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Reversible inactivation of the medial septum differentially affects two
forms of learning in rats
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The contribution of the medial septum to different aspects of spatial information processing was assessed by examining the effects of
reversible septal inactivation on radial maze performance of rats. In addition, the selectivity with which the medial septum affects learning
was studied by testing the effects of septal inactivation on the acquisition of non-spatial information. Rats were first trained according to a
spatial working memory procedure that included a 30-min delay between the first 4 (forced) choices and subsequent test (free) choices. The
forced choices comprised the sample phase of the experiment while the free choices comprised the test phase. Saline or tetracaine (a local
anesthetic) was injected into the medial septal area either before the sample phase, after the sample phase (i.e. at the beginning of the delay
period), or just before the test phase. In contrast to the saline injections, tetracaine injected just before the sample or test phases produced
a significant increase in errors at test. Tetracaine injection at the beginning of the delay period did not affect test choice accuracy. EEG records
showed that septal inactivation drastically, yet temporarily, reduced the hippocampal © rhythm. Thus, when septal inactivation occurred either
before the sample phase or at the beginning of the delay period, hippocampa! @ recovered by the time of the test phase. Septal inactivation
also produced a significant retardation of learning on a non-spatial reference memory task, although clear improvement over trials did occur.
Moreover, the results of subsequent saline injections suggest that at least some of the performance deficit was due to variables other than
learning per se. Although such performance effects could at least in part account for the errors made when septal inactivation occurred before
the test phase of the spatial task, it could not account for errors made when septal inactivation occurred before the sample phase. This result,
together with the finding that septal inactivation drastically alters hippocampal single unit activity*”-**, is consistent with the hypothesis that
normal septal activation (of perhaps the hippocampus) is required for acquisition of spatial information. Maintenance of spatial memory, on

the other hand, may not rely on such activity.

INTRODUCTION

The hippocampus has for some time been implicated
as a critical brain structure for normal spatial cognition®®:
342 Although the details of the specific contribution of
this structure to spatial function remain uncertain (cf. ref.
4), the results of a number of electrophysiological and
lesion experiments suggest that the hippocampus partic-
ipates in the formation of complex sensory associations
which in turn enables animals to learn to identify
locations in space. It is likely that important spatially
relevant sensory information arrives in hippocampus via
the large afferent system from the entorhinal cortex,
which in turn receives input from most neocortical
regions'®'"*2, Medial septal fibers comprise the second
largest hippocampal afferent system®*. Although the
septal input is much smaller than the entorhinal input,
septal terminals are strategically located such that septal
neurons can potentially exert significant control over
information processing in the hippocampus'''%. Indeed,
past studies of medial septal influences on hippocampal-

dependent behaviors indicate that, similar to the results
obtained in hippocampal lesion experiments (e.g. refs. 1,
16, 32, 39), permanent medial septal or fimbria/fornix
lesions produce spatial learning deficits in rat trained on
a variety of different tasks®-*7**. Since the temporary
removal of septal afferents also results in spatial perfor-
mance deficits®®, permanent lesion-induced changes in
hippocampal synaptic organization or retrograde degen-
eration do not appear to be necessary for the spatial
tmpairments.

If the medial septum importantly modulates hippo-
campal function, it might be expected that forms of
learning which are unaffected by hippocampal lesions
would also be unaffected by septal lesions. The extent to
which this expectation is correct is not yet clear. For
example, although hippocampal lesions produce either
no effect or only a short-lived impairment in non-spatial
learning (e.g. refs. 17, 30, 32, 48), reports of either no
effects or significant impairments can be found in
experiments involving septal or fimbria/fornix lesions
(e.g. refs. 33, 35, 37, 44). The apparent discrepancies are
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difficult to evaluate since a variety of tasks and proce-
dures were employed by the different investigators.

Medial septal influences on hippocampal function have
also been assessed in terms of the physiological proper-
ties of hippocampus following septal stimulation or
inactivation. For example, electrical stimulation of the
septal region increases the excitability of dentate gyrus
granule cells® by attenuating feed-forward inhibition of
the interneuron population®%'%2¢, Also, reversible septal
inactivation selectively affects hippocampal single units
such that location-specific discharge®*!=** by hilar/CA3c
cells become less spatially tuned while the location-
specific discharge of CAl cells is maintained during
impaired performance on a spatial working memory
task®®. Thus, the spatial firing characteristics of different
populations of hippocampal cells appear differentially
regulated by the medial septum. Since both permanent
and temporary septal deafferentation eliminates the
movement-sensitive @-modulation of the hippocampal
EEG (e.g. refs. 7, 14, 28, 49), it is also thought that the
medial septum contributes to the rhythmic discharge
pattern exhibited by many hippocampal cells.

Taken together, the behavioral and physiological
results described above provide clear evidence that the
medial septum exerts a dramatic influence over hippo-
campal function. However, there are issues that require
further clarification. For example, it remains to be
determined which aspect of spatial cognition is influenced
by the septum. The present study examines this issue by
assessing the effects of reversible septal inactivation on
the acquisition, maintenance, and recall processes in-
volved in performance on a spatial maze. Furthermore,
since the extent to which the medial septum selectively
participates in learning is presently not clear, the effects
of septal inactivation on the ability of rats to learn new
non-spatial information were also investigated.

MATERIALS AND METHODS

Subjects

Twelve experimentally naive, 9-month-old male Fischer 344
retired breeder rats (Charles River Laboratories, Wilmington, MA)
were housed singly and provided food and water ad libitum for 1
month prior to behavioral training. Rats were maintained at about
80% of their free feeding body weight during behavioral testing.
The colony was maintained at 25 °C on a 12-h light/dark cycle (lights
on at 06.00 h). Behavior testing occurred between 07.00 and .13.00
h.

Apparatus

Rats were trained to perform a spatial memory task on an 8-arm
radial maze® elevated 75.6 cm above the floor, with a central
circular platform (19.5 cm diameter) and 8 alleys, or arms (58 X 5.5
cm), radiating outward. Small food wells, containing chocolate milk
reward, were positioned at the distal ends of each arm. The arms
were hinged such that the experimenter could control access to each
arm by raising or lowering the proximal portion by a remote switch.
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Various objects such as a vacuum cleaner, ladder, tables, and chairs
were located at different locations within the maze room which was
illuminated by a single 40-W light bulb.

Following completion of testing on the spatial memory task, the
same rats were trained on a non-spatial version of the radial maze
task. Distinct cue inserts in each maze arm served as intramaze cues.
These consisted of balsa wood covered with various grades of
sandpaper, satin, wool, raised bars positioned horizontally or
vertically on contact paper, toothpicks, hardware cloth, or small
colored spheres. For training and testing on the non-spatial task, the
maze was located in a different room from that used for the spatial
task, and was surrounded by a black curtain. Illumination of the
maze was by eight 35-W track lights located symmetrically over-
head.

Surgical procedures

Rats were food and water deprived for 24 h before surgery. A
dose of 30 mg/kg sodium pentobarbital (Nembutal 50 mg/ml) was
used for initial anesthesia, followed by supplements of 0.05 ml as
necessary. Small burr holes were drilled in the skull for stereotaxic
placement of a 25-gauge stainless steel guide cannula®® above the
medial septum and bilateral EEG recording electrodes in dorsal
hippocampus. The guide cannula contained a 33-gauge stainless
steel stylet. The recording electrodes were constructed from
114-um-diameter teflon-coated stainless-steel wires. Two strands of
wire were twisted together, then cut blunt such that 1 wire extended
about 700 #m beyond the other. The stereotaxic coordinates* for
cannula and electrode placements were as follows: medial septum —
AP 0.7 mm anterior to Bregma, L 0.0 mm (midline), DV-4.5 mm
from the dural surface; dorsal hippocampus — AP 4.0 mm, L £ 2.4,
mm, DV 3.0 mm. The final depths of the recording electrodes were
determined electrophysiologically on the basis of hippocampal
multiple unit activity.

In addition to the cannula and recording electrodes, a reference
electrode was placed in corpus callosum (AP-0.5 mm, L 0.5 mm)
and a ground lead was attached to a jewelers screw that was fastened
to the skull. All leads were attached to amphenol pins that were
inserted into a 9-hole connector®®. Dental acrylic was applied to the
base of the cannula, recording and reference electrodes, ground
lead, and the 5 jewelers screws which anchored the assembly to the
skull. Following surgery, 0.1 ml Bicillin was injected (i.m.) into each
hindleg and antibacterial ointment (Furacin) was applied to prevent
infection. Animals were allowed free access to food and water for
7 days after surgery. Food was then restricted and postsurgical
training was begun.

Recording procedures

During postsurgical training trials, the animals were connected to
a headstage comprised of 5 FET (unity gain) preamplifiers. The
analog signals were amplified 1000 times, then filtered between 0.5
and 30 Hz (one-half amplitude cut-off). The signals were digitized
in 2.56-s epochs at a sampling rate of 100 Hz. Following daily test
sessions, the EEG data were subjected to fast Fourier transform
analysis and then were converted to spectral power that was
integrated between 6 and 9 Hz to provide a measure of the
hippocampal @ rhythm.

Hippocampal EEG was recorded while animals performed both
spatial or non-spatial versions of the radial maze task. EEG was
sampled while animals traversed arms during the sample and test
phases of the spatial experiment (described below). In addition, the
EEG was observed during the delay period to verify that tetracaine
injections during this time reduced hippocampal ©. The effects of
saline and tetracaine on the relative power of @ were quantified by
calculating the fractional change between records collected during
the sample and test phases. The specific calculation involved first
taking the difference in ©. power during the two experimental
phases, the dividing by the sum of these two values.

At least 5 EEG epochs were collected before the daily pretrial
saline or tetracaine injection in the non-spatial task (see below).
Since hippocampal @ is most pronounced during movement*’, the
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rats were encouraged to move about the central platform while
pretrial EEG was collected. EEG was then recorded while animals
traversed maze arms. Drug-induced changes in the EEG were
evaluated by calculating the fractional change in relative power of
O recorded during pretrial and trial epochs.

Drug injection procedures

The reversible inactivation procedure represents a modified
version of that presented by Malpeli and Schiller** and Schiller et
al.*'. The specific injection protocol has been described
previously?®. The local anesthetic tetracaine (Sigma Chemical Co.)
was dissolved in 0.9% NaCl to produce a 2% solution. Tetracaine,

0.5 pl, was air-pressure injected through a 33-gauge injection needle

that was connected to a Picospritzer (General Valve Corporation).
This particular dose of tetracaine produces physiological effects in
hippocampus that last about 15 min®,

Behavioral training procedures: spatial task

Before surgery, 12 rats were trained on the spatial version of the
radial maze task. During the initial phase of training, all arms were
presented simultaneously and the rats were required to enter each
arm only once during a trial to obtain all of the food reward.
Re-entries into previously visited arms were counted as errors.
When rats entered all 8 arms at least once in 15 min, forced-choice
training began. During this procedure, the experimenter first
presented 4 arms sequentially (sample phase) and then presented all
8 arms simultaneously (test phase). The spatial location of the first
4 forced-choice arms differed from trial to trial and were selected
randomly. The rats performed 1 trial daily until a criterion of 7
correct in the first 8 choices. and no more than two errors total, was
achieved for 3 consecutive days. After reaching criterion, delays of
progressively increasing lengths were imposed between choices 4
and 5, that is, between the sample and test phases of the session.
The delay intervals were 1, 2, 5, 15 and 30 min. Each rat was
required to perform at criterion for 3 days before advancing to the
next delay interval length.

Following criterion performace with 30-min delays, the rats were
given free access to food for 3 days, after which surgery was
performed. After recovery from surgery, rats were retrained with
30-min delays. Following re-attainment of criterion performance,
the rats first underwent a preliminary series of 4 injections (2
tetracaine and 2 saline injections) to adapt them to the injection
procedure. All rats were then tested in each of the following 8
injection conditions: tetracaine or saline was injected either before
the sample phase, immediately after the sample phase (i.e. at the
beginning of the delay period). or immediately before the test
phase. Tetracaine or saline was also injected immediately after the
sample phase on probe days when the delay interval was reduced to
a minimum (‘0 min delay’). The latter condition was included to
assess the effects of septal inactivation on performance that did not
rely on information processed during a longer delay period. The
order of testing was counterbalanced with the restriction that
tetracaine or saline was not injected for more than 2 consecutive
days. Each animal was assigned a different order of testing.
Behavior testing was conducted blind with respect to the identity of
the drug injected. Since each rat contributed data to all of the 8
injection conditions, a within-subjects analysis of variance test was
used to assess the statistical reliability of the results.

Behavioral training procedure: non-spatial task

Within 7 days of completion of testing on the spatial task, 8 of the
12 animals began training on a non-spatial reference memory
procedure. On their first exposure to the cued maze, the rats were
allowed to traverse all 8 of the differently cued arms to obtain
chocolate milk reward. Reward was replaced immediately following
a visit to an arm. Each rat remained on the maze for about 15 min
to ensure multiple exposures to each cue. On subsequent days, only
1 cue was associated with reward. This was considered the goal cue.
Rats were assigned to experimental (tetracaine) or control (saline)
groups. The animals were matched such that the correct goal cue

was the same for each pair of control and experimental animals.
Different correct cues were assigned to different pairs of rats.

On the first of 4 daily trials, only the goal cue was presented to
the rat. After this sample trial, the rat was confined to the central
platform for about 15-30 s. Then, the rat had to select the correct
goal cue amongst the 2, 4 and 8 arms presented on trials 2, 3 and
4, respectively. The spatial location of the goal cue, as well as the
spatial arrangement of cues relative to one another, varied randomly
from trial to trial. Entries into arms that did not contain the goal cue
were considered errors. When rats made on average no more than
one error per day over a period of 5 days, the training procedure
was modified to include one sample trial, followed by 4 trials in
which all 8 cues were presented simultaneously. The rats performed
according to this modified procedure until they made on average no
more than one error per day over 7 consecutive days. The day after
this criterion was met, performance was observed following either
thorough cleansing of the goal cue or replacement of the goal cue
with a new and clean one. This procedure assessed the contribution
of goal cue-specific odors to performance.

Septal inactivation effects on non-spatial learning were then
tested as animals were trained to select a new correct goal cue from
a different set of distinct cue inserts. Before each daily training
session, either saline (control) or tetracaine (experimental) was
injected into the medial septum. Each training session consisted of
one sample trial and 4 trials in which all 8 cues were presented.
Training continued until an average of one error was committed per
day over a 7-day period. On the next day, control animals received
a tetracaine injection and experimental animals received a saline
injection into the medial septum. This final probe for the control
group served to establish whether septal inactivation affects reten-
tion of previously learned information in this task. The probe
session for the experimental animals established the degree to which
such learning was state-dependent. For those experimental animals
that did not achieve criterion performance within 24 days, the probe
session served to determine the extent of learning that occurred
during the preceding septal inactivation trials.

Histological procedures

After the experiment, the rats were injected (i.p.) with 1 ml
Nembutal, then perfused intracardially. The brains were removed,
allowed to sink in 30% sucrose formalin, then embedded in gelatin.
Frozen coronal sections, 40 um thick, were stained with Cresyl
violet for identification of the electrode and cannula placements.
Any rat whose cannula was not directed toward the medial septum
was excluded from behavioral and EEG analysis.

RESULTS

Electrode and cannula placement

The bilateral recording electrodes were located within
dorsal hippocampus as shown in Fig. 1A, and the cannula
tips above the medial septum are shown in Fig. 1B. Using
a 1l in 5 series of Cresyl violet-stained sections, the
percent damage of the medial septum and vertical limb of
the diagonal band was estimated independently by two
experimenters. Damage to the medial septum ranged
from 1.9 to 32.6%. The mean (+ S.E.M.) septal damage
observed was 12.2 *+ 2.8%. The diagonal band was
damaged on average 10.7 * 2.2%, with a range from 1.4
to 25.7%. lllustrations of septal regions suffering the
least and greatest amount of damage are provided in Fig.
2. There were no systematic variations in behavior or
EEG scores as a function of degree of damage to septal
or diagonal band nuclei.
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Fig. 1. A: schematic diagram of a coronal section of rat brain. The
dashed lines represent the principal cell layers of hippocampus, and
solid vertical lines show the location of the EEG recording
electrodes within dorsal hippocampus. B: schematic representations
of a coronal section through the medial septal region. Solid dots
reveal the locations of the guide cannula tips. Since the injection
needle was placed 1 mm beyond the cannula tip, it was estimated
that the tip of the injection needles were situated either just dorsal
to, or in the dorsal aspect of, the medial septum. A: DG, dentate
gyrus; MS, medial septum; VDB, vertical limb of the diagonal band;
SHi, septohippocampal nucleus. (Adapted from Paxinos and
Watson®,)

Spatial task

Animals required, on average, 32.0 * 1.6 days to
reach criterion performance before surgery. Following
surgery, the animals quickly regained asymptotic perfor-
mance within 12.8 + 1.4 days. A summary of the mean
number of errors made per rat during each of the
injection conditions can be found in Fig. 3. A 2-way
repeated measures analysis of variance (ANOVA) re-
vealed a significant main effect of drug treatment F, ,, =
32.4, P < 0.001, as well as a significant interaction effect
of drug and injection condition, F; ;45 = 4.26, P < 0.01.
Subsequent pairwise comparisons with the Scheffé test (a
= 0.05) confirmed that while saline injections did not
affect choice accuracy regardless of the time of injection,
tetracaine injection selectively impaired choice accuracy
when injected before the sample phase or just before the
test phase of 0- or 30-min delay trials. Tetracaine injection
at the beginning of the 30-min delay had no effect on
choice accuracy at test.

Additional analyses were conducted to determine the
extent to which septal inactivation affected the pattern of
arm selection at test. Consistent with reports of other
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Fig. 2. Schematic illustrations of (A) the least and (B) the most
tissue damage observed in the medial septal region, as determined
by histological examination.

investigators (e.g. ref. 48), the removal of septal afferents
did not significantly affect the overall turn bias of animals
as they excited one arm to select the next (P > 0.10).
However, occasionally an animal did respond to the
tetracaine injection by adopting a specific response
strategy. For example, an animal might consistently turn
clockwise upon exciting an arm, then enter the second arm
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Fig. 3. Mean number of errors following medial septal injection of
either saline (SAL) or tetracaine (Tetra) before the sample phase of
30-min- delay trials (Pre-sample), immediately after the sample
phase and at the beginning of the 30-min delay period (Post-
sample), or just before the test phase (Pre-test) following either 30-
or 0-min delays. Injections of saline did not affect choice accuracy
at test. In contrast, pre-sample and pre-test injections of tetracaine
produced a significant increase in errors after either 30- or 0-min
delays. Pre-test injections resulted in more total errors than the
pre-sample injections. The data provided in Fig. 4 suggest an
explanation for this result. Post-sample tetracaine injections did not
impair choice accuracy at test.
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Fig. 4. Percent of test errors that involved re-entries to arms chosen
during the sample phase of the experiment. When tetracaine was
injected into the medial septum before the sample phase, animals
made errors at test by re-entering arms chosen during the sample
phase. When tetracaine was injected just before the test period,
errors involved re-entries to arms selected during the sample phase
and to new arms selected during the test phase. These findings,
along with those of Fig. 3, support the hypothesis that septal
inactivation impaired acquisition of new spatial information in the
pre-sample condition.

over from the one just visited. Although this pattern was
observed, it was not consistent between or within
animals.

Whether or not errors made at test represented
re-entries to arms presented during the sample phase or
re-entries into new arms selected during the test phase
was also examined. The data presented in Fig. 4 show
that the type of errors made at test depended on whether
or not tetracaine was injected before the sample phase or
before the test phase, F, ;5 = 6.39, P < 0.01. When
septal inactivation occurred before the sample phase, test
errors tended to occur to sample arms. When septal
inactivation occurred just before the test phase after 0- or
30-min delays, errors were made to sample arms and to
new arms selected at test. Similar numbers of different

BASELINE TETRACAINE
MINIS s,
E 10
0.5mv
2 75 * l 400ms
& .
S
3
@ .25
04 . . . " - . . . M .
6 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
SWEEP NUMBER

Fig. 5. Analog examples of hippocampal EEG collected before
(Baseline) and after (Tetracaine) tetracaine injection into the medial
septal area. The relative power (within a 7-9 Hz range) of the &
rhythm is plotted as a function of successive sweeps collected as an
animal moved radially inward on the maze during the spatial
memory task. The arrow indicates that tetracaine was injected
between sweeps 5 and 6, just prior o behavioral testing. After
injection, the animal proceeded to make several errors.
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Fig. 6. Drug-induced changes in hippocampal @ were quantified by
calculating the fractional change before and after injection (see text
for further explanation). A positive fractional change indicates that
more @ was observed during the test phase than during the sample
phase. Conversely, a negative fractional change reflects less ©
during the test phase than during the sample phase. A: Pre-sample
injections of tetracaine resulted in significantly more & during test
choices than during sample choices in the spatial task. Post-sample
injection of tetracaine did not significantly alter @ at test. In
contrast, pre-test tetracaine injections dramatically reduced ©
during test choices. B: during non-spatial training, hippocampal &
was compared before the training trial, as the rat moved about the
central platform of the maze, and while the rat performed on the
maze. Drug injection occurred after the pre-trial sweeps were
collected and before the animal performed the task. It can be seen
that tetracaine, and not saline, significantly reduced hippocampal &
when the rats performed this task.

arms were selected at test by animals injected with
tetracaine before the sample (mean = 6.33) or test (6.25)
phases, F, 5, = 0.03, n.s.

The hippocampal effects of septal inactivation were
monitored by observation of the hippocampal EEG. Fig.
5 provides an example of the change observed in the
analog EEG signal and relative power of hippocampal &
following septal injection of tetracaine. The first 5 sweeps
were collected during the sample phase while the rat
traversed arms of the maze. Following the delay period,
i.e. just prior to the test phase, this animal received a
tetracaine injection. It can be seen that ® was virtually
absent during subsequent test performance.

Fig. 6 summarizes the average fractional change in &
from sample to test phases as a function of injection
condition. A 2-factor ANOVA revealed an overall main
effect of the tetracaine injection, F; 1, = 5.23, P < 0.05.
For trials in which 30-min delays were imposed, pre-sam-
ple tetracaine injections resulted in significantly more @
during test responses than during sample responses
(Scheffé test, @ = 0.05). This result indicates that & was
reduced during the sample phase of the experiment, and
that @ had recovered by the test phase. No significant
differences were observed in the amount of @ present
during sample and test choices when tetracaine was
injected at the beginning of the delay period. Thus, @
had recovered by the time of the test phase. When
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Fig. 7. Mean number of errors during the acquisition of non-spatial
information while under the influence of daily injections of either
tetracaine or saline. Saline-injected animals learned the task within
a few days. The performance of tetracaine-injected animals, on the
other hand, was highly variable and, as a group, required signifi-
cantly more time to reach criterion than did controls.

tetracaine was injected before the test phase (after either
0- or 30-min delays), significantly less @ was present
during test responses than during sample responses.
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Fig. 8. Individual examples of the rate of acquisition of a non-spatial
task for animals injected with tetracaine before each daily training
session. A: The ‘best’ tetracaine animal learned the task within
about 10 days and continued to perform with no errors for several
days after. After this rat reached criterion performance, saline was
injected to determine whether the improvement was state-depen-
dent. Since there was no increase in errors, it was concluded that
learning under the influence of tetracaine was not state-dependent.
B: The ‘worst’ tetracaine animal initially showed improvement but
continued to make errors even after 24 days of training. On days
25-31, saline was injected instead of tetracaine and the animal
performed at criterion levels. These data provide evidence that this
animal actually learned the non-spatial task under the influence of
septal inactivation, but that accurate performace was influenced by
other effects of the injection. :
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Non-spatial task

Following completion of the spatial tests, 8 animals
began training on the non-spatial task. Of these, data
from one animal were discarded due to technical diffi-
culties that developed with the implant. The 7 remaining
animals required 28.6 * 4.0 days to achieve criterion
performance before septal inactivation tests began. There
was no significant difference in the rate of acquisition for
experimental and control animals (P > 0.10). Choice
accuracy was not affected by the olfactory probe trial (P
> 0.10).

The effects of medial septal injection of either saline (n
= 3) or tetracaine (n = 4) were assessed while animals
learned to distinguish a new goal cue. The hippocampal
EEG was monitored before, during, and after injection
to verify that @ was significantly reduced while tetra-
caine-treated animals performed the task, F, 4, = 4.79,
P < 0.001 (see Fig. 6). Tetracaine-injected animals
showed a significant decrease in @ during training trials
when compared to the pretrial period. In contrast,
saline-treated animals showed an increase in @ when
pretrial EEG epochs were compared to EEG epochs
collected during the training trials. The differential
effects on the fractional change in @ by saline- and
drug-injected animals translates to about an 85% reduc-
tion in @ during acquisition trials following septal
inactivation.

The mean number of errors made during the first 9
days of non-spatial training was significantly greater for
tetracaine-treated animals (2-factor ANOVA: F;
6.80, P < 0.05; see Fig. 7). Although the mean error
rates were statistically different, examination of data
from individual animals revealed some evidence of
learning. For example, Fig. 8 illustrates the acquisition
curves for the ‘best’ and ‘worst” experimental animals.
The upper acquisition curve shows that this animal
learned the task within about 10 days. The lower curve
shows that although the worst tetracaine animal showed
improvement over the 24 days of training, it continued to
average about 4-5 errors by the end of this period.
Injections of tetracaine were replaced with saline injections
for an additional 7 days. This animal performed at criterion
during this 7-day period, averaging only 0.57 errors per day.
No detrimental effects were observed during saline probe
trials of other tetracaine-injected animals.

After saline-injected animals reached criterion perfor-
mance, tetracaine was injected into the septal region to
assess whether septal inactivation affected recall of
previously learned information. Of the 3 animals tested,
1 made no errors on the tetracaine probe day, 1 made 10
errors, and 1 made 3 errors. The errors made were almost
exclusively perserverative in nature, in that animals
tended to repeat response sequences.
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DISCUSSION

The contribution of the medial septum to different
aspects of spatial cognition was the first of two issues
addressed by the present study. When the medial septum
was reversibly inactivated during only the sample phase
of the experiment, errors made at test where with respect
to choices made during the sample phase and not to new
choices made at test. When septal inactivation was
restricted to the delay period between sample and test
phases of the experiment, test accuracy was similar to
that of controls. These results show that normal function
of the medial septum is important for the acquisition of
trial unique spatial information, and that the effects of
septal disruption cannot be attributed merely to perfor-
mance variables. When septal inactivation began just
prior to the test phase, errors consisted of re-entries to
sample and new test arms.

The second issue addressed by the present study was
the selectivity with which the medial septum contributes
to learning. Septal inactivation substantially slowed the
rate of improvement on a non-spatial reference memory
task that required rats to remember the same information
from trial to trial. However, it appears that the compar-
atively poor performance of some animals was at least in
part a result of effects of the tetracaine treatment on
performance variables. Some of the evidence for this
conclusion is presented in Fig. 8. Three of the 4 animals
tested reached criterion performance between 8 and 20
days. The fourth tetracaine animal (Fig. 8B) showed an
initial improvement, but errors continued to be made for
24 days. When saline was substituted for tetracaine, the
errors dropped abruptly to criterion and remained at this
level for the next 7 days. Therefore, at least for this
animal, medial septal inactivation may have affected
other aspects of behavior such that the demonstration of
this form of learning was not apparent.

If the inactivation of the medial septum produced
effects on behaviors that interfered with an animal’s
ability to demonstrate new learning in the non-spatial
reference memory task, then the possibility exists that a
similar situation occurred while animals performed the
spatial working memory task. However, the poor test
scores of animals given injections of tetracaine before the
sample period provides evidence that this was not always
the case. If learning actually took place during the sample
period, these animals should have performed as well as
controls at test since the tetracaine effects had worn off.
Instead, these animals performed poorly by making
errors almost exclusively to arms selected during the
period of septal inactivation, i.e. during the sample phase
of the experiment. This finding suggests that septal
inactivation impaired the acquisition process.

The contribution of septal inactivation-induced non-
specific effects to poor choice accuracy following pre-test
injections is less clear. Given the results of pre-sample
injections, it is likely that any learning that normally
takes place during the test phase was impaired. However,
based on the results of the non-spatial test, non-specific
effects of septal inactivation may also have influenced
test behaviors. Therefore, it is not possible to resolve at
this time the extent to which poor test performance
following pre-test tetracaine injection resulted from
altered recall processes. A similar difficulty would apply
to the interpretation of earlier investigations (see Intro-
duction) of the medial septum’s role in learning, because
those experiments involved permanent lesions.

The use of the reversible inactivation procedure to
dissociate performance factors from learning processes

*illustrates an important advantage of the reversible

inactivation technique for the study of functional con-
nectivity. Unlike permanent lesions, this procedure ef-
fectively allows one to test animals after removing the
effects of deafferentation, and then to determine (in the
absence of performance effects) the extent of learning
that took place when the target nucleus was non-
functional. In this way, animals can demonstrate whether
impaired performance during the period of deafferenta-
tion resulted from non-specific performance deficits or an
impairment in learning per se.

A question that arises regarding any experiment
involving the permanent or temporary inactivation of an
afferent nucleus is whether or not the effects resulted
from alterations in afferent cellular activity or the fibers
of passage. Recent evidence from other laboratories
supports the contention that inactivation of septal cells
produced the results observed in this study. Givens et
al.:? recently reported that injection of either tetracaine
or muscimol into the medial septum reduced hippo-
campal © and impaired spatial learning abilities. (Mus-
cimol is a GABA-, agonist that does not affect fibers of
passage.) Also, Brioni et al.® have reported that medial
septal injection of muscimol impairs spatial learning in a
pool of water.

It might be argued that the tetracaine injected into the
medial septum impaired hippocampal-dependent behav-
iors because it diffused to hippocampus. The results of
several control experiments argue against this possibility.
For example, if tetracaine diffused to hippocampus,
records of hippocampal unit activity should always show
a reduction of activity following septal injection of
tetracaine. Previous investigations have shown that si-
multaneously recorded hippocampal single units do not
necessarily show the same response to the septal
injection®’?8, Some units exhibit increased activity, while
others show reduced or no change in firing rate. Further



discussion of this issue can be found in Mizumori et
al.27.28.

Assuming that inactivation of septal cells contributed
to the pattern of behavioral effects described in this
study, it remains to be determined whether or not these
findings resulted from the inactivation of septohippo-
campal afferent fibers, or from inactivation of septal
afferents to other structures, possibly including those that
convey information to and from the hippocampus. For
example, it is known that the medial septum projects to
layer Il of entorhinal cortex, which in turn provides a
majority of the afferent fibers to hippocampus®**. It is
possible that septal inactivation compromised informa-
tion flow from the entorhinal cortex to hippocampus.
One must also consider the possibility that septal affe-
rents to the subicular complex!®*® were importantly
affected by septal inactivation, and this may have
resulted in a functional isolation of the hippocampus
from its cortical targets.

Although the present findings could be interpreted in
terms of septal inactivation effects on either spatial
abilities or working memory, the findings of others (such
as those described above by Givens et al.!* and Brioni et
al.®) provide evidence for a role of the septohippocampal
system in spatial learning. In this study, reversible
inactivation of the medial septal region significantly
reduced the hippocampal @ rhythm (see Figs. 5 and 6;
ref. 28) and choice accuracy (Fig. 3). Septal inactivation
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