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ABSTRACT

One consequence of stress is the increased release of norepinephrine (NE) in the central nervous system, pri-
marily driven by activation of the sympathetic nervous system. Given the importance of chronic stress in the
development and progression of Alzheimer’s disease (AD), clarifying the specific contributions of stress-related
pathways, including the sympathetic axis and the hypothalamic-pituitary-adrenal (HPA) axis, is critical. In this
study, we examined the effects of repeated central NE administration, as a potential contributor to stress-related
cognitive impairment, on spatial memory in rats, alone or in combination with a low-dose streptozotocin (STZ)
model of sporadic AD. Forty-nine rats were assigned to seven groups: control (no treatment), sham (saline; i.c.v.),
low-dose streptozotocin (0.5 mg/kg, i.c.v.), norepinephrine administration at either 1 (adolescent) or 3 (adult)
months of age (30 or 50 pug, respectively; i.c.v.), and co-administration of norepinephrine with streptozotocin at 1
or 3 months of age. Spatial memory was assessed using the Morris Water Maze test. Norepinephrine adminis-
tration during adolescence and adulthood impaired spatial memory similar to streptozotocin in different pa-
rameters of the MWM, with adult rats showing the most significant vulnerability (p < 0.001). However, co-
administration of both substances did not exacerbate the impairment caused by each alone. The results sug-
gest that norepinephrine may impair cognition through mechanisms distinct from those of STZ-induced deficits.
Additionally, they raise questions about the contribution of the sympathetic axis of chronic stress to the pro-

gression of sporadic AD.

Introduction

Alzheimer’s disease, the most common cause of dementia in old age,
is a neurodegenerative condition characterized by memory loss and
cognitive impairment (Calabro et al., 2021). The disease begins with a
decline in the ability to retain information, particularly short-term
memory, during aging (Tarawneh and Holtzman, 2012). It gradually
progresses to loss of temporal orientation (El Haj and Kapogiannis,
2016), depression (Chi et al., 2014), speech impairment (Klimova et al.,
2015), social withdrawal (Ike et al., 2020), and ultimately death
(Tahami Monfared et al., 2022). Aging is the most significant risk factor
for this disease, with the likelihood of developing Alzheimer’s increasing
substantially after the age of 65 (Seshadri et al., 1997; Tarawneh and
Holtzman, 2012). Besides aging, other factors contribute to the
increased risk of Alzheimer’s disease, including stress (Justice, 2018;
Caruso et al., 2019).

Stress serves as an environmental, physical, and physiological stim-
ulus capable of disrupting the homeostasis of living organisms (Ross and
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Van Bockstaele, 2021; Antila et al., 2022). It disrupts learning and
memory, primarily through the effects of glucocorticoids (Dorey et al.,
2012; Tatomir et al., 2014; Atsak et al., 2016). Clinical studies indicate
the detrimental role of glucocorticoids in Alzheimer's disease (Canet
et al., 2018; Ouanes and Popp, 2019). Genetic studies also suggest a link
between glucocorticoid function and the risk of developing Alzheimer's
disease (de Quervain et al., 2004; van Rossum et al., 2008; Lesuis et al.,
2018). Numerous pieces of evidence point to
hypothalamic-pituitary-adrenal (HPA) axis dysfunction due to its
impaired regulatory feedback in the early stages of Alzheimer's disease
(Lanté et al., 2015). For example, elevated plasma cortisol levels have
been identified in Alzheimer's patients (Ouanes and Popp, 2019;
Udeh-Momoh et al., 2019). Furthermore, evidence from animal studies
shows an interaction between glucocorticoids and Alzheimer's pathol-
ogy, including amyloid precursor protein (APP) processing and tau ag-
gregation (Green et al., 2006; Wang et al., 2011). These studies showed
that increased glucocorticoid secretion, which is observed at elevated
levels in Alzheimer's patients, promotes amyloid-beta formation and tau
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aggregation following stress induction in animal models of Alzheimer's
disease (Carroll et al., 2011; Sotiropoulos et al., 2011; Justice et al.,
2015). Moreover, during stress, noradrenergic neurons, particularly
those in the locus coeruleus, become highly active, modulating a wide
range of brain regions through both excitatory and inhibitory effects
(Morilak et al., 2005; Schwarz and Luo, 2015; Mather et al., 2016).
However, the specific role of norepinephrine (NE), as a key mediator of
chronic stress via sympathetic axis activation, in contributing to cogni-
tive impairment, either in healthy individuals or in animal models of
sporadic  Alzheimer's disease, remains poorly understood
(Avila-Villanueva et al., 2020).

This study aims to investigate the role of sustained NE signaling, one
of the core neurochemical features of the stress response, on the
development and severity of cognitive impairments associated with
sporadic Alzheimer’s disease in adult male rats. Specifically, the
research examines how intermittent intracerebroventricular (i.c.v.) NE
injections affect spatial memory performance. Moreover, evaluates the
progression of cognitive symptoms in an Alzheimer's disease model in
laboratory rats induced by streptozotocin (STZ) (Chen et al., 2014;
Gaspar et al., 2021). Over two weeks, intermittent i.c.v. injections of NE
are administered to adult male rats. The predominantly stimulatory ef-
fects of NE may induce inflammatory changes in the prefrontal cortex
and hippocampus, potentially leading to spatial memory deficits (Wang
et al., 2021). Additionally, we hypothesized that chronic NE adminis-
tration may exacerbate Alzheimer 's-like symptoms caused by STZ and
possibly lead to further spatial memory deterioration in a mild Alz-
heimer 's-like model induced by a low dose of i.c.v. STZ in adult male
rats (Rostami et al., 2017).

To address these questions and test hypotheses, this study involves
chronic administration of NE via i.c.v. in healthy animals as well as in
mild Alzheimer 's-like model animals induced by STZ, with spatial
memory being assessed using the Morris Water Maze.

Methods
Animals

This experimental study was conducted on male Wistar rats,
approximately 3 months old (weighing 220-250 g) and 1 month old
(weighing 50-70 g). The animals were housed in the animal facility of
the Department of Biology, Faculty of Science, Ferdowsi University of
Mashhad, under standard conditions: a 12-hour light/dark cycle, a
temperature of 22 + 2°C, humidity of 40-50 %, and no noise pollution.
Rats were kept in groups of 5-6 in Plexiglas cages. All breeding, housing,
and experimental procedures were conducted following the National
Institutes of Health’s Guide for the Care and Use of Laboratory Animals
(Council, 2011). The ethical procedures in this study followed our pre-
vious works published in Rostami et al. (2017, 2020) and were approved
by the Ethics Committee of the Department of Biology at Ferdowsi
University of Mashhad (Approval No. 3/41279; Date: 2016-07-12) and
carried out in the university’s designated animal facility.

Experimental groups

Forty-nine rats were divided into seven groups, each consisting of
seven animals. 1. Control group with no treatment. 2. Sham group for
evaluating the effects of surgery and solvent injection on memory. 3.
STZ group, received i.c.v. injection of 0.5 mg/kg streptozotocin (STZ;
Sigma-Aldrich, USA) at 3 months of age to induce an Alzheimer’s-like
memory impairment. 4. NE-1 group which received i.c.v. injection of
30 pg norepinephrine (NE; Normon, Spain) in a volume of 5 pl daily for
14 days, starting at 1 month of age, to evaluate the isolated effects of NE
on learning. 5. NE-3 group which received i.c.v. injection of 50 pg NE in
a volume of 5 pl daily for 14 days, starting at 3 months of age. 6. NE-
1_STZ group which received i.c.v. Injection of 30 pug NE in a volume of
5 pl daily for 14 days, starting at 1 month of age, and a single dose of
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0.5 mg/kg STZ at 3 months of age. This group was designed to evaluate
the potential influence of early-life NE exposure on cognitive outcomes
in combination with an Alzheimer’s-like model induced by STZ. 7.
NE3_STZ group, which received i.c.v. injection of 50 pg norepinephrine
in a volume of 5 pl daily for 14 days and a single dose of 0.5 mg/kg STZ,
both starting at 3 months of age (Fig. 1).

The NE3 and NE3-STZ groups included six animals in the statistical
analysis due to data loss from one animal in each group.

Cannula implantation and i.c.v. administration

The animals were anesthetized for cannulation surgery using intra-
peritoneal ketamine (75 mg/kg) and xylazine (10 mg/kg) (Alfasan,
Netherlands). The rats' heads were shaved and fixed in a stereotaxic
apparatus (Narishige, Japan). Then, after determining stereotaxic co-
ordinates based on the Paxinos atlas (Paxinos and Watson, 2014), the
skull over the right lateral ventricles (0.8 mm posterior to bregma,
1.5 mm lateral to the sagittal suture) was drilled. A 22-gauge stainless
steel cannula was implanted (the depth for the cannula tip was set at
3.6 mm beneath the brain surface) and fixed with dental cement. Can-
nula placement was qualitatively verified in a representative animal by
injecting methylene blue dye into the right lateral ventricle. After brain
dissection, dye distribution within the lateral ventricles was visually
inspected to confirm intraventricular delivery (Ozdemir-Kumral et al.,
2024). Systematic histological verification across all animals was not
conducted; therefore, the proportion of animals with confirmed ven-
tricular targeting was not quantified. All surgeries were performed using
standardized stereotaxic coordinates with individual skull measure-
ments, and no animals were excluded based on cannula placement.
Accordingly, this verification served to confirm overall procedural ac-
curacy rather than individual-level validation. At 3 months of age, mild
Alzheimer's-like models were induced by injecting 0.5 mg/kg STZ
(Rostami et al., 2017) using a 10-ul Hamilton syringe. One week after
surgery, groups 4, 5, 6, and 7 received daily NE injections (dosage based
on group allocation) for two weeks. All i.c.v. injections were adminis-
tered at a rate of 5 ul/minute.

The initial dose selection for i.c.v. administration of NE was based on
previous studies reporting behavioral and physiological effects of cen-
tral NE injection in rodents and chicks (Mishra et al., 1993; Zhang et al.,
2003). For example, acute doses ranging from 10 to 100 pg have been
shown to modulate locomotor activity and arousal, while doses
> 200 pg induce immobility and depressive-like behavior (Herman,
1970). Based on these findings, an initial dose of 100 pg NE was tested in
pilot trials. However, mortality was observed within two days of injec-
tion. The dose was then reduced to 75 pg, yet further mortality occurred.
Ultimately, a dose of 50 pg was identified as the highest tolerable dose
that maintained animal survival over the 14-day injection period and
was thus used for adult rats (NE-3 group). For the NE-1 group (injected
at 1 month of age), the dose was further reduced to 30 pg to account for
the smaller brain of juvenile rats. This adjustment aimed to avoid
excessive central NE concentrations that could lead to non-specific
toxicity or stress-unrelated pathology.

Note that the sham group animals underwent the same surgical
procedure but received an equivalent volume of saline instead of STZ or
norepinephrine.

Morris water maze

To evaluate cognitive changes, particularly in spatial learning and
memory, in the STZ-induced Alzheimer-like model and to assess the
effects of norepinephrine, the Morris Water Maze (MWM) was utilized
(R. Morris, 1984). The MVM test followed the protocol reported in the
previous study, with some modifications (Rostami et al., 2017). In
summary. this apparatus consists of a cylindrical black pool with an
inner diameter of 150 cm and a height of 80 cm, filled with water
maintained at a temperature of 23 £ 1°C to a depth of 25 cm. A small
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Fig. 1. Schematic diagram summarizing the experimental design and treatment groups.

transparent Plexiglas platform with a diameter of 10 cm was placed
1 cm below the water surface in the center of one quadrant (the north-
east quadrant, designated as quadrant 1). Rats were randomly released
into the pool from one of the four quadrants, and the time taken to locate
the platform and the distance traveled were recorded and analyzed using
ANY-maze Video Tracking Software (ANY-maze, Stoelting Co., IL, USA).
Each rat underwent training for five consecutive days, with one session
per day. Each session consisted of four trials, starting randomly from one
of the four directions of the pool. A trial ended either when the rat
located the platform or after 60 s. After each trial, the rat was allowed to
remain on the platform for 20 s before the next trial began. Rats that
failed to locate the platform within 60s were guided to it by the
experimenter and allowed to stay on it for 15 s. After completing the
fourth trial, the rats were removed from the pool. On the sixth day, the
platform was removed, and a probe trial was conducted to assess the
animal's recall of the platform's location from previous training. The
data collected included the distance traveled and the duration of time
spent in each of the four quadrants during the probe trial. The MWM was
employed in this study as a reliable method to assess spatial memory, as
the tasks involved in this system require proper memory function
(Anacker et al., 2011; Vorhees and Williams, 2006). All experimental
groups underwent the MWM test at the age of 6 months.

Data analysis

Following each session, the average latency (or time spent in the
target quadrant for the probe session; in seconds) and distance traveled
(or distance searched in the target quadrant for the probe session; in
meters) to reach the platform across four trials were calculated. The
average search speed (m/s) for the session was then determined using
the formula:

DT

SS I

where SS represents the search speed, DT is the average distance trav-
eled (distance searched in the target quadrant for the probe session) in
meters, and L is the average latency (time spent in the target quadrant
for the probe session) in seconds.

To assess within-group changes over time, a repeated-measures one-
way ANOVA was performed. Comparisons between groups and across
sessions were evaluated using a two-way ANOVA followed by Bonfer-
roni post hoc tests. For the probe session, a one-way ANOVA followed by
Bonferroni post hoc tests was conducted to compare results between
groups. A p-value of < 0.05 was considered statistically significant. All
statistical analyses and graphical representations were performed using
MATLAB (The MathWorks Inc., Natick, MA).
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Result

In this study, we evaluated the effect of intracerebroventricular (i.c.
v.) injection of norepinephrine (NE) on spatial memory in rats using the
Morris Water Maze (MWM) test. To better assess the impact of NE, a low
dose of streptozotocin (STZ), a well-established compound for inducing
sporadic Alzheimer’s disease in rats (Chen et al., 2014; Gaspar et al.,
2021), was also administered in some groups. A total of 49 rats were
divided into seven groups. Five groups, including 1. Control (no treat-
ment; black lines and bars in Figs. 2-4, and 7), 2. Sham (saline-injected;
black dashed lines and white bars with black edges in Figs. 2-4, and 6),
3. STZ (STZ injected at 3 months of age; blue lines and bars in Figs. 2-4,
and 7), 4. NE-1 (NE injected at 1 month of age; cyan lines and bars in
Figs. 2-4, and 7), 5. NE-3 (NE injected at 3 months of age; red lines and
bars in Figs. 2-4, and 7). Moreover, two groups were to evaluate the
combined effects of NE and low-dose STZ, including 6. NE-1_STZ (NE
injected at 1 month of age and STZ at 3 months of age; green lines and
bars in Figs. 5-7), and 7. NE-3_STZ (NE and STZ injected at 3 months of
age; magenta lines and bars in Figs. 5-7). All groups underwent a
five-day training protocol in the MWM, and their performance was
assessed based on (a) latency to find the platform, (b) distance traveled
(DT) to reach the platform, and (c) search speed (SS) across each session
(day). The sixth day was introduced as the probe in which the position of
the platform changed, and all the above parameters at the target
quadrant (past location of the platform) were evaluated.

Norepinephrine (NE) impact on latency

Both NE groups increased the latency to reach the platform
compared to the control group (two-way ANOVA; NE1: F (1, 12) = 11.6,
p < 0.01; NE3: F (1, 11) = 41.4, p < 0.001; Fig. 2a). The increased la-
tency was more pronounced during the 1st (control= 32.1 + 1.8; NE1 =
57.1 + 1.9; NE3 = 56.4 + 2.2 s; Fig. 2b) and 2nd (control= 16.6 + 2.3;
NE1 = 52.3 + 2.8; NE3 = 43.7 + 5.2 s; Fig. 2c) sessions of the NE1 and
NE3 groups (Bonferroni; p < 0.001). Moreover, the 3rd session of the
NE3 group had longer latency compared to the control group (control =
13.6 + 1.3; NE3 = 27.4 + 4.4 s; Bonferroni; p < 0.01; Fig. 2a).

The low dose of STZ itself did not increase the latency during 5 days
of training compared to the control (two-way ANOVA; F (1, 12) = 3.22,
p = 0.09; Fig. 2a). However, the latency during the 1st session reached
significance (control= 32.1 +1.8; STZ= 44.9 + 3.7 s; Bonferroni;
p < 0.05; Fig. 2b). Although NE groups had greater latency relative to
the STZ, only the NE3 significantly differed from it (two-way ANOVA;
NE1:F(1,12) = 3.24,p = 0.09; NE3: F (1, 11) = 6.2, p < 0.05; Fig. 2a).
The latency difference was statistically significant during the 2nd ses-
sion of the NE3 compared to the STZ group (NE3 = 43.7 + 5.2; STZ=
28.6 + 4.8 s; Bonferroni; p < 0.001; Fig. 2c).
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Fig. 2. Mean latency of experimental groups in the Morris Water Maze (MWM). a) Mean latency (seconds) for control (black circles), sham (empty black circles,
dashed line), STZ (blue circles), NE1 (cyan circles), and NE3 (red circles) across five consecutive training days. Dashed rectangles highlight data presented in b and c.
Statistical significance is indicated by ** (p < 0.01) for NE3 vs. control. b-c) Bar plots of mean latency for the first and second sessions, respectively. Colors match
those in a. Statistical significance is denoted by *** (p < 0.001) for NE groups vs. control. @@@ (p < 0.001) indicates significant differences between NE and STZ

groups, while # (p < 0.05) marks differences between STZ and control. Data are presented as mean + SEM, n = 7 per group.
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Fig. 3. Distance traveled (DT) in the MWM. a) Plots of average DT (meters) for control (black circles), sham (empty black circles, dashed line), STZ (blue circles),
NE1 (cyan circles), and NE3 (red circles) over five training days. Dashed rectangles highlight data shown in b and c. ** (p < 0.01) indicates significant differences
between NE3 and control. b-c) Bar plots of DT for the first and second sessions. Colors match those in a. Statistical significance is indicated by *** (p < 0.001) for NE3

vs. control and @@@ (p < 0.001) for NE3 vs. STZ. Data are shown as mean + SEM, n = 7 per group.

Norepinephrine (NE) impact on distance traveled (DT)

Only the NE3 group significantly increased DT to reach the platform
compared to the control group (two-way ANOVA; F (1, 11) =15.7,
p < 0.01; Fig. 3a). The increased DT was more pronounced during the
1st (control= 10.9 + 0.75; NE3 = 16.6 + 0.68 m; Fig. 3b) and 2nd
(control= 7.9 4+ 0.95; NE3 = 17.6 + 1.5 m; Fig. 3c) sessions of the NE3
group (Bonferroni; p < 0.001). Moreover, the 3rd session of the NE3
group had a longer DT compared to the control group (Bonferroni;
p < 0.01; Fig. 3a). However, the NE1 group also showed an increase in
overall DT (1st = 16.3 + 1.1; 2nd = 13.9 £ 2.2 m; Fig. 3) but did not
reach significance compared to the control group (two-way ANOVA; F
(1,12) = 3.8, p=0.07).
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Similar to latency, the STZ group didn’t change the DT compared to
the control group (two-way ANOVA; F (1, 12) = 0.65, p = 0.43; Fig. 3a).
Two-way ANOVA showed no significant difference between the NE
groups and STZ in DT (NE1: F (1, 12) = 1.86, p = 0.19; NE3: F (1, 11)
= 4.52, p < 0.057; Fig. 3a). However, NE3 during the 2nd session (STZ=
9.1 £1.3; NE3 = 17.6 + 1.5 m; Fig. 3c) significantly increased DT
compared to the STZ group (Bonferroni; p < 0.001).

Norepinephrine (NE) impact on average search speed (SS)

The SS results showed a positive trend toward faster search among
the control (0.3 + 0.01-0.4 &+ 0.01 m/s during five training sessions),
sham (0.3 £0.007-0.4 + 0.01 m/s), and STZ (0.27 + 0.02-0.39
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Fig. 4. Search speed (SS) of the MWM experimental groups. a) Plots of average SS (meters/second) for control (black circles), sham (empty black circles, dashed
line), STZ (blue circles), NE1 (cyan circles), and NE3 (red circles) across five training days. Dashed rectangles highlight data presented in b and c. Statistical sig-
nificance: * (p < 0.05) for NE1 vs. control, ** (p < 0.01), and *** (p < 0.001) for NE3 vs. control. # (p < 0.05) and ## (p < 0.01) indicate differences between STZ

and control. b-c) Bar plots of SS for the fourth and fifth sessions. Colors match those in a.

** (p < 0.001) denotes differences between NE groups and control. @@

(p <0.01) and @@@ (p < 0.001) indicate significant differences between NE and STZ groups. Data are mean + SEM, n = 7 per group.
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Fig. 5. Latency and distance traveled (DT) in co-administration groups. a) Mean latency (seconds) for STZ (blue circles), NE1-STZ (green circles), and NE3-STZ
(magenta circles) over five training days. b) Average DT (meters) for the same groups. No significant differences were detected between groups in either latency
or DT across sessions. The control group is included in gray for reference. Data are presented as mean + SEM, n = 7 per group.

+ 0.01 m/s) groups after training (repeated-measures one-way ANOVA;
control: F (2.895, 17.37) = 3.287, p < 0.05; sham: F (1.804, 10.82)
=9.806, p < 0.01; STZ: F (2.484, 14.28) = 7.549, p < 0.01; Fig. 4).
However, the positive trend in SS following training tended to suppress
or reverse toward slower speeds in NE1 (0.28 + 0.01-0.27 4+ 0.03 m/s)
and NE3 (0.29 +0.004-0.24 £ 0.02m/s) groups, respectively
(repeated-measures one-way ANOVA; NE1: F (2.333, 14.00) = 0.5935,
p = 0.59; NE3: F (2.314, 11.57) = 5.757, p < 0.01; Fig. 4a).

NE groups significantly decreased SS compared to the control group
(two-way ANOVA; NE1: F (1, 12) =23, p < 0.001; NE3: F (1, 11)
=79.2, p < 0.001; Fig. 4a). The slower SS in NE groups was more
pronounced during the last four sessions compared to the control group
(Bonferroni; NE1: 1st p=0.26; 2nd p < 0.05; 3rd p < 0.01; 4th
p < 0.01; 5th p < 0.001; NE3: 1st p=0.17; 2nd p < 0.05; 3rd to 5th
p < 0.001; Fig. 4a-c).

The STZ group had slower SS in the first 2 sessions compared to the
control group, but became more similar to the control group following
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the training (two-way ANOVA; F (1, 12) = 15.2, p < 0.01; Bonferroni;
1st p < 0.05 and 2nd p < 0.01; Fig. 4a). Furthermore, NE groups had
slower SS relative to the STZ (two-way ANOVA; NE1: F (1, 12) = 5.79,
p < 0.05; NE3: F (1, 11) = 17.5, p < 0.01). The SS difference was sta-
tistically significant during the 5th session of the NE1 (Bonferroni;
p < 0.01; Fig. 4c) and the 4th and 5th sessions of the NE3 groups
(Bonferroni; p < 0.001; Fig. 4b&c) compared to the STZ group.

There was no significant difference in latency, distance traveled, or
search speed between the sham and control groups during different
sessions, which shows that the surgical procedure and i.c.v. injection did
not impact spatial memory itself (two-way ANOVA; latency: F (1, 12)
= 2.95, p = 0.11; distance traveled: F (1, 12) = 0.26, p = 0.61; search
speed: F (1, 12) = 1.17, p = 0.3; Fig. 4).

Effects of NE and STZ Co-administration on spatial memory

During the study, we evaluated the combination effect of NE and STZ



M.A.S. Moien et al.

a
0.5- b
—e— Control
—e—STZ
—0— NE(1m)+STZ c
—@— NE(3m)+STZ
264l b
£ 0.4
gl
)
)
Q
%)
<
g
® 0.34
n
0.2 . r r r T

3
Session (day)

4

SS in 4th Session (m/s)

IBRO Neuroscience Reports 20 (2026) 84-93

C
0.5 0.5
g L]
—0.4
C
©
a
8
203
in
£
(Y]
0.2
A L
& &L
ol
T

Fig. 6. Search speed (SS) in co-administration groups. a) Plots of average SS (meters/second) for STZ (blue circles), NE1-STZ (green circles), and NE3-STZ (magenta
circles) over five training days. Dashed rectangles highlight data displayed in b and c. The control group is included in gray for reference. b-c) Bar plots of SS for the
fourth and fifth sessions. Colors match those in a. Statistical significance: * (p < 0.05) and *** (p < 0.001) for comparisons between NE-STZ and STZ groups. Data are

presented as mean + SEM, n = 7 per group.
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Fig. 7. Probe session performance in the MWM. Bar plots of a) average time spent (seconds), b) distance searched (meters), and c) search speed (meters/second)
during the probe session across groups in the target quadrant, previously associated with the platform location. Colors match previous figures. * (p < 0.05) denotes
significant differences between NE3-STZ and control. Data are shown as mean + SEM, n = 7 per group.

during two different exposure times of NE (one or three months of age;
see method section) and compared it to the STZ group. NE_STZ groups
tend to increase both latency and DT in the first two sessions, However,
none of them reached significance compared to the STZ group (two-way
ANOVA,; for latency — NE1_STZ: F (1, 12) = 2.25, p = 0.15; NE3_STZ: F
(1, 11) = 1.36, p = 0.26; for DT — NE1_STZ: F (1, 12) = 1.2, p = 0.29;
NE3_STZ: F (1, 11) = 0.54, p = 0.47; Fig. 5). Moreover, none of the NE-
STZ groups had substantial difference with their respective NE alone
group (two-way ANOVA; for latency — NE1_STZ: F (1, 12) =0.85,
p = 0.37; NE3_STZ: F (1, 10) = 2.1, p = 0.17; for DT — NE1 STZ: F (1,
12) = 0.72, p = 0.41; NE3_STZ: F (1, 10) = 1.64, p = 0.22; Fig. 5).
Average search speed of the NE_STZ groups were similar to NE alone
groups (two-way ANOVA; NE1 STZ: F (1, 12) = 0.1, p = 0.75; NE3_STZ:
F(1,10) = 0.5, p = 0.49). Both groups showed lower speed compared to
the STZ alone group following the training (two-way ANOVA; NE1_STZ:
F(1,12)=14.3,p < 0.01; NE3_STZ: F (1, 11) = 6.78, p < 0.05; Fig. 6a).
The difference was more pronounced during the 4th (NE1_STZ= 0.27
+ 0.02; STZ= 0.34 + 0.01 m/s; Fig. 6b) and 5th (NE1_STZ= 0.26
+ 0.01; STZ= 0.39 + 0.01 m/s; Fig. 6¢) sessions of the NE1_STZ
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compared to the STZ group (Bonferroni; 4th p < 0.05; 5th p < 0.001).
However, only the 4th session (0.23 + 0.02 m/s; Fig. 6b) of the NE3_STZ
reached a statistically significant difference compared to the STZ group
(Bonferroni; p < 0.001).

Probe session

Fig. 7 illustrates the results of the probe session. In this session, the
platform’s position was changed to quantify the animals' search pa-
rameters in the target quadrant, previously associated with the platform
location. Statistical analysis revealed no significant differences among
groups during the probe session for time spent (TS) or distance searched
(DS) in the target quadrant (one-way ANOVA; TS: F (6, 40) = 0.79,
p =0.57; DS: F (6, 40) = 1.89, p = 0.1). However, a significant group
effect was observed for search speed (SS) (F(6, 40) = 2.42, p = 0.04;
Fig. 7¢), with post hoc analysis showing that the NE3-STZ group
exhibited significantly slower SS compared to the control group (Bon-
ferroni; p < 0.05).
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Discussion

This study aimed to examine whether sustained central norepi-
nephrine (NE) exposure, a key feature of the neurochemical stress
response, contributes to Alzheimer’s-like spatial memory deficits in
male rats. To this end, we administered repeated intracerebroventricular
(i.c.v.) NE injections and assessed their impact on spatial memory per-
formance—a cognitive domain commonly disrupted in Alzheimer’s
disease (Jacobsen et al., 2006; Zhu et al., 2017). The Morris Water Maze
(MWM) was employed as a standard method to assess spatial memory
performance in rats (Morris, 1984; Vorhees and Williams, 2006). NE was
i.c.v. administered daily for two weeks at two different developmental
stages (Spear, 2000). Some groups (NE1 and NE1_STZ) received NE at
one month of age, representing early-life exposure during adolescence,
while others (NE3 and NE3_STZ) received it at three months of age,
corresponding to adulthood. Additionally, a low dose of streptozotocin
(STZ; 0.5 mg/kg) was administered alone or in combination with NE to
evaluate the potential exacerbation of spatial memory impairment by
NE. The low STZ dose was selected to induce mild cognitive impairment
(MCI) in spatial memory (Li et al., 2016; Rostami et al., 2017, 2020),
allowing for an assessment of the combined effects of NE (as a chronic
stress factor) in an MCI model.

Results showed that NE administration during both adolescence and
adulthood impaired spatial memory in the Morris Water Maze (MWM).
This impairment was significantly greater in the NE3 group compared to
the control group during the first three sessions, as reflected in key
performance measures, including latency and distance traveled to reach
the platform (Figs. 2 and 3). Similarly, the NE1 group exhibited a
comparable impairment pattern, though statistical significance was
reached only for increased latency during the first two sessions (Fig. 2).
Additionally, the NE3 group demonstrated a significant increase in

Table 1
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latency and distance traveled compared to the STZ group in the second
session (Figs. 2 and 3). NE administration also disrupted the typical
increase in search speed (SS) observed across sessions in the control,
sham, and even STZ groups (Fig. 4). This disruption was statistically
significant in the last three sessions when comparing the NE1 and NE3
groups to the control group (Fig. 4). Furthermore, the NE3 group
exhibited slower SS in the fourth and fifth sessions compared to the STZ
group (Fig. 4b&c). The NE1 group followed a similar trend, though a
significantly slower SS from the STZ group was only observed in the fifth
session (Fig. 4c). Groups that received both NE and STZ exhibited a
greater, though not statistically significant, impairment in latency and
distance traveled to reach the platform compared to the STZ-alone group
(Fig. 5). However, the NE1-STZ group demonstrated significantly slower
search speed (SS) in the last two sessions compared to the STZ-alone
group. Additionally, the NE3-STZ group showed a significantly slower
SS compared to the STZ-alone group during the fourth session (Fig. 6).
All the employed results in the discussion were summarized in Table 1.

The neurotoxic effects of STZ on central nervous system neurons and
its role in impairing learning and memory have been well documented
(Shoham et al., 2003; Chen et al., 2014; Gaspar et al., 2021). When
administered intracerebroventricularly, STZ induces neurodegenera-
tive, biochemical, and molecular changes, such as impaired cerebral
glucose metabolism, oxidative stress, and neuroinflammation, that
closely resemble key features of sporadic Alzheimer’s disease (sAD)
(Salkovic-Petrisic et al., 2013; Li et al., 2016). While various doses have
been used to model different severities of AD-like pathology, our study
employed a low dose of 0.5 mg/kg, consistent with prior reports by
Rostami et al. (2017, 2020). In those studies, this dose was shown to
produce mild cognitive deficits alongside validated molecular and his-
tological changes, making it suitable for modeling early-stage sAD or
MCI. The aim of using this subthreshold dose was to enable examination

Relative changes among experimental groups in MWM. Relative changes between each pair of groups in different parameters based on two-way ANOVA. Relative

increase or decrease is shown with upward or downward arrows, respectively.

Latency Distance Traveled Search Speed
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! not significant; 2 p < 0.05; 3 p < 0.01; 4 p < 0.001.
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of potential additive or modulatory effects of NE administration on a
relatively mild pathological background, rather than overwhelming the
system with severe neurodegeneration.

Norepinephrine, as a neurotransmitter in the central nervous system
primarily released from the locus coeruleus, plays multiple roles,
including the activation of the HPA axis (Charmandari et al., 2005;
Morris et al., 2020). The repeated activation of the HPA axis leads to an
increase in glucocorticoid secretion (Herman et al., 2016), which is
generally associated with impairments in learning and memory (Dorey
etal., 2012; Tatomir et al., 2014; Atsak et al., 2016). Excessive exposure
to glucocorticoids due to increased norepinephrine levels induces
adaptive changes in glucocorticoid receptors, particularly in the hip-
pocampus, leading to hippocampal atrophy and reduced neurogenesis
(Vyas et al., 2002; Anacker et al., 2011; Finsterwald & Alberini, 2014).
Hippocampal damage or atrophy is linked to impaired negative feed-
back regulation of the HPA axis, resulting in prolonged HPA axis acti-
vation and further neuronal damage (Lanté et al., 2015).

The present study showed that exposure to excessive NE during
adolescent or adult life stages can induce mild cognitive impairment
(MCI) comparable to that produced by a low dose of STZ. Although both
NE1 and NE3 groups exhibited similar impairments, the NE3 group
showed more pronounced deficits relative to both the control and STZ
groups, suggesting that NE exposure during adulthood leads to greater
cognitive disruption. This heightened vulnerability in 3-month-old rats
may stem from reduced compensatory plasticity compared to younger
animals, making them more susceptible to NE-induced damage (Spear,
2013). For example, a study examining the induction of mRNA for tissue
plasminogen activator, a marker of neural plasticity, found a delayed
and blunted response in 3-month-old rats compared to younger ones
(Popa-Wagner et al., 2000). This suggests that the mature brain's
reduced capacity for plastic changes may contribute to greater vulner-
ability to neurochemical insults. Additionally, age-related neuronal loss
begins to manifest around 3 months of age in rats, with progressive
declines observed in various brain structures (Mortera and
Herculano-Houzel, 2012). This neuronal attrition may further compro-
mise the brain's resilience to NE-induced impairments in older rats.

Importantly, although not included in the present manuscript, un-
published histological analyses from our laboratory confirm that chronic
NE exposure (same protocol as the current study) leads to structural
alterations in the hippocampus, comparable in severity and distribution
to those observed in STZ-treated animals. These findings align with the
behavioral outcomes reported here and support the view that NE-
induced impairments are not merely functional or transient but may
reflect underlying neuropathological changes.

We hypothesized that NE contributes to the development of sporadic
Alzheimer's induced by STZ. However, co-administration of NE and STZ
didn’t result in a greater impairment than the administration of NE or
STZ alone. The lack of a cumulative effect in the co-administration of NE
and STZ may be due to differences in their underlying mechanisms of
action, which could limit their interaction in producing more severe
deficits. While NE primarily induces cognitive impairment through HPA
axis overactivation and glucocorticoid-related neurotoxicity (Dorey
etal., 2012; Tatomir et al., 2014; Atsak et al., 2016), STZ disrupts insulin
signaling and glucose metabolism, leading to neuronal dysfunction
(Salkovic-Petrisic et al., 2013; Li et al., 2016; Rostami et al., 2017).
These mechanisms, although both capable of causing mild cognitive
impairment (MCI), may not strongly interact or amplify each other’s
effects. Additionally, STZ-induced metabolic dysfunction could have
altered NE sensitivity, potentially reducing the impact of additional NE
administration (Yoshida et al., 1985). On the other hand, NE adminis-
tration could excite the brain and enhance neural activity (Jhaveri et al.,
2010; Mather et al., 2016). This increased activity, in turn, may promote
greater cerebral blood flow, facilitating the clearance of STZ-induced
metabolic byproducts (such as amyloid-beta) and increasing brain
oxygenation, which are both associated with sporadic Alzheimer's dis-
ease (Bjerkan et al., 2024; Meng et al., 2024). Consequently, although
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both agents individually impaired learning and memory, their
co-administration did not lead to a significantly greater cognitive
decline than either treatment alone. This study demonstrated that re-
petitive i.c.v. administration of NE, for mimicry of the action of the
sympathetic axis of the repetitive chronic stress on the brain, did not
exacerbate the progression of STZ-induced sporadic Alzheimer's disease.
Therefore, these findings cast doubt on the involvement of the sympa-
thetic axis in the progression of sporadic Alzheimer's disease and instead
highlight the HPA axis as a key contributor to stress-related disease
progression.

Results from the NE and STZ groups in the Morris Water Maze
(MWM) indicated that mild cognitive impairment (MCI) could be
partially mitigated through repeated training, as reflected by reductions
in escape latency and distance traveled across sessions. By the later
stages of acquisition, the spatial performance of these groups became
comparable to that of controls. However, animals in the NE-treated
groups, particularly those exhibiting more pronounced initial impair-
ments, demonstrated this improvement alongside a significant reduction
in search speed. This pattern suggests that while training facilitated
performance, it may have done so by engaging compensatory mecha-
nisms that rely on slower, more deliberate cognitive processing. These
findings align with previous evidence indicating that individuals with
MCI or subtle learning impairments can improve task accuracy at the
cost of efficiency, often reflected in longer decision times or slower
navigation (Wadley et al., 2008; Tangen et al., 2015; Lassen-Greene
et al., 2017).

Additionally, traditional probe measures did not reveal overt deficits
in spatial memory retention. The reduced search speed in NE-treated
animals, particularly in the NE3-STZ group, suggests a compensatory
change in search strategy. These animals may have adopted a more
cautious, less efficient exploration pattern to overcome underlying im-
pairments in spatial learning observed during acquisition. Thus, the
disruption appears to affect the learning process more prominently than
memory retrieval alone, and repeated training may have partially
compensated for these deficits by shifting behavioral strategies.

In conclusion, repeated intracerebroventricular administration of
norepinephrine (NE) during different life stages induced mild cognitive
deficits in spatial memory, resembling those seen with STZ treatment.
However, these impairments likely arise through distinct neurobiolog-
ical pathways. Interestingly, co-administration of NE and STZ did not
exacerbate cognitive decline, suggesting possible compensatory in-
teractions between their mechanisms of action. These findings raise
questions about the specific contribution of central NE to Alzheimer’s-
like pathology and underscore the need to further investigate alternative
stress-related pathways, such as the HPA axis, in the context of sporadic
Alzheimer’s disease.

Future direction

This study focused on evaluating the effects of intra-
cerebroventricular norepinephrine (NE) and streptozotocin (STZ) on
spatial memory using the Morris Water Maze. However, our findings
remain open to alternative interpretations. NE is known to influence
arousal and locomotion, and without additional behavioral tests, such as
the open field test or novel object recognition, or a cued version of the
Morris Water Maze, it is difficult to fully rule out whether the observed
impairments are due to cognitive deficits or other factors such as
changes in motivation, vision, or swimming ability. Moreover, we did
not measure biochemical markers of hypothalamic-pituitary-adrenal
(HPA) axis function, and thus cannot exclude the possibility that alter-
ations in stress hormone levels contributed to the observed effects.
Future studies should include a broader behavioral assessment and HPA
axis evaluation to clarify these issues.

Additionally, our results suggest that NE and STZ may affect memory
through different mechanisms. Future research should examine relevant
neurobiological factors, such as hippocampal inflammation, stress
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hormone levels (e.g., corticosterone), and Alzheimer’s-related pathol-
ogy (e.g., beta-amyloid or tau), to better understand the specific
mechanisms underlying the cognitive effects we observed.

Although intraventricular cannula placement was qualitatively
verified in a representative animal using methylene blue dye, systematic
histological confirmation was not performed across the entire experi-
mental cohort. Consequently, the exact proportion of animals with ac-
curate ventricular targeting could not be quantified, and injections were
not screened on an individual basis. While all surgeries were conducted
using standardized stereotaxic coordinates with individual skull mea-
surements and produced consistent behavioral effects within groups,
future studies should incorporate comprehensive histological verifica-
tion in all animals to strengthen methodological rigor and ensure precise
anatomical targeting.
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