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Acute Inhibition of 11␤-Hydroxysteroid Dehydrogenase
Type-1 Improves Memory in Rodent Models of Cognition
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Mounting evidence suggests excessive glucocorticoid activity may contribute to Alzheimer’s disease (AD) and age-associated memory
impairment. 11␤-hydroxysteroid dehydrogenase type-1 (HSD1) regulates conversion of glucocorticoids from inactive to active forms.
HSD1 knock-out mice have improved cognition, and the nonselective inhibitor carbenoxolone improved verbal memory in elderly men.
Together, these data suggest that HSD1 inhibition may be a potential therapy for cognitive deficits, such as those associated with AD. To
investigate this, we characterized two novel and selective HSD1 inhibitors, A-918446 and A-801195. Learning, memory consolidation, and
recall were evaluated in mouse 24 h inhibitory avoidance. Inhibition of brain cortisol production and phosphorylation of cAMP response
element-binding protein (CREB), a transcription factor involved in cognition, were also examined. Rats were tested in a short-term
memory model, social recognition, and in a separate group cortical and hippocampal acetylcholine release was measured via in vivo
microdialysis. Acute treatment with A-801195 (10 –30 mg/kg) or A-918446 (3–30 mg/kg) inhibited cortisol production in the ex vivo assay
by ⬃35–90%. Acute treatment with A-918446 improved memory consolidation and recall in inhibitory avoidance and increased CREB
phosphorylation in the cingulate cortex. Acute treatment with A-801195 significantly improved short-term memory in rat social recognition that was not likely due to alterations of the cholinergic system, as acetylcholine release was not increased in a separate set of rats.
These studies suggest that selective HSD1 inhibitors work through a novel, noncholinergic mechanism to facilitate cognitive processing.

Introduction
Current therapies for Alzheimer’s disease (AD) only provide
modest improvements in cognitive efficacy (Winblad and Jelic,
2004; Frankfort et al., 2006). Novel approaches for improving
cognition in impaired individuals are clearly needed. One approach may involve targeting glucocorticoid function. Abnormally high levels of glucocorticoids are correlated with memory
impairment in some patients with AD (Pomara et al., 2003) and
depression (Bremmer et al., 2007). Increased glucocorticoid activity
is also associated with greater hippocampal atrophy and memory
impairment in the elderly (Lupien et al., 1998) and more rapid AD
disease progression (Csernansky et al., 2006). Systemic administration of glucocorticoids increases ␤-amyloid formation and tau accumulation in transgenic AD mice (Green et al., 2006) and reduces
neurogenesis in rats (Ambrogini et al., 2002). Furthermore, high
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glucocorticoid concentrations enhance kainic-acid induced neurotoxicity and impair mitochondrial function (Du et al., 2009).
These findings suggest that regulating glucocorticoids may
mitigate the cognitive deficits of AD and slow disease progression. One potential target for regulating glucocorticoid levels is
11␤-hydroxysteroid dehydrogenase type-1 (HSD1). HSD1 catalyzes the enzymatic conversion of inactive glucocorticoids (cortisone in humans, 11-dehydrocorticosterone in rodents) to their
respective active forms (cortisol, corticosterone). HSD1 is present in a variety of tissue, including brain regions important for
cognition, such as the cortex and hippocampus. Local activation
of HSD1 is believed to amplify glucocorticoid-regulated transcriptional responses, leading to, or exacerbating, glucocorticoidmediated disorders (Tomlinson et al., 2004).
In metabolic conditions characterized by excessive glucocorticoid activity, HSD1 inhibition results in normalization of function. In mice with genetic or diet-induced obesity, selective HSD1
inhibitors normalized glucose levels (Lloyd et al., 2009; Wan et
al., 2009). Similar effects of HSD1 inhibition have also been noted
in humans (Rosenstock et al., 2010). Recent studies have shown
that HSD1 is not strictly limited to metabolic processes. Aged
C57BL/6 mice show watermaze deficits that correlate with increased HSD1 expression in the hippocampus and forebrain;
overexpression of HSD1 similarly impaired performance (Holmes et al., 2010). Conversely, aged HSD1 knock-out mice have
improved cognition and increased long-term potentiation relative to age-matched controls, suggesting a neuroprotective
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effect of HSD1 inhibition (Yau et al., 2001, 2007). The nonselective 11␤-hydroxysteroid dehydrogenase inhibitor carbenoxolone improved verbal memory in elderly men and type II
diabetics (Sandeep et al., 2004). In addition, metyrapone,
which blocks glucocorticoid synthesis by inhibiting 11 ␤-hydroxylase, reversed a spatial memory deficit in tg2576 mice expressing human APP (Pedersen et al., 2006).Together, these findings
suggest that HSD1 inhibition may be a potential new therapy for
enhancing cognition.
In the present studies, we characterized two selective and potent HSD1 inhibitors, A-918446 in mice and A-801195 in rats.
Inhibition of cortisol formation in brain tissue was examined
using ex vivo preparations. Acute cognitive effects were investigated in the mouse inhibitory avoidance test of memory consolidation and recall and the rat short-term memory paradigm of
social recognition. Alterations in phosphorylated cAMP response
element-binding protein (pCREB), a transcription factor associated with learning and memory, were measured in mice. Last,
acetylcholine efflux was examined with in vivo microdialysis in
rats.

Materials and Methods
In vitro enzymatic assays and radioligand binding
The ability of test compounds to inhibit HSD1 enzymatic activity in vitro
was evaluated in a scintillation proximity assay (SPA). As a source of
enzyme Escherichia coli lysates expressing either truncated (lacking the
first 24 aa) human, mouse, or rat HSD1 was used. For HSD2, the enzyme
source was lysates from insect cells that had the full-length human,
mouse, or rat 11␤-HSD2 cDNA overexpressed using the baculovirus
expression system. Tritiated-cortisone substrate, NADPH cofactor, and
titrated compound were incubated with 11␤-HSD1 enzyme at room
temperature to allow the conversion to cortisol to occur. The reaction
was stopped by adding a nonspecific HSD inhibitor, glycyrrhetinic acid.
The tritiated cortisol was captured by a mixture of an anti-cortisol monoclonal antibody and SPA beads coated with anti-mouse antibodies. The
reaction plate was shaken at room temperature and the radiolabel bound
to SPA beads was then measured on a scintillation counter. Percentage
inhibition was calculated based on the background (wells containing
substrate without enzyme and test compound) and the maximal signal
(wells containing substrate and enzyme without test compound). Percentage inhibition of each compound was calculated relative to the maximal signal, and IC50 curves were generated. Assuming competitive
inhibition, the Cheng–Prusoff equation was used to calculate apparent
dissociation constant (Ki) values from the IC50 values. This assay was
applied to HSD2 as well, whereby tritiated cortisol and NAD ⫹ were used
as substrate and cofactor, respectively.
Binding studies were performed by CEREP under contract with Abbott Laboratories, except for glucocorticoid and mineralocorticoid binding that were determined at Abbott. Binding was determined using a 10
M concentration of A-918446 or A-801195. The binding affinities for 75
receptors, transporters, and ion channels were evaluated using radioligand
binding (see supplemental Material, available at www.jneurosci.org). When
available, the experiments were performed using recombinant human receptors cloned into various cell types. Glucocorticoid binding was evaluated
using a Polar Screen glucocorticoid receptor competitor assay kit from
Invitrogen with dexamethasone as a reference compound. Mineralocorticoid binding was determined using a PathHunter Chinese hamster
ovary (CHO-K1) mineralocorticoid protein interaction nuclear hormone receptor cell line assay from DiscoveRx in both agonist and antagonist modes with aldosterone and spironolactone as reference agents,
respectively.

Subjects
Male CD1/ICR mice (average 35 g; age 8 –10 weeks) or Sprague Dawley
rats (average 400 g; age 8 –10 weeks) from Charles River were used for all
experiments, except microdialysis studies, which used Sprague Dawley
rats from Janvier. Food and water were available ad libitum, except dur-
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ing experiments. Animals were acclimated to the animal facilities for a
period of 2 weeks before commencement of experimental procedures.
Animals were tested in the light phase of a 12 h light/12 h dark schedule
(lights on at 06:00 A.M.). All experiments were in compliance with Abbott’s Institutional Animal Care and Use Committee and the National
Institutes of Health Guide for Care and Use of Laboratory Animals
guidelines in a facility accredited by the Association for the Assessment
and Accreditation of Laboratory Animal Care.

Drug preparation and administration
A-918446, A-801195, and donepezil were synthesized at Abbott Laboratories. For most studies, A-918446 (1–100 mg/kg) was dosed in a solution
of 5%Tween 80 (Sigma) and sterile water with extensive sonication in a
warm bath. In the pretesting administration and no-shock 24 h inhibitory avoidance studies, A-918446 was dosed in a solution of 17% hydro␤-cyclodextrin (Sigma-Aldrich) and sterile water (to improve solubility),
with extensive sonication in a warm bath. Mice received A-918446 via
oral administration either 60 min before the training session, immediately after training, or 60 min before testing. A-801195 (1–30 mg/kg) was
dosed in a solution of PEG400 with extensive sonication in a warm bath,
and administered orally 1 h before tissue collection for the ex vivo inhibition study or 1 h before the social recognition training trial.

Blood plasma and brain concentrations
For the determination of plasma concentration and brain concentration, naive rats or mice were dosed with the compounds orally and
humanely killed 1 h after dosing. Blood was collected into heparinized
tubes and centrifuged, and the separated plasma was frozen at ⫺20°C
until analysis. For the determination of brain concentration of
A-918446 and A-801195, brains were immediately removed, frozen at
⫺20°C, and homogenized before analysis. Compounds were extracted from brain tissue via liquid–liquid extraction and quantified
by liquid chromatography/mass spectroscopy.

HSD1 ex vivo enzymatic activity
The methods are similar to those described previously (Gao et al., 2009).
Rats or mice received A-801195 (0, 3, 10, or 30 mg/kg) or A-918446 (0, 3,
10, or 30 mg/kg), respectively, 1 h before killing and removal of brain for
ex vivo cortisol analysis by mass spectroscopy, as previously described
(Gao et al., 2009). For rats, tissue from one hemisphere, minus the cerebellum, was extracted from each brain. For mice, the whole brain minus
the cerebellum was collected. Tissue was transferred to 12-well plates
containing an incubation buffer where the tissues were minced. Incubation buffer for mice was Dulbecco’s PBS, and incubation buffer for rats
was RPMI 1640 and 5% fetal bovine serum. A 1 mM solution of cortisone
was added to each well based upon tissue weight, and the plate was
incubated at 37°C for 3 h. Following incubation, media were centrifuged
and supernatant from each well was transferred to a 96-well plate. The
plate was stored overnight at ⫺70°C, and the following day an equal
volume of 100% acetonitrile was added to each well. The plate was centrifuged at 5°C for 30 min at 2500 rpm, and then 50 l of the clear
supernatant was added to wells on another plate containing 50 l of a 200
nM concentration of flumethasone in 50% acetonitrile as the internal
standard. Eight half-log spaced concentrations of cortisol were placed
in pairs of additional cells as standards. Chromatography and mass
spectroscopy was used to analyze wells for cortisol content, as previously described (Gao et al., 2009). Briefly, samples were first injected
into a high-pressure liquid chromatography system (Shimadzu), with
an Alltima C18 guard cartridge (Alltech Associates) used as an on-line
solid phase extraction column and an YMC ODS-AQ column (Waters) used as the analytical column. The LC eluent was analyzed for
cortisol content with an API 3000 triple quadrupole mass spectrometer (Applied Biosystems).

Cognitive testing
Mouse 24 h inhibitory avoidance. Inhibitory avoidance training and testing took place in equipment purchased from Ugo Basile (Model 7550).
Mice were removed from the colony room in their home cage, brought to
the testing room, and allowed to habituate for at least 2 h. The effects of
A-918446 on inhibitory avoidance were examined with three different
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dosing paradigms: 60 min before training, immediately after training, or
60 min before testing. Upon training initiation, mice were placed into the
light side of a two-chambered compartment, during which time the retractable door separating the compartments was closed. After 30 s, the
door was opened, and the latency to enter the dark chamber (all four
paws and tail) was measured as an indication of general locomotor activity. After the subject crossed into the dark chamber, the door was closed
and an inescapable footshock (0.2 mA, one second duration) was presented to the mouse. Twenty-one hours later all mice were once again
moved to the testing room and allowed to habituate for a minimum of
2 h. Using the same methods as on the training day, mice were tested
without being shocked. The latency to enter the dark chamber was again
recorded and was the dependent variable measured for assessing memory
retention (180 s is maximum latency).
Rat social recognition. Social recognition methods are similar to those
described previously (Fox et al., 2003). In this test of short-term memory,
an adult rat interacts with an unfamiliar juvenile rat for 5 min. During
this investigation period the adult exhibits behaviors such as close following, grooming, or sniffing the juvenile for as much as 60 – 80% of the
5 min trial. The juvenile rat is then removed and reintroduced after a
delay period, and investigative behavior of the adult rat is again monitored. In normal adult rats, the duration of investigation is significantly
reduced with delays of up to 30 min. Thus, the ratio of exploration during
the second exposure relative to the first exposure (trial two:trial one) is
significantly ⬍1.0, indicating that the adult rat remembers the first exposure to the juvenile after this delay interval. However, this ratio increases with longer delays. Under the conditions used here, the ratio
approaches 1.0 after a 120 min delay, indicating that the adult rat has
forgotten the first exposure to the juvenile. A-801195 (1, 3, 10, and 30
mg/kg, p.o.) was administered 1 h before trial one. In an independent
study the methods described above were repeated, with a novel juvenile
introduced after the delay period (in trial two). If the effects of the compound are specific to cognition, the compound should not affect exploration of the unfamiliar juvenile (the ratio of trial two:trial one in this
case should approach 1.0).

Neurochemistry
Phosphorylated cAMP response element binding protein. Mice received
A-918446 (0.3, 3, 30 mg/kg, p.o.) for examining dose-dependent changes
in CREB phosphorylation. One hour after treatment with A-918446 or
vehicle, all mice were anesthetized and perfused through the aorta with
normal saline followed by 10% formalin for immunohistochemical assessment of CREB phosphorylation in the cingulate cortex. After perfusion, brains were removed, postfixed in 20% sucrose–PBS overnight,
subsequently cut on a cryostat (40 m coronal sections), and collected as
free-floating sections in PBS. Sections were then immunostained using a
three-step ABC peroxidase technique beginning with a 30 min incubation with blocking serum. Sections were next incubated with CREB antibody (rabbit monoclonal IgG, 1:1000; Cell Signaling Technology) for
48 h at 4°C, washed with PBS, and incubated for 1 h with either biotinylated secondary anti-mouse or anti-sheep Ab solution (1:200). Finally,
sections were washed in PBS, incubated with ABC reagent (Vector Laboratories), and developed in a peroxidase substrate solution. Four to six
serial sections from each animal were mounted, coverslipped, examined,
and photographed with a light microscope (DMRB; Leica). A single section was then chosen on the basis of optimal immunoreactivity and
anatomical similarity for immunoquantification, in which the experimenter was blind to treatment conditions. Immunoreactivity for pCREB
in the cingulate cortex was quantified using an image analysis system
(Leica Quantimet 500) that determined the number and/or area of peroxidase substrate-positive-stained neurons from digitized photomicrographs according to a pixel gray level empirically determined before
analysis.
Microdialysis. Male Sprague Dawley rats received stereotaxic surgery
to implant microdialysis guide cannula (CMA/12) in the medial prefrontal cortex (mPFC) and the hippocampus. Rats were injected with sodium
pentobarbital (50 mg/kg, i.p.) and implanted unilaterally with 14 mm
guide cannula at stereotaxic coordinates 2.5 anterior to bregma, 0.6 lateral to the midline, and 3 ventral to the skull surface (mPFC) and 5.5

Table 1. HSD in vitro enzyme inhibition potency
Enzyme source

A-918446

A-801195

Human HSD1
Human HSD2
Mouse HSD1
Mouse HSD2
Rat HSD1
Rat HSD2

3.8 (n ⫽ 20)
2960 (n ⫽ 6)
2.7 (n ⫽ 11)
⬎10,000 (n ⫽ 3)
27.2 (n ⫽ 10)
2710 (n ⫽ 4)

9.9 (n ⫽ 3)
⬎10,000 (n ⫽ 2)
32.6 (n ⫽ 7)
⬎10,000 (n ⫽ 3)
1.9 (n ⫽ 6)
⬎10,000 (n ⫽ 3)

Ki values presented in nM.

posterior to bregma, 4.5 lateral to the midline, and 7.5 ventral to the skull
surface (hippocampus). The cannulae were secured in place with skull
screws and dental acrylic. Rats were allowed to recover for 1 week after
surgery. Microdialysis studies were conducted under resting conditions,
with freely moving rats. Probes were perfused with Ringer solution containing 1 ⫻ 10 ⫺7 M neostigmine at a rate of 1.5 l/min, and 30 l of
microdialysate fractions were collected every 20 min (6 before compound administration, and 9 afterward). A-801195 (30 mg/kg) or donepezil (1 mg/kg) were dosed intraperitoneally and samples were analyzed
for acetylcholine by HPLC with electrochemical detection. Each 10 l of
microdialysate fraction was injected into a reversed phase column (Acetylcholine Kit; consisting of a precolumn 50 ⫻ 1.0 mm equipped with a
an IMER for choline oxidase/catalase, and a microbore column, particle
size 10 m, 530 ⫻ 1.0 mm coupled to an immobilized enzyme reactor
50 ⫻ 1.0 mm, particle size 10 m, containing acetylcholinesterase and
choline oxidase; BAS) using a refrigerated autosampler (HTC PAL
twin injector autosampler system, Axel Semrau). The mobile phase
consisted of 50 mmol/L Na2HPO4, pH 8.5, and 5 ml/L ProClin (BAS).
Flow rate was 0.12 ml/min (Rheos 2000 Flux pump, Axel Semrau),
and the sample run time was ⬍15 min. Acetylcholine was measured
via an electrochemical detector (LC-4C, BAS) with a radial flow detector cell covered with a peroxidase redox polymer (electrode set at
⫺0 mV, negative potential, switch position on back ⫽ RDN, full scale 2
nA) versus an Ag/AgCl reference electrode. The system was calibrated by
standard solutions (acetylcholine) containing 0.1 pmol/10 l injection.
Acetylcholine was identified by its retention time and peak height with an
external standard method using chromatography software (CP Spirit,
Version 4.4.22, Justice Laboratory Software).

Statistics
Data were analyzed using Graph Pad Prism 4.0 (GraphPad Software).
Statistical significance was set at p ⬍ 0.05. Cortisol inhibition, pCREB,
and social recognition dose–response data were analyzed using a oneway ANOVA with Dunnett’s post hoc analyses, comparing the response
of drug-treated groups to the response of vehicle controls. Social recognition familiar versus unfamiliar juvenile was analyzed using a two-way
ANOVA with Bonferroni’s post hoc analyses, comparing the vehicle familiar group to the vehicle unfamiliar and the vehicle familiar to the
treated familiar group. Microdialysis data were analyzed using two-way
ANOVA. For 24 h inhibitory avoidance dose–response studies, training
day and test day latency data were separately analyzed with a KruskalWallis nonparametric test with Dunn post hoc comparisons to compare
treatment groups. For studies comparing time of administration, Mann–
Whitney tests were used to compare vehicle and treatment groups at each
time point. For presentation purposes, data are graphed as ⫾ SEM.

Results
In vitro enzymatic assays and radioligand binding
The potency for human, rat, and mouse HSD1 and HSD2 inhibition are presented in Table 1. Both A-918446 and A-801195 are
selective for HSD1 versus HSD2, but there is variability in potency across species. A-918446 is 10 times more potent in mice
(Ki ⫽ 2.7 nM) than rats (Ki ⫽ 27.2 nM). A-801195 is over 15 times
more potent in rats (Ki ⫽ 1.9 nM) compared with mice (Ki ⫽ 32.6
nM). Thus, A-918446 was used in subsequent mouse experiments
while A-801195 was used in subsequent rat experiments.
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Figure 2. Inhibitory avoidance with pretraining dosing. Mice were dosed with A-918446 (3,
10, 30, or 100 mg/kg) or vehicle 1 h before inhibitory avoidance training and tested 24 h later.
A-918446 significantly increased latencies during the test trial, suggesting improved learning
and/or memory consolidation. Data are expressed as ⫾ SEM (n ⫽ 8 –9 per group). **p ⬍ 0.01.

produced 91.5 ⫾ 1.24% inhibition (p ⬍ 0.01). The 1 mg/kg dose
inhibited cortisol formation by 12.3 ⫾ 9.40%, which was not
significantly different from vehicle (p ⬎ 0.05).
Figure 1. Effect of HSD1 inhibition on ex vivo cortisol production relative controls (presented
as ⫾ SEM). Rats or mice were injected with vehicle or HSD1 inhibitor 1 h before tissue collection.
Whole brain was minced and incubated in cortisone for 3 h. A, A-801195 at doses of 10 and 30
mg/kg significantly reduced cortisol production relative to vehicle. B, A-918446 at doses of 3
and 30 mg/kg significantly reduced the formation of cortisol in rats. **p ⬍ 0.01.

Each HSD1 inhibitor was also evaluated for binding in a panel of
75 receptors, transporters, and ion channels. At a concentration of
10 M, A-918446 did not yield ⬎30% displacement of any reference
compound. Similarly, a 10 M concentration of A-801195 did not
yield ⬎47% displacement of any reference compound. (See supplemental Material, available at www.jneurosci.org, for a complete list
of the receptors, transporters, and ion channels tested). In the glucocorticoid and mineralocortioid assays, no activity of A-918446 or
A-801195 at concentrations up to 10 M was observed (data not
shown).
Blood plasma and brain concentrations
Administration of A-918446 (30 mg/kg, p.o.) in mice produced
levels in brain (15.3 g/g at 1 h) that were approximately double
the plasma concentration (7.8 g/ml at 1 h). In rat, A-801195 (30
mg/kg, p.o.) was observed in brain (6.2 g/g at 1 h) at a level that
was slightly higher than plasma concentration (5.3 g/ml at 1 h).
Ex vivo cortisol inhibition
A single administration of A-801195 significantly inhibited production of brain cortisol in rats, F(3,16) ⫽ 22.48, p ⬍ 0.001 (Fig.
1 A). The 10 mg/kg dose resulted in a 58.0 ⫾ 1.58% inhibition of
cortisol production compared with control (p ⬍ 0.05), while the
30 mg/kg dose resulted in 78.6 ⫾ 4.35% inhibition (p ⬍ 0.01).
The 3 mg/kg dose inhibited cortisol production by 10.4 ⫾
14.58%, which was not significantly different from vehicle (p ⬎
0.05). Similarly, administration of A-918446 significantly reduced brain cortisol levels in mice, F(3,42) ⫽ 23.40, p ⬍ 0.001 (Fig.
1 B). A dose of 3 mg/kg inhibited cortisol production by 36.0 ⫾
6.22% compared with vehicle (p ⬍ 0.01), and a dose of 30 mg/kg

Twenty-four hour inhibitory avoidance
Pretraining dose–response
Acute treatment with A-918446 1 h before training did not significantly alter latency to cross during the training trial. When
mice were tested for memory retention 24 h later, A-918446 significantly increased the latency to cross, H(5) ⫽ 19.99. Post hoc
testing indicated significant improvement with the 10 and 30
mg/kg doses (p ⬍ 0.01), but not 3 or 100 mg/kg doses (p ⬎ 0.05)
(Fig. 2).
Pretraining and posttraining comparison
A-918446 was administered 1 h before training, as described in
the previous experiment, or immediately after training. Significant increases in transfer latencies were observed 24 h later,
H(4) ⫽ 20.92, with both pretraining (p ⬍ 0.05) and posttraining drug administration (p ⬍ 0.01), suggesting an effect on
memory consolidation (Fig. 3).
Pretesting dose–response
Mice were injected with vehicle or A-918446 1 h before testing,
23 h after inhibitory avoidance training. A Kruskal–Wallis test
revealed a significant main effect of treatment on transfer latencies H(5) ⫽ 33.13 (p ⬍ 0.01) on test day. Post hoc tests revealed
that A-918446 significantly increased transfer latencies at the
doses of 3 mg/kg (p ⬍ 0.05), 10 mg/kg (p ⬍ 0.05), and 30 mg/kg
(p ⬍ 0.01) compared with vehicle, indicating improved memory
recall in this task (Fig. 4).
No shock control
Mice were injected with vehicle or A-918446 1 h before training
and either received a 0.2 mA shock or no shock. Kruskal-Wallis
revealed a significant effect on transfer latencies, H(4) ⫽ 31.26
(p ⬍ 0.01) on test day. Post hoc testing revealed that A-918446
significantly increased transfer latencies versus control in the
shocked group (p ⬍ 0.05), but not the group that did not receive
shock (p ⬎ 0.05). Furthermore, there was a significant difference
between the A-918446 mice that received a shock compared with
those that did not receive a shock (p ⬍ 0.01), indicating that
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Figure 3. Inhibitory avoidance with pretraining or posttraining dosing. Mice were dosed
with A-918446 (30 mg/kg) or vehicle 1 h before inhibitory avoidance training or immediately
after training, and tested 24 h later. A-918446 significantly increased latencies during the test
trial with both dosing regimens, suggesting improved memory consolidation. Data are expressed as ⫾ SEM (n ⫽ 10 per group). *p ⬍ 0.05, **p ⬍ 0.01.

Mohler et al. • Acute Inhibition of 11␤-HSD1 Improves Memory

Figure 5. Inhibitory avoidance with or without footshock. Mice were dosed with A-918446
(30 mg/kg) or vehicle 1 h before inhibitory avoidance training and received a 0.2 mA shock or no
shock. A-918446 significantly increased latencies during the test trial when the mice were
shocked and had no effect without a shock, suggesting increased latencies are not a result of
nonspecific effects. Data are expressed as ⫾ SEM (n ⫽ 15 per group). *p ⬍ 0.05 versus vehicle
shock group, ⫹⫹p ⬍ 0.01 versus A-918446 shock group.

Figure 4. Inhibitory avoidance with pretest dosing. Mice were dosed with A-918446 (1,
3, 10, or 30 mg/kg) or vehicle 1 h before inhibitory avoidance testing (mice received no
treatment on the previous day). A-918446 significantly increased latencies during the test
trial, suggesting improved memory recall. Data are expressed as ⫾ SEM (n ⫽ 12 per
group). *p ⬍ 0.05, **p ⬍ 0.01.

increase transfer latencies are not a result of nonspecific effects of
treatment (Fig. 5).
Social recognition
As shown in Figure 6 A, adult rats treated with A-801195 significantly reduced the investigation time of a familiar juvenile (expressed as a decreased T2:T1 ratio), indicating significant
increases in memory recall, F(4,43) ⫽ 5.683, p ⬍ 0.01. Significant
treatment effects were observed at 10 and 30 mg/kg (p ⬍ 0.01),
but not at 1 or 3 mg/kg (p ⬎ 0.05). To test whether the decreased
T2:T1 ratio was a result of a nonspecific decrease in exploration
time, rats were treated with vehicle or A-801195 (30 mg/kg) and
after a normal training session were tested with either a familiar
or unfamiliar juvenile rat (Fig. 6 B). Significant effects of treatment, F(1,29) ⫽ 12.43, p ⬍ 0.05; juvenile familiarity, F(1,29) ⫽
5.791, p ⬍ 0.05; and the interaction, F(1,29) ⫽ 13.08, p ⬍ 0.05,
were observed. Post hoc testing showed no significant difference
between vehicle-treated rats and those treated with A-801195
during exploration of a novel juvenile rat (p ⬎ 0.05), indicating

Figure 6. Social recognition with novel or familiar juvenile rats. A, Rats were injected orally with
vehicle,orA-8011951hbeforebeingexposedtoajuvenilerat(trialone).Twohourslater,theratwas
reexposedtothesamejuvenile(trialtwo)andtheratiooftheinvestigationtimesofthetwotrialswas
determined and recorded. Data are expressed as ⫾ SEM (n ⫽ 8 –9 per group). B, Rats were
dosedwithvehicleor30mg/kgofA-8011951hbeforebeingexposedtoajuvenilerat(trialone).Two
hourslater,theratwasreexposedtothesamejuvenile(afamiliarjuvenile)orexposedtoanewjuvenile(a
noveljuvenile;trialtwo)andtheratiooftheinvestigationtimesofthetwotrialsisrecorded.**p⬍0.001.
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Figure 7. A, pCREB phosphorylation in cingulate cortex. Mice were injected with HSD1 inhibitor
(0.3, 3, or 30 mg/kg; p.o.) or vehicle 1 h before tissue collection. A-918446 at a dose of 30 mg/kg
significantlyincreasedthephosphorylationofCREB.Dataareexpressedas⫾SEM(n⫽6pergroup).
**p⬍0.01.B,PhotomicrographsofrepresentativesectionsfrommicereceivingvehicleorA-918446
(30 mg/kg).

the effects of A-801195 in this model are not due to general
changes in investigational behavior. Consistent with the initial
experiment, A-801195 (30 mg/kg) significantly decreased investigation time (p ⬍ 0.05).
CREB phosphorylation
A significant increase of CREB phosphorylation was observed in
the mouse cingulate cortex 60 min after administration of
A-918446, F(3,23) ⫽ 5.57, p ⬍ 0.01 (Fig. 7A). Post hoc testing
indicated that the 30 mg/kg dose, but not the 3 or 10 mg/kg doses,
significantly increased pCREB staining. Representative sections
are shown in Figure 7B.
In vivo microdialysis
Acute, single administration of A-801195 (30 mg/kg, p.o.) did not
significantly alter acetylcholine release in the medial prefrontal cortex or in the hippocampus over the course of the 3 h collection
period (p ⬎0.05) (Fig. 8A). In contrast, the acetylcholinesterase inhibitor donepezil robustly increased acetylcholine release in the
mPFC, F(1,11) ⫽ 43.0, p ⬍ 0.001, as shown in Figure 8B. In addition,
a significant effect of time, F(12,132) ⫽ 12.0, p ⬍ 0.001, and a treatment by time interaction, F(12,132) ⫽ 8.96, p ⬍ 0.001, were observed.

Discussion
These studies demonstrate that the potent and selective HSD1
inhibitors A-918446 and A-801195 significantly affect multiple
aspects of brain function. Similar to other HSD1 inhibitors (Yeh
et al., 2006), A-918446 and A-801195 robustly decrease cortisol
formation in brain ex vivo tissue preparations. Although cognitive enhancement with HSD inhibitors in rodents has been
shown after several days of treatment in older subjects (Sooy et
al., 2010), these studies are the first to show that acute treatment
with HSD1 inhibitors can improve cognitive performance. While
young animals do not represent a model of AD, it is of interest to
observe the glucocorticoid modulation can impact performance
in otherwise healthy subjects. When cholinergic activity was investigated with in vivo microdialysis, no changes in resting acetylcholine release in the prefrontal cortex or hippocampus were
observed. One possible mechanism for enhanced cognition may
be glucocorticoid effects on cell signaling. Increased pCREB
phosphorylation was observed after acute dosing with A-918446
in a time frame consistent with improved memory recall in inhibitory avoidance.

Figure 8. A, Effect of A-801195 (30 mg/kg, p.o.) on cortical and hippocampal acetylcholine
release in rats over the course of a 3 h collection period. No significant differences were observed
in either structure. Data are presented as area under the curve (AUC) in arbitrary units as ⫾ SEM
(n ⫽ 4 vehicle group, n ⫽ 10 A-801195 group). B, Time course of acetylcholine release in the
prefrontal cortex. Donepezil significantly increased acetylcholine release while no effect of
A-801195 was observed. Data are ⫾ SEM of the percentage change from baseline based on two
20 min samples before drug application [n ⫽ 8 for vehicle (i.p.), n ⫽ 5 for donepezil, n ⫽ 4 for
vehicle (p.o.), n ⫽ 10 for A-801195]. *p ⬍ 0.05 versus vehicle group.

One of the primary modes by which glucocorticoids alter cellular signaling is through translocation of the ligand bound receptor to the nucleus, followed by transcriptional alterations and
ultimately changes in the formation of proteins and enzymes.
Evidence suggests that the actions of HSD1 inhibitors on metabolic functions are mediated through this cascade of events
(Tomlinson et al., 2004). However, there is increasing evidence
from the literature that glucocorticoid-mediated alterations of
cognitive processing may be mediated in part via fast, nongenomic pathways (Makara and Holler, 2001; Joëls, 2008). In the
mouse 24 h inhibitory avoidance task, pretesting treatment with
A-918446 significantly improved memory recall, indicating that
HSD1 inhibition can exert its effects within1 h. Similarly, significantly improved performance in the rat social recognition test
was observed within 3 h of administration of A-801195. Significant decreases in cortisol production were observed in the brains
of satellite animals at 1 h with the same doses. While HSD1 inhibitors
may substantially inhibit activity by 78% in ex vivo preparations for
over 16 h (our unpublished observations), the current experiments
suggest that acute cognitive efficacy may be mediated through a
nongenomic pathway. Based on these data, local inhibition of
active glucocorticoid formation may lead to beneficial effects on
cognition, although the level of inhibition required may differ
between compounds, species, and cognitive measures. As HSD1
inhibitors lower intracellular glucocorticoids, it may also be hypothesized that active glucocortioids coming from the circulation could balance overall activity. This is unlikely in the present
scenario as chronic treatment with compound A-918446 either
has no effect or decreases plasma corticosterone levels in mice
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(our unpublished observations). Future studies measuring intracerebral corticosterone with in vivo microdialysis could potentially clarify the nature of these rapid effects of HSD1 inhibitors.
It is interesting to note that pretraining doses of A-918446
increased transfer latency in the mouse inhibitory avoidance assay in a dose-dependent manner across the doses of 3–30 mg/kg,
but not 100 mg/kg. There are two potential explanations for the
lack of acute cognitive effects with the highest dose. The first is
that some glucocorticoid activity is necessary for memory formation, and this high dose completely abolished all production. A
second possibility may be attributed to nonspecific effects at higher
concentrations. In vitro testing of A-918446 found off-target effects
at a concentration of 10 M with 30% or less receptor activity at , ,
serotonin 5-HT2C, and Neurokinin 1 receptors. The 100 mg/kg dose
used in inhibitory avoidance achieved an estimated plasma concentration of approximately sixfold higher than the radioligand
study, so it is possible that activity at these other receptors affected performance. It should also be noted that improvement in
inhibitory avoidance performance is not strictly the result of
HSD1 inhibition altering glucocorticoid activity at the time of the
shock. Although treatment with the HSD1 inhibitor 1 h before
training leads to lower glucocorticoid activity at the time of the
shock, dosing ⬃1 min after mice received the shock allows glucocorticoid levels to naturally rise in response to the shock and
decline during the onset of the action of the drug. In both of these
cases, an HSD1 inhibitor was not on board during the retention
test, suggesting memory consolidation effects. Conversely, when
the drug was administered only before the retention test, glucocorticoid levels would have been normal throughout training and
the memory consolidation process and only decreased during the
test trial, suggesting effects on memory recall. Combined with the
finding that A-801195 significantly improved short-term memory in the rat social recognition paradigm, these data suggest that
HSD1 inhibitors are not specifically interacting with aversive
stimuli to improve cognition.
One of the mechanisms by which glucocorticoids may be altering cognitive processing through nongenomic pathways is
through modulating neurotransmitters such as acetylcholine,
dopamine, GABA, or glutamate. Interestingly, in contrast to currently available AD treatments, such as acetylcholinesterase inhibitors, the HSD1 inhibitor A-801195 (30 mg/kg) did not
increase acetylcholine release in the prefrontal cortex or hippocampus. The current data suggest that HSD1 inhibitors may
lead to symptomatic alleviation through a mechanism that is not
dependent upon an increase in cholinergic tone. In addition to a
lack of effect on extracellular ACh in the hippocampus or frontal
cortex, A-801195 also did not alter dopamine levels in either of
these brain regions (data not shown). Based on selectivity data, it
does not appear likely that the HSD1 inhibitors used in the present experiments are affecting procognitive changes through offtarget effects. The 10 mg/kg doses of A-918446 of A-801195
achieve full efficacy in inhibitory and social recognition, respectively. The plasma levels associated with those doses for each
compound are approximately half of the concentrations used in
the radioligand binding studies and well below the threshold for
off-target effects. Another possible explanation may be GABA
activity modulated by neurosteroids. For example, metyrapone,
which significantly reduces serum glucocorticoid levels, leads to
increases in DOC (deoxycorticosterone) and THDOC (tetrahydrodeoxycorticosterone) (Rupprecht et al., 1998), of which the latter is a
positive allosteric modulator activity of the GABAA receptor that can
induce memory impairments (Schwabe et al., 2007). A-918446 and
A-801195 are most likely not acting through this mechanism since

HSD1 inhibitors downregulate the conversion of inactive glucocorticoids (cortisone or 11-dehydrocorticosterone) back to active forms in specific tissue (Tomlinson et al., 2004), and rats and
mice receiving these compounds show cognitive enhancements. In contrast, metabolites of cortisone, such as allotetrahydrocortisone and tetrahydrocortisone, are antagonists of
GABAA activity (Strömberg et al., 2005). As the GABAA antagonist bicuculline exerts memory-enhancing effects (Luft et al.,
2004), it is possible that metabolites of cortisone may have
procognitive effects via this pathway. Last, given reports of
glucocorticoid- or dexamethasone-mediated fast nongenomic
changes in extracellular levels of glutamate (Semba et al., 1995;
Venero and Borrell, 1999), it would be of interest to assess the
effects of HSD1 inhibitors on glutamate release.
HSD1 inhibitors may also be influencing cognition through signaling transduction pathways. The activation/phosphorylation of
CREB is regarded as a key biochemical event in the formation of
long-term memory (Han et al., 2009). Pharmacological or molecular inhibition of pCREB activity may lead to memory impairment,
while overexpression and activation may contribute to enhanced
memory (Josselyn et al., 2001, 2004; Mamiya et al., 2009). A-918446
significantly increased pCREB expression in the anterior cingulate
1 h after dosing, a time frame that parallels the cognitive improvement observed in inhibitory avoidance with pretesting injections.
Furthermore, it has been demonstrated that chronic glucocorticoid receptor activation inhibits CREB transcriptional activity
that may contribute to the cognitive impairment associated with
high circulating glucocorticoid levels (Föcking et al., 2003). This
is consistent with the possibility that the cognitive enhancing
mechanism of HSD1 inhibition may be mediated through reduced glucocorticoid receptor activity and subsequent increased
CREB activation/phosphorylation.
Overall, these data suggest that HSD1 inhibitors provide a
novel approach to improve cognition. As stress and/or excessive
glucocorticoid activity are linked with the exacerbation of AD
symptoms (Wilson et al., 2005; Csernansky et al., 2006), loss of
hippocampal mass (Lupien et al., 1998), and reduced neurogenesis in rodents (Tanapat et al., 2001; Ambrogini et al., 2002),
inhibition of HSD1 may also slow disease progress. Additional
studies in models of AD, such as APP-overexpressing mice, may
offer further evidence of the potential for HSD1 inhibitors to act
as both symptomatic and disease-modifying agents.
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Joëls M (2008) Functional actions of corticosteroids in the hippocampus.
Eur J Pharmacol 583:312–321.
Josselyn SA, Shi C, Carlezon WA Jr, Neve RL, Nestler EJ, Davis M (2001)
Long-term memory is facilitated by cAMP response element-binding
protein overexpression in the amygdala. J Neurosci 21:2404 –2412.
Josselyn SA, Kida S, Silva AJ (2004) Inducible repression of CREB function
disrupts amygdala-dependent memory. Neurobiol Learn Mem 82:
159 –163.
Lloyd DJ, Helmering J, Cordover D, Bowsman M, Chen M, Hale C, Fordstrom P, Zhou M, Wang M, Kaufman SA, Véniant MM (2009) Antidiabetic effects of 11␤-HSD1 inhibition in a mouse model of combined
diabetes, dyslipidaemia and atherosclerosis. Diabetes Obes Metab
11:688 – 699.
Luft T, Pereira GS, Cammarota M, Izquierdo I (2004) Different time course
for the memory facilitating effect of bicuculline in hippocampus, entorhinal cortex, and posterior parietal cortex of rats. Neurobiol Learn Mem
82:52–56.
Lupien SJ, de Leon M, de Santi S, Convit A, Tarshish C, Nair NP, Thakur M,
McEwen BS, Hauger RL, Meaney MJ (1998) Cortisol levels during human aging predict hippocampal atrophy and memory deficits. Nat Neurosci [Erratum (1998) 1:329] 1:69 –73.
Makara GB, Haller J (2001) Non-genomic effects of glucocorticoids in the
neural system. Evidence, mechanisms and implications. Prog Neurobiol
65:367–390.
Mamiya N, Fukushima H, Suzuki A, Matsuyama Z, Homma S, Frankland
PW, Kida S (2009) Brain region-specific gene expression activation required for reconsolidation and extinction of contextual fear memory.
J Neurosci 29:402– 413.
Pedersen WA, McMillan PJ, Kulstad JJ, Leverenz JB, Craft S, Haynatzki GR
(2006) Rosiglitazone attenuates learning and memory deficits in Tg2576
Alzheimer mice. Exp Neurol 199:265–273.
Pomara N, Greenberg WM, Branford MD, Doraiswamy PM (2003) Therapeutic implications of HPA axis abnormalities in Alzheimer’s disease:
review and update. Psychopharmacol Bull 37:120 –134.
Rosenstock J, Banarer S, Fonseca VA, Inzucchi SE, Sun W, Yao W, Hollis G,
Flores R, Levy R, Williams WV, Seckl JR, Huber R (2010) The 11-␤hydroxysteroid dehydrogenase type 1 inhibitor INCB13739 improves hyperglycemia in patients with type 2 diabetes inadequately controlled by
metformin monotherapy. Diabetes Care 33:1516 –1522.

J. Neurosci., April 6, 2011 • 31(14):5406 –5413 • 5413
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