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Abstract
Rationale and Objectives 5-HT6 receptors are mainly expressed in brain areas associated with learning and memory. Several
studies have reported procognitive effects of both 5-HT6 agonist and antagonists. However, the exact mechanism 5-HT6 receptor
modulation has not been properly studied especially in the context of cholinergic functions, cerebral blood flow (CBF), brain-
derived neural factor (BDNF), oxidative stress, and behavioral changes.
Methods In the present study, memory impairment was induced in albino Wistar rats by two doses of intracerebroventricular
(ICV) injection of streptozotocin (STZ, 3 mg/kg) on first and third day. These rats were evaluated in a battery of behavioral tasks
after 14 days from the first day of ICV-STZ.
Results Significant memory impairment was seen when ICV-STZ induced rats are assessed by Morris water maze, novel object
recognition, social recognition, and passive avoidance tests. There was a significant reduction in CBF, increased oxidative stress
(MDA, GSH, and ROS), acetylcholinesterase (AChE) activity, and a decrease in BDNF. Treatment with selective 5-HT6 agonist
EMD-386088 (5mg/kg) and antagonist SB-399885 (10mg/kg) prevented ICV-STZ-induced memory impairment when assessed
by behavioral tests. Treatment with 5-HT6 ligands significantly prevented the change in CBF and BDNF. Further, protected from
MDA and ROS and decreasing GSH in the brain compared to ICV-STZ rats. The rice in brain AChE activity was normalized by
both ligands. The changes in locomotor activity by EMD-386088 and SB-399885 treatment were negligible.
Conclusion The findings in this study support the therapeutic potential of 5-HT6 receptor ligands in the treatment of cognitive
dysfunction.
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Introduction

5-Hydroxytryptamine (5-HT, serotonin) is an important neuro-
transmitter in the central and peripheral nervous system modu-
lating variety of physiological processes such as cognition,
mood, perception, pain, and feeding behavior (Hoyer and
Martin 1996; Meneses 2015). These effects are mediated
through seven families of 5-HT receptors and all these receptors
belong to the G-protein coupled receptor superfamily except 5-

HT3 which signals through ligand-gated ion channels (Hoyer
et al. 1994; Liu and Robichaud 2010). The 5-HT6 receptors
are exclusively expressed in brain especially at areas like frontal
cortex and hippocampus which are associated with learning and
memory (Kohen et al. 1996). The observation of antipsychotics
ability to bind to 5HT-receptors triggered the interest in role of 5-
HT6 receptors in CNS-functions (Ramirez 2013). Studies in the
Alzheimer’s disease (AD) patients showed a significant reduc-
tion in 5-HT6 receptor density in cortical areas (Lorke et al.
2006). Further, it has been reported that dysregulation of 5-
HT6 receptor activation by 5-HT in the temporal cortex may
be related to behavioral symptoms in AD (Marcos et al. 2008).

Preclinical studies have shown that modulation of 5-HT6 re-
ceptor function exert beneficial effects on learning andmemory in
rodent models of amnesia. Administration of 5-HT6 receptor an-
tagonist enhanced learning andmemory in several preclinical be-
havioral tasks likeNovelObjectRecognitionTest (NORT),Social
Recognition Task (SRT), and Morris Water Maze (Hirst et al.
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2006; King et al. 2004; King et al. 2009;Woods et al. 2012). SB-
271046 and other 5-HT6 receptor antagonist prevented memory
impairment inducedbyscopolamineorphencyclidineorMK-801
(Arnt et al. 2010; Da Silva Costa-Aze et al. 2012; de Bruin et al.
2011; Fone 2008). Similarly, the 5-HT6 receptor agonists are also
reported for procognitive or antiamnesic effects. Meneses (2015)
have reported that selective5-HT6receptor agonists restoremem-
ory impairments in the novel object discrimination paradigm
(Meneses2015).5-HT6receptoragonistE-6801enhanced recog-
nition memory through the facilitation of cholinergic and gluta-
matergic neurotransmission in animal models. Subtherapeutic
doseofE-6801hasshownsynergisticeffectwithnon-activedoses
of cholinesterase inhibitor donepezil and NMDA receptor antag-
onist memantine (Kendall et al. 2011). Another 5-HT6 agonist
EMD-386088 reversed cholinergic- and glutamatergic-induced
deficits in associative learning in conditioned emotion response
task (Woods et al. 2012). However, in the social recognition par-
adigm, the5-HT6receptoragonist impaired thememory (Loiseau
et al. 2008). The uncertainty about the role of 5-HT6 receptor in
neurodegenerative disorders reinforced by the clinical report on
selective 5-HT6 receptor antagonist such as idalopirdine which
improved cognitive function in donepezil-treated patients with
moderate AD (Wilkinson et al. 2014).

In our earlier report, we have shown that 5-HT6 receptor ag-
onist EMD-386088 and antagonist SB-399885 protected PC12
cells from neurotoxicity induced by Aβ25–35 in vitro suggesting
theroleof this receptor inneurodegenerativeconditions.Wehave
seen that the neuroprotection is through prevention of impair-
ment in neurite outgrowth in PC12 cells and by reducing intra-
cellular reactive oxygen species (ROS) (Bokare et al. 2017).
Hence, the present study was designed to evaluate the effect of
5-HT6 receptor agonist EMD-386088 and antagonist SB-
399885 on memory impairment, oxidative stress, cholinergic
dysfunction, reduced BDNF, and impaired cerebral circulation
in intracerebroventricular (ICV) streptozotocin (STZ)-induced
memory impaired rat model. The ICV STZ-induced memory
impairment is awell-establishedmodel which is associatedwith
oxidative stress, cholinergic dysfunction, impairment in brain
energy metabolism, and reduced cerebral circulation (Kamat
et al. 2016; Saxena et al. 2010; Tota et al. 2010; Tota et al. 2009;
Tota et al. 2012; Tota et al. 2011).

Materials and methods

Animals

Youngmale albinoWistar (WH) rats (225–250 g, 8–9weeks old,
n = 170) and Juvenile- male albino Wistar rats (50–60 g, 3–
4weeksold)wereprocured from in-house,AAALACaccredited,
ResearchAnimalFacility,LupinResearchPark,Pune,India.They
werekeptinpolycarbonatecages(22.5 × 37.5cm)andmaintained
under standard housing conditions (room temperature 22–26 °C

andhumidity 50–70%)with a 12h light anddark cycle. Food and
waterwereavailablead libitum.Animalswereassigned randomly
to treatment groups. All behavioral experiments were carried out
between 9 AM and 4 PM on separate sets of animal groups. All
animals were used only once for behavioral paradigms.
Experimentswere performed according to internationally follow-
ed ethical standards and approved by the research ethics commit-
tee of Lupin Ltd. (Lupin Research Park) framed as per the guide-
lines of Committee for the Purpose of Control and Supervision of
Experiments onAnimals (CPCSEA), India.

Materials

Streptozotocin (STZ), chloral hydrate, sodium chloride
(NaCl), dichlorodihydrofluorescein diacetate (DCF-DA),
MDA assay kit, GSH assay kit, bicinchoninic acid protein
assay kit, and TRIzol reagent were purchased from Sigma-
Aldrich, USA. Acetylcholinesterase assay kit was procured
from BioAssay Systems, USA. BDNF assay kit was obtained
from Boster Biological Technology, CA. Artificial CSF
(aCSF) purchased from Harvard Apparatus, USA. SB-
399885 and EMD-386088 were synthesized in-house at
Lupin Research Park, Lupin Limited, Pune, India.

Intracerebroventricular injection of streptozotocin
in rats

Rats were anesthetized with chloral hydrate (300 mg/kg, i.p.).
STZ (3 mg/kg) was freshly dissolved in aCSF and injected
slowly in a volume of 10 μl into each lateral cerebral ventricle
(ICV) on days 1 and 3 using the coordinates: 0.8 mm posterior
to bregma, 1.5 mm lateral to sagittal suture, 3.6 mm ventral by
Hamilton microsyringe using motorized integrated stereotaxic
injector system (Stoelting Co, USA) (Tota et al. 2012). To the
vehicle group rats, ICVaCSFwas injected in the same volume
(10 μl) as STZ on days 1 and 3.

Experimental protocol and administration of 5-HT6
ligands

The study was done with seven to eight rats per group. EMD-
386088 was dissolved in a normal saline and administered by
i.p. route, starting with the day of first dose ICV-STZ and given
1 h before STZ injection on day 1 and day 3. The control rats of
aCSF and STZ groups received normal saline. The effective dose
of EMD-386088 was derived by a dose response study at 1, 2.5,
and 5 mg/kg, i.p., in Social Recognition Test (SRT; as discussed
below,2.5.1.).AdministrationofEMD-386088at5mg/kg signif-
icantly prevented STZ-induced memory impairment in SRT,
while lower doses were found ineffective (data not shown).
Therefore, theeffectivedose5mg/kgwasused in assessingmem-
ory tasks. The 5-HT6 receptor antagonist SB-399885was admin-
isteredat10mg/kgorally twicedailyas reportedearlier (Hirstetal.

1558 Psychopharmacology (2018) 235:1557–1570



2006). The antioxidant, melatonin (10 mg/kg, i.p.), which is re-
ported to prevent ICV-STZ-induced memory impairment, was
used as reference standard (Saxena et al. 2010). Separate set of
allanimalgroupswasusedtoperformdifferentbehavioralstudies.
Figure 1 shows a diagrammatic representation of experimental
protocol for test compound administration, behavioral studies,
CBFmeasurement, and biochemical estimations.

Spontaneous locomotor activity

Spontaneous locomotoractivitywasassessed for10minbyplac-
ing rats in home-cage of Columbus Instruments (Opto-varimex,
Model-M4,USA), prior to the trial onmemory tasks.Agroup of
rats (n = 6) treated with d-amphetamine HCl (2 mg/kg, i.p.) was
used as reference standard (McKinzie et al. 2002).

Assessment of learning and memory in rats

Social recognition test to assess the efficacy of 5-HT6 ligands

Male young rats (225–250 g)were used to assess effect of 5-HT6
receptor agonist and antagonist on ICV STZ-induced social rec-
ognitionmemory impairment. The experiment was performed in
42ratsdividedintosixgroups(n = 7pergroup).Ratswerehoused
individually and testing was carried out in their home cages on

14th day after the 1st dose of ICV-STZ injection. An unfamiliar
juvenile rat (50–60 g)was used as social stimuli. This juvenile rat
was introduced to the home cage. The time spent by young rat in
overall social interaction with juvenile was recorded for 5-min
interval (SIT1).The juvenile ratwas thenseparated fromthehome
cage.After 2 h, the same juvenile ratwas reintroduced andoverall
investigation duration was recorded again during a second 5-min
trial (SIT2). A statistically significant reduction in social interac-
tion time in SIT2 in comparison to SIT1 using paired t test was
considered as successful social recognition by young rat (Griebel
et al. 2012). Recognition index (SIT2/SIT1) and % reduction in
social interaction time (%RSIT) were calculated.

%Reduction in Social Interaction Time %RSITð Þ
¼ SIT1−SIT2½ �=SIT1� 100

The recognition index and % RSIT were compared be-
tween the treatment groups by one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison test.

Novel object recognition test to assess the efficacy of 5-HT6
ligands

The NORTwas assessed from 14th day after the administering
first dose of ICV-STZ. The experiment was conducted in 40

Fig. 1 Experimental protocol and drug administration for evaluation of 5-
HT6 receptor agonist and antagonist in ICV-STZ-induced memory im-
pairment model. *Compounds or vehicle administration was started from
first dose of ICV-STZ and continued till the completion of behavioral
studies depending on the task. Locomotor activity was evaluated in all

the animal groups before initiation of behavioral studies. CBF was mea-
sured on day 15. Brains were collected for biochemical estimations on
days 14, 15, and 21 after the completion of NORT, passive avoidance, and
MWM tasks
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rats that were divided in to five groups (n = 8 per group). On
day 13, rats were acclimatized for 10 min to their testing
arenas and then returned to the respective home cages. On
day 14, the rats were subjected to familiarization phase.
During which, rats could explore for 5 min the arenas having
two similar objects. The time spent by rats with each object
was noted. After 2 h, the rats were subjected to choose trial for
a period of 5 min. Here, the rats could explore the arena in
which a copy of the familiar object is used along with a novel
object. A statistically significant increase (P < 0.05) in time
spent with the novel object in comparison familiar object dur-
ing choice (testing) by paired t test was considered as success-
ful recognition (Hirst et al. 2006; Liu et al. 2014). The dis-
crimination index (DI) as an index of recognition memory for
each animal calculated by using the formula:

Discrimination Index DIð Þ ¼ TNov−TFamð Þ=e2

where TNovis the duration of exploration of the novel object
in trial 2,TFam is the durationof explorationof familiar object in
trial 2, and e2 is the total exploration (TNov + TFam) in the trial 2.

The DI for the animals in different treatment group was
compared using one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison test.

Passive avoidance test to assess the efficacy of 5-HT6 ligands

Passive avoidance (PA) apparatus (TSE, Germany) consisted of
twoidentical lightanddarksquareboxesseparatedbyaguillotine
door. The test was performed from 14th day after first dose ICV-
STZ.The experimentwas performed in 40 rats thatwere divided
in to five groups (n = 8 per group). During acquisition trial, rats
were initially placed in the illuminated compartment. After an
acclimatizationperiodof50s, theguillotinedoorwasopenedand
closed automatically after entry of the rat into the dark compart-
ment. The animal received a low-intensity foot shock (0.8 mA,
3 s, once) in the dark compartment. Infrared sensors monitored
the transfer of the animal from one compartment to another,
which was recorded as transfer latency time (TLT) in seconds.
Then, the rat was removed and transferred to home cages. The
retention trial was given 24 h after the acquisition trial. The du-
ration of a trial was 300 s. A significant increase in TLT in reten-
tion trial in comparison to that of acquisition trialwas considered
as successful learning (Awasthi et al. 2010;Tota et al. 2009). The
TLT of retention trial was compared to acquisition trial using
paired t test. The TLT between different treatment groups was
comparedusingone-wayanalysisofvariance (ANOVA) follow-
ed by Tukey’s multiple comparison test.

Morris water maze test to assess the efficacy of 5-HT6 ligands

Ratsweresubjected toMorriswatermaze(MWM)test from14th
dayonwardafter theadministrationoffirstdoseofICV-STZ.The

experiment was performed in 42 rats that were divided in to six
groups (n = 7 per group). TheMWMconsists of a large circular
black pool of 200 cm diameter, 60 cm height, filled to a depth of
45 cmwithwater at 26 ± 2 °C (Panlab, Spain). A round platform
of16cmdiameterwasplaced1cmbelowthesurfaceofwater ina
constant position. The pool was divided into four hypothetical
quadrants. The animals could climb on the platform to escape
from the necessity of swimming. Data was acquired through a
video camera connected to the computerized tracking system
(VideoMot2, TSE,Germany) fixed above the center of the pool.
Trialswere given on 14th, 15th, and 21st day after first ICV-STZ
injection. Each rat was given a total three sessions of four trials
each. The rats were given a maximum time of 60 s, to find the
hidden platform and could stay on it for 20 s. Rats that failed to
locate the platform were put on it manually during first session
only (acquisition trial). Latency time to reach the platform was
recorded in each trial. A significant decrease in latency time of
retention trials in comparison to that of acquisition trial indicates
spatial learning (Totaet al. 2012).The latency time for ratswithin
the group and between the groupswas compared using one-way
analysis of variance (ANOVA) followed by Tukey’s multiple
comparison test. Also, data was analyzed by two-way ANOVA
followed by Bonferroni’s multiple comparison test for sessions
and groups as two factors (variables), respectively.

Measurement of cerebral blood flow to assess
the efficacy of 5-HT6 ligands

The CBF was measured by using laser Doppler flowmetry
(moor VMS-LDF, USA) on 15th day in the animals after
being tested for memory assessment in SRT. LDF qualitative-
ly measures CBF in arbitrary blood perfusion units (BPU)
(Tonnesen et al. 2005). One hour after administration of vehi-
cle or drugs (on 15th day), rats were anesthetized with chloral
hydrate (300 mg/kg, i.p.) and skull bone was exposed and
cleaned, and a 0.5-mm diameter micro-fiber laser doppler
probe was fixed on the skull (6 mm lateral and 1 mm posterior
of bregma) using brain ATLAS and Stoelting stereotaxic ap-
paratus. CBF was monitored within cortical region (Awasthi
et al. 2010; Tota et al. 2012). The results were expressed as
BPU. The BPU between different treated groups was com-
pared statistically using one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison test.

Biochemical estimation in brain tissues

Tissue collection and sample preparation for biochemical
estimations

Biochemical studies were done in rat brain regions (cortex and
hippocampus) after the completion of behavioral studies.
Brain regions of two rats from each group of animals subject-
ed to NORT, passive avoidance, and MWM tasks were
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utilized to estimate biochemical parameters. The brains were
collected on days 14, 15, and 21 after completion of respective
behavioral paradigms and stored at − 80 °C until estimation of
biochemical parameters. Rats were sacrificed with ether anes-
thesia and brain was quickly isolated, kept on ice-cold plate,
and then dissected into cerebral cortex and hippocampus as
described previously (Tota et al. 2012). A 10% w/v homoge-
nate of rat brain regions was prepared in sodium phosphate
buffer (0.03 M, pH 7.4) using Precellys Homogenizer (Bertin
Technologies, Germany).

Estimation of acetylcholinesterase activity in the brain

A 10% w/v homogenateof brain samples in0.1Msodiumphos-
phate buffer (pH 7.5) and centrifuged at 14,000 rpm at 4 °C in a
centrifuge (Eppendorf,USA) for5min.Supernatantwas collect-
ed and used for AChE estimation by Ellkman’smethod (Ellman
et al. 1961). Thekinetic profile of enzyme activitywasmeasured
at 412 nm in ELISA plate reader (Biotek, USA) using commer-
ciallyavailableassaykit (BioAssaySystems,USA).Thespecific
activity of AChE was expressed in μmoles/min/mg protein
(Awasthi et al. 2010; Tota et al. 2012).

Estimation of oxidative stress markers (MDA, GSH, and ROS)

Malondialdehyde (MDA), a lipid peroxidation marker, was esti-
mated in thebrain tissuesaccording to themethod reportedearlier.
Rat brain homogenate was mixed with 30% trichloroacetic acid
(TCA), 5 N HCl, and 2% thiobarbituric acid (TBA) in 0.5 N
NaOH. The mixture was heated at 90 °C for 15 min and centri-
fuged (Eppendorf,USA)at10,000rpmfor10min.Thepinkcolor
of the supernatantwas eluted in 96-well plate and absorbancewas
measured at 532 nm using ELISA plate reader (Biotek, USA).
MDA concentrationwas expressed as nmol/mg protein.

Glutathione (GSH), an endogenous antioxidant, was estimat-
ed by its reaction with 5,5′-dithiobis (2-nitrobenzoic acid)
(DTNB) to yield a yellow chromophore which was measured at
412nmbyusingELISAplate reader.Thebrainhomogenatewas
mixed with an equal amount of 10% TCA and centrifuged at
10,000 rpm for 10 min at 4 °C. To 0.1 ml of supernatant, 2 ml
ofphosphatebuffer (pH8.4), 0.5mlofDTNB(0.2%), and0.4ml
of distilled water were added and the mixture was shaken vigor-
ously on vortex. GSH concentration was expressed as μg/mg
protein (Awasthi et al. 2010; Pachauri et al. 2013).

Amount of ROS in rat brain regions was measured using a
fluorogenic dye 2′,7′-dichlorofluorescin–diacetate (DCF-
DA), which is deacetylated by cellular esterases to a non-
fluorescent compound, which is later oxidized by ROS into
highly fluorescent 2′,7′-dichlorofluorescein (DCF). In brief,
brain was homogenized in ice-cold 40 mM Tris-HCl buffer
(pH 7.4). The resulting brain homogenate was incubated with
DCF-DA (1.25 mM) for 15 min in a 37 °C water bath. The
formation of the fluorescent product DCF was monitored by a

fluorescence spectrometer (Biotek, USA) with excitation
wave length of 488 nm and emission wave length of 530 nm.

Estimation of brain-derived neurotrophic factor

Brain tissue(10%)homogenizedin0.5mlof lysisbuffer (100mM
HEPES pH 7, 500 mM NaCl, 0.2%, 0.1% Triton X-100, 2 mM
EDTA, 200μMPMSF, and protease inhibitor cocktail 0.1%) and
sonicated at power level 4 and pulses at 1 s intervals for 15 s. The
homogenatewasthencentrifugedat14,000rpmfor30minat4°C.
The resulting supernatantwasused forBDNFestimationbyusing
BDNFElisa kit (BosterBiological Technology,CA) according to
manufacturer instructions.

Protein estimation

Protein was measured in all brain samples (data not shown) by
using Bicinchoninic acid protein assay kit (#B9643, Sigma,
USA) with bovine serum albumin (BSA) as standard plot
(Lowry et al. 1951; Wang and Smith 1975).

Statistical analysis

The results were expressed as mean ± SEM. Statistical com-
parison between two trial of same group in SRT, NORT, and
passive avoidance tests was done by paired t test while one-
way analysis of variance (ANOVA) followed by Tukey’s mul-
tiple comparison test was employed to compare the data be-
tween groups. Analysis of MWM data within each group (be-
tween sessions) was carried out by one-way ANOVA follow-
ed by Tukey’s multiple comparisons and, within and between
the groups by two-way ANOVA followed by Bonferroni’s
multiple comparison test considering session and group as
two factors (variables). Cerebral blood flow and biochemical
parameter data was compared by one-way ANOVA followed
by Tukey’s multiple comparison test. The data were checked
by extreme studentized deviate method using GraphPad soft-
ware to determine whether the data set contains any significant
outlier, which were removed. All statistical comparisons were
performed using GraphPad Prism version 5.0, GraphPad
Software, USA.

Results

Effect of EMD-386088 and SB-399885 on spontaneous
locomotor activity

Spontaneous locomotor activity was assessed in all the
animal groups before the initiation of behavioral studies.
No significant change in ambulatory counts and total
counts were observed in treated groups in comparison to
control indicating no change in animal locomotion. On
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the other hand, d-amphetamine HCl caused significant
increase in locomotor counts confirming the validity of
the procedure (data not shown).

Effect of EMD-386088 and SB-399885
on ICV-STZ-induced memory impairment in social
recognition test (SRT)

The memory function in SRTwas evaluated on 14th day after
1st ICV injection of STZ in rats. The social investigation time
during trial 2 (SIT2) was significantly (P < 0.05) reduced in
comparison to that of trial 1 (SIT1) in control and vehicle
(aCSF, ICV) treated rats indicating successful learning of task.
Administration of ICV-STZ caused memory impairment as
shown by no significant (P > 0.05) change in the SIT2 in

comparison to SIT1. Treatment with EMD-386088 at 5 mg/
kg dose prevented STZ-induced memory deficit in SRT as
indicated by significant decrease (P < 0.01) in SIT2 when
compared with SIT1. However, lower doses (1 and 2.5 mg/
kg) of EMD-386088 failed to prevent STZ-induced memory
impairment in rats (data not shown). Further, SB-399885 sig-
nificantly (P < 0.001) decreased SIT2 in comparison to SIT1
indicating amelioration of ICV-STZ-induced memory deficit.
The reference standard melatonin prevented STZ-induced
memory impairment as shown by significant (P < 0.01) de-
crease in SIT2 (Fig. 2a). Further, there was a significant dif-
ference in the %RSIT [F (5, 36) = 6.86, P < 0.001] and recog-
nition index [F (5, 36) = 6.88, P < 0.001] of control, vehicle,
EMD-386088, SB-399885, and melatonin-treated groups in
comparison to ICV-STZ group (Fig. 2b, c).
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Effect of EMD-386088 and SB-399885
on ICV-STZ-induced memory impairment in novel
object recognition test

ICV-STZ impaired responding in the NOR test as indicated by
failure todiscriminatebetweenafamiliarandanovelobjectduring
choice trial done 2 h after familiarization phase. In vehicle-treated
rats, a significant increase (P < 0.01) in exploration time towards
novel object was seen in comparison to that of familiar object.

Administration of EMD-386088 prevented ICV-STZ-induced
memory deficit as shown by significant increase (P < 0.01) in
exploration time of novel object. Similarly, SB-399885 caused
significant increase (P < 0.01) in exploration time of novel object
in comparison to that of familiar object. Melatonin improved
memory in ICV-STZ-treatedrats significantly (P < 0.01) inexplo-
ration time for novel object in comparison to the familiar one (Fig.
3a). Similar results were obtainedwhen results were expressed as
discrimination index [F (4, 35) = 4.69,P < 0.01; Fig. 3b].
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compared to exploration time of familiar object during testing phase of
respective groups. a P < 0.01as compared to vehicle control, bP < 0.01 as
compared to ICV-STZ group
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Effect of EMD-386088 and SB-399885
on ICV-STZ-induced memory impairment in passive
avoidance test

The transfer latency time (TLT) was significantly
(P < 0.01) increased during retention trial as compared to
the acquisition trial in vehicle-treated rats. ICV-STZ
caused memory impairment as shown by no significant
(P > 0.05) change in the TLT of the retention trial as com-
pared to the acquisition trial. Administration of EMD-
386088 and SB-399885 for 14 days improved memory
function in ICV-STZ rats. As shown in Fig. 4, there was
a significant increase (P < 0.01) in TLT of retention trial in
EMD-386088 and SB-399885-treated groups. Further,
melatonin also improved memory in ICV-STZ-treated
rats. The latency time in retention trial of vehicle control,
EMD-386088, SB-399885, and melatonin groups was sig-
nificantly higher [F (4, 34) = 6.85, P < 0.01] than ICV-STZ-
treated group indicating improvement of memory (Fig. 4).

Effect of EMD-386088 and SB-399885on
ICV-STZ-induced memory impairment in Morris water
maze test

As shown in Fig. 5, normal control [F (2, 81) = 6.75, P < 0.01]
and vehicle control [F (2, 81) = 6.43, P < 0.01] groups showed a
significant decrease in latency time during 2nd and 3rd ses-
sions in comparison to session 1. However, no significant
decrease in latency time [F (2, 81) = 0.06, P > 0.05] was ob-
served throughout all the sessions in ICV-STZ-treated ani-
mals. EMD-386088 administration has prevented STZ-
induced memory impairment in MWM task as shown by sig-
nificant reduction in latency to reach hidden platform from
session 2 onwards in comparison to session 1 [F (2, 81) =
6.70, P < 0.01]. Similarly, SB-399885 significantly decreased

[F (2, 81) = 5.67, P < 0.01] latency to reach platform in STZ-
treated rats from session 2 onwards. Melatonin also signifi-
cantly decreased [F (2, 81) = 6.36, P < 0.01] latency time in
ICV-STZ-injected animals indicating prevention of memory
deficit. Data was analyzed by one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison test.

Also, data was analyzed by two-way ANOVA followed by
Bonferroni’s multiple comparison test showed [F (2, 108) =
27.87, P < 0.001] and [F (5, 108), P < 0.001] for sessions and
groups as two factors (variables), respectively.

Effect of EMD-386088 and SB-399885 on cerebral
blood flow in rats

Cerebral blood flow (CBF) was measured on 15th day after the
first dose of ICV-STZ administration in the rats subjected to SRT.
ICV-STZcausedasignificant reduction(p < 0.01) inCBFincom-
parison to vehicle group. Chronic treatment with EMD-386088,
SB-399885,andmelatonin[F(4,30) = 16.03,P < 0.001]attenuated
STZ-induced reduction in CBF in rats (Fig. 6).

Changes in the biochemical parameters

Effect of 5-HT6 ligands on acetylcholinesterase activity
in brains of ICV-STZ rats

Acetylcholinesterase (AChE) activity was measured in cortex
and hippocampus after the completion of behavioral studies.
As shown in Fig. 7, AChE activity was significantly increased
in cortex (P < 0.05) and hippocampus (P < 0.05) of ICV-STZ-
treated rat in comparison to vehicle group. Administration of
EMD-386088 and SB-399885 caused numerically lower
AChE activity in ICV-STZ-treated rat brain regions while
melatonin significantly prevented ICV-STZ-induced rise in
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Fig. 4 Effect of 5-HT6 receptor agonist and antagonist on ICV-STZ-
induced memory impairment in rats using passive avoidance test.
Results were expressed as mean ± SEM (n = 7–8). Data was analyzed
by paired t test and one-way analysis of variance (ANOVA) followed

by Tukey’s multiple comparison test. ***P < 0.001 as compared to reten-
tion trial of STZ group; a P < 0.05 as compared to retention trial of vehicle
control; b P < 0.01 as compared to transfer latency time of acquisition
trial of respective group
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AChE activity in both cortex [F (4, 25) = 3.63, P < 0.05] and
hippocampus [F (4, 25) = 4.21, P < 0.05].

Effect of 5-HT6 ligands on oxidative stress (MDA, GSH,
and ROS) in the brains of ICV-STZ rats

ICV-STZ causedoxidative stress in cortex andhippocampus of
rats. There was significant rise of MDA and ROS, and signifi-
cant reduction inGSH (P < 0.05) in comparison to vehicle con-
trol group. Administration of EMD-386088, SB-399885, and
melatonin prevented STZ-induced oxidative stress. Both com-
pounds are equipotent in alleviating oxidative stress and they
are comparable to that of melatonin (Tables 1 and 2).

Effect of 5-HT6 ligands on brain-derived neurotrophic factor
in the brains of ICV-STZ rats

BDNF level was significantly reduced in cortex and hippo-
campus of ICV-STZ rats as compared to vehicle control
group. Administration of EMD-386088, SB-399885, andmel-
atonin significantly prevented ICV-STZ-induced reduction in
BDNF (Tables 1 and 2).

Discussion

The role of 5-HT6 receptors in cognitive functions has been
well documented. Several preclinical studies have shown the
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induced memory impairment in rats using Morris water maze test.
Results were expressed as mean ± SEM (n = 7). Data was analyzed by
one-way analysis of variance (ANOVA) followed by Tukey’s multiple
comparison test. **P < 0.01 and *P < 0.05 as compared to session 1 of
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multiple comparison test considering session and group as two factors
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Fig. 6 Effect of 5-HT6 receptor
agonist and antagonist on cerebral
blood flow in ICV-STZ-treated
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mean blood perfusion units
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Tukey’s multiple comparison test.
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hicle control and b P < 0.001 as
compared to ICV-STZ group
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beneficial effects of 5-HT6 receptor antagonists in models of
memory impairment using different behavioral tasks (de
Bruin et al. 2011; Hirst et al. 2006; King et al. 2004; Lieben
et al. 2005; Rogers and Hagan 2001; Schaffhauser et al. 2009;
Schreiber et al. 2007; Woolley et al. 2001). Accordingly, it
was hypothesized that 5-HT6 receptor agonists would have
opposing effects to the antagonists and impair learning and
memory (Fone 2008; King et al. 2008). However, this as-
sumption was disproved by initial preclinical studies
(Burnham et al. 2010; Kendall et al. 2011; Loiseau et al.
2008; Meneses et al. 2008). Therefore, the present study in-
vestigated effect of chronic treatment with 5-HT6 receptor
agonist, EMD-386088, and antagonist, SB-399885, on mem-
ory impairment in rats induced by ICV-STZ. Upon ICV ad-
ministration of STZ, rats exhibited memory impairment when
they are tested for their behavioral paradigms byMorris water
maze (MWM), novel object recognition (NOR), passive
avoidance (PA), and social recognition tests (SRT).

In SRT, control and aCSF (vehicle of STZ)-treated rats
showed significant reduction in social investigation time in
trial 2 indicating successful learning of the task. However,
ICV-STZ-treated rats showed higher recognition index
(SIT2/SIT1) indicating impairment of memory. In NOR test,
vehicle control rats showed higher preference towards novel

object while ICV-STZ rats had poor discrimination index (Liu
et al. 2014; Shoham et al. 2007). Confirming previous studies
elsewhere, ICV-STZ-treated rats showed impairment in mem-
ory as indicated by no significant changes in transfer latency
time and escape latency time in PA and MWM tests, respec-
tively (Awasthi et al. 2010; Pachauri et al. 2013; Tota et al.
2010; Tota et al. 2009; Tota et al. 2012; Tota et al. 2011). An
antioxidant melatonin was used as a reference standard, and it
was found that melatonin prevented ICV-STZ-induced mem-
ory impairment in all the behavioral paradigms. It was also
confirmed that the anti-dementia effects of EMD-386088 and
SB-399885 were not associated with any change in locomotor
activity (data not shown).

The results obtained for 5-HT6 ligands EMD-386088 and
SB-399885 matches with the reported preclinical studies on
modulation of 5-HT6 receptor function restore drug-induced,
neurodevelopmental-, or age-related memory impairment or
time-dependent natural forgetting in rodents (Arnt et al. 2010;
Da Silva Costa-Aze et al. 2012; de Bruin et al. 2011; Fone
2008; Hirst et al. 2006; King et al. 2004; King et al. 2009;
Schreiber et al. 2007; Woods et al. 2012; Woolley et al. 2001).
The ICV injection of STZ caused disruption in social behavior
and social recognition as tested in SRTwhich takes advantage
of the spontaneous behavior of rats to investigate conspecifics
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Fig. 7 Effect of 5-HT6 receptor
agonist and antagonist on AChE
activity in ICV-STZ-treated rats.
Results were expressed as mean
AChE activity ± SEM (n = 6).
Data were analyzed by one-way
analysis of variance (ANOVA)
followed by Tukey’s multiple
comparison test. #P < 0.05, in
comparison to vehicle control
group and *P < 0.05 in compari-
son to ICV-STZ group

Table 1 Oxidative stress markers and BDNF in cortex of ICV-STZ rats

Groups MDA (nmol/mg protein) GSH (μg/mg protein) ROS (RFU) BDNF (pg/mg protein)

Vehicle control 32.0 ± 3.7 394.8 ± 43.5 3806.3 ± 421.1 57.4 ± 5.6

ICV-STZ 52.1 ± 2.7### 191.7 ± 7.6### 19,107.7 ± 3847.0## 37.7 ± 3.5#

EMD-386088 + ICV-STZ 34.9 ± 2.7** 344.8 ± 15.3** 7689.8 ± 2327.3 53.7 ± 1.6

SB-399885 + ICV-STZ 37.4 ± 2.7* 355.9 ± 37.1** 6861.2 ± 1754.5* 53.6 ± 4.5

Melatonin + ICV-STZ 34.5 ± 2.9** 403.0 ± 26.1*** 5730.5 ± 1116.2* 56.1 ± 4.7*

Values were expressed as mean ± SEM (n = 6). Data analyzed using one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison
test. #P < 0.05, ##P < 0.01, and ###P < 0.001 vs vehicle control group and *P < 0.05, **P < 0.01, and ***P < 0.001 vs ICV-STZ group

GSH glutathione, MDA malondialdehyde, ROS reactive oxygen species, RFU relative fluorescence units, BDNF brain-derived neurotrophic factor
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(Kaidanovich-Beilin et al. 2011). EMD-386088 at 5-mg/kg
dose caused significant reduction in social interaction time
in trial 2 in comparison to trial 1 indicating prevention of
ICV-STZ-induced memory deficit. Similarly, SB-399885
was administered at 10 mg/kg, p.o., b.i.d. prevented ICV-
STZ-induced memory deficit in SRT as reported elsewhere
(Hirst et al. 2006). Hence, in the present study, all the other
behavioral, biochemical, and CBF studies were conducted
using EMD-386088 at 5 mg/kg and SB-399885 at 10 mg/
kg. This result with EMD-386088 is inconsistent with a pre-
vious report, showing impaired social recognition in normal
adult rats by 5-HT6 receptor agonist WAY 181187 (Loiseau
et al. 2008). The discrepancy between these results might be
because of difference in the experimental designs. Loiseau
et al. (2008) injected WAY 181187 directly into frontal cortex
and studied the effect in normal adult rats whereas we admin-
istered EMD-386088 for longer duration and evaluated the
effect in memory deficit rats. The effect of SB-399885 in
SRT greatly confirms and extends previous observations that
5-HT6 receptor antagonist reversed social recognition deficits
in rodent models (de Bruin and Kruse 2015). In passive avoid-
ance test, which can also be explained as fear-motivated be-
havioral paradigm, both EMD-386088 and SB-399885 atten-
uated ICV-STZ-induced memory impairment. These results
are in agreement with earlier studies reported with 5-HT6
receptor ligands in scopolamine model (Pereira et al. 2015;
Woods et al. 2012).

In MWM, EMD-386088 and SB-399885 significantly
decreased time to reach hidden platform in ICV-STZ rats
suggesting improvement in spatial visual learning and
memory. This observation for SB-399885 is consistent
with the previous studies of 5-HT6 receptor antagonists
in scopolamine model of amnesia (Hirst et al. 2006;
Rogers and Hagan 2001; Woolley et al. 2001). Previous
studies reported that 5-HT6 receptor agonist (Kendall
et al. 2011) and antagonists (de Bruin et al. 2011; Hirst
et al. 2006; King et al. 2004; Lieben et al. 2005) elicit
pro-cognitive effects in novel object recognition, a non-
spatial visual learning, and memory test. This type of find-
ing was also reported by Woods et al. (2012), using

conditioned emotion response paradigm in rodents. The
author reported that 5-HT6 receptor agonist and antago-
nists enhance memory through modulation of cholinergic
and glutamatergic mechanisms (Woods et al. 2012). The
exact mechanism for these paradoxically similar effects
of agonist and antagonist is not completely understood so
far. However, it was hypothesized that agonists and antag-
onists act differentially in different neuronal populations
and may enhance glutamate function and cholinergic neu-
rotransmission in the cortex and/or hippocampus produc-
ing similar beneficial effects on learning and memory
(Woods et al. 2012).

Another mechanism for paradoxically similar effects of
agonist/antagonists could be related to the presence of alter-
native biochemical pathways activated by 5-HT6 receptors.
Selective binding of 5-HT to Gs-protein coupled 5-HT4, 5-
HT6, and 5-HT7 receptors activates protein kinase A (PKA),
which in turn activates extracellular signal-regulated kinases
(ERK) and MEK (MAPkinase-ERK kinase) signaling, the
process is said to be important in the physiological protection
of memory loss (Fisher et al. 2016). In addition to Gαs cou-
pling, 5-HT6 receptors are also coupled to Gαi/o or Gαq
subunits and to Ca2+ signaling (Ramirez 2013). Similar pro-
tective effects were also observed in our recent study where
both ligands protected PC-12 cell lines from amyloid-β in-
duced toxicity (Bokare et al. 2017).

There was a significant reduction in cerebral blood flow
(CBF) in ICV-STZ-rats as measured by Laser doppler
flowmetry (Tota et al. 2010). This finding is substantiated
by many clinical studies which suggest alteration in cere-
bral microcirculation in patients with AD, probably due to
vascular amyloidosis, oxidative stress, and endothelial
dysfunction causing restriction of blood flow to the brain
(Crawford 1996). In the present study, administration of
ICV-STZ produced oxidative stress as shown by signifi-
cant increase in cortical and hippocampal MDA and
ROS, and decrease in GSH. This is a well-established fact
that ICV-STZ cause oxidative stress in brain due to im-
paired glucose utilization and altered brain energy metab-
olism (Tota et al. 2011). This increase in oxidative stress

Table 2 Oxidative stress markers and BDNF in hippocampus of ICV-STZ rats

Groups MDA (nmol/mg protein) GSH (μg/mg protein) ROS (RFU) BDNF (pg/mg protein)

Vehicle control 36.0 ± 4.7 350.2 ± 21.6 3479.2 ± 408.0 71.3 ± 3.6

ICV-STZ 58.9 ± 5.5## 207.6 ± 22.5## 22,753.0 ± 6763.1# 41.8 ± 4.9###

EMD-386088 + ICV-STZ 36.5 ± 1.8** 349.8 ± 22.3* 8131.0 ± 457.0 47.8 ± 4.9*

SB-399885 + ICV-STZ 36.7 ± 1.7** 313.9 ± 22.3*** 7006.0 ± 823.8* 57.7 ± 3.9

Melatonin + ICV-STZ 35.5 ± 2.9*** 357.2 ± 16.4*** 6351.7 ± 626.1* 65.3 ± 2.9**

Values were expressed as mean ± SEM (n = 6). Data analyzed by using one-way analysis of variance (ANOVA) followed by Tukey’s multiple com-
parison test. #P < 0.05, ##P < 0.01, and ###P < 0.001 vs vehicle control group and *P < 0.05, **P < 0.01, and ***P < 0.001 vs ICV-STZ group

GSH glutathione, MDA malondialdehyde, ROS reactive oxygen species, RFU relative fluorescence units, BDNF brain-derived neurotrophic factor
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leads to cerebral endothelial dysfunction causing reduced
cerebral circulation which in turn collectively responsible
for memory impairment (Cai and Harrison 2000; Massaad
2011; Nash and Fillit 2006). Chronic treatment with 5-HT6
receptor agonist and antagonist decrease oxidative stress in
rat brain cortex and hippocampus. Further, both the com-
pounds significantly prevented ICV-STZ-induced impair-
ment in CBF. However, per se administration of 5-HT6
receptor agonist and antagonist had no significant effect
on CBF in comparison to control animals (data not shown).

Acetylcholine is an important neurotransmitter which is
degraded by the enzyme AChE and AChE inhibitors are the
most effective pharmacological approach for the manage-
ment of AD. In the present study, STZ caused increase in
AChE-activity in cortex and hippocampus of rats indicating
cholinergic dysfunction. These observations are consistent
with number of previous studies (Awasthi et al. 2010;
Pachauri et al. 2013; Tota et al. 2010; Tota et al. 2009; Tota
et al. 2011). 5-HT6 receptor ligands prevented STZ-induced
elevation in AChE activity. The brain-derived neurotrophic
factor (BDNF) is involved in regulation of the survival and
differentiation of neuronal populations during development
(Huang and Reichardt 2001). BDNF regulates the structure
and functions of different neuronal circuits throughout life
and is one of themost importantmolecules involved in learn-
ing and memory processes. The selective 5-HT6 receptor
agonist LY-586713 was reported to increase expression of
frontal corticalBDNFand these effectswere not antagonized
by 5-HT6 receptor antagonist (de Foubert et al. 2007). In the
present study, EMD-386088 and SB-399885 prevented the
reduction of BDNF in both cortex and hippocampus. All the
biochemical measurements were expressed as units/mg pro-
tein, and we did not find any difference in the mean protein
content between groups (data not shown). Thus, the 5-HT6
ligands are beneficial in improving memory by their
wholistic properties such as modulating BDNF, AChE, oxi-
dative stress, and alleviated cerebral circulation apart from
signaling through the receptors.

Conclusion

The 5-HT6 receptor modulation prevents ICV-STZ-
induced memory impairment in rats through reducing ox-
idative stress, cholinergic dysfunction, impairment in ce-
rebral circulation, and BDNF. These findings corroborated
earlier reports showing pro-cognitive effects of both 5-
HT6 receptor agonists and antagonist in rodent models.
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