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Abstract
Dehydroepiandrosterone sulfate (DHEAS), is an excitatory neurosteroid synthesized within the
CNS that modulates brain function. Effects associated with augmented DHEAS include learning
and memory enhancement. Inhibitors of the steroid sulfatase enzyme increase brain DHEAS levels
and can also facilitate learning and memory. This study investigated the effect of steroid sulfatase
inhibition on learning and memory in rats with selective cholinergic lesion of the septo-
hippocampal tract using passive avoidance and delayed matching to position T-maze (DMP)
paradigms. The selective cholinergic immunotoxin 192 IgG-saporin (SAP) was infused into the
medial septum of animals and then tested using a step-through passive avoidance paradigm or
DMP paradigm. Peripheral administration of the steroid sulfatase inhibitor, DU-14, increased step-
through latency following footshock in rats with SAP lesion compared to both vehicle treated
control and lesioned animals (p < 0.05). However, in the DMP task, steroid sulfatase inhibition
impaired acquisition in lesioned rats while having no effect on intact animals. These results
suggest that steroid sulfatase inhibition facilitates memory associated with contextual fear, but
impairs acquisition of spatial memory tasks in rats with selective lesion of the septo-hippocampal
tract.
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1. Introduction
Neuroactive steroids and neurosteroids play an important role in normal physiology and in
the pathogenesis of brain diseases (Kriz, Bicikova, Hill, & Hampl, 2005; Morrow, 2007;
Vallee, Mayo & Le Moal, 2001). Neurosteroids possess both rapid non-genomic as well as
slow genomic effects (Kriz, Bicikova, Hill, & Hampl, 2005; Akk, et al., 2007; Hosie,
Wilkins & Smart, 2007; Melcangi, Garcia-Segura & Mensah-Nyagan, 2008). In contrast to
steroids synthesized in classic steroidogenic tissues that activate cytoplasmic receptors,
neurosteroids predominantly use signaling pathways common for neuromodulators. It is well
known that unconjugated forms of neurosteroids, such as saturated progesterone metabolites
5α-pregnan-3α-ol-20-one (allopregnanolone), its 21-hydroxylated metabolite, androsterone
and dehydroepiandrosterone (DHEA) act on GABAA receptors as positive modulators that
along with other events, increase the permeability of chloride ion channels (Kriz, Bicikova,
Hill, & Hampl, 2005; Hosie, Wilkins, da Silva, Helena & Smart, 2006). Particular sulfated
forms of neurosteroids act in the opposite way, as negative GABAA receptor modulators
(Kriz, Bicikova, Hill, & Hampl, 2005; Vallee, Mayo & Le Moal, 2001; Twede, Tartaglia,
Covey & Bamber, 2007). In addition to modulating GABAA receptors, several studies have
shown that neurosteroids can also interact with the sigma-1 receptor, which is believed to
modulate intracellular calcium mobilization and extracellular calcium influx, NMDA-
mediated responses, acetylcholine release and alter monoaminergic function (Monnet,
Mahé, Robel & Baulieu, 1995; Maurice, Roman & Privat, 1996; Debonnel & de Montigny,
1996). Pregnenolone, DHEA and their sulfate esters behave as sigma-1 agonists, while
progesterone is a potent sigma-1 antagonist.

Physiological concentrations of DHEA and dehydroepiandrosterone sulfate (DHEAS) are
maintained by steroid sulfatase and neurosteroid sulfuryl transferase which are present in the
blood and other peripheral tissues, as well as in the brain, (Kriz, Bicikova, Hill, & Hampl,
2005; Wolf & Kirschbaum, 1999; Baulieu, 1997). Steroid sulfatase (estrone sulfatase,
arylsulfatase C; E.C. 3.1.6.2) is a ubiquitous membrane-bound, microsomal enzyme
localized mainly in the endoplasmic reticulum and the nuclear envelope of cells. In the
brain, DHEAS is cleaved to DHEA via steroid sulfatase, and inhibition of the sulfatase has
been demonstrated to enhance learning and spatial memory in rats (Li, Pillai, Young,
Bender, Martino & Lin, 1993).

Analogues of (p-O-sulfamoyl)-N-alkanoyl tyramine such as (p-O-sulfamoyl)–Tetradecanoyl
Tyramine, (DU-14), are effective inhibitors of estrone sulfatase activity (Selcer,
DiFrancesca, Chandra & Li, 2007). A single dose of (30 mg/kg) of DU-14 was able to
significantly inhibit steroid sulfatase activity within the liver (Baulieu, 1997) and brain (Li,
Rhodes, Burke & Johnson, 1997). In rodents, chronic administration of DU-14 (30 mg/kg
for 15 days i.p.) increased plasma and brain concentrations of DHEAS, while decreasing
plasma DHEA (Rhodes, Li, Burke & Johnson, 1997). DU-14 has also been shown,
following chronic administration, to reverse amnesia induced by scopolamine (a muscarinic
antagonist), and potentiate the reversal of scopolamine-induced amnesia by DHEAS in
passive avoidance and Morris water maze memory tests (Howarth, Purohit, Reed & Potter,
1994; Johnson, Rhodes, Boni & Li, 1997; Li, Rhodes, Burke & Johnson, 1997; Johnson,
Wub, Li & Maher, 2000). Moreover, peripheral administration of DU-14 (30 mg/kg, i.p.)
has been shown to increase acetylcholine release in the hippocampus, which is consistent
with other studies that found that increased DHEAS levels in the brain augment the levels of
ACh within the hippocampus (Rhodes, Burke & Johnson, 1997). In the water maze not only
did DU-14 reverse the scopolamine induced amnesia, but also enhanced the performance of
unimpaired control animals (Johnson, Wub, Li & Maher, 2000).
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It has been hypothesized that the memory enhancing effect of steroid sulfatase inhibitors are
the result of enhanced cholinergic neurotransmission in brain structures involved in memory
such as the hippocampus. If this were the case, one might predict that for animals in which
there was loss of cholinergic neurons projecting to the hippocampus, the administration of
DU-14 would be relatively ineffective since there would a diminished capacity for
neuromodulators such as DHEAS to enhance cholinergic neurotransmission. However, it is
possible steroid sulfatase inhibitors may enhance memory utilizing mechanisms that are
independent of cholinergic neurotransmission. One possibility is that DU-14 may affect non-
cholinergic systems in ways that could compensate for the loss of muscarinic cholinergic
activity. If so, then steroid sulfatase inhibitors could potentially be effective for the treatment
of cognitive dysfunctions associated with a loss of basal forebrain cholinergic neurons such
as in Alzheimer’s disease. Whether or not the cognitive enhancing effects associated with
DU-14 are due specifically to changes in ACh release in the hippocampus and cortex is
currently unknown.

Previous studies have demonstrated that the administration of the cholinergic neurotoxin 192
IgG-Saporin (SAP) into the medial septum (MS), produced selective lesion of cholinergic
neurons that project from the MS to the hippocampus. Lesion of this tract resulted in a
significant reduction in hippocampal ACh and impaired cognitive function as measured by
significant delays in acquisition of a DMP T-maze task (Gibbs & Johnson, 2007; Johnson,
Zambon & Gibbs, 2002; Fitz, Gibbs & Johnson, 2008; Fitz, Gibbs & Johnson, 2006).

The intent of the current investigation is to determine the effect of the steroid sulfatase
inhibition on learning and memory in rats with a selective cholinergic lesion of the septo-
hippocampal tract.

2. Methodology and procedures
2.1. Animal Condition

All experiments followed NIH guidelines for the care and use of laboratory animals and
were approved by the Duquesne University Institutional Animal Care and Use Committee.
All chemicals were purchased through Sigma Inc. (St. Louis, MO) unless stated otherwise.
Male Sprague-Dawley rats weighing (275–300 g) were purchased from Hilltop Lab Animal
Inc. (Scottdale, PA) and individually housed in a well ventilated, temperature and humidity
controlled facility (22–25° C, 50–75% humidity). A standard 12:12 h light:dark cycle was
maintained and rodents had access to standard laboratory rat chow and water ad libitum.
Animals were allowed a minimum of five days to acclimate to the housing conditions,
before any experiments were performed. DU-14 was prepared as previously described (Li,
P.-K., et al., 1993)

2.2. Animal Surgery
Rats weighing approximately 300 grams were anesthetized with pentobarbital (50 mg/kg: IP
of a 50 mg/ml stock solution, Ovation Pharmaceuticals, Deerfield, IL), shaved and then
placed into a stereotaxic frame (Stoelting, Wood Dale, IL). An incision was made exposing
the dorsal aspect of the skull and a small hole (2 mm in diameter) was drilled, through which
a stainless steel cannula (28 gauge, Plastics One Inc., Roanoke, VA) was lowered into the
medial septum (+0.2 mm bregma 0.0 mm lateral, −5.4 mm dorsal ventral). Animals were
infused with either 1 μl of vehicle (artificial cerebrospinal fluid (CSF); CMA Inc., North
Chelmsford, MA) or SAP (0.20 μg in 1 μl of artificial cerebrospinal fluid; Advanced
Targeting Systems, San Diego, CA, Lot # 24–87) over 5 min at 0.2 μl/min using a syringe
pump (Harvard Apparatus, Holliston, MA). The dose of SAP was selected based on
previous studies that demonstrated a substantial loss of cholinergic neurons in the MS with
little non-selective damage to GABAergic neurons (Johnson, Zambon & Gibbs, 2002).
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Following infusion, the cannula was left in place for 5 min to allow for diffusion of the
solution into the tissue. The incision was closed, rats were administered Ibuprofen (1 ml/kg
IP, of a 10 mg/ml stock solution) and allowed to recover for 14 days prior to behavioral
testing.

2.3. Behavioral testing
2.3.1. Passive Avoidance Testing—To assess passive avoidance memory retention,
fourteen days following infusion of SAP or artificial CSF into the MS, a Gemini Avoidance
System (San Diego Instruments, San Diego, CA) was used in a modified passive avoidance
paradigm. The avoidance apparatus consisted of a box (53 × 53 × 32 cm) with 2
compartments connected by an opening with a computer controlled sliding door. The
compartment in which the rats were placed was illuminated, while the other compartment
remained dark throughout the experiment.

There were three stages of the behavioral testing: acclimation, acquisition, and retention.
During acclimation trials rats were allowed to explore the apparatus and the latency period,
the time it took for the rat to cross into the dark compartment, was recorded. During the
acquisition trials, rats were placed in the lighted compartment. After five seconds of
adaptation, the rats were given a maximum trial duration of 5 min to cross to the darkened
chamber. If the animal entered the dark compartment, a sliding door closed and a mild
footshock of either 0 mA, 1.0 mA or 1.25 mA for 1 sec was delivered. The 1.0 mA
footshock was selected based on previous studies in our laboratory, 1.25 mA was a mild
increase while the 0 mA was used as a control. Individual rats were exposed to only one
level of footshock. The rat was then removed from the chamber and tested again after 5 min.
This procedure was repeated until the animal spent 5 min in the lighted chamber two
consecutive times with a maximum of 5 trials. The number of trials to reach criterion was
recorded. One day following the acquisition trial, the animals were administered either
DU-14 (30 mg/kg, IP) or corn oil (vehicle, 1 ml/kg, IP) for 6 consecutive days. Three hours
after the final treatment, the animals were again placed in the lighted compartment and the
crossover latency recorded. If an animal did not enter the dark compartment within 10 min,
it was removed from the apparatus, and the latency recorded as 10 min. Memory retention
was assessed as an increase in crossover latency period during the retention trial.

2.3.2. Delayed match-to-position (DMP) T-maze paradigm—A separate cohort of
animals that had not undergone passive avoidance testing was utilized for the DMP T-maze
paradigm. Fourteen days following SAP or CSF infusion, rats were randomly separated into
DU-14 treatment and control groups. DU-14 (30 mg/kg, IP) or corn oil (vehicle, 1ml/kg, IP)
was administered daily until the study was completed. To minimize introduction of an
aversive stimulus before testing, DU-14 was administered 4 hours after completion of the
days testing procedure.

The DMP task was performed as previously described (Johnson, et al., 2002). Briefly, rats
were food deprived to 85% of their normal body weight and then adapted to the T-maze by
placing them into the maze with sweetened reward pellets (45 mg Noyes pellets; Research
Diets; New Brunswick, NJ) once per day for 5 days. Rats were then trained to run to the
ends of each goal arm by using a series of six forced choices per day for 3 days. To avoid
the introduction of a side bias, right and left goal arms were alternated in a random and
balanced fashion. Animals then began DMP training. Each rat received eight trial pairs per
day. The first trial consisted of a forced choice in which one of the goal arms was closed,
forcing the animal to enter the open goal arm to receive a reward (two pellets). The rat was
immediately returned to the approach alley for an open choice trial during which both goal
arms could be entered. Returning to the same goal arm entered during the forced trial
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resulted in a reward (four pellets). Entering the opposite arm resulted in no reward and
confinement in the goal arm for 10s. Rats were run in groups of three or four. After each
trial pair, rats were returned to their cages for 5–10 min, while training proceeded on the
remaining animals of the group. Goal arms were varied in a random balanced fashion. Rats
continued to receive eight trial pairs per day until a criterion of 15 correct choices out of 16
consecutive open choice trials was met. The number of days required to reach criterion was
recorded.

2.4. ChAT (Choline Acetyltransferase) Assay
At the completion of behavioral testing, all animals were processed for the quantification of
ChAT activity in the frontal cortex and hippocampus. Animals were anesthetized with 5%
halothane or isoflurane, decapitated and the brains removed. Tissues from the frontal cortex
(FX), and hippocampus (HIPP) dissected, frozen at 80°C and processed at a later time.
Tissues were not pooled. On the day of the assay, frozen tissues were thawed at 4°C and
dissociated by sonication in a medium containing EDTA (10 mM) and Triton X-100 (0.5%)
and diluted to a concentration of 10 μl/mg tissue. An aliquot of each sample was used for
the determination of total protein (Fitz, Gibbs & Johnson, 2006). Three 5 μl aliquots of each
sample were incubated for 30 min in a medium containing 0.25 mM [H3]-Acetyl-CoA, 50
mM sodium phosphate buffer (pH 7.4); 300 mM sodium chloride, 10 mM choline chloride,
10 mM EDTA and 0.2 mM physostigmine sulfate. The reaction was stopped by adding 4 ml
of 10 mM sodium phosphate buffer (pH 7.4) followed by the addition of 1.6 ml of
acetonitrile containing 5 mg/ml tetraphenylboron in scintillation vials. The amount of [H3] –
acetylcholine produced was determined by adding 8 ml of EconoFluor scintillation cocktail
and counting total cpm in the organic phase using an LKB beta-counter. Background was
determined using identical tubes to which no sample was added. For each sample, the three
reaction tubes containing sample were averaged and the difference between total cpm and
background cpm was used to estimate the total amount of ACh produced per sample. The
ChAT enzyme activity was expressed as pmol acetylcholine produced/h/μg protein.

The goal of study was to compare rats with a substantial selective cholinergic lesion of the
hippocampus to non-lesion control animals. Therefore, results of hippocampal ChAT
enzyme activity that indicated a partial lesion of the hippocampus (ChAT activity values
within two standard divisions of the mean ChAT activity of non-lesion controls) were
excluded from further analysis. Similarly, for lesioned rats with ChAT activity in the frontal
cortex indicating a cholinergic lesion (loss of ChAT activity greater than two standard
deviations below the mean ChAT activity in the frontal cortex of control animals) rats were
excluded from further analysis.

2.5. Statistical Analyses
All analyses were performed using the GraphPad Prism 3.02 version or SPSS v16.
Differences in ChAT activity in the HIPP and FX of SAP lesioned and control animals were
compared using the one-way ANOVA with a Newman-Keuls post-hoc test. Differences in
crossover latency in the passive avoidance tests were determined by statistical analysis
utilizing the Student’s t-test, Kruskal-Wallis analysis with a Dunn’s test post-hoc or a two-
way ANOVA using lesion and footshock intensity as variables. The effect of frontal cortex
lesion on acclimation crossover latency was examined using the Spearmen’s correlation
analysis.

For the DMP task, days to criterion were analyzed using two-way ANOVA, lesion and
DU-14 drug treatment as factors, with a Bonferroni post-hoc test for individual comparisons
of the treatment groups. To compare treatment effects during different stages of acquisition,
performance data was blocked into 3-day periods of training. After an animal had reached
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criterion, a value of 93.75% (15/16 correct choices/trial, criterion) was recorded for
performance on subsequent days. Performance during acquisition testing was analyzed using
two-way repeated measures ANOVA (General Liner Model, RM-ANOVA) for overall
effects of block and treatment and one-way ANOVA with a Newman-Keuls post-hoc test for
treatment effects within blocks. The data for both the rate of performance and days to reach
criterion in the DMP t-maze task were determined to be parametric. The turning strategy
(whereby they consistently turned to the right or left goal arm of the maze) observed in
animals throughout the early stages of DMP training was quantified by counting the total
number of days the animals utilized the strategy during the testing process. Any animal that
entered 7 out of 8 times into the same goal arm was defined as using a turning strategy. A
two-way ANOVA, lesion and DU-14 drug treatment as factors, with Bonferroni post hoc
test was used to analyze the number of animals that adopted this strategy and also the
number of days that an animal utilized the strategy. Significant differences was defined as
p<0.05 for all studies. The particular statistical analyses utilized to compare groups during
the different stages of testing are described in the corresponding figure legends.

3. Results
3.1 ChAT Assays

There were 90 non-lesioned and 56 lesioned rats following the exclusion of animals with
either a partial cholinergic lesion of the hippocampus or indications of lesion of the frontal
cortex. ChAT activity was measured to assess the degree of cholinergic denervation of the
frontal cortex and hippocampus following SAP lesion of the remaining animals. There was a
significant decrease in ChAT activity of 85.3% in hippocampal tissues for lesioned rats
compared to intact animals (p<0.0001 Newman-Keuls post-hoc test; Fig. 1). There was no
significant change in ChAT activity in frontal cortex tissues of lesioned compared to intact
control rats (p > 0.05; Fig. 1).

3.2 Passive avoidance: Acclimation
To assess whether cholinergic lesion of the septo-hippocampal tract had an effect on basal
exploratory behavior, crossover latency during the acclimation phase was measured. There
was a small but significant increase (mean values 33.2 vs 52.8 sec; p < 0.01 Student t-test),
in crossover latency in lesioned animals during acclimation to the passive avoidance
apparatus (Fig. 2). A Spearman’s correlation analysis was performed to determine whether
there was a relationship between ChAT activity and behavioral performance in SAP treated
animals. There was no correlation between the magnitude of the lesion as reflected in
differences in ChAT activity and acclimation crossover latency (r = 0.1036, 0.2000 and
−0.4524 Spearman’s Correlation, data not shown).

Passive Avoidance: Acquisition: To determine the effect of footshock intensity on
acquisition in lesioned and intact animals, following acclimation, rats were randomly
assigned to (0 mA, 1.0 mA, and 1.25 mA) footshock treatment groups. There were no
significant differences in footshock acquisition between lesioned and intact rats at 1.0 mA or
1.25 mA based on the number of footshocks required to reach criterion (data not shown).

Crossover Latency in Treated Rats Without Footshock: Rats were dosed for six days
with either corn oil (vehicle) or DU-14 and tested for crossover latency without footshock in
a fashion similar to the footshock groups for three trials. Non-footshock rats had crossover
latencies that were similar to latencies recorded during the acclimation phase. There were no
significant differences in crossover latencies between intact and lesioned rats treated with
DU-14 or vehicle (Fig. 3).
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3.3.1 Effect of DU-14 on memory retention after footshock administration—For
animals dosed six days with vehicle or DU-14, administered 1.0mA footshock, treatment
with DU-14 significantly increased crossover latency in lesioned animals (p=0.04 Dunn’s
post-hoc test) compared to lesioned vehicle rats (Fig. 4). Moreover, there was a non-
significant increase in the crossover latency in intact animals treated with DU-14 (p=0.15)
compared to vehicle. With 1.25 mA foot shock, DU-14 produced no significant differences
compared to vehicle in the crossover latency compared in either intact or lesioned animals
(data not shown).

3.4 DMP-T-maze task
3.4.1 Effect of DU-14 treatment on time and rate of DMP-T-maze acquisition—
Of the original 56 animals tested in the DMP paradigm, all but three reached criterion or
displayed a preference for one goal arm of the T-maze (side bias) and were excluded from
the study. Two of the three animals were intact vehicle treated control animals while the
other was a lesioned DU-14 treated animal. Analysis with a two-way ANOVA of the
remaining animals indicated a significant main effect on lesion (F=20.57, p<0.001) but not
drug treatment (F=2.19, p>0.05) and no interaction (F=1.42, p>0.05), indicating that
lesioned animals required more days to reach criterion than intact rats. Surprisingly, drug
treatment with DU-14 further increased the number of days required for lesioned animals to
reach criterion (p < 0.001 Bonferroni post-hoc test; Fig. 5A). Lesioned vehicle treated
animals took an average of 17.8 ± 3.5 days to complete the DMP task while drug treatment
with DU-14 increased days to criterion to an average of 21.2 ± 4.5 in the lesioned group.
Intact vehicle treated animals took an average of 14.3 ± 3.2 days to reach criterion, while
lesioned vehicle treated animals took an average of 17.9 ± 3.5 to complete the DMP task.

Examination of learning curves (Fig. 5B) found that all animals performed at similar, below
chance, levels at the start of DMP training. Lesioned vehicle animals improved at a slower
rate during training when compared to intact vehicle treated controls. Lesioned DU-14
treated animals improved at the slowest rate. By day 21 of training, all intact vehicle treated
animals and all but one intact DU-14 treated rat had reached criterion. On the other hand,
only six of 13 lesioned DU-14 treated animals had reached criterion. By day 30 all animals
reached criterion. Repeated measures-ANOVA analysis revealed a significant main effect of
“Treatment” (F [27, 88] = 6.88, p< 0.0001), a significant effect of “Block” (F[9,5425] =
425.90, p< 0.0001 ), and a significant ‘Treatment’ X ‘Block’ interaction (F[27,88] = 6.88,
p< 0.0001). A separate analysis of performance within block revealed vehicle treated intact
animals performed significantly better than lesioned vehicle animals during blocks 4 and 5
of training. Intact DU-14 treated animals performed significantly better during blocks 3 and
4 when compared to intact vehicle treated animals. Lesioned vehicle animals performed
significantly better during blocks 4 and 6 when compared to lesioned DU-14 treated animals
(Fig. 5B)

3.4.2 Effect of DU-14 treatment on persistent turning strategy—During early
stages of training many of the animals adopted a turning strategy. There was no significant
difference in the number of animals in each treatment group that adopted the persistent
turning strategy (data not shown). Furthermore, there was no significant difference in the
number of days before each of the treatment groups adopted the turning strategy (data not
shown). Two-way ANOVA analysis of the number of days with a persistent turning strategy
reveals that there was a significant main effect on lesion (F=62.47, p<0.001), but not drug
treatment (F=1.11, p>0.05) nor interaction (F=0.26, p>0.05), indicating that lesioned
animals utilized a persistent turning strategy for longer period of time. Lesioned vehicle
treated animals engaged in a turning strategy for 14.50 ± 1.18 days while intact vehicle
treated controls engaged in this strategy for 8.33 ± .80 days. Lesioned DU-14 treated
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animals engaged in a turning strategy for 14.08 ± 1.25 days while intact DU-14 treated
animals engaged in this strategy for 7.35 ± 0.71 days. There was no significant difference in
the number of days lesioned or intact animals used the turning strategy following DU-14
treatment. To determine whether the percentage of animals that adopted the turning strategy
had a significant effect on the number of days animals engaged in the turning strategy, those
animals that never adopted a turning strategy were excluded. After excluding these animals,
there was still no significant difference in the number of days lesioned and intact control
animals used the turning strategy following DU-14 treatment (data not shown). This
suggests that the difference in days to criterion between lesioned vehicle and lesioned
DU-14 treated animals cannot be explained by an increased utilization of a turning strategy
following DU-14 treatment.

4. Discussion
The decrease in hippocampal ChAT activity by 85% indicates that infusion of the SAP
neurotoxin into the medial septum substantially decreased cholinergic innervation of the
hippocampus. This result is consistent with previous studies that used the same approach to
model memory impairments associated with cholinergic lesions (Johnson, Zambon & Gibbs,
2002; Rossner, Schliebs, Hartig & Bigl, 1995).

Steroid sulfatase inhibition significantly increased retention latency in the passive avoidance
test in rats with selective cholinergic lesion of the MS indicating enhanced memory for foot
shock compared to lesioned animals that did not receive the steroid sulfatase inhibitor.
However, while intact rats treated with DU-14 performed better than control intact animals
during specific learning blocks of the DMP task, steroid sulfatase inhibition by DU-14
significantly increased the average number of days required for lesioned rats to reach
criterion in the DMP T-maze task compared to vehicle lesioned animals, indicating that
sulfatase inhibition further impaired spatial working memory in lesioned rats.

Footshock Acquisition
For rats that did not receive footshock, the retention crossover latency was not significantly
different than latencies observed during the acclimation phase for any of the treatment
groups. This result suggests that the increase in retention crossover latency following
footshock was the result of memory for the aversive stimulus not alterations in exploratory
behavior resulting from treatment with DU-14 or vehicle.

Cholinergic Lesion and Crossover Latency
Cholinergic lesion of the MS caused a small but significant increase in acclimation
crossover latency in lesioned rats compared to intact animals. This result suggests a
possibility of either a slight increase in anxiety or diminished motivation to explore for
lesioned animals. However, repeated exposure to the passive avoidance apparatus without
footshock eliminated the difference in crossover latency.

The Effect of Steroid Sulfatase Inhibition on Retention Crossover Latency
Lesioned rats administered 1.0 mA footshock and DU-14 had a significant increase in
crossover latency compared to lesioned rats administered vehicle. This result suggests that
decreased hippocampal cholinergic tone affects retention of contextual fear memory and that
steroid sulfatase inhibition could facilitate passive avoidance retention in rats with selective
cholinergic lesion of the septo-hippocampal tract. It is possible that the enhanced passive
avoidance performance in lesioned animals following treatment with DU-14 was the result
of increased activation of hippocampal cholinergic neurons that were not lesioned, or
possibly facilitation of hippocampal function via other neurotransmitter systems such as
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glutamate. It is also possible that other structures involved in contextual fear memory such
as the amygdala might also have been facilitated via enhanced excitatory neurosteroid
mediated inhibition of GABAA receptors or activation of NMDA or other receptor types
(Laszlo et al., 2012).

Previous studies (Johnson, Rhodes, Boni, & Li, 1997; Rhodes, Li, Burke, & Johnson, 1997),
demonstrated that animals chronically treated with DU-14 increased plasma DHEAS and
enhanced hippocampal ACh release. Furthermore, DU-14 also attenuated scopolamine
induced amnesia using the same passive avoidance paradigm (Johnson, Rhodes, Boni & Li,
1997; Rhodes, Li, Burke, & Johnson, 1997) and in the Morris water maze test (Johnson,
Wub, Li & Maher, 2000). By inhibiting the metabolism of DHEAS to DHEA, DU-14
increased endogenous levels of DHEAS, which could then decrease GABAergic inhibitory
tone on cholinergic neurons of the basal forebrain (Li, Rhodes, Jagannathan, & Johnson,
1995). This would account for the increased hippocampal ACh and attenuation of
scopolamine induced amnesia observed in the previous studies (Rhodes, Li, Burke, &
Johnson, 1997), as well as facilitation of passive avoidance retention in the current study.
Inhibition of GABAA receptors and facilitation of NMDA receptor activity could result in
activation of cholinergic neurons modulated by those receptors outside the hippocampus,
however, there are currently no studies demonstrating steroid sulfatase inhibition mediated
facilitation of ACh release outside of that structure.

At the 1.25 mA footshock level, DU-14 had no significant effect on retention crossover
latency in either control or lesioned animals. This result suggests that the level of shock
intensity affects the cognitive response to steroid sulfatase inhibition. It is well established
that moderate stress can facilitate memory function while severe stress impairs memory
(Sandi, 1998; Luine, Villegas, Martinez & McEwen, 1994; Bodnoff, et al. 1995). Thus, the
results of this study are consistent with the literature that demonstrates that the magnitude of
stress associated with a stimulus affects memory retention.

Spatial Memory
As in previous studies, cholinergic lesion of the septohippocampal tract resulted in a delay in
acquisition of the DMP task (Johnson, et al., 2002; Fitz et al., 2006; Fitz et al. 2008). The
time it took the rats to reach criterion in the DMP task was, in part, a function of
perseveration in maintaining an egocentric response strategy (bias) before adopting a more
efficient allocentric place strategy (Fitz et al., 2008). The enhanced perseveration in lesioned
animals for utilizing the response strategy in the DMP T-maze task is consistent with other
studies demonstrating behavioral perseverations in rats with impaired hippocampal function
(Arkhipov et al., 2008). This result is also consistent with an increased role for the striatum
in behavioral responses in animals with impaired hippocampal function (Chang et al., 2003).
Steroid sulfatase inhibition by DU-14 facilitated performance during several time blocks of
the learning curve for the DMP task in intact rats. However, treatment with DU-14 further
impaired acquisition of the task with the lesioned rodents. Specifically, lesioned rats that
received DU-14 had an increase in the number of days to reach criterion compared lesioned
control animals. The impairment was associated with decreased performance during blocks
4 and 6 of the learning curve compared to vehicle treated lesioned animals (Fig. 5B), but
was not associated with an increase in perseveration. These findings do not support the
initial hypothesis that chronic pretreatment with DU-14 would improve acquisition of the
DMP paradigm for animals with cholinergic lesion of the MS. It is possible that treatment
with a steroid sulfatase inhibitor could increase ACh release in neuronal systems that do not
receive projections from the MS, and fail to increase ACh in the hippocampus due to the
septo-hippocampal lesion. Chang et al. (2003), showed that changes in cholinergic tone in
the hippocampus and striatum were associated with different learning strategies. Moreover,
the results of the current study are consistent with studies of diencephalic amnesia in rats
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that sustained damage to cholinergic neurons of the septo-hippocampal tract, but retained
intact cholinergic neurons projecting from the nucleus basalis to the amygdala. The rats had
reduced ACh efflux in the hippocampus and were impaired in a spontaneous alternation task
(Savage et al., 2007; Vetreno et al., 2008). However, in contrast to the results of the current
study, a recent study of diencephalic amnesia using the same experimental model as the
studies above found that the administration of the acetylcholinesterase inhibitor Tacrine,
either peripherally or directly into the MS, could reverse an impairment in performance in
the spontaneous alternation task. The differing outcomes in the studies of diencephalic
amnesia and the current study may be due to differing degrees of cholinergic lesion,
different testing paradigms, or the more indirect effects of excitatory neurosteroids on
cholinergic tone (Rhodes et al. 1997). Unlike the reversal of memory impairments by steroid
sulfatase inhibitors resulting from muscarinic antagonists (Johnson, Wub, Li & Maher,
2000), treatments in animals with actual lesion of cholinergic inputs to the hippocampus
may not be able to reverse deficits in hippocampal function due to the loss of cholinergic
enervation. This would account for the inability of DU-14 to reverse the impairment of DMP
performance in lesioned animals, but facilitate performance in intact animals. Additionally,
steroid sulfatase inhibition in animals with cholinergic lesion of the hippocampus could
result in a differential increase in ACh levels in other brain structures such as the striatum,
while hippocampal levels remained low (Savage, Roland & Klintsova, 2007). The result
would cause an imbalance in cholinergic tone that could disrupt performance in the DMP
task (Chang & Gold, 2003). This could account for increased impairment for the DMP task
in lesioned animals administered DU-14.

Passive avoidance vs Delayed Matching to Position
Rats in both testing paradigms were administered DU-14, but rats in the passive avoidance
experiments received doses of the steroid sulfatase inhibitor for six days, while rats in the
DMP task received the same dose (30 mg/kg/day) for up to 30 days. Previous studies in rats
have demonstrated a significant inhibition of steroid sulfatase in the liver and brain and
reversal of scopolamine induced impairment of passive avoidance after a single injection of
DU-14 (Li et al., 1997). Moreover, pretreatment with the same dose of DU-14 for 15 days
could reverse scopolamine induced impairment and facilitate performance in control rats in
the Morris Water Maze (Johnson et al., 2000). How varying the days of treatment with
DU-14 might affect performance in rats with selective cholinergic lesion in passive
avoidance and DMP tasks remains to be determined.

In summary, steroid sulfatase inhibition facilitated contextual fear memory in a passive
avoidance test in rats with selective cholinergic lesion of the septo-hippocampal tract and
aspects of DMP performance in intact animals, but enhanced impairment in the DMP task of
rats with selective cholinergic lesion of the septo-hippocampal tract. The results of this study
suggest that the administration of a steroid sulfatase inhibitor may not be effective in
facilitating working memory in instances of deficits resulting from substantial loss of
cholinergic inputs to the hippocampus.
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Highlights

• Steroid sulfatase inhibition and cholinergic lesion of the hippocampus was
tested.

• SSI enhanced retention memory in lesioned rats in the passive avoidance task.

• SSI enhanced learning in intact rats in the delayed matching to position task.

• SSI further impaired learning in the DMP task in lesioned animals.
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Figure 1. ChAT activity
The effect of SAP lesions on ChAT activity in the frontal cortex (Lesion/FX) and
hippocampus (Lesion/HIPP) relative to control (Intact/FX and Intact/HIPP). Bars show
group mean ± SEM. Data were analyzed by one-way ANOVA followed by Newman-Keuls
multiple comparison post-hoc test (*** = p<0.001). There was an 80.3% decrease in ChAT
activity in hippocampus of lesioned versus intact rats (7.07 ± 0.98 versus 35.90 ± 1.26 pmol
ACh produced/hr/μg protein; p<0.001) n=30–97.
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Figure 2.
The effect of lesion on acclimation crossover latency. A significant increase in crossover
latency was seen for lesion animals (n=16) compared to intact animals (n=24). Bars
represent the mean ± SEM. Data were analyzed using Student’s t-test (** = p<0.05).
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Figure 3.
The effect of DU-14 and vehicle after six days of dosing on crossover latency with 0 mA
footshock. The crossover latency following treatment was similar to acclimation crossover
latency prior to drug treatment. Bars represent the mean ± SEM. Kruskal-Wallis analysis
(p=0.15; h=5.37) shows there were no significant differences in crossover latency between
treatment groups (p >0.05 Dunn’s post hoc test.) n=3–5.
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Figure 4.
The effect of DU-14 and vehicle treatment on retention crossover latency. Kruskal-Wallis
analysis (p=0.05; h=7.92) shows that crossover latency was significantly longer in the
lesioned DU-14 treatment group (n=6) compared to the lesioned vehicle group (n=8; * = p<
0.05 Dunn’s post-hoc test). There was a non-significant trend for an increase in retention
crossover latency in the intact DU-14 treatment group (n=11) compared to intact vehicle
(n=9).
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Figure 5.
(A) The effect of DU-14 treatment on the number of days to reach criterion in the DMP T-
maze task. Bar graph representing the effect of DU-14 treatment on spatial acquisition of
MS cholinergic lesioned rats. Bars represents the mean number of days to reach criterion ±
SEM. Data analyzed by two-way ANOVA with Boneferroni post-hoc test reveals a
significant effect of lesion (p<0.001) but no significant effect of treatment or interaction.
DU-14 treated lesioned animals (n=13) required significantly more days to reach criterion
than the lesioned vehicle treated animals (n=14 ** p < 0.01 Bonferroni post-hoc test).
DU-14 had no effect on days to criterion of intact control animals (n=12 intact vehicle; n=14
intact DU-14). (B) The effect of DU-14 treatment on the rate of acquisition in the DMP T-
maze task for lesioned rats: Points represent the mean percentage correct for each treatment
group during a 3 day training period. Note that all groups showed improved performance
over time; however during blocks 4 and 6 the performance of the lesioned DU-14 treated
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animals was significantly worse than the corresponding lesioned vehicle treated animals.
Also during blocks 3 and 4 intact vehicle treated animals performed significantly worse than
intact DU-14 treated animals. Performance during acquisition testing was analyzed using
two-way repeated measures ANOVA (General Liner Model, RM-ANOVA) for overall
effects of block and treatment and one-way ANOVA with a Newman-Keuls post-hoc test for
treatments within blocks. a: p< 0.005 for intact vehicle treated animals relative to lesioned
vehicle treated animals. b: p< 0.005 for intact DU-14 treated animals relative to lesioned
DU-14 treated animals. c: p< 0.005 for lesioned vehicle treated animals relative to lesioned
DU-14 treated animals. d: p< 0.005 for intact vehicle treated animals relative to intact
DU-14 treated animals.

Babalola et al. Page 19

Neurobiol Learn Mem. Author manuscript; available in PMC 2013 October 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 6.
The effect of daily DU-14 injections on the utilization of a persistent turning strategy. Bars
represent the mean number of days using a turning strategy ± SEM. Analysis by two-way
ANOVA and Bonferroni post hoc-test reveals that there is a main effect on lesion (p<0.001)
but no significant effect of treatment or an interaction. Note that Lesioned vehicle treated
animals adopted a turning strategy for more days compared to Intact vehicle treated controls
(Bonferroni post-hoc test, ** p < 0.01). Also note that there was no significance difference
between intact DU-14 and intact vehicle animals. Furthermore lesioned DU-14 animals did
not utilize a turning strategy for significantly more days when compared to vehicle treated
lesioned animals.
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