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Aims: The activation of the angiotensin (Ang) II after acute kidney injury (AKI) triggers oxidative stress and
inflammatory cascade which involved not only the kidneys but also the brain. Ang II through the Ang II type 1
receptor (AT1R) may have deleterious effects on hippocampal synaptic transmission and cognitive functions
under uremic encephalopathy. The present study was conducted to examine the effects of AT1R antagonist on
AKI-induced cognitive and synaptic plasticity impairment.

Main methods: Here, we investigated the effect of AKI and possible pathophysiological roles of AT1R with the
selective AT1R antagonist losartan (10 mg/kg/day for consecutive 9 days) on cognitive performance using
passive avoidance and Morris water maze tests. In order to understand the synaptic transmission, in vivo short
and long-term plasticity were evaluated at the Schaffer collateral-CA1 synapse. Biochemical analysis was also
performed to detect possible hippocampal nitric oxide and oxidative stress mechanisms.

Key findings: Our data provide evidence of hippocampal complication following AKI with increased level of
nitrite (P < 0.01 vs. sham) as well as oxidative stress (P < 0.01 vs. sham) that may be responsible for beha-
vioral dysfunction under uremia (spatial memory, P < 0.001; passive avoidance P < 0.01 vs. sham). Losartan
treatment effectively protects against cognitive (spatial memory, P < 0.01; passive avoidance P < 0.05 vs.
AKI-veh) and synaptic plasticity impairments induced by AKI possibly via modulation of oxidative stress in the
hippocampus (P < 0.01 vs. AKI-veh).

Significance: The present study conclusively demonstrated a protective role of AT1R antagonist losartan in
hippocampal complication and neurocognitive dysfunction after AKI via modulating oxidative stress.

1. Introduction

inflammation and functional changes have been observed following AKI
[12]. However, the effects of acute renal damage on memory and

Acute kidney injury (AKI), an abrupt decline in kidney function, is a
major cause of morbidity and mortality in hospitalized patients [1,2].
Despite advances in renal replacement therapy, remote organ con-
sequences of AKI are still associated with a high mortality rate in cri-
tically ill patients [3,4]. Uremic encephalopathy is an organic brain
disorder that develops in patients with acute or chronic renal failure,
however the symptoms are more pronounced in acute kidney injury
patients than chronic kidney diseases [5,6]. The symptoms ranging
from cognitive and memory impairment to delirium, convulsions, and
coma [7]. Brain-kidney crosstalk may explain cerebral involvement
under uremic conditions through different identified pathways in-
cluding inflammatory cascades [8], induction of brain oxidative stress
[9] and elevated nitric oxide (NO) [10,11]. Hippocampal cellular
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cognitive functions of the hippocampus have not yet been studied.
Activation of renin-angiotensin (Ang) II system is a well-established
pathway and plays a pivotal role in progressive deterioration of is-
chemic AKI [13]. Uremic toxins may be directly responsible for the
activation of intrarenal renin-Ang II system [14,15]. Ang II typel re-
ceptor (AT1R) is expressed in diverse brain regions, including the
hippocampus and as the predominant Ang II receptors in the kidneys
[16,17]. While under normal conditions the blood-brain barrier (BBB)
restricts peripheral Ang II to entering the brain regions, inflammatory
states such as that seen in AKI may contribute to the BBB integrity
disruption [18,19]. Some evidences suggest the efficacy of AT1R an-
tagonists to halt the progression of AKI [20,21]. Furthermore, AT1R
activation is responsible for the brain oxidative stress and cognitive
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impairment [16]. Angiotensin II, through ATIR, is a prominent acti-
vator of the NADPH-oxidase complex, and NADPH oxidase-mediated
generation of reactive oxygen species contribute the main cause of
oxidative stress and inflammatory processes that are involved in cog-
nitive deficits in some neurodegenerative diseases [16,22]. Brain oxi-
dative stress and increased nitric oxide production have been im-
plicated as the major mediators of neurological complications in uremic
states [11,23] which was associated with spatial working memory
dysfunction in a mouse model of chronic uremia [24]. Blockade of AT1
receptors has been shown protective effects on brain damage and
cognitive impairment in ischemic brain [25], salt-induced hypertensive
rats [26] and stroke-prone spontaneously hypertensive rats [27]. Lo-
sartan has also been shown to ameliorate alterations of the neuronal
activity in some brain areas induced by chronic kidney injury [28].
Thus, it seems that the AT1R activation following AKI may mediate
the kidney-brain crosstalk in uremic encephalopathy. In the present
study, we examined the electrophysiological, behavioral and bio-
chemical aspects of uremic conditions of AKI and possible involvement
of AT1 receptors in the pathophysiology of the uremic encephalopathy.

2. Material and methods
2.1. Subjects and experimental groups

Male Wistar rats (n = 40, BW: 200-250 g) were housed in groups of
5 in a polyethylene cages and kept under controlled temperature con-
ditions (22 * 3°C) with a 12h-light/dark cycle and free access to
water and food. The experimental procedures were approved by the
Ethics Committee of the Isfahan University of Medical Sciences in ac-
cordance with ethical guidelines for the Care and Use of Laboratory
Animals (1996, published by National Academy Press, 2101
Constitution Ave. NW, Washington, DC 20055, USA).

The animals were randomly distributed into four experimental
groups of ten rats each; sham-operated rats (sham), rats with AKI model
(AKI), animals received AT1R antagonist losartan after AKI induction
(AKI + Los) and animals received 0.9% sodium chloride solution
(AKI + Veh) after AKI induction.

2.2. Experimental procedures

A schematic illustration showing time lines for the whole experi-
mental design was depicted in Fig. 1.

The treatment groups received intraperitoneal (i.p.) injection of
ATIR antagonist losartan (10 mg/kg/day, Sigma-Aldrich) or vehicle
(saline) for 9 consecutive days [29,30] from one day before AKI in-
duction.

2.2.1. Induction of AKI

Bilateral renal ischemia reperfusion is a well-established model of
AKI and its efficacy was also approved in our previous studies [31]. AKI
was induced by bilateral clamping of the renal pedicles using non-
traumatic vessel clips for 45 min via two small flank incisions under
xylosine (5mg/kg) and ketamine (100 mg/kg) anesthesia (i.p.). Oc-
clusion of blood supply was confirmed by color change in the kidney.
Ischemic phase was followed by clamp removal and visually confirmed
reperfusion. The skin and muscle were sutured, and the rats were al-
lowed to recover for one week. The rats in the sham-operated group
underwent the same surgical procedure except for clamping of the renal
pedicles. Renal function was assessed by blood sampling from the tail
vein at 24 h after the onset of reperfusion (based upon renal function
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tests (BUN and creatinine), when the peak injury is observed approxi-
mately 24 h following ischemia) [32,33].

2.3. Behavior assessment

2.3.1. Morris water maze (MWM) test

Spatial memory was investigated in the MWM which consists of 4
consecutive acquisition sessions and memory retention or one probe
trial (Day 5) that took place 24 h after the last acquisition session. The
apparatus consists in a circular black-painted metal pool (180 cm in
diameter) filled with water (21 * 2°C) and surrounded by various
spatial cues. The pool was arbitrarily divided into four quadrants
(North, South, West, and East). Rats were first trained to find the in-
visible submerged platform at fixed position in the southeast quadrant
for four 60-s trials per day with an intertrial interval of 30s during
acquisition session. In each trial, the rat was released randomly from
one of the four pool quadrant and remained on the platform between
each trial for 30 s. Latency to reach the escape platform was tracked for
each trial by a video camera mounted above the pool. To assess memory
retention, the platform was removed and the rats were allowed to swim
for one 60 s probe trial on the fifth day. Time spent in target quadrant
was evaluated and compared between groups [34-36].

2.3.2. Passive avoidance test

The passive avoidance task was measured to evaluate memory
performance in a fear-motivated test using the shuttle box, in which the
rats were conditioned in a single trial inhibitory avoidance task on day
1 and tested for retention of the task 24 h later. The apparatus consisted
of two equal sizes compartments (50 x 30 x 25 cm), the black poorly
illuminated compartment and a white illuminated compartment, were
separated by a guillotine gate. In the training phase, the rats were
placed in the white compartment for 30s, then the guillotine gate was
opened and initial latency to enter the black compartment was re-
corded. When the rats innately entered the dark compartment, the
guillotine gate was closed and an inevitable mild electric foot shock was
delivered (1 mA, 25s). During the testing phase on day 2, the rats were
again placed into the white compartment and the latency to step
through to the dark compartment was recorded (maximum 300 s) [37].

2.4. Electrophysiological recordings

2.4.1. Field excitatory postsynaptic potential (fEPSP)

The animal's head was fixed to the stereotaxic frame and the skull
surface was exposed under deep urethane anesthesia (1.6 gkg™?, i.p.).

Extracellular field potentials were recorded by inserting a bipolar
stainless steel microelectrode (0.125 mm in diameter; Advent, UK) in
the Schaffer collateral pathway of the right hippocampus (AP, 3; ML,
3.5; DV, 2.8-3), and a unipolar recording microelectrode into the ip-
silateral CA1 area (AP, 4.1; ML, 3; DV, 2.5) [38]. Synaptic field po-
tentials in the CAl area were evoked by stimulating the Schaffer col-
lateral pathway. The test stimulation intensity was chosen to elicit an
EPSP that is approximately 50% of the maximum response recorded
during the input/output (I-O) function.

2.4.2. Paired-pulse response (PPR)

Basal neurotransmission and release probability were determined
from the paired-pulse responses by applying repetitive twin equal in-
tensity pulse stimulation at interpulse interval (IPI) of 50ms. The
paired-pulse index (PPI) was calculated as the ratio of the average of
three subsequent responses of interstimulus interval to the average of

Fig. 1. Experimental design of the study.
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three previous responses.

2.4.3. Long-term potentiation (LTP)

LTP was delivered after a 30 min baseline recording period by ap-
plying one train of high-frequency stimulation (100 Hz, four trains of 50
pulses, 0.15 ms stimulus duration, and 10 s interburst interval) and was
calculated relative as percentage change of the amplitude or slope from
the average pre-HFS response that was recorded over the 90 min after
tetanic stimulation.

2.5. Histological examination

At the end of the experiment, the animals were killed by decapita-
tion under urethane anesthesia, the right hemisphere was excited and
fixed in 10% buffered formalin solution for at least 10 days. To verify
electrode placement histologically, five um thick transverse sections
were cut using a freezing microtome (Fig. 8). Then the whole hippo-
campus was removed from the left hemisphere and stored at — 80 °C for
the biochemical assessment.

2.6. Biochemical assessment

2.6.1. Renal function assessment

Blood samples (0.5 ml) were obtained from the tail vein 24 h after
reperfusion to determine the levels of urea and creatinine (Cr) and the
sera were separated by centrifugation at 10,000 X g for 3 min. The le-
vels of serum BUN and Cr were evaluated using quantitative diagnostic
kits (Pars Azmoon, Iran).

2.6.2. Lipid peroxidation measurements in the hippocampus

In order to determine the degree of lipid peroxidation, mal-
ondialdehyde (MDA) was measured based on the reaction with thio-
barbituric acid (TBA) to produce a pink-colored pigment with a 532 nm
absorption maximum [9]. A mixture of 1 ml of 10% trichloroacetic acid
in 1ml of 0.67% thiobarbituric acid was added to hippocampal
homogenate (10% w/v) and kept in boiling water bath for 45 min. After
cooling, the mixture was centrifuged at 1000 X g for 10 min, and its
absorbance was measured against reagent blank containing all com-
ponents except the sample. The concentration of MDA was expressed
and calculated as follows: nmol of MDA per gram of tissue = Absor-
bance / (1.65 x 105).

2.6.3. Nitrite content determination in the hippocampus

The nitrite production was determined based on the Griess reaction
[39]. Briefly, 100 pl of hippocampal homogenate supernatant (10% w/
v) was incubated with the same volume of Griess reagent containing 1%
sulfanilamide, 0.1% naphthalene diamine dihydrochloride, and 2.5%
phosphoric acid at room temperature for 10 min. The absorbance was
determined at 520 nm and nitrite content was calculated from a stan-
dard nitrite curve created by using sodium nitrite standards.

2.7. Statistical analysis

All analyses were performed using the SPSS version 21 for windows
(IBM Corporation). Training trials data in MWM and data from LTP
induction and maintenance were analyzed by repeated measures
ANOVA followed by Tukey; and the data from paired pulse facilitation,
probe day of MWM and biochemical were analyzed by one-way ANOVA
followed by Tukey. All data were expressed as mean + SD. The value
of P < 0.05 was considered as statistically significant.

3. Results
3.1. Body weight

Fig. 2 shows the average body weights of the rats at the beginning

Life Sciences 234 (2019) 116775

OBeginning of study MEnd of study

250

200 A

150 +

100 -

Body weight (gr)

Sham AKI AKI-Los AKT-veh

Fig. 2. Comparison of body weight change between rats at the beginning and
end of the study. Values represent mean * SD for ten rats in each group.

and end of the study. There was no significant difference in body weight
between the groups.

3.2. Spatial learning and memory assessment

In order to assess hippocampus-dependent learning and memory,
we measured the latency to find the platform over four training days
(blocks), and time spent in the goal quadrant during a probe trial on the
fifth day in the MWM task. A repeated-measures ANOVA indicated a
significant decrease in escape latency to acquire hidden platform in all
experimental groups during acquisition trials (BLOCK effect, F (3,
102) = 206.12, P < 0.001; Fig. 3A), this pattern of reduction in la-
tencies to acquire hidden platform across the blocks was not sig-
nificantly different between the groups (Block effect, F (9, 102) = 0.37,
P = 0.94; Fig. 3A), means that all rats learned equally well the task
during the training days.

In the probe-trial test, one-way ANOVA revealed that the AKI
(23.88 = 12.4s and 45.96 * 7.5s respectively; P < 0.001) and AKI-
veh (19.97 + 12.2s and 45.96 * 7.5s respectively; P < 0.001) rats
spent a short time in the target quadrant compared to sham rats.
However, losartan treatment improved memory deficits versus vehicle-
treated rats (30.66 * 9.2s and 19.97 * 12.2s respectively;
P < 0.01) (Fig. 3B).

3.3. Passive avoidance memory assessment

As illustrated in Fig. 4, the mean initial latencies to enter the dark
compartment during training were the same in all groups, whereas AKI
(91.67 *= 118.8sand 246 = 106.3 s respectively; P < 0.01) and AKI-
veh rats (114.78 = 130.2s and 246 * 106.3s respectively;
P < 0.05) showed a significant deficit in retention latencies compared
to the sham group. However, losartan treatment attenuated AKI-in-
duced memory deficits versus AKI (217.8 = 92.48s and
91.67 = 118.8s respectively; P < 0.05) and AKl-veh rats
(217.8 = 92.48s and 246 + 106.3 s respectively; P < 0.05).

3.4. Electrophysiology

3.4.1. Long-term potentiation

LTP was induced by high-frequency stimulation (100 Hz) at a sti-
mulus intensity that evoked a fEPSP of approximately 80% of the
maximum response. A repeated measures ANOVA revealed that fEPSP
amplitude (Time effect, F (8, 256) = 32.29, P < 0.001; Fig. 5A) and
fEPSP slope (Time effect, F (8, 264) = 30.45, P < 0.001; Fig. 5B) de-
creased in all groups. AKI induced by bilateral renal ischemia re-
perfusion in AKI-veh and AKI rats showed a significant decline in fEPSP
amplitude (Fig. 5A) and slope (Fig. 5B) versus sham rats. Nevertheless,
losartan significantly increased fEPSP amplitude (Fig. 5A) and slope
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Fig. 3. (A) Escape latency to reach the platform in each block (day) during 4 training days or acquisition trials. Each block is the average of four consecutive trials. (B)
Time spent in target quadrant during the probe trial on day 5. Data are expressed as mean * SD (n = 10). *P < 0.05, ***P < 0.001.

(Fig. 5B) compared to that in the vehicle treated group during 70 min
after the tetanic stimulation.

3.4.2. Paired pulse responses

In order to identify the presynaptic involvement in the expression of
long-term plasticity, we evaluated the paired-pulse responses at the
Shaffer collateral to CA1 synapses. Paired-pulse facilitation, a form of
short-term plasticity, is associated with increased probability of pre-
synaptic release and indicates the presynaptic involvement in long-term
potentiation. Fig. 6A, B respectively shows evoked fEPSP amplitude and
slope in CAl neurons by paired-pulse stimulations at inter-pulse in-
terval of 50 ms. one way ANOVA showed significant depression in
fEPSP amplitude (73.3 + 22s and 40.8 * 23.8s sham versus AKI;
P < 0.05), (73.3 = 22s and 46.4 = 17.72s sham versus AKI-veh;
P < 0.05) and fEPSP slope (92.6 = 28.4s and 53.2 = 40.45s sham
versus AKI; P < 0.05) in AKI and AKI-veh rats compared to control
groups. However, administration of losartan showed a significant fa-
cilitation in fEPSP slope (99.5 *+ 31.65s and 53.2 *= 40.45s AKI-Los
versus AKI; P < 0.05), (99.5 + 31.65s and 54.6 = 10.3s AKI-Los
versus AKI-veh; P < 0.05) compared to AKI and AKI-veh rats.

3.5. Biochemical

The serum nitrogen or blood urea nitrogen (BUN) and creatinine
levels, which are indicators of kidney function, are shown in Fig. 7.
Bilateral renal ischemia reperfusion injury induced an increase in serum
BUN (23.89 = 4.42sand 45.88 = 19.9ssham versus AKI[, P < 0.01),
(23.89 + 4.42sand 45.70 + 14.6s sham versus AKI-veh, P < 0.01),
and creatinine (0.48 + 0.1s and 0.7 * 0.24s sham versus AKI,
P < 0.01), (0.48 = 0.1s and 0.82 + 0.1 s sham versus AKI-veh,
P < 0.01) levels at 24 h after reperfusion. Meanwhile, treatment with
the losartan ameliorated serum levels of BUN (32.52 * 7s and
4570 = 14.6s AKI-Los versus AKI-veh, P < 0.05), (32.52 = 7s and
45.88 = 19.9s AKlI-Los versus AKI, P < 0.05) and creatinine

(0.53 = 0.09s and 0.82 + 0.1 s AKI-Los versus AKI-veh, P < 0.001),
(0.53 = 0.09s and 0.7 * 0.24s AKI-Los versus AKI, P < 0.01) com-
pared to the vehicle treated group.

Subsequently, we investigated the influence of AKI and losartan
treatment on the production of MDA as a marker of lipid peroxidation
in the hippocampus tissue.

As displayed Fig. 7, there was a marked increase in MDA in the AKI
(16.09 = 14.04s and 2.69 + 1.93s AKI versus sham, P < 0.01), and
AKI-veh (19.1 = 9.8s and 2.69 * 1.93s AKI-veh versus sham,
P < 0.01) groups compared with sham group. The MDA levels mark-
edly decreased in rats treated with losartan intervention compared with
AKI-veh (7.1 * 7.83s and 19.1 * 9.8s AKI-Los versus AKI-veh,
P < 0.01) and AKI (7.1 + 7.83sand 16.09 + 14.04s AKI-Los versus
AKI, P < 0.05) rats.

Additionally, hippocampal nitrite (the oxidation product of NO)
levels were measured to determine whether NO levels in the hippo-
campus were affected by AKI and losartan. The results showed that the
nitrite content in the hippocampal tissue was significantly increased in
the AKI group compared with those in the control group (1.1 * 0.35s
and 0.7 = 0.27s AKI versus sham, P < 0.01; Fig. 7). However,
treatment with losartan had no significant effect on nitrite levels
(Fig. 7).

4. Discussion

The present study was designed to evaluate the synaptic plasticity of
hippocampal neurons and memory performance 9 days after losartan
treatment in animal model of AKI. The findings generally revealed that
losartan as a selective inhibitor of AT1R dramatically increases paired-
pulse facilitation, a form of short-term synaptic plasticity, and long-
term potentiation of hippocampal dentate gyrus neurons. Our beha-
vioral studies also showed improvement in learning and memory using
Morris water maze for spatial long-term memory and step-through type
passive avoidance task to examine short-term memory based on the
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Fig. 4. Initial latency before (left) induction of electrical shock and 24 h after the induction of electrical shock (right) in four groups of passive avoidance test. The
values presented are the means = SD of three independent experiments (n = 10). *P < 0.05.



F. Sharifi, et al.

Life Sciences 234 (2019) 116775

Fig. 5. Time-course of percentage change in
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negative reinforcement.

Activation of intrarenal renin angiotensin and upregulation of an-
giotensinogen and Ang II type la receptor in injured kidneys was de-
scribed previously [40]. In addition to systemic vascular and renal ef-
fects of angiotensin II, peripheral Ang II can enter the brain via the
blood-brain barrier deficient circumventricular organs or BBB disrup-
tion situations to increases cerebellar oxidative stress with deleterious
effects on cognitive functions by acting on AT1R [22]. Moreover, ur-
emia may alter the expression of Ang II in the brain. Recently, Har-
uyama et al. have reported increased expression of Ang II in the brain of
mouse model of chronic kidney disease, which was suppressed by

systemic administration of an Ang II receptor antagonist [41]. Neuronal
pathway independent of systemic Ang II in ischemic AKI may also be
involved in this reno-cerebral connection [42]. Hyperactivation of
ATI1R by high levels of brain Ang II precedes the release of proin-
flammatory or inflammatory cytokines in the brain [43]. Additionally,
accumulation of uremic toxins in renal failures significantly associated
with elevated AT1R expression and alteration in ionic currents with the
impact on the action potential duration [14,44]. Nitric oxide is another
significant mechanism which plays a critical role during renal disease
and oxidative stress. High amounts of NO production through inducible
or immunological NO synthase in response to pro-inflammatory
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Fig. 6. Paired-pulse facilitation induction of fEPSPs recorded in the CAl area after stimulation of Schaffer collaterals (A) The fEPSP amplitude ratio (percentage of
mean Amp2/Ampl), and (B) fEPSP slope ratio (percentage of mean fEPSP2/fEPSP1). PPR was tested at 50, ms IPI between groups. Data are expressed as

mean *+ SD (n = 10). *P < 0.05, **P < 0.01.
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Fig. 7. Serum BUN and creatinine levels at 24 h following reperfusion *P < 0.05, **P < 0.01, and ***P < 0.001. MDA and nitrite concentration in the hippo-
campus of different studied groups. Values are given as mean *= SD from each group (n = 10). *P < 0.05 and **P < 0.01.

Fig. 8. Coronal section of hippocampus showing tips of the stimulating and recording electrodes in the (A) Schaffer collateral pathway and (B) hippocampal area

CAl.

cytokines or endotoxins during inflammatory states such as that seen in
AKI cause systemic vasodilatation and leads to increased sympathetic
activity and more angiotensin production [45]. It also seems likely that
NO derived from inducible NO synthase may have neurotoxic effects
[46]. These observations are generally consistent with our reports in-
dicated that AKI leads to oxidative stress and increased nitrite level, an
end product of NO, in the hippocampus. As expected, hippocampal
involvement in AKI is associated with negatively affected of long-term
memory and cognitive functions; however, these effects can be reversed
by losartan via augmenting hippocampal antioxidant defense capacity.
Our finding confirmed the deleterious effect of AKI on the hippocampus
as a remote organ. Manchang Liu and et al. investigated the brain in-
flammation and locomotor activity in mice undergoing renal ischemia

and found enhanced vascular and BBB permeability with increased
microglial cells and pyknotic neuronal cells in the hippocampus [12].
Thus, AKI could target the hippocampus as a prime area of cellular
brain inflammation due to the production of soluble inflammatory
proteins and disruption of BBB. Increased BBB permeability following
AKI allows penetrating cytokines into the brain with consequences of
edema and inflammation. Furthermore, cytokines activate the micro-
glia which amplify the BBB disruption and further impact on brain
function [47]. On the other hand, a higher permeability of the BBB
allowing the entry of circulating Ang II within the brain where espe-
cially rich in AT1 and AT2 receptors. Ang Il was shown to inhibit LTP in
perforant path-stimulated dentate granule cells which could be blocked
with losartan [48,49]. Losartan treatment has also shown therapeutic
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effects not only on blood pressure control but also on cognitive function
in elderly hypertensive patients [50]. In this regard, an association was
observed between cognitive performance and antihypertensive drugs
that act via the renin-angiotensin system [51-53]. An elevation of
AT1Rs and AT1R activity are observed in neurons of spontaneous hy-
pertensive rat (SHR) [54]. Recent studies in Dahl salt-sensitive hy-
pertensive and spontaneously hypertensive rats with overactive brain
AT1 receptors and cognitive deficits have reported that AT1R blockade
ameliorated BBB disruption in the hippocampus, cognitive deficits and
brain inflammation [55-57]. Our analysis also revealed that hippo-
campal involvement in AKI as a critical area implicated in learning and
memory can lead to cognitive and synaptic plasticity impairment as
seen in AKI group and losartan promotes brain plasticity and prevents
memory loss.

Renoprotective effects of AT1R blockers are well known in acute or
chronic kidney diseases and have been shown in some human and ex-
perimental nephropathies [20,21,58-60]. These results are consistent
with the results we obtained in this study, where clearly indicate that
losartan has beneficial effects on the biochemical parameters of kidney
function by normalization of serum levels of creatinine and BUN. The
possible main mechanisms underlying its nephroprotective effects are
anti-inflammatory, and antioxidant properties by blocking the pro-
liferation and activation of leukocytes and chemokines that may be
directly stimulated by Ang II [61-63]. It seems that brain inflammation
due to peripheral or central inflammatory conditions to be strongly
associated with AT1R function [64]. Current evidence suggests that
neuronal function may be positively modulated by AT1R antagonists
[65]. The AT; receptors are densely expressed across many organs in-
cluding the kidney and vasculature, and throughout many brain regions
[17,66]. Losartan was shown to improve cognitive performance using
inhibitory shock avoidance paradigm which may be due to decreased in
endogenous Ang II activity in the brain [67]. Losartan may also prevent
BBB dysfunction possibility via a direct effect on endothelial cells of
brain vessels [68,69]. An analysis of a large, prospective US cohort,
involving mostly elderly male cardiovascular patients, revealed that
angiotensin receptor blockers administration reduces cognitive im-
pairment and progression of Alzheimer's disease [70]. Acute adminis-
tration of losartan has also been shown cognitive-enhancing potential in
normotensive young adults on a task of prospective memory and highly
effective in reversing the detrimental effects of scopolamine in a stan-
dard lexical decision paradigm [71]. Here we further showed that lo-
sartan can influence synaptic transmission and short-term plasticity at
the Shaffer collateral to CAl synapses by enhancing of paired-pulse
facilitation of excitatory postsynaptic potentials. Paired pulse facilita-
tion is highly dependent on and inversely correlated to the basal release
probability of a synapse. Low initial release probability tend to show
short-term facilitation, whereas high release probability synapses dis-
play short-term depression. An increase in paired-pulse ratio of the
fEPSP slope as seen in losartan treated group indicates a lower release
probability and may reflect synaptic efficacy through the release
probability of the presynaptic cell by effective number of transmitter
release sites and persistence of residual calcium in the presynaptic
terminal. No significant change in paired pulse amplitude occasionally
indicate no change in the number of released vesicles. Taken together,
our findings demonstrate that AKI induces negative effects on both
behavior and synaptic plasticity which can be reversed by losartan
treatment via modulating hippocampal oxidative stress. Therefore,
ATI1R blockers may be useful as a pharmacological target in the treat-
ment of AKI-induced cognitive impairment among critically ill patients.

There are several limitations in the present study. First, we did not
determine angiotensin II levels and AT1R expression as well as changes
in CAl neurons in the hippocampus. Second, we measured oxidative
stress only in the hippocampus, and did not determine whether or not
losartan reduced oxidative stress in other sites of the brain. Third, we
could not determine the dose dependency of losartan and changes in
permeability of the blood-brain barrier under AKI condition for
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penetrating losartan into the hippocampus. Finally, we used losartan
given systemically to blockade AT1R in the hippocampus. The possi-
bility that losartan may have affected other brain areas and systemic
organs cannot be excluded.

5. Conclusions

ATIR activation in AKI may mediate hippocampal oxidative stress
and subsequent cognitive deficits following AKI. Blockade the AT1R by
losartan appears to be an effective strategy to improve cognition and
synaptic plasticity in acute renal failure. Perhaps future clinical trials
targeting the AT1R are necessary to verify the usefulness of these agents
in treating cognitive impairment under uremic encephalopathy.
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