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Morphine aggravates 
inflammatory, behavioral, 
and hippocampal structural deficits 
in septic rats
Evans O. Ayieng’a 1, Elham A. Afify 1*, Salwa A. Abuiessa 1, Samar S. Elblehi 2, 
Sahar M. El‑Gowilly 1 & Mahmoud M. El‑Mas 1,3

Although pain and sepsis are comorbidities of intensive care units, reported data on whether pain 
control by opioid analgesics could alter inflammatory and end‑organ damage caused by sepsis remain 
inconclusive. Here, we tested the hypothesis that morphine, the gold standard narcotic analgesic, 
modifies behavioral and hippocampal structural defects induced by sepsis in male rats. Sepsis was 
induced with cecal ligation and puncture (CLP) and behavioral studies were undertaken 24 h later in 
septic and/or morphine‑treated animals. The induction of sepsis or exposure to morphine (7 mg/kg) 
elicited similar: (i) falls in systolic blood pressure, (ii) alterations in spatial memory and learning tested 
by the Morris water maze, and (iii) depression of exploratory behavior measured by the new object 
recognition test. These hemodynamic and cognitive defects were significantly exaggerated in septic 
rats treated with morphine compared with individual interventions. Similar patterns of amplified 
inflammatory (IL‑1β) and histopathological signs of hippocampal damage were noted in morphine‑
treated septic rats. Additionally, the presence of intact opioid receptors is mandatory for the induction 
of behavioral and hemodynamic effects of morphine because no such effects were observed when the 
receptors were blocked by naloxone. That said, our findings suggest that morphine provokes sepsis 
manifestations of inflammation and interrelated hemodynamic, behavioral, and hippocampal deficits.

Sepsis, a fatal multiorgan failure syndrome attributed to deranged host infection-response and generalized 
 inflammation1. Over 45 million people suffer from sepsis annually with at least 1 death in every 5  patients2 which 
reflects a major health problem. The percentage of deaths is reported to be doubled in septic patients admitted 
to intensive care unit (ICU)3. Individuals who survive sepsis are often burdened with cognitive impairment and 
neurological  complications4. Experimentally, sepsis is found to be associated with dysregulated  cardiovascular5,6, 
 behavioral7 and cognitive  profiles8. Sepsis-associated encephalopathy, a diffuse brain dysfunction secondary to 
infections outside the central nervous system, develops in approximately 70% of septic  patients4. The cytokine 
storm incites central neuroinflammatory pathways within the hypothalamic pituitary axis, hippocampus, and 
amygdala, thereby interrupting memory  consolidation9. Sepsis increases the permeability of the blood brain bar-
rier (BBB) to circulating cytokines within 24 h of cecal ligation and puncture (CLP)10. BBB integrates signals from 
the brain and the periphery in sepsis such as neuroinflammation, increased barrier permeability and immune cell 
 infiltration11 The infection triggers the host immune response leading to vascular endothelial damage, interrup-
tion of tight junctions’ proteins; loss of integrity of BBB, allowing the entry of peripheral immune cells into the 
brain, which triggers the activation of glial cells and  neuroinflammation12. Experimental evidence suggest that, 
during systemic infection, elevated levels of inflammatory cytokines alter synaptic GABAergic  transmission13 
and contributes to cognitive dysfunction observed in  sepsis14. Furthermore, oxidative damage caused by sepsis 
increases lipid peroxidation in prefrontal cortex, hippocampus, and striatum, which contributes to long-lasting 
cognitive and functional impairment associated with sepsis in  rats15.

Like sepsis, behavioral functions have been shown to be adversely influenced by morphine and other narcotic 
analgesics. For instance, experimental data showed that morphine enhances the production of inflammatory and 
apoptotic molecules that increase the expression of amyloid precursor protein and amyloid genesis and cause 
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cognitive  impairment16,17. Animal studies demonstrated that morphine attenuates the learning  behaviour18, 
memory  consolidation19, swimming speed, and spatial  memory20. Evidence obtained from pharmacologic 
antagonist studies suggests a pivotal role for opioid receptors in behavioral anomalies elicited by  morphine21–23.

Despite the apparently similar inflammatory and behavioral consequences of  sepsis24,25 and narcotic 
 analgesics26–28 when applied individually, the question whether simultaneous exposure to the two challenges 
would provoke a more deteriorated behavioral response remains elusive. The validity of this postulate gains 
support from the observation that morphine as such may induce sepsis and septic shock via tempering endo-
toxin tolerance and inducing persistent  inflammation29–32. Morphine activates toll-like receptor 4 (TLR4) and 
upregulates proinflammatory cytokine production. It also permits the leakage of Gram-negative bacteria and 
lipopolysaccharides (LPS) from the intestinal lumen. Further, morphine impairs mucosal barrier integrity via 
TLR4-mediated negative crosstalk pathways, which fosters translocation of gut microflora, increasing the risk 
of  infection29. Clinically, Glattard et al.33 reported dramatically increased levels of endogenous morphine in 
the serum of patients with generalized infection in sepsis. Experimental LPS challenge of morphine treated 
animals accentuates proinflammatory cytokines TNF-α, IL-1β, and IL-6, and reduces serum corticosterone, 
which act synergistically to enhance the development of sepsis and septic  shock34. Recently Abu et al.35 con-
cluded that, clinical and preclinical data advocate that opioids increase sepsis risk possibly via microbiome and 
immune modulation with prominent involvement of miR-146a, which plays key roles in endotoxic tolerance. 
Both  clinical36 and  experimental37 data have shown that opioid-treated septic subjects demonstrate significantly 
higher mortality rates. Here, studies were undertaken to test the hypothesis that morphine exacerbates cardio-
vascular and behavioral induced by sepsis in rats. Histopathological studies were also pursued to identify the 
role of structural defects in the hippocampus, which is tightly linked to memory and cognition control, in the 
evoked responses. All measurements were taken 24 h following isolated or combined exposure of rats to the 
septic and morphine interventions.

Materials and methods
Animals
Adult male Wistar rats (170 to 240 g) were procured from the Faculty of Pharmacy Animal Facility, Alexandria 
University, Alexandria, Egypt. Rats were housed in plastic boxes in groups of six with alternate 12 h light and 
dark cycles. Food was available ad libitum. All methods were performed in accordance with the relevant guide-
lines and regulations. All methods were performed in accordance with the relevant guidelines and regulations 
of ARRIVE guidelines (https:// arriv eguid elines. org) and were approved by the Alexandria University Animal 
Care and Use Committee (approval No. MS (3) 17). First, all rats were tested for general motor activity in open 
field test. Animals with very low activities are excluded from the beginning and animals with high motor activity 
(horizontal and vertical activities) are included.

Protocols and experimental groups
The present study adopted a previously conducted  design38 where four behavioral tests were carried out. Most 
tests can be conducted 24 h after CLP to determine the associated cognitive  impairments39,40. In the current study, 
tests were carried out sequentially 24 h after CLP on the same day and videotaped. Blood pressure was measured 
followed by Y-maze test, New object recognition test (NORT) and Morris water maze (MWM).

CLP or sham-operated male rats (2 groups each, n = 6–9 per group) were allocated to receive two s.c. injec-
tions of saline 0.9% or morphine (7 mg/kg) 24 and 6 h prior to sham or CLP. To determine the role of opioid 
receptors in the morphine responses, another two sham groups were employed that received 2 doses of naloxone 
(µ-opioid receptor blocker, 0.5 mg/kg s.c.) or naloxone plus morphine. The naloxone doses were administered 
30 min before respective morphine doses. Twenty-four hours after CLP or sham procedures, all groups were 
processed for the assessment of hemodynamic (SBP by tail-cuff plethysmography) and behavioral profiles (tail 
flick, Y-maze, Morris Water Maze and new object recognition). Rats were anesthetized with thiopental (50 mg/kg 
i.p), blood samples were collected from the retroorbital sinus, centrifuged, and serum was aspirated and stored 
at − 80 °C for biochemical determinations of the inflammatory cytokine IL-1ß. Rats were finally euthanized by 
an overdose of thiopental (100 mg/kg i.p.), brains were removed, and hippocampal tissues were excised and 
processed for histopathological studies.

Induction of sepsis
The CLP procedure was used to induce sepsis as previously  described41,42. Rats were anaesthetized with thiopental 
(50 mg/kg, ip), fixed in the supine position and a 1 cm midline abdominal incision was made. The underlying 
muscles were exposed, and a 1-cm midline was made on the ventricular surface of the abdomen, then the cecum 
was exposed and ligated 1cm away from the base. Two punctures were made using a 21-gauge needle and fecal 
matter was expressed. A group of male rats underwent surgical procedures only (sham). The cecum was exposed 
under anaesthesia and left for 2 min after laparotomy and returned to the abdominal cavity without ligation and 
puncture. The abdominal muscles and skin were closed with simple running sutures and animals were allowed 
24 h before processing the behavioral and biochemical tests.

Tail flick test
The tail flick method was employed to assess antinociception using an Algesimeter in which radiant heat was 
focused 15–22 mm from the tip of the  tail43. Rats were tested three times on three separate days, and the average 
latency time was recorded as the baseline. The cut-off time was 10 s to avoid tissue amage. Rats were tested one 
h post administration of the tested drug or saline. Tail-flick latency data were expressed as maximum possible 
effect (MPE)44 where,

https://arriveguidelines.org
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Behavioral tests
All animals were observed after CLP and/or morphine injection to determine signs of lethargy and to exclude 
animals showing signs of disability and distress. After CLP or morphine injection, rats showing shallow and rapid 
respiration, piloerection, hunching or cowering in the corner of the cage, belly-pressing, twitching, or staggering 
or defective walking or running during training periods in all the mazes were  excluded45. A few numbers of rats 
were excluded throughout the study. Morphine alone was not associated with mortality during our study, but 
septic rats and morphine treated septic rats were associated with some mortality. All included rats showed nor-
mal behaviour post CLP or sham surgery. Behavioral procedures were conducted between 13:00 and 16:00 h in 
a sound-isolated room, tracked using video camera and analysed.

Y‑maze test
A wooden 35 cm long, 12 cm width and 28 cm high Y-maze was tailored with three identical arms 120° angles 
apart. Arms were labelled A B C for ease of data  interpretation46. Visual cues were placed on the edges of the 
maze. After habituation, an inter-trial interval (ITI) of 24 h was adopted and the test was carried out 24 h after 
the last training session. During the test session a hidden camera was placed, and the animals were left to explore 
the three arms freely for 5  min47.

Spontaneous alternation behaviour. The animals were gently held by the base of the tail and placed on the dis-
tal section of arm A, facing the center of the maze. Then each rat was given 5 min to explore the maze before the 
video was stopped, and the animal was retrieved and returned to its home cage. The number of all arm entries 
and alternations was counted. The percentage alternations were calculated as  follows48 where higher % alterna-
tion indicates a better spatial working memory

Time spent on novel arm. To test for the novel arm entry, the animals were placed in the maze facing the centre 
and left to explore with the novel arm closed for 10 min and then removed from the maze. The test animal is 
placed back into the maze for additional 5 min after removing the blockage of the novel arm. The time spent in 
the novel arm is calculated in seconds as previously  reported49. Subsequently, the animals were returned to their 
home and left undisturbed for one hour before performing the Morris water maze test. All animal behaviors 
were tracked using a video camera.

Y maze test was performed by placing the animal in a maze for 5 min during the test period. 6–9 animals 
would take 30–45 min to complete the test. Additional 6–9 min are required for animal handling according to 
the number of rats in experimental group. Therefore, an approximate of 36–54 min are required to perform the 
experiment. Start of experiment 13:00 h- End of experiment 13:36–13:54 h.

New object recognition (NOR) test
The NOR test was used to determine the recognition memory of the animals. The test was carried out in a square 
open field made of plexiglass with dimensions 46 cm × 46 cm × 40  cm50. The floor of the open field was divided 
into 16 equal squares by black lines. The objects used were placed symmetrically 5 cm from the wall. All objects 
were thoroughly cleaned with 70% ethyl alcohol to avoid any olfactory cues. Objects were balanced to avoid any 
potential  bias51. Twenty-four hours after habituation two similar objects were placed in opposite quadrants (i.e., 
NE corner and SW corner) of the  box50. Rats were allowed to explore and familiarize with the objects for 10 min. 
One hour later, one of the familiar objects was replaced with a novel object and rats were left to explore it for 10 
min. The activity during the test session was recorded using a hidden camera. The total exploration time during 
training for two identical objects was calculated by determining the total time the animal was able to explore 
the two identical objects. Similarly, the total exploration time during testing was the total time (10 min) that the 
animals explored the two items. The discrimination measure (DM) was calculated by determining the differ-
ence in time (seconds) between the time the animal actively explored the novel item from the familiar object. 
Animals were considered to have actively explored the items when they physically touched and climbed on the 
item and not moving besides the items. The discrimination index (DI) was calculated by dividing the discrimi-
nation measure with the total exploration time during testing. Preference index also known as the recognition 
index (RI) was the ratio obtained. For horizontal movements, each single horizontal movement of the animal is 
counted horizontally during test interval. The line crossing obtained by counting the total lines crossed by the 
animal and was evaluated as locomotor activity.

MPE(%) =
((Post-treatment latency)− (Pre-treatment latency))

((Cut-off time)− (Pre-treatment latency))
× 100.

%Alternations =
number of alterations

total number of arm entries − 2
× 100.

DM = time spent on novel object − time spent on familiar object,

DI =
discriminationmeasure

total exploration time
RI =

time spent on novel object

time spent on familiar object
.
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To perform the NORT, two open fields were used and therefore two rats tested at the same time. A familiari-
zation of 10 min and a test of 10 min with a 1-h break between familiarization and test was adopted in the time 
sequence presented in Fig. 1.

Morris water maze test (MWM)
Spatial learning and memory were assessed in a Morris water  maze52. A plastic water tank with a diameter of 100 
cm and a height of 50 cm was filled to a depth of 30 cm with water ± 20 °C. A hidden circular platform (with 15 
cm diameter) made of Plexiglas was located in the northwest quadrant of the maze. For habituation, a training 
was conducted in clear water with the platform exposed 1 inch above the water level. Rats were placed gently in 
water and allowed to swim towards the platform. If the rats were unable to reach the platform in 60 s, they were 
guided. Rats were left on the platform for 20 s to enable them to remember the existence of the platform during 
the test. The trial was repeated for each animal in different  quadrant53. This was done for 3 days before starting 
the experimental procedures. Distal and proximal cues were placed during the training session to help the rats 
determine the platform quadrant before the  test54. All the quadrants were labelled N, S, E, and W and the animal 
was placed in all four quadrants to help navigate and find the  platform55. A total of 12 training sessions were 
done per animal before the test.

Probe trial. After the training session, the animals were subjected to a probe trial in which the water was 
coloured with corn starch to make the platform invisible to the rats with the platform submerged 1 inch below 
the water. Each animal was given 2 min break in all trials before conducting another trial. The test was carried 
out by removing the hidden platform from water coloured with corn starch and the activity of the animal was 
recorded for 60  s53.

Determination of behavioral parameters in MWM. The distance travelled was estimated by calculating the 
total distance travelled in 60 s. The circumference of the MWW was calculated from the diameter (100 cm) and 
used to estimate the distances travelled by the animals along the wall of the cylinder. Time spent on the platform 
quadrant was estimated by calculating the total time the animals spent on quadrant southwest (SW) after the 
removal of the platform during the test. Escape latency was determined by estimating the time it took the animal 
to trace and stop at the platform during the probe trial. The number of crossings were counted when the animals 
crossed from any quadrant to the platform quadrant.

The total distance moved by rats is estimated by adding up distances measured from one point to another in 
a circle according to the distance formula:

where d = distance; (x1, y1) = coordinates of the first point; (x2, y2) = coordinates of the second point.
This formula applies to all coordinates to estimate distance between points. Taking into consideration that 

the diameter of MWM is 100 cm, the radius is 50 cm and circumference C = 2πr which is 314.2 cm. The distance 
was measured accordingly. The diameter, radius and circumference were mapped from photos to estimate the 
distance between points. A Layout of distance moved and procedure for calculating the distance travelled are 
shown in the Fig. 2. The pictures are screen shots of the video in the experiment.

To calculate the number of crossings to the platform quadrant, the maze was divided virtually into 4 quad-
rants (northeast, northwest, southeast and southwest) by a north–south and east–west axis. All quadrants were 
divided using the strings tied on the top of the MWM. The arrows clearly mapped the movement of the rat with 
a crossing shown when the arrow intersected the string.

To perform this test. Each rat was tested for 60 s (1 min) in a probe trial (presence of submerged platform) 
and 2 min. Break before the next test without the platform. One group of rats (n = 6–9) would take 18–27 min to 
complete the experiment. Beginning or MWM = 15:30 h—End of experiment = 15:48–15:57 h.

Therefore, experiments were conducted between 13:00 h and 16:00 h for an average of between 6 and 9 rats. 
The number of animals could be varied according to the animal variations after statistical analysis.

Histopathological examination
After euthanasia, the hippocampal specimens were isolated, rinsed in saline solution, and then placed for 24 h 
in 10% buffered formalin (pH 7.4). The processing of fixed specimens was done by the paraffin-embedding 
technique in accordance to Bancroft and  Layton56. Sections of 4.5 µm thickness were obtained from the paraffin 

d =

√

(x2 − x1)
2
+

(

y2 − y1
)2
,

Figure 1 .  Time sequence of the new object recognition test.
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blocks using the Leica rotatory microtome and stained routinely with Mayer’s haematoxylin and eosin (H and E) 
and then the micrographs were obtained by digital camera (Leica EC3, Leica, Germany) linked to Leica DM500 
microscope. The employed thickness was used by previous  studies57–60. Briefly, digital images of H&E stained 
sections of the hippocampus (CA1) were uploaded into the Image J to quantify the number of different cell 
types. The CA1 region is the thickest layer of the hippocampus. It is composed of densely packed faint-stained 
pyramidal neurons. The degenerated neurons appear as shrunken cells with pyknotic and hyperchromatic nuclei. 
Microglia are small which exhibit elongated nuclei with little  cytoplasm59,61.

Histomorphometrical analysis
Quantitative analysis was performed using image J software (Image J v 1.46r, National Institute of Health, 
Bethesda, MD, USA) to quantify the number of different cell types in the hippocampal tissues of different rats’ 
groups (one section/animal; 5/group) at a magnification power of ×  40062. All morphometric measurements 
were made blind.

Tail‑cuff plethysmography
Systolic blood pressure (SBP) of conscious rats was evaluated using a specific tail cuff and pulse transducer (Pan 
Lab, Spain) linked to a computerised data acquisition system with LabChart-7 pro software (Power Lab 4/30, 
model ML866/P, AD Instruments, Bella Vista, Australia)63,64. Rats were accustomed to enduring the warmed 
tail-cuff for at least 15 min for three consecutive days before the actual SBP measurement to avoid erroneous 
positive or negative BP responses. SBP was measured 3–4 times (5 min separated) at 8:00 am in the morning 
and values were averaged to the mean.

Measurement of serum IL‑1β concentration
Blood was withdrawn from the lateral saphenous vein of rats’ eye using a heparinized capillary tube into an 
ethylenediamine tetra-acetic acid (EDTA) tube to avoid coagulation 24 h post CLP/sham for determination of 
serum IL-1β concentration. Blood was immediately centrifuged at 5000 rpm for 5 min at room temperatures. The 
serum was aspirated and stored at − 80 °C until use. ELISA was used for the determination of IL-1β according 
to the manufacturer (Sigma Aldrich Co, USA).

Drugs
Morphine (Masr Pharmaceutical Co., Cairo Egypt), Naloxone (SERB pharmaceutical Co., Paris France), Thio-
pental (Thiopental®, Biochemie GmbH, Vienna, Austria) and povidone-iodine solution (Betadine, Nile Phar-
maceutical Co., Cairo, Egypt) were purchased from commercial vendors. All drugs were dissolved in saline.

Statistical analysis
Values are expressed as means ± S.E.M. According to sample size calculation using G*power software version 
3.1.9.7 with a statistical power of 80% and alpha 0.05 level of significance and effect size of 0.7, the number of 
animals per group was 7. Therefore, the range of animals employed in the study was n = 6–9 rats per group. The 
variation of number of animals among experimental groups related to discrepancies in experimental conditions 
such as animals’ variability in spatial aspects of movement, including distance, direction, area covered, and path 

Figure 2.  A Layout out of the procedure for calculating the distance travelled in Morris Water Maze.
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tortuosity. This necessitated the use of a larger number of animals in certain groups as septic rats. Additionally, 
the limited availability of male rats and relatively higher mortality in septic groups were other reasons for the 
variability in sample size. One-way ANOVA followed by the Tukey’s post hoc test was used to measure statistical 
significance. Statistical analysis was performed using the GraphPad Prism software (Version 8.02). The Pear-
son correlation analysis was used to determine the linear relationship between behavioral and blood pressure 
responses in various experimental settings. The Pearson’s correlation coefficient “r” measures the strength and 
direction of association that exists between the two presented variables. The line of best fit through the data 
of two variables, and the “r” value indicates how far away data points are from this line of best fit. The level of 
significance was set at P < 0.05.

Results
Analgesic effects of morphine in septic male rats
Treatment of rats with morphine (7 mg/kg, s.c) at 24 h and 6 h before surgery caused a significant antinocicep-
tive response expressed as % maximum possible effect (% MPE) compared to saline group, P < 0.05 (Fig. 3A,B). 
Morphine produced comparable effects both in sham and septic rats. The antinociceptive effect of morphine 
disappeared when measured 24 h after the last dose of morphine, i.e. 24 h post CLP or sham operation (Fig. 3C).

Cardiovascular effects of morphine in septic male rats
Cardiovascular measurement by the by tail-cuff technique were performed 24 h after CLP or sham operation. 
Figure 4 shows that CLP-induced sepsis elicited significant falls in SBP (Fig. 4A) and heart rate (HR)(Figure 4B) 
compared with sham rats. A similar fall in SBP was also observed in morphine-treated sham rats, whereas HR 
remained unaffected. Interestingly, morphine challenge of septic rats decreased SBP to levels that were signifa-
cantly lower than those caused by individual insults (Fig. 4A).

Figure 3.  Effect of morphine (7 mg/kg, s.c.) on percentage maximum possible effect (%MPE)  (A) 24 h 
pre-surgery, (B) 6 h pre-surgery, and (C) 24 h post-surgery. Data were expressed as mean ± S.E.M (n = 6–9). 
One-way ANOVA followed by the Tukey’s post hoc test was used to measure statistical significance. *P < 0.05 vs. 
Sham-saline, +P < 0.05 vs. CLP-saline, #P < 0.05 vs. Sham-morphine.
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Effects of morphine on behavioral indices of Morris water maze (MWM) in septic male rats
Figure 5 illustrates the effects of morphine and/or CLP on behavioral functions assessed by MWM. Compared 
with respective control values in sham rats, the treatment of sham rats with morphine or the induction of sepsis 
by CLP elicited similar increases in the escape latency time (Fig. 5D) and decreases in the time spent in the 
platform quadrant in the probe trial (Fig. 5A), the total distance travelled by rats (Fig. 5B), and the number of 
crossings to the platform quadrant (Fig. 5C). Further, the changes caused in these parameters in morphine-
treated CLP rats were qualitatively similar but quantitatively greater than those caused by individual challenges 
(Fig. 5, P < 0.05).

The Pearson correlation analysis indicated a positive association between SBP (mmHg) and time spent on 
platform quadrant (Fig. 5E), distance travelled (Fig. 5F), number of crossings (Fig. 5G),  (R2 = 0.8840, P < 0.0001, 
 R2 = 0.8257, P < 0.0001, and  R2 = 0.8255, P < 0.0001, respectively). On the other hand, the change in SBP was 
negatively correlated with escape latency (Fig. 5H)  (R2 = 0.3390, P < 0.01).

Effects of morphine on behavioral indices of the Y‑maze test in septic male rats
Morphine caused a significant reduction in the spontaneous alternation behavior compared to sham animals. 
The induction of sepsis by CLP virtually abolished the spontaneous alternation and this effect was maintained 
in morphine-challenged septic animals (Fig. 6A).

Either morphine or CLP significantly reduced the time spent on the novel arm by 38.46% and 74.40%, 
respectively, compared to sham group. Interestingly, morphine further decreased the time spent on the novel 
arm of septic rats (Fig. 6B). The CLP-morphine group spent 296.70 ± 3.33 s in the center and was significantly 
different from sham and sham/morphine groups. There was no significant difference in the time spent in the 
center between CLP animals and CLP-morphine-treated animals (Fig. 6B).

Effects of morphine on behavioral indices of new object recognition (NOR) test in septic male 
rats
All intervening challenges of morphine, CLP, and CLP/morphine were associated with similar and radical dimi-
nution of the discrimination measure (Fig. 7A), discrimination index (Fig. 7B) and recognition index (Fig. 7C) 
in the NOR test compared to sham rats. Pearson’s correlation analysis showed a positive association between 
SBP (mmHg) and the discrimination measure (Fig. 7D)  (R2 = 0.5394 P < 0.001), discrimination index (Fig. 7E) 
 (R2 = 0.5420, P < 0.001) and the recognition index (Fig. 7F)  (R2 = 0.4615, P < 0.001). The incredibly low scores 
approaching zero indicate a null preference in exploring the two objects implying that the time spent on novel 
object is equal to the time spent on familiar object.

Figure 8 shows the effect of morphine and/or CLP on the distance travelled (Fig. 8A), horizontal movement 
(Fig. 8B), number of line crossings (Fig. 8C), and time spent in central squares (Fig. 8D) in the NOR test. Mor-
phine treatment or induction of sepsis caused significant decreases in exploratory functions compared to sham 
animals. Furthermore, morphine treated septic rats exhibited the least exploratory behavior compared to the 
other three groups.

Figure 4.  Effect of morphine (7 mg/kg, s.c.) on hemodynamic responses 24 h after CLP or sham operation. 
Data were expressed as mean ± S.E.M (n = 6–9). (A) Systolic blood pressure (SBP), (B) heart rate (HR), followed 
by the Tukey’s post hoc test was used to measure statistical significance. *P < 0.05 vs. Sham-saline, +P < 0.05 vs. 
CLP-saline.
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Figure 5.  Behavioral and cognitive effects of morphine (7 mg/kg, s.c.) on CLP induced sepsis in rats using 
Morris Water Maze (A) time spent on platform quadrant, (B) distance travelled, (C) number of crossings, (D) 
escape latency, and the corresponding Pearson correlation with the systolic blood pressure, (E) time spent of 
platform quadrant, (F) distance travelled, (G) number of crossings, (H) escape latency. Data were expressed as 
mean ± S.E.M (n = 6–7). One-way ANOVA followed by the Tukey’s post hoc test was used to measure statistical 
significance. *P < 0.05 vs. Sham-saline, +P < 0.05 vs. CLP-saline, #P < 0.05 vs. Sham-morphine.
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The use of morphine or the induction of sepsis by CLP significantly decreased the distance travelled in the 
open field (Fig. 8A), the number of horizontal movements (Fig. 8B) and the number of line crossings (Fig. 8C) 
compared to the sham group. Morphine further decreased these parameters in septic rats (Fig. 8A–C). Similarly, 
both morphine and CLP reduced the time rats spent in the central squares compared to sham rats (Fig. 8D). 
Interstingly, morphine treated septic rats did not spend anytime in the central squares, indicating that combined 
morphine/sepsis insult completely inhibited the animals exploratory behavior. Pearson correlation analysis indi-
cated that SBP (mmHg) was positively associated with distance travelled (R2 = 0.6342, P < 0.0001 (A), horizontal 
movements (R2 = 0.7337, P < 0.0001 (B), number of line crossings R2 = 0.7098, P < 0.0001 (C), and time spent in 
central squares R2 = 0.6640, P < 0.0001 (D).

Effect of morphine on serum IL‑1β in septic male rats
As shown in Fig. 9, the induction of sepsis by CLP or the treatment with morphine significantly increased the 
level of serum IL1β compared to saline treated rats (P < 0.05). Moreover, the treatment of septic rats with mor-
phine caused more increases in serum IL1β to levels that were significantly higher than the effects of individual 
interventions (P < 0.05).

Effects of morphine on hippocampal cellular morphology in septic male rats
As shown in Fig. 10, histological examination of the H&E stained CA1 area of the hippocampus tissues in sham 
rats demonstrated the faintly stained intact normal densely packed pyramidal neurons (black arrow). On the 
contrary, hippocampal tissues of rats treated with morphine and/or CLP showed distorted cellular morphology 
with increased pericellular space. The degenerated neurons are shrunken cells, misaligned, less cohesive with 
pyknotic, and hyperchromatic nuclei (red arrow) whereas the microglial cells are small and exhibit elongated 
nuclei with little cytoplasm Neuronal necrosis associated with satellitosis and neuronophagia was also noticed 
(green arrow). However, the most detrimental effects were observed in the CLP/morphine-treated group.

Figure 10 also depicts the differential hippocampal cell count of normal neurons (A), degenerated neurons 
(B) and glial cells (C). Compared to sham animals the number of normal neurons significantly decreased in 
morphine, CLP and CLP morphine treated animals (37.80 ± 1.53, 25.00 ± 2.35, 23.33 ± 1.45, 12.75 ± 2.02), respec-
tively. On the other hand, sham rats treated with morphine, CLP and CLP morphine treated rats revelaled an 
increase in degenerated neurons compared to the sham group (19.20 ± 1.36, 22.60 ± 2.11, 32.75 ± 2.90, 7.80 ± 1.46) 
(P < 0.05). respectively. Likewise, the number of glial cells compared to sham group increased significantly in 
sham-morphine, CLP and CLP morphine treated rats (5.00 ± 0.82, 10.33 ± 1.20, 12.00 ± 0.58, 17.00 ± 1.16), respec-
tively (Fig. 10).

Effect of opioid receptor blockade by naloxone on morphine responses
To verify that the above described effects of morphine are mediated through its agonistic activity on the opioid 
receptor, we investigated the effect of µ-opioid receptor blockade by naloxone (0.5 mg/kg) on the morphine-
evoked changes in SBP (Fig. 11A), serum IL-1β (Fig. 11B) and behavioral parameters (Fig. 11C–F) of the NORT 

Figure 6.  Effect of morphine (7 mg/kg, s.c.) on % spontaneous alternation and time spent in novel arm A, arms 
B and C and in the centre, of Y-maze in sham and CLP rats. The total duration of arm visits was recorded in 
the 5 min retention test. Data were expressed as mean ± S.E.M (n = 6–12). One-Way ANOVA followed by the 
Tukey’s post hoc test was employed to measure statistical significance. $ P<0.05 for difference in performance of 
rats in the novel arm vs. arms B & C and center of the same group. Difference in the performance between septic 
rats treated with morphine and other groups in the corresponding arm *P < 0.05 vs. Sham-saline, +P < 0.05 vs. 
CLP-saline, #P < 0.05 vs. Sham-morphine.
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in sham rats. Pretreatment with naloxone significantly reversed the morphine-evoked hypotension, inflamm-
mation, and behavioral indicators measured in the NORT namely; recognition index (Fig. 11D), horizontal 
movements (Fig. 11E), and number of crossings (Fig. 11F). The sole treatment of sham rats with naloxone had 
no effect on the measured parameters (Fig. 11).

Discussion
The current study reports several novel observations on the interaction of morphine with hemodynamic and 
behavioral responses induced by sepsis in rats. First, treatment of rats with morphine or the induction of sepsis 
by CLP caused hippocampal cellular defects, rises in serum IL-1β, and falls in blood pressure. The hypotensive 
response was associated and positively correlated with behavioral dysfunction that included disturbances in 
retention memory, acquisition, discrimination and exploratory functions. Second, the erupted hemodynamic, 
behavioral, and inflammatory imbalances were significantly exaggerated in rats exposed to the dual CLP/mor-
phine insult. Third, the morphine effects in sham animals were substantially attenuated following the blockade 
of µ-opioid receptors by naloxone suggesting a prime functional role for these receptors in the evoked responses. 

Figure 7.  Effect of morphine (7 mg/kg, s.c.) on the behaviour of septic male rats in the New Object recognition 
test (A) discrimination measure, (B) discrimination index, (C) recognition index, and the corresponding 
Pearson correlation with systolic blood pressure, (D) discrimination measure, (E) discrimination index, (F) 
recognition index. Data were expressed as mean ± S.E.M. One-way ANOVA followed by the Tukey’s post hoc 
test was used to measure statistical significance. *P < 0.05 vs. Sham-saline.



11

Vol.:(0123456789)

Scientific Reports |        (2023) 13:21460  | https://doi.org/10.1038/s41598-023-46427-y

www.nature.com/scientificreports/

Figure 8.  Effect of morphine (7 mg/kg, s.c.) on the exploratory functions in new object recognition test 
(A) distance travelled, (B) horizontal movements, (C) number of line crossings, (D) time spent in platform 
quadrant, and the corresponding Pearson correlation with the systolic blood pressure. (E) Distance travelled, (F) 
horizontal movements, (G) number of line crossing, (H) and time spent in central squares in sham and septic 
rats. Data were expressed as mean ± S.E.M (n = 6–11). One-way ANOVA followed by the Tukey’s post hoc test 
was used to measure statistical significance. *P < 0.05 vs Sham-saline, +P < 0.05 vs. CLP-saline, #P < 0.05 vs. Sham-
morphine.
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Figure 9.  Effect of morphine (7 mg/kg, s.c.) on serum IL1β levels, in septic rats 24 h after CLP or sham 
operation. Data were expressed as mean ± S.E.M (n = 6–9). One-way ANOVA followed by the Tukey’s post hoc 
test was used to measure statistical significance. *P < 0.05 vs. Sham-saline, +P < 0.05 vs. CLP-saline, #P < 0.05 vs. 
Sham-morphine.

Figure 10.  Effect of morphine (7 mg/kg, s.c.) on (A) normal neurons, (B) degenerated neurons, (C) glial 
cells in CA1 region of hippocampus of sham and septic rats. Representative photomicrographs of the rat 
hippocampus (CA1, HE, × 400) are shown. Data are means ± S.E.M. of observations. Normal neurons (black 
arrow), misaligned degenerated, shrunken neurons with pyknotic and hyperchromatic nuclei (red arrow) 
necrotic pyramidal with satellitosis and neuronophagia (green arrow). Data were expressed as mean ± S.E.M. 
One-way ANOVA followed by the Tukey’s post hoc test was used to measure statistical significance. *P < 0.05 vs. 
Sham-saline, +P < 0.05 vs. CLP-saline, #P < 0.05 vs. Sham-morphine.
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Collectively, the data suggest that the simultaneous exposure to narcotic analgesics worsens the inflammatory 
response to the septic challenge and concomitant hemodynamic and behavioral sequels.

The current study presents the novel observation that treatment of septic rats with morphine caused exagger-
ated falls in SBP that exceeded the hypotensive response elicited by individual insults. The findings that single 
exposure to morphine or sepsis caused remarkable decreases in SBP are consistent with previous  reports65,66. 
Vascular hypo-reactivity and systemic hypotension have been identified as key hallmarks of sepsis that follow 
the cytokine storm and overproduction of proinflammatory mediators like NF-κB, TNF-α, and  interleukins66,67. 
The septic inflammatory response results in the generation of excessive quantities of nitric oxide and vasodila-
tor prostanoids that impair vascular responsiveness and lower arterial  pressure13,68. Alternatively, a hypoten-
sive response to morphine has been reported after  systemic65 and central  administration69, but the underlying 
mechanism remains largely unidentified. However, a role for inflammation is likely as morphine has been shown 
to enhance the production of interleukin-12 and other pro-inflammatory cytokines in mouse peritoneal mac-
rophages  inflammation70–73 and to induce the translocation of gut gram-positive bacteria into the  circulation74. 
Considering the inverse relationship between interleukins/iNOS availability and blood pressure  control66,67, 
the inflammatory response initiated by morphine in the present study, as indexed by the concomitant rise in 

Figure 11.  Effect of µ-opioid receptor blockade by naloxone (0.5 mg/kg, s.c.) on morphine (7 mg/kg, s.c.) 
evoked alternations in (A) SBP, (B) plasma IL1β, (C) distance travelled, (D) recognition index, (E) horizontal 
movements, (F) number of crossings recorded in the new object recognition test in sham rats. Data were 
expressed as mean ± S.E.M (n = 5–9). One-way ANOVA followed by the Tukey’s post hoc test was used to 
measure statistical significance *P < 0.05 vs. Saline, +P < 0.05 vs. Morphine group.
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circulating IL-1β, could be a contributing factor to morphine hypotension. Likewise, the exaggerated elevations 
in circulating IL-1β might be responsible for the enormously dysregulated hemodynamics and substantial falls in 
blood pressure that followed the treatment of septic rats with morphine. Previous studies indicated that 24 h are 
required for morphine to sensitize the animals and increase the number of macrophages in peritoneal  cavity71. 
Reportedly, morphine induced exacerbation of sepsis when injected 24 h before LPS  administration68. Preemptive 
analgesia with intravenous morphine before surgical intervention, prevents central sensitization during surgery, 
reduces postoperative pain, analgesic requirements and is often used in clinical  settings75.

Morphine interrupts brain circuits coupled with cognitive functions such as attention, learning and 
 memory38,76,77. In the current study, several behavioral tests like the Y-Maze, Morris water maze and the new 
object recognition were employed to assess the behavioral influences of morphine and/or septic insults. Like the 
accentuated hypotensive and inflammatory responses, the data disclosed significantly greater losses in spatial 
memory, learning, and exploratory behavior in rats exposed to the joint CLP/morphine offence compared with 
individual ones. Compelling experimental evidence demonstrated impaired cognitive function in hypotension 
notably in the areas of attention, memory and processing speed in rotarod, cued learning and spatial learning 
 tests78. Studies showed that individuals with low blood pressure may have inadequate control of cerebral blood 
flow in addition to inadequate blood flow adaptation to cognitive  demands79.

More interestingly, the Pearson correlation studies revealed that the declines in blood pressure and behavio-
ral functions were positively and significantly correlated with a maximum loss in behavioral performance seen 
in animals exhibiting the largest drop in SBP. Notably, it was found that high levels of TNF-α produced severe 
 hypotension80 which in turn causes cognitive decline in behavioral tests as  MWM81,82. Whether non-invasive 
measurement of blood pressure alone could predict outcomes on a cognitive task during training or Probe 
trails warrant investigation. Together, our findings establish a possible causal relationship between the amplified 
inflammatory response to the CLP/morphine insult and associated hemodynamic and behavioral traits.

One could argue whether the resulting cognitive impairment is attributed to treatment and sepsis insult or 
due to the limited ability of animals to perform the tasks. The confined position of animals in the center of the 
Y maze is due to deficit in exploratory behavior which is attributed to treatment and sepsis insult and not due to 
the sickness behavior of the animal. Another important factor which resulted in restricted animal movement to 
central position and almost abolished spontaneous alternation is attributed to increased anxiety. Sepsis causes 
100% decrease in mice mobility in open field test post-sepsis83. Additionally, post-septic animals showed less 
overall exploratory behaviour in the novel object recognition task and increased anxiety-like behaviour in the 
elevated plus  maze84. Both CLP and sham animals showed comparable drop-in activity in the 4 h post-surgery 
monitoring period presumably due to anesthesia, laparotomy and mobilization of abdominal contents. No sig-
nificant difference between sham operated and unoperated animals in the locomotor behavior was detected 
2–12 h post-surgery85. That said, surgery as such does not appear to affect locomotor behavior and the decrease 
in CLP rats’ activity relates to sepsis progression. Moreover, cognition impairment is not only judged by declined 
locomotion parameters but was reinforced by the observed neuroinflammation and hippocampal injury.

Histological examination revealed a distorted cellular morphology in hippocampal tissues excised from CLP/
morphine rats that surpassed respective changes in rats with single insults. The CLP/morphine challenge caused 
more pronounced neuronal necrosis together with bigger decrements and increments in the number of nor-
mal neurons and glial cells, respectively. Further, these changes were noted in the CA1 region of the hippocam-
pus, a key neuroanatomical area that arbitrates behavioral responses elicited by  morphine86 as well as  sepsis87.

Sepsis-related cognitive decline is reported in rats after recovery from the abdominal infection after the CLP 
 surgery88. Therefore, it is likely that the subsequent behavioral changes in the current study are indeed related 
to sepsis induced cognitive decline. Only rats with adequate health status and locomotor activity were included 
in the current study to rule out the possibility that the behavioral and/or cognitive aberrations are related to the 
acute CLP-infection itself. Additionally, matched weight, age and sex sham operated groups are included in all 
experiments.

The elevation in circulating IL-1β is followed by a rise in the central expression of IL-1β and other inflamma-
tory mediators such as TNF-α and COX-289, thus, it is conceivable to implicate the exacerbated levels of blood 
IL-1β in hippocampal tissue damage and behavioral defects induced by the combined CLP/morphine insults. 
Opioids induce a pro-inflammatory response within the CNS, primarily via the microglia, the predominant 
immunocompetent cell within the  CNS90. Morphine affects glia by binding to the innate immune TLR4, leading 
to the release of proinflammatory cytokines, opposition of morphine analgesia and further prolonging postsur-
gical cognitive  dysfunction16,26. Morphine causes priming of microglia within different central loci including 
hippocampus, the spinal cord as well as the trigeminal nucleus caudalis. When these primed microglia are shortly 
challenged with a second immune insult, the pro-inflammatory response is  exacerbated91. Recently demonstrated, 
morphine was found to induce long-lasting upregulation of the endogenous TLR4 ligand, high mobility group 
box 1 (HMGB1) within rat hippocampus, causing prolonged neuroinflammation and synaptic  dysregulation16. 
On the other hand, TLR4 are expressed on a range of peripheral immune cells. Activation of TLR4 by morphine 
elicits a neuroinflammatory  state90. Morphine relates to peripheral nerve injury, that induces neuropathic pain, 
via TLR4  signaling90,92. Activated peripheral immune cells can translocate to the  CNS93. That said, the sensitizing 
effects of systemic morphine, in the current study, may not be restricted to the central glial cells.

It is imperative to comment on two features of the behavioral response to morphine. First, the morphine 
effects were observed 30 h after the last dose of the drug (i.e., 24 h after CLP), a time at which the antinociceptive 
action was no longer noticeable. This fits well with the presumption that no timely link exists between the antino-
ciceptive action of morphine on the one hand, and the cognitive depressant and neuroinflammatory actions on 
the  other94. The lack of morphine analgesia when measured 24 h post-CLP may be accounted for by the tendency 
of the septic insult to induce a state of hyperalgesia or  allodynia95. The second feature relates to the abolition of 
morphine responses in sham animals upon pre-treatment with the µ-opioid receptor blocker naloxone (Fig. 11), 
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suggesting the importance of the µ-opioid receptors in the elicitation of behavioral effects of the drug as docu-
mented by  other38,73,90,96–99. It is worth mentioning that the results of the current study established the deleterious 
impact of morphine on hemodynamic and behavioral responses in normal animals which prompted us to unveil 
the possible mechanism (s) underlying these changes. Morphine effects were substantially attenuated following 
the blockade of µ-opioid receptors by naloxone suggesting a detrimental role for these receptors in the evoked 
responses. Morphine increased the production of IL-12 and other proinflammatory cytokines is blocked by 
 naloxone72. Indeed, pharmacologic and in silico docking studies suggest a basic role for opioid receptors in the 
hypotensive and inflammatory actions of narcotic  opioids100–102.

In summary, this experimental study illustrates that morphine elicits correlative exacerbations of hemody-
namic and behavioral irregularities induced by sepsis. These defects appear to be related to the inflammatory 
and hippocampal cellular aberrations induced by the CLP/morphine challenge. The clinical relevance of the 
present findings is warranted especially in intensive care units where sepsis is the most prevalent cause of death 
and opioids are the analgesics of choice for pain control.

Data availability
Raw data are provided as an additional Supporting File.

Received: 20 July 2023; Accepted: 31 October 2023

References
 1. Singer, M. et al. The third international consensus definitions for sepsis and septic shock (Sepsis-3). J. Am. Med. Assoc. 315, 

801–810 (2016).
 2. Chiu, C. & Legrand, M. Epidemiology of sepsis and septic shock. Curr. Opin. Anesthesiol. 34, 71 (2021).
 3. Thompson, K., Venkatesh, B. & Finfer, S. Sepsis and septic shock: Current approaches to management. Intern. Med. J. 49, 160–170 

(2019).
 4. Chung, H.-Y., Wickel, J., Brunkhorst, F. M. & Geis, C. Sepsis-associated encephalopathy: From delirium to dementia? J. Clin. 

Med. 9, 703 (2020).
 5. Sallam, M. Y., El-Gowilly, S. M., El-Gowelli, H. M., El-Lakany, M. A. & El-Mas, M. M. Additive counteraction by α7 and α4β2-

nAChRs of the hypotension and cardiac sympathovagal imbalance evoked by endotoxemia in male rats. Eur. J. Pharmacol. 834, 
36–44 (2018).

 6. Sallam, M. Y., El-Gowilly, S. M. & El-Mas, M. M. Cardiac and brainstem neuroinflammatory pathways account for androgenic 
incitement of cardiovascular and autonomic manifestations in endotoxic male rats. J. Cardiovasc. Pharmacol. 77, 632–641 (2021).

 7. Kirk, R. A. et al. Lipopolysaccharide exposure in a rat sepsis model results in hippocampal amyloid-β plaque and phosphorylated 
tau deposition and corresponding behavioral deficits. Geroscience 41, 467–481 (2019).

 8. Savi, F. F. et al. What animal models can tell us about long-term cognitive dysfunction following sepsis: A systematic review. 
Neurosci. Biobehav. Rev. 124, 386–404 (2021).

 9. Annane, D. & Sharshar, T. Cognitive decline after sepsis. Lancet Respir. Med. 3, 61–69 (2015).
 10. Danielski, G. et al. Brain barrier breakdown as a cause and consequence of neuroinflammation in sepsis. Mol. Neurobiol. 55, 

1045–1053 (2018).
 11. Nwafor, D. C. et al. Targeting the blood-brain barrier to prevent sepsis-associated cognitive impairment. J. Cent. Nerv. Syst. Dis. 

11, 1179573519840652. https:// doi. org/ 10. 1177/ 11795 73519 840652 (2019).
 12. Barichello, T., Generoso, J. S., Collodel, A., Petronilho, F. & Dal-Pizzol, F. The blood-brain barrier dysfunction in sepsis. Tissue 

Barriers 9, 1840912. https:// doi. org/ 10. 1080/ 21688 370. 2020. 18409 12 (2021).
 13. Sallam, M. Y., El-Gowilly, S. M., Abdel-Galil, A.-G.A. & El-Mas, M. M. Modulation by central MAPKs/PI3K/sGc of the TNF-α/

iNOS-dependent hypotension and compromised cardiac autonomic control in endotoxic rats. J. Cardiovasc. Pharmacol. 68, 
171–181 (2016).

 14. Ji, M. et al. Sepsis induced cognitive impairments by disrupting hippocampal parvalbumin interneuron-mediated inhibitory 
network via a D4-receptor mechanism. Aging 12, 2471–2484. https:// doi. org/ 10. 18632/ aging. 102755 (2020).

 15. Mina, F. et al. Il1-β involvement in cognitive impairment after sepsis. Mol. Neurobiol. 49, 1069–1076. https:// doi. org/ 10. 1007/ 
s12035- 013- 8581-9 (2014).

 16. Muscat, S. M. et al. Selective TLR4 antagonism prevents and reverses morphine-induced persistent postoperative cognitive 
dysfunction, dysregulation of synaptic elements, and impaired BDNF signaling in aged male rats. J. Neurosci. 43, 155–172. 
https:// doi. org/ 10. 1523/ jneur osci. 1151- 22. 2022 (2023).

 17. Tanguturi, P. & Streicher, J. M. The role of opioid receptors in modulating Alzheimer’s disease. Front. Pharmacol. 14, 1056402 
(2023).

 18. Wright, V. L. et al. Inhibition of alpha7 nicotinic receptors in the ventral hippocampus selectively attenuates reinstatement of 
morphine-conditioned place preference and associated changes in AMPA receptor binding. Addict. Biol. 24, 590–603 (2019).

 19. Baidoo, N., Wolter, M. & Leri, F. Opioid withdrawal and memory consolidation. Neurosci. Biobehav. Rev. 114, 16–24. https:// 
doi. org/ 10. 1016/j. neubi orev. 2020. 03. 029 (2020).

 20. Shibani, F. et al. Effect of oleuropein on morphine-induced hippocampus neurotoxicity and memory impairments in rats. 
Naunyn‑Schmiedeberg’s Arch. Pharmacol. 392, 1383–1391 (2019).

 21. Jacobson, M. L., Wulf, H. A., Browne, C. A. & Lucki, I. Opioid modulation of cognitive impairment in depression. Prog. Brain 
Res. 239, 1–48 (2018).

 22. Jang, C.-G. et al. Impaired water maze learning performance in μ-opioid receptor knockout mice. Mol. Brain Res. 117, 68–72 
(2003).

 23. Le Merrer, J., Rezai, X., Scherrer, G., Becker, J. A. & Kieffer, B. L. Impaired hippocampus-dependent and facilitated striatum-
dependent behaviors in mice lacking the delta opioid receptor. Biol. Psychiatry Neuropsychopharmacol. 38, 1050–1059 (2013).

 24. Moraes, C. A. et al. Neuroinflammation in sepsis: Molecular pathways of microglia activation. Pharmaceuticals 14, 416 (2021).
 25. Milioli, M. V. M. et al. The impact of age on long-term behavioral and neurochemical parameters in an animal model of severe 

sepsis. Neurosci. Lett. 708, 134339 (2019).
 26. Eidson, L. N. & Murphy, A. Z. Inflammatory mediators of opioid tolerance: Implications for dependency and addiction. Peptides 

115, 51–58 (2019).
 27. Zhang, P. et al. Toll-like receptor 4 (TLR4)/opioid receptor pathway crosstalk and impact on opioid analgesia, immune function, 

and gastrointestinal motility. Front. Immunol. 11, 1455 (2020).
 28. Paul, A. K. et al. Opioid analgesia and opioid-induced adverse effects: A review. Pharmaceuticals 14, 1091 (2021).

https://doi.org/10.1177/1179573519840652
https://doi.org/10.1080/21688370.2020.1840912
https://doi.org/10.18632/aging.102755
https://doi.org/10.1007/s12035-013-8581-9
https://doi.org/10.1007/s12035-013-8581-9
https://doi.org/10.1523/jneurosci.1151-22.2022
https://doi.org/10.1016/j.neubiorev.2020.03.029
https://doi.org/10.1016/j.neubiorev.2020.03.029


16

Vol:.(1234567890)

Scientific Reports |        (2023) 13:21460  | https://doi.org/10.1038/s41598-023-46427-y

www.nature.com/scientificreports/

 29. Abdel Shaheed, C., Beardsley, J., Day, R. O. & McLachlan, A. J. Immunomodulatory effects of pharmaceutical opioids and 
antipyretic analgesics: Mechanisms and relevance to infection. Br. J. Clin. Pharmacol. 88, 3114–3131 (2022).

 30. Bughrara, N., Cha, S., Safa, R. & Pustavoitau, A. Perioperative management of patients with sepsis and septic shock, Part I: 
Systematic approach. Anesthesiol. Clin. 38, 107–122 (2020).

 31. Peng, J. et al. Morphine-induced microglial immunosuppression via activation of insufficient mitophagy regulated by NLRX1. 
J. Neuroinflamm. 19, 1–21 (2022).

 32. Hudzik, B., Nowak, J. & Zubelewicz-Szkodzinska, B. Consideration of immunomodulatory actions of morphine in COVID-19-
Short report. Eur. Rev. Med. Pharmacol. Sci. 24, 13062–13064 (2020).

 33. Glattard, E. et al. Endogenous morphine levels are increased in sepsis: A partial implication of neutrophils. PLoS ONE 5, e8791 
(2010).

 34. Ocasio, F. M., Jiang, Y., House, S. D. & Chang, S. L. Chronic morphine accelerates the progression of lipopolysaccharide-induced 
sepsis to septic shock. J. Neuroimmunol. 149, 90–100 (2004).

 35. Abu, Y., Vitari, N., Yan, Y. & Roy, S. Opioids and sepsis: Elucidating the role of the microbiome and microRNA-146. Int. J. Mol. 
Sci. 23, 1097 (2022).

 36. Zhang, R. et al. Prescription opioids are associated with higher mortality in patients diagnosed with sepsis: A retrospective 
cohort study using electronic health records. PLoS ONE 13, e0190362 (2018).

 37. Meng, J. et al. Opioid exacerbation of gram-positive sepsis, induced by gut microbial modulation, is rescued by IL-17A neu-
tralization. Sci. Rep. 5, 10918 (2015).

 38. Kitanaka, J. et al. Memory impairment and reduced exploratory behavior in mice after administration of systemic morphine. 
JEN 9, S25057 (2015).

 39. Xie, K. et al. Hydrogen gas alleviates sepsis-induced brain injury by improving mitochondrial biogenesis through the activation 
of PGC-α in mice. Shock 55, 1 (2021).

 40. Tian, J. et al. Atorvastatin relieves cognitive disorder after sepsis through reverting inflammatory cytokines, oxidative stress, and 
neuronal apoptosis in hippocampus. Cell. Mol. Neurobiol. 40, 521–530. https:// doi. org/ 10. 1007/ s10571- 019- 00750-z (2020).

 41. Wen, H. Sepsis induced by cecal ligation and puncture. Methods Mol. Biol. 1031, 117–124. https:// doi. org/ 10. 1007/ 978-1- 62703- 
481-4_ 15 (2013).

 42. Gong, W. & Wen, H. Sepsis induced by cecal ligation and puncture. Methods Mol. Biol. 1960, 249. https:// doi. org/ 10. 1007/ 978-
1- 4939- 9167-9_ 22 (2019).

 43. Berge, O.-G., Garcia-Cabrera, I. & Hole, K. Response latencies in the tail-flick test depend on tail skin temperature. Neurosci. 
Lett. 86, 284–288 (1988).

 44. Afify, E. A., Khedr, M. M., Omar, A. G. & Nasser, S. A. The involvement of K ATP channels in morphine-induced antinocicep-
tion and hepatic oxidative stress in acute and inflammatory pain in rats. Fundam. Clin. Pharmacol. 27, 623–631 (2013).

 45. Tsai, H. J. et al. Angiotensin-(1–7) attenuates organ injury and mortality in rats with polymicrobial sepsis. Crit. Care 22, 269. 
https:// doi. org/ 10. 1186/ s13054- 018- 2210-y (2018).

 46. Conrad, C. D., Grote, K. A., Hobbs, R. J. & Ferayorni, A. Sex differences in spatial and non-spatial Y-maze performance after 
chronic stress. Neurobiol. Learn. Mem. 79, 32–40 (2003).

 47. Guest, P. C. Pre‑clinical Models: Techniques and Protocols (Springer, 2019).
 48. Kraeuter, A.-K., Guest, P. C. & Sarnyai, Z. Pre‑clinical Models 105–111 (Springer, 2019).
 49. Prieur, E. A. & Jadavji, N. M. Assessing spatial working memory using the spontaneous alternation Y-maze test in aged male 

mice. J. Bio‑protoc. 9, e3162 (2019).
 50. Leger, M. et al. Object recognition test in mice. Nat. Protoc. 8, 2531–2537 (2013).
 51. Şık, A., van Nieuwehuyzen, P., Prickaerts, J. & Blokland, A. Performance of different mouse strains in an object recognition task. 

Behav. Brain Res. 147, 49–54 (2003).
 52. Morris, R. Developments of a water-maze procedure for studying spatial learning in the rat. J. Neurosci. Methods 11, 47–60. 

https:// doi. org/ 10. 1016/ 0165- 0270(84) 90007-4 (1984).
 53. Nunez, J. Morris water maze experiment. J. Vis. Exp. 19, e897 (2008).
 54. Carman, H. M. & Mactutus, C. F. Proximal versus distal cue utilization in spatial navigation: The role of visual acuity? Neurobiol. 

Learn. Mem. 78, 332–346 (2002).
 55. Vorhees, C. V. & Williams, M. T. Morris water maze: Procedures for assessing spatial and related forms of learning and memory. 

Nat. Protoc. 1, 848–858. https:// doi. org/ 10. 1038/ nprot. 2006. 116 (2006).
 56. Bancroft, J. & Layton, C. The Hematoxylins and Eosin. Bancroft’s Theory and Practice of Histological Techniques 173–186 (Elsevier, 

2013).
 57. Tüfekci, K. K., Bakirhan, E. G. & Terzi, F. A maternal high-fat diet causes anxiety-related behaviors by altering neuropeptide 

Y1 receptor and hippocampal volumes in rat offspring: The potential effect of N-acetylcysteine. Mol. Neurobiol. 60, 1499–1514. 
https:// doi. org/ 10. 1007/ s12035- 022- 03158-x (2023).

 58. Vuorimaa, M., Kareinen, I., Toivanen, P., Karlsson, S. & Ruohonen, S. Deep learning-based segmentation of morphologically 
distinct rat hippocampal reactive astrocytes after trimethyltin exposure. Toxicol. Pathol. 50, 754–762. https:// doi. org/ 10. 1177/ 
01926 23322 11244 97 (2022).

 59. Poutoglidou, F. et al. Effects of long-term infliximab and tocilizumab treatment on anxiety-like behavior and cognitive function 
in naive rats. Pharmacol. Rep. 74, 84–95. https:// doi. org/ 10. 1007/ s43440- 021- 00328-x (2022).

 60. Ma, X. et al. Albiflorin alleviates cognitive dysfunction in STZ-induced rats. Aging 13, 18287–18297. https:// doi. org/ 10. 18632/ 
aging. 203274 (2021).

 61. Esmaili, Z., Naseh, M., Karimi, F. & Moosavi, M. A stereological study reveals nanoscale-alumina induces cognitive dysfunction 
in mice related to hippocampal structural changes. Neurotoxicology 91, 245–253. https:// doi. org/ 10. 1016/j. neuro. 2022. 05. 011 
(2022).

 62. Elblehi, S. S., El Euony, O. I. & El-Sayed, Y. S. Apoptosis and astrogliosis perturbations and expression of regulatory inflammatory 
factors and neurotransmitters in acrylamide-induced neurotoxicity under ω3 fatty acids protection in rats. Neurotoxicology 76, 
44–57 (2020).

 63. Abuiessa, S. A., Wedn, A. M., El-Gowilly, S. M., Helmy, M. M. & El-Mas, M. M. Pre-eclamptic fetal programming alters neuroin-
flammatory and cardiovascular consequences of endotoxemia in sex-specific manners. J. Pharmacol. Exp. Therap. 373, 325–336. 
https:// doi. org/ 10. 1124/ jpet. 119. 264192 (2020).

 64. El-Mas, M. M., Helmy, M. W., Ali, R. M. & El-Gowelli, H. M. Celecoxib, but not indomethacin, ameliorates the hypertensive and 
perivascular fibrotic actions of cyclosporine in rats: role of endothelin signaling. J. Toxicol. Appl. Pharmacol. 284, 1–7 (2015).

 65. Shanazari, A. A., Aslani, Z., Ramshini, E. & Alaei, H. Acute and chronic effects of morphine on cardiovascular system and the 
baroreflexes sensitivity during severe increase in blood pressure in rats. Arya Atheroscler. 7, 111–117 (2011).

 66. Morris, D. C., Zhang, Z. G., Jaehne, A. K., Zhang, J. & Rivers, E. P. Clinical, molecular and exosomal mechanisms of cardiac and 
brain dysfunction in sepsis. J. Shock 59, 173–179. https:// doi. org/ 10. 1097/ shk. 00000 00000 002015 (2023).

 67. Wedn, A. M., El-Gowilly, S. M. & El-Mas, M. M. The α7-nAChR/heme oxygenase-1/carbon monoxide pathway mediates the 
nicotine counteraction of renal inflammation and vasoconstrictor hyporeactivity in endotoxic male rats. J. Inflamm. Res. 69, 
217–231 (2020).

https://doi.org/10.1007/s10571-019-00750-z
https://doi.org/10.1007/978-1-62703-481-4_15
https://doi.org/10.1007/978-1-62703-481-4_15
https://doi.org/10.1007/978-1-4939-9167-9_22
https://doi.org/10.1007/978-1-4939-9167-9_22
https://doi.org/10.1186/s13054-018-2210-y
https://doi.org/10.1016/0165-0270(84)90007-4
https://doi.org/10.1038/nprot.2006.116
https://doi.org/10.1007/s12035-022-03158-x
https://doi.org/10.1177/01926233221124497
https://doi.org/10.1177/01926233221124497
https://doi.org/10.1007/s43440-021-00328-x
https://doi.org/10.18632/aging.203274
https://doi.org/10.18632/aging.203274
https://doi.org/10.1016/j.neuro.2022.05.011
https://doi.org/10.1124/jpet.119.264192
https://doi.org/10.1097/shk.0000000000002015


17

Vol.:(0123456789)

Scientific Reports |        (2023) 13:21460  | https://doi.org/10.1038/s41598-023-46427-y

www.nature.com/scientificreports/

 68. Joffre, J., Hellman, J., Ince, C. & Ait-Oufella, H. Endothelial responses in sepsis. Am. J. Respir. Crit. Care Med. 202, 361–370 
(2020).

 69. Mohebbati, R., KhajaviRad, A., Hosseini, M. & Shafei, M. N. Effect of opioid receptors of the cuneiform nucleus on cardiovascular 
responses in normotensive and hypotensive hemorrhagic rats. J. Neurosci. Lett. 745, 135582 (2021).

 70. Banerjee, S. et al. Morphine induced exacerbation of sepsis is mediated by tempering endotoxin tolerance through modulation 
of miR-146a. Sci. Rep. 3, 1977. https:// doi. org/ 10. 1038/ srep0 1977 (2013).

 71. Roy, S., Cain, K. J., Charboneau, R. G. & Barke, R. A. Morphine accelerates the progression of sepsis in an experimental sepsis 
model. Adv. Exp. Med. Biol. 437, 21–31. https:// doi. org/ 10. 1007/ 978-1- 4615- 5347-2_3 (1998).

 72. Peng, X. et al. Morphine enhances interleukin-12 and the production of other pro-inflammatory cytokines in mouse peritoneal 
macrophages. J. Leukoc. Biol. 68, 723–728 (2000).

 73. Hilburger, M. E. et al. Morphine induces sepsis in mice. J. Infect. Dis. 176, 183–188. https:// doi. org/ 10. 1086/ 514021 (1997).
 74. Meng, J. et al. Opioid exacerbation of gram-positive sepsis, induced by gut microbial modulation, is rescued by IL-17A neu-

tralization. Sci. Rep. 5, 1–17 (2015).
 75. Fan, Y. et al. The effect of preoperative administration of morphine in alleviating intraoperative pain of percutaneous trans-

foraminal endoscopic discectomy under local anesthesia: A STROBE compliant study. Medicine 96, e8427. https:// doi. org/ 10. 
1097/ md. 00000 00000 008427 (2017).

 76. Adedayo, A. D. et al. Morphine-alcohol treatment impairs cognitive functions and increases neuro-inflammatory responses in 
the medial prefrontal cortex of juvenile male rats. Anat. Cell Biol. 51, 41–51. https:// doi. org/ 10. 5115/ acb. 2018. 51.1. 41 (2018).

 77. Nyberg, F. Cognitive impairments in drug addicts. In Brain Damage: Bridging Between Basic Research Clinics (ed. Gonzalez-
Quevedo, A.) 221–244 (Springer, 2012).

 78. Hartman, R. E., Kamper, J. E., Goyal, R., Stewart, J. M. & Longo, L. D. Motor and cognitive deficits in mice bred to have low or 
high blood pressure. Physiol. Behav. 105, 1092–1097. https:// doi. org/ 10. 1016/j. physb eh. 2011. 11. 022 (2012).

 79. Duschek, S. & Schandry, R. Reduced brain perfusion and cognitive performance due to constitutional hypotension. Clin. Auton. 
Res. 17, 69–76. https:// doi. org/ 10. 1007/ s10286- 006- 0379-7 (2007).

 80. Yu, J. et al. Pro-inflammatory cytokines as potential predictors for intradialytic hypotension. Renal Fail. 43, 198–205. https:// 
doi. org/ 10. 1080/ 08860 22x. 2021. 18719 21 (2021).

 81. Dadsetan, S. et al. Infliximab reduces peripheral inflammation, neuroinflammation, and extracellular GABA in the cerebellum 
and improves learning and motor coordination in rats with hepatic encephalopathy. J. Neuroinflamm. 13, 245. https:// doi. org/ 
10. 1186/ s12974- 016- 0710-8 (2016).

 82. Şahin, T. D. et al. TNF-alpha inhibition prevents cognitive decline and maintains hippocampal BDNF levels in the unpredictable 
chronic mild stress rat model of depression. Behav. Brain Res. 292, 233–240. https:// doi. org/ 10. 1016/j. bbr. 2015. 05. 062 (2015).

 83. Fujinami, Y. et al. Sepsis induces physical and mental impairments in a mouse model of post-intensive care syndrome. J. Clin. 
Med. 10, 1593. https:// doi. org/ 10. 3390/ jcm10 081593 (2021).

 84. Anderson, S. T., Commins, S., Moynagh, P. N. & Coogan, A. N. Lipopolysaccharide-induced sepsis induces long-lasting affective 
changes in the mouse. Brain Behav. Immun. 43, 98–109. https:// doi. org/ 10. 1016/j. bbi. 2014. 07. 007 (2015).

 85. Brooks, H. F., Osabutey, C. K., Moss, R. F., Andrews, P. L. R. & Davies, D. C. Caecal ligation and puncture in the rat mimics the 
pathophysiological changes in human sepsis and causes multi-organ dysfunction. Metab. Brain Dis. 22, 353–373. https:// doi. 
org/ 10. 1007/ s11011- 007- 9058-1 (2007).

 86. Khani, F. et al. Adolescent morphine exposure impairs dark avoidance memory and synaptic potentiation of ventral hippocampal 
CA1 during adulthood in rats. J. Life Sci. 314, 121344 (2023).

 87. Qi, B. et al. Molecular hydrogen attenuates sepsis-induced cognitive dysfunction through regulation of tau phosphorylation. J. 
Int. Immunopharmacol. 114, 109603 (2023).

 88. Tuon, L. et al. Time-dependent behavioral recovery after sepsis in rats. Intens. Care Med. 34, 1724–1731. https:// doi. org/ 10. 
1007/ s00134- 008- 1129-1 (2008).

 89. Wei, S.-G., Yu, Y. & Felder, R. B. Blood-borne interleukin-1β acts on the subfornical organ to upregulate the sympathoexcitatory 
milieu of the hypothalamic paraventricular nucleus. Am. J. Physiol. Regul. Integr. Compar. Physiol. 314, R447–R458 (2018).

 90. Hutchinson, M. R. et al. Exploring the neuroimmunopharmacology of opioids: An integrative review of mechanisms of central 
immune signaling and their implications for opioid analgesia. Pharmacol. Rev. 63, 772–810. https:// doi. org/ 10. 1124/ pr. 110. 
004135 (2011).

 91. Loram, L. C. et al. Prior exposure to repeated morphine potentiates mechanical allodynia induced by peripheral inflammation 
and neuropathy. Brain Behav. Immun. 26, 1256–1264. https:// doi. org/ 10. 1016/j. bbi. 2012. 08. 003 (2012).

 92. Nicotra, L., Loram, L. C., Watkins, L. R. & Hutchinson, M. R. Toll-like receptors in chronic pain. Exp. Neurol. 234, 316–329. 
https:// doi. org/ 10. 1016/j. expne urol. 2011. 09. 038 (2012).

 93. Grace, P. M., Rolan, P. E. & Hutchinson, M. R. Peripheral immune contributions to the maintenance of central glial activation 
underlying neuropathic pain. Brain Behav. Immun. 25, 1322–1332. https:// doi. org/ 10. 1016/j. bbi. 2011. 04. 003 (2011).

 94. Muscat, S. M. et al. Postoperative cognitive dysfunction is made persistent with morphine treatment in aged rats. J. Neurobiol. 
Aging 98, 214–224 (2021).

 95. Nardi, G. M., Bet, A. C., Sordi, R., Fernandes, D. & Assreuy, J. Opioid analgesics in experimental sepsis: Effects on physiological, 
biochemical, and haemodynamic parameters. Fundam. Clin. Pharmacol. 27, 347–353 (2013).

 96. Farahmandfar, M., Karimian, S. M., Naghdi, N., Zarrindast, M.-R. & Kadivar, M. Morphine-induced impairment of spatial 
memory acquisition reversed by morphine sensitization in rats. Behav. Brain Res. 211, 156–163 (2010).

 97. Gorji, H. M., Rashidy-Pour, A. & Fathollahi, Y. Effects of morphine dependence on the performance of rats in reference and 
working versions of the water maze. Physiol. Behav. 93, 622–627 (2008).

 98. O’Neill, M. W. et al. The cognitive and psychomotor effects of morphine in healthy subjects: A randomized controlled trial of 
repeated (four) oral doses of dextropropoxyphene, morphine, lorazepam and placebo. Pain 85, 209–215. https:// doi. org/ 10. 
1016/ s0304- 3959(99) 00274-2 (2000).

 99. Olin, M. R., Roy, S. & Molitor, T. In vivo morphine treatment synergistically increases LPS-induced caspase activity in immune 
organs. J. Neuroimmune Pharmacol. 5, 546–552. https:// doi. org/ 10. 1007/ s11481- 010- 9209-8 (2010).

 100. Hutchinson, M. R. et al. Possible involvement of toll-like receptor 4/myeloid differentiation factor-2 activity of opioid inactive 
isomers causes spinal proinflammation and related behavioral consequences. J. Neurosci. 167, 880–893 (2010).

 101. Tung, K. H., Angus, J. A. & Wright, C. E. Contrasting cardiovascular properties of the µ-opioid agonists morphine and methadone 
in the rat. Eur. J. Pharmacol. 762, 372–381. https:// doi. org/ 10. 1016/j. ejphar. 2015. 06. 016 (2015).

 102. Maslov, L. N. et al. Prospects for creation of cardioprotective and antiarrhythmic drugs based on opioid receptor agonists. Med. 
Res. Rev. 36, 871–923 (2016).

Author contributions
E.O.A.: performed the experiments, analyzed the data and drafted the manuscript. E.A.A.: conceptualization, 
analyzed and interpreted the data, writing the manuscript. S.A.A.: drafted the manuscript, interpreted the data. 
S.S.E.: performed the histomorphometrical experiments, analyzed and interpreted the data. S.M.E.-G.: drafted 

https://doi.org/10.1038/srep01977
https://doi.org/10.1007/978-1-4615-5347-2_3
https://doi.org/10.1086/514021
https://doi.org/10.1097/md.0000000000008427
https://doi.org/10.1097/md.0000000000008427
https://doi.org/10.5115/acb.2018.51.1.41
https://doi.org/10.1016/j.physbeh.2011.11.022
https://doi.org/10.1007/s10286-006-0379-7
https://doi.org/10.1080/0886022x.2021.1871921
https://doi.org/10.1080/0886022x.2021.1871921
https://doi.org/10.1186/s12974-016-0710-8
https://doi.org/10.1186/s12974-016-0710-8
https://doi.org/10.1016/j.bbr.2015.05.062
https://doi.org/10.3390/jcm10081593
https://doi.org/10.1016/j.bbi.2014.07.007
https://doi.org/10.1007/s11011-007-9058-1
https://doi.org/10.1007/s11011-007-9058-1
https://doi.org/10.1007/s00134-008-1129-1
https://doi.org/10.1007/s00134-008-1129-1
https://doi.org/10.1124/pr.110.004135
https://doi.org/10.1124/pr.110.004135
https://doi.org/10.1016/j.bbi.2012.08.003
https://doi.org/10.1016/j.expneurol.2011.09.038
https://doi.org/10.1016/j.bbi.2011.04.003
https://doi.org/10.1016/s0304-3959(99)00274-2
https://doi.org/10.1016/s0304-3959(99)00274-2
https://doi.org/10.1007/s11481-010-9209-8
https://doi.org/10.1016/j.ejphar.2015.06.016


18

Vol:.(1234567890)

Scientific Reports |        (2023) 13:21460  | https://doi.org/10.1038/s41598-023-46427-y

www.nature.com/scientificreports/

the manuscript, interpreted the data. M.M.E.-M.: conceptualization, raised the idea, interpreted the data, writing, 
editing, critical reviewing of the manuscript and overhead supervision.

Funding
Open access funding provided by The Egyptian Knowledge Bank (EKB).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 46427-y.

Correspondence and requests for materials should be addressed to E.A.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-46427-y
https://doi.org/10.1038/s41598-023-46427-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Morphine aggravates inflammatory, behavioral, and hippocampal structural deficits in septic rats
	Materials and methods
	Animals
	Protocols and experimental groups
	Induction of sepsis
	Tail flick test
	Behavioral tests
	Y-maze test
	Spontaneous alternation behaviour. 
	Time spent on novel arm. 

	New object recognition (NOR) test
	Morris water maze test (MWM)
	Probe trial. 
	Determination of behavioral parameters in MWM. 


	Histopathological examination
	Histomorphometrical analysis
	Tail-cuff plethysmography
	Measurement of serum IL-1β concentration
	Drugs
	Statistical analysis

	Results
	Analgesic effects of morphine in septic male rats
	Cardiovascular effects of morphine in septic male rats
	Effects of morphine on behavioral indices of Morris water maze (MWM) in septic male rats
	Effects of morphine on behavioral indices of the Y-maze test in septic male rats
	Effects of morphine on behavioral indices of new object recognition (NOR) test in septic male rats
	Effect of morphine on serum IL-1β in septic male rats
	Effects of morphine on hippocampal cellular morphology in septic male rats
	Effect of opioid receptor blockade by naloxone on morphine responses

	Discussion
	References


