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Abstract
The medial septum and diagonal band (MSDB) are important in spatial learning and memory.
Based on excitotoxic damage of GABAergic MSDB neurons, we have recently suggested a role
for these neurons in controlling proactive interference. The present study sought to test this
hypothesis in different behavioral procedures using a new GABAergic immunotoxin. GAT1-
saporin (GAT1-SAP) was administered into the MSDB of male Sprague Dawley rats. Following
surgery, rats were trained in a reference memory water maze procedure for 5 days, followed by a
working memory (delayed match to position) water maze procedure. Other rats were trained in a
lever press avoidance procedure after intraseptal GAT1-SAP or sham surgery. Intraseptal GAT1-
SAP produced extensive damage of GABAergic while sparing most cholinergic MSDB neurons.
Rats treated with GAT1-SAP were not impaired in acquiring a spatial reference memory, learning
the location of the escape platform as rapidly as sham rats. In contrast, GAT1-SAP rats were
slower than sham rats to learn the platform location in a delayed match to position procedure, in
which the platform location was changed every day. Moreover, GAT1-SAP rats returned to
previous platform locations more often than sham rats. In the active avoidance procedure,
intraseptal GAT1-SAP impaired extinction but not acquisition of the avoidance response. Using a
different neurotoxin and behavioral procedures than previous studies, the results of the present
study paint a similar picture that GABAergic MSDB neurons are important for controlling
proactive interference.
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The medial septum (MS) and diagonal band of Broca (DB) are major afferents to the
hippocampus (Amaral and Kurz, 1985; Jakab and Leranth, 1995) and are critical for learning
and memory (Kesner et al., 1986; Winson, 1978). Projections to the hippocampus arise
mainly from cholinergic, GABAergic and glutamatergic neurons (Amaral and Kurz, 1985;
Colom et al., 2005; Freund, 1989), and these projections may be important in the cognitive
impairments associated with Alzheimer’s Disease and normal aging (Bartus et al., 1982;
Coyle et al., 1983). For example, damage or inactivation of the MSDB impairs performance
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on a variety of learning and memory tasks (Givens and Olton, 1990; Kesner et al., 1986;
Mizumori et al., 1990; Morris et al., 1982). However, selective damage of cholinergic
neurons by the immunotoxin 192-IgG saporin results in milder or no impairment in similar
tasks (Baxter et al., 1995; Berger-Sweeney et al., 1994; Chappell et al., 1998). These results
implicate the importance of noncholinergic MSDB neurons in learning and memory.

The role of noncholinergic MSDB neurons in spatial learning and memory has been
investigated using kainic acid. Kainic acid reduced markers of GABAergic neurons in the
MSDB, such as glutamic acid decarboxylase (Malthe-Sorenssen et al., 1980) and
parvalbumin (Pang et al., 2001; Yoder and Pang, 2005), which is localized in GABAergic
septohippocampal neurons (Freund, 1989). In contrast, kainic acid largely spared cholinergic
MSDB neurons (Malthe-Sorenssen et al., 1980; Pang et al., 2001; Yoder and Pang, 2005).
Behaviorally, intraseptal kainic acid impaired a delayed match to position task (Dwyer et al.,
2007) but not acquisition of spatial reference memory in a water maze or spatial working
memory in a typical 8-arm radial maze procedure (Pang et al., 2001). In the delayed match
to position procedure, rats treated with kainic acid returned to previous goal locations more
often than saline treated rats, suggesting increased proactive interference.

In addition to its involvement in spatial learning and memory, the septum has been
implicated in avoidance learning. Nonselective lesions of the septum facilitates two-way
active avoidance (Kenyon and Krieckhaus, 1965), but impairs passive (Winocur and Mills,
1969) and one-way active avoidance (Olton, 1973). Evaluating the importance of the septum
in avoidance learning is made difficult by the finding that septal lesions increase general
locomotor activity (Osborne, 1994). In spite of the long history of septal research in
avoidance learning, the importance of different medial septum neurons in avoidance
learning has not been elucidated.

Although excitotoxins have been useful for investigating noncholinergic neurons of the
MSDB, targeted neurotoxins for noncholinergic neurons would greatly stimulate research in
this area. Recently, a novel selective GABAergic immunotoxin was used in the bed nucleus
of the stria terminalis (Radley et al., 2009). The toxin combines a rabbit polyclonal antibody
to the GABA-transporter-1 with the ribosomal toxin saporin (GAT1-saporin). In the present
study, we characterized the effects of GAT1-saporin on the MSDB neurons and then used
this immunotoxin to investigate the importance of GABAergic MSDB neurons in spatial and
avoidance learning.

MATERIALS AND METHODS
Subjects

Male Sprague Dawley rats (n = 45) were 300 – 350 g at the start of the study. Twenty-five
rats were tested for spatial learning and memory in the water maze. Another 20 rats were
tested for open field activity and then trained in lever press avoidance. All rats were housed
individually on a 12-h light/dark cycle with lights turning on at 7:00 a.m. Training and
testing were performed during the light phase of the light/dark cycle. All procedures were
conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals
and were approved by the IACUC of the Veterans Affairs Medical Center at East Orange,
New Jersey.

Surgery
Surgical procedures were as described previously (Pang et al., 2001). Rats were anesthetized
with sodium pentobarbital. With leveled skull, the needle of a Hamilton syringe was inserted
into the MS to produce a sham lesion or to administer GAT1-SAP (325 ng/µl, 0.5 µl, 0.1 µl/
min). The MS coordinates were +0.6 mm and ±1.5 mm lateral from bregma, −6.6 mm from
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brain surface and 15° toward midline. The tip of the needle was also placed in each DB for
sham lesions or GAT1-SAP injections (0.4 µl into each hemisphere); the DB coordinates
were +0.6 mm and ±0.5 mm from bregma and −7.8 mm from brain surface. Rats were
allowed at least 2 weeks to recover from surgery.

Behavior
Spatial Task—The water maze was a plastic circular container (1.5 m diameter) located at
one end of a large room. The container was filled with water to a height of 45 cm, and the
water was made opaque with nontoxic acrylic white paint. A clear Lucite platform (10 × 10
cm) was placed in the center of one quadrant (target quadrant) and hidden 1.5 cm below the
surface of the water. A variety of extra-maze cues were located around the room, including
posters on the wall and a window.

The procedure was divided into 2 phases: 1) acquisition of reference memory and 2)
assessment of working memory. During the reference memory phase, rats were trained to
find an escape platform that was located in the same location for 4 days (Morris et al.,
1982). Each daily session had 4 trials. On each trial, the rat was placed in a non-target
quadrant, facing the outer wall of the maze. Each trial ended when the rat found the platform
or was led to the platform by the experimenter after 60 s. The rat was allowed to remain on
the platform for 15 s and then moved to a plastic holding container for 30 s. The time to
reach the platform was recorded as escape latency. If the rat was led to the platform, a
latency of 60 s was recorded. Starting locations for subsequent trials were in different
locations of non-target quadrants. On the 5th day, memory for the platform location was
assessed in a probe trial. The platform was removed for the probe trial, and the probe trial
lasted 60 s. The swimming path was recorded on videotape. Total time spent in the target
quadrant and the number of times the rat crossed the platform location (platform crossing)
were determined from off-line analysis of the videotape.

A re-training session occurred 3 days following the probe trial. During the re-training
session, the escape platform was put in the same location as during the reference memory
phase. Rats were given one session of 4 trials, starting in non-target quadrants.

The working memory phase tested the ability of the rat to learn a new platform location
during each session (Whishaw, 1985). This phase started the day following the re-training
session. During this phase, the platform was moved to a new location at the start of each
session (4 sessions). Except for moving the escape platform at the start of each day, all other
procedures during the working memory phase were identical to those in the reference
memory phase. Swim paths were videotaped and analyzed off-line using a computerized
tracking system (ANY-maze, version 4.71, Stoelting Co., Wood Dale, IL). Escape latency,
path length and number of entries into previous and future platform locations were assessed.
An annulus (20 cm diameter) was centered at the platform locations used 1) on the previous
session and 2) during the reference memory phase, and 3) the future platform location for
the next session. Annulus entries were segregated by location (previous session, reference
memory phase, or next session) and analyzed separately.

For the reference memory phase, session means for escape latency were calculated for each
rat. A mixed design ANOVA was performed with session as a within subject factor and
treatment as a between subjects factor. Performance measures for the probe trial were
analyzed using t-tests.

For the working memory phase, escape latency and path length during sessions 1 – 3 were
subjected to a mixed design ANOVA with trials as a within subject factor and treatment as a
between subjects factor. Annulus entries were similarly analyzed. Malfunction of the video
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recorder caused the loss of session 4 data for three animals; therefore, results from session 4
were not analyzed and presented. However, the platform location for session 4 was used in
the analysis of next session annulus entries during session 3.

Open Field—General open field activity was evaluated as described previously (Servatius
et al., 1995). A rat was placed in the center of a circular open field (75 cm diameter, 40 cm
high) under a bright light (3040 lux measured at the floor of the open field). A ventilation
fan in the room produced a constant background noise (74 dB). Latency to leave the center,
line segments crossed, rearing, fecal boli, and grooming were scored by observers blind to
the experimental manipulations. Open field activity was scored for 2 minutes. The arena was
wiped with a mild soap solution after testing of each rat. Measures of open field behavior for
sham and GAT1-SAP groups were compared using t-tests.

Avoidance Learning—After open field testing, rats were trained in operant chambers (30
cm × 25 cm × 30 cm) (Coulbourn Instruments, Langhorn, PA) enclosed in sound-attenuating
boxes. The operant chambers had a lever (10.5 cm above the floor), a cue light (20.5 cm
above the grid floor) and a speaker (26 cm above the grid floor) on one wall. On the
opposite wall, a light (14 W, 26 cm above grid floor) was constantly lit during the session.
The warning signal was a 1000-Hz 75-dB tone (10 dB above background noise). Scrambled
footshocks were delivered through the grid floor (Coulbourn Instruments, Langhorn, PA).

Behavioral training during the acquisition phase occurred in sessions of 20 trials. Each
session was separated by 2 – 3 days (3 sessions/week). Each session began with a 60-s
stimulus-free period, followed by 20 trials. A trial started with the presentation of the
warning signal. If a lever response was made in the initial 60 s of the trial, the warning
signal was immediately terminated, and a 3-minute intertrial interval was initiated; the
response in this case was coded as an “avoidance response”, as the rat avoided the
footshock. If an avoidance response was not made, foot shocks (1 mA, 0.5 s duration, 3 s
intershock interval) were delivered starting at 60 s and continue until a lever response was
made (scored as an “escape response”) or 99 shocks were delivered. Immediately following
an escape response or the maximum number of foot shocks, the warning signal was
terminated and a 3-minute intertrial interval was initiated. All intertrial intervals were
signaled by a flashing light (0.5 Hz, 50% duty cycle). The acquisition phase consisted of 10
sessions.

During the extinction phase, all procedures were the same as in the acquisition phase except
the foot shock was omitted. Although shocks were omitted, responses during the first 60 s of
the trial were designated as ‘avoidance’ responses, and those with latencies greater than 60 s
were designated as ‘escape’ responses. The extinction phase consisted of 6 sessions.

Performance was assessed by calculating the proportion of trials in each session with an
avoidance response. A mixed design ANOVA with session as the within subject factor and
treatment as the between subjects factor was performed. Although the proportion of trials
with an avoidance response is a good measure for determining whether a rat received a
footshock, response latency is a sensitive measure to observe changes in escape and
avoidance behavior following treatment. Response latency was analyzed by session (after
averaging across trials) or by trial (after averaging across sessions). Mixed design ANOVAs
were performed with session or trials as the within subject factor and treatment as the
between subjects factor. Separate analyses were performed for the acquisition and the
extinction phases. To determine whether nonspecific responding might be increased by
MSDB lesions, lever presses during the 3 minute intertrial interval was analyzed. Mean
lever presses per trial was determined for the intertrial interval and assessed statistically
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using a mixed design ANOVA with session as a within subject factor and treatment as a
between subjects factor.

Immunocytochemistry
At the end of behavioral testing, all animals were perfused intracardially with saline
followed by formalin. Brains were extracted and submerged overnight in formalin followed
by 30% sucrose. The procedures for immunocytochemstry have been described previously
(Pang et al., 2001). Briefly, brain sections through the MSDB area were incubated in
antibodies to choline acetyltransferase (ChAT, 1:500 dilution, AB144P, Chemicon
International, Temecula, CA, USA), parvalbumin (PV, 1:1000 dilution, P3088, Sigma
Immunochemicals, St. Louis, MO, USA), and glutamic acid decarboxylase (GAD67, 1:1000
dilution, MAB5406, Chemicon International). Sections were then incubated in appropriate
biotinylated secondary antibodies (1:200 dilution, Jackson ImmunoResearch Laboratory).
Visualization was performed using the avidin-biotin method (Standard Vectastain ABC Kit,
Vector Laboratory, Burlingame, CA) with nickel-enhanced diaminobenzidine.

Estimates of the number of ChAT-immunoreactive (ir), PV-ir, and GAD67-ir MSDB
neurons were determined using standard stereology procedures (West, 1999). Brains of 7
sham and 8 GAT1-SAP rats were lost during the histology procedures and not available for
cell counting. Five of the remaining rats in each treatment condition (Sham: n= 11; GAT1-
SAP: n = 19) were randomly selected for cell counting PV-ir and ChAT-ir neurons. Four
sham and four GAT1-SAP rats were used to quantify the loss of GAD67-ir MSDB neurons.
Stereology was performed by a person who was blind to the treatment of the rats. Every
third section of the entire MSDB was counted from the anterior pole of the MS to the
crossing of the anterior commissure, and included the MS, vertical limb of the DB, and
portions of the horizontal limb of the DB. Stereology was performed using the optical
fractionator method (Stereo Investigator v.7.0, MicroBrightField, Colchester, VT) on a
microscope with an x-, y-, z-axis motorized stage (Bio Point 30, Ludl Electronic Products,
Hawthorne, NY). Leading edges of ChAT-ir, PV-ir or GAD67-ir somas were counted using
a 40X objective lens (Carl Zeiss, NeoFluar, 0.75 NA). Cells in the uppermost focal plane
(2µm) were not counted. The counting frame had a height of 10 µm and was 150 µm ×
100µm in size. Numbers of cells in the sham and GAT1-SAP groups were compared using
separate t-tests for each neuronal type.

Data Analysis
All data are expressed as mean ± standard error of the mean. Statistical analysis was
performed with α = 0.05 using SPSS for Windows (version 12.0.1, SPSS, Inc., Chicago, IL).
Mixed design ANOVA and independent sample t-test were used to compare groups.
Mauchly’s test was used to determine violations in the assumptions of sphericity for
repeated measure factors and Greenhouse-Geisser correction was used in the appropriate
situations to correct for violations (Geisser and Greenhouse, 1958). Corrected statistics are
only reported when the uncorrected and corrected p-values disagreed with regard to
significance; otherwise only the uncorrected values are reported.

RESULTS
Histology

Intraseptal GAT1-SAP preferentially reduced GABAergic neurons as compared to ChAT-ir
neurons in the MSDB (Figure 1 and 2). GAT1-SAP reduced the number of GAD67-ir
MSDB neurons by 84% (sham: 21875 ± 1198; GAT1-SAP: 3492 ± 982; t(6) = 11.87, p < .
001). The effect of GAT1-SAP was also assessed on a subpopulation of GABAergic MSDB
neurons. The loss of PV-ir neurons, representing GABAergic septohippocampal neurons,
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was similar to the reduction of GAD67-ir neurons following intraseptal GAT1-SAP (86%
loss; sham: 4176 ± 928; GAT1-SAP: 602 ± 174; t(8) = 3.79, p = .005). Counts of cholinergic
neurons made in the same rats used to assess PV-ir neurons demonstrated a mild reduction
following GAT1-SAP (sham: 6003 ± 413; GAT-SAP: 4330 ± 392). Although the difference
was statistically significant, t(8) = 2.94, p = .02, the reduction of ChAT-ir neurons
represented a loss of only 28%. Thus, GAT1-SAP when infused into the MSDB extensively
damaged GABAergic MSDB neurons and spared most cholinergic MSDB neurons.

Spatial Learning
Phase 1 – Spatial Reference Memory—Learning the location of an escape platform
was not impaired by intraseptal GAT1-SAP (Figure 3A). During this phase, the escape
platform remained in the same location for 4 sessions. Both sham (n = 10) and GAT1-SAP
(n=15) rats learned the location of the escape platform with training, F(3,69) = 61.5, p < .
001. Moreover, GAT1-SAP treatment did not impair learning, as neither main effect of
treatment, F(1,23) = .13, nor session × treatment interaction, F(3,69) = .49, was significant.

One day after the 4th session, rats were tested in a probe trial in which the escape platform
was removed (Figure 3B). Sham and GAT1-SAP treated rats spent similar amounts of time
searching in the target quadrant (maximum 60s; Sham: 26.9 ± 2.1 s; GAT1-SAP: 25.6 ± 1.3
s; t(23) = .54). The time spent in the target quadrant for both groups was significantly
greater than that expected for a random search pattern (i.e., 15s; sham: t(9) = 5.58, p < .001;
GAT1-SAP: t(14) = 7.86, p < .001). Rats in both groups also had similar numbers of
platform crossings (Sham: 3.8 ± 0.7; GAT1-SAP: 3.0 ± 0.5; t(23) = .92). Thus, performance
on both platform and probe trials demonstrate that intraseptal GAT1-SAP did not impair
acquisition of a spatial reference memory.

Following the probe trial, rats were retrained in a single session to the platform location used
prior to the probe trial. Mean escape latencies on this retraining session was not different
between groups (Sham: 12.4 ± 1.7 s; GAT1: 11.4 ± 1.3; t(23) = .50).

Phase 2 – Spatial Working Memory—GAT1-SAP impaired performance in a delayed
match to position task. After the retraining session, a delayed non-match to position
procedure was used to assess spatial working memory. At the start of each daily session, the
escape platform was moved to a new location (Figure 4A). Both groups demonstrated
within-session learning of the re-located platform position, as demonstrated by reduced
escape latencies across trials, F(3,69) = 44.7, p < .001 (Figure 4B) and reduced path length
across trials, F(3,69) = 34.4, p < .001 (data not shown). Intraseptal GAT1-SAP impaired
learning the new platform locations, as demonstrated by a main effect of treatment, F(1,23)
= 4.63, p = .04 for escape latency (Figure 4B). The main effect of treatment just missed
significance for path length, F(1,23) = 4.06, p = .056. The trial × treatment interaction for
escape latency trended toward significance F(3,69) = 2.25, p = .09, but the interaction for
path length did not F(3,69) =1.79. Finally, swim speed was not affected by either trial or
treatment, main effect of trial F(3,69) = 1.29, main effect of treatment F(1,23) = .25 and trial
× treatment interaction F(3,69) = 1.66.

Rats treated with GAT1-SAP returned to previous goal locations more often than rats with
sham surgery, as observed following intraseptal kainic acid (Dwyer et al., 2007). Swim
paths were analyzed to determine how often rats returned to the previous platform locations.
Entries into a 20 cm annulus surrounding the platform location of the previous session and
the location used during the reference memory phase were quantified. To distinguish
between a preferential search bias for previous platform locations or a more general search
strategy, entries into the platform location for the next session were also quantified (20 cm
annulus). This analysis included trials 2 – 4; trial 1 data were not used because this was the
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sample trial. Overall, intraseptal GAT1-SAP entered previous goal locations but not future
goal locations more often than sham rats (Figure 5A). GAT1-SAP significantly increased
entries into the reference memory phase annulus, main effect of treatment F(1,23) = 4.41, p
= .047 (Figure 5B) and the previous session annulus, main effect of treatment F(1,23) =
0.09, p = .006 (Figure 5C). Trial number influenced entries into the reference memory
annulus, F(2,46) = 5.21, p = .009, but not entries into the previous session annulus F(2,46) =
2.13. Trial × treatment interactions did not reach significance for entries into either the
reference memory or the previous session annuli, Fs(2,46) < .66.

In contrast to the previous platform locations, entries into the next session annulus did not
differ between sham and GAT1-SAP rats (Figure 5D). Neither main effect of treatment
F(1,23) = 2.80 nor the trial × treatment interaction F(2,46) = .29 reached significance. Trial
number also did not influence entries into the next session annulus, F(2,46) = .29.

In total, the results show that rats treated with GAT1-SAP are slower to learn a new platform
location. This impairment by intraseptal GAT1-SAP is associated with searching more in
previous goal locations than sham rats, consistent with an enhancement of proactive
interference.

Open Field
General locomotor activity in an open field was not different following intraseptal GAT1-
SAP. Open field behavior was assessed in 20 rats (sham = 8; GAT1 = 12). Data for one rat
treated with GAT1-SAP could not be analyzed for line crossing because of videotape
failure. However, all other open field measures were obtained for this rat and were included
in the data analysis. Treatment groups did not differ on line crossings (sham: 52.3 ± 3.5;
GAT1: 44.3 ± 3.4), latency to leave the center (sham: 8.0 ± 1.0 s; GAT1: 9.3 ± 2.0 s) and
number of rearings (sham: 5.5 ± 0.8, GAT1: 4.8 ± 1.0) (all p > .13). Number of fecal boli
and grooming episodes were virtually non-existent for both groups. Therefore, general
activity was not altered by intraseptal GAT1-SAP.

Avoidance Learning
After completing the open field testing, rats were trained in a lever press avoidance task.

Acquisition—Avoidance learning was not altered by intraseptal GAT1-SAP (Figure 6A).
Both treatment groups made more avoidance responses as training proceeded, F(9, 162) =
18.0, p < .001, and the acquisition curve was similar for sham and GAT1-SAP rats (main
effect of treatment: F(1,18) = .68; session × treatment interaction: F(9,162) = 1.38).

Analyses of response latency also provided evidence that intraseptal GAT1-SAP did not
alter acquisition of lever press avoidance. Response latency shortened as sessions increased,
F(9,162) = 13.69, p < .001 (data not shown). Training reduced response latency similarly in
sham and GAT1-SAP treated rats (main effect of treatment, F(1,18) = 1.53; session ×
treatment interaction, F(9,162) = .92).

To determine whether within-session learning was altered by intraseptal GAT1-SAP,
response latency was analyzed by trial. At the start of a session, response latency was
generally above the avoidance threshold (Figure 6b), but quickly decreased below the
threshold and reached an asymptotic latency between 5 – 9 trials. The reduction in latency
with increasing trials was significant, F(19,342) = 26.70, p < .001. However, the trajectory
of response latency for sham and GAT1-SAP treated rats was similar as neither main effect
of treatment F(1,18) = 1.46 nor the trial × treatment interaction F(19,342) = .83 was
significant.
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Extinction—In contrast to acquisition, extinction was impaired by intraseptal
administration of GAT1-SAP (Figure 7a). The proportion of avoidance responses decreased
with extinction training, F(5,90) = 15.7, p < .001, and GAT1-SAP rats were more resistant
to extinction than sham rats, as demonstrated by a significant session × treatment interaction,
F(5,90) = 3.08, p = .013. The main effect of treatment was not statistically significant,
F(1,18) = .67.

Analyses of response latency provided further evidence of an effect of intraseptal GAT1-
SAP on extinction. Analysis by session showed that response latency increased following
extinction training, F(5,90) = 10.74, p < .001 (data not shown). The general increase in
response latency was less in GAT1-SAP rats compared to sham-treated rats, session ×
treatment interaction F(5,90) = 3.89, p = .003. The main effect of treatment was not
significant, F(1,18) = .47.

Analysis by trials also demonstrated a resistance to extinction in GAT1-SAP treated rats
(Figure 7b). At the start of an extinction session, response latencies of both groups decreased
during the first couple of trials, but increased from trial 4 to the end of the session, F(19,342)
= 5.64, p < .001. Differences in the response latencies of sham and GAT1-SAP rats
approached significance for the trials × treatment interaction, F(19,342) = 1.59, p = .06. The
main effect of treatment was not significant, F(1,18) = .40.

Intertrial Interval Responding—Responding during the intertrial interval was examined
to determine whether MSDB treatment affected non-specific responding. During acquisition,
intertrial interval responses increased between sessions 1 and 4, then decreased reaching its
lowest rate between sessions 8 – 10, F(9,162) = 6.21, p < .001 (Figure 8a). However, GAT1-
SAP treatment did not alter intertrial interval responding during the acquisition phase, as
neither the main effect of treatment, F(1,18) = .1, nor the session × treatment interaction,
F(9,162) = .4, were reliable. During extinction training, intertrial interval responding showed
a monotonic decrease, F(5,90) = 6.47, p < .001. Again, GAT1-SAP treatment did not alter
responding, with neither the main effect of treatment, F(1,18) = .75, nor the session ×
treatment interaction, F(5,90) = 1.0, reaching significance.

Overall, intraseptal GAT1-SAP did not alter avoidance acquisition, but had a detrimental
effect on extinction of avoidance. The persistence of avoidance responding during the
extinction phase was not due to a general enhancement of lever pressing throughout the
trials, as GAT1-SAP did not increase intertrial interval responding.

DISCUSSION
The present study utilized a recently developed GABAergic toxin GAT1-SAP to investigate
the role of GABAergic MSDB neurons in learning and memory. Administration of GAT1-
SAP into the MSDB damaged GABAergic neurons, while sparing most cholinergic cells.
The major behavioral effects of intraseptal GAT1-SAP were 1) impaired performance in
spatial working memory with no impairment on acquisition of spatial reference memory and
2) slowed extinction of an active avoidance response with no impairment of avoidance
acquisition. The results are consistent with an increase in perseveration and proactive
interference following GABAergic MSDB lesions.

GAT1-SAP combines a polyclonal antibody to the GABA transporter protein GAT1 with
saporin. GAT1 is one of three GABAergic transporters and is present, along with GAT3, in
the medial septum (Durkin et al., 1995). GAT1 is more exclusively localized to neurons
compared to GAT3, which is present in glia and neurons. Intraseptal administration of
GAT1-SAP damaged the majority of GABAergic MSDB neurons while sparing most
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cholinergic MSDB neurons. The similar loss of GAD67-ir and PV-ir neurons suggests that
GAT1-SAP is not selective for different subpopulations of GABAergic MSDB neurons.
Further evidence for selective damage of GABAergic neurons by GAT1-SAP was recently
obtained in the bed nucleus of the stria terminalis (Radley et al., 2009). While GABAergic
neurons were destroyed, little effect of GAT1-SAP was observed on glutamatergic and
CRF-containing neurons. Thus, the present results provide further support that GAT1-SAP
preferentially damages GABAergic neurons in the MSDB.

Our previous work using intraseptal kainic acid demonstrated the importance of
noncholinergic MSDB neurons in learning and memory, and suggested a critical role for
these neurons in proactive interference (Dwyer et al., 2007). In that study, a delayed match
to position procedure was used in which food was placed in one arm of a radial maze. The
reinforced arm was randomly moved to a different arm at the start of each new session. Rats
with intraseptal kainic acid were slower to learn the location of the newly reinforced arm
and made more re-entries into the reinforced arm of the previous day when compared to rats
treated with saline. In the present study, intraseptal GAT1-SAP impaired performance on a
similar delayed match to position procedure adapted to the water maze. Rats with intraseptal
GAT1-SAP took longer to learn the new location of the escape platform and entered
previous goal locations more often than rats with sham lesions. Moreover, GAT1-SAP and
sham rats had similar numbers of entries into future goal locations, providing evidence that
rats treated with GAT1-SAP had an enhanced bias to search specifically around previous
goal locations. Despite differences in task procedures and motivation between the Dwyer et
al. and the present studies, intraseptal kainic acid and GAT1-SAP resulted in a similar
pattern of impairment, demonstrating a critical role for GABAergic MSDB neurons in
spatial working memory. It is unlikely that the impairment is due to reduced working
memory capacity or inability to hold information in working memory, as performance
following intraseptal kainic acid was not altered in an 8-arm radial maze procedure with
delays up to 4 hours (Pang et al., 2001). The persistent entry into previous goal locations
following damage of GABAergic MSDB neurons is a reflection of increased proactive
interference, possibly due to disruption of hippocampal theta rhythm (Hasselmo, 2005;
Yoder and Pang, 2005).

In the present study, GAT1-SAP was associated with an 86% loss of GABAergic neurons
and a 28% loss of cholinergic neurons in the MSDB. Thus, associating the behavioral
impairments to the loss of GABAergic neurons alone is not straightforward. It is unlikely
that the impairment is due solely to loss of cholinergic neurons because rats with more
cholinergic damage following 192-IgG saporin were not impaired in a similar delayed match
to position procedure (Dwyer et al., 2007). Evidence suggest that a minimum amount of
MSDB damage is required to observe learning and memory impairments, as extensive
damage of both GABAergic and cholinergic neurons led to spatial reference and working
memory impairments that were not observed following each lesion alone (Pang et al., 2001).
However, the pattern of impairment was different following combined damage of
GABAergic and cholinergic MSDB neurons and after preferential damage of GABAergic
MSDB neurons; impaired acquisition of a spatial reference memory was seen after the
combined damage but not after preferential GABAergic lesions. Finally, the impairments
observed in the present study are not just a function of obtaining a suprathreshold damage of
septohippocampal cells; the types of neurons that are damaged are critical. In our previous
studies, intraseptal 192-IgG saporin typically damage between 65 – 90% of cholinergic and
about 20% of GABAergic MSDB neurons (Dwyer et al., 2007; Pang et al., 2001; Yoder and
Pang, 2005). Yet, this damage is not associated with working memory impairments (Dwyer
et al., 2007). In contrast, intraseptal kainic acid or GAT1-SAP have typically showed the
opposite pattern with 75 – 85% loss of GABAergic and 20 – 30% loss of cholinergic
neurons and this type of damage is associated with working memory impairments (present
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study and Dwyer et al., 2007). Thus, the amount of septohippocampal neurons damaged by
192-IgG, kainic acid and GAT1-SAP are similar, but the effect of intraseptal 192-IgG on
working memory is dramatically different than that of intraseptal kainic acid or GAT1-SAP.
Thus, while the effects of highly specific damage of the GABAergic MSDB neurons will
have to wait for future studies, our present and past studies suggest that damage of
GABAergic MSDB neurons alone or with a small amount of cholinergic damage impairs
spatial working memory with enhanced perseveration.

Intraseptal GAT1-SAP did not impair the acquisition of a spatial reference memory when
the escape platform remained in the same location for multiple sessions. This finding is
similar to that observed following intraseptal kainic acid (Pang et al., 2001). However,
Cahill and Baxter reported impaired spatial discrimination following intraseptal ibotenic
acid that damaged PV-ir and spared cholinergic MSDB neurons (Cahill and Baxter, 2001).
While the underlying reason for this impairment is still unclear, our results strongly suggest
it is unlikely to be due to damage of GABAergic neurons. Cholinergic neurons at most play
a small role in acquiring spatial reference memory, as rats with selective cholinergic MSDB
lesions produce no or only a modest impairment (Baxter et al., 1995; Berger-Sweeney et al.,
1994; Dornan et al., 1996; Pang et al., 2001). An interesting possibility that needs to be
explored is whether glutamatergic septohippocampal neurons are critical for spatial learning.
To date, these neurons have been described electrophysiologically and anatomically, but
behavioral studies must await selective toxins and methods to selectively activate or
inactivate these neurons (Colom et al., 2005; Sotty et al., 2003).

The present study also investigated the effects of GABAergic MSDB lesions on avoidance
learning. Acquisition of lever press avoidance was not altered by intraseptal GAT1-SAP.
Avoidance responding within a session showed the typical warm-up pattern previously
described for lever press avoidance (Hoffman et al., 1961), where animals make escape
responses in the initial trials of a session and then transition to avoidance responding for the
remaining trials. This pattern was observed in both sham and GAT1-SAP groups. Thus, the
present study found no evidence of an alteration of lever press avoidance learning following
intraseptal GAT1-SAP. Previous studies have reported enhanced active avoidance following
nonselective lesions of the septum or MSDB (Hedges et al., 1975; Hepler et al., 1985), and
the simplest explanation is that damage of non-GABAergic MSDB neurons is responsible
for the facilitated avoidance learning. Studies with the selective cholinergic immunotoxin is
the logical next step, but systemic administration of scopolamine impaired, not facilitated,
acquisition of lever press escape and lever press avoidance (Kuribara et al., 1985; Mattingly,
1986). These studies point to the possible importance of non-cholinergic, non-GABAergic
MSDB neurons in avoidance learning.

In contrast to active avoidance, passive avoidance is impaired following lesions or
inactivation of the MSDB (Hepler et al., 1985; Lorenzini et al., 1996). These effects may be
influenced by changes in general activity following septal damage (Brito and Brito, 1990).
In the present study, intraseptal GAT1-SAP did not alter general open field activity or
noncontingent intertrial interval responding, also implicating non-GABAergic neurons of
the MSDB in the hyperactivity often seen following non-selective MSDB damage.

Although avoidance acquisition was unaffected, intraseptal GAT1-SAP impaired extinction
of avoidance responding. Following acquisition of lever press avoidance, the foot shock was
removed to assess extinction. Sham rats decreased their avoidance responding during
extinction sessions, especially after the third session. In contrast, rats treated with GAT1-
SAP did not appreciably reduce avoidance responding throughout the entire extinction
phase. GAT1-SAP rats perseverated and continued to make avoidance responses, while
sham rats learned the new contingencies (i.e., lack of foot shook) and reduced their lever
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presses accordingly. The perseveration of avoidance responding in GAT1-SAP rats was not
due to an enhancement of nonspecific lever pressing because the rate of lever presses during
the intertrial interval was not different between treatment groups. Therefore, the continued
lever presses during extinction by GAT1-SAP treated rats appears to be specific to
responding during the warning signal. These results suggest that GABAergic neurons of the
MSDB are a critical component in extinction learning. Together, the pattern of impairments
in spatial working memory and extinction of avoidance support the hypothesis that
GABAergic MSDB neurons are important for controlling proactive interference. How these
GABAergic MSDB neurons interact with the extinction learning circuits described by others
(Peters et al., 2009) will be an important focus for future studies.

The mechanism by which GABAergic neurons contribute to flexibility, perseveration and
proactive interference is unknown. The GABAergic MSDB neurons terminate primarily on
hippocampal interneurons, leading to disinhibition of hippocampal pyramidal neurons
(Freund, 1989; Toth et al., 1997). Damage of GABAergic MSDB neurons should result in a
higher tonic inhibition of hippocampal pyramidal cells, possibly leading to less excitation
during learning situations. GABAergic MSDB lesions may also alter the interplay between
sharp waves and theta rhythm that is hypothesized to be important in memory formation
(Buzsaki, 1989). However, the effects of GABAergic MSDB damage on hippocampal sharp
waves have not yet been investigated. Another view is that damage of GABAergic
septohippocampal neurons enhances proactive interference through reduction of
hippocampal theta rhythm (Hasselmo, 2005; Hasselmo et al., 1996). Hasselmo and
colleagues have proposed that hippocampal theta rhythm is important for the segregation of
encoding and retrieval processes. We have previously shown that damage of GABAergic
MSDB neurons dramatically reduces hippocampal theta rhythm (Yoder and Pang, 2005),
which accordingly would lead to a mixing of encoding and retrieval processes and result in
enhanced interference. The results of the present study are consistent with this view.
However, blocking theta rhythm has also been reported to enhance extinction (Holt and
Gray, 1983). Stimulation of the septum with a pattern that blocked hippocampal theta
rhythm was followed by acquisition of a lever press response using a fixed ratio (FR-5)
reinforcement schedule. Fifteen days of acquisition was followed by 12 days of extinction.
Rats given theta blocking stimulation enhanced extinction learning, exactly opposite the
pattern that we observed for extinction of avoidance responding. The discrepant results may
be attributed to differences in the manner in which theta was blocked, when theta was
blocked in the behavioral procedure or to the different behavioral tasks. Unfortunately, with
our current state of knowledge future studies will be necessary to delineate the mechanisms
by which GABAergic MSDB neurons facilitate flexibility and assist in reducing proactive
interference and perseveration.

In summary, GABAergic MSDB neurons were preferentially damaged by GAT1-SAP.
Following intraseptal GAT1-SAP, animals had very specific impairments in a delayed
match to position task and extinction of avoidance without altering acquisition of spatial
reference memory, active avoidance acquisition or open field behavior. Furthermore, rats
with damage of GABAergic MSDB neurons were slower to update changes to previous
contingencies. Taken together with previous studies, our results make a strong case that
GABAergic neurons in the medial septum are critical for controlling proactive interference
and perseveration, critical processes that are abnormal in disorders such as drug abuse,
anxiety, Alzheimer’s disease and schizophrenia.
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Figure 1.
Photomicrographs of the medial septum and diagonal band of Broca following a sham
surgery (A, C) and GAT1-saporin administration (B, D). Immunoreactivity for parvalbumin
(A, B) and choline acetyltransferase (C, D) was used to visualize GABAergic and
cholinergic MSDB neurons, respectively.
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Figure 2.
Intraseptal GAT1-saporin reduced the number of paravalbumin-ir and GAD67-ir neurons by
86% and 84%, respectively. In contrast, cholinergic neurons (ChAT) were only mildly
affected by GAT1-saporin (28% reduction).
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Figure 3.
Spatial reference memory was not altered by intraseptal GAT1-saporin. GAT1-saporin
treated rats learned the location of an escape platform at a similar rate and to a similar
degree as sham treated rats (left). One day after session 4, rats were tested in a probe trial
without the escape platform (60 s maximum). Sham and GAT1-saporin rats swam in the
target quadrant to a similar extent during this probe trial (right).
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Figure 4.
Intraseptal GAT1-saporin impaired spatial working memory in a delayed match to position
procedure. One of two configurations used for the delayed match to position task (A). The
letter O refers to the platform position during the reference memory phase. Numbers refer to
the platform location during each daily session of the working memory phase. The circles
surrounding the square platform depicts the annulus (20 cm) used in the analysis. The other
configuration was similar. At the start of each daily session, the escape platform was moved
to a new location. Sham and GAT1-SAP rats learned the location of the platform within a
session, as assessed by escape latency (B) or path length (not shown). However, GAT1-
saporin treated rats were slower than sham rats to learn the new location.
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Figure 5.
Rats treated with GAT1-SAP searched previous platform locations more often than sham
rats. Annuli (20 cm) were constructed around previous and future platform locations. GAT1-
SAP rats made more entries into the reference memory and previous session annuli
compared to sham rats, but entries into the next session annulus were similar between
treatment groups (A). Mean entries per trial per session were determined from trials 2 – 4;
trial 1 was not included in the analysis because it was a sampling trial on which the rat
learned the new platform location. When examined by trials, treatment differences were
especially apparent on trials 2 and 3 for entries into the reference memory (B) and the
previous session annuli (C). In contrast, GAT1-SAP and sham rats made similar number of
entries into the next session annulus for all trials (D). The enhanced entries made by GAT1-
SAP rats into previous goal locations but not future goal locations demonstrate a search
strategy biased to previously rewarded locations and is consistent with increased proactive
interference following GABAergic MSDB damage.
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Figure 6.
Acquisition of lever press avoidance was not altered by intraseptal GAT1-saporin.
Proportion of trials with avoidance responses (left) and response latency (right) were used to
determine acquisition of avoidance behavior. The proportion of avoidance responses
increased across sessions and the response latency decreased across trials. Neither measure
was different between treatments. Avoidance responses were responses with latencies less
than 60 s (dotted line in right panel).
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Figure 7.
Intraseptal GAT1-saporin impaired extinction of lever press avoidance. Extinction sessions
were identical to acquisition sessions, except the foot shock was never delivered. Although
there was no foot shock to “avoid” during extinction trials, all responses with latencies less
than 60 s (dotted line in right panel) were designated avoidance responses, similar to the
acquisition phase. The proportion of trials with avoidance responses decreased across
extinction sessions (left) and response latency increased across trials (right). Rats treated
with GAT1-saporin were slower to extinguish avoidance responding in both measures.
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Figure 8.
GAT1-SAP treatment did not alter intertrial interval responding during avoidance learning.
Intertrial interval responses increased through the first half, then decreased during the latter
half of the acquisition phase (A). However, treatment groups did not differ. During the
extinction phase, intertrial interval responses decreased throughout, and treatment groups
were similar.
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