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A B S T R A C T

Aims: Insulin signaling malfunction has recently been suggested as a preliminary event involved in the etiology
of Sporadic Alzheimer's disease (SAD). In order to develop insulin resistance-related SAD model, rats were
treated with streptozotocin, intracerebroventricularly (icv-STZ). Nevertheless, given the lack of knowledge re-
garding sub-clinical stages of SAD, the current challenging issue is establishing a practical pre-clinical SAD
model. Despite some proposed mechanisms, such as insulin malfunction, neuroinflammation, and gliosis, icv-
STZ mechanism of action is not fully understood yet and Streptozotocin-induced rat model of Alzheimer has still
major shortcomings.
Main methods: Using three STZ doses (0.5, 1, and 3 mg/kg) and three testing time (short-term, medium-term and
long-term), we sought the best dose of STZ in order to mimic the characteristic feature of sAD in rats. So, we
conducted a series of fifteen-week follow-up cognitive and non-cognitive studies. Besides, IR, tau and ChAT
mRNA levels were measured, along with histological analysis of astrocyte, dark neuron numbers, and pyramidal
layer thickness, in order to compare the effects of different doses of icv-STZ.
Key findings: STZ 3 mg/kg caused cognitive and insulin signaling disturbance from the very first testing-time.
STZ1-injected animals, however, showed an augmented hippocampal astrocyte numbers in a short time; they,
also, were diagnosed with disturbed insulin signaling in medium-term post icv-STZ-injection. Moreover, beha-
vioral, molecular and histological impairments induced by 0.5 mg/kg icv-STZ were slowly progressing in
comparison to high doses of STZ.
Significance: STZ1 and 0.5 mg/kg-treated animals are, respectively, suggested as a suitable experimental model
of MCI, and sub-clinical stage.

1. Introduction

A growing body of evidence has indicated that sAD is multifactorial,
with age being an important risk factor. Main neuropathological hall-
marks identified in Alzheimer's brains are beta-amyloid deposits, hy-
perphosphorylated tau proteins, and astrogliosis [1]. Recently, dysre-
gulated brain insulin signaling has been reported to play a pivotal role
in AD pathology. Additionally, several studies have indicated that in-
sulin malfunction induces beta amyloid accumulation and tau pa-
thology in AD brain [2]. Thus, Alzheimer's disease has been argued to
be a type III diabetes [3,4]. Given the specific nature of sAD, there is no
clinical evidence on its early stage, and this makes making an appro-
priate model more difficult. Thus, a convenient model for the initiation

phase of sAD could be the beginning step to explore the mechanisms
involved in the pathology of Alzheimer disease. Several animal models
have been established among which icv-STZ model (icv-STZ adminis-
tration in rat) has been foregrounded as a hopefully suitable model to
investigate the mechanism of sAD progression and explore the neuro-
protective potential of some components up to now [5,6]. Importantly,
this model could mimic some features of sporadic AD, such as dis-
turbance in some aspects of learning and memory, beta-amyloid accu-
mulation, hyperphosphorylation of tau protein (microtubule-associated
protein tau, MAPT) and dysregulation of insulin-related gene expres-
sion (for instance, insulin, insulin receptor (IR), choline acetyl-
transferase (ChAT), and MAPT). In this regard, due to some data pro-
posing insulin resistance as a possible mechanism of ip-STZ, and
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regarding the presence of insulin receptor in rat brain, it has been
suggested that icv-STZ injection could induce central insulin resistance,
but this mechanism has not been supported by the experimental data
yet [6]. Also, Oxidative stress and subsequent neuroinflammation
leading to the neuronal death is the second proposed icv-STZ me-
chanism [7,8]. With respect to the aforementioned evidence, sAD is a
chronic and slowly progressing disease. However, STZ doses used in the
present model did not turn out to, desirably, imitate the development
and progression of AD pathologic features. Furthermore, almost all icv-
STZ–based studies have ultimately presented first month post-icv-STZ
injection as a suitable testing time. These limitations encouraged us to
seek an appropriate dose and testing time of icv-STZ model in order to
observe more similar progression in cognitive decline, along with the
molecular and neuropathological characteristic features of sAD of
slowly progressive nature. Up to now, researches have not compre-
hensively investigated up to 15-week post-injection behavioral, mole-
cular and neuropathological effects of different doses of icv-STZ. In this
regard, the effects of three distinct doses of icv-STZ (0.5, 1 and 3 mg/
kg) were compared on these features in three post-injection time points,
including short-term (3–5-weeks), medium-term (9–11 weeks) and
long-term (13–15 weeks) effects.

2. Materials and methods

2.1. Animals and surgical procedures

Male Wistar rats (3 months old, weighing 280-300 g) were used
throughout this study. Rats were housed in groups of 3–4 and kept
under standard conditions of temperature (22 °C ± 2) and humidity
(40–50%). A 12-h light/dark cycle was provided and animals had ad
libitum access to food and water. For icv injection, the animals were
anesthetized by i.p. injection of ketamine-xylazine mixture (100 mg/
kg–10 mg/kg, respectively) and fixed in a stereotaxic apparatus. A
single injection of STZ (0.5, 1 and 3 mg/kg) or saline was applied into
the right lateral ventricle (0.8 mm posterior to bregma, 1.5 mm lateral
to the sagittal suture, and 3.6 mm beneath the brain surface). Injection
volume was 6 μl. The experiments were carried out in accordance with
the National Institute of Health Guide for the Care and Use of
Laboratory Animals (NIH Publications No. 80-23, revised 1978), and
were approved by the Ferdowsi University of Mashhad ethical review
process.

2.1.1. Experimental setup
Group 1. Control: Rats undergone stereotaxic surgery and received

icv-STZ vehicle (saline).
Group 2. STZ 0.5: Rats received STZ (0.5 mg/kg) on the 1st day.
Group 3. STZ1: Rats received icv-STZ (1 mg/kg) on the 1st day.
Group 4. STZ 3: Rats received icv-STZ (3 mg/kg) on the 1st day.
The animals were subjected to a battery of behavioral tests during

3–5, 9–11, and 13–15 weeks following icv injection. The behavioral
studies included Accelerating Rotarod, Y Maze, and novel object re-
cognition task (NORT) accompanying with Morris water maze. All ob-
servations were performed between 10.00 am and 16.00 pm.
Equipment was cleaned with 70% ethanol between each test to elim-
inate olfactory cues. After every test battery, ten animals from each
group were sacrificed by decapitation (Fig. 1), and their brains were
removed quickly. Five brains were kept in 4% paraformaldehyde for
24 h and were then paraffin-embedded for histological studies on the
hippocampus (hematoxylin and eosin and Congo-red staining). The
hippocampi of the other brains were dissected and stored in −70 °C for
Real-time RT-PCR quantification of insulin receptor (IR), tau and cho-
line acetyltransferase (ChAT).

2.2. Behavioral tests

2.2.1. Accelerating rotarod
In the first part of this study, short-term, medium-term and the long-

term effects of icv-STZ injection on the rotarod performance were
measured using an accelerating rotarod device (4–40 rpm Rota-Rod
7650; Ugo Basile, Comerio, Italy) in order to prove that the animal
motor coordination was not affected by intraventricular drug injection
and icv-STZ, per se, had no toxic effect on the animal's motor balance
over the time; this was performed once and the mean delay time of the
first falling off a rotating rod, known as fall latency, was calculated in
each group. Animals were individually placed on a rod facing opposite
to the direction of rotation. Each animal was placed on the rod rotating
at a constant speed of 4 rpm and trained to remain balanced during
training. One session of five trials (180 s each) was given, as described
elsewhere, during the retention phase [9]. Inter-trial interval was
2 min. The speed of rotation was increased from 4 to 40 rpm during a
120-s period. Latency to fall was recorded automatically. The mean
riding time was measured for each animal. In case of longer than 180 s
riding duration, the rat was removed from the rod and the fall latency
was assumed to be 180 s.

2.2.2. Open-field
This maze was used to measure the rat's exploratory and anxiety-

like behavior. Animals with less anxiety, spend more time in the central
area of the arena. The open-field arena was constructed using white
Plexiglas with 75 cm length, 75 cm width and 36 cm high. The rats
were individually placed in the center of the arena and the number of
rearing, as well as the percentages of time spent in the central area of
the maze was recorded during 5 min, as previously described with the
time duration modification [10].

2.2.3. Y-maze
Y-maze alternation task was performed, as described above, to in-

vestigate icv-STZ effect on animals' working memory [11]. Briefly,
animal was placed in the center of the maze to explore the arena freely,
and spontaneous alternation behaviors were counted over an 8-min
session. The function of working memory of animals was quantified as
the percentage of alternation: (the number of alternations) / (total arm
entries − 2) ∗ 100. Also, the number of arm entries was recorded as a
locomotor activity of rat during an 8-min session of Y-maze alternation
task. The apparatus consisted of three equal arms, measuring
40 × 15 × 30 cm oriented at 120° angles from each other. The number
of different arm visits was considered as an index of exploratory activity
of the animal in the Y-maze.

2.2.4. Novel object recognition test
This test has been designed to assess animal's recognition memory,

as well as working memory, based on the rodent's preference to explore
new objects. Nevertheless, animal's reference memory is not involved in
this test. These advantages make this test useful to evaluate mild cog-
nitive impairment in pre-clinical studies [12]. Here, based on rat's un-
conditioned preference for novelty, short-term, medium-term and the
long-term effect of different doses of icv-STZ were evaluated, as re-
ported previously with some modifications [13]. Briefly, the novel
object recognition test was performed in three phases of habituation,
familiarization (acquisition phase) and test (retention phase). During
habituation phase, the animals were individually placed in the appa-
ratus (an empty open-field arena measuring 75 × 75 × 36 cm) to ex-
plore the arena for five consecutive days, 15 min per day. On the test
day, two identical objects (colored striped plastic bottles filled with
NaCl) were placed in the opposite corners of the arena during the ac-
quisition phase; the animal was released in the arena back to the objects
and allowed to explore the objects freely for 3 min. Exploration was
defined as pointing the head within 2 cm of the objects, sniffing, licking
or biting the objects. Duration of time each rat explored each object was
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measured, as exploration time. Then, the animal was returned to its
home cage. After 1-hour inter-trial interval, during the 3-min retention
phase, rats were returned to the arena with two objects exactly placed
at the same position of acquisition phase objects. One object was
identical to the previously presented object (familiar), and a new
(novel) object (different object shape with the same salience). Again,
the exploration time was recorded in the retention trial. The animal's
exploratory preference was calculated as the percentage of time spent
exploring the novel object divided by the total time spent exploring
both objects during the test phase.

2.2.5. MWM
Learning and memory of the animals were assessed in the Morris

water maze, based on the previous reported protocol, with some
modifications [14]. A black circular water maze (120 cm diameter and
50 cm height) was placed in a darkened room and filled with water at
room temperature (25 ± 1 °C). During habituation, the animals were
individually placed into the tank and allowed to swim freely for 30 s.
One day after habituation a black colored platform with an 8 cm dia-
meter was hidden 1–2 cm below the water surface. Tank water was
colored with a black non-toxic dye to hide the platform. The platform
was placed in one of the four imaginary quadrants. The location of the
platform was constant during the experiment. In the training phase,
each animal received one session of 4 trials per day for 4 consecutive
days. There was a 2-minute interval between trails. The rat was released
from one of the four start points and had a maximum time of 90 s to
locate the hidden platform during each trail. If the animal couldn't find

the platform, it was manually guided to the platform and remained
there for 30 s. The latency time to find the hidden platform was re-
corded as escape latency. During the probe trial on day 5, the platform
was removed and the animal was allowed to swim for 60 s and the
percentage of time spent in the goal quadrant was recorded.

2.3. Quantitative real-time RT-PCR

After each behavioral test block, using quantitative real-time poly-
merase chain reaction, insulin receptor (IR), tau and choline acetyl-
transferase (ChAT) mRNA levels were assessed in the hippocampi ex-
tracts. Insulin-1 gene expression data was omitted from the analysis due
to low concentration and relative high threshold cycle (Ct.30).

2.3.1. Total RNA isolation and cDNA synthesis
Briefly, the left rat hippocampus was homogenized, and RNA was

extracted using an RNX-Plus reagent (Cinnagen, Iran) according to the
manufacturer's instructions. In the next step, total RNAs went through
DNase-I digestion to get rid of DNA residues. The RNA quality was
assessed via the 28S/18S ratios around 2 in 1% agarose gel electro-
phoresis. Furthermore, using Nanodrop ND-2000 Spectrophotometer
(Thermo scientific), only samples whose ratios of the A260/A230
were> 1.8 and A260/280 ratios > 1.9 were used for the gene ex-
pression analysis. Total RNA (11 μl) from each sample was reverse
transcribed using random hexamer, oligo-dT primers, and by RevertAid
RT Reverse Transcription Kit (Fermentas, Canada).

Fig. 1. Schematic representation of the experimental time
scale. An Alzheimer-like behavior was induced by icv in-
jection of STZ in 3-month-old rats. Animals were randomly
assigned into four groups: (1) control group: rats underwent
stereotaxic surgery and received STZ vehicle (saline); (2)
icv-STZ 0.5 mg/kg: rats received STZ (0.5 mg/kg) into the
right ventricle; (3) icv-STZ 1 mg/kg: injected in-
tracerebroventricularly with 1 mg/kg dose of STZ; (4) icv-
STZ 3 mg/kg: 3-month-old rats receiving 3 mg/kg icv-STZ.
Thirty animals were randomly categorized into each group
and, then, each group was divided into three subdivisions,
each including 10 rats. Three different subdivisions of every
group performed behavioral tests in a different testing time,
i.e. short-term, medium-term and long-term studies.
Animals were sacrificed after each battery of the behavioral
experiment. The hippocampi of five rats were dissected and
stored in −70 °C for Real-Time RT-PCR and the other dis-
sected brains were fixed (4% paraformaldehyde for 24 h)
and reserved for hematoxylin-eosin (H & E) staining. As
shown in Schematic figure, Rotarod performance (RP), and
Open field (OF) were carried out on the first day, and Y-
maze (alternation) test was conducted on the second day.
Novel object recognition task (NOR) consisted of a five-day
habituation phase, followed by the object recognition task,
separated into two phases of acquisition and retention by
itself, performed on the sixth day. From the 7th to 11th
days of each experimental block, Morris water Maze
(MWM) performed. Training phase consisted of four con-
secutive days, each consisting of four trial sections, 90 s for
each; this was followed by 60 s probe trials on the 5th day.
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2.3.2. Primer design, standard curve analysis and real-time RT-PCR
The information related to primers is shown in Table 1. Using the

NCBI site (https://www.ncbi.nlm.nih.gov/tools/primer-blast), specific
pairs of primers were designed, and to confirm the gene specificity of
the primer sequences, BLAST searches were performed, and the results
were checked to ensure the absence of multi-locus matching at the
particular primer sites. The cDNA was diluted 1:10 (for tau, 18s rRNA)
or 1:1 (for IR and ChAT), and 2 μl were amplified by real-time PCR in
20 μl reaction mixture (2 μl primers (5 ρmol each of forward and re-
verse primers), 6 μl DEPC water and 10 μl SYBR Green master mix)
using 2× Real-time PCR master mix (Amplicon) for 40 cycles in a
Rotor-Gene Q-Qiagen equipment under the following thermal condi-
tions: 10 min preheating and 40 cycles of 95 °C; denaturation for 10 s at
95 °C; annealing for 1 min at 64a°C; extension for 1 min at 72 °C. Primer
sequences were as follows: for IR, forward, 5′-AGAGGTGGGCAATGT-
GACAG-3′ and reverse, 5′-ATGCGGTACCCAGTGAAGTG-3′; for tau
(microtubule-associated protein tau (Mapt)), forward, 5′-CGGAGGCA-
GTGTGCAAATAGTC-3' and reverse, 5′-TCCTGGCTTGTGATGGATGTT-
C-3′; for ChAT, forward, 5′-CCATGACTGACCACAAGGCT-3′ and re-
verse, 5′-TGGCTCTTTGCACAGGTCTC-3′; for 18srRNA, forward, 5′-
GCCTCACTAAACCATCCAATCG-3′ and reverse, 5′-AACCCGTTGAACC-
CCATTCG-3′; and for Ins1, forward, 5′-AGAGGTGGGCAATGTGACAG-3′
and reverse, 5′-ATGCGGTACCCAGTGAAGTG-3.′ Ribosomal 18S
(18srRNA) was used, as the reference gene, for normalization during
quantification. A denaturing curve was performed after amplification to
ensure the presence of specific amplification products. All reactions
were run in triplicate. Standard curve for each amplification product
was obtained from 10-fold dilutions of cDNA. The efficiency of ampli-
fication was also checked, and relative quantitation of gene expression
was carried out using the procedure proposed by Schmittgen and Livak
(ΔΔCt). Data is shown as the percentage of changes in comparison to
the control group. The efficiency range of amplifications of tested genes
was 96–110% (Table 1).

2.4. Brain sectioning, hematoxylin-eosin (H & E) and Congo-red staining

After each battery of behavioral tests, five rats were randomly se-
lected out of each group for light anesthesia with CO2 and decapitation
at 5, 11 and 15 weeks after icv-STZ injection. Rat hippocampi were
removed quickly and stored in 4% paraformaldehyde solution for 24 h.
Then, samples were subjected to graded ethanol and xylene transpar-
ency and finally embedded in paraffin. Continuous coronal slices (5 μm
thickness) were prepared according to the Paxinos atlas of the rat brain
for hippocampus (from-3.2 to −4.2 mm bregma). Four sections were
placed on each slide. The first two slides out of every six slides were
selected for hematoxylin-eosin staining (seven pairs slides overall).
Physical dissector method was used for quantitative analysis of dark
neurons, astrocytes and pyramidal layer thickness after photography
under the optical microscope (200×; Olympus, Tokyo, Japan). Briefly,
in each pair of sections, the first section of the first slide, was assumed
as the reference to which the first section of second one was compared.

Counting was carried out using an unbiased frame and physical dis-
sector rules. The cells observed in both sections were not considered in
the total number [15]. Dark cells are degenerating darkly-stained
neurons which are characterized as shrunken neurons with dark cyto-
plasm and pyknotic nuclei. Due to the invisible cytoplasm and the
processes of astrocytes in this staining method, their identification was
based on their specific unclear nucleoli and rounded or oval-shaped
nuclei, which were larger than other glial nuclei [16].

To test whether icv-STZ model induces beta-amyloid deposition in
the rat brain long-term after icv-STZ3 treatment, some rats were sa-
crificed at 24 and 36-week post-injection and their paraffin embedded
brain sections were stained by Congo-red alone and with hematoxylin
(Fig. 2) as described before [17,18]. Briefly, after deparaffinization and
rehydration, brain sections were incubated 20 min in alkaline saturated
NaCl solution and, then, in 0.5% alkaline Congo red solution for
30 min, followed by dehydration with 95% and 100% ethanol. For
Congo-red/hematoxylin staining, after Congo-red step, a stain devel-
opment step was performed involving dipping in absolute ethanol
twice, followed by rinsing in water. Then, sections were incubated in
Mayer's hematoxylin for 1 min and, then, thoroughly rinsed with water.

2.5. Statistical analysis

Data was expressed as mean ± SEM. The results of RP, OF, Y-maze,
the percentage of the time in the correct quadrant in MWM, along with
molecular and histological results were subjected to Repeated measure
Two-Way ANOVA followed by Bonferroni post-test. Also, One-Way
ANOVA followed by Tukey post-test was performed to compare the
effect of icv-STZ injection on Latency(s) to platform in MWM and NORT
exploratory preferences. Student's paired t-test was used to compare the
effect of icv-STZ treatment on the time spent exploring the familiar
versus the novel object using GraphPad Prism version 5.0, with sig-
nificance determined at the p < 0.05.

3. Results

3.1. Although Icv-STZ did not alter balance and locomotor activity in rats, it
induced the expression of anxiety-related behavior

3.1.1. Rotarod performance
Animal's performance in rotarod was not affected by icv-STZ in-

jection in all groups (see Fig. 3a); there was also no significant differ-
ence in terms of time and time × dose effect (F < 1 for all comparisons).

3.1.2. Y-maze arm entries
During an 8-min session of Y-maze alternation task, the number of

arm entries was recorded as a locomotor activity of rats. The effects of
dose, time and time × dose were not statistically significant (F < 1 for
all cases) (see Fig. 3b). All these results confirmed that icv-STZ injection
had no destructive effect on the balance and exploratory behavior of
animals at different testing times.

Table 1
Primers used for quantification of gene expression and parameters.

Abbreviation Gene name Primer direction Sequence (5′–3′) Amplicon size(bp)

Ins1 Insulin 1 F
R

ACCATCAGCAAGCAGGTCATTGT
CGGGTCCTCCACTTCACGAC

212

IR Insulin receptor 1 F
R

AGAGGTGGGCAATGTGACAG
ATGCGGTACCCAGTGAAGTG

165

MAPT Microtubule associated protein F
R

CGGAGGCAGTGTGCAAATAGTC
TCCTGGCTTGTGATGGATGTTC

94

ChAT Choline acetyl transferase F
R

CCATGACTGACCACAAGGCT
TGGCTCTTTGCACAGGTCTC

167

18srRNA Ribosomal 18S F
R

GCCTCACTAAACCATCCAATCG
AACCCGTTGAACCCCATTCG

160

F. Rostami et al. Life Sciences 188 (2017) 172–185

175

Author's Personal Copy

https://www.ncbi.nlm.nih.gov/tools/primer-blast


3.1.3. Open-field test
Exploratory behaviors of animals were assessed by measuring ani-

mals' rearing frequencies within a 5-min open-field test and no sig-
nificant alteration in exploratory behaviors of animals was detected
over time. Also, neither time nor time × STZ dose interaction were
significant (F < 1 for both effects of dose and time, in all groups) (see
Fig. 3c). The percent of the time each rat spent in the central area of

open-field apparatus was also measured to compare the general an-
xiety-related behavior of animals. Unlike exploratory-related behaviors,
although a strong dose effect was detected in terms of anxiety-related
behavior of animals (Fdose (3, 36) = 32.99; pdose < 0.0001), similar
trend was achieved neither in time effect nor in interaction effect
(F < 1 for all comparisons). Furthermore, both 1 and 3 mg/kg doses of
icv-STZ could induce a constant reduction in the total duration of time

Fig. 2. Amyloid deposits in the meninges' blood vessels (A, B), and hippocampus (C) of rats 24 weeks (A, B) or 36 weeks (C) after 3 mg/kg icv-STZ injection. Figures with lowercase
letter's labels represent auto-fluorescent signals of upper figures under cross-polarized light. STZ injected animals sacrificed 24 weeks or 36 weeks after icv-STZ injection, and after
removal and fixation of their brain, paraffin-embedded brains were cut in 6 μm sections and beta-amyloids deposits stained with the colour of the Congo alone (A and C) and with
hematoxylin (B). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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each animal spent in the central area of the apparatus from the very
beginning of the study (from 4 weeks onward); however, animals which
took 0.5 mg/kg icv-STZ showed increased anxiety-related behaviors
only from the third testing time. In long-term study, all icv-STZ groups
spent less time, in comparison to the control group, in the central region
of open-field apparatus and there was no statistical difference between
three groups receiving icv-STZ.

3.2. Icv-STZ caused significant impairment in rat's working memory

Y-maze alternation task was performed to investigate the effect of
icv-STZ injection on the working memory of animals. In this regards,
spontaneous alternation behavior of animals was counted over an 8-
min session. There was a significant dose and time-related decline in the
spontaneous alternation behavior of rats (Fdose (3, 36) = 33.58;
pdose < 0.0001 and Ftime (2, 36) = 6.144; ptime = 0.0034). However, no
interaction was observed between dose and age (Finteraction (6, 36) = 2.03;
pinteraction = 0.07) (Fig. 4). Moreover, alternation behavior of 1 or 3 mg/

kg icv-STZ-injected animals was drastically reduced from four weeks
after injection in comparison to their age-matched control groups.
However, as Fig. 4 illustrates, icv-STZ 0.5 mg/kg was unable to reduce
animal's working memory over the time period of 4 and 10 weeks later.
Nonetheless, all three STZ doses could induce a severe impairment in
working memory in long-term study. There were, also, significant dif-
ferences between STZ 3- and STZ 1-injected rats' performance in al-
ternation Y-Maze until 14 weeks after injection.

3.3. Animal's spatial reference learning and memory impaired following icv-
STZ injection

Animal's spatial learning was assessed using Morris water Maze.
Rats received 4 × 90 s acquisition trials per day over four consecutive
days and the mean latency time spent to find the hidden platform was
measured. All rats gradually learned to locate the escape platform, so
that the escape latency decreased significantly during the training
phase, at all testing times and in all different groups involved in the
study (Short-term study: control group (F (3, 27) = 27.79; p < 0.0001);
STZ 0.5 (F (3, 27) = 21.99; p < 0.0001); STZ 1 (F (3, 27) = 17.62;
p < 0.0001); STZ3 (F (3, 27) = 16.05; p < 0.0001). Medium-term
study: Fcontrol (3, 27) = 23.6; p < 0.0001, FSTZ 0.5 (3, 27) = 13.88;
p < 0.0001, FSTZ1 (3, 27) = 8.215; p = 0. 0005 and FSTZ3 (3, 27)
= 20.43; p < 0.0001. Long-term study: Fcontrol (3, 27) = 30.06;
p < 0.0001, FSTZ 0.5 (3, 27) = 9.322; p = 0. 0002, FSTZ1 (3, 27)
= 12.75; p < 0.0001 and FSTZ3 (3, 27) = 19.82; p < 0.0001). To
compare the daily efforts of different groups of rats, One-Way ANOVA
test with Tukey post-test was performed. Results showed that in the
short-term study, only rats receiving 3 mg/kg icv-STZ had difficulty in
finding the hidden platform from the second training day in comparison
to the vehicle treated group. Also, significant differences were detected
between groups (Fig. 5a).

In the medium-term study, a significant increase was observed in
the latency time for STZ 1 and 3 to locate the submerge platform,
compared to STZ 0.5 and control groups. Severe spatial learning im-
pairment in STZ 3 group was associated with an irregular learning
process graph (Fig. 5b). Finally, all STZ doses could severely decrease
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animal spatial learning, as compared to control group, from the second
day of training process in the long-term study (Fig. 5c). In the probe
trial, percentage of time each animal spent in the goal quadrant was
calculated to evaluate spatial reference memory of animals. Accord-
ingly, a significant dose-dependent decline was observed in animal's
spatial memory (Fdose (3, 36) = 9.88; pdose < 0.0001). Time did not turn
out to be an effective factor (Ftime (2, 36) = 2.93; ptime = 0.06) and no
relationship was found between dose and age (Finteraction (6, 36) = 1.32; p
interaction = 0.26). Our data revealed a permanent decrease in the per-
centage of time STZ 3 group animals spent exploring the correct
quadrant, as compared to the age-matched control group, from the first
testing time (Fig. 5d). Besides, an enduring spatial memory reduction
was detected in STZ1-treated animals from the medium-term testing
onward. An extended time needed to find the hidden platform was
observed by STZ 0.5 treated animals only in the long-term study. There
was not any significant difference between icv-STZ groups' spatial
memory performance.

3.4. Icv-STZ decreased animal's performance in the one-trial novel object
recognition task

To evaluate the effects of icv-STZ injection on rat's unconditioned
preference for novelty, the novel object recognition task was conducted
in short-, medium- and long-term after injection. First, across three-min
retention phase, using a one-sample t-test, we calculated the novel object
percent preference for vehicle-treated animals after the one-hour inter-
trial interval. It was significantly above 50 in all three testing time,
implying a well-worked familiar object retention (short-term effects,
M = 67.17, SE = 4.09, t = 4. 19, p = 0.0023; medium-term effects,
M = 69.28, SE = 4.34, t = 4. 44, p = 0.0016; long-term effects,
M = 70.02, SE = 1.77, t = 11. 34, p = 0.0001). Then, each object
exploration time was measured using Paired t-test. No statistically in-
trinsic preference was observed among all groups for the left or the
right objects in the acquisition phase (Fig. 6(a, c, e)). In the retention
phase, high doses of icv-STZ (1 and 3) could impair animals' preferences
for novelty from the first testing time, which is determined by reducing
the amount of time exploring the new object. In spite of that, 0.5 mg/kg
STZ did not significantly impair the retention of the familiar object until
the medium-term study (Fig. 6b, d, f). In addition, the percentage of
animal's exploratory preference was calculated as the ratio of the time
spent exploring the new object (Tn) over time spent exploring the new
and the familiar objects (Tf), i.e. [Tn / (Tn + Tf)] × 100. The object
exploratory performance of each group was compared to other groups
using One Way-ANOVA and Tukey post-test. STZ 3 mg/kg-injected
animals from the first testing time and STZ 1 mg/kg-treated rats from
the medium-term study were permanently unable to distinguish be-
tween the novel and familiar objects, but STZ 0.5 mg/kg impaired an-
imal's performance only in the long-term study. In the medium-term
section of behavioral tests, an obvious but not significant reduction was
seen in 0.5 mg/kg icv-STZ injected animals' preferences for novelty, but
these animals had remarkable difficulty in recognizing the familiar
object only in the long-term study (Fig. 6g).

So, according to the results listed here, STZ at the dose of 0.5 mg/
kg, in comparison to other doses, could induce cognitive impairment
deteriorating over time. In order to determine the best time for im-
plementing behavioral tests after icv-STZ injection (to be able to mimic
the early stages of sporadic Alzheimer's disease), time-dependent cog-
nitive performance of STZ 0.5 mg/kg injected animals in NORT was
measured using repeated measure One-Way ANOVA; as shown in Fig. 6,
STZ-induced deficit had a time dependent manner.

3.5. Icv-STZ-induced gene expression alternations have a dose and time
dependent manner

After each behavioral test block, gene expression changes were
measured using hippocampal RNA extracts from the fresh brain samples

of decapitated animals. Insulin-1 gene expression had very low con-
centration and relative high threshold cycle in rat hippocampus
(Ct > 30); consequently, the data related to this item was excluded
from the study.

3.5.1. IR mRNA
IR expression levels showed a dose-dependent manner. Although

there was no significant time effect, the interaction of STZ dose × time
turned out to be significant (Table 2). There was an early dramatic rise
in IR expression level in the short-term study in STZ3 group which
decreased over the time. Also, it took 11 weeks to observe an increase in
IR expression in STZ 1-treated animals (Medium-term study). Never-
theless, it didn't last more than four weeks and IR expression decreased
in the long-term study in this group. STZ 0.5 treated animals experi-
enced an augmentation in IR mRNA levels in the long-term study
(Fig. 7a).

3.5.2. Tau mRNA
Although dose had a remarkable effect on the expression level of

Tau mRNA, time had no significant effect. Yet, STZ dose × time had a
significant relationship with Tau expression (Table 2). Our result also
revealed a fluctuation trend in Tau mRNA levels over time in STZ 3 mg/
kg group in comparison to the age-matched control group, so that Tau
mRNA expression levels were significantly above the control group in
the first testing time (Short-term effects, p < 0.0001). Tau mRNA ex-
pression levels was almost at the same level of the control expression
amount in the second testing time (Medium-term effects), and, finally,
there was a measurable decline in Tau mRNA levels in the long-term
study, as compared to control group (Long-term effects, p < 0. 01).
STZ1 caused the gradual increase in Tau mRNA expression only after
11 weeks (medium-term study). Then, it decreased 4 weeks later. STZ
0.5 could not change Tau mRNA levels until the study reached long-
term stage. Also, there was a significant difference between various STZ
doses over the time (Fig. 7b).

3.5.3. ChAT mRNA
There was a dose, time and dose × time interaction effect on the

ChAT expression values. Our data showed a gradual decrease in ChAT
mRNA over time in all STZ treated animals, and this reduction was
observed earlier in the higher dose, but the lower doses showed a more
slowly change in ChAT levels over time (Table 2).

3.6. Histopathological changes in the rat hippocampus as hallmarks of the
advanced stages after icv-STZ injection

Brain sections of the STZ3-treated animals were initially stained
with Congo-red or Congo-red/hematoxylin. The collected data proved
the occurrence of amyloid deposits in the meninges' blood vessels
24 weeks of STZ3 (Fig. 2A and B) and hippocampus (Fig. 2C) 36 weeks
after injection. Then, rats' Hippocampal sections were stained with
hematoxylin-eosin (Figs. 8 and 9) and the number of Dark neurons,
astrocytes, and the pyramidal layer thickness was compared between
all groups (Fig. 10). The number of dark degenerating neurons in the
different hippocampus regions seemed statistically dose and time de-
pendent, and there was a considerable interaction effect for time and
treatment in CA1 and CA3 but not DG (Table 3). Also, there was an
important dose effect in CA1 astrocyte numbers. Furthermore, a con-
siderable dose × time interaction was observed in this region. Though,
time was not effective factor. From a statistical point of view, although
astrocyte numbers in CA3 turned out to have the greatest dose-depen-
dent manner, there was not any significant time and interaction effect.
DG astrocytes numbers did not show any consequential dose, time, and
interaction effect. Lastly, CA1 pyramidal layer thickness looked statis-
tically dose and time dependent, and dose × time interaction was sig-
nificant, too. Although CA3 thickness was significantly affected by STZ
dose, time did not have great influence on this layer width, and the
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interaction of time × dose was not significant (Table 3). Actuarial va-
luation, using Bonferroni multiple comparison Post-test, revealed a
decrease in the pyramidal layer thickness along with an increased dark-
cells count in STZ 3 mg/kg-injected animals over time. In the short-term
studies, STZ 1-treated animals showed an increase, compared to the
control and STZ 3-injected groups, in astrocyte numbers, which, of
course, gradually decreased over the time. In medium-term study, STZ1
induced an increased astrocyte number detected in DG; moreover, it
showed a significant increase in the number of dark neurons in CA1 and
CA3 and a decrease in CA1 thickness in the long-term study. The his-
tological evaluation revealed that, although with more time delay, STZ
0.5 mg/kg could mimic STZ 1 effects on hippocampal cells and astro-
cytes. In the medium-term study, STZ 0.5-injected rats showed a sig-
nificant increase in CA1 and CA3 astrocyte numbers and in DG in the
long-term study. However, no significant change was detected in the
number of dark neurons and the pyramidal layer thickness, even,
15 weeks after the injection in STZ 0.5 group (Fig. 10).

b) Retention- Short- term STZ effects

E
x
p

lo
r
a
t
io

n
 
t
im

e
 
(
s
)

Control STZ 0.5 STZ 1 STZ 3

0

10

20

30

Familiar object

new object

** *

a) Acquisition- Short- term STZ effects

E
x
p

l
o

r
a
t
i
o

n
 
t
im

e
 
(
s
)

Control STZ 0.5 STZ 1 STZ 3

0

5

10

15

20

25

c) Aquesition- Medium- Term STZ effects

E
x
p

lo
r
a
t
io

n
 
t
im

e
 
(
s
)

Control STZ 0.5 STZ 1 STZ 3

0

5

10

15

20

25

d) Retention- Medium- Term STZ effects

E
x
p

lo
r
a
t
io

n
 
t
i
m

e
 
(
s
)

Control STZ 0.5 STZ 1 STZ 3

0

10

20

30
**

f) Retention- Long- Term STZ effects

E
x
p

l
o

r
a
t
i
o

n
 
t
i
m

e
 
(
s
)

Control STZ 0.5 STZ 1 STZ 3

0

10

20

30

Familiar object

new object

***

e) Aquesition- Long- Term STZ effects

E
x
p

lo
r
a
t
io

n
 
t
im

e
 
(
s
)

Control STZ 0.5 STZ 1 STZ 3

0

5

10

15

20

25

E
x
p

lo
r
a
t
o

r
y
 
p

r
e
f
e
r
e
n

c
e
 
(
%

)

Short- Term Medium- Term Long- Term

0

20

40

60

80

Control

STZ 0.5

STZ 1

STZ 3**

$ ** **
**

**

NORT
g)

&

Fig. 6. Three-month follow-up of animal cogni-
tive performance after icv-STZ injection in one
trial novel object recognition task. During the
acquisition phase (a, c, and e) no preference for
either objects was observed in short-term (a),
medium-term (c) and long-term studies (e). In the
retention phase (b, d, and f), although STZ 1 and 3
could impair animals' preferences for novelty
from the very first testing time, STZ 0.5-perfor-
mance did not cause any impairment until the
medium-term study. Exploratory preference was
calculated for each time ((Tn – Tf / total ex-
ploring time) ∗ 100) as an index of distinguishing
efficiency (g). STZ. Data are presented as
mean ± SEM. Paired t-test was used to measure
icv-STZ injection effects on each object explora-
tion time in the acquisition and retention phase.
One-way ANOVA was applied to compare
Exploratory preference results, *, p < 0.05; **,
p < 0.01; and ***, p < 0.001 vs. Control rat. $,
p < 0.05 vs. STZ 0.5 mg/kg rat. Repeated mea-
sure ANOVA statistic results for STZ 0.5 mg/kg
effect over time: & , p < 0.05 vs. the first testing
time (short-term STZ effects) (n = 10).

Table 2
Statistical information of Real-Time RT-PCR analysis related to insulin-related gene ex-
pression in rats treated with three different doses of icv-STZ (0.5, 1, and 3 mg/kg).

Genes Factors and
interaction

Degree of
freedom

Mean
square

F p-Value

IR Dose 3 3594 4.64 0.016
Time 2 78.44 0.15 0.86
Interaction 6 11,460 22.52 < 0.0001

Tau Dose 3 3040 8.61 0.0012
Time 2 1391 2.26 0.12
Interaction 6 21,074 34.2 < 0.0001

ChAT Dose 3 20,618 3.16 < 0.0001
Time 2 4073 7.32 0.0024
Interaction 6 1674 3 0.02

Different doses of icv-STZ, potentiate disturbed insulin-related gene transcripts in rat
hippocampal, which were sometimes dose-dependent or time-dependent, or both.
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4. Discussion

Recent evidence implies the existence of some noncognitive neu-
ropsychiatric symptoms in sAD patients [19]. Despite studies which
have claimed that icv-STZ increases the locomotor activity of the an-
imal [14,20], there are numerous reports, like the present study, sug-
gesting that animals treated with icv-STZ have normal motor activity
[8,21,22]. Additionally, like others [14,23], we report increased an-
xiety-related behaviors in icv-STZ-treated animals. Low dose of STZ
(0.5 mg/kg) could increase anxiety-related behaviors in rats in long-
term study.

Cognitive dysfunction is a critical marker of icv-STZ action [24]. A
large body of evidence demonstrates impaired learning and memory in
icv-STZ-treated rats at various time points after injection (from 24 h to
3 months after the injection of STZ [22,24,25]. STZ3 was chosen, in the
present study, as the best-known criterion against which other STZ
doses can be measured. STZ3-injected animals exhibited severe dete-
rioration of cognitive decline [14]. The collected data revealed that
cognitive impairments of icv-STZ are dose-dependent. Icv-STZ 1 mg/kg
causes a deteriorative spatial memory impairment in the Morris test
only from 2.5 months after injection. Only in one study the effects of
dose 1 are unstable and reversed 2.5 months after injection [26]. In
other studies, as in ours, damaging effects of 1 mg/kg dose of STZ are
mainly progressive [24,27,28].

In a recent study which used three doses of icv-STZ (3, 1 and
0.3 mg/kg), all doses showed biphasic cognitive effects with acute and
chronic phase of action during passive avoidance test [27]. The acute
effect of 0.3 mg/kg dose of STZ approached normal mode three months
post-injection, but, then, caused chronic cognitive impairment. Given
that amygdala and hippocampus are involved in this test, while our
study used MWM, which is hippocampus-dependent test, it is not pos-
sible to generalize the results of the mentioned study to the present one.
However, progressive cognitive effect of all dose of icv-STZ was proved
in both studies.

A simple comparison of the results of behavioral and histological
tests of the present study with similarly conducted ones would indicate
that increasing the injection frequency of one dose causes the same
effect of the higher dose injection. For example, although rats' spatial
memory remained untouched ten days after unilateral and single in-
jection of 1.5 mg/kg icv-STZ [29], three-time icv injection of 1 mg/kg
STZ caused significant spatial memory impairment two weeks later
[24]. A previous study, also, reported that mouse spatial memory re-
mained intact 21 days after two injection of 0.5 mg/kg icv-STZ
[30].Assuming that two injections of 0.5 mg/kg has the same effect as
one injection of 1 mg/kg icv-STZ, the results of this study are consistent
with ours.

Weinstock et al. showed that unilateral icv administration of single-
dose of STZ 1.5 mg/kg does not result in spatial memory impairment
40 days after injection. Meanwhile, three bilateral injection of 0.5 mg/
kg dose resulted in severe spatial memory disruption [31]. Considering
that multiple icv injections, itself, can induce neuroinflammation [5]
and given that a part of the icv-STZ effects is acute toxic effects which is
non-specific and sometimes remains up to three months after injection
[6]; it seems that this multiple icv injection induces increased incidence
of non-specific cognitive and neuropathological abnormalities in such
studies.

STZ effect on insulin-related gene expressions showed a dose- and/
or time-dependent manner. Previous studies have evaluated IR ex-
pression levels of icv-STZ-injected animals (1 or 2 mg/kg) up to 3 or
5 months after icv-STZ application [24,32]. In another longitudinal
research, hippocampal mRNA levels of IR, and Tau were evaluated up
to nine months after icv-STZ [33]. One study also showed icv-STZ-in-
duced reduction in ChAT mRNA level up to six weeks after injection
[34,35]. These results support our finding in icv-STZ (3 mg/kg)-treated
rats.

Recent studies have reported neuroinflammation and hippocampal
gliosis induced by icv-STZ before cognitive impairments in rodents
[36]. Our data proved that STZ3 injection could induce hippocampal
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Fig. 7. Icv-STZ administration can affect the expression of insulin-related genes with a dose and time-dependent manner. The effects of icv-STZ on insulin receptor gene expression (a) Tau
gene expression (b) and choline acetyltransferase (ChAT) (c) were measured by real-time RT-PCR. Data are reported as mean ± SEM. *, p < 0.05; **, p < 0.01 and ***, p < 0.001 vs.
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beta-amyloid deposition 9 months after injection (Fig. 2). Our histolo-
gical observations also implied a significant dose and time-dependent
increase in the number of degenerating darkly-stained neurons in the
different hippocampus regions. Like our study, in a nine-month follow-
up study performed in 2015 [27], STZ 3 mg/kg receiving animals
showed progressive tauopathy and amyloid accumulation in hippo-
campus from 3 and 6 months, respectively. These results are consistent
with our observation. Also, in this study, STZ 1-induced morphological
deficits progressed slower.

Based on aforementioned results, neuropathological effects of icv-
STZ emerged with more delay after insulin-related gene expression al-
ternations. SO, it is expected that STZ 0.5 ultimately induce CA1 dark
neuron augmentation along with pyramidal layer narrowing over time
(manuscript in preparation), and this seems to be similar to the neu-
ropathological characteristic feature of sAD with slowly progressive
nature. This finding is inconsistence with a previous study, where STZ
0.3 mg/kg morphological changes were reported to be reversible [27].

Although single injection of 1.25 mg/kg STZ to transgenic mouse
caused spatial memory impairment 6 months later, no apparent ne-
crotic and apoptosis change was observed in animals' brain [37]. We
observed pyknotic cells 3.5 months after 1 mg/kg icv-STZ injection.
Then, it is likely for brain recovery process to a decrease in the number
of pyknotic cells 6 months after injection. In another study conducted
on monkeys, the amount of hippocampal Tau gene transcripts was si-
milar to control group five months after three icv-injection of 2 mg/kg
doses of STZ [38], which is not consistent with the other study on Rats
[33], signifying the potency of the monkey's brain recovery system.

Recent evidence has suggested insulin signaling disturbance and/or
nitroso-oxidative stress induction, as two proposed icv-STZ mechan-
isms, to induce cognitive deficits [14,27,35]; however, the significance
of each one at the distinct STZ dose is not known yet. STZ 0.5 induced
slowly progressive alternations in the amounts of insulin responsive
gene transcripts (approximately in the first month post-astrocyte ac-
cumulation in CA1 i.e. 15 weeks post-injection) along with progressive

Fig. 8. Histological analysis of hippocampal dark neurons, astrocytes and pyramidal layer thickness 11 weeks after icv-STZ injection in DG (A–D), CA1 (E–H) and CA3 (I–L). Figures with
lowercase letters represent more magnification of upper enclosed areas with dotted rectangles. Only 3 mg/kg dose of STZ could induce an increase in the number of CA1 and CA3 dark
cells (black arrows). On the other hand, in comparison to control group, STZ 0.5 caused an increase in the number of CA1 and CA3 astrocytes (white arrows). Also, STZ1 induced astrocyte
augment in DG. Counting was carried out using unbiased frame and physical dissector rules. Two-headed arrows represent the specific area from which pyramidal layer thickness was
calculated. Scale bar represents 60 μm.
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cognitive decline over time. Based on previous studies, icv-STZ can
induce oxidative stress, microglia activation and astrocyte aggregations
in the brain, which consequently lead to cognitive decline [36]. Recent
studies have shown that increased GFAP expression in activated as-
trocytes reduces synaptic function [39], and this cognitive impairment
has been shown to occur prior to ChAT expression deficiency [36].
Supposing that all STZ doses have the same mechanism, differing from
one to another in severity and duration of delay before the onset of
symptom, we can, based on previous studies, emphasize that STZ3 in-
duces astrocyte augmentation earlier than first time-point in our study
and maybe due to severe oxidative stress induced by icv-STZ [28,36].
Also, further disturbances in insulin-related genes expression lead to
neuronal degeneration in the medium-term post-STZ3 injection,
causing the reduction of pyramidal layer thickness in long-term. STZ1
did not increase hippocampal mRNA levels of insulin-related gene

expression in the short-term, probably due to the induction of less se-
vere oxidative stress and needing more time to progress, which, ulti-
mately, results in an insulin signaling disturbance in the medium-term;
this might be why STZ1 could not potentate spatial memory impair-
ment in MWM test in our short-term study. Based on these finding, we
suggest stimulated astrogliosis and disturbed insulin responsive gene
expression as a critical step which increases the overall probability of
cognitive impairment. Another limitation of the present study might be
the use of non-specific method for staining and counting astrocyte in rat
hippocampus. On the other hand, we only measured mRNA level of
these genes. Further investigation will be necessary to complete and
confirm our data.

We propose IR, Tau and ChAT gene alternations accompanied with
prior astrogliosis to participate in icv-STZ-induced cognitive decline
long before neuronal cell death. Like STZ3, STZ1 caused moderate

Fig. 9. Histological analysis of hippocampal dark neurons, astrocytes and pyramidal layer thickness 15 weeks after icv-STZ injection in DG (A–D), CA1 (E–H) and CA3 (I–L). Figures with
lowercase letters represent more magnification of upper enclosed areas with dotted rectangles. 3 mg/kg Streptozotocin induced an increase in the number of dark cells (black arrows) in
all hippocampal regions and a significant decrease of the pyramidal layer thickness (two-headed arrows). Hippocampal sections of STZ1-injected rat showed an increase in the number of
dark neurons in CA1 and CA3 and a decrease in pyramidal layer thickness, in comparison to the control group. However, STZ 0.5 could only increase the number of DG astrocytes (white
arrows) in the long-term study. Counting was carried out using unbiased frame and physical dissector rules. Two-headed arrows represent the specific area from which pyramidal layer
thickness was calculated. Scale bar represents 60 μm.
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cognitive deficit and increased anxiety-related behavior from the 4th
week onwards. In contrast to STZ3, however, STZ1-induced alterations
in insulin-related gene transcripts were detected from 11 weeks after
injection. Importantly, mild cognitive impairment (MCI due to
Alzheimer), characterized by progressive decline in episodic memory of
patients, has been known as one of the earliest clinically detectable
stages of sAD with amyloid, and tau pathology [40]. According to the
findings of the present study, we propose 13–15 weeks post-STZ1 in-
jection as an appropriate time point to investigate mild cognitive im-
pairment (MCI) stage of sAD. However, MCI is known as a progressive
stage of sAD with neuroinflammation as its serious risk factor, and new
medical therapies have only reduced its rate of progression [41,42]. So,
it is very important to explore a suitable animal model of sub-clinical
stages in order to prevent sAD pathology before MCI. According to our
STZ 0.5-related data, which revealed a moderate deficit in the cognition
ability and also increased anxiety behavior in animals 9–11 weeks after
injection, we propose here, for the first time, STZ 0.5 as an appropriate
STZ dose and 9–11 weeks after STZ 0.5 injection as a suitable time point

to investigate the sub-clinical stage of sAD in rats.

5. Conclusion

Despite more than two decades since the introduction of icv-STZ
model, disease progression has not been properly imitated by recently
proposed STZ doses and research timescales. Here, we, for the first
time, provide evidence that STZ 0.5 can be an appropriate STZ dose and
9–11 weeks after STZ 0.5 injection could be a suitable time-point to
investigate cognitive abilities of the sub-clinical rat model of sAD. So,
this experimental model may be useful to evaluate the potential effects
of various intrinsic or extrinsic factors on the development, progress, as
well as the prevention of sAD cognitive symptoms. Even so, it is ap-
parent that further research is needed to clarify and confirm these
findings.
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Fig. 10. Quantification of STZ-induced alterations in hippocampal dark neurons (a, b, c), astrocytes (d, e, and f) and pyramidal layer thickness (g and h) over time. Statistical analysis of
the number of dark cells in different regions of the hippocampus (a–c) showed that destructive effects of STZ 3 were more serious, and caused significant cell death in all hippocampal
areas. Also, compared to the control group, STZ 1 significantly increased the number of dark neurons in the CA1 and CA3 in the long-term study. Statistical analysis of astrocytes density
in different areas of the hippocampus (d–f) showed that while STZ 1 increased astrocyte numbers of CA1 and DG in the short-term and long-term study, the effect of other doses was not
significant in the short-term period after injection. STZ 0.5 could increase the number of CA1 and CA3 astrocyte in the medium-term and DG in long-term study. However, STZ 3 could not
induce significant change in the number of astrocyte in the present study. STZ induced CA1 pyramidal layer narrowing with a time and dose dependent manner (g and h). High dose of
STZ (3) decreased pyramidal layers (CA1 and CA3) thickness significantly only in long-term study. Destructive effects of STZ were primarily observed in CA1 and CA3. Apart from a rise in
the number of DG astrocytes, no significant impairment was observed in the hippocampus of STZ 0.5-injected animals, even in the long-term study. Data is presented as mean ± SEM. *,
p < 0.05; **, p < 0.01 and ***, p < 0.001 compared with control group. $, p < 0.05; $$, p < 0.01 and $$$, p < 0.001 vs. STZ 0.5 mg/kg rat. ^, p < 0.05 vs. STZ 1 mg/kg rat
(n = 5).
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Table 3
Statistical information related to Two-way ANOVA analysis of histological studies in rats
treated with icv-STZ 0.5, 1 and 3 mg/kg.

Region Factors
and
interaction

Degree
of
freedom

Mean square F p-Value

Astrocyte
count

DG Dose 3 3,103,000 1.86 0.18
Time 2 448,579 1.27 0.3
Interaction 6 510,534 1.4 0.23

CA1 Dose 3 10,910,000 9.4 0.0008
Time 2 2,234,000 2.36 0.11
Interaction 6 3,635,000 3.84 0.0054

CA3 Dose 3 5,214,000 6 0.0061
Time 2 2,452,000 3.14 0.057
Interaction 6 1,318,000 1.7 0.16

Dark
neu-
rons

DG Dose 3 8,844,000 3.92 0.028
Time 2 6,775,000 6.47 0.0044
Interaction 6 1,729,000 1.65 0.17

CA1 Dose 3 1,170,000 13.76 0.0001
Time 2 3,491,000 25.54 < 0.0001
Interaction 6 3,919,000 7.63 < 0.0001

CA3 Dose 3 4,285,000 6.69 0.0039
Time 2 3,084,000 15.1 < 0.0001
Interaction 6 1,115,000 5.44 0.0006

Pyramidal
layer
thick-
ness

CA1 Dose 3 997.4 4.34 0.02
Time 2 1649 7.97 0.0016
Interaction 6 1068 5.16 0.0003

CA3 Dose 3 1896 5.18 0.01
Time 2 62.56 0.15 0.86
Interaction 6 276.7 0.67 0.67

Hippocampal histopathogenesis potentiated by various doses of STZ, exhibits different
behaviors which were dose-, time-, or dose/time-dependent, in different areas of the
hippocampus.
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