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ABSTRACT

OBJECTIVES: The impairment of cognitive functions in diabetes mellitus (DM) is well known.
Nitric oxide (NO)-guanyly cyclase (GC)-cyclic guanosine monophosphate (cGMP) pathway is
an important role in cognitive functions, and, consequently, phosphodiesterase-5 (PDE-5)
inhibitors as well as NO-GC activators are of considerable interest in the treatment of
cognitive deficits. Therefore, we aimed to investigate the effects of YC-1 (3-5-hydroxymethyl-
2-furyl)-1-benzyl-indazole), an NO-GC activator, and zaprinast, a PDE-5 inhibitor, on cognitive
dysfunction in streptozotocin (STZ)-induced diabetic rats.

METHODS: Male Wistar rats were divided into five groups (nine rats in each): Control, Vehicle
(DMSO), Diabetic (50 mg/kg/i.p. streptozotocin), Diabetic-YC-1 (1 mg/kg/day/i.p., for 4 weeks),
and Diabetic-Zaprinast (10 mg/kg/day/i.p., for 4 weeks) group. The Morris water maze,
passive avoidance, locomotor activity, and foot shock sensitivity tests were applied to assess
the effect of YC-1 and zaprinast on learning and memory. To explore the mechanisms of YC-
1 and zaprinast on learning and memory performance, protein expressions of brain-derived
neurotrophic factor (BDNF) in hippocampus were examined immunohistochemically.
RESULTS: Thirty days after the induction of DM, rats exhibited severe learning and memory
dysfunctions associated with decreased BDNF expression. Both chronic YC-1 and zaprinast
treatment improved cognitive performance and hippocampal BDNF expression in diabetic
rats. In the locomotor activity and foot shock sensitivity test, no significant differences were
observed between the groups. Furthermore, hyperglycaemia did not affect cognition
enhancement effects of YC-1 or zaprinast in diabetic rats.

CONCLUSIONS: Our findings highlight the beneficial effects of nitric oxide-guanylyl cyclase
activators and PDE-5 inhibitors to improve cognitive function in diabetes.
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Introduction maintain of LTP [2,10]. A novel synthetic compound

YC-1 (3-5-hydroxymethyl-2-furyl)-1-benzyl-indazole)
activates purified sGC and sensitizes the enzyme for

Previously, it has been reported that soluble guanylate
cyclase (sGC) and cyclic guanosine monophosphate

(cGMP) have a major role in cerebral processes such
as long-term potentiation (LTP) [1,2] and some
forms of learning and memory, including object recog-
nition [3,4], inhibitory avoidance learning [5,6], spatial
learning in the Morris water maze (MWM) [7], and
conditional discrimination in a Y-maze test [8,9]. The
glutamate-nitric oxide (NO)-cGMP pathway has been
reported to be an important pathway, which modulates
the levels of cGMP in brain in response to synaptic
activity. This pathway leads to an increase in cGMP
levels in response to activation of NMDA receptors.
This nucleotide activates cGMP-dependent protein
kinase (PKG) that phosphorylates and activates
c¢GMP-degrading phosphodiesterase-5 (PDE-5). The
activation of this glutamate-NO-cGMP-PKG-PDE-5
pathway has been shown to properly induce and

NO in vitro, in human platelets, and in smooth muscle
cells [11,12]. YC-1 has been shown to enhance LTP in
hippocampal Schafer collateral CA1 synapse [13] and
amygdala [14] via NO-cGMP-PKG-dependent path-
way and to inhibit the scopolamine-induced memory
deficits [15]. Additionally, we previously found that
YC-1 has beneficial effects on cognitive functions in
aged rats [16] as well. These findings suggest that
YC-1 is a therapeutic potential as a drug candidate
that improves learning and memory.

In addition, the phosphodiesterases regulate the
activity of cGMP that play a crucial role in learning
and memory [10,17]. Previous research has reported
that cognitive impairment in diabetes may be due to
the modulatory effects of PDE-5 enzyme on ¢cGMP
levels and PDE-5 inhibitors have protective effects in
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diabetic cognitive impairments [18]. Zaprinast inhibits
isoform hydrolysing c¢cGMP nucleotide and it is
described as the PDE-5 which is called cGMP-binding,
cGMP-specific phosphodiesterase inhibitor. It inhibits
mainly PDE-5 and PDE-6 and moderately inhibits
PDE-9, PDE-10, and PDE-11 [19,20]. Moreover, zapri-
nast-induced PDE-5 inhibition causes vasorelaxation
such as treatment with NO donors [21]. GC and
PKG inhibitors block the induction of LTP and also
c¢GMP analogues or NO donors produce the poten-
tiation of LTP [22,23]. Thus, it is demonstrated that
c¢GMP/PKG pathway plays an important role in synap-
tic plasticity.

Diabetes mellitus (DM) is an endocrine disorder of
carbohydrate metabolism resulting from insufficiency
of insulin release, reduced insulin sensitivity or both
[24]. Diabetes is associated with functional and struc-
tural disorders in both the peripheral and central ner-
vous system (CNS) [24]. Several reports have indicated
that diabetes may cause cognitive dysfunction. Learn-
ing and memory impairment in streptozotocin
(STZ)-induced diabetic rats has been demonstrated in
passive avoidance (PA) test [18,25,26]. Diabetic ani-
mals also showed spatial learning and memory
deficiency in MWM test [25-28]. Cerebral cortex and
hippocampus are critical brain regions for structural
and functional cognitive deficits in diabetic rats.
Especially, hippocampal synaptic plasticity alterations
have been reported in diabetes [25,28]. The pathogen-
esis of the CNS changes associated with diabetes is
multifactorial and may involve inflammation [26], oxi-
dative stress [27], and microvascular dysfunction [29].
Moreover, decreased neuronal nitric oxide synthase
(nNOS) mRNA and protein levels have been observed
in the cortex and hippocampus of diabetic rats, which
may contribute to the cognitive deficits [30]. Addition-
ally, sildenafil significantly reversed the diabetes-
induced cognitive deficits in STZ-diabetic rats,
suggesting the crucial role of PDE-5 [18].

Therefore, considering the importance of NO/
c¢GMP/PKG pathway and DM in association with cog-
nitive dysfunctions, the aim of this study was to inves-
tigate the effects of YC-1 and zaprinast on cognitive
functions in STZ-induced diabetic rats.

Materials and methods
Animal housing and ethics statement

Male Wistar rats were divided into five groups (nine
rats in each): Control, Vehicle (DMSQO), Diabetic
(50 mg/kg/i.p. streptozotocin), Diabetic-YC-1, and
Diabetic-zaprinast group. Rats from Diabetic-YC-1
group received 1 mg/kg/day of YC-1 and Diabetic-
Zaprinast group received zaprinast 10 mg/kg/day
intraperitoneally after induction of diabetes for 4
weeks. The rats were obtained from Kocaeli University
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Experimental Medical Research and Application Cen-
ter (DETAB, Kocaeli, Turkey). Rats were housed in
gatherings of 4 per cage for 2 weeks preceding starting
these examinations. Every behavioural trial was
directed from 9:00 am to 12:00 pm under standard
conditions (22 +2°C room temperature; 12-h light/
dark cycle with lights on at 7:00 am). Animals were
fed with tap water and food pellets ad libitum. In
each experiment, rats were naive and different. All
experiments documented in this study were conducted
in accordance with the Regulation of Animal Research
Ethics Committee in Turkey (July 6, 2006, Number
26220). Ethical approval was granted by the Kocaeli
University Animal Research Ethics Committee (Project
number: KOUHADYEK 5/9 2011/16).

Drugs and treatments

STZ, YC-1, and zaprinast were purchased from Sigma-
Aldrich (Saint Louis, MO, USA). STZ was dissolved in
citrate buffer (pH 4.4). YC-1 and zaprinast were dis-
solved in DMSO. Drugs were prepared fresh every
day in distilled water and kept on ice during
experiments.

Induction of DM and treatment schedule

DM was induced in rats by using our previously
reported method with a minor modification [26]. In
brief, STZ was dissolved in 0.1 M sodium citrate buffer
(pH 4.4) and administered at 50 mg/kg via the intra-
peritoneal route. STZ-treated rats received 5% glucose
solution instead of water for the next 24 h in order to
reduce the death risk due to hypoglycaemic shock. In
order to measure glucose levels, blood samples were
collected from the tail vein one week after STZ injec-
tion. Animals with fasting blood glucose levels
>200 mg/dl were considered to have DM and used
for further study. After confirmation of the induction
of DM, separate groups of rats (n=9) were adminis-
tered YC-1 (1 mg/kg/day), zaprinast (10 mg/kg/day)
or vehicle (1 ml/kg/day) intraperitoneally for 30 days.
YC-1 and zaprinast doses were selected on the basis
of previous reports [16,31].

At the end of the treatment schedule, rats were
tested in the locomotor activity, footshock sensitivity,
MWM, or PA tests. The learning and memory per-
formance of rats were evaluated on days 32-39.

Locomotor activity test

Locomotor movements were evaluated with an animal
activity monitoring system (May AMS 9701, Commat
Ltd., Ankara, Turkey) including a plexiglass box
(40 cm x 40 cm x 30 cm), a computer and open field
activity software. Total locomotor activity was rep-
resented as the sum of the vertical, ambulatory, and
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stereotypic activities of the animals. The movement
was checked for 5 min [26].

PA test

PA task (model 7551, Ugo Basile, Italy) was utilized
for the assessment of emotional memory based on
contextual fear conditioning, as previously described
[32]. Briefly, rats learn to avoid a specific place associ-
ated with an aversive event. The diminishment of
latency to avoid was used as learning. A guillotine
door separated two-compartment containing (the
light and dark chamber) apparatus was used. Rats
placed in the light chamber after 20 s, the guillotine
door separating was opened, and the initial latency
to enter the dark chamber was recorded. When the
rat entered the dark chamber, it was given a footshock
of 0.5 mA for 3 s through the grid floor of the dark
compartment. At that point, the rats were come
back to their home cage. Twenty-four hours after
the acquisition trial, a retention trial was performed.
Recall of the shock stimulus was evaluated by return-
ing the animals to the light compartment and record-
ing their latency to enter the dark compartment (four
paws in). No foot shock was applied in this trial. If
the animal did not enter the dark compartment
within 300 s, it was returned to its home cage and a
latency of 300 s was recorded. This latency served as
a measure of the retention performance of the PA
response.

MWM test

A water tank (150 cm in diameter) was used to
measure spatial memory as previously described [32].
The platform was put in the centre of the southwest
quadrant and submerged 1.5 cm below the surface of
water, and a small black plastic ball was put on the
water surface. The platform position remained stable
over 4 days, and acquisition of finding the platform
was assessed. Each of three starting positions (north,
east, and west) was used once in a series of four ran-
domly ordered trials. Each trial was terminated as
soon as the rat had climbed onto the escape platform
or when 60 s had elapsed. A rat was allowed to stay
on the platform for 20 s. Then, it was taken from the
platform, and the next trial was started. Rats that did
not find the platform within 60 s were put on the plat-
form by the experimenter and were allowed to stay
there for 20 s. After completion of the third trial, rats
were gently dried with a towel, kept warm for an
hour, and returned to their home cage (Acquisition
trial). A probe trial was utilized to evaluate the rat’s
spatial retention of the location of the hidden platform
on day 5. During this trial, the platform was removed
from the maze and the rat was permitted to search
the pool for 60 s in order to spent time in the quadrant

that previously contained the hidden platform, so-
called target quadrant. During this time, animals
have learned the task and were expected to spend
more time searching in target quadrant than in the
other quadrants. All tests were conducted between
08:00 am and 12:00 pm.

Foot shock sensitivity

The procedure for the footshock sensitivity test was
designed as described by Schmatz et al. [33]. Reactivity
to shock was evaluated in the same apparatus used for
inhibitory avoidance, except that the platform was
removed. The flinch and jump threshold was deter-
mined. All rats were placed on a grid and were habitu-
ated for a 3-min period before initiating a series of
shocks (1 s) delivered at 10-s intervals. Shock intensi-
ties were ranged 0.1-0.5 mA in 0.1 mA increments.
Adjustments in shock intensity were made based on
the observed response of each animal. Specifically,
one unit increased the shock intensity if there was no
response and one unit lowered it if there was a
response. A “flinch” response was defined as the with-
drawal of one paw from the grid floor, and a “jump”
response was defined as the withdrawal of three or
four paws. Three measurements of each threshold
were made, and the mean of each score was calculated
for each animal.

Immunohistochemical analyses for brain-
derived neurotrophic factor

After behavioural tests, rats were decapitated and the
brain was removed and dissected into hippocampus
for the immunohistochemical studies and they fixed
with 10% neutral buffered formalin. Routine histo-
logical tissue procedure was performed and the tissues
were embedded in paraffin. The primary rabbit poly-
clonal anti-BDNF antibody (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA USA) was applied. Negative
control samples were prepared by replacing the pri-
mary antibody with the appropriate non-immune
IgG at the same concentration. After several washes,
the slides were incubated with a biotinylated second-
ary antibody (Histostain-Plus Kit, Broad Spectrum,
Invitrogen, CA, USA) for 20 min and diaminobenzi-
dine (DAB) (DAB Substrate Kit, Invitrogen #00-2014)
was applied for visualization. Sections were briefly
counterstained with Mayer’s haematoxylin (Invitro-
gen, CA, USA) and mounted with ClearMount (Invi-
trogen, CA, USA) on glass slides. The slides were
examined under a light microscope (Olympus BX50,
Tokyo, Japan). The photomicrographs were taken
with a Lecia DM 100 system (Lecia DFC 290HD,
Wetzlar, Hessen, Germany). One independent obser-
ver who was blind to the current study graded the
staining intensity based on a semiquantitative scale



ranging from no expression (0), to very weak (1+),
moderate (2+), strong (3+), and very strong (4+)
expression. The percentage of positive cells was
defined as 0, <5%; 1, 6-15%; 2, 16-50%; 3, 51-80%
and 4, >80% positive cell.

Statistical analysis

Data are the mean +standard error of the mean
(S.E.M.). Acquisition (1-4 day) latency scores in the
MWM test were measured by two-way analyses of var-
iance (ANOVA). The following were measured by one-
way ANOVA: scores of the time spent in the escape-
platform quadrant in the MWM,; first-day and reten-
tion latencies in PA scores; total locomotor activity
scores; and foot shock sensitivity scores. Further stat-
istical analyses for individual groups were carried out
using the Bonferroni test. The immunoreactivity scores
were compared by the Kruskal-Wallis Test following
Dunn’s multiple comparison test; p<.05 was con-
sidered significant.

Results

Effects of DM and systemic administration of YC-
1 and zaprinast on animal weight

Plasma levels of glucose in DM (435.9 + 14.6 mg/dl),
DM-YC-1 (439.3+152mg/dl) and DM-zaprinast
groups (379 £26.9 mg/dl) were significantly higher
than those in non-DM control groups (121.1+
5.82 mg/dl) (p <.0001). At the beginning of the exper-
iment, body weight (g) for the control group was 362 +
7.7, for the DMSO group 354.9 £20.2, for the DM
group was 327.9 +20.2, for the DM-YC-1 group was
345 £ 4.3, and for the DM-zaprinast group was 331.1
1 4.1. The average body weight after 4 weeks of DM
was significantly lower than that in control animals
(F, 10y=142.33; p <0.0001) but was not significantly
different from that of YC-1-treated DM and also zapri-
nast-treated rats. Both YC-1 and zaprinast did not
show any significant effect per se on the serum glucose
level and body weight of rats.

1500+
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Behavioural assessment

Effects of DM and systemic administration of YC-
1 and zaprinast on locomotor activity and foot
shock sensitivity test in rats

Control, DMSO, DM, and YC-1 or zaprinast treatment
did not affect total locomotor activity (F440)=0.065, p
=.9919)(Figure 1). Moreover, DM did not alter foot
shock sensitivity, as demonstrated by the similar flinch
(F(45,40)=0.3175; p = .8646) and jump (F(4 40)=0.6667; p
=.6189) thresholds exhibited by the animals (Figure 2).
This finding suggested that neither DM nor YC-1 or
zaprinast treatment caused gross motor disabilities
upon testing.

Effects of systemic administration of YC-1 and
zaprinast on DM-induced memory impairment
in the PA test in rats

Retention times were evaluated in order to examine
possible changes by both DM and YC-1 or zaprinast
treatment by using PA test. There were no significant
difference in between groups (F(4, 40)=0.8181, p
=.5213) (Figure 3A) on day 1 (training session). On
the second day, however, there was a significant
reduction in retention time in diabetic groups compared
to controls. There was no significant change between
control rat response with or without YC-1 or zaprinast
treatment whereas YC-1 and zaprinast treatment sig-
nificantly reversed the reduction in retention time dia-
betic groups (F(4,.40)=13.83, p <.0001) (Figure 3(B)).

Effects of systemic administration of YC-1 and
zaprinast on DM-induced memory impairment
in the MWM test in rats

All rats exhibited lower latency time during first 4 days
of the test for get to the platform (F, 160)=15.29, p
<.0001). There was a further statistical difference in
between groups by diabetic and YC-1 and zaprinast
treatment (F(4 160)=32.94, p <.0001). There was no sig-
nificant difference between days related with DM and
treatment (F(15, 160)=0.24, p = .9963) (Figure 4(A)).

Diabetes+YC-1 Diabetes+Zaprinast

Figure 1. Total locomotor activity in the activity cage separately for the Control, DMSO, Diabetes, and Diabetes + YC-1 and Dia-
betes + Zaprinast (n =9 in each group). Each value represents the mean + S.E.M. There were no significant differences between

the groups.
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Figure 2. Footshock sensitivity scores separately for Control, DMSO, Diabetes, Diabetes + YC-1 and Diabetes + Zaprinast groups (n
=9 in each group). Each value represents the mean + S.E.M. There were no significant differences between the groups.

There was a significant difference between control
and diabetic groups on the fifth day of the experiment
in terms of time spent in the escape-platform quadrant
during the probe trial of the MWM test. Also, YC-1
and zaprinast drawn out the time spent in the
escape-platform quadrant, suggesting that YC-1 and
zaprinast treatment reversed the reduction in the
time spent in escape-platform’s quadrant back to con-
trol values (p <.001, Figure 4B) (F(4,.40)=7.330, p <.001)
(Figure 4(B)).

Effect of DM and systemic administration of YC-
1 and zaprinast on protein expression of brain-
derived neurotrophic factor

There was a significant decrease in brain-derived neu-
rotrophic factor (BDNF) protein expression in the

150+
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First day latency
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Control DMSO

400+

300+

200+

1004

Retention latency (sec)

Control DMSO

Diabetes

Diabetes

hippocampal CA1 region in the diabetic rats, (p <.05,
Figure 5), whereas treatment with YC-1 and zaprinast
significantly increased levels of BDNF protein in the
hippocampal CA1 regions in diabetic rats (p <.05,
Figure 5). In diabetic rats receiving YC-1 and zaprinast,
BDNF-protein expressions were similar to those in the
control group (p <.05, Figure 5).

Discussion

Overall results of the current study showed that
chronic administration of YC-1 and zaprinast caused
changes in BDNF expression in diabetes. It indicates
that most probably increase in BDNF expression
might point out the amygdala-dependent emotional
and hippocampus-dependent spatial learning-memor-
ial performance of the diabetic rats and also

Diabetes+YC-1 Diabetes+Zaprinast

*kk

Diabetes+YC-1 Diabetes+Zaprinast

Figure 3. (a) Acquisition and (b) Retention latencies in passive avoidance test separately Control, DMSO, Diabetes, Diabetes + YC-1
and Diabetes + Zaprinast groups (n =9 in each group). Each value represents the mean + S.E.M. There were no significant differ-
ences between the groups in the acquisition test. On the other hand, diabetic rats exhibited a significantly lower latency compared
to control rats (***p <.001), and Diabetes+ YC-1 and Diabetes + Zaprinast groups showed higher latency compared to diabetic rats
(###p <.001) in the retention test (one-way ANOVA, Bonferroni corrected). There were nine animals in each group.
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Figure 4. Morris Water Maze (a) Acquisition (b) Probe test performance separately the Control, DMSO, Diabetes, Diabetes + YC-1
and Diabetes + Zaprinast groups (n =9 in each group). Diabetes resulted in a significant disruption in learning as indicated by an
increase in the escape latency compared with the control animals in the acquisition test (two-way ANOVA, Bonferroni test, effect of

treatment, ***p < .001). In addition, both YC-1 (*p < .01, #p <
*p<.01,"p <.01, " p <.001, respectively) treatments had a

01, #*p <001, ¥p < .01, respectively) and zaprinast (***p < .001, *
significant effect on acquisition latency in the MWM test in the first

1-4 days compared to diabetic rats. There was a significant difference between diabetes and control groups in the time spent in the

correct quadrant during the probe trial of the MWM test (one-

zaprinast prolonged the time spent in the correct quadrant.

significantly prevented the diabetes-related reduction
in the BDNF immunoreactivity in the hippocampus
CA1 zones which may to some extent contribute to
correct the behavioural functions in the diabetic rats.
Cognitive decline in DM is well known, however,
the exact cause is unclear. Increasing evidence suggests
that neuroinflammation [26], alterations in cellular cal-
cium homeostasis [34], cholinergic neurotransmission,
and NO/cGMP pathway [18,33] may play an impor-
tant role in diabetes-mediated cognitive impairments.
DM is also known to lead functional and structural def-
icits in the peripheral and CNS as well as cognitive dys-
functions [24,35,36]. Besides, it has been reported in
various studies that NO may play a major role in
DM. Modulation of sGC by NO has a major role in
the modulation of cerebral processes including some
forms of learning and memory [37,38]. NO does not

way ANOVA, Bonferroni test, F(4 40=7.330, p <.001). Both YC-1 and

only function as a neuronal messenger, it is a strong
oxidizing agent and may cause inflammation, nitro-
oxidative stress, mitochondrial dysfunction, and apop-
tosis [39-41]. It has been demonstrated that changes in
the activity and expression of both of eNOS and nNOS
isoforms play important roles in the cognitive decline
in the aged brain via reducing ¢cGMP synthesis
[32,42,43]. Furthermore, decreased nNOS expression
in the hippocampus might result in a number of cogni-
tive disorders in the diabetic rats [18,30]. It was
recently reported that reduced nNOS expression in
rat hippocampus might contribute to deficits in hippo-
campal-dependent learning and LTP in diabetic rats
[30]. The recent experimental studies suggest that the
exogenously administered YC-1 and zaprinast improve
the learning and memory functions, and have a thera-
peutic potential [15]. Both behavioural and



40 Y. YAZIRET AL.

Y S T3

{9
4 |
s I ——

Figure 5. Representative image illustrating BDNF expression (arrows) in hippocampal formation. Control (a), Diabetes (b), Diabetes
+ YC-1 () and Diabetes + Zaprinast group in CA1 region. BDNF expression was decreased in diabetes in CA1 region of the hippo-
campus, whereas in diabetes + YC-1 and diabetes + zaprinast rats BDNF was similar to those in the control group in the CA1 regions.

Scale bars: 50 ym.

neurochemical beneficial effects of YC-1 in the rats
were first reported by Chien et al. [15]. Furthermore,
YC-1 improved the spatial working memory and PA
memory in the aged male rats [16]. In the study,
chronically administrated YC-1 has been shown to
markedly shorten the escape latency in the task of
water maze and increase the retention scores in PA
task in biological aged rats [16]. These results are con-
sistent with the findings of previous data shown by
other researchers such as an increase in various learn-
ing and memory performances in the naive animals by
YC-1 administration and ensure protection against the
learning and memorial deficits caused by scopolamine
[15]. In addition to the behavioural studies, it was
reported that YC-1 significantly increased LTP in hip-
pocampal and amygdala slices via NO-cGMP-PKG-
dependent pathway [13]. In the present study, the
chronic YC-1 administration had no effect on the loco-
motor activity of diabetic rats then the animals were
trained to find the hidden platform to determine its
spatial learning-memory. For the four days when the
five separate groups were trained, the platform finding
duration was adversely affected in the course of the
memoric direction finding, and the exploratory time
was reduced and the spatial memory functions were
distorted in the platform area, depending on the dia-
betes compared to the control group even in the
probe test. No significant difference was found
among the groups during the locomotor activity test

and foot shock sensitivity test, hence such a disorder
in performance is understood not be a result of the
motor or sensational deficit. At the last day of the
water maze trial, a probe test was carried out to evalu-
ate the performance of animals in learning the place of
platform. The animals in diabetic group performed the
explorative behaviour in the quadrant of hidden plat-
form in a shorter time, compared to the control
group, while the YC-1 administered diabetic animals
demonstrated a performance similar to that of the con-
trol group of animals. In the PA test, the first-day per-
formance was identical in all the groups, while the
performances evaluated 24 h later were lower depend-
ing on the diabetes, and the YC-1 administered diabetic
animals had a “second-day latency” identical to the
controls. Considering all the behaviour data, the find-
ings obtained in the present study are observed to be
consistent with the other available findings. In conse-
quence, 0.1 mg/kg chronically administered YC-1
selectively corrects the behaviour performance in the
diabetic rats.

Today there is accumulating evidence that PDEs
have noticeable effects on cognition. Especially
endogenous PDE-5 has been documented to have a
major role in the cognitive functions [31,44,45].
PDE-5 is expressed in certain brain areas such as the
cerebellar Purkinje cells [46] hippocampus, caudate,
substantia nigra, and cerebellum [47]. It is reported
that PDEs can affect neuronal cell survival and also



play a part in neurodegenerative diseases, such as Alz-
heimer’s disease when functioning incorrectly [48].
Many clinical and experimental findings point to the
fact that NO-cGMP-PKG is the central mechanism of
a network of signalling pathways that interconnects
neuroinflammation, neurodegeneration, and cognitive
disorders, leading to increased pharmaceutical interest
in PDE-5 inhibitors as promising therapeutic agents
for neurodiseases. Inhibition of PDE-5 and accumu-
lation of cGMP may inhibit neuroinflammation and
improve synaptic plasticity and memory [49,50]. Latest
findings suggest that PDE-5 has a crucial role in the
processes of cognition under normal and/or pathologi-
cal situations [50,51]. It also regulates neurogenesis and
apoptosis [52]. Although the underlying mechanism
has yet to be fully elucidated, it has been suggested
that PDE-5 inhibitors enhance memory via a central
mechanism [53]. Recently authors have reported dia-
betes-related cognitive decline and PDE-5 inhibitors
might be beneficial to diabetes-induced cognitive defi-
cits in rats [18]. Despite the significant pharmacologi-
cal effects of zaprinast, less is known about its role in
cognition.

In addition, hyperglycaemia recognized as an
important cause of diabetes associated cognitive dys-
function using antihyperglycaemic drugs and insulin
sensitizers [54,55]. It has been reported that better gly-
caemic control has been found beneficial in diabetes-
induced cognitive deficits [56,57]. However, neither
YC-1 nor zaprinast treatment was found to affect
blood glucose levels in this study, while improving
memory dysfunction in STZ-induced diabetic rats.
To our knowledge, there is only one systematic review,
which explores glycaemic control in people with dia-
betes after chronic use of PDE-5 inhibitor [58].
Chronic use of PDE-5 inhibitors, particularly sildenafil,
increases NO formation via the endothelial nitric oxide
synthase (eNOS) pathway, as shown in an in vitro
study [59]. Restoration of cGMP levels by inhibiting
PDE-5 could be a prophylactic measure against the
development of insulin resistance via improving endo-
thelial dysfunction. Prolongation of NO/cGMP/PKG
signalling by PDE-5 inhibitors could favour stimu-
lation of blood flow and improve insulin action on
muscle glucose uptake, thereby decreasing the plasma
glucose level. It has been also reported that NO/
cGMP can stimulate glucose transport to skeletal
muscle [60]. However, the available evidence suggests
inconclusive benefit of PDE-5 inhibitors on glycaemic
control as measured by Haemoglobin Alc in type 2
diabetes. Authors have reported that PDE-5 inhibitors
do not affect on glycaemic outcome in hyperinsulinae-
mic insulin resistance conditions especially in type 2
diabetics due to the insulin-induced upregulation of
PDE-5 expression [58]. Therefore, insulin-induced
PDE-5 upregulation appears to be one of the reasons
of our negative findings. The long-term benefits of
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PDE-5 inhibitors on glycaemic control remain to be
determined. Therefore, useful effects of both YC-1
and zaprinast on cognition in diabetic rats may be
independent of the glucose-lowering potential. A simi-
lar hypothesis has recently been proposed by our study
of diabetic vascular dementia [26].

BDNF is a member of the neurotrophin family of
growth factors and plays an important role in cognitive
function [61]. Furthermore, BDNF has been shown to
play a critical role in the pathophysiology of diabetes
known to be decreased and therefore might one of
the causes of cognitive deficits in diabetic rats
[62,63]. In the current study, BDNF immunoreactivity
found significantly decreased in the hippocampus CAl
zones of the diabetic rats in comparison with the non-
diabetic control group which could indicate the impor-
tance/relation of BDNF in memory deficit in diabetes.
Furthermore, YC-1 and zaprinast treatment reversed
this effect and caused a significant increase in BDNF
in the hippocampus, which might be a part of neuro-
protective effects of these drugs. Similar results were
reported previously with chronic tadalafil treatment
in aged mice where tadalafil enhanced memory by
increasing BDNF level and dendritic spine density in
apical dendrites on CA1 hippocampal pyramidal neur-
ons, which may contribute to enhancing learning and
memory process [64]. Compatible with the previous
findings of BDNF levels has shown to be increased in
the hippocampus after chronic sildenafil treatment in
a mouse model of Alzheimer’s disease [65]. These
results are also consistent with previous studies
demonstrating that NO contributes to long-term mem-
ory via the activation of sGC-cGMP-dependent protein
kinase, and CRE-binding protein (CREB) phosphoryl-
ation [66]. It is well known that the activation of CREB
promotes the transcription of BDNF, which has been
proposed to contribute to the memory enhancing
effects of sildenafil [67]. In addition, it has recently
been demonstrated that CREB is rapidly phosphory-
lated after treatment of YC-1 and also learning and
memory is improved in several tasks involving differ-
ent brain regions [13].

Our study had certain limitations. First of all, we do
not know the detailed underlying mechanism caused
by YC-1 and zaprinast although it has been postulated
that most probably through NO/cGMP/PKG signalling
pathway. Secondly, changes in BDNF expression levels
might be related to amygdala-dependent emotional
and hippocampus-dependent spatial learning-memor-
ial performance changes but in BDNF expression levels
at the related sites, which requires further research in
order to be fully understood.

Taken together, the findings of this study show that
the long-term administration of YC-1 and zaprinast
increases the BDNF levels in hippocampus, and
hence might have beneficial effects on cognitive deficits
in diabetes. The full mechanism of action and
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pathologies related with cognitive dysfunctions at a
molecular level could be very important for better
understanding and might provide novel approaches
in the treatment.
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