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Abstract
The production of amyloid-b peptides in the brains of patients

with Alzheimer disease (AD) may contribute to memory loss and

impairments in social behavior. Here, an efficient adenylate cyclase

activator, forskolin, was orally administered by gavage (100 mg/kg

body weight) to 5-month-old transgenic APP/PS1 mice, which serve

as an animal model of cerebral amyloidosis. Analyses of nest con-

struction, sociability, and immunohistochemical features were used

to determine the effects of forskolin treatment. After a relatively

short term of treatment (10 days), forskolin-treated transgenic mice

showed restored nest construction ability (p< 0.05) and their soci-

ability (p< 0.01). There was a reduction of Ab plaque deposition in

the cortex and in the hippocampus. Furthermore, expression of trans-

forming growth factor b, glial fibrillary acidic protein, and Iba-1 in

the cortex was reduced in the forskolin-treated group, suggesting

regulation of the inflammatory response mediated by activated

microglia and astrocytes in the brains of the APP/PS1 mice

(p< 0.01). Taken together, these findings suggest that forskolin

shows neuroprotective effects in APP/PS1 Tg mice and may be a

promising drug in the treatment of patients with AD.
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INTRODUCTION
Coleus forskohlii is a perennial plant that has tradition-

ally been used to treat convulsions and asthma in India,
Burma, and Thailand (1). The plant is of particular interest be-
cause it produces forskolin, a pure compound obtained from
its root (Fig. 1). Forskolin is mostly reported and available in
the market for its beneficial effect on weight loss (2). The re-
ported method of action of forskolin is activation of adenylate

cyclase (AC), which increases cyclic adenosine monophos-
phate (cAMP) levels, an important signal carrier for cell com-
munication. Indeed, increasing cAMP levels was reported to
improve long-term memory (3), provide neuroprotection (4),
and improve cognition (5). Therefore, forskolin may be a good
candidate for studies investigating Alzheimer disease (AD)
treatment.

AD is a progressive neurodegenerative disease charac-
terized in its early stages by a memory loss and in its late-stage
by the loss of the ability of affected patients to respond to their
environment. In AD patients, the formation of ß-amyloid pla-
ques and neurofillary tangles in the brain is associated with
progressive decline in cognitive function, along with exagger-
ated neuroinflammation. Decreased AC levels have recently
been reported in CSF and postmortem brain tissue samples
from patients suffering from dementia (6). Previous studies
have shown that there are disruptions of G-protein stimulation
of AC activity in AD postmortem brains (7). It has also been
reported that the AC signal transduction pathway is affected in
AD leading to the suggestion that increasing cAMP levels
could benefit AD patients (8). Moreover, stimulation of AC
activity in AD was also correlated with histopathological
changes in patients (9).

There is no effective cure for AD but research is on-
going to find treatments that may slow the worsening of
dementia symptoms and improve the quality of life for AD pa-
tients; this may include improving noncognitive behaviors
(10). Many natural compounds isolated from medicinal plants
including baicalin (11), curcumin (12), and resveratrol (13)
have shown promising effects in the alleviation of the disease
symptoms. Compounds of the terpenoids family such as ginse-
nosides, gingkolides, and cannabinoids have also been re-
ported as promising anti-AD agents (14). Further studies even
suggested application of diterpenoids as a therapeutic option
for neurodegenerative diseases (15). Among them, forskolin is
the only diterpene compound reported to activate AC in cells
(16). It binds to AC with high affinity, thereby contributing to
the increment of cAMP levels in cells (17). It was reported
that forskolin activates all mammalian AC by interacting with
cytoplasmic domains (C1 and C2) at the catalytic core (18).
The acidification of lysosomes by treating microglia with for-
skolin also contributed to amyloid fibril degradation (19).
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Another characteristic of AD is brain neuroinflamma-
tion. Many studies have implicated pro- and anti-inflammatory
cytokines as contributing to AD pathogenesis. Among them,
transforming growth factor b (TGF-b) is an important factor in
regulating inflammatory responses by regulating b-amyloid
precursor protein synthesis, plaque formation, and microglial
responses. In addition, it has been demonstrated that microglia
produce Ab, which causes activation of several inflammatory
components (20). It has also been reported that forskolin sup-
presses tumor necrosis factor (TNF) production in microglia
by reducing the nuclear translocation and DNA binding activ-
ity of NF-jB (8). Iba1 and glial fibrillary acidic protein
(GFAP) are highly specific markers for microglia and astro-
cytes, respectively, and their levels of expression in the cortex
and hippocampus reflect the amount of inflammation in the
brain.

The purpose of this study was to use an APP/PS1-21
double transgenic mouse model of cerebral amyloidosis to as-
sess the potential therapeutic effect of forskolin. The choice of
this model was supported by the fact that these transgenic
mice exhibit prominent AD-like pathology with relatively
early deposition of amyloid plaques at 2 months in the cortex,
and 2 months later in the hippocampus (21).

MATERIALS AND METHODS

Animals and Treatment
Male APP/PS1-21 mice were obtained from Prof. M.

Jucker (Hertie-Institute, Tubingen, Germany). Heterozygous
male APP/PS1-21 mice were bred with wild-type C57BL/6J
females (Charles River Germany, Sulzfeld, Germany).
Offspring were tail snipped and genotyped using PCR with
primers specific for the APP sequence (Forward: “GAATT
CCGACATGACTCAGG,” Reverse: “GTTCTGCTGCATCT
TGGACA”). Mice were kept in a 12-hour dark/12-hour light
environment and were given ad libitum access to water and
food. The experiments were licensed and approved according
to the German Animal Welfare Act (TierSchG) of 2006.

Forskolin Treatment
Forskolin (>98% pure) was purchased from Carbosynth

Ltd. (Compton, Berkshire, United Kingdom). For oral treat-
ment, forskolin was suspended in 1% carboxymethylcellulose
([CMC], Blanose, Hercules-Aqualon, Düsseldorf, Germany)
and administered by gavage at a dose of 100 mg/kg. Control
mice received an equivalent volume of CMC.

Mice were randomly assigned to groups (n¼ 6/group, 3
males and 3 females for each group) at the age of 5 months
and used for the experimental treatments: daily oral adminis-
tration of forskolin (100 mg/kg bodyweight, suspended in
CMC), or the same volume of 1% CMC by gavage. The ex-
periment lasted 10 days and consisted of 3 groups: Forskolin
treatment, vehicle control, and controls without any treatment.

Design and Evaluation of Nest Construction
Assay

A nest construction assay was modified (22) to deter-
mine the deficits in affiliative/social behavior of APP/PS1
mice and potential changes following treatment. Mice were in-
dividually housed for at least 24 hours in clean plastic cages
containing 1 cm of wood chip bedding. Mice were tested in
counterbalanced groups of mixed genotypes and genders to re-
duce variability in housing conditions. Two hours prior to the
onset of the dark phase, individual cages were supplied with
paper towel torn into 5 � 5 cm squared pieces. The next morn-
ing, cages were inspected for nest construction. Paper towel
nest construction was scored by a 3-point system: 1¼ no biting
or tears on the paper, 2¼moderate biting and/or tears on the
paper but no coherent nest, and 3¼ the vast majority of paper
torn into pieces and grouped into a corner of the cage (23).

Forskolin-treated and control mice were killed after 10
days of treatment. Nest scores were given by 3 independent
observers who were not aware of the treatment categories.

Social Interaction Assay
The procedure to access sociability and the preference

for social novelty in mice was applied as described in previous
studies (24). The apparatus was made up of a 3-chambered
box. Prior to the experiment, 2 dividing walls were made with
openings in order to allow free access into each chamber.
Moreover, each chamber was cleaned and paper chip bedding
was added for each single trial.

The test mouse (ie, transgenic mouse, treated or not)
was placed in the middle chamber and allowed to accommo-
date for 5 minutes. After the accommodation period, a stranger
mouse (stranger 1, with which the test mouse was not familiar
and had no previous contact) was placed in one of the side
chambers. The stranger 1 was placed, respectively, in the left
and in the right side chamber between trials. The mice serving
as strangers were male C57BL/6J that had previously been
accommodated in small cages. The entries to the side cham-
bers were made free and the test mouse was allowed to explore
the entire social test box for 10 minutes. We then measured the
time spent in each chamber. After the first 10 minutes, each
test mouse was submitted to a second 10 minutes session to

FIGURE 1. Molecular structure of forskolin.
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quantitate social preference toward a new stranger mouse.
Thereafter, another unfamiliar and unknown mouse (stranger
2) was introduced in the chamber that was kept empty during
the first 10 minute. In this second phase, the test mouse had to
choose between the stranger 1 (unfamiliar but with which it
was already in contact) and the newly introduced stranger 2
mouse (also unfamiliar). Measures were taken to estimate the
amount of time spent in each chamber of the equipment during
the second 10-minute session.

Immunohistochemistry, Double Staining, and
Image Analysis

For immunohistochemistry, brains were embedded in
paraffin and postfixed in 4% paraformaldehyde overnight at
4 �C. Brains were serially sectioned (3 mm) and mounted on
silan-covered slides. Hemispheric sections were stained by
immunohistochemistry as described previously (25), with anti-
bodies to: b-amyloid (1:100; Abcam, Cambridge, United King-
dom) for Ab deposition; Iba-1 (1:200; Wako, Neuss, Germany)
for activated microglia; GFAP (1:500; Chemicon [Millipore],
Billerica, Massachusetts) for astrocytes; antitransforming
growth factor b1 (TGF-b1) (1:50, Santa Cruz, Dallas, Texas);
and anti-Alzheimer precursor protein A4 (APP) (1:200, Chem-
icon). Sections were counterstained with hemalum.

To evaluate the spatial relationships between amyloid b
plaques and plaque-associated glial cells, we performed dou-
ble staining with diaminobenzidine (Sigma-Aldrich, Munich,
Germany) substrate (brown) and Fast Blue BB salt chromogen
substrate solution (blue, Sigma-Aldrich, Munich, Germany)
for amyloid plaques; counterstaining was omitted in those
preparations.

After immunostaining, hemisphere sections were exam-
ined and photographed by light microscopy (Nikon Cool
Scope, Nikon, Düsseldorf, Germany). All sections were ran-
domly numbered and analyzed independently by 2 observers
who were not aware of treatments. b-Amyloid plaques, Iba-1-
positive, TGF-b1-positive, and GFAP-positive cells in cortex
and hippocampus were counted. Both small Ab plaques with a
dense core and larger plaques with a dense core and a large
halo of diffuse amyloid were counted. Small points or spots of
Ab staining, smaller than a cellular nucleus (around 10 lm)
and slightly stained diffuse amyloid without a dense core were
classified as unclear deposition and were not counted. Only
plaques larger than a cellular nucleus were counted. APP
staining was located on cells or outside cells presenting a
plaque-like expression pattern.

To evaluate immunostaining data further, area per-
centages of specific immunoreactivity (IR) in selected re-
gions were determined. Briefly, images of hemisphere cross
sections were captured under 5�magnification using Nikon
Cool-scope with fixed parameters; the neocortex and hippo-
campus areas were manually outlined on these photos and
further analyzed using the software MetaMorph Offline 7.1
(Molecular Devices, Toronto, Canada). Areas of IR were se-
lected by color threshold segmentation; all parameters were
fixed for all images. In addition, ratios of GFAP area to Ab
IR area in the cortex were calculated from double stained
images.

Results are given as arithmetic means of plaque/cell
counts or area percentages of IR to interest areas on cross-
sections and SEM.

Statistical Analysis
Differences of plaque/cell counts, area percentages,

nesting scores, and behavioral data were analyzed by exact
nonparametric Mann–Whitney U (Graph Pad Prism 6.0 soft-
ware). For all statistical analyses, p< 0.05 was considered
significant.

RESULTS

Forskolin Improved Nest Construction Capacity
in APP/PS1 Tg-AD Mice

In our previous study, we showed that nesting ability of
APP/PS1 transgenic mice was impaired in comparison to
nontransgenic mice (26). At the beginning of our experimental
treatments (day 1), no difference in nesting performance was
observed between forskolin-treated and groups (con-
trol¼ 1.429 6 0.20; forskolin¼ 1.429 6 0.20, p¼ 0.50, Fig.
2A). However, after 10 days of treatment (day 11), forskolin
restored the impairment observed in nontreated mice by
increasing nest-building performance as indicated by signifi-
cant differences in nesting scores (control¼ 1.286 6 0.184;
forskolin¼ 1.857 6 0.236, p< 0.05, Fig. 2B). After 10 days of
treatment with forskolin, paper towels were torn into pieces
and grouped at the corner of the cage. In contrast to the
forskolin-treated group, control mice did not destroy the paper
towels and they were found not grouped in the corner. After
obtaining these positive results on the nesting assay, we con-
ducted the social interaction impairment assay.

Forskolin Improved the Social Interaction
Capacity of APP/PS1 Tg-AD Mice

The time spent in the chambers was evaluated for soci-
ability, that is, the preference for a stranger mouse versus an
empty chamber, and the preference for a novel stranger versus
the first stranger mouse. Forskolin-treated APP/PS1 mice
demonstrated a significant preference (vs control mice) for
spending time in the chamber containing the stranger 1 mouse
in comparison to the time spent exploring the empty chamber
(Fig. 2C). When the test mouse was to choose between the first
stranger mouse 1 and a second stranger mouse 2, both control
and forskolin-treated mice did not demonstrate any significant
preference for social novelty (Fig. 2D).

Forskolin Reduced Amyloid Plaque Deposition
in Cortex and Hippocampus in APP/PS1 Tg-AD
Mice

Amyloid b plaques were distributed throughout hippo-
campus and cortex of APP/PS1 transgenic mice (Fig. 3D).
Some of these plaques were small, dense core plaques and the
others were rather larger plaques with a dense core and a large
halo of diffuse amyloid. In the hippocampus, plaque density
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was much lower than in the cortex. Forskolin reduced plaque
numbers in cortex versus CMC control (CMC, 181.9 6 11.44;
forskolin, 128.00 6 10.89, p< 0.01, n¼ 6/group) (Fig. 3A, B,
E). Analysis of Ab area percentages was determined using the
MetaMorph software. Following treatment with forskolin, the
Ab areas were significantly reduced in brains of APP/PS1
transgenic mice in comparison to the nontreated control mice,
in cortex (control, 0.36% 6 0.02%; forskolin, 0.31% 6 0.01%,
p< 0.05, Fig. 3F). There was no significant difference be-
tween the forskolin-treated and the CMC group in plaque
numbers in the hippocampus (control, 8.429 6 2.287, forsko-
lin, 8.286 6 1.861, p¼ 0.48, Fig. 3G). Nevertheless, Ab pla-
ques in the hippocampus in treated mice generally were
smaller than those in the control mice (Fig. 3D), and in the
forskolin-treated group Ab areas in the hippocampus were
decreased versus controls (control, 0.20% 6 0.098%, forsko-
lin, 0.147% 6 0.8650%, p< 0.05, Fig. 3H).

Forskolin Reduces the Brain Microglial Response
Iba-1-positive microglia were aggregated and surrounded

amyloid deposits both in cortex and hippocampus in APP/PS1

transgenic mice (Fig. 4A–D). Forskolin treatment resulted in a
reduction of Iba-1 IR area in both cortex and hippocampus
(cortex control, 0.2988% 6 0.02%; cortex forskolin, 0.1408% 6

0.016%; hippocampus control, 0.1053% 6 0.008%, hippocam-
pus forskolin, 0.082% 6 0.007%, p< 0.05) (Fig. 4E, F). The re-
duction of the number of Iba-1-positive cells in the cortex and
hippocampus following forskolin treatment indicated reduced
microglial activation.

Transforming Growth Factor b
We could not detect TGF-b1 IR in cortex or hippocam-

pus of APP/PS1 transgenic or nontransgenic mice up to 3
months of age (25). However, 2 months later there was
increased TGF-b1 IR in transgenic mice that was mainly
located on or around Ab plaques (Fig. 5A, B). TGF-b1 IR was
more concentrated at the edges of plaques and diffuse
branches and less in the center of plaques. After 10 days of for-
skolin treatment, TGF-b1 IR was significantly reduced in the
cortex of APP/PS1 mice (control, 0.266% 6 0.032%; forsko-
lin, 0.131% 6 0.024%, p< 0.05, Fig. 5A–C).

FIGURE 2. Effect of forskolin treatment on behavior and sociability impairments. (A, B) APP/PS1 mice were treated for with
forskolin in 1% carboxymethylcellulose (CMC) or with CMC alone for 10 days. They were assessed for nesting behavior along
with untreated nontransgenic mice. There was no significant difference between the forskolin-treated and control groups at day
1 (n¼6/group) (A). At day 10 there was a significant increase in nesting score in the forskolin-treated compared with control
mice (n¼6/group) (p<0.05) (B). (C) Tested mice spent more time with the stranger 1 mice than empty side; forskolin-treated
mice spent more time versus controls (p<0.01). (D) Times spent in the chamber were not significantly different between
control and forskolin group for the preference for social novelty test.
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Astrocytes
Many GFAP-positive astrocytes were distributed through-

out the cortex and hippocampus in the mice (Fig. 6A, B). In
forskolin-treated mice GFAP IR area values in the cortex were
less than in the control group (control, 1.215% 6 0.107%;
forskolin, 0.677% 6 0.133%, p¼ 0.01, Fig. 6D). In prepar-
ations double stained for GFAP and Ab, many GFAP-positive
cells appeared to be clustered around amyloid plaque deposits
(Fig. 6C). There was no significant difference in the ratio of
Ab-associated GFAP-positive astrocytes to Ab IR areas.

DISCUSSION
In this work, we describe beneficial effects of oral treat-

ment with forskolin in a transgenic mouse model of cerebral
amyloidosis. After 10 days of treatment, forskolin effectively
attenuated microglial and astrocytes activation in the cortex
and reduced Ab deposition in cortex and hippocampus. More-
over, forskolin restored the capacity of mice to construct nests
as well as their social interaction behavior, which are import-
ant affiliative/social behaviors that are impaired in APP/PS1
transgenic mice.

FIGURE 3. Effect of forskolin on Ab deposition. Representative photomicrographs of coronal sections through cortex and
hippocampus show reduction of Ab deposition following forskolin treatment. (A–D) There were numerous, relatively large Ab
plaques in the cortex of a control mouse (A) as compared with the forskolin-treated group (B). There were larger Ab deposits in
the hippocampus of a mouse from the control group (C), as compared with the forskolin-treated group (D). (E–H) Arithmetic
means of plaque counts and of IR area percentages. In the cortex of mice treated with forskolin there were fewer Ab plaques (E)
and smaller IR area percentages of Ab staining (F) than in control mice. The percentage area of Ab in the hippocampus (H) was
also reduced for the forskolin-treated group. *p<0.05.

Owona et al J Neuropathol Exp Neurol • Volume 75, Number 7, July 2016

622



Natural compounds are promising therapeutic options
for the treatment of AD and other neurodegenerative diseases
(14). This is the case of diterpenoids from Croton tonkinensis
(27) and Salvia miltiorrhiza (15), which showed neuroprotec-
tive effects by inhibiting acetylcholinesterase. Another new
diterpene, CBNU06, showed neuroprotective effects against
b-amyloid-induced toxicity through the inhibition of NF-jB
signaling pathway in PC12 cells (28). Forskolin is the only di-
terpene compound reported to activate AC in cells (16); there-
fore, it is a good potential candidate for AD treatment (29).

The second messenger cAMP has been reported to be involved
in the complex mechanisms regulating memory (30) and to be
disrupted in the brains of AD patients (31). Moreover, activa-
tion of the cAMP/PKA (protein kinase A) pathway has been
proposed as a mechanism for improving age-related cognitive
deficits based on studies of hippocampal function (32). Over
the last decade, studies have focused on AC activators as tar-
gets for the treatment of neurodegenerative diseases. Forskolin
demonstrated potent antidepressant activity in a rat forced
swimming model (33) and prevented induced seizures in mice

FIGURE 4. Effect of forskolin on microglia. (A–D) Representative photomicrographs of coronal sections through cortex and
hippocampus show reduction of microglial activation following treatment with forskolin. Many Iba-1-positive cells are seen in the
cortex (A) and hippocampus (C) of control mice. Most of the Iba-1-positive microglia appear to surround Ab plaques. There are
fewer Iba-1-positive cells in the cortex (B) of the forskolin-treated group. There were large numbers of Iba-1-positive cells in the
hippocampus, in both control (C) and forskolin-treated group (D). (E, F) The IR area percentage of Iba-1 staining (E) was
reduced in the forskolin-treated group (n¼6/group) and in the hippocampus (F). **p<0.01; *p<0.05.
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(34). Further, it can be considered as an indirect inhibitor of
the transcription factor NF-jB. Indeed, the cAMP produced
after activation of AC by forskolin inhibits NF-jB (35), which
not only blocks inflammation in the brain, but also directly
contributes to inhibit the production of Ab peptides (36).
Another study revealed that rolipram could improve cognitive
performances of normal rats by activating AC (37).

Because forskolin is a potent inhibitor of NF-jB, it
could be of therapeutic utility for the treatment of AD by dir-
ectly inhibiting the production and deposition of Ab peptides
in the brain. This mechanism of action was also reported with
other diterpene compounds such as oridonin in our previous
study (38). Therefore, reduced Ab deposition observed in this
study might directly attribute of NF-jB inhibition and its ef-
fects on Ab production.

Deficits in noncognitive behaviors and social interaction
are primary diagnostic indicators of AD and other neuro-
logical diseases (39). Early in the course of AD, 50% of pa-
tients exhibit depression symptoms with a concomitant pau-
city of social behavior and memory recall (40). Given the
primacy of cognitive/noncognitive impairments, deposition of
amyloid-b, and neuroinflammation in the brains of AD pa-
tients, we considered these clinical manifestations to be essen-
tial components for translation of mouse models of AD (41).
Cognitive impairments in animal models are normally tested
by many methods including Morris water maze (42). How-
ever, evidence of cognitive impairments appear rather only at

8 months of age (43), and, therefore, cannot be used to analyze
the potential of treatments at an early stage of the disease. We
used APP/PS1 transgenic mice because they exhibit a rela-
tively early deposition of amyloid plaques at 2 months in the
cortex, and 2 months later in the hippocampus (21). To evalu-
ate the effect of a treatment on the early manifestations of
amyloid deposition, we used nest construction and social inter-
action assays, which have previously been used in many stud-
ies (44, 45).

Nest construction ability is a common affiliative and so-
cial behavior of mice. Nests are built to facilitate reproduction
and shelter (46). We have demonstrated impairment of nesting
ability of APP/PS1 versus control mice (26). This is likely the
consequence of Ab deposition and neuroinflammation in the
peripheral cortex and the hippocampus (22), that is, the brain
regions responsible for social memory that are impaired in AD
(47). Impaired social behaviors have also been reported in
other transgenic mouse models of AD (48, 49). In this study,
nest construction ability was significantly improved by forsko-
lin treatment after 10 days of treatment.

Sociability was defined in this study as the tendency to
approach and remain proximal to an unfamiliar stranger
mouse. Therefore, the test mouse had the choice between
avoidance of the stranger mouse by remaining in the center
chamber and exploring or being in contact with the stranger
mouse. After treatment with forskolin, the treated mice spent
more time in the side of the cage containing the stranger (ie,

FIGURE 5. Effect of forskolin on TGF-b IR. (A, B) TGF-b1 IR in the cortex of 5-month-old APP/PS1 transgenic mice. After 10 days
of forskolin treatment, TGF-b1 IR was reduced in cortex of treated (B) versus control (A) mice. (C) There was a significant
reduction in area of TGF-b1 IR following 10 days of forskolin treatment (n¼6/group). **p<0.01.
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unfamiliar) mice versus the time spent in the empty side than
did the control mice. Previous work in social recognition has
shown that C57BL/6J, DBA/2J, and FVB/NJ mice exhibited
similar sociability (24). On the other hand, in the social nov-
elty assay, which is defined as the tendency to initiate social
contacts with a new mouse versus a previous familiar mouse,
no significant difference was observed between the control
and the forskolin-treated group. This could be interpreted as a
demonstration that the mice preferred to remain with the fa-
miliar stranger 1 mice, rather than going into contact or
approaching a new unfamiliar stranger mice 2. It was also an
indication of the ability of the forskolin-treated mice to dis-
criminate between 2 strangers and to recognize only the one
that was familiar and already previously encountered. Consid-
ering the short term of treatment with forskolin (ie, 10 days), a
reduction of Ab plaque deposition in the cortex and hippocam-
pus of mice, together with attenuation of inflammatory reac-
tion by the brain immune cells may explain the improved nest
construction capacity and social behavior.

Forskolin has shown efficient anti-inflammatory activ-
ity on macrophages and microglia in animal models of
rheumatoid arthritis through attenuating TNF production and

activation of AC (50). This suggests the potential effect of for-
skolin in neurodegenerative diseases because microglia are re-
garded as the main immune cells of the brain that play an im-
portant role in the clearance of amyloid b plaques (19). Our
present histological and immunohistochemical data show
beneficial effects of forskolin on Iba-1-positive cells and their
association with Ab plaques.

TGF-b1 is a polypeptide that is reported to play a key
role in the aggravation of inflammation. Although increased
TGF-b1 has been reported in aged transgenic mouse AD mod-
els, the specific role of TGF-b1 in AD remains elusive. Some
studies have suggested a protective effect of TGF-b1 in AD by
promoting Ab clearance through activation of microglia (51).
Several studies further mentioned that TGF-b1 increased the
production of APP and subsequent Ab generation in murine
and human astrocyte cultures (36). Many other studies re-
ported that transgenic mice overexpressing TGF-b1 in astro-
cytes elicit Ab deposition (52) and that inhibition of TGF-b1
may provide protection against neurodegeneration through the
alleviation of microglia-mediated inflammation (53). Here,
we observed a decrease of TGF-b1 IR in the cortex of trans-
genic mice treated with forskolin along with other indicators

FIGURE 6. Double staining of for Ab and GFAP. (A, B) Representative photomicrographs of coronal section through the cortex
of transgenic mice reveal GFAP-positive astrocytes (brown) that appear to be clustered around plaques in a control mouse (A)
and in a forskolin-treated mouse (B). Nuclei are stained with hemalum. (C) Representative coronal section shows that many
most GFAP-positive astrocytes appear to surround Ab plaques (blue [fast blue chromogen]). (D) GFAP IR area values in the cortex
were less in the forskolin versus the control group (n¼6/group). **p¼0.01.
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of reduced inflammation, that is, the reduction of astrocyte
GFAP and astrocyte association with plaques.

Neuropathological alterations in the hippocampus in
APP/PS1 transgenic mice occur later than in the cortex, that is,
deposition of Ab plaques starts at 5 months of age. Because
there is an exponential increase in Ab deposition at around 5
months of age, we started the treatment at that age but this ex-
plains why the reductions in Ab plaque numbers were not sig-
nificant in the hippocampi of forskolin-treated mice when
treatment was given at that time point.

In summary, the results obtained in this study showed
the protective effects of forskolin in APP/PS1 transgenic
mice. Forskolin treatment restored impairment in nesting abil-
ity and sociability. It also reduced or inhibited Ab accumula-
tion in the cortex, reduced microglial activation and TGF-b1
and GFAP IR in the cortex. Taken together, our findings sug-
gest that forskolin may be considered a promising drug for AD
patient therapy.
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