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Abstract

Sporadic Alzheimer’s disease (SAD) is the most common form of dementia; therefore, there is an urgent need for a model
that recapitulates the main pathologic hallmarks of this disease. The intracerebroventricular (icv) injection of streptozotocin
(icv-STZ) in rats constitutes a promising model, and thus, icv-STZ rats develop insulin-resistant brain state and cognitive
impairments. Even though a great piece of studies has hitherto described this system as a model for SAD, further behavioral
and morphometric studies are still needed to fully characterize it. In this study, using Sprague Dawley rats, we evaluated
short-term effects on behavior and hippocampus morphometry of the icv-STZ injection at two doses: 1 (STZ1) and 3 mg/kg
(STZ3). We found that, following icv-STZ injection, STZ3 animals, but not STZ1, exhibited impairments in spatial reference
learning and memory (Barnes maze test) and in recognition memory (object recognition test). Furthermore, the results from
behavioral and morpho-histochemical data are compatible. STZ3 rats displayed Stratum Radiatum volume reduction and a
decreased NeuN immunoreactivity (neuron loss) in hippocampal CA1 region, together with an increased immunoreactivity
for microglial (Ibal) and astroglial (GFAP) markers (neuroinflammation). Sholl analysis revealed the vulnerability of hip-
pocampal astrocytes to STZ in CA1 and CA3. Thus, both doses induced a reduction in process length and in the number of
main processes, accompanied by a frank decrease in branching complexity. The present study provides important knowledge
of this AD rat model. Overall, we found that the only high STZ dose induced severe and acute neurodegenerative lesions,
associated with an inflammation process.

Keywords Sporadic Alzheimer’s disease - Non-transgenic rat model - Streptozotocin - Spatial memory - Hippocampal
morphology - Astrocyte-branching complexity

Introduction situation has caused an increasing problem of significant

social, medical, and financial impact.

Sporadic Alzheimer’s disease (SAD) is the most frequent
neurodegenerative pathology (Querfurth and LaFerla 2010),
with high prevalence and morbidity, and at present, there
are no effective therapies to reverse its progression. This
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SAD is accompanied by progressive memory deficit, cog-
nitive impairment, and personality changes. It is character-
ized by the formation of amyloid plaques and intraneuronal
neurofibrillary tangles, neuronal degeneration, and alteration
of cerebral energy metabolism (Schubert et al. 2004). The
combination of an early diagnosis and an effective therapy
is essential to curb the ongoing increase in the prevalence of
the disease caused by higher life expectancy.

As a contribution to overcome this problem, numerous
in vitro and in vivo animal models are being studied. A pro-
posed rodent model of SAD is the intracerebroventricular
(icv) administration of a diabetogenic drug, streptozotocin
(STZ) (Lannert and Hoyer 1998; de la Monte et al. 2006;
Salkovic-Petrisic and Hoyer 2007; Salkovic-Petrisic et al.
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2009). This non-transgenic model recapitulates the hallmark
lesions of SAD (Selkoe 2001); indeed, the icv administra-
tion of STZ (icv-STZ) leads to an insulin-resistant state,
selectively in the brain but not in the periphery (Salkovic-
Petrisic and Hoyer 2007; Salkovic-Petrisic et al. 2009;
Mayeret al. (1990), together with changes in brain glucose
metabolism (Duelli et al. 1994; Heo et al. 2011), oxidative
stress (Nunomura et al. 2006), increased amyloidogenesis
(Salkovic-Petrisic et al. 2011), tau hyperphosphorylation
(Griinblatt et al. 2007), cholinergic neuronal degeneration
(Blokland and Jolles 1993; Hellweg et al. 1992), and mem-
ory impairments (de la Monte et al. 2006; Rostami et al.
2017; Shoham et al. 2003, 2007).

Different types of maze tasks are used to detect cogni-
tive deficits in the icv-STZ rat model of SAD (Knezovic
et al. 2015; Deshmukh et al. 2016; Isik et al. 2009). Spa-
tial learning and reference memory were frequently studied
in the Morris water maze (MWM) test (Deshmukh et al.
2016; Isik et al. 2009; Song et al. 2014; Gao et al. 2014). In
1979, Carol Barnes developed this dry-land maze to ana-
lyze a hippocampus-dependent cognitive task in senescent
rats (Barnes 1979). Our group previously validated a variant
of the BM protocol (Morel et al. 2015) to study cognitive
aging. Here, this test is used to compare the effects of the
two distinct doses of icv-STZ (1 and 3 mg/kg) in rats to
evaluate spatial learning and reference memory. In addition,
to expand our cognitive evaluation, we assess recognition
memory in an also hippocampus-dependent benchmark task,
the novel object recognition (NOR) test (Hashemi-Firouzi
et al. 2017).

There is evidence of the degenerative effects of Alzhei-
mer’s disease (AD) among the different hippocampal sub-
fields and their correlation with global cognitive function
and memory performance (Su et al. 2018). One of these
vulnerable regions in AD patients is the Stratum Radiatum
(SR) (West et al. 1994), which is intimately involved in
the pathways between Cornu Ammonis 1 (CAl) and CA3/
entorhinal cortex, and between hippocampus and wider cor-
tical areas. Consequently, SR and pyramidal layer of CA1
are considered candidate regions as AD biomarker (Su et al.
2018; West et al. 1994, Irvine et al. 2008). However, other
hippocampal regions can show the signs of damage in AD.
Among these regions are the dentate gyrus (DG), where the
granular cells and astrocytes present morphological changes
(Llorens-Martin et al. 2014) and CA3, which has shown neu-
ronal density loss (Padurariu et al. 2012).

In addition, there is a critical need to study the associa-
tion between specific functional glial states and AD progres-
sion, and, on the other hand, there is evidence that variation
in glial extracellular environment causes glial morphol-
ogy modifications that are closely linked to their function
(Kreutzberg 1996; Montgomery 1994). Notwithstanding,
astroglial changes during SAD progression are poorly
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explored due to the lack of a suitable animal model for this
disease was absent for many years. The mentioned icv-STZ
rat model could contribute to overcome these needs. How-
ever, no studies have been yet to determine whether astrocyte
morphology is altered by exposure to icv-STZ.

In the present study, we analyzed SR volume and mor-
phological changes of neurons, ionized calcium-binding
adaptor molecule 1 (Ibal)-positive microglia, and glial
fibrillary acidic protein (GFAP)-positive astrocytes in the
dorsal hippocampus after the exposure to low and high STZ
doses.

Materials and methods
Animals

Three-month-old male Sprague—Dawley (SD) rats weighing
280-330 g (INIBIOLP, School of Medicine, University of
La Plata, La Plata city, Argentina) were used throughout
the studies.

Animals were housed 3 per cage in a temperature-con-
trolled room (22-24 °C) on a 12 h light/12 h dark cycle
(lights on 7 am—7 pm) with food and water available
ad libitum.

Experiments were performed following the Animal Wel-
fare Guidelines of NIH (INIBIOLP’s Animal Welfare Assur-
ance No A5647-01). The ethical acceptability of the animal
protocols used here has been approved by our institutional
IACUC (Protocol # T10-01-2013).

Surgical procedures

Rats were anesthetized with ketamine hydrochloride (40 mg/
kg; ip) plus xylazine (8 mg/kg; im) and placed in a stere-
otaxic apparatus. Stainless-steel guide cannulas (a 21-gage
needle) were placed directed toward the lateral ventricles.
The stereotaxic coordinates for icv infusion were measured
as 0.92 mm posterior to bregma; 1.5 mm lateral to sagittal
suture; 3.9 mm beneath the brain surface (Paxinos and Wat-
son 1998). Guide cannulas were fixed with dental cement.
Following surgery, a single dose of ampicillin was injected.
After the experiment, the location of the guide cannulas into
the lateral ventricles was confirmed.

Spatial memory assessment

The modified Barnes maze (BM) protocol used here was
previously documented (Morel et al. 2015). It involves tree
phases: habituation, training (acquisition trials), and probe,
and consists of an elevated (108 cm to the floor) black
acrylic circular platform, 122 cm in diameter, containing
20 holes around the periphery. The holes are of uniform
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diameter (10 cm) and appearance, but only one hole is con-
nected to a black escape box. The escape box is 38.7 cm
long X 12.1 cm wide X 14.2 cm in depth and is removable.
A white cylindrical starting chamber (an opaque, 25 cm in
diameter and 20 cm high, open-ended chamber) is used to
place the rats on the platform with a random orientation of
their bodies. Four proximal visual cues are placed in the
room, 50 cm away from the circular platform. The escape
hole is numbered as Hole O for graphical normalized repre-
sentation purposes, while the remaining holes are numbered
1-10 clockwise, and — 1 to —9 counterclockwise (Fig. 2h).
During the whole experiment, hole 0 remained in a fixed
position to avoid randomization of the relative position of
the escape box. A 90-dB white-noise generator and a white-
light 500-W bulb provided the escape stimuli from the plat-
form. At the beginning of the experiment, rats were habitu-
ated to the task. The habituation routine consists of placing
the animals in every compartment during 180 s (starting
chamber and escape box). An acquisition trial (AT) con-
sists of placing a rat in the starting chamber, located at the
center of the platform for 30 s; the chamber is then raised,
the aversive stimuli (bright light and high pitch noise) are
switched on, and the rat is allowed to freely explore the maze
for 120 s. The purpose of ATs is to train the rats to find the
escape hole. A probe trial (PT) is similar to an AT except
that the escape box is now removed; its purpose is to assess
recent spatial memory retention. During PTs, rats explore
the maze for 120 s. Behavioral performance was recorded
using a computer-linked video camera mounted 110 cm
above the platform. Subject performance was determined
using the Kinovea v0.7.6 (http://www.kinovea.org) software.
Behavioral parameters assessed were as follows:

(a) Latency: Time (in s) spent by an animal since its release
from the start chamber until it enters the escape box
(during an AT), or until the first exploration of the
escape hole (during a PT).

(b) Errors: Number of explorations of holes different from
the escape one until it enters the escape box (during
an AT), or until the first exploration of the escape hole
(during a PT). Each exploration of an incorrect hole is
counted as an error, provided that the rat lowers its nose
below the plane of the table surface.

(c) Total exploration frequency: the sum of explorations
number for each hole of the maze, during a PT.

(d) Exploration frequency in Goal Sector (GS): the sum of
explorations number for holes — 1, 0, and 1 divided by
3, during a PT.

(e) Search Paths (Pompl et al. 1999): the search paths were
classified as spatial, serial, and random as described
by Barnes (1979). Briefly, spatial is moving directly
toward the escape hole from the center of the maze
without visiting holes more than two holes away from

the escape hole; serial is moving around the edge of
the maze past at least three adjacent holes and random
is searching in a nonsystematic search with multiple
crossings through the center of the maze. The overall
strategy score for one rat was generated as follows: spa-
tial=1, serial =2, and random =3, and this score was
evaluated every 2 acquisition days. The search strategy
was analyzed using the percentage of trials in which
each strategy was used and was evaluated every two
acquisition days (2 days/evaluation).

Recognition memory assessment

The novel object recognition (NOR) test is based on the
ability of rats to show preference for novel versus familiar
objects. On day 1, rats were individually habituated (120 s)
to an open arena (square box, 65X 65 %45 cm). On day 2,
the training session (120 s), two identical objects (termed as
objects FO1 and FO2) were placed into the arena. On day 3,
the recognition session (120 s), rats were placed back into
the same arena, in which one of the objects was replaced by
a novel object (NO) of similar dimensions but a different
shape/color. Exploration behavior was assessed by quanti-
fying the time spent exploring each object (Nanfaro et al.
2010).

Exploration was defined as the orientation of animal’s
snout toward the object, within a range of 2 cm or less from
the object. The objects and the floor were carefully cleaned
with ethanol (10%) after each individual trial to equate
olfactory cues. Behavioral performance was recorded using
a computer-linked video camera. Subject performance was
determined using the Kinovea v0.7.6 (http://www.kinov
ea.org) software. NOR test measurements were as follows:
(a) total time spent exploring two identical objects in the
training session, and (b) total time spent exploring the novel
object in the recognition session. Discrimination between
the familiar and the novel object during recognition session
was measured by comparing time spent exploring the famil-
iar object versus time spent exploring the novel object.

Experimental design

A guide cannula was icv implanted in all animals 1 week
before the STZ injection. Then, on the experimental
day 0 (ED 0), 18 animals were randomly divided into
three groups, six animals each: I-Sham, each rat received
bilaterally 5 pl of artificial cerebrospinal fluid (aCSF)
containing 120 mM NaCl, 3 mM KCl, 1.15 mM CaCl,,
0.8 mM MgCl,, 27 mM NaHCOj;, and 0.33 mM NaH,PO,,
adjusted to pH 7.4; II-STZ1, each rat received a bilateral
icv injection of STZ (Sigma-Aldrich, CAS 18883-66-4)
1 mg/kg; III-STZ3, each rat received a bilateral icv injec-
tion of STZ 3 mg/kg. Drug concentration was adjusted
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according to the animal body weight, and a volume of
5 pl/ventricle was administered using a 10 ul Hamilton
syringe inside the cannulas. Changes in body weight
were monitored and evaluated at 48 h interval. On the
ED 13, rats were submitted to the Barnes maze protocol
for 4 days, the habituation plus 3 days involving two ATs.
Twenty-four hours after the last AT (AT6), on ED 17, rats
were submitted to a PT (PT1). To follow further cognitive
performance, 4 days after PT1, rats were submitted to a
second PT (PT2). For the NOR test protocol, rats were
individually habituated to the open arena on ED 22. On
the following day, the training session was performed.
After 24 h, rats were submitted to the recognition ses-
sion. On the last experimental day (ED 25), all rats were
euthanized by rapid decapitation (Fig. la).

A

Experimental

Brain processing

Brains were quickly removed and divided into right and
left hemispheres. The left hemispheres were fixed in phos-
phate-buffered para-formaldehyde 4%, (pH 7.4) overnight at
4 °C. Afterwards, brains were kept in cryoprotectant solu-
tion (30% ethylene glycol, 1% polyvinylpyrrolidone, 30%
sucrose, in phosphate buffer 0.1 M, and pH 7.4) at — 20 °C
until use for immunohistochemistry. In the right brain hemi-
spheres, the hippocampus was carefully dissected as previ-
ously described (Glowinski and Iversen 1966) and stored
at — 80 °C until Western blot (WB) analysis.

Immunohistochemistry

Left brain hemispheres were cut coronally in 40 um-thick
sections with a vibratome (VT1000S; Leica Microsystems).
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Fig. 1 Experimental design and body weight time course. Stainless-
steel guide cannulas were placed in the lateral ventricles on ED — 7.
On ED 0, STZ or aCSF was stereotaxically injected. Barnes Maze
habituation was performed on ED+ 13. Subsequently, on ED+ 14
onward ED + 16, all animals were submitted to 120 s AT (2x day).
PT1 and PT2 were performed on ED+17 and +21, respectively.
On ED +22 and +24, NOR test was performed. Finally, on ED+25
rats were sacrificed, and the brains were removed and fixed for mor-
phological analysis (a). Body weight of all rats was registered along
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the experiment every 2 days; notice that there was significant weight
reduction in the STZ3-treated rats until ED+25 (b). Weight gain
from ED — 1 until ED+11 (b inset). aCSF artificial cerebrospinal
fluid, AT acquisition trial, ED experimental day, Habit. habituation,
NOR novel object recognition test, PT probe trial, Recog. recognition
session, Train. training session. N=6 per group. All data were rep-
resented as mean+ SEM. Comparisons were made versus the corre-
sponding Sham group data point. *P <0.05; **P <0.01; ***P <0.001
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All immunohistochemistry techniques were performed on
free-floating sections. For each animal, separate sets of sec-
tions were processed using the following antibodies: mouse
anti-NeuN antibody (marker of neuronal nuclei; dilution
1:850; Millipore Cat# MAB377.); rabbit anti-Ibal poly-
clonal antibody (microglia cells marker, dilution 1:1000;
Wako Cat# 016-20001); rabbit anti-GFAP polyclonal anti-
body (astrocytes marker; dilution 1:1500; DAKO Cat#
70334). Briefly, after overnight incubation at 4 °C with the
primary antibody, sections were incubated with biotinylated
goat anti-mouse antibody (dilution 1:300; Vector Laborato-
ries Cat# BA-9200), or a biotinylated goat anti-rabbit anti-
body (dilution 1:300; Vector Laboratories Cat# BA-1000),
as appropriate, for 120 min, rinsed and incubated with avi-
din-biotin—peroxidase complex (dilution 1:500; Vector Lab-
oratories Cat# PK-6100) for 90 min, and then incubated with
3, 3-diamino benzidine tetrahydrochloride (DAB) or VIP
(Vector Laboratories Cat# SK-4600). Sections were coun-
terstained with cresyl violet (Nissl staining) as described
elsewhere (Morel et al. 2015). Finally, they were dehydrated
and mounted with Vectamount (Vector Laboratories) and
used for image analysis.

Image analysis

In each left hemi-hippocampal block, one out of six serial
sections was selected to obtain a set of non-contiguous serial
sections spanning the dorsal hippocampus. For this task, we
used an Olympus BX-51 microscope attached to an Olympus
DP70 CCD video camera (Tokyo, Japan).

Within the hippocampus, we focused our analysis on
mature neurons, microglial cells, and astrocytes in the SR,
whose upper limit is the CA1 pyramidal layer, lower limit is
Stratum Lacunosum Moleculare (SLM), and lateral limit is
the Stratum Lucidum (SL) of the dorsal hippocampus (Mont-
gomery 1994).

Volume of the stratum radiatum

To assess the volume of the SR, a stereological approach
on rat brain 40 um-thick coronal sections was carried out.
Four Nissl-stained sections were sampled, with a separation
of 240 um along the anterior—posterior axis. Our region of
interest was set up as the area delimited by the CA1 pyrami-
dal layer as the upper limit, the SLM as lower limit, and a
width of 520 um as lateral limit, whose midpoint was the
inflection point of the pyramidal layer.

Mature neuron analysis
Mature neurons were detected as NeuN immunoreac-

tive (NeuNir) cells. To analyze a possible neurodegenera-
tion, NeuN immunoreactive area was determined. For this

purpose, three sections per animal and three fields per sec-
tion corresponding to NeuNir neurons in the CA1 pyramidal
layer were digitally segmented using Image Pro Plus v5.1
software (IPP, Media Cybernetics). For each calculation,
background was determined by manually adjusting the sys-
tem density window as previously described (West and West
1993), until only the NeuNir neurons were selected. For each
animal, the sum of immunoreactive areas was multiplied
by the section sampling number (NeuNir area X 6). Major
nucleus axis was selected as a parameter of cellular changes;
this parameter was manually determined using IPP measure-
ment tool in a minimum of 10 nucleuses per section/30 per
animal.

Microglial cell analysis

Microglial cells were identified as Ibal immunoreactive
(Ibalir) cells in the hippocampal SR. The Ibalir cell number
was estimated by a modified version of the optical dissector
method (Llorens-Martin et al. 2014). To this end, a random
grid consisting of squared probes (area=5.625 um?) was
superimposed over calibrated images taken at 600X magni-
fication and cells inside the probe area were counted. Ibalir
cells were morphologically classified as Types I, II, III,
IV, and V as previously described by as (Diz-Chaves et al.
2013). Types I, II, and IIT were categorized as non-reactive
glia, whereas Types IV and V were taken as reactive glia.
N=6 animals per group.

Astroglial cell analysis

Astroglial cell analysis was evaluated in CA1 (SR), DG
(dentate hilus, DH), and CA3 (SL). Morphological assess-
ment of GFAP immunoreactive (GFAPIr) astrocytes was
performed in the SR, DH, and SL. To estimate the area occu-
pied by GFAP cell bodies and processes, GFAPir astrocytes
were segmented as described in the “Mature Neurons Analy-
sis”. For each calculation, background was determined by
manually adjusting the system density window until only the
GFAPir astrocytes were selected. Three-to-six sections per
animal and three fields per section corresponding to GFAPir
astrocytes in the SR, DH, and SL were analyzed. For each
animal, the sum of immunoreactive areas was divided by the
number of sections (GFAPir area/section). The average area
of Sham group was considered the 100% GFAPir area and
the percentage for the area of each animal was calculated
relative to this value.

To study branching complexity, GFAPiIr astrocytes were
submitted to the Sholl analysis (SHOLL DA 1953). In each
rat, 25 astrocytes were randomly chosen. Images at high
magnification (1000x) were taken throughout representative
coronal sections spanning the SR and the SL. Subsequently
images were converted to 8-bit monochromatic and analyzed
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by the Image J Sholl analysis plugin (http://imagej.net/Sholl
). This technique consists of superimposing a mask with
concentric rings distributed at equal distances (5 um) cen-
tered on a cell soma. The number of process intersections
per ring (i), an index of branching complexity, was com-
puted. Afterwards, the total length of the processes was esti-
mated by the sum of the i values for each ring multiplied by
5. The length of the astrocyte processes and their branching
complexity at every distance from the soma were averaged,
and these output data were used for the statistical analysis
between groups.

Western blot analysis
Sample preparation

To obtain protein lysates, the hemi-hippocampi were homog-
enized with precooled RIPA buffer (150 mM NaCl, 1% Tri-
ton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM
Tris—HCI pH 8, and appropriate protease inhibitors, pH 7.4).
Finally, protein concentration was measured by Bradford
protein assay. Bovine serum albumin (BSA) (0.1-1 mg/ml)
was used as a standard. Samples were aliquoted and stored
at — 80 °C.

Immunoblotting

Equal amounts of protein (75 pg) for every sample were sep-
arated by 10% SDS—PAGE and transferred to nitrocellulose
membranes (Bio-Rad). The membranes were blocked by
incubation in 5% non-fat milk in Tris-buffered saline/Tween-
20 (TBS-T) for 1 h at room temperature, and then incubated
with primary antibodies against f-Amyloid precursor protein
(APP) and p-amyloid peptide (Ap) (1:200; sc-28365, Santa
Cruz Biotechnology), pTau(ser 396) (1:200; sc-101815,
Santa Cruz Biotechnology), total Tau (1:150; SA6, DSHB),
and p-Actin (1:1000; sc-47778, Santa Cruz Biotechnology)
overnight at 4 °C. Then, the membranes were washed with
TBS-T and incubated with the corresponding secondary
antibody conjugated with horseradish peroxidase (anti-
mouse, 1:10000, #115-035-003, Jackson ImmunoResearch
Laboratories, Inc., and anti-rabbit, 1:5000, #32460, Thermo
Fisher Scientific) for 3 h at room temperature. After washing
with TBS-T, membrane visualization was performed with
Super Signal West Pico PLUS Chemiluminescent substrate
(#34577, Thermo Fisher Scientific) on a Chemidoc Image
Station (Bio-Rad, Hercules, CA, USA). Relative optical den-
sity of protein bands was analyzed using gel documentation
system. Sample loading for APP, AP, pTau, and total Tau
protein was normalized with Sham group to relative density
of the f-Actin band.
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Statistical analysis

For BM latency and errors analysis, data from each AT
were averaged; these parameters together with body
weight were analyzed by two-way repeated measures
(RM) ANOVA, considering groups and days factors. In
the NOR test, comparisons of total time of exploration
during training and recognition sessions on familiar and
novel object were examined by paired Student’s t test. The
stereological data and WB data were analyzed by one-way
ANOVA or nonparametric Kruskal-Wallis test. Post hoc
tests were used where appropriate. All data were repre-
sented as mean + SEM and estimated using Graph Prism
Software. P <0.05 was set as significant.

Results
Weight reduction in STZ-treated rats

As described in the methods section, changes in body
weight were assessed in all animals at regular period inter-
vals. Results from Fig. 1b and inset showed that weight of
rats treated with STZ1 and STZ3 decreased until ED + 1
and + 7, respectively. After that period, though both STZ
groups started to gain weight, there was a significant
weight reduction in the STZ3-treated rats as compared
with the Sham animals until ED +23 (two-way ANOVA
group factor F, 159, =68.61; P<0.0001).

Animal spatial reference learning and memory
impairment after icv-STZ administration

Latency to escape box

To assess spatial memory in rats, we used a modified
BM test. In the acquisition trials, the latency to reach the
escape hole diminished rapidly after Trial 2, in Sham and
STZ1 groups, indicating similar learning curves. However,
latency remained consistently higher in the STZ3 group
and was significantly different in Trial 6 as compared to
the Sham group (Fig. 2a; two-way RM ANOVA trial factor
F(s 75,=5.988; P=0.0001; group factor F(, ;5,=5.203;
P=0.02).

In the probe trials where the cage was removed, STZ3
group displayed longer latency to reach the target hole for
the first time in both PT1 (1 day after ATs) and PT2 (5 days
after ATs); this increase was significant in PT2 (Fig. 2b; one-
way ANOVA group factor F, 15,=5.887; P=0.01), whereas
it was only a trend in PT1 (Fig. 2b; one-way ANOVA group
factor F, 15=1.803; P=0.2).
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Errors to escape box

During training sessions, the number of errors fell sharply in
Sham and STZ1 animals, indicating similar learning curves.
Nevertheless, in STZ3 group, the number of errors declined
slightly until reaching a plateau at Trials 2—5 and finally
increased at Trial 6 (Fig. 2e; two-way RM ANOVA trial
factor Fs5 75,=1.415; P=0.2; group factor F, ;5,=3.387;
P=0.06).

In probe trial sessions, this parameter has not shown dif-
ference among the three groups in PT1 (Fig. 2f; one-way
ANOVA group factor F, 2.15)= 0.2714; P=0.77). However,

AT2 AT4 AT6 PT1 PT2

STZ3 rats showed an increased in the number of errors com-
mitted to reach the target hole as compared to Sham and
STZ1 rats in PT2 (Fig. 2f; one-way ANOVA group factor
Fp, 15=17.369; P=0.006).

Total exploration frequency
A significant decrease in total exploration frequency, i.e.,
the sum of explorations number for each hole of the maze,

was observed in STZ3 animals in both PT1 and PT2 ses-
sions (Fig. 2c; one-way ANOVA group factor F, ;5 =7.417;
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P=0.0058 and F, 15,=5.101; P=0.0204 for PT1 and PT2,
respectively).

Goal sector exploration frequency

Goal sector (GS) exploration frequency, i.e. the mean num-
ber of explorations in the vicinity of the target hole, was
considerably lower in STZ3 rats in both PTs (Fig. 2g; one-
way ANOVA Group factor F(, 5,=4.471; P=0.03 and
Fo5= 4.006; P=0.04 for PT1 and PT2, respectively), cor-
roborating an impairment in the spatial memory. Otherwise,
the exploration frequency for the non-goal sector (NGS) was
less affected by STZ administration (data not shown).

Search path

The results of search strategies are shown in Fig. 2d. Sham
and STZ1 animals showed similar strategy scores. Com-
pared with the Sham group, STZ3 group had a significantly
higher strategy scores, displaying an impaired performance
[Fo, ]5)=5.356, P=0.0176], and also a higher percentage
of random strategy together with lower percentage of spatial
strategy (data not shown).

Impairment of animal performance in novel object
recognition test after icv-STZ administration

On day 23 following icv-STZ infusion, in the training ses-
sion involving two identical objects (FO1 and FO2), all the
rats took similar time for object exploration (Fig. 3a). On day
24, in the recognition phase (Fig. 3b), when animals were
exposed to a familiar (FO1) and a novel object (NO), Sham
group showed a significant discrimination between objects
(paired ¢ test, P <0.05). In addition, STZ1 group spent more
time exploring the novel object (paired ¢ test, P <0.05).
However, STZ3 rats showed an impairment in recognition

memory; they were unable to discriminate between familiar
and novel objects and spend almost equal time to explore
both of them.

Morphological changes in the rat dorsal
hippocampus after icv-STZ administration

Hippocampus volume analysis

SR volume showed a significant decrease between STZ3
and Sham groups (Fig. 4d; one-way ANOVA group factor
F, 13y=5.377; P=0.0235); no significant differences were
found between STZ1 and Sham groups.

Mature neuron analysis

To determine whether behavioral alteration was associated
with morphological changes in the brain, NeuNir mature
neurons were analyzed in the rat dorsal hippocampus. Neu-
Nir area in the CA1 of the Stratum Pyramidale was used
as neuron loss index. In this instance, an abrupt reduction
of about 26% of CA1 layer was observed in STZ3 animals
versus Sham group (Fig. 4e; one-way ANOVA group factor
F(5 13y=3.807; P=0.05). In addition, major nucleus axis
was employed as parameter of cellular morphology alter-
ations. In this regard, STZ3 animals showed a sharp cell
reduction of about 16% (Fig. 4f; one-way ANOVA group
factor F, 1,,=9.443; P=0.0034) as compared with Sham
rats. However, STZ1 rats showed no significant differences
compared to Sham rats in either of the two parameters.

Microglial cell analysis
Ibalir microglial cells were counted and classified as non-

reactive and reactive in the hippocampal SR. There were
no significant differences in the number of non-reactive
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Fig.3 STZ effect on behavioral performance in the novel object rec-
ognition test. Time spent exploring two identical objects in the train-
ing session (a): rats of the three groups spent similar time for familiar
objects (FO1 and FO2) exploration. Time spent exploring the novel
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object in the recognition session (b): Sham and STZI rats showed
preference to the novel object (NO) exploration. All data were rep-
resented as mean+SEM. N=6 per group. Comparisons were made
versus the exploration time of FO in each group. *P <0.05
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Fig.4 Morphometric analysis A
of Stratum Radiatum (SR)
volume and mature neuron
nucleus size in CA1 pyramidal
cells. Coronal sections of the
SR in representative animals
of each group showing NeuN
immunoreactive (NeuNir) cells
(a—c). Quantification of the SR
volume (d) showing a hip-
pocampal atrophy process only
in the STZ3-treated group. A
reduction in NeuNir area in the

hippocampal CA1 pyramidal
layer (e) was observed in STZ3
group. Major cell body axis of
NeuNir cells in CA1 (f); notice
that the neuron nucleus size
decreased in STZ3 rats. Scale
bar 50 um. N=6 per group.
All data were represented as
mean + SEM. Comparisons
were made versus the Sham
group data point. *P <0.05;
**P<0.01
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microglial cells for the three experimental groups (data not
shown). In addition, total (non-reactive plus reactive) and
reactive number of microglial cells in STZ1 rats were similar
to Sham rats (Fig. 5d, e, respectively). However, a notable
increase in the total (Fig. 5d; one-way ANOVA group fac-
tor F, 15,=26.94; P<0.0001) and in the number of reac-
tive microglial cells (Fig. Se; one-way ANOVA group fac-
tor F(, 15y=14.72; P=0.0003) was observed in STZ3 group
versus Sham group.

Astroglial cell analysis

The percentage of GFAPir (astroglial) area was evaluated in
the hippocampal SR, DH, and SL (Fig. 6a—i). STZ3 group
displayed a tendency to increase the GFAPiIr area in SR and
DH, in contrast with Sham rats (Fig. 6j—k. SR: nonpara-
metric Kruskal-Wallis test; P=0.190. DH: F, 5)=1.205,
P =0.3272). On the other hand, SL. GFAPir area showed
a significant increase between STZ3 and Sham groups
(Fig. 61; one-way ANOVA group factor F(, ;5)=35.204;

P=0.0192); no significant differences were found between
STZ1 and Sham groups for this parameter. No significant
differences were found in the GFAPir cell number of SR,
DH, and SL for the three experimental groups (data not
shown. SR: F, 15)=2.498; P=0.1158. SL: F(, ;5)=1.710;
P=0.2143. DH: F(, {5)=2.601; P=0.1072). In addition, an
important fall in SR branching complexity was observed at
1020 um and 10-25 um from the cell soma for STZ1 and
STZ3 animals, respectively, versus Sham animals (Fig. 7b;
one-way ANOVA group factor F, 14=11.32, P=0.001;
Fp 14y=13.87, P=0.0005; F, 14=7.584, P=0.006 and
F(z’ 14):4.182, P=0.038 for 10, 15, 20, and 25 pm, respec-
tively). Similarly, a reduction in SL branching complexity
was observed at 30—35 um and 15-25 pym from the cell soma
for STZ1 and STZ3 animals, respectively, versus Sham ani-
mals (Fig. 7c; one-way ANOVA group factor F, |5)=5.974,
P=0.0124; F, 15)=2.704, P=0.0993; F, 5)=4.386,
P=0.0316; F, 15)=5.471, P=0.0164; F, 5)=4.485,
P=0.0297 for 15, 20, 25, 30, and 35 um, respectively).
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Fig.5 Ibal immunoreactive
microglial cells (Ibalir) in the
hippocampal Stratum Radiatum / z
(SR). Magnified micropho-
tography (600x) of the SR in o
representative animals of each -
group showing Ibalir cells -

(a—c). Quantification of total | ' >
(d) and reactive (e) Ibalir cell b P
number showing an increase
in microglial cell number in
STZ3 rats. Scale bar 200 um.
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Total Iba-1 cells

Sham STZ1 STZ3

m

8000+

6000-

4000+

2000- T

Reactive Iba-1 cells

Sham STZ3

STZ1

Consistently, a reduction in the mean length of astro-
cyte processes was observed in STZ-treated compared to
Sham rats in SR (Fig. 7c; one-way ANOVA group factor
F(z’ 15)=6,473; P=0.0094) and in SL (Fig. 7e; one-way
ANOVA group factor F, ;5,=5.425, P=0.0169).

Furthermore, the number of branches emerging from
the cell soma was significantly affected by icv-STZ in SR,
and being more pronounced in STZ3 than in STZ1 group,
as compared with Sham group (data not shown; one-way
ANOVA group factor F, 15,=6.781; P=0.008). In contrast,
this parameter was not significantly affected in SL (data
not shown; one-way ANOVA group factor F, ;5_.1.645;
P=0.2261). This result indicates that entire arbors were lost
in CA1l, while only the distal branches were lost in CA3.

APP, AB, and pTau/Tau protein levels after icv-STZ
administration

Pathological APP cleavage and the accumulation of Af are

hallmarks of AD and a preferred criterion for the valida-
tion of experimental models of AD. To explore the effect of
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STZ on the production of A in the hippocampus, we deter-
mined the protein levels of APP and Ap by WB. Although
there were no significant differences in APP protein lev-
els for the three experimental groups (Fig. 8a, b; one-way
ANOVA group factor F, ;5,=1.553; P=0.2439), icv-STZ
induces a trend to increase APP protein levels. WB analysis
revealed an increase in AP protein levels in the STZ3 group
(Fig. 8a, c; one-way ANOVA Group factor F, |5,=3.724;
P=0.0486) as compared to the Sham group. No significant
differences in A protein levels were found between STZ1
and Sham groups (Fig. 8c).

Intracellular neurofibrillary tangles containing hyper-
phosphorylated tau protein are a major neuropathological
feature of AD. We studied the accumulation of hyperphos-
phorylated tau in the hippocampus of icv-STZ rats by assess-
ing the ratio of pTau(ser396)/total Tau protein levels. WB
analysis revealed a significant increase in pTau(ser396)
protein levels in the STZ3 group (one-way ANOVA Group
factor F, 15,=4.286; P=0.0337) as compared to the Sham
group (data not shown). In addition, there was a significant
increase in pTau(ser396)/total Tau ratio in the STZ3 group as
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Fig.6 GFAP immunoreactive astrocytes in the dorsal hippocampus.
Coronal sections of representative animals of each group showing
GFAPir cells (1000x). a—c, d—f, g-i panels represent magnified views
of SR, DH, and SL regions, respectively. Bar plot shows an increase

compared to the Sham group (Fig. 8a, d; one-way ANOVA
group factor F, ;5 =4.559; P=0.0284). However, no sig-
nificant differences in pTau(ser396) protein levels (data not
shown) and in pTau/Tau ratio were found between STZ1
and Sham groups. There were no significant differences in
total Tau protein levels for the three experimental groups
(one-way ANOVA Group factor F, 5,=0.2628; P=0.7723)
(data not shown).

Discussion

icv-STZ model has been proposed as a representative model
of SAD (Lannert and Hoyer 1998; Salkovic-Petrisic and
Hoyer 2007, Mayeret al. 1990), since it induces biochemi-
cal, structural, and cognitive effects together with an insu-
lin-resistant brain state in a standardized and reproducible
manner in all investigated species (rats, mice, and monkeys).
Besides, icv-STZ model demonstrates several advantages
over the transgenic mice AD models (Salkovic-Petrisic et al.
2013).

It was previously shown that icv-STZ injection produces
a marked initial loss of body weight in rats (Shoham et al.
2003, Pathan et al. 2006). In agreement with these findings,
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in GFAPir area in the STZ3 rats in SR (j), DH (k), and SL (I). Scale
bar 50 um (panels a—i). N=6 per group. All data were represented as
mean=+ SEM. Comparisons were made versus the Sham group data
point. ¥*P <0.05

our study also evidenced that icv-STZ treatment caused a
significant reduction in body weight. STZ3 group showed
the lowest body weight through the whole experiment.
Indeed, after icv injection, Sham rats gained body weight,
whereas icv-STZ rats decreased their body weight until
ED+1 and +7 in STZ1 and STZ3 groups, respectively.
Other report showed an initial weight loss and hypopha-
gia in icv-STZ-treated rats (Majkutewicz et al. 2016b). This
work also showed that these rats present an enlargement of
the third ventricle and the ventricular space, resulting in a
loss of ependymal cells and damage to hypothalamic perive-
ntricular myelin and shrinkage of fornix, respectively. We
observe similar enlargement of ventricles of STZ3 rats (data
not shown). This could explain the temporally weight loss
seen after icv injection of STZ and even could affect the
animals cognition.

A growing body of scientific evidence demonstrates
impaired learning and memory in icv-STZ-treated rats
assessed in MWM, at different STZ doses (0.5-6 mg/kg)
and at several time points after injection (Griinblatt et al.
2007; Salkovic-Petrisic et al. 2015, Rajasekar et al. 2017). In
line with this, learning parameters show that icv-STZ 3 mg/
kg causes a progressive decrease in latency time together
with an increasing trend of errors in the BM. Compared
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Fig. 7 Sholl analysis of GFAP immunoreactive astrocytes in the dor-
sal hippocampus. a Micrograph of a single astrocyte and the result
of superimposing a mask with concentric rings distributed at equal
distances (5 um) and centered on the GFAPir soma of the astrocyte
silhouette. The number of process intersections i per ring was com-
puted as branching complexity in SR (b) and SL (c); an important
fall in branching complexity was observed in STZ-treated animals. d,
e Average length of astrocyte processes in SR and SL, respectively.
The length of the processes was estimated by the sum of the i val-
ues for each ring multiplied by 5. A reduction in the mean length of
astrocyte processes was observed in STZ-treated rats. N=25 astro-
cytes for each rat. N=6 per group. All data were represented as
mean+ SEM. Comparisons were made versus the Sham group data
point. ¥*P <0.05; **P <0.01; ***P <0.001

with more extensive BM protocols (Rosenfeld and Ferguson
2014, Gawel et al. 2016; de la Tremblaye et al. 2017), in this
work, the number of acquisition sessions (six AT in 3 days)
were abbreviated but sufficient to detect impaired learning
efficiency. In addition, recent studies of our group demon-
strated the usefulness of this BM protocol to evaluate spatial
memory impairment in old rats (Morel et al. 2015). The
previous BM works identified that intact rats performance
was equivalent in the first two PTs, but then they became
habituated and cannot be further tested (Uriarte et al. 2017).
In the present study, short- and long-term spatial memory
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retention was evaluated, 1 and 5 days after the last AT in PT1
and PT2, respectively.

In these two instances, a significant fall in GS exploration
frequency was observed, expressed as the mean number of
explorations in the vicinity of the target hole, for both icv-
STZ doses. At least two components contribute to the mag-
nitude of GS exploration frequency, namely spatial memory
retention and target-seeking activity. The latter depends
mainly on the motivation to search for the escape hole. There
are some reports suggesting that mice and rats treated with
icv-STZ have motivational difficulties (Rostami et al. 2017,
Shayan Amiri et al. 2017). In this work, motivational behav-
ior was evaluated as the total exploration frequency and our
results show a decline in STZ3-injected animals but not in
STZ1 group. Therefore, STZ3 rats exhibit a loss of motiva-
tion and impaired short and long-term spatial memory reten-
tion. Moreover, memory performance was evaluated through
escape hole latency time and number of errors (explorations
of holes different from the escape one). Our data indicate
that memory disruption by icv-STZ3 is stronger in long-
term retention, since animals take significantly longer time
to find the escape hole and are more erratic. This deficit was
not observed with STZ 1 mg/kg dose. These results are in
accordance with the previous studies (Rostami et al. 2017,
Mehla et al. 2013), showing that the icv-STZ impairment of
reference memory in animals is dose-dependent. In addition,
the more frequent use of random search strategy to locate
the escape hole may underlie the poor performance of STZ3
rats during acquisition training, as they were worse at find-
ing the escape hole than controls. It is worth noting that,
before the initiation of cognitive evaluation, we assessed
motor performance and no significant differences were found
between the groups (data not shown), in accordance with
the previous studies (Ozkay et al. 2012, Saxena et al. 2011;
Bokare et al. 2018). Overall, these results replicated learning
deficits in the Morris water maze (Gao et al. 2014, Majkute-
wicz et al. 2016b; Salkovic-Petrisic et al. 2015) and suggest
that STZ3 dose can result in spatial learning deficits on the
Barnes maze.

Novel object recognition is related to hippocampal mem-
ory (Clark et al. 2000). Therefore, an alteration in Barnes
Maze would predict NOR test impairment. Indeed, our data
showed that STZ 3 mg/kg injection induced a deficit in long-
term object recognition memory (24 h after the training ses-
sion). This finding is consistent with a previous study in
which long-term object recognition memory deficits in rats
were observed 3 weeks after icv-STZ3 (Kheradmand et al.
2018). Although there are no changes in the STZ1 group,
we suggest a longer time after STZ1 injection would reveal
a significant object recognition memory impairment. Other
studies reported that damaging effects of STZ 1 mg/kg dose
are mainly progressive (Griinblatt et al. 2007; Shoham et al.
2007; Knezovic et al. 2015; Kraska et al. 2012). Shoham
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Fig.8 STZ effect on protein A Sham STZ1 STZ3 B
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et al. (2007) informed impaired long-term object recog-
nition memory 4 weeks after icv-STZ injection (Shoham
et al. 2007). In accordance, Rostami et al. (2017) described
a short-term object recognition memory deficit (1 h after the
training session) 4, 10 and 14 weeks after icv-STZ injection
(Rostami et al. 2017). Together, these data suggest distinct
late onset in the STZ-induced object recognition memory
impairment.

Human AD studies show that a reduction in hippocam-
pal volume is correlated with global cognitive function
and memory performance (Su et al. 2018, Elgh et al. 2006,
Stoub et al. 2006). In our study, administration of icv-STZ3
resulted in SR volume reduction of the dorsal hippocampus.
This hippocampal subfield area is one of the most affected
in AD and was proposed as a potential early biomarker for
detecting AD at the mild cognitive impairment (MCI) stage
(Su et al. 2018). In accordance another study proposed that
both volume and neuronal loss in CA1 of the hippocampal
formation, are early hallmarks of Alzheimer’s disease, and
are strongly correlated with cognitive status (Bobinski et al.
1998). In this respect, we observed a significant reduction
of hippocampal CA1 pyramidal layer in STZ3 rats and a
partial reduction in STZ1 group. It was previously reported
that NeuN immunostaining correlates with neuronal death
(Davoli et al. 2002); interestingly, an increased number of
apoptotic cells in the icv-STZ SAD model were also reported
(Hashemi-Firouzi et al. 2017). Moreover, it was observed
that STZ induced neurodegeneration in the hippocampus,
particularly in the CA1l area (Majkutewicz et al. 2016a, b).

Based on these data, we suggest that the decrease in NeuN
immunostaining in STZ3 group is associated with neuronal
death in the dorsal hippocampus. In addition, it is noticed a
severe reduction of cell bodies of neurons in STZ3 rats. In
fact, remarkable changes in the neuron morphology were
found, such as atrophy and shrinkage. However, the hip-
pocampal CA1 cells structure of STZ1 group was uniform
and similar to that of the Sham group. Thus, icv-STZ3 rat
model shows consistent structural CA1 and SR atrophy that
contributes to memory decline. By contrast, other rodent
models of AD show neither volume changes (Klementiev
et al. 2007) nor neuronal loss in an equivalent period to that
evaluated by us (Wirths and Bayer 2010).

Neuroinflammation, as reflected by astrogliosis and
microglial activation, is another hallmark that is thought to
contribute to AD pathogenesis (McGeer and McGeer 2003).
Reactive gliosis of AD histopathology reflects the abnormal
morphology of astrocytes and microglia.

Microglia is resident phagocytes of the CNS that dynami-
cally survey the environment, playing crucial roles in brain
tissue maintenance, injury response, and pathogen defense
(Nayak et al. 2014, Colonna and Butovsky 2017). Micro-
glia have emerged as crucial players in the pathogenesis of
SAD and there is considerable evidence that microglia are
responsible for neuronal damage in this pathology (Hansen
et al. 2017). Our results are consistent with these alterations
and demonstrate that there is a significant proliferation of
reactive microglia in the hippocampus in STZ3-SAD model.
Prolonged microglial activation leads to pro-inflammatory
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cytokines’ release that exacerbates neuroinflammation, con-
tributing to neuronal loss and cognitive function impairment
(Streit et al. 2004, Perry et al. 2010; Jiang et al. 2012). Thus,
understanding the signals that trigger microglia to prune vul-
nerable circuits could provide important insights into neu-
rodegenerative diseases and shed light on novel therapeutic
targets. Given the diverse and complex activity of microglia
in healthy and diseased brain, there is a critical need for new
biomarkers that may relate specific microglial functional
states to disease progression and pathobiology.

Astrocytes are responsible for maintaining homeostasis
in the CNS. In AD, both reactivity and atrophic changes in
astrocytes were reported [see an extend revision in Rod-
riguez-Arellano et al. (2016)]. In STZ3-SAD model, an
increased astrocytes number in the hippocampus and other
brain regions was observed (Rostami et al. 2017, Kraska
et al. 2012; Dos Santos et al. 2018). An increased GFAP
immunoreactivity has also been described at different times
post icv-STZ in rats (Bassani et al. 2017, Knezovic et al.
2017, Shi et al. 2017). In contrast, other works reported no
significant change in GFAP content in the hippocampus of
rats submitted to icv-STZ injection (Rodrigues et al. 2010;
Biasibetti et al. 2013).

To elucidate these controversial findings in the icv-STZ
model, we analyzed three hippocampal regions known to
be involved in learning and spatial memory: SR, DG, and
SL. Our results demonstrate that icv-STZ tends to increase
GFAPir area in the SR and DH; in particular, high doses
incremented more than 100% of GFAPir area. This incre-
ment was significant in SL region. Due to this augmentation,
we can hypothesize that cells are hypertrophied. The previ-
ous reports demonstrated that AD patients display GFAP
hyper-reactivity with signs of cellular hypertrophy in the
hippocampus (Vijayan et al. 1991) and in the cerebral cor-
tex (Colombo et al. 2002). On the other hand, as our three
experimental groups showed similar GFAPir cell number in
hippocampal regions analyzed, STZ injection does not seem
to have modified this parameter. However, since hippocam-
pal atrophy was observed in STZ3 rats, it can be inferred that
SR, DH, and SL cell ratio is modified, i.e., the same GFAPir
cell number occupies a smaller brain parenchyma volume in
STZ3 brains.

We also performed detailed morphometric analyses in SR
and SL astrocytes of icv-STZ rats to evaluate their complex-
ity by the Sholl analysis. This is the first work to analyze the
effect of two doses of icv-STZ on astrocytes morphology.
On a cellular level, icv-STZ promotes a decrease in astrocyte
complexity, as reflected by processes’ length reduction, and
less branching complexity in both hippocampal regions, and
decrease number of main processes in SR, thus resulting in
decreased arborization of STZ1 and STZ3 rats compared to
Sham rats. Taking into consideration all parameters, astro-
cyte complexity was the unique significantly affected one
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for low doses of icv-STZ. Previously, a decrease in astro-
cytes complexity in the post-mortem brains of dementia
patients was reported (Senitz et al. 1995). Consequently, it
is then conceivable to speculate that astrocyte vulnerability
accompanies the onset of AD. Besides, we assume that these
impaired astrocytes fail to provide adequate neuron-glia
signaling inducing synaptic loss, what is, indeed, observed
in the early stages of AD and may be a driving factor in the
development of cognitive deficits.

The accumulation of AP and abnormal phosphorylated
tau protein is suggested to contribute to hippocampal atro-
phy in AD brain (Dhikav and Anand 2011, Irvine et al.
2008). Regarding this, in the icv-STZ model, an increase
in amyloidogenesis (Salkovic-Petrisic et al. 2011) and that
in tau hyperphosphorylation (Griinblatt et al. 2007) have
been observed. In line with these studies, we have found an
increase in AP and pTau(ser396) protein levels, a trend to
increase for APP, and no changes in total Tau protein levels
in the hippocampus of STZ3 group. However, no signifi-
cant differences in the levels of these proteins were found
in the STZ1 group. It was reported that Tau hyperphospho-
rylation at ser396 is responsible for the functional loss of
Tau-mediated tubulin polymerization (Evans et al. 2000).
Thus, we confirmed the accumulation of A and tauopathy
in the hippocampus of icv-STZ rat model, 25 days after STZ
administration.

Conclusion

In the present study, we highlighted the difference of lesions
induced by low and high doses of STZ in a short-term study.
Our evidence revealed that a single high STZ dose (3 mg/
kg) administration into the lateral ventricles induces severe
spatial and recognition memory impairment together with
morphological and biochemical changes in the rat dorsal
hippocampus, which were observed 25 days after the treat-
ment. At low doses (1 mg/kg), the icv-STZ did not signifi-
cantly affect animal cognition and induced moderate or not
detected lesions. Moreover, both doses induced a reduction
in astrocyte-branching complexity. Consequently, we sug-
gest that the mechanisms induced at the two doses might be
different, resulting in an acute toxic effect triggered by the
high dose or a partial toxic effect caused by the lower dose.

In summary, the BM was an alternative test to evaluate
the cognitive performance in this SAD model. In addition,
we propose STZ3 as the dose of choice to evaluate the SAD
symptoms, to study possible therapies, and to detect poten-
tial early biomarkers in the rat brain. On the other side, we
propose STZ1 as the adequate dose to evaluate the early
stages of AD and to study the role of astrocytes in this
disease.
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