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Preserved Spatial Coding in Hippocampal CA1 Pyramidal Cells
During Reversible Suppression of CA3c¢ Output: Evidence for
Pattern Completion in Hippocampus

S. J. Y. Mizumori, B. L. McNaughton, C. A. Barnes, and K. B. Fox
Department of Psychology, University of Colorado, Boulder, Colorado 80309

Medial septal modulation of hippocampal single-unit activity
was examined by assessing the behavioral and physiolog-
ical consequences of reversibly inactivating the medial sep-
tum via microinjection of a local anesthetic (tetracaine) in
freely behaving rats trained to solve a working memory prob-
lem on a radial maze. Reversible septal inactivation resulted
in a dramatic, but temporary (15-20 min), impairmentin choice
accuracy. In addition, movement-induced theta (¢) modula-
tion of the hippocampal EEG was eliminated. Septal injection
of tetracaine also produced a significant reduction in loca-
tion-specific firing by hilar/CA3c complex-spike cells (about
50%), with no significant change in the place-specific firing
properties of CA1 complex-spike units. The mean sponta-
neous rates of stratum granulosum and CA1 theta cells were
temporarily reduced by about 50% following septal injection
of tetracaine.

Although there was a significant reduction in the activities
of inhibitory interneurons (theta cells) in CA1, there was no
loss of spatial selectivity in the CA1 pyramidal cell discharge
patterns. We interpret these results as support for the pro-
posal originally put forth by Marr (1969, 1971) that hippo-
campal circuits perform pattern completion on fragmentary
input information as a result of a normalization operation
carried out by inhibitory interneurons. A second major finding
in this study was that location specific firing of CA1 cells
can be maintained in the virtual absence of the hippocampal
6-rhythm.

In a previous study (Mizumori et al., 1989a), we demonstrated
in anesthetized animals that local inactivation of medial septum
(probably including fibers coursing through it) resulted in a sub-
stantial reduction in the mean spontaneous firing rates in CA3c
pyramidal cells. Somewhat surprisingly there was no significant
effect in the spontaneous activity of pyramidal cells recorded in
CALl. These data raised the possibility that output of CA1l py-
ramidal cells was determined by a balance between feedforward
excitation and feedforward inhibition that results from direct
connections between Schaffer collaterals and inhibitory inter-
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neurons. We conjectured that this effect was consistent with the
property of associative recall, or “pattern completion” originally
postulated by Marr (1969, 1971) and more recently elaborated
by McNaughton and Morris (1987) and McNaughton and Nadel
(1989). The prediction of this hypothesis is that, in freely moving
animals, a reduction of CA3c output should leave not only the
spontaneous rates of CA1 intact but also the well-known spatial
selectivity of CAl discharge (O’Keefe and Dostrovsky, 1971;
O’Keefe, 1976; McNaughton et al., 1983a; Muller et al., 1987).
A further goal of the present study was to assess the contribution
of the rhythmic modulation of the hippocampal EEG, i.e., the
theta () rhythm, to spatially selective discharge.

A majority of medial septal afferents to the hippocampus
synapse on cells located in facia dentata and the CA3c subfield
(Swanson and Cowan, 1979), Since many of the septal terminals
are located on inhibitory interneurons (Freund and Antal, 1988),
it would be expected that the septum exerts a significant mod-
ulatory influence on the activity of granule and pyramidal cells.
Indeed, electrical prestimulation of the medial septum appears
to increase the excitability of the granule cell population by
attenuating feedforward inhibition in stratum granulosum (e.g.,
Alvarez-Leefmans and Gardner-Medwin, 1975; Fantie and
Goddard, 1982; Bilkey and Goddard, 1985, 1987; Mizumori et
al., 1989b). Furthermore, it is clear that behaviors that are dis-
rupted by hippocampal lesions are also severely affected by a
lesion of septal cells or their fibers (e.g., DeCastro, 1974; Olton
et al., 1978b; Becker et al., 1980; Crutcher et al., 1981). How-
ever, the influence of the septum on the behavioral correlates
of hippocampal single-unit activity is presently not well under-
stood.

Medial septal modulation of hippocampal single-unit re-
sponses to sensory stimuli was initially studied in conscious,
immobilized animals. Miller and Groves (1977) showed that a
majority of hippocampal cells recorded from curarized rats re-
sponded to sensory stimulation by reducing their rate of spon-
taneous discharge. Medial septal lesions abolished spontaneous
firing of many hippocampal cells and reduced the inhibitory
responses to sensory stimuli. Vinogradova and Brazhnik (1978)
recorded hippocampal unit activity in response to presentation
of a variety of sensory stimuli in restrained rabbits. In contrast
to the findings of Miller and Groves, it was found that following
septal lesions CA1 cells continued to respond to sensory stimuli
in the same manner as before the lesion, while the response of
CA3 units was greatly reduced.

The effects of septohippocampal disconnection on sponta-
neous discharge characteristics of hippocampal cells have also
been examined in freely moving animals. Miller and Best (1980)
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reported that fornix lesions slightly reduced the number of CA1
complex-spike cells that exhibited the sort of location-specific
firing patterns described by O’Keefe (1976) and O’Keefe and
Dostrovsky (1971). Furthermore, and in contrast to cells from
control rats, CA1 place cells from lesioned rats were more sus-
ceptible to disruption following maze rotation. At variance with
the findings of Miller and Best, Buzsaki et al. (1983) concluded
that complex-spike cells are relatively unaffected by medial sep-
tal lesions in chronically prepared rats (although it was not
reported whether these cells were recorded in CAl or CA3).

Buzsaki et al. (1983) also examined the effects of septal lesions
on putative granule cell and interneuron firing rates in stratum
granulosum. They found that cells recorded after a lesion fired
at a higher rate than different cells recorded before the lesion.
The stratum granulosum units continued to increase their ac-
tivity during voluntary movement, although the firing pattern
was no longer rhythmic. Rose (1983) also found that the activity
of putative granule cells recorded from septal-lesioned rats var-
ied according to movements made by the animal. However, it
was shown that these cells were less sensitive to the precise
moment of initiation and termination of behaviors. Consistent
with Rose’s result, Foster et al. (1988) reported that putative
granule cells of septal-lesioned rats were less responsive to changes
in the sensory environment. In contrast to the results of Buzsaki
et al., however, Foster et al. found no change in the spontaneous
firing rate of presumed granule cells. Finally, Bland and Bland
(1986) reported that the firing rate of CA1 and dentate “theta”
cells of freely moving rabbits was reduced by about 50% within
4 hr of an electrolytic medial septal lesion.

The results described above do not provide a consistent ac-
count of hippocampal unit responses to septal lesion. The vari-
ability is likely due to several factors. For example, since rela-
tively long periods of time were allowed for recovery from surgery,
the results of studies involving freely moving rats were likely
influenced by synaptic reorganization or retrograde degenera-
tion. Also, while experiments with immobilized animals often
tested the same cells before and after the lesion, most studies
involving freely behaving animals compared the pre- and post-
lesion firing rates of different cells and did not take into account
the possible contribution of changes in behavioral state. Fur-
thermore, the classification of most stratum granulosum units
as granule cells is questionable in light of recent evidence that
the cell type most frequently encountered in stratum granulosum
exhibits electrophysiological characteristics expected of inhib-
itory interneurons (Mizumori et al., 1989b). Moreover, since
the earlier experiments recorded unit activity with single-wire
electrodes, it is possible that less than optimal unit isolation
compromised the interpretability of some of the results. Indeed,
as emphasized by Bland (1986), some studies assessed lesion
effects on multiunit activity rather than single-unit activity.

The present study demonstrates the use of a procedure that
not only circumvented many of the major confounds of past
lesion studies, but also allowed us to test directly the hypothesis
put forth above. This procedure involves the selective and re-
versible inactivation of fibers originating in or traversing the
medial septum by microinjection of a local anesthetic. While
this approach has been used to inactivate temporarily hippo-
campus proper (Flicker and Geyer, 1982; Smith et al., 1983;
Barea et al., 1988), afferent influences on target unit activity
have been studied only in regard to other brain systems (e.g.,
Schiller et al., 1979; Rigdon and Pirch, 1984). In the present
study, we combined the use of a modified version of an afferent

inactivation technique (as described by Malpeli and Schiller,
1979, and Schiller et al., 1979) with the stereotrode recording
procedure (McNaughton et al., 1983b) to study the discharge
patterns of individual hippocampal cells before, during, and
after septal inactivation in freely moving animals. Since many
cells of different types could be tested in the same animal per-
forming a single task, it was possible to compare the responses
of different populations of hippocampal cells. Septal inactiva-
tion effects on the hippocampal § rhythm (Vanderwolf, 1969)
were also monitored simultaneously with behavior and single-
unit activity during different phases of the experiment. A pre-
liminary report of portions of this study has been presented in
abstract form (Mizumori et al., 1987).

Materials and Methods

Animals. Six male Fischer-344 rats (9-month-old retired breeders) were
obtained from Charles River Laboratories. Following 1 week of adap-
tation to the laboratory, the rats were weighed and handled daily for 7
d. Access to food was then restricted, and, for the remainder of the
experiment, rats were maintained at about 80% of their ad /libitum body
weights. Water was readily available. Behavioral testing occurred be-
tween 0600 and 1200 hr. Lights were on in the colony room from 0600
to 1800 hr.

Behavioral testing apparatus. A semiautomated black Plexiglas 8-arm
radial maze (Olton and Samuelson, 1976) was used to test the behavioral
performance of the rats. Eight alleys, or arms (58 x 5.5 ¢cm), radiated
from a round central platform (19.5 cm diameter) that was elevated 79
cm above the floor. The arms were bordered by edges raised 4 mm
above the surface. Aluminum food cups were located at the distal ends
of the arms. Each arm was hinged such that the proximal half could
either be raised so that it was flush with the central platform or lowered
to restrict access to that arm from the center. Presentation of individual
arms was accomplished by remote control. The 12 x 12 ft room was
illuminated by a 40 W white light that was located on the south wall
of the room. Other objects in the room that could serve as distal spatial
cues included a ladder, a table, a vacuum cleaner, miscellaneous lab-
oratory equipment, and the experimenter.

Behavior testing procedure. After the first week of food restriction,
the rats were placed on the central platform of the maze with immediate
access to all 8 arms. Chocolate milk reward (0.2 ml) was placed in the
food cups located at the ends of the arms. The optimal strategy for
solving the maze was to enter each arm only once per trial. Reentries
into previously visited arms were considered errors. During this phase
of training, each rat performed one trial a day.

The initial phase of training was complete when a rat entered each
arm at least once within a 20 min period. The second phase involved
first placing the rat in the maze center without access to any arms. After
2 min, a random sample of 4 arms was simultaneously presented. When
the food was retrieved from these arms, the rat was confined to the
center for 1 min by lowering all arms. Following the delay period, all 8
arms were presented and the rat was allowed to complete the trial by
selecting those arms not entered before the delay. After the rat selected
the last correct arm of each trial, chocolate milk was placed on the
central platform to encourage the rat to return there promptly. After 5
consecutive days of asymptotic performance, the rats were trained to
perform 10 such trials a day. During this last phase of training, no delays
were imposed within trials and 2 min intervenied between trials. Since
access to the arms was controlled by a remote switch, it was not necessary
to handle the rat once a training session began. When rats performed
all trials within 1 hr for 3 consecutive days, free access to food was
allowed during the next 1-2 d. Electrodes and a guide cannula were then
surgically implanted (see below).

Following surgery, the rats were allowed free access to food for 7 d.
After this time, their body weights were maintained at 80% of their
postsurgery ad libitum body weights. Postsurgery training was identical
to the last phase of presurgery training except that the rats were required
to perform 15 trials/d.

Electrode construction and surgical procedure. After the rats achieved
criterion performance levels on the radial maze, a guide cannula assem-
bly and electrodes were surgically implanted. Rats were injected (i.p.)
with 33 mg/kg Nembutal (50 mg/ml). Supplements of 0.05 ml were
administered as necessary. The medial septal guide cannula assembly



consisted of a 25 gauge stainless steel cannula (with a 33 gauge stylet)
that was inserted through a hole drilled in the center of a #4-40 (Y%)
nylon set screw and then glued in place. The set screw rested on the
skull surface, thus providing 2 means by which the cannula could be
anchored to the skull. The cannula tip was placed about 1.0 mm dorsal
to the medial septum, according to the stereotaxic coordinates of Pax-
inos and Watson (1982; see Fig. 1): A-P 0.7 mm anterior to bregma,
L. 0.0 mm, D-V —4.5 mm from the brain surface.

At surgery, bilateral recording electrodes (stereotrodes) were inserted
1 mm into cortex (A-P —4.0 mm, L 2.5 mm). Each stereotrode consisted
of 2 lacquer-coated tungsten wires (20 um diameter; California Fine
Wire Co.) that were twisted together, dipped in Epoxylite, and then
baked. The tips were cut at a 45° angle, then gold-plated to give final
impedances of 150-250 k@ (tested at 1 kHz). Individual stereotrodes
were threaded through a 30 gauge stainless steel tube such that 1 mm
protruded from the end. The 30 gauge tube was mounted on a movable
microdrive. A reference electrode (114 um diameter Teflon-coated
stainless steel wire) was placed into corpus callosum (A-P —6.5 mm, L
2.0 mm). A ground lead was soldered to a small jeweler’s screw that
was secured to the skull. Dental acrylic was applied to the base of the
cannula assembly, microdrives, reference electrode, and ground lead.
The acrylic was anchored to the skull with 4 additional stainless steel
screws. Amphenol pins were attached to each electrode, reference, and
ground lead, then inserted into a connecting socket (Molino and Mc-
Intyre, 1972) that was permanently attached to the animal’s head, and
that was later to be connected to a headstage for recording. Following
surgery, the eyes were washed with ophthalamic solution and Bicillin
(0.1 ml) was administered intramuscularly to each hindleg.

In a previous experiment, we found that a majority of units recorded
in stratum granulosum could reasonably be classified as inhibitory in-
terneurons based on a number of physiological criteria, such as whether
the cell was activated below population spike threshold following stim-
ulation of perforant path and whether the same stimulus could drive
the cell during population spike inhibition in paired pulse experiments
(Mizumori et al., 1989a, b). Cells thus classified also had much higher
mean rates than putative granule cells which failed these tests. Therefore,
in order to discriminate stratum granulosum cell types in the present
experiment, 2 of the rats were also implanted with Teflon-coated, stain-
less steel perforant path stimulating electrodes (114 um diameter; A-P
—8.1 mm; L 4.4 mm). About 200 um of insulation was stripped from
the electrode tip. Stimulus return leads were soldered to jeweler’s screws
that were fastened to the skull.

Behavior monitoring. Beginning 1 week after surgery, a headstage
comprised of 5 FET preamplifiers and an infrared light-emitting diode
was attached to the connecting socket on the rat’s head during the
behavioral and recording sessions. The rat’s movements about the maze
were monitored via an automatic tracking system which sampled and
recorded the X-Y coordinates of the diode at a frequency of 20 Hz and
a spatial resolution of about 1.8 cm. The time of each position event
was also logged.

Single-unit and EEG monitoring. The stereotrode recording tech-
nique was used to monitor single-unit activity (McNaughton et al,,
1983b). This procedure involves independently recording cellular ac-
tivity through 2 adjacent fine electrode wires. The incoming signals were
amplified (5-10 K) and then filtered (at half-amplitude) at 600-800 Hz
(high pass) and 6 kHz (low pass). The analog signals were passed through
awindow discriminator such that a sampling period began when a signal
from either channel exceeded a predetermined threshold. During the 1
msec sampling period, the maximum and minimum voltages of the
analog signal, and the latencies of these values from the onset of the
sampling period, were calculated in hardware (FMZ Electronics Co.)
for each of the 2 recording channels. A PDP-11/23 computer collected
these 8 spike parameters and logged the time of each event. The ster-
eotrode recording procedure facilitates confident unit isolation by mak-
ing use of the spike amplitude ratio on the 2 recording channels.

The signal from one stereotrode wire was also passed through a sep-
arate circuit in which it was amplified 30 times, then filtered at 0.5 (high
pass) and 30 Hz (low pass) for EEG recording. This allowed us to
monitor EEG simultaneously with single-unit activity. A 5.12 sec EEG
sampling period was initiated each time the rat moved inward on a
maze arm. EEG signals were sampled at a frequency of 100 Hz and
subsequently subjected to Fourier analysis.

Unit identification and analysis. Cells recorded in different hippocam-
pal regions were identified according to the depth of the electrode, whether
the cell discharged single spikes or bursts of multiple spikes, and spike
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duration (measured as the time difference between the maximum and
minimum voltages of the analog signal). Stratum granulosum cells were
encountered before entering the hilar region of the dentate gyrus. These
cells were identified as granule cells or interneurons according to the
physiological criteria described by Mizumori et al. (1989b). As shown
in Figure 2, units were classified as inhibitory interneurons if they were
activated at short latency during both field potentials elicited by paired
stimulation of the perforant path (25 msec interstimulus interval), that
is, if activation occurred during the period of population spike inhibition
within the second field response. Furthermore, classified interneurons
were activated by a perforant path stimulus intensity that was well below
the population spike threshold. Cells identified as granule cells were
activated during the period of the population spike of the first field
response elicited by paired stimulation of the perforant path, and not
during the corresponding period of the second response in which the
population spike was inhibited. These cells also were not activated by
perforant path stimulus intensities that were below population spike
threshold.

Two rates were calculated per arm of the maze, one for each radial
direction in which the rat traveled. For analysis, the definition of “place
field” incorporated this direction-specific firing characteristic. Thus, the
“in-field” firing rate for a given cell was taken as the average rate in the
preferred direction on the preferred arm, while the “out-of-field” rate
reflected the mean rate during traverses of the remaining arms, as well
as the preferred arm in the nonpreferred direction. It should be noted
that since most place fields were restricted to only a portion of a given
maze arm, the in-field rate scores underestimate the true in-field firing
rate. A spatial selectivity score was calculated by dividing the difference
between the in-field and out-of-field rates by their sums. This score is
a nonlinear one in the sense that restriction of firing to a single arm and
direction would have resulted in a score of 1.0. Note that this procedure
also underestimates selectivity in cases where the field is split between
2 arms, such as the example provided in Figure 6. Thus, the estimates
of spatial selectivity are relatively conservative.

Autocorrelation analyses were performed to monitor the firing pat-
terns of different hippocampal cell types (Perkel et al., 1967). Autocor-
relation functions represent the expectation density for spike discharge
shortly before and after a spike at any particular time.

To assess the effects of septal inactivation, behavioral and electro-
physiological data were analyzed for baseline (trials 4 and 5), tetracaine
(trials 6 and 7), and recovery (trials 14 and 15) phases of the experiment.

Tetracaine injection. A 2% tetracaine solution was prepared by dis-
solving tetracaine hydrochloride (Sigma Chemical) in sterile 0.9% NaCl.
When stable, isolated hippocampal units were encountered, the animal
was prepared for the injection that was to occur during the recording
session. The stylet was replaced with a 33 gauge stainless steel injection
needle that was cut blunt. The tip of the needle protruded | mm below
the tip of the guide cannula to a point just above the medial septum
(see Fig. 1). The graduated polyethylene (PE20) tube that was attached
to the injection needle allowed us to verify drug flow by monitoring the
distance of meniscus travel. The open end of the PE tube was sealed
with Parafilm to prevent leakage of tetracaine into the brain prior to
injection.

After the rat completed the first 5 of 15 trials, the Parafilm was
removed. The open end of the PE tube was then inserted into an adaptor
that was connected to an air-pressure system (Picospritzer). Preliminary
tests indicated that application of 2 pulses (100 msec duration, 60 psi)
ejected 0.5 ul of fluid. The PE tube was then disconnected from the
Picospritzer and the open end resealed. Throughout the entire injection
procedure, it was not necessary to handle the rat. Since tetracaine ap-
pears to be relatively nontoxic (Proudfit, 1980), the effects of septal
inactivation could be assessed for all cells encountered in a rat. Con-
sequently, each cell served as its own control in this within-subjects
design experiment.

Results

Histology

Results of the histological analysis verified that all recording
electrode tracks traversed CAl, stratum granulosum, and the
dentate hilar/CA3c region of dorsal hippocampus (see Fig. 14).
The guide cannula tip was located about 1 mm dorsal to the
medial septum. Illustrations of the tissue damage caused by the
cannula implantation and tetracaine injection can be found in
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Figure 2. One criterion used to identify stratum granulosum cells as
interneurons or granule cells was whether they were activated during
both field potentials elicited by paired stimulation of the perforant path.
Arrows indicate the activation of the unit of interest. 4, Presumed in-
terneurons were activated reliably during the first and second field po-
tentials. Scale bar, 4 msec, 5 mV. B, Putative granule cells, on the other
hand, were activated during the period of the population spike within
the first response but did not respond during the period of inhibition
of the population spike in the second response. Scale bar, 5.4 msec, 5
mYV. Other measures also distinguished the 2 cell types. For example,
classified interneurons were easily activated with perforant path stim-
ulus intensities that were below population spike threshold. Granule
cells were not activated with such low perforant path intensities.

Figure 1, B, C. Implantation of the guide cannula produced
slight to moderate damage along the medial wall of the anterior
cingulate cortex, the induseum griseum, and the septohippo-
campal nucleus. The medial septum was observed to be intact
in all but one case where a small amount (about 0.25 mm) of
the dorsal surface was damaged. Stimulating electrode tracts
were located in the angular bundle.

Maze performance

Cells were recorded from a given rat over a period of about 2
months. During this time, baseline performance on the maze
did not change, as indicated by the fact that the mean (+SE)
number of errors made during the first 5 trials of the first 10
recording sessions (0.60 + 0.02) did not differ from the number
of errors made during equivalent trials of the last 10 sessions,
which occurred at least several weeks later (0.50 = 0.11). The
short-term behavioral consequences of medial septal inactiva-
tion were similar to those described for rats with permanent
septal lesions (e.g., Olton et al.,, 1978b; Crutcher et al., 1981),
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MEAN NUMBER OF ERRORS

RECOVERY

BASELINE TETRACAINE

Figure 3. The short-term behavioral consequences of reversible septal
inactivation are expressed in terms of the number of errors made on
the maze. Baseline, During the last 2 of the 5 preinjection trials (intertrial
interval = 2 min), rats made on average 0.4 errors per trial. Tetracaine,
During the 2 trials following injection, about 12 errors were made per
trial. Recovery, By the end of the recording session, choice accuracy did
not significantly differ from preinjection levels (i.e., rats made about 1.5
errors/trial).

That is, rats frequently became hyperactive and perseverative
behavior was often, but not always, observed during the first
minutes after injection. Figure 3 illustrates the septal inactiva-
tion-induced memory impairment in terms of the number of
errors per trial. During the 2 trials before tetracaine injection,
rats rarely made a single error. During the first 2 trials after
injection, that is, on trials 6 and 7, an average of 12 errors were
made per trial. By the end of the recording session, the number
of errors made was similar to that observed before injection.
Typically, impaired choice accuracy lasted about 10-15 min.
Repeated measures analysis of variance (ANOVA) revealed that
the increase in errors made following septal injection was sta-
tistically significant, F(2, 46) = 51.1, p < 0.001. Scheffe pairwise
comparisons (« = 0.05) confirmed that more errors were made
after injection and that the number of errors made at the end
of the recording session was similar to that before injection. The
number of errors made following septal inactivation did not
change over sessions. Rats made roughly the same number of
errors during the 2 trials after injection in the first 10 recording
sessions (10.3 + 1.2) and during similar trials of the last 10
recording sessions (10.5 = 1.4).

Hippocampal EEG

Figure 4 illustrates the baseline hippocampal 6 rhythm that was
observed during translational movements by the rat (i.e., move-
ments from one place on the maze to another). Power spectra
associated with this time period revealed a predominance of 7-
8 Hz modulation, as reported previously by numerous other
investigators (e.g., Vanderwolf, 1969; Feder and Ranck, 1973;
Winson, 1974; Bland et al., 1975; Buzsaki et al., 1983; Fox et
al., 1986). After septal inactivation and during the period of
behavioral impairment, the power spectra indicated a loss of 4
during movement. This result is similar to that obtained fol-
lowing permanent septal lesions (Green and Arduini, 1954;
Donovick, 1968; Vinogradova and Brazhnik, 1978; Winson,
1978; Andersen et al., 1979; Rawlins et al., 1979; Bland and
Bland, 1986). By the end of the recording session, the analog
EEG traces and the corresponding power spectra were similar
to those observed before injection. This pattern of effect was
observed each time the septum was injected, regardless of whether
the electrode was in CAl or the dentate region. A typical ex-
ample of the time course of the septal inactivation-induced change
in relative power is illustrated in Figure 4.
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Figure 4. A, Analog examples of hip-
pocampal EEG recorded during differ-
ent phases of the experiment are illus-

My kel

trated in the fop row. Shown below are

the associated power spectra. Baseline,

Before septal inactivation, clear move- 1.0
ment-related # (7-8 Hz) was observed
as the animal moved inward on maze
arms. Tetracaine, After tetracaine in-
jection into the medial septum, the EEG
appeared relatively flat when the rat tra-
versed arms of the maze, and little pow-
er was observed in the 7-8 Hz range.
Recovery, By the end of the recording
session, the § rhythm was essentially )
identical to that observed before injec-
tion. B, Relative power within a 7-8 Hz
range was calculated for each of the 15
training trials of an experiment, then
plotted as a function of time before and
after septal injection of tetracaine. The
left-most bar represents power during
the first trial of the session, while the
bar on the far right illustrates power
during the last trial. Bar locations in-
dicate the time of the end of trials rel-
ative to the time of injection (arrow).
The increased time per trial during the
inactivation period reflects a corre-
sponding increase in the number of
errors. During preinjection trials 1-5, a
predominance of # was observed in the
record. Septal inactivation resulted in
a dramatic reduction of ¢ beginning with
trial 6. This effect persisted for several
trials. By trial 12, the  power had re-
turned to near baseline.
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CAl complex-spike cells

The number of CA1 and hilar/CA3c cells tested per rat is pre-
sented in Table 1. CA1 complex-spike cells (total N = 42; 22
recording sessions) often discharged bursts of multiple spikes.
Individual spikes within a burst were 385.2 + 13.3 usec in
duration. This discharge pattern has been associated with hip-
pocampal pyramidal cells (Fox and Ranck, 1975, 1981). The
highest rate of discharge was observed when a rat entered a
specific location on the maze from a particular direction, a find-
ing similar to that reported by others (O’Keefe and Dostrovsky,
1971; O’Keefe, 1976; Olton et al., 1978a; McNaughton et al.,
1983a; Breese et al., 1987).

Figure 5 illustrates the response of a representative CA1 place
field following septal inactivation. The autocorrelation func-
tions, also presented in Figure 5, suggest that the timing of spike
discharge, and perhaps also the rhythmicity, may have been
altered. It can be seen from the data presented in Figure 7 that
the mean in-field or out-of-field firing rates of CA1 complex-
spike cells did not significantly vary as a function of phase of

0.4mV

0 10 20 0
FREQUENCY(HZ)

10 20 30 40

TIME (MIN)

=10

the experiment (repeated measures ANOVA, all p’s > 0.1). The
stability of place-specific unit discharge was further demonstrat-
ed by the lack of change in spatial selectivity scores following
septal inactivation, i.e., these cells maintained the same place
fields. The scatter diagrams presented in Figure 7C compare
spatial selectivity scores for individual units before and after
tetracaine treatment.

Hilar/CA3c¢ complex-spike cells

Hilar/CA3c complex-spike cells (N = 53; 22 recording sessions)
exhibited many of the same discharge patterns shown by CA1l
complex-spike cells. The hilar/CA3c cells often discharged bursts
of multiple spikes, with individual spike durations of 348.6 +
7.9 usec. The primary behavioral correlate of the hilar/CA3c
cells was place- and direction-specific firing that was significantly
more specific than that shown by CA1 complex-spike cells.
An example of the tetracaine-induced change in location spe-
cific firing and autocorrelation function of a hilar/CA3c cell is
shown in Figure 6. Figure 7 compares the in-field and out-of-
field firing rates during the different phases of the experiment.
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Figure5. Theupper panelsillustrate autocorrelation functions of a CA1 complex-spike cell before, during, and after recovery from septal inactivation
(bin width is 5 msec). These functions suggest that the timing of spike discharge, and perhaps rhythmicity, was altered after septal injection of
tetracaine. The spatial distribution of unit discharge is shown in the lower panels. Each radial histogram illustrates the average firing rate of the
cell as the rat traveled inward (closed bars) and outward (open bars) on each arm. The height of each bar is proportional to the local firing rate of
the cell. Before tetracaine injection, this CA1 cell preferentially fired on the north and northeast arms of the maze (maximum rate = 30 Hz). The
rat made 0.8 errors/trial. After injection, the rat made 16 errors, yet the cell continued to exhibit the same place field. After recovery of choice

accuracy, the place field was still intact.

Although no significant change in out-of-field rate was observed,
a 42% reduction of the in-field firing rate occurred following
tetracaine injection (p < 0.001). Post hoc comparisons with the
Scheffe test indicated significantly reduced in-field firing after
tetracaine injection, followed by significant recovery by the end
of the recording session. Spatial selectivity scores were also sig-
nificantly reduced following septal inactivation (p < 0.001).
Figure 7C compares the spatial selectivity scores for individual
hilar/CA3c cells before and after septal inactivation. The finding
that in-field rates were reduced while out-of-field rates remained
stable is consistent with observations that, during recovery, the
gradual increase in hilar/CA3c unit discharge was observed only
when the rat passed through the cell’s original place field.

CAIl theta cells

CAL1 theta cells (N = 13; 13 recording sessions) discharged short
duration (221.4 + 12.4 usec) single spikes that were often
rhythmically modulated, as shown in Figure 8. When compared
with CA1 complex-spike cells, CA1 theta cells exhibited rela-
tively little spatially selective firing (see Fig. 8). As described by
others (e.g., Ranck, 1973; Fox and Ranck, 1975; O’Keefe, 1976;
McNaughton et al., 1983a), the most obvious behavioral cor-
relate of CAl theta units was voluntary movement. When the
rat remained still at the ends of the arms, theta cells fired at
their lowest rate (about 8 Hz). As the rat turned around to face
the center of the maze, the rate began to increase. For many of
the cells, the firing rate continued to increase to about 15 Hz

until the rat passed through the maze center. Finally, as the rat
approached the end of the next arm selected, the rate declined.
The change in firing rate as a function of movement about the
maze is summarized in Figure 10. This movement-induced al-
teration in spontaneous activity was statistically significant [re-
peated-measures ANOVA, F(4, 12) = 7.56, p < 0.01]. Post hoc
comparisons (Scheffe test) indicated that the firing rate of the
cell as the rat traversed either maze arms or the center platform
was significantly higher than when the rat remained still at the
arm ends. The perievent histograms and corresponding rasters
of Figure 8 illustrate the general movement sensitivity for one
theta cell.

Septal inactivation eliminated the original pattern of rhythmic
discharge (see Fig. 8). In addition, septal injection of tetracaine
reduced the mean overall firing rate of CAl theta cells from

Table 1. Number of cells tested per rat following septal inactivation

Rat CAl Hilar/CA3c

12
12
10
3
6
10
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Figure 6. Autocorrelation functions illustrate the septal inactivation-induced reduction in firing rate and temporally patterned discharge of a hilar/
CA3c complex-spike cell. The accompanying radial histograms show that the original place field on the southeast arm of the maze disappeared
after tetracaine injection (maximum rate = 65 Hz). By the end of the recording session, the place field was again observed on the southeast arm

of the maze.

about 13.9 to 7.6 Hz [F(1, 12) = 4.85, p < 0.05]. Close ex-
amination of Figure 10 reveals that a large portion of the rate
reduction can be attributed to the fact that the theta cells were
less sensitive to different movements made by the rat. That is,
the firing rate as the rat traversed the maze was no longer sig-
nificantly different from the rate associated with periods of rel-
ative immobility at arm ends. The perievent histograms of Fig-
ure 8 illustrate the tetracaine-induced reduction in movement-
related discharge, as well as the subsequent recovery.

Stratum granulosum cells

Cells recorded in stratum granulosum (SG; N = 28; 17 recording
sessions) fired single spikes (288.6 + 27.5 usec in duration) that
were frequently rhythmically modulated (see Fig. 9 for an ex-
ample). Similar to the CA1 theta cells, SG cells did not exhibit
the degree of spatially selective discharge shown by the complex-
spike cells. Instead, the clearest behavioral correlate for SG cells
was translational movements on the maze, with the peak firing
rate coincident with traverses across the central platform. The
change in rate as a function of specific movements by the animal
was statistically significant [see Fig. 10; F(4, 27) = 12.60, p <
0.01].

Tetracaine injection into the medial septum produced an ef-
fect on SG cells that was similar to that observed for CAl theta
cells (Fig. 8). The rhythmic pattern of unit discharge was elim-
inated. Additionally, the overall mean discharge rate was sig-
nificantly reduced from 7.5 to 4.0 Hz [F (2, 27) = 6.73, p <
0.01]. Figure 10 shows that the lower overall mean rate was
entirely due to a reduction in movement sensitivity. That is,

while SG cell firing rates during periods of relative immobility
at the arm ends were similar before and after tetracaine treat-
ment, the usual increase in firing during movements across the
maze was no longer observed after tetracaine injection.

Recovery of SG unit firing typically preceded behavioral re-
covery. During unit recovery, it was typical to observe a gradual
increase in the overall firing rate by about 15 min postinjection.
The increase in unit discharge was often first observed when the
rat crossed the center of the maze. Eventually, the cell would
also exhibit general movement sensitivity. For those units ex-
hibiting rhythmic discharge before injection, rhythmicity re-
turned after the frequency of cell discharge approached prein-
jection levels. In these instances, complete behavioral recovery
usually occurred after resumption of rhythmic firing.

Of the 28 SG cells recorded, 11 were tested for identification
as interneurons or granule cells (Mizumori et al., 1989b). Similar
to the pattern of effects observed in anesthetized animals (Mi-
zumori et al., 1989a, b) the mean firing rate of putative granule
cells was exceedingly low (n = 4; 0.01 = 0.001 Hz) and was
clearly different from the rate of classified interneurons (n = 7;
12.8 + 4.8 Hz; p < 0.05). However, the firing rates in the present
study were considerably lower than those observed under an-
esthesia, a finding consistent with the observation that most
hippocampal neurons actually increase their rate under anes-
thesia (Thompson and Best, 1988). Indeed, it is worth empha-
sizing that the rates for cells classified as granule cells in this
study were so low that these cells would probably have been
overlooked if not for their activation by perforant-path stim-
ulation. The firing rate of classified interneurons showed the



type of movement sensitivity illustrated in Figures 8-10. Septal
inactivation reduced the average firing rate of these cells by
about 50%. No clear behavioral correlates or tetracaine effects
were observed for classified granule cells. This result was prob-
ably influenced by the extremely low spontaneous discharge rate
of these cells. The large difference in firing rates of identified
granule cells and interneurons led us to believe that most, if not
all, of the SG cells recorded in the first 4 rats of this study were
probably interneurons. The mean baseline firing rate of these
cells was 7.2 Hz. Granule cells that might have appeared in the
unit record of these animals were most likely overlooked be-
cause of their extremely low spontaneous firing rate.

Discussion

The present investigation of medial septal influences on hip-
pocampal single-unit activity has revealed new relationships
between performance on a spatial task and hippocampal phys-
iology. Behaviorally, reversible septal inactivation resulted in a
large but transient increase in the number of errors made on
the radial maze, a finding similar to that observed following
permanent septal damage (e.g, Winson, 1978). During this pe-
riod of behavioral impairment, the specificity of CA1 place fields
was maintained even though the movement-sensitive # thythm
in the EEG was eliminated. Furthermore, preserved CA1 place-
specific discharge was observed despite a substantial septal in-
activation-induced reduction in the behavioral correlates and
firing rates of dentate gyrus/CA3c cells. The latter result was
surprising in light of recent anatomical results which show that
the half of CAl closest to the subiculum, from which most of
our CAl cells were recorded, receives most of its input from
CA3c (Ishizuka et al., 1989), which was where our CA3 data
were recorded. A similar pattern of unit effects on mean dis-
charge rate has been observed in anesthetized animals (Mizu-
mori et al., 1989a). Thus, the reversible inactivation of afferents
appears to be a viable and, in many respects, a technically ad-
vantageous method for studying the functional connectivity of
the hippocampus.

Although it is possible tentatively to identify many of the
units recorded in hippocampus according to electrophysiolog-
ical criteria (e.g., Fox and Ranck, 1975, 1981; Mizumori et al.,
1989b), the anatomy of the septohippocampal afferent system
is sufficiently complex to preclude a straightforward explanation
of septal inactivation effects. For example, anatomical studies
indicate that ChAT-positive septal afferents form symmetric
and asymmetric synapses on pyramidal cells, granule cells, and
interneurons (Rose et al., 1976; Chandler and Crutcher, 1983;
Frotscher and Leranth, 1985). GABAergic septal afferents (Koh-
ler etal., 1984) appear to contact primarily interneurons (Freund
and Antal, 1988), although the latter authors also observed a
few contacts with granule and pyramidal cells. Substance P (Vin-
cent and McGeer, 1981) and oxytocin and vasopressin (Sofro-
niew, 1985a, b) have also been associated with septohippocam-
pal afferents. Thus, it appears that the response of hippocampal
cells to septal inactivation may have involved a variety of mech-
anisms. That septal inactivation did not affect the firing rate
during periods of relative immobility suggests that control of
interneuron activity during still conditions might not involve
the medial septum.

In addition to influences on septohippocampal afferents per
se, septal inactivation may have affected dentate gyrus/CA3c
cell firing rates via other mechanisms. In particular, inactivation
of septal efferents to layer II of entorhinal cortex may have
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Figure7. Top and middle, Mean (+SE) spontaneous firing rate on the
maze arm containing the place field (IN) is compared with the rate as
the rat traversed the remaining arms (OUT) for different phases of the
experiment (baseline, fetracaine, recovery). The out-of-field rates did
not change significantly following septal inactivation for either CAl or
hilar/CA3c cells. In contrast, the in-field rates for CAl and hilar/CA3c
cells were differentially affected by the tetracaine treatment. The infield
firing rates of CA1 cells were not significantly affected by septal inac-
tivation, whereas similar rates of hilar/CA3c cells were significantly
reduced. The spatial selectivity scores, which take into account both in-
and out-of-field rates (see text), further illustrate that place-specific firing
of CA1 cells was preserved during the period of behavioral impairment
(Fig. 3) and reduction of hippocampal 6 rhythm (Fig. 4). In contrast,
spatial selectivity of hilar/CA3c cells was not maintained following
tetracaine injection. Bottom, Scatter diagrams comparing the spatial
selectivity scores before and after septal inactivation for CA1 and hilar/
CA3ccells. Individual dots represent data from single cells. The different
patterns of distribution illustrate that, while the in-field firing rate of
hilar/CA3c complex-spike cells was often reduced more than the out-
of-field rates, the in-field and out-of-field rates of CA1 complex-spike
cells were relatively unaffected following septal inactivation. The di-
agonal line represents the expected relationship under the null hypoth-
esis of no effect of tetracaine on spatial selectivity.

compromised the output from layer II to the dentate gyrus
(Steward and Scoville, 1976, Alonso and Kohler, 1984), Fur-
thermore, it is likely that inactivation of the many fibers of
passage in the vicinity of the medial septum also played a role.
Candidate fiber systems include those originating in locus coe-
ruleus (e.g., Jones and Moore, 1977), the medial and dorsal
raphe (e.g., Conrad et al., 1974), the hypothalamus (e.g,. Swan-
son, 1976; Saper et al., 1979; Haglund et al., 1984), the later-
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Figure 8. The autocorrelation func-
tions illustrate the baseline rhythmic
pattern of discharge for a CAl theta
cell. After septal inactivation, the firing
rate decreased and the rhythmic dis-
charge pattern was abolished. During
recovery, the discharge rate and pattern
were similar to those observed before
injection. The rather homogeneous
spatial distribution of unit firing is ev-
ident from the radial histograms pre-
sented in the middle panels (maximum
rate = 20 Hz). Note also the increased
firing in the region of the maze center.
Septal inactivation resulted in a tem-
porary reduction of unit discharge, fol-
lowed by recovery of firing by the end
of the session. The mean firing rate 2.5
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sec before and after the rat reached the 30
ends of the arms during different phases
of the experiment is shown in the peri-
event histograms (lower panels, bin
width = 20 msec). The bar indicates
the time when the rat moved outbound
on the maze arms. The corresponding
rasters illustrate the consistency with
which the cell increased its rate during
arm traversals. The lowest rate corre-
sponded to times when the rat was still
at the arm ends. After septal inactiva-
tion, the movement-related increase in
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cellular activity was almost completely L
abolished, but recovered by the end of -2.5 0
the session. TIME(SEQ)

odorsal tegmental nucleus (Satoh and Fibiger, 1986), and pos-
sibly the vertical limb of the diagonal band (Mesulam et al.,
1983).

It might be argued that tetracaine spread to the recording site
and that this was the cause of the observed large reduction in
firing rates. This possibility seems rather unlikely, however, for
the following reasons: we have previously shown that injection
of a local anesthetic 1 mm above the medial septum does not
change the activity of hippocampal units that were altered when
injections were made directly into the septum (Mizumori et al.,
1989a). The latter result is consistent with quantitative analysis
of the spread of effects of a local anesthetic injection into the
CNS (Schiller et al., 1979; Sandkuhler et al., 1987). Further-
more, if tetracaine leaked to hippocampal recording sites, we
would have expected a consistent decrease in firing for all cells
recorded. On the contrary, simultaneously recorded cells fre-
quently responded differently to a given injection, and a few
responded with increases in firing rate. Elevated dentate unit
activity has also been observed following inactivation of the
contralateral hilar region (Mizumori et al., 1989a). Thus, it seems
clear that the unit results were not mediated by unintentional
spread of tetracaine. However, as indicated above, the precise
mechanisms of action remain to be determined.

2.5 -2.5 0 25
TIME(SEC)

TIME(SEC)

One important caveat must be applied to the interpretation
of the behavioral results of this study, as well as to many other
experimental investigations of learning and memory. The stan-
dard procedure for determining the selectivity of a memory
impairment involves assessing a subject’s ability to learn dif-
ferent tasks. While this approach is appropriate for evaluating
the extent of preserved learning abilities (including whether the
impairment might be due to a disruption of performance factors
such as motor coordination, sensory acuity, etc.), it does not
address the issue of whether poor choice accuracy results from
an inability to carry out the normal cognitive operations re-
quired for the task or whether the subject performs poorly be-
cause of the inappropriate utilization of a different cognitive
strategy. With reference to the present experiment, we have
preliminary evidence which suggests that the effects of septal
inactivation are selective in that such treatment does not impair
simple auditory discrimination performance in an operant
chamber (S. J. Y. Mizumori et al., unpublished observations).
This implies that tetracaine-treated animals are capable of ac-
curately performing sensory discriminations in tasks with dif-
ferent behavioral (i.e., nonspatial) requirements. Furthermore,
the fact that the rats readily ran down arms and consumed the
reward indicates that neither memory for the procedural aspects
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Figure 9. Autocorrelation functions,
radial histograms (maximum rate = 20
Hz), and perievent histograms of a stra-
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tum granulosum cell illustrate that the
baseline discharge pattern and behav-
ioral correlates were similar to those
observed for CAl theta cells (Fig. 7).
Following septal inactivation, the orig-
inal rhythmic firing pattern was elimi-
nated and the overall rate was drasti-
cally reduced. Furthermore, the
movement-sensitive nature of cell dis-
charge was no longer observed. By the
end of the recording session, the
rhythmic firing pattern, the mean firing

T T
2.5 0 25 -2.5 0 2.5
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of the task nor motor performance were disrupted. While these
considerations fall short of allowing us to conclude that poor
choice accuracy on the radial maze following tetracaine injec-
tions represents a unique disruption of the spatial memory sys-
tem, they do tend to support this hypothesis.

To the extent that the tetracaine-treated rats of this study
suffered a spatial memory impairment, several possible inter-
pretations of different aspects of these data are of potential the-
oretical value for understanding hippocampal function. The
finding that the specificity of CA1 place fields did not change
during periods of memory impairment indicates that place-spe-
cific cell firing is not sufficient to support good performance on
a spatial task. That the main output cells of hippocampus (i.e.,
CA1) appeared to function normally following septal inactiva-
tion may have implications for strategies to alleviate memory
deficits due to cholinergic denervation of hippocampus by the
grafting of cholinergic cells in hippocampus. That place-specific
firing of CA1 cells was not related to the integrity of hippocampal
6 rhythm suggests that normal rhythmic oscillations of cellular
activity do not importantly influence CA1 pyramidal cell re-
sponses to spatially relevant inputs.

The finding that CA1 place fields showed little, if any, change
during periods of lowered spontancous activity and reduced

-2.5 0 2.5

rate, and the movement-sensitivity of
the cell resembled that observed during
the baseline period.

T

TIME (SEC)

place specificity by dentate gyrus/CA3c units is consistent with
the prediction that reduction of CA3 output should leave spa-
tially selective firing by CA1 cells intact (see introductory re-
marks). CAl pyramidal cell output may have been preserved
because of a decline in feedforward inhibition that was propor-
tional to the reduced rates in CA3c. This explanation implies
that the remaining inputs from CA3¢ provided adequate spa-
tially relevant information to CA1 pyramidal cells to allow ap-
parently normal place-specific firing to occur. This interpreta-
tion is congruent with Marr’s (1969, 1971) hypothesis that
feedforward inhibition effectively divides the excitation of prin-
cipal cells by an amount that is proportional to the number of
active (excitatory) afferents. Associative recall and pattern com-
pletion were hypothesized to rely on such feedforward inhibitory
processes. An elaboration of this hypothesis in terms of recent
data on hippocampal physiology can be found elsewhere
(McNaughton and Morris, 1987; McNaughton and Nadel, 1989).

An alternative explanation for the finding of maintained CA1
place specificity during the period of reduced dentate gyrus and
CA3c discharge is that spatially relevant afferents arrive in CAl
via routes that are not included in the traditional “trisynaptic
loop” of Andersen et al. (1971). Indeed, anatomical studies have
demonstrated direct projections from entorhinal cortex to CAl
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Figure 10. Mean (+SE) firing rate of CAl theta and stratum granu-
losum cells as a function of behavior of the animal during different
phases of the experiment. Before injection, these cells fired at their lowest
rate when rats were relatively immobile (STILL) at the arm ends. As
rats turned to face the center of the maze (TURN), the firing rate began
to increase. Many cells continued to increase their firing rate as rats
moved inbound on the maze arms (/INBOUND) and crossed the central
platform (CENTER). The firing rate during outward movements on
maze arms (OUTBOUND) was similar to that observed during inward
movements. Septal inactivation significantly reduced the overall firing
rate of both types of cells. The rate reductions were almost entirely due
to loss of movement-related firing, with little or no change occurring
during the still condition.

(Steward, 1976; Steward and Scoville, 1976; Kohler, 1986;
Swanson and Kohler, 1986; Witter et al., 1988).

Several different but not necessarily exclusive explanations
are possible for the failure of accurate spatial firing in CAl to
support choice accuracy on the radial maze. One possibility is
that choice accuracy may be highly sensitive to relatively minor
changes in the rate and temporal pattern of these cells. Another
possibility is that basal forebrain output to other cortical areas
may have been disrupted and that this was the dominant cause
of the performance deficit. A more likely explanation, however,
relates to the possibility that outflow to the cortex from the
hippocampus itself may have been disrupted. While our data
do suggest that the principal cells in CA1 may have been able
to carry out normal spatial coding functions, despite reduced
input from the dentate/CA3c region, by implementing pattern
completion (Marr, 1969, 1971; McNaughton and Morris, 1987,
McNaughton and Nadel, 1989), it is well known that the medial
septum projects rather heavily to the subicular complex, the
main relay for CA1 output to the cortex (Hjorth-Simonsen, 1973;
Swanson et al., 1978). Suppression of activity in this structure
may have resulted in a functional disconnection of an intact
memory system in CAl from its cortical targets. The same
interpretation, of course, may be applicable to previous inves-

tigations of the behavioral consequences of permanent septal
lesions.
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