta rhythm in the sensory discrimi- 
nation (SD) as a function of drug and site of infusion. Infusions into 
the MSA had no effect on choice accuracy, but suppressed the theta 
rhythm. Microinfusions into the NBM dose-dependently reduced choice 
accuracy, but had no effect on theta rhythm. *, p < 0.05. 

not for reference memory: (1) the impairment of choice accuracy 
in the CCD, but not the SD; (2) in the CCD, the impairment 
in choice accuracy, but not in response omissions or IS1 re- 
sponses; and (3) the interaction in the magnitude of the im- 
pairment in the CCD with the length of the ISI. 

Microinfusion of muscimol or scopolamine into the MSA 
severely impaired choice accuracy in the CCD, but not in the 
SD. All elements of the behavioral tasks were the same except 
the mnemonic demands. Both tasks used identical stimuli, re- 
sponses, motivation, reinforcement, order of the stimuli, and 
ISIS; the only difference between the CCD and the SD was the 
requirement for working memory in the former but not the 
latter. Therefore, the common elements between CCD and SD 
could not have been responsible for the selective impairment 
in the CCD as compared to the SD. Rather, the unique com- 
ponent ofthe CCD, the requirement for trial-dependent working 
memory, must have been the variable that required the septo- 
hippocampal system. Similar results in a variety of other tasks, 
in which the septohippocampal system was critical for working, 

but not reference memory, have followed septal lesions (Gray 
and McNaughton, 1983; Kesner et al., 1986; Miyamoto et al., 
1987; Hagan et al., 1988). 

A second dissociation is the differential effects of intraseptal 
infusions on performance within the CCD. The behavioral mea- 
sures included one that assessed working memory (choice ac- 
curacy) and two others that assessed reference memory (re- 
sponse omissions, IS1 responses). Except for the first few blocks 
of trials during a test session, the infusions that severely im- 
paired working memory, as reflected by significant decreases in 
choice accuracy, had no effect on reference memory, as indicated 
by normal scores for response omissions and ISI responses. The 
most parsimonious explanation of this dissociation is that the 
septohippocampal system is critical for working memory but 
not reference memory. 

A third dissociation supports the same conclusion. The sig- 
nificant interaction between the IS1 and drug was due to a greater 
impairment of choice accuracy as the ISI increased. For ex- 
ample, following intraseptal tetracaine, choice accuracy for the 
shortest IS1 was normal, and choice accuracy at the longer ISIS 
was impaired. Except for the demand on working memory, the 
components of the task at the short IS1 were the same as those 
at the longer ISIS. Consequently, the variation in the impairment 
of choice accuracy across ISIS must be due to the task component 
that varied as a function of the ISI, which was the demand for 
working memory. 

The level of interference and the conditional rules governing 
the CCD task may have contributed to the working memory 
impairment following intraseptal infusion. The amount of in- 
terference the rat encountered from previous stimuli when eval- 
uating current stimuli was substantial because there were only 
two stimuli. When the data were analyzed for trials in which 
the previous trial contained the same stimulus but opposite 
response requirements, proactive interference was present. 
Choice accuracy on match trials preceded by a nonmatch trial 
was lower than on match trials preceded by a match trial (data 
not shown). The high level of interference that is inherent in 
working memory tasks may be the element that requires normal 
functioning of the septohippocampal system for accurate per- 

Table 2. Behavioral performance in the sensory discrimination (SD) task following microinfusions into 
the NBM or MSA 

Choice accuracy Response omissions IS1 responses 

Drug MSA NBM MSA NBM MSA NBM 

Control 98.8 t 0.3 4.3 * 0.3 0.6 k 0.1 

Saline 98.2 ?z 0.8 98.2 + .7 4.0 * 0.3 4.3 + 0.4 0.61 k 0.13 0.76 + 0.21 

Muscimol 
5 ng 96.6 +- 1.2 91.6 + 3.2 3.5 f  0.4 3.5 k 0.7 0.78 IL 0.24 0.79 k 0.24 

15 ng 98.5 f  0.7 82.1 + 5.3* 3.2 t 0.6 6.4 k 1.2 0.39 f  0.08 0.56 + 0.23 
30 ng 98.1 + 0.7 78.6 + 7.8* 3.9 k 0.3 8.9 k 1.9* 0.89 + 0.30 0.47 f  0.36 

Scopolamine 
5 Peg 98.0 + 0.8 97.3 k 1.1 2.8 + 0.8 1.1 !z 2.0* 0.78 + 0.37 1.50 + 1.26* 

15 /G 97.8 k 1.0 95.1 f  1.8 3.9 f  0.4 2.7 + 1.1 0.90 2 0.37 1.26 IL 0.32* 
30 a 98.8 +- 0.8 80.5 f  4.1* 6.8 f  2.4 8.3 k 1.4* 0.30 2 0.11* 1.09 k 0.42* 

Data are given as the mean i SEM, with choice accuracy and response omissions as percentage of total trials, and 
interstimulus interval (ISI) responses as the number of responses per trial. Analysis of each 10 min time interval revealed 
that changes in choice accuracy occurred during the first 40 min of the session, whereas changes in response omissions 
occurred during the last 40 min, and changes in ISI responses occurred throughout the session. 

*p < 0.05. 
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formance (Olton and Shapiro, 1993; Shapiro and Olton, 1994). 
Delay tasks with larger numbers of discriminative stimuli, and 
thus less interference, are less sensitive to septohippocampal 
disruption (Otto and Eichenbaum, 1992; Rawlins et al., 1993). 
Moreover, the CCD is different from most delay nonmatch-to- 
sample tasks in that it requires the retrieval of different response 
rules for match and nonmatch conditions. Tasks that require 
conditional discriminations may be more sensitive to septohip- 
pocampal disruption (see Shaw and Aggleton, 1993). 

Spatial and nonspatial memory 

The decrease in choice accuracy following intraseptal infusions 
indicates an impairment in nonspatial working memory because 
the relevant stimulus dimensions in the CCD task were non- 
spatial. Previous work from this laboratory, in which identical 
microinfusion procedures were used, demonstrated that the sep- 
tohippocampal system is also important for spatial working 
memory (Givens and Olton, 1990; Givens et al., 1992). Nu- 
merous studies with septal lesions have shown the importance 
of the septohippocampal system for spatial working memory 
(Harrell et al., 1987; Kelsey and Landry, 1988; Mizumori et al., 
1990; Numan and Quaranta, 1990; Decker et al., 1992) and 
some have demonstrated its involvement in nonspatial working 
memory (Olton and Feustle, 198 1; Dunnett, 1985; Meek et al., 
1987; Kesner et al., 1988). Taken together with the present data, 
these studies indicate that irrespective of stimulus type, testing 
apparatus, or experimental manipulation, working memory is 
impaired when the septohippocampal system is compromised. 

The only relevant spatial aspect of the CCD and SD tasks 
was the location of the response levers. If intraseptal infusions 
selectively disrupt spatial processing, and not working memory, 
intraseptal infusions should have affected spatial response se- 
lection equally in both tasks. They did not; only the CCD task 
was affected. Thus, the septohippocampal system is not required 
for simple selection ofthe spatial response. However, disruption 
of spatial processing by intraseptal infusions may become man- 
ifest under the more complex discrimination conditions of the 
CCD. The hypothesis that with conditional discriminations, 
septohippocampal disruption selectively affects responses re- 
quiring a significant spatial component could be tested with the 
use of “nonspatial” (go/no-go) response rules. 

Hippocampal theta 
The time-dependent changes in theta rhythm were correlated 
with changes in working memory. Hippocampal theta has long 
been associated with mnemonic processes (Landfield et al., 197 1; 
Berry and Thompson, 1978; Winson, 1978; Rawlins, 1985) and 
was highly correlated with accuracy on both classical and in- 
strumental conditioning tasks. The present data confirm the 
importance of theta activity to accurate performance, and in- 
dicate that when theta activity was suppressed by intraseptal 
infusion, choice accuracy was also impaired. The two measures 
were temporally linked. As theta recovered, performance at the 
shortest delay recovered first, and choice accuracy at the longest 
delay did not return to baseline levels until theta was normal. 
Regression analysis revealed that a cubic function best describes 
both the recovery of theta and the return of accuracy at all three 
delay intervals, indicating that a common mechanism may un- 
derlie these processes, and that working memory may be de- 
pendent on theta activity, or neural mechanisms associated with 
it. 

The septohippocampal pathway may entrain the hippocam- 

pus to retain trial-dependent information by enhancing or po- 
tentiating circuits carrying trial-specific sensory information. 
Trial-independent performance that is overtrained may not in- 
volve such a mechanism. Theta may be involved in the synaptic 
strengthening of connections in the hippocampus through the 
processes of long-term potentiation (Larson and Lynch, 1986; 
see also Eichenbaum et al., 1992). The present work, demon- 
strating that intraseptal infusions disrupt choice accuracy in a 
working but not reference memory task, even though theta ac- 
tivity is affected equally in the two tasks, suggests that hippo- 
campal theta is critical for working memory, perhaps via a 
mechanism that involves LTP. 

Acetylcholine 

Hippocampal cholinergic activity, as indicated by the binding 
of 3H-hemicholinium-3, was decreased following intraseptal in- 
fusion of muscimol. Unlike the hippocampus, which receives 
cholinergic innervation from the MSA, brain regions not in- 
nervated by MSA (frontal cortex, striatum) did not show changes 
in cholinergic activity. Consistent with this interpretation, the 
entorhinal cortex, which had a marginal decrease, receives cho- 
linergic projections from the MSA (Mitchell et al., 1982). Al- 
though a low dose of muscimol (15 ng) is sufficient to disrupt 
working memory, previous studies have not demonstrated that 
these doses reduce cholinergic activity in the hippocampus 
(Blaker et al., 1984; Durkin, 1992). In mice, the use of spatial 
memory increased hippocampal cholinergic activity, and intra- 
septal muscimol(20 ng) prevented this increase. Intraseptal in- 
fusions of muscimol produced reductions in hippocampal ACh 
release as measured by in vivo microdialysis (L. K. Gorman, 
unpublished observations). The extent to which MSA infusions 
alter the activity of other neurotransmitter systems remains to 
be determined. 

Loss of hippocampal cholinergic function may be the basis 
for the working memory impairments following peripheral ad- 
ministration of cholinergic drugs. Scopolamine impaired choice 
accuracy in the CCD (Spencer et al., 1985; Sakurai and Wenk, 
1990) as well as in an operant task of working memory that 
uses a discrete trial procedure (Dunnett et al., 199 1). The present 
data suggest that the amnestic effects of anticholinergic drugs 
may be due to their action on cholinergic receptors in the MSA 
(Bialowas and Frotscher, 1987; see Givens and Olton, 1992). 
Further intracranial infusion studies are needed to demonstrate 
the relative contribution of multiple sites within the CNS to 
changes in mnemonic processes following systemic cholinergic 
drugs. 

Nucleus basalis magnocellularis 

The decrease in choice accuracy in the SD following microin- 
fusion of muscimol into the NBM suggests that the NBM has 
a role in reference memory. Mnemonic analysis of the functions 
of the NBM are relatively recent and largely based on neurotoxic 
lesions (see Olton and Wenk, 1987, for a review). The functional 
role of the NBM may become increasingly important as the 
cognitive demands increase in the task. The lowest dose of mus- 
cimol (5 ng) into the NBM completely disrupted CCD choice 
accuracy but had no substantial effect on any measures of SD 
performance. The SD had a higher level of choice accuracy than 
CCD (Fig. 3) and was perhaps less sensitive to chemical dis- 
ruption. In the NBM, the highest dose of muscimol(30 ng), and 
all doses of scopolamine, affected response omissions and ISI 
responses. Response time decreased following muscimol infu- 
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sions into the NBM in a similar discrimination task (Dudchenko 
and Sarter, 199 1). Response time was not recorded in the present 
experiment, but if decreased, would impact working memory 
processes more significantly than reference memory processes. 
Changes in non-mnemonic behavioral measures indicate that 
attentional/motivational aspects of task performance may also 
be affected by the NBM. 

The basal forebrain and memory 

Neural function in the MSA and NBM may be differentially 
regulated by GABA and ACh as a function of their anatomical 
distribution with the basal forebrain. The density of GABA 
innervation is greater than that of cholinergic innervation in 
both the MSA and NBM. The results indicate that GABAergic 
innervation of the MSA may have a greater influence on mem- 
ory than cholinergic innervation. Intraseptal muscimol had a 
longer-lasting effect than scopolamine on both accuracy and 
theta. Likewise, mnemonic performance in the SD was more 
affected by muscimol than by scopolamine. Conversely, non- 
mnemonic task parameters (response omissions and interstim- 
ulus interval responses) were more affected by scopolamine, 
suggesting a nonspecific or nonselective effect of scopolamine 
in the NBM (e.g., on cerebral blood flow; see Armstrong, 1986). 
Muscimol had a selective effect on choice accuracy when infused 
into either the MSA or NBM. The data fit with anatomical 
evidence that indicates GABA innervation is well established 
in both the MSA and NBM, but that cholinergic innervation is 
less extensive (Ingham et al., 1988; Zgborszky et al., 199 1). 

The anatomy of the basal forebrain is highly complex and 
contains a multitude of pathways potentially subserving mem- 
ory. The cholinergic projection to the hippocampus is not the 
only pathway originating in MSA that may mediate the effects 
of intraseptal infusions. For example, a sizeable proportion of 
the septohippocampal pathway consists of GABAergic neurons 
(Kohler et al., 1984; Wainer et al., 1985) that terminate on 
interneurons in the hippocampus (Freund and Antal, 1988). 
Second, a large number ofdescending projections from the MSA 
terminate in the hypothalamus and brainstem, but their function 
is poorly understood. Third, ascending projections from the 
MSA terminate not only in hippocampus, but in cingulate, en- 
torhinal, and subicular cortices where they also produce rhyth- 
mic oscillations that have been linked to mnemonic processes 
(Mitchell et al., 1982; Sutherland et al., 1988). The trend toward 
a decrease in ‘H-hemicholinium-3 binding in the entorhinal 
cortex indicates that intraseptal infusions may affect the sep- 
toentorhinal projection, and, as a consequence, influence spatial 
memory (Mizumori et al., 1992). An important goal of future 
research is the identification of the role of these and other basal 
forebrain circuits during acquisition, retention, and recall. Ul- 
timately, an understanding of these pathways and processes may 
provide new insights into human memory and into amnesia 
that is due to pathology in these systems (Baddeley et al., 199 1; 
Gaffan and Gaffan, 199 1). 
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