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Abstract

This study aimed to analyze whether taurine has a nootropic effect on short-term and long-term memory in a model of
sporadic dementia of the Alzheimer’s type (SDAT). Moreover, we evaluated the immunoreactivity and insulin receptor
(IR) distribution and markers for neurons and glial cells in the hippocampus of rats with SDAT and treated with taurine.
For this, Male Wistar rats received STZ (ICV, 3 mg/kg, bilateral, Sul per site, aCFS vehicle) and were treated with taurine
(100 mg/kg orally, 1 time per day, saline vehicle) for 25 days. The animals were divided into 4 groups: vehicle (VE),
taurine (TAU), ICV-STZ (STZ) and ICV-STZ plus taurine (STZ+ TAU). At the end of taurine treatment, short- and long-
term memory were assessed by performance on object recognition and Y-maze tasks. Insulin receptor (IR) was evalu-
ated by immunoperoxidase while mature neurons (NeuN), astrocytes (GFAP, S100B, SOX9), and microglia (Iba-1) were
evaluated by immunofluorescence. STZ induced worse spatial and recognition memory (INDEX) in YM and ORT tasks.
Taurine protected against STZ-induced memory impairment. SDAT reduced the population of mature neurons as well as
increased astrocytic and microglial reactivity, and taurine protected against these STZ-induced effects, mainly in the CA1
region of the hippocampus. Taurine increases IR expression in the hippocampus, and protects against the reduction in the
density of this receptor in CA1 induced by STZ. In conclusion, these findings demonstrate that taurine is able to enhance
memory, up-regulates IR in the hippocampus, protects the neuron population, and reduces the astrogliosis found in SDAT.
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Introduction

Taurine (2-aminoethansulfolic acid) is an amino acid
formed by the decarboxylation of cysteine, abundant in
animal tissues, especially in heart and brain tissues. Tau-
rine is related to numerous physiological functions such
as: maintaining membrane stability, osmoregulation, cal-
cium mobilization, detoxification, neurotransmission, and
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anti-inflammatory properties among others [1]. In nervous
tissue, taurine is beneficial, having its neuroprotective activ-
ity already proven in some models for stroke generated by
ischemia and for inflammatory processes [2—4]. In the cer-
ebellum, this compound has shown antiapoptotic activity
by suppressing glial cell reactivity [5], as well as protect-
ing neurons and memory in cases of neuropathy caused by
hyperglycemia [6].

Alzheimer’s disease (AD) is characterized as demen-
tia that progressively alters memory, thinking, and behav-
ior, preventing the individual from performing everyday
tasks [7, 8]. The biochemistry of the pathology is complex,
involving a deficient vascular system, networks of excit-
atory and inhibitory neurons, microglia, astroglia, and oli-
godendrocytes that lose their homeostasis [9].

Astrocytes are versatile glial cells and are widely stud-
ied in AD. Astrocytes maintain numerous cytoplasmic

@ Springer


http://orcid.org/0000-0002-4929-5626
http://orcid.org/0000-0002-9574-4007
http://orcid.org/0000-0001-7950-6028
http://orcid.org/0000-0002-6866-946X
http://orcid.org/0000-0002-5574-4707
http://orcid.org/0000-0003-4234-797X
http://crossmark.crossref.org/dialog/?doi=10.1007/s11010-023-04872-3&domain=pdf&date_stamp=2023-10-23

Molecular and Cellular Biochemistry

processes that make contact with synapses in the hippocam-
pus. Their prolongations also come into contact with blood
vessels and express receptors for many neurotransmitters.
It has been described that these astrocytic extensions have
an active role in synapse formation: controlling, regulating,
and integrating numerous processes involving glia and neu-
ron [10]. In AD, reactive astroglia are observed, with hyper-
trophic astrocytes that end up expressing increased glial
fibrillary acidic protein (GFAP), as well as calcium-binding
protein (S10083), which when at high levels acts as a pro-
inflammatory cytokine exacerbating neuroinflammation,
and its increase has been related to AD. Astroglia express
an important transcription factor called SOX9, a nuclear
marker of adult astrocytes outside the neurogenic region,
which allows more objective quantification of the popula-
tion of adult astrocytes [11-13].

Changes in microglia are also observed in AD. These
cells are responsible for phagocytosis and protection in the
central nervous system (CNS), being directly related to neu-
roinflammation. It is known that microglia also maintain the
plasticity of neuronal circuits, helping in the remodeling of
synapses. When cell death occurs, or deposition of altered
proteins, microglia migrate to the site of injury to perform
cleaning and phagocytosis, and initiate an innate immune
response process, increasing the expression of the ionized
calcium-binding adapter molecule 1 (Iba-1) [14, 15]. The
association of astrogliosis and increased microglial reactiv-
ity results in the production of numerous cytokines, interleu-
kins, nitric oxide, and other potentially cytotoxic molecules.
In addition, the presence of B-amyloid plaques exacerbates
neuroinflammation, especially in the regions of the hippo-
campus, responsible for learning and memory [16, 17].

In AD, an impairment in glucose uptake and cerebral
metabolism is observed, due to decreased signaling of insu-
lin and glucose transporters in the brain [18]. Streptozoto-
cin (STZ) is a diabetogenic agent used to cause a state of
insulin resistance in the nervous tissue of animals, induce
neuroinflammation, and even the appearance of amyloid
plaques [19]. Based on this evidence, the intracerebro-
ventricular (ICV) administration of STZ has been used as
a preclinical model for AD, and mimics the initial stages
of sporadic dementia, described as sporadic dementia of
the Alzheimer type (SDAT), characterized by a worsening
temporary impairment of memory and impairment of brain
energy metabolism and changes in hippocampal neuronal
populations [19, 20].

Here we investigate the underlying mechanism of cog-
nitive improvement and neuronal and glial regulation by
administration of taurine in a pre-clinic model of AD. We
showed that taurine recovers memory and protects mature
neurons from damage induced by SDAT. Subsequently, tau-
rine improves the neuroinflammation environment in the
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hippocampus regulated by glial cells and increases per se
the expression of the IR but not in SDAT. These findings
implicate taurine protects against cognitive deficits, astro-
gliosis, and neuroinflammation present in SDAT.

Materials and methods
Chemicals

Taurine, streptozotocin (STZ), albumin, paraformaldehyde,
and DAPI di-hydrochloride were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). All other reagents
used in the detailed experiments were of analytical grade
and had the highest purity.

Animals

Adult male Wistar rats (60 days, 250-300 g) were provided
by the Central Animal House of the Federal University of
Health Sciences of Porto Alegre. The animals were kept
in cages under standard temperature (23+1 °C), relative
humidity (45-55%), and lighting conditions (12 h light/
dark cycle) and with free access to standard rodent pelleted
diet and water ad libitum. This study was conducted under
the policies stipulated in the Guide for the Care and Use
of Laboratory Animals (NIH) from the Committee of Eth-
ics and Animal Experimentation of the Federal University
of Health Sciences of Porto Alegre, Brazil, under protocol
number CEUA 488-2016, approved all animal procedures.
The use of animals was following the Brazilian Guidelines
for the Care and Use of Animals in Scientific Research
Activities (DBCA), which is in agreement with the National
Council of Control of Animal Experimentation (CONCEA).
The animals were handled by international laws for the ethi-
cal care and handling of laboratory animals (Guidelines of
the Council of the European Communities of 22 September
2010, 2010/63/EU and Law 11.794/08).

Intracerebroventricular Injection of Streptozotocin

The animals were anesthetized with ketamine (75 mg/kg)
and xylazine (10 mg/kg) for all surgical procedures. The
head was placed in position in the stereotaxic apparatus,
and a midline sagittal incision was made in the scalp of each
animal. The stereotaxic coordinates for the lateral ventricle
were measured accurately as anteroposterior—0.8 mm,
lateral 1.5 mm, and dorsoventral —4.0 mm, relative to the
bregma and ventral from the dura with the tooth bar set at
0 mm [21]. Through a skull hole, the piston of a 28-gauge
Hamilton® syringe of 10 pl attached to a stereotaxic appa-
ratus was lowered manually into each lateral ventricle.
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The SDAT groups received an ICV injection of STZ 3 mg/
kg body weight dissolved in artificial cerebrospinal fluid
(aCSF) (5 pl/ventricle). This dose/volume has already been
pre-established in previous work of the authors as well as
described by other research groups as being effective in the
development of the dementia-related cognitive deficit [22,
23]. Vehicle animals received only aCSF (147 mM NacCl,
2.9 mM KCI; 1.6 mM MgCl, 1.7 mM CaCl, and 2.2 mM
dextrose, pH 7.4). After, the animals regained conscious-
ness after the surgery; they were placed back in the housing
box with water and food ad libitum. During two consecutive
days, the animals received analgesic treatment with Keto-
profen i.p. at a dose of 10-20 mg/kg to avoid any painful
discomfort.

Taurine treatment

The animals were treated for 25 days with taurine, orally,
once a day, at a dose of 100 mg/kg. Taurine was dissolved
in 0.9% saline. The vehicle group received only saline solu-
tion orally and was administered in a volume equal to 1 ml/
kg orally.

)
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- STZ 3mg/kg or Saline Tmi/kg
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The animals were divided into four groups (n=10 each):
vehicle (VE); taurine (TAU, 100 mg/kg), STZ (3 mg/kg),
and STZ +taurine (STZ+TAU) (Fig. 1). The body weight
of the animals was evaluated weekly during the experimen-
tal period. The taurine dose was chosen based on previous
studies indicating neuroprotection [5].

Behavioral evaluation
Open-field test

Twenty-one days after the surgical procedure, the locomotor
behavioral tests were performed using an open-field appa-
ratus as described previously by Pacheco et al. (2018). The
open-field test was realized in an apparatus consisting of a
box with the floor of the arena divided into 16 equal squares
(18%18 cm) and placed in a sound-free room. Animals
were placed in the posterior left square and were allowed
to freely explore for 5 min. The number of squares crossed
with all paws (crossing) was counted manually. The appa-
ratus was cleaned up with a 30% ethanol solution and dried
after each rat session. This test was performed to identify
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Fig. 1 Scheme of the protocol used to induce the experimental model
of sporadic dementia of Alzheimer’s type in rats treated for 25 days
with taurine (orally, once a day). STZ: streptozotocin; aCFS: artificial
cerebrospinal fluid; SDAT: sporadic dementia of Alzheimer’s type;
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ICV: intracerebroventricular PAF: paraformaldehyde; GFAP: glial
fibrillary acidic protein; Iba-1: ionized calcium-binding adapter mol-
ecule 1; IR-o: insulin receptor; S100f: calcium-binding protein; SOX-
9: transcription factor 9
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motor disabilities that might influence the other behavioral
tests performed.

Y-maze test

Spatial memory was evaluated in the apparatus that had
three arms: the start arm, in which rats were placed to start
to explore (always open); the novel arm, which was blocked
during the training session, but open during the test session;
and familiar arm (always open). In the training session, the
animals were placed in the apparatus on the start arm and
were free to explore only the start arm and familiar arm
for 5 min. The novel arm remained blocked throughout the
training session. After 24 h, the test session was performed
with access to the novel arm the animal could freely explore
all three arms over a 5-min period.

The apparatus was cleaned with 30% ethanol after each
session. The time spent and the number of entries in each
arm were determined, and the results were expressed as the
number of entries and time spent on the arms [24].

Object recognition test (OR)

The object recognition test (OR) was performed to assess
declarative memory in rodents, which is based on the ani-
mals’ natural tendency to explore the new object more than
the familiar one, in a known context [25]. The task was per-
formed in a wooden box 60 cm wide, 60 cm long, and 60 cm
high with three walls painted black. The task consisted of
habituation, training, and testing sessions. In habituation,
the animals were placed in the apparatus to explore freely
for 10 min in the absence of objects. Twenty-four hours
later, in the training session, the animals were placed, for
10 min, in the presence of two identical objects (objects A1l
and A2), where they were positioned on two adjacent sides.
Exploration time was determined when the animal touched
its nose or came close to the object (at a distance of less than
2 cm). Treatment with the vehicle (saline), taurine (100 mg/
kg) was performed 2 h before training. The test session was
performed 4 h (short-term memory) and 24 h after train-
ing (long-term memory) in the same session, the rats were
left for 10 min in the apparatus to explore, and one of the
familiar objects used during training was replaced by a new
object (object A, B-4 h or C-24 h). All objects are of similar
size and odorless plastic, but the color and shape are differ-
ent for each test. Objects and fields were cleaned with a 30%
ethanol solution. The total time spent smelling or touching
each object with the nose and/or forepaws and the number
of crossing and rearing were recorded. Recognition memory
was evaluated by a discrimination index (%), calculated as
the difference between the time spent exploring a new object
(B or C) and the familiar one (A) x 100, divided by the sum
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between the times spent exploring the object new (B or C)
and the familiar (A): ([(new T.B or C — familiar T.A) / (new
T.B or C + familiar T.A)] /100).

Preparation of samples forimmunohistochemistry
assays

On day 25, the animals were deeply anesthetized with an
i.p. injection of ketamine (80 mg/kg; Syntech) and xylazine
(5 mg/kg; Syntech 2%) and transcardially perfused with
saline 0.9% (during 10 min) and 4% paraformaldehyde
(PFA, during 30 min) in 1% phosphate-buffered saline (PBS
at pH 7.4). The brains were post-fixed in 4% PFA (24 h) and
transferred to a solution of 30% sucrose in PBS-1% until
total submersion [5]. Then, the frozen fixed brains were sec-
tioned (5 and 16 um coronal sections) using a cryostat Leica
CM3050S (Leica Microsystem, German). Next, the sections
were mounted on slides coated with 2% gelatin plus 0.08%
chromalin (chromium and potassium sulfate, from Sigma-
Aldrich, Brazil) and finally allowed to dry at room tempera-
ture for 24 h. At last, all sections were stored at -20 °C until
use.

Immunohistochemistry and immunofluorescence
analysis

Firstly, the samples, still frozen, were washed with cold
acetone for 10 min, under agitation. Then, the acetone was
allowed to evaporate; the sections were washed in PBS
twice (10 min) and blocked/permeabilized with 5% bovine
serum albumin (BSA) and PBS plus 0.1% Triton X-100 (Tx)
for 2 h at room temperature (RT). Sections were incubated
with primary antibodies diluted in 5% BSA solution: Rab-
bit anti-Iba-1 (sections of 16 um, microglia marker, Abcam
Cod. GTX100042) 1:500, overnight at 4 °C, followed by
secondary antibody (goat anti-rabbit alexa 555, 1:1,000, 2 h
RT in the dark, Thermo Fischer cod. A21429); Rabbit anti-
GFAP (sections of 16 um, astrocyte marker, Sigma Aldrich
cod. G9269) 1:800, overnight at 4 °C, followed by second-
ary antibody (goat anti-rabbit alexa 555, 1:1,000, 2 h RT in
the dark, Thermo Fischer cod. A21429); Mouse anti-S1003
(sections of 16 pum, astrocyte marker, Abcam cod ab41548)
1:1,000, overnight at 4 °C, followed by secondary antibody
(goat anti-rabbit alexa 555, 1:1,000, 2 h RT in the dark,
Thermo Fischer cod. A21429); Mouse anti-NeuN (sections
of 5 pm, mature neuronal marker, Millipore cod MAB377)
1:6,000, overnight at 4 °C, followed by secondary antibody
(goat anti-mouse alexa fluor 488, 1:500, 2 h, RT in the dark,
Thermo Fischer cod. A11001); Rabbit anti-SOX-9 (sections
of 16 um, mature astrocyte marker, Abcam cod ab185966)
1:1,000, overnight at 4 °C, followed by secondary antibody
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(goat anti-rabbit alexa 555, 1:1,000, 2 h RT in the dark,
Thermo Fischer cod. A21429).

The DAPI dihydrochloride solution (1 pg/ml, Sigma
Aldrich cod D9542) was prepared in PBS-Tx, and incuba-
tion was carried out for 10 min in the dark. Then, the sec-
tions were washed 4 times with PBS-Tx for 5 min each.
Vectashield (antifade mounting medium) was added over
the sections which were then overlaid with a coverslip.

To assess the presence of the insulin receptor in the hip-
pocampus regions rabbit anti-IR (sections of 16 pum, insulin
receptor, Abcam cod. ab500) 1:200, was incubated over-
night at 4 °C, followed by secondary antibody (goat anti-
mouse and anti-rabbit, ready for use, Dako EnVision™
+Dual Link System-HRP cod. K4063). Immunoreactions
were developed with 0.06% 3,3’-diaminobenzidine (DAB)
(Dako®, California, USA, product number: K3468) in
PBS-tx for 5 min and then washed with PBS. Afterward,
all samples were dehydrated with ethanol and xylol and
mounted on slides with a mounting medium for microscopy
Entellan™ (Merk Millipore, Darmstadt, Germany, product
number: 107,960).

The images were acquired using a Leica DM6-B micro-
scope, Leica DFC 7000-T camera, and Leica Las X soft-
ware. Five sections were used for each rat. For each section,
6 images were acquired on the regions of the hippocampus
(CA1, CA3, and Dentate Gyrus, DG). The slides were eval-
uated in a wide-field optical microscope for fluorescence
observations (Leica DM6000-B) and the images obtained
were captured by a camera (Leica DFC7000-T) attached to
the microscope. The images were analyzed using the Leica
LAS X and Image Pro-Plus 6.3 software to perform the den-
sitometry of cells labeled with the aforementioned antibod-
ies. The summarized procedures are in Fig. 1.

Statistical analysis

The normality analysis of the samples was performed by
the Kolmogorov-Smirnov test. Data were analyzed by one-
way analysis of variance (ANOVA) followed by Tukey’s
post hoc test for means comparison using Graph Pad Prism
version 5.0 program (Intuitive Software for Science, Sao
Diego, CA, USA). Differences with P <0.05 were consid-
ered statistically significant in the analysis. All data were
expressed as mean + standard error of the mean (SEM).

Results

Figure 2 shows the behavioral parameters for spontaneous
locomotion (open field task), spatial memory (Y-maze task),
and sensorial/recognition memory (novel object recognition
test) (Panel A). Rats treated with TAU and STZ showed no

significant differences in the time spent in the center (B)
and periphery (C), crossing (D), or rearing (E) for the open
field task. Concerning spatial memory (Fig. 2F-G), rats
treated with taurine had a significant increase in the num-
ber of entries in the novel arm in TAU per se (5.0+0.43;
P=0.0129) and STZ+TAU (5.0+0.44; P=0.0221) when
compared to STZ (2.4 +0.67; P<0.05), but not in compari-
son to STZ (2.4+0.67; P<0.05), versus VE (4.0+0.70;
P=0.27) (Fig. 2F). No significant differences were observed
in all groups when time spent in the novel arm was mea-
sured (Fig. 2G).

Short-term and long-term memory index values can be
seen in Fig. 2H-I, using the novel object recognition task.
One-way ANOVA indicated a significant decrease in the
short-term memory index in the STZ group (0.0019 +0.0007;
P<0.05) when compared to VE (0.004740.0006;
P=0.0345) and TAU per se (0.0044 +0.0003; P=0.0356)
(Fig. 2H). However, the taurine treatment for 25 days
showed a protective effect on the short-term memory
index in the STZ+TAU (0.0049 +0.0004; P=0.4520) ver-
sus STZ (0.0019+0.0007; P<0.05). In Fig. 2I, Tukey’s
test evidenced a significant difference in long-term mem-
ory index between STZ (-0.00053 +0.00087; P<0.05)
versus STZ+TAU (0.0050+0.0020; P=0.0285). STZ
(-0.00053 £0.00087; P <0.05) versus VE (0.0012 +0.0010;
P=0.77); versus TAU per se (0.0039 +£0.00096; P=0.09)
showed no significant difference (Fig. 2I).

Figure 3 shows the representative images for insulin
receptor alpha (IR-a) immunoreactivity (Panel A) in the
DG, CAl, and CA3 (Panel B) of rats submitted to SDAT and
treated with taurine. Concerning IR-a in DG (Fig. 3C), rats
treated with taurine had a significant increase in the immu-
noreactivity for IR-a. between TAU per se (0.16+0.007;
P<0.001) versus STZ (0.11+0.007; P=0.0009); ver-
sus STZ+TAU (0.13+£0.008; P=0.0137). TAU per
se (0.16+0.007, P<0.001) versus VE (0.13+0.005;
P=0.0909) showed no significant difference (Fig. 3C).
No significant differences were observed between the
STZ and STZ+TAU groups. In the CAl (Fig. 3D), a
significant increase in the immunoreactivity for IR-a
only in TAU per se (0.16+0.008; P<0.001) versus STZ
(0.099+0.008; P=0.0031), but no significant differences
were observed between VE (0.13+0.012; P=0.1499) or
TAU+STZ (0.12+0.010; P=0.3788) versus STZ. In the
CA3 (Fig. 3E), we observed a significant decrease in the
immunoreactivity for IR-o between STZ (0.12+0.005;
P<0.05) versus VE (0.14 £0.004; P=0.0256); versus TAU
(0.17+0.004; P<0.0001). STZ (0.12+0.005; P<0.05)
versus TAU+STZ (0.13+0.007; P=0.1882) showed no
significant difference. In addition, we observed a signifi-
cant increase for the IR-o immunoreactivity in TAU per se
(0.17+0.004; P<0.0001) versus TAU+STZ (0.13 +0.007;
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Fig. 2 Effects of treatment with taurine (100 mg/kg) on locomotor
activity (evaluated by the open-field task, OF), spatial memory (evalu-
ated by the Y-maze Task), and recognition memory (evaluated by the
Object Recognition Task, ORT) in rats with sporadic dementia of
the Alzheimer’s type (SDAT, STZ 3 mg/kg). * illustration of behav-
ioral tasks used; B time spent in the center in seconds in OF; C time
spent in the periphery in seconds in OF; ® number of crossing in OF;

P=0.0036) in the CA3, but not in comparison to the VE
(0.13+0.005; P=0.0989) (Fig. 3E).

Figure 4 shows the representative images for NeuN
immunoreactivity, a convenient marker of post-mitotic
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E number of rearing in OF; ¥ number of entries in the novel arm in
the Y-maze task; © time spent in the novel arm in the Y-maze task;
index for short-term memory (STM) in ORT; ! index for long-term
memory (LTM) in ORT. Statistical significance was determined using
a One-way ANOVA (with Tukey post hoc comparison) at *P <0.05
and **P<0.01 (n=6-10 animals per group)

neurons (Panel A), in the regions of the DG, CA1, and CA3
(Panel B) of rats submitted to SDAT and treated with taurine.
Concerning NeuN immunoreactivity in DG (Fig. 4C), we
observed a significant decrease between STZ (1.39+0.017,;
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activity for insulin receptor (IR-a) in the hippocampus of rats with
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@ Springer



Molecular and Cellular Biochemistry

DG

A DAPI NeuN+

NeuN+DAPI DAPI

STZ +TAU STZ TAU VE

w
(g)

NeuN
(Optical density)

Fig. 4 Effects of treatment with taurine (100 mg/kg) on immunofluo-
rescence for mature neurons staining with anti-NeuN (green) and coun-
terstained with DAPI (blue) in the hippocampus of rats with sporadic
dementia of Alzheimer’s type (SDAT, STZ 3 mg/kg). * representative
image for immunoreactivity of anti-NeuN in the different regions of
the hippocampus in the VE, TAU, STZ, and STZ +TAU groups; ® rep-

P<0.001) versus VE (1.57+0.021; P=0.001); versus
TAU per se (1.52+0.012; P=0.0048). STZ (1.39+0.017,;
P<0.001) versus STZ+TAU (1.45+0.031; P=0.2837)
showed no significant difference. In addition, a signifi-
cant difference was observed between VE (1.57+0.021;
P<0.01) versus the STZ+TAU group (1.45+0.031;
P=0.0048). In the CAl (Fig. 4D), we observed a sig-
nificant decrease in the NeuN immunoreactivity in
STZ (1.38+0.022; P<0.001) versus VE (1.52+0.017;
P=0.0002), versus TAU per se (1.49+0.018; P=0.0045)
and versus STZ+TAU (1.46+0.020; P=0.0499). In the
CA3 (Fig. 4E), we observed a significant decrease in the
NeuN immunoreactivity in STZ (1.37+0.014; P<0.05)
versus VE (1.51+£0.019; P<0.0001); versus TAU per se
(1.48+0.017; P=0.0007). STZ (1.37+0.014; P<0.05)
versus STZ+TAU (1.40+0.010; P=0.6499) showed no
significant difference. In addition, we observed a significant
difference in the NeuN immunoreactivity in STZ+TAU
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resentative image of the hippocampus region in relation to the brain;
€ immunostained of NeuN in DG; P immunostained of NeuN in CA1;
E immunostained of NeuN in CA3. Statistical significance was deter-
mined using One-way ANOVA (with Tukey post hoc comparison) at
*P<0.05, **P<0.01, and ***P<0.001 when compared with all the
groups (n=6-10 animals per group)

(1.40+0.010; P <0.05) versus VE (1.51 £0.019; P=0.011);
and TAU per se (1.48+0.017; P=0.0111) (Fig. 4E).

Figure 5 shows representative images for Iba-1 (ion-
ized calcium-binding adapter molecule 1), which is used
as a microglial marker (Panel A), in the DG, CAl, and
CA3 (Panel B) of rats submitted to SDAT and treated
with taurine. With respect to Iba-lin DG (Fig. 7C), we
do not observe a significant difference between groups.
In the CA1 (Fig. 5D), we observed a significant increase
in Iba-1 immunoreactivity between STZ (0.80+0.010;
P<0.05) versus VE (0.77+0.005; P<0.0239); versus
TAU per se (0.73+0.005; P<0.0001); versus STZ+TAU
(0.77+0.003; P=0.0347). In addition, we observed a sig-
nificant decrease in Iba-1 immunoreactivity between TAU
per se (0.73+0.005; P<0.05); versus VE (0.77+0.005;
P=0.0087); versus STZ+TAU (0.77+0.003; P=0.0035)
(Fig. 5D). In the CA3 (Fig. 5SE), we observed a significant
increase in the immunoreactivity for Iba-1 immunoreactivity
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Fig.5 Effects of treatment with taurine (100 mg/kg) on immunostained
microglia with an anti-Iba-1 antibody (magenta) and counterstained
with DAPI (blue) in the hippocampus of rats with sporadic dementia
of the Alzheimer’s type (SDAT, STZ 3 mg/kg). * representative image
for immunoreactivity of anti-Iba-1 in the DG, CA1, and CA3 regions
of the hippocampus in the VE, TAU, STZ, and STZ+TAU groups;

inthe STZ (0.80+0.010; P <0.05) versus VE (0.77 +£0.010;
P=0.0483); versus TAU per se (0.74 +£0.005; P=0.0003);
versus STZ+TAU (0.77 £0.002; P=0.0445).

Figure 6 shows the representative images for GFAP
immunoreactivity, an intermediate filament protein in astro-
cytes (Panel A), in the DG, CA1, and CA3 (Panel B) of rats
submitted to SDAT and treated with taurine. Analyzes for
optical density for GFAP revealed a significant increase
in DG (Fig. 6B) between STZ (1.15+0.094; P<0.05)
versus VE (0.88+0.11; P=0.0271); versus TAU per se
(0.89+0.019, P=0.0286). STZ (1.154+0.094; P<0.05)
versus STZ+TAU (1.03+0.037; P=0.4149) showed no
significant difference (Fig. 6C). In the CA1 (Fig. 6D), the
GFAP immunoreactivity was significantly increased in the
STZ group (1.19+0.11; P<0.05) versus VE (0.87+0.019;
P=0.0061); versus TAU per se (0.91 +£0.029; P=0.0092)
or versus STZ+TAU (0.92+0.026; P=0.0145) (Fig. 4D).
In the CA3 (Fig. 6E), we observed a significant increase in
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B representative image of the hippocampus region in relation to the
brain; ¢ immunostained of Iba-1 in DG; © immunostained of Iba-1 in
CA1l; E immunostained of Iba-1 in CA3. Statistical significance was
determined using One-way ANOVA (with Tukey post hoc compari-
son) at ¥*P<0.05, **P<0.01, and ***P<0.001 when compared with
all the groups (n=6-10 animals per group)

the GFAP immunoreactivity in STZ (1.08 +£0.079; P <0.05)
versus VE (0.87+0.021; P=0.0457). STZ (1.08+0.079;
P <0.05) versus TAU per se (0.90+0.028; P=0.0702) or
versus STZ+TAU (0.96+0.009; P=0.3102) showed no
significant differences.

Figure 7 shows representative images for S100p immu-
noreactivity, a late marker of astrocyte development and
characterizing a mature stage (Panel A), in the DG, CAl,
and CA3 (Panel B) of rats submitted to SDAT and treated
with taurine. With respect to S100p in the DG (Fig. 7C),
we do not observe a significant difference between groups.
In the CAl (Fig. 7D), we observed a significant increase
for S100p immunoreactivity between STZ (0.87+0.012;
P<0.05) versus VE (0.82 +£0.012; P=0.0081); versus TAU
per se (0.83+0.007; P=0.0070) or versus STZ+TAU
(0.82+£0.006; P=0.0013). Inthe CA3 (Fig. 7E), we observed
a significant increase in S100f immunoreactivity in the STZ
(0.87+£0.013; P<0.05) versus the VE group (0.80+0.006;
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Fig. 7 Effects of treatment with taurine (100 mg/kg) on immunos-
tained with an anti-S100p antibody (red) and counterstained with
DAPI (blue) in the hippocampus of rats with sporadic dementia of the
Alzheimer’s type (SDAT, STZ 3 mg/kg). * representative image for
immunoreactivity of anti-S100f in the DG, CAl, and CA3 regions
of the hippocampus in the VE, TAU, STZ, and STZ+TAU groups;

P=0.0001); versus TAU per se (0.81+£0.005; P=0.0017)
or versus STZ+TAU (0.82+0.007; P=0.0052).

Figure 8 shows representative images for SOX-9 immu-
noreactivity, a nuclear-specific marker for adult astrocytes
(Panel A), in the DG, CA1, and CA3 (Panel B) of rats sub-
mitted to SDAT and treated with taurine. Figure 8 C shows
the analysis for the optical density of SOX-9 in the DG, we
observed a significant increase between STZ (0.94 +0.006;
P<0.05) versus VE (0.82+0.022; P=0.0119); versus
TAU per se (0.78+0.044; P=0.0015); versus STZ+TAU
(0.79+0.25; P=0.0008). In the CAl (Fig. 8D), we
observed a significant increase for SOX-9 immunoreac-
tivity between STZ (0.95+0.016; P<0.05) versus VE
(0.82+0.014; P=0.0114); versus TAU per se (0.81 +0.034,;
P=0.0065); versus STZ+TAU (0.79 £0.025; P=0.0004).
In the CA3 (Fig. 8E), we observed a significant increase
for SOX-9 immunoreactivity between STZ (0.95+0.017;
P<0.05) versus VE (0.824+0.015; P=0.0260); versus
TAU per se (0.82+0.035; P=0.0169); versus STZ+TAU
(0.76 +0.032; P=0.0003).

@ Springer

CA1
$100B

CA3

S$100B+DAPI DAPI $1008 S100B+DAPI

1.59 1.5

S1008
(Optical Density)
$1008
(Optical Density)

TAU

STZ STZ+TAU

STZ STZ+TAU VE

VE TAU

B representative image of the hippocampus region in relation to the
brain; © immunostained of S100p in DG; © immunostained of S1008
in CA1; E immunostained of S100p in CA3. Statistical significance
was determined using a One-way ANOVA (with Tukey post hoc com-
parison) at **P<0.01 when compared with all the groups (n=6-10
animals per group)

Discussion

Taurine is amino acid with many functions in the nervous
system. In recent years, many studies have found relevant
effects of taurine on cognitive function. This study was con-
ducted to observe the protective effects of taurine on differ-
ent hippocampal regions, such as the DG, CAl and CA3,
which were affected by the action of intracerebroventricular
injections of STZ, a well-established model for the study of
SDAT. STZ injections affect brain glucose uptake, generat-
ing important metabolic alterations and hippocampal neuro-
inflammation, which as a consequence lead to alterations in
memory and learning [19].

In the behavioral tests performed, we found no signifi-
cant difference regarding the locomotion activity. However,
with respect to spatial memory assessed in the Y-maze task,
it is possible to suggest that taurine has a positive effect on
spatial memory. Besides, our results also showed that short-
and long-term declarative memory was improved by the
action of taurine in comparison to SDAT animals. Taurine
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Fig.6 Effects of treatment with taurine (100 mg/kg) on immunostained
astrocytes with an anti-GFAP antibody (red) and counterstained with
DAPI (blue) in the hippocampus of rats with sporadic dementia of the
Alzheimer’s type (SDAT, STZ 3 mg/kg). * representative image for
immunoreactivity of anti-GFAP in the DG, CA1, and CA3 regions of
the hippocampus in the VE, TAU, STZ, and STZ +TAU groups; ® rep-

has also been investigated for the improvement of psychiat-
ric disorders in animals, such as memory problems associ-
ated with noise, where similar data for long-term memory
were found by Haider et al.(2020) [26]. Javed et al.(2013),
also shown that taurine can reverse memory deficits in mice
in the Morris water maze test in SDAT animals. Reeta et
al. (2017) showed that taurine protects against memory loss
caused by ICV-STZ, showing that treated mice improved
performance in memory behavioral tasks [27, 28]. The cited
authors report that taurine is involved in mechanisms related
to a decrease in oxidative stress in nervous tissue, thereby
improving local neuroinflammation and consequently spa-
tial and aversive memory impaired by SDAT [27, 28].

The SDAT causes changes in IR, leading a desensitiza-
tion of them and compromising cerebral glucose uptake and
energy metabolism in a prolonged manner [27]. Neurogen-
esis, which drives the formation of new neurons, happens
in adults mainly in the subgranular region (SGZ) of the DG
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resentative image of the hippocampus region in relation to the brain;
€ immunostained of GFAP in DG; ©? immunostained of GFAP in CA1;
E immunostained of GFAP in CA3. Statistical significance was deter-
mined using a One-way ANOVA (with Tukey post hoc comparison) at
*P<0.05 and **P <0.01 when compared with all the groups (n=6-10
animals per group)

and is associated with the action of insulin signaling [29,
30]. It is worth noting that the neuronal IR may be affected
by the more complex morphology of neurons compared to
cells of classical insulin target organs, as well as the wide
variety of lipids unique to the cell membranes of the ner-
vous system [31]. Insulin also has a neuroprotective effect,
assisting synaptic plasticity, memory production, and con-
solidation. IR are more expressed in neurons than in glial
cells, and in regions such as the hippocampus, amygdala,
hypothalamus, entorhinal cortex, and olfactory bulb, IR lev-
els are affected in learning and memory processes [29, 30].
Some studies have shown that taurine can regulate insulin
signaling, since taurine intake improves the endocrine func-
tion of the pancreas, increasing overall insulin production
and, in response, there is an increase in the expression and
excitability of insulin receptors in the hippocampal region
[32]. Our results corroborate these findings, since we
showed that taurine per se increased immunoreactivity for
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Fig. 8 Effects of treatment with taurine (100 mg/kg) on immunos-
tained with an anti-SOX-9 antibody (red) and counterstained with
DAPI (blue) in the hippocampus of rats with sporadic dementia of the
Alzheimer’s type (SDAT, STZ 3 mg/kg). * representative image for
immunoreactivity of anti-SOX-9 in DG, CA1, and CA3 regions of the
hippocampus in the VE, TAU, STZ, and STZ +TAU groups; © repre-

IR-a. However, STZ seems to reverse this regulatory effect
on IR-o immunoreactivity in the STZ+TAU group.

In the analysis of mature neuron populations, our find-
ings show a reduction in the density of NeuN-labelled cells
in SDAT animals. However, the protective effect of taurine
was observed only in the CA3 region. In agreement, Wang
et al. (2021) observed that taurine was important to increase
NeuN density in the hippocampus of rats exposed to para-
quat, a classical model to induce Parkinson’s disease (PD) in
animals [33]. Glutamatergic pyramidal neurons found in the
cornu ammonis showed co-localization for glutamate, glu-
taminase and taurine [34]. In addition, taurine may reduce
glutamatergic currents via its role as a partial agonist for
glycine receptors [35, 36]. Indeed, Se Jong Oh et al. (2020)
showed that taurine increased uptake of the metabolic glu-
tamate receptor type 5 in hippocampal pyramidal neurons,
contributing in the protection against glutamatergic excito-
toxicity in 5XFAD transgenic mice [37]. The relay role of
the CA3 field in the trisynaptic circuitry of the hippocampus
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sentative image of the hippocampus region in relation to the brain; ¢

immunostained of SOX-9 in DG; © immunostained of SOX-9 in CA;
E immunostained of SOX-9 in CA3. Statistical significance was deter-
mined using One-way ANOVA (with Tukey post hoc comparison) at
*P<0.05, **P<0.01, and ***P<0.001 when compared with all the
groups (n=6—10 animals per group)

is well established [38], has anatomical features that are
ideal to allow CA3 to act as a self-associative network and
an input balancing area in hippocampal formation, but the
effects of taurine or SDAT animals on this region are still
poorly understood. It is worth noting that CA3 neuronal net-
works play a crucial role in memory information processes,
and temporal analysis in ventral CA3 showed several tran-
scriptomic changes related to inflammation, neuronal dif-
ferentiation and synaptic transmission [39].

Remembering that the model using intracerebroventricu-
lar injections of STZ causes changes in glucose uptake and
thus generates an imbalance in hippocampal brain metab-
olism, producing many reactive oxygen species, which
causes the release of numerous cytokines by the microg-
lia, generating neuroinflammation [28]. The microglia are
considered the first line of defense of the CNS, actively
functioning against environmental disturbances and contrib-
uting to local homeostasis. With activation of the microg-
lia against tissue insults, reactive astrocytosis occurs [40].
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Thus, showing an intimate relationship between microglia
and astrocytes, which in turn have already been described as
cells with immune characteristics and receptors, thus con-
tributing to the innate and adaptive immune responses in
the CNS, besides performing many other functions already
mentioned. In neuroinflammation, there is bidirectional
communication between astrocytes and microglia, and one
can activate the other [41]. After some insults, astrocytes
undergo changes in the expression of multiple factors and
modulate microglial phenotypes and functions through the
production of cytokines, chemokines, calcium, comple-
ment proteins, and other inflammatory mediators, which
can affect microglial functions such as activation, migra-
tion, and phagocytosis. On the other hand, the microglia can
activate astrocytes, which in turn develop two different phe-
notypes’ phenotype 1 (A1), which is considered destructive
to nerve cells, and phenotype 2 (A2), which is considered
neuroprotective and reparative [40] [42].

Our finding evaluating the Iba-1 marker showed an
increase in microglia reactivity in CA1 and CA3 regions,
but not in DG hippocampus in SDAT animals. However,
taurine treatment for 25 days played an important role in
inhibiting the activation of microglia cells and perhaps
could reduce the release of inflammatory factors. As an
endogenous amino acid, taurine has long been recognized
for its anti-inflammatory and neuroprotective effects [5,
43-45]. In addition, it has been reported that taurine deple-
tion causes activation of microglia, emphasizing its protec-
tive role against neuroinflammation [44]. Liu et al. (2022)
showed that taurine in vitro inhibited LPS-induced genera-
tion of inflammatory factors and increased ROS intensity
in BV-2 cells. The same authors demonstrated that taurine
inhibited microglial lysine demethylase 3a (KDM3a), pro-
moting relief of microglia activation in LPS-treated mice
[46]. Wang et al. (2021) also evaluated the immunoreactiv-
ity of Iba-1 in the hippocampus of rats with PD treated with
taurine, noting that taurine was able to reduce the immu-
noreactivity of the microglia in these animals. The authors
comment that one of the mechanisms that taurine uses to
perform neuroprotection is through the inactivation of the
microglia in the neuroinflammatory environment [33].
Since only the CA1 and CA3 regions were responsive to
taurine treatment against the microglial reactivity insult
provoked by STZ, it is possible to suggest from our find-
ings that the microglia were more sensitive in responding in
these regions. In addition, the DG region may possibly be
associated with a delay in the anti-inflammatory feedback
directed at the SDAT group and the animals that received
taurine treatment, since the neuroinflammation, prolifera-
tion and survival of new cells in dentate gyrus of mammals,
whether neurons or glial cells, is a complex process that is
subject to numerous influences.

Considering that microglia are the main source of pro-
inflammatory cytokines, they are believed to be key par-
ticipants in the development of astrogliosis. Before the
astrocyte response, the inflammatory reaction is initiated by
an increase in microglia-derived mediators and activation of
microglia [47]. Park et al. (2021) believe that activation of
the NF-B signaling cascade by resident microglia increases
the potential to convert resting astrocytes into reactive astro-
cytes, which may lead to pathophysiological transformation
of astrocytes in a variety of neurodegenerative disorders,
such as PD and AD disease, and preventing activation of
the microglia-astrocyte activation circuit may help prevent
these diseases [48]. Our data corroborate with other studies
pointing to intense astrogliosis in SDAT rodents [49, 50]
and interestingly taurine regulates this process, since both
in DG and CA1 there was a reversal of the astrogliosis pro-
moted by ICV-STZ.

The expression of glial fibrillary acidic protein (GFAP)
and the use of taurine have quite controversial results,
Kim and Cha (2014) in an experimental model with dou-
ble transgenic mice (APP/PS1) for AD that took doses of
taurine in water observed an increase in GFAP expression
in taurine-treated animals [1]. Su et al. (2014) showed that
after head trauma with intense inflammation and treatment
with taurine for 7 days, GFAP immunoreactivity in the hip-
pocampus was reduced, indicating that taurine reduces local
neuroinflammation in the trauma model [51]. To extend the
analyzes on astrocytes, we evaluated other complementary
markers, such as the labeling of reactive astrocytes using
calcium-binding protein B (S100p) and a nuclear marker of
astrocytes such as transcription factor 9 (SOX-9).

Our results demonstrate that in CA1 and CA3 regions
SDAT animals show a significant increase in S100p com-
pared to that of the other groups, and taurine-treated animals
reverted this effect. At nanomolar concentrations, S1003
conveys neuroprotective and neurotrophic properties, while
at higher concentrations it has been associated with deleteri-
ous effects, and may form the basis of neurodegenerative
diseases such as AD [52, 53]. Besides, S100p effects are
mediated through the receptor for advanced glycation end
products (RAGE) [52] and a persistent RAGE activation
causes neuronal death as a result of increased production of
reactive oxygen species [54] it is possible to suppose that
antioxidant effects of taurine may also be related to a reduc-
tion in S100B found in taurine-treated animals. S100p is
also associated with cellular aging, where higher concentra-
tions of the protein have been observed in the hippocampus
and cortex related to age-related activation of astrocytes,
which would aid in age-related cognitive deficits, and any
imbalance in the regulation of S100B protein is a direct
cause of hyperphosphorylation of tau, a common finding in
the nervous tissue of AD patients [55, 56]. Intracellularly,
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S100B, as a calcium-sensing protein, is known to regulate
a variety of activities, transferring second messenger sig-
nals and interacting with different molecules in different
cell types [57]. In particular, S100B intervenes in cell pro-
liferation, survival and differentiation [58, 59], participates
in the regulation of cellular calcium homeostasis and enzy-
matic activities [60—63], but the data available to date do
not allude to a clearly defined role or function in relation
to different regions of the hippocampus. In our study, we
found no significant difference in the DG region for S1003
immunoreactivity. Although there are a few studies that
have shown that the DG region is less susceptible to oxida-
tive stress [64] compared to CA1 and CA3, it is possible to
assume that these discrepancies found could be attributed
to different concentrations of S100B (toxic) produced by
STZ in the DG region that were not able to cause changes in
S100B immunoreactivity.

Previous studies have suggested that the transcription
factor SOX9 is highly enriched in astrocytes [65-68]. Sun
et al. (2017) reported that comparisons of the transcriptomes
of SOX9* cells and glutamate-transporting astrocytic cells
(GLT1) indicated that these two markers had a large over-
lap in gene expression. Like other currently used astrocytic
markers, SOX9 specifically targets astrocytes outside neu-
rogenic regions. However, SOX9 also had several advan-
tages in this regard, including the fact that its expression
does not decrease with age or functional status, that the use
of a nuclear marker of the astrocytic phenotype allows a
more conservative assessment of the astrocytic phenotype
than the previous one using cytoplasmic markers [13]. Our
findings showed that for all regions of the hippocampus,
SDAT animals obtained a considerable increase in immuno-
reactivity for SOX-9. Interestingly, SDAT animals treated
with taurine showed a significant reduction in SOX-9, that
in fact, taurine can regulate astrogliosis both by evaluating
a cytoplasmic marker for astrocytes (GFAP) and nuclear
and this reveals that possible neuroprotective mechanisms
of taurine can be associated with a reduction in astrocyte
reactivity. However, despite these findings, the increase in
SOX-9 found in SDAT animals in the DG may be associ-
ated with neural precursors of the astroglial lineage within
the neurogenic zones, perhaps pointing to a compensation
in the balance of new astrocyte formation once that marked
reactive astrogliosis exists in these animals.

Overall, we found that taurine is able to improve spatial
memory and both short and long-term episodic memory,
increase adult neuronal population, considerably inhibit
microglial activation and control astrogliosis in the hippo-
campus of animals with SDAT.
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