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Abstract

Post-operative cognitive dysfunction (POCD) is the collection of cognitive impairments lasting
days to months, experienced by individuals following a surgery. Persistent POCD is most
commonly experienced by older individuals and is associated with a greater vulnerability to
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developing Alzheimer’s disease, but the underlying mechanisms are not known. It is known that
laparotomy (exploratory abdominal surgery) in aged rats produces memory impairments for four
days. Here we report that post-surgical treatment with morphine extends this deficit to at least two
months while having no effects in the absence of surgery. Indeed, hippocampal-dependent long-
term memory was impaired two, four, and eight weeks post-surgery only in aged, morphine-
treated rats. Short-term memory remained intact. Morphine is known to have analgesic effects via
p-opioid receptor activation and neuroinflammatory effects through Toll-like receptor 4 activation.
Here we demonstrate that persistent memory deficits were mediated independently of the p-opioid
receptor, suggesting that they were evoked through a neuroinflammatory mechanism and unrelated
to pain modulation. In support of this, aging, laparotomized, and morphine-treated rats exhibited
increased gene expression of various proinflammatory markers (IL-1p, IL-6, TNFa, NLRP3,
HMGB1, TLR2, and TLR4) in the hippocampus at the two-week timepoint. Furthermore, central
blockade of IL-1 signaling with the specific IL-1 receptor antagonist (IL-1RA), at the time of
surgery, completely prevented the memory impairment. Finally, synaptophysin and PSD95 gene
expression were significantly dysregulated in the hippocampus of aged, laparotomized, morphine-
treated rats, suggesting that impaired synaptic structure and/or function may play a key role in this
persistent deficit. This instance of long-term memory impairment following surgery closely
mirrors the timeline of persistent POCD in humans and may be useful for future treatment
discoveries.

Introduction

Post-operative cognitive dysfunction (POCD) is the constellation of cognitive symptoms,
lasting anywhere from days to months, that many surgical patients experience immediately
following a variety of surgical procedures (e.g., abdominal, orthopedic, and cardiac
surgeries). These symptoms range from slight confusion to difficulties with executive
functions, an inability to form long-term episodic memories, to Alzheimer’s disease (AD)
and other dementias (Bedford, 1955; Ramaiah and Lam, 2009; Terrando et al., 2011;
Rundshagen, 2014). Many POCD cases are transient but importantly, longer-lasting cases of
POCD are more likely to develop into AD (McCusker et al., 2001; Wacker et al., 2006;
Bickel et al., 2008) and thus are more devastating. Advanced age is known to be the
strongest risk factor for this persistent form of POCD (Moller et al., 1998; Monk and Price,
2011), but preclinical research examining cognitive function following a surgical procedure,
even in aged subjects, has failed to recapitulate this persistent form of POCD, typically
finding only relatively brief deficits, on the order of days (Rosczyk et al., 2008; Wan et al.,
2010; Barrientos et al., 2012; Wang et al., 2020).

In aging, microglial priming has been identified as a key mediator of exaggerated
neuroinflammation, primarily in the hippocampus, following a variety of peripheral insults
including surgery (Cunningham et al., 2005; Barrientos et al., 2015a; Norden et al., 2015).
Exaggerated neuroinflammation can result in deteriorated cellular and molecular processes
important for forming memories, which in turn causes precipitous long-term memory
deficits (Hauss-Wegrzyniak et al., 2002; Cunningham et al., 2005; Godbout et al., 2005;
Barrientos et al., 2006; Griffin et al., 2006; Abraham et al., 2008; Barrientos et al., 2009;
Chapman et al., 2010; Frank et al., 2010b; Barrientos et al., 2012; Spencer et al., 2017;
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Tanaka et al., 2018). Thus, it is not surprising that previous preclinical POCD studies,
including our own, have demonstrated a causal role for proinflammatory cytokines in
surgery-induced cognitive impairments. However, as noted above, none of these works have
found impairments lasting beyond one to seven days post-surgery (Rosczyk et al., 2008;
Wan et al., 2010; Barrientos et al., 2012; Wang et al., 2020). Therefore, it is unknown
whether similar mechanisms underlie persistent forms of POCD, and whether interventions
shown to ameliorate these short-lived impairments would be effective in longer-lasting
cases.

One potential risk factor surrounding the peri-operative setting that has been overlooked in
rodent models of POCD thus far is the prevalent use of opioid analgesics among post-
surgical patients. Indeed, about 90% of patients are prescribed morphine and other opioids
for post-surgical pain management (Aubrun et al., 2012; Garimella and Cellini, 2013) owing
to their potent analgesic effects mediated by activation of the p-opioid receptor (Corder et
al., 2018). Importantly, a growing preclinical literature has independently shown that
morphine and other opioids are capable of triggering a robust neuroinflammatory response
through activation of the pattern recognition receptor Toll-like receptor 4 (TLR4), which,
paradoxical to its prescribed purpose, prolongs neuropathic and post-surgical pain
(Hutchinson et al., 2007; Hutchinson et al., 2010a; Wang et al., 2012; Johnson et al., 2014;
Grace et al., 2016; Zhang et al., 2018; Grace et al., 2019). Interestingly, aging rodents
exhibit significantly increased TLR4 expression in the hippocampus compared to younger
rats (Fonken et al., 2016), and activation of these receptors (with a peripheral E. coli
infection) has resulted in exaggerated neuroinflammatory responses and memory
impairments (Barrientos et al., 2009; Frank et al., 2010a; Barrientos et al., 2015b; Fonken et
al., 2016). Therefore, we explored whether the combination of aging, surgery, and morphine
treatment might cause a synergistic neuroinflammatory response strong enough to cause
persistent POCD. If so, this would have implications for the use of opioid analgesic post-
surgery in aging humans. We administered a seven-day regimen of morphine following
laparotomy in young adult and aged rats and measured hippocampally-mediated memory at
several time points to determine whether the combination of these factors would produce
persistent memory impairments. Furthermore, we investigated mechanisms by which these
factors might extend POCD symptoms in aging.

Materials and Methods

Experimental design

This study was comprised of 9 separate experiments which will be briefly summarized here
for ease of reading. In experiment 1, young and old rats underwent either laparotomy or
sham surgery. Immediately after surgery and for the next seven days, they received either
saline or (=)morphine (i.p). Long-term contextual memory was assessed at two weeks post-
surgery. In experiments 2 and 3, separate cohorts of aged rats underwent either laparotomy
or sham surgery and received either saline or (=)morphine as in experiment 1, and long-term
memory was assessed at four and eight weeks post-surgery, respectively. In experiment 4, a
separate cohort of aged rats underwent either laparotomy or sham surgery and received
either saline or the p-opioid receptor-inactive isomer (+)morphine (same dose and regimen
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as (-)morphine experiments), and long-term memory was assessed at two weeks post-
surgery. In experiment 5, a separate cohort of aged laparotomized rats were used to
determine the effects of saline, (=) or (+)morphine on short-term memory at two weeks post-
surgery. Experiments 6, 7, and 8 used separate cohorts of rats with the identical experimental
designs as in experiments 1-3, respectively, but instead of assessing memory, hippocampi
were extracted for measurements of gene expression at two, four, and eight weeks post-
surgery. Experiment 9 used a separate cohort of aged rats to determine the contribution of
neuroinflammation to the persistence of cognitive deficits. Rats received an intra-cisterna
magna (icm) injection of either saline or IL-1RA immediately prior to laparotomy. They
then received either saline, (=)morphine, or (+)morphine (i.p, for seven days) as in previous
experiments, and long-term memory was assessed at two weeks post-surgery.

Separate cohorts were necessary for long-term and short-term memory experiments because
exposure to the context during the memory test would initiate extinction of the fear memory
and thus impact subsequent memory measurements. Also, separate groups of rats were used
for the gene expression data because tissues were collected at the time that corresponded
with memory consolidation rather than after memory test, and also to avoid the possible
impact of behavioral testing on gene expression. A schematic depiction of these experiments
is presented in Figure 1. The number of rats used per condition for each experiment is
described in the Results section for each experiment.

Subjects were male F344xBN F1 rats obtained from Charles River through the National
Institute on Aging. This strain is particularly useful in the study of aging and aging-
associated conditions as aged F344xBN F1 rats remain relatively healthy and show good
cognitive function at baseline. Female rats of this strain were not available from this or any
other vendor at the time these studies were completed. Therefore, they are not included here,
but will be included in future studies as they become available. Upon arrival at our facility,
rats were either 3 month old, weighing approximately 275 g, or 24 month old, weighing
approximately 550 g. Importantly, the aged rats are not senescent at this age, and our
previous work has shown that unchallenged animals at this age do not exhibit impaired
function on contextual memory tasks compared to 3 month old controls (Barrientos et al.,
2006; Frank et al., 2010b; Barrientos et al., 2012; Barrientos et al., 2015b; Spencer et al.,
2017). Age- and condition-matched rats were housed 2 to a cage (52 L X 30 W X 21 H, cm).
The animal colony was maintained at 22+1°C on a 12-h light/dark cycle (lights on at 07:00
h). All rats were allowed free access to food and water and were given at least 1 week to
acclimate to colony conditions before experimentation began. All experiments were
conducted in accordance with protocols approved by the University of Colorado and the
Ohio State University Animal Care and Use Committees. All efforts were made to minimize
the number of animals used and their suffering.

Laparotomy (exploratory abdominal surgery) and sham surgeries were performed using
aseptic procedures under isoflurane anesthesia according to a previously described method
developed as a model of human abdominal exploratory surgery (Martin et al., 2005). The
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abdominal region was shaved and thoroughly cleaned with 70% ethanol and surgical scrub.
Approximately 0.5 cm below the lower right rib, a 3 cm incision was made, penetrating the
peritoneal cavity. Wearing sterile gloves, the surgeon vigorously manipulated the viscera and
musculature. Approximately 10 cm of the small intestines were then exteriorized and
vigorously rubbed between the surgeon’s thumb and index finger for 30 s. The intestines
were then returned into the peritoneal cavity. Sterile chromic gut sutures (3-0, chromic gut,
27 in., PS-2; Ethicon) were used to suture the peritoneal lining and abdominal muscle in two
layers. The skin was closed with surgical staples. To prevent infection, the wound was
dressed with Polysporin (Pfizer, Morris Plains, NJ). Sham-operated rats were anesthetized,
and abdominal area was shaved and cleaned as described above, but no incision was made.
They remained on isoflurane for the same amount of time as their surgical counterpart (~25
min).

Drugs & Administration Procedures

We used the (=) and the (+) enantiomers of morphine in these studies. (=)Morphine, the
natural enantiomer, is known to mediate analgesia through its actions at the p-opioid
receptor (Corder et al., 2018). More recently, it has also been shown to bind and activate
TLR4, thus evoking an inflammatory response in the CNS (Hutchinson et al., 2007;
Hutchinson et al., 2010a; Wang et al., 2012; Grace et al., 2016; Zhang et al., 2018; Grace et
al., 2019). (+)Morphine, the unnatural enantiomer, is chromatographically and
spectroscopically indistinguishable from the natural (-) enantiomer except for the sign of
optical rotation. (+)Morphine has no p-opioid receptor activity (Jacquet et al., 1977), but
does activate TLR4 signaling (Hutchinson et al., 2010a; Hutchinson et al., 2011; Wang et al.,
2012; Grace et al., 2015). Thus, (+)morphine is never used clinically as an analgesic, but
rather serves as a useful tool for determining the relative contribution of the p-opioid
receptor vs TLR4 receptor in morphine-mediated effects. (-)Morphine, gifted by the NIDA
drug repository, was injected i.p. at a dose of 2 mg/kg/ml, twice daily (~900 h and ~1700 h)
for seven days, based on previous studies (Morgan et al., 2006; Hutchinson et al., 2009;
Hutchinson et al., 2010b; Grace et al., 2019). (+)Morphine, gifted by Dr. Kenner Rice
(NIDA/NIAAA), was also injected i.p. at a dose of 2 mg/kg/ml, twice daily for seven days.
Both morphine compounds are reported as free base concentrations and were diluted in
sterile saline (0.9%). The human morphine dose equivalency to the rat dose used in this
study is 45 mg/day, falling within the recommended dose for managing post-operative pain
for opioid-naive patients of 30-60 mg/day (Reagan-Shaw et al., 2008; MD Anderson Cancer
Center, 2018). Respective equivolumes of sterile saline were administered to controls.

For experiment 9, a single dose of IL-1 receptor antagonist (IL-1RA,; Kineret) was injected
intra-cisterna magna (icm) at a concentration of 112 ug/3 pl immediately prior to
laparotomy. We opted to use icm injections, versus other routes of administration, for several
reasons: First, peripherally administered IL-1RA is relatively short-lived (90-120 minutes)
(Granowitz et al., 1993) with quick metabolism and excretion through the kidneys with little
penetrance to the brain (Cawthorne et al., 2011). In contrast, a single icm administration of
IL-1RA has been shown to protect the hippocampus against proinflammatory challenges for
at least 4 days (Barrientos et al., 2012; Frank et al., 2012). Second, we wanted to directly
target IL-1RA to the CNS in the least invasive way possible as to avoid causing additional
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inflammation, and icm injections do not require surgery or an indwelling cannula, and are
completed in ~3 minutes. During these injections, rats were under isoflurane anesthesia. The
dorsal aspect of the skull was first shaved and swabbed with 70% EtOH. A 27-gauge needle
attached via PE50 tubing to a 25 ul Hamilton syringe was inserted into the cisterna magna.
To verify entry into the cisterna magna, ~2 pl of clear cerebral spinal fluid was drawn and
gently pushed back in and 3 pl total volume of IL-1RA was administered over 30 sec. An
equal volume of sterile saline was injected (icm) into vehicle control animals.

Contextual Fear Conditioning

Memory function was measured using the contextual pre-exposure facilitation fear
conditioning (CPF-FC) paradigm (detailed below), as it is widely accepted to be highly and
specifically dependent on the hippocampus (Fanselow, 1990; Rudy et al., 2002), and because
we have validated its utility in detecting memory impairments in young and aging rats
following a variety of insults (Barrientos et al., 2006; Sobesky et al., 2014). This does not
mean that no other brain areas participate (e.g., mPFC (Chakraborty et al., 2016), but that
the hippocampus is required. The conditioning context consisted of one of two identical
Igloo ice chests (54 L x 30 W x 27 H, cm) with white interiors. A speaker and an activated
24-V DC lightbulb were mounted on the ceiling of each chest. The conditioning chambers
(26 L x 21 W x 24 H, cm), placed inside each chest, were made of clear plastic and had
window screen tops. A foot shock could be delivered through a removable floor of stainless-
steel rods 1.5 mm in diameter, spaced 1.2 cm center to center. Each rod was wired to a shock
generator and scrambler (Coulbourn Instruments, Allentown, PA). Chambers were cleaned
with water before each animal was conditioned or tested. Please refer to Figure 1 for
timeline of when CPF-FC occurred relative to surgery.

The following CPF-FC paradigm procedures were used to measure long-term memory. For
the short-term memory experiment, all phases of the paradigm were completed identically,
with the sole exception that they were all conducted on a single day, with each phase
occurring 1-2 h apart. Pre-exposure phase.: On the first day, rats were taken two at a time
from their home cage and transported in a black bucket to the conditioning context (one rat
was placed in each context) where they were allowed to freely explore. This procedure was
repeated six times (rats remained in the conditioning context for five min on the first
exposure, and for 40 sec on each of the five subsequent exposures, with an approximate 40
sec interval in their home cage prior to each subsequent exposure). The purpose of these
multiple exposures was to establish an association between the black bucket and activation
of the conjunctive representation of the context (for further detail see (Rudy et al., 2002)).
During the five-min pre-exposure, locomotion was scored to assess any confounding motor
disturbances or generalized fear (described below). These responses were never observed.
Immediate shock phase. Three days later, one animal at a time was taken from its home cage
and transported in the same black bucket to the conditioning context where they immediately
received one two-sec, 1.5 mA footshock. They were then quickly taken out of the context
and transported back to their home cage. The rats’ time in the conditioning context in this
phase never exceeded ten sec. 7esting phase: Memory for the conditioning context was
assessed 24 h after immediate shock (four days after pre-exposure) by placing the rat in the
conditioning context and observing and scoring its fear (freezing) behavior. Freezing, the
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rat’s dominant defensive fear response, is a complete suppression of behavior that is
accompanied by immobility, shallow breathing, and a variety of other autonomic changes
including an increase in heart rate and pilo-erection (Fanselow and Lester, 1988). In these
experiments, freezing was defined as the absence of all visible movement, except for
respiration. Scoring began approximately ten sec after the rat was placed into the chamber,
and continued every ten sec for a total of six min. Two hours later, locomotion and
generalized fear were again assessed by placing the rat in an alternate (neutral/novel) context
for another six min of observation for freezing behavior. Scoring was carried out by
observers blind to experimental treatment, and inter-rater reliability exceeded 97% for all
experiments.

Tissue dissection

Animals were given a lethal dose of sodium pentobarbital (Fatal Plus) and transcardially
perfused with ice-cold saline (0.9%) for three min to remove peripheral immune leukocytes
from the CNS vasculature. Brains were then rapidly extracted and placed on an ice-cold
frosted glass plate and hippocampi were dissected. All tissues were quickly frozen in liquid
nitrogen and stored at —70°C until the time of processing.

Quantitative PCR

Total RNA was isolated using a standard method of phenol:chloroform extraction
(Chomczynski and Sacchi, 1987). cDNA amplification was performed using Quantitect
SYBR Green PCR kit (Qiagen, Valenica, CA) in iCycler iQ 96-well PCR plates (Bio-Rad,
Hercules, CA) on a MyiQ single Color Real-Time PCR Detection System (Bio-Rad).
Primers were designed (Genbank, National Center for Biotechnology Information;
www.nchbi.nlm.nih.gov) to span exon/exon boundaries and thus exclude amplification of
genomic DNA, and were obtained from Invitrogen. Primer sequences are displayed in Table
1. Each sample was measured in duplicate using the MyiQ single Color Real-Time PCR
Detection System (Bio-Rad). Primer specificity was verified by melt curve analysis.
Threshold for detection of PCR product was set in the log-linear phase of amplification and
the threshold cycle (CT) was determined for each reaction. The level of the target MRNA
was quantified and expressed relative to the housekeeping gene B actin. p actin was not
significantly different between groups.

Statistical Analyses

Statistical analyses were conducted using StatView v.5 and Prism v.7 software. One-way,
two-way and three-way ANOVAs were employed, as dictated by the experimental design.
Following significant main effects or interactions, Tukey’s post-hoc tests were conducted to
reveal pairwise differences between groups. Statistical significance for all tests was set at
alpha = 0.05.
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Results

Aging, surgery, and (-)morphine induced contextual memory impairments lasting two
weeks

Contextual fear memory was measured two weeks post-surgery to determine whether the
combination of aging, laparotomy, and (-=)morphine would lead to hippocampal-dependent
memory deficits beyond the four day-long impairment previously observed in laparotomized
aged rats not administered morphine (Barrientos et al., 2012). A three-way ANOVA with
age, surgery, and drug treatment (n = 12-14/group) revealed a main effect of age (F(1,97) =
6.889, p < 0.05), and significant age x surgery (F(1,97) = 4.73, p < 0.05) and drug x surgery
(F@,97) = 3.96, p < 0.05) interactions. Post-hoc analyses revealed that aged, laparotomized,
(-)morphine-treated rats were significantly impaired on the memory test compared to age-
and drug-matched sham controls (p < 0.05), age- and surgery-matched saline controls (p <
0.05), and drug- and surgery-matched young controls (p < 0.01; Fig. 2A). All other groups
performed well and did not differ from one another. Freezing to a novel context was also
measured to rule out the possibility of generalized fear or anxiety. All groups froze less than
20% of the time, indicating little to no fear, and there were no differences between any
groups (p > 0.05; Fig. 2B).

Contextual memory at four and eight weeks post-surgery remained impaired

To measure the persistence of the (=)morphine plus surgery-induced memory impairment in
aged rats, separate cohorts of rats were used to measure contextual memory four or eight
weeks post-surgery. Because young rats were not impaired at the two-week time point, only
aged rats were used for these experiments (four week: n = 8-10/group; eight week: n = 7-9/
group). At four weeks, a drug x surgery interaction was observed (F(1,30) = 5.61, p < 0.05),
and post-hoc analyses again revealed that aged, laparotomized, (-)morphine-treated rats
drove this effect. They exhibited reduced levels of freezing (impaired memory) compared to
(-)morphine-treated sham controls (p < 0.001) and surgery-matched saline controls (p <
0.01; Fig. 2C). Similar results were obtained at eight weeks. A drug x surgery interaction
was observed (F(1,30) = 4.54, p < 0.05), and post-hoc analyses again demonstrated that aged,
laparotomized, (-)morphine-treated rats had significant memory impairments compared to
(-)morphine-treated sham controls (p < 0.01) and surgery-matched saline controls (p < 0.01;
Fig. 2E). All other groups performed well and did not differ from one another. As observed
in the two-week experiment, all groups froze less than 20% of the time in the novel context
(in both four and eight week experiments), and did not differ across groups (p > 0.05; Figs.
2D & 2F) indicating little to no generalized fear.

(-)Morphine-induced persistent POCD in aged rats occurred independently of opioid
receptors

To determine the role of opioid receptors and analgesia in the observed (-)morphine-induced
persistent memory impairment triggered in aged rats, a separate experiment was conducted
wherein the unnatural stereoisomer (+)morphine, which activates TLR4 signaling
(Hutchinson et al., 2010a) but has no p-opioid receptor activity or analgesic properties
(Jacquet et al., 1977), was used. All other experimental procedures were identical as in the
previous experiments, and memory performance was measured two weeks post-surgery.
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Only aged rats were included here (n = 11-14/group), as young rats were not impaired in the
original experiment. A two-way ANOVA indicated significant effects of drug (F(q 45) = 6.52,
p < 0.05) and surgery (F(1 45) = 4.56, p < 0.05). Similar to the findings with (=)morphine,
planned comparisons revealed a significant reduction in freezing (memory impairment) in
laparotomized, (+)morphine-treated rats compared to (+)morphine-treated sham controls (p
< 0.05), laparotomized saline-treated controls (p < 0.05) and sham saline-treated controls (p
< 0.01; Fig. 3A). As before, freezing to a novel context indicated little to no fear (less than
20% of the time) across all groups, and none of the groups differed from one another (p >
0.05; Fig. 3B).

Neither (=) nor (+)morphine impaired short-term contextual memory

To investigate whether the memory deficits observed in the previous experiments were
specific to long-term memory, the effects of (=) and (+)morphine on short-term memory
were examined two weeks post-surgery in a separate cohort of rats (n = 5-8/group). To
minimize the number of animals used, only aged, laparotomized rats were used. A one-way
ANOVA showed no significant effects between saline-, (=)morphine- or (+)morphine-treated
groups (p > 0.05), indicating no impairments in short-term contextual fear memory (Fig.
4A). As expected, no significant differences in freezing behavior during exposure to a novel
context were observed between any of the groups (p > 0.05; Fig. 4B).

(-)Morphine-induced persistent POCD in aged rats was associated with increased gene
expression of pro-inflammatory markers in hippocampus

Using gPCR, we measured mRNA expression levels of several key inflammation-related
genes (IL-1B, IL-6, TNFa, NLRP3, HMGB1, TLR2, and TLR4) in the hippocampus. A
three-way ANOVA with age, surgery, and drug treatment (n = 8-10/group) as the three
factors run at the two-week time point revealed a similar trend across all genes. That is,
interaction effects were observed with each gene: (IL-1B (F(1,62) = 9.34, p < 0.01), IL-6
(F(1,40) = 7.36, p < 0.01), TNFa (F(1,40) = 16.60, p < 0.001), HMGBL1 (F(1,61) = 19.07, p <
0.0001), NLRP3 (F(163) = 7.04, p < 0.01), TLR2 (F(1 61y = 7.99, p < 0.01), and TLR4
(F,62) = 6.11, p < 0.05)). Post-hoc analyses revealed that aged, laparotomized,
(-)morphine-treated rats had significantly increased mRNA levels of each gene compared to
age- and drug-matched sham controls, age- and surgery-matched saline controls, and drug-
and surgery-matched young controls (p < 0.05-0.0001; Fig. 5A-G). At four weeks post-
surgery, there were no significant interactions between the factors for any of the genes
measured. However, there were main effects of surgery elevating gene expression of 1L-6
(F(1,24) = 5.66, p < 0.05), HMGBL1 (F(1 24y = 5.69, p < 0.05), and TLR4 (F(1,24) = 6.28, p <
0.05; Fig. S1 (n = 5-8)). At eight weeks post-surgery, there were no significant main effects
or interactions for any gene (S2 (n = 7-10).

IL-1RA pre-treatment prevents persistent morphine-induced POCD

To further determine whether neuroinflammation played a role in both (=) and (+)morphine-
induced memory impairments at the 2-week time point, we examined the extent to which a
single IL-1RA injection at the time of surgery would prevent the memory impairments
caused by both morphine compounds in laparotomized aged rats (n = 7-8/group). Young rats
were not included since they showed no impairments at any time with either compound. Rats
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were given a single pre-operative icm injection of either saline or IL-1RA. Post-operatively,
rats were treated with either saline, (=)morphine or (+)morphine as in all previous
experiments. A two-way ANOVA indicated a significant interaction (F; 41) = 8.21, p <
0.001) between the pre-operative and post-operative treatment factors. Post-hoc analyses
revealed that aged, laparotomized rats treated pre-operatively with saline and post-
operatively with (=)morphine (p < 0.05) or (+)morphine (p < 0.01) were significantly
impaired compared to control rats treated post-operatively with saline. Furthermore, pre-
operative treatment with IL-1RA completely prevented both the (-=)morphine-induced (p <
0.05) and the (+)morphine-induced (p < 0.0001) memory impairments (Fig. 6A). As before,
all groups froze less than 20% of the time in the novel context, and did not differ across
groups (p > 0.05; Figs. 6B) indicating little to no generalized fear.

(-) Morphine induced abnormal synaptic marker expression in hippocampus

To determine if mMRNA transcripts of synaptic structures important for forming long-term
memories may have been altered with the combination of aging, laparotomy, and
(-)morphine, we examined mRNA expression of the pre- and post-synaptic markers
synaptophysin and PSD95, respectively, at the two-week time point in aged rats (n = 7-8/
group). Two-way ANOVAs indicated significant interactions between treatment and surgery
for synaptophysin (F(1,27) = 5.84, p < 0.05) and PSD95 (F(y,27) = 5.46, p < 0.05). Post-hoc
analyses showed that laparotomy and (-)morphine treatment caused a significant increase in
gene expression of synaptophysin (p < 0.01; Fig. 7A) and PSD95 (p < 0.01; Fig. 7B)
compared to all other groups.

Discussion

We found that a seven-day treatment regimen with (—)morphine following surgery produced
a long-lasting detrimental effect on hippocampal memory in aged, but not young rats. Rats
showed impaired ability to form a long-term contextual memory two, four, and eight weeks
post-surgery (we did not measure beyond eight weeks). This impairment robustly outlasted
the impairment reported in our previous study in which the combination of aging and
surgery, without morphine, produced a memory impairment lasting 4, but not 12 days post-
surgery (Barrientos et al., 2012). Importantly, short-term memory was spared, indicating that
the rats’ ability to explore, sample, and encode the contextual representation, or to express
fear for what was learned was not disrupted. Together, these findings indicate that this
combination of factors interfered with memory consolidation and not learning. It is worth
noting that in all behavioral experiments, all groups demonstrated little to no freezing to the
novel context, indicating that fear to the conditioning context was specific for what was
learned and not due to disturbances in locomotion, generalized fear or anxiety. It is also
important to note that neither aging, surgery, or morphine alone was sufficient to produce a
long-lasting memory deficit, nor were any two factors combined sufficient. Indeed, all 3
factors combined (i.e., aging, laparotomy, and morphine) were necessary to result in this
persistent memory deficit.

The persistent memory effect was associated with significantly increased gene expression of
various proinflammatory markers (IL-1p, IL-6, TNFa, NLRP3, HMGB1, TLR2, and TLR4)

Neurobiol Aging. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Muscat et al.

Page 11

in the hippocampus of aged, laparotomized, (—)morphine-treated rats at the two-week time
point. HMGBL, an early danger-associated molecular pattern which alerts the CNS
microenvironment of impending threat (Bianchi, 2007), can initiate a neuroinflammatory
response through activation of TLR2 and TLR4 (Yang and Tracey, 2010). The activation of
TLR2 and TLR4, both of which were also found to be significantly elevated here, can
initiate a proinflammatory cascade (Trotta et al., 2014). This cascade begins with NFxB
signaling which promotes assembly of the NLRP3 inflammasome; activation of the NLRP3
inflammasome then leads to cleavage of caspase-1 and pro-1L-1 to trigger mature IL-1p
release (Martinon et al., 2002; Khare et al., 2010). IL-1p release and signaling, in turn,
initiates the release of other proinflammatory cytokines such as IL-6 and TNFa (Morris et
al., 2014). Thus, these data strongly suggest that an intense and long-lasting (at least two
weeks) neuroinflammatory response was triggered with these three combined factors.
Expression levels of these markers were no longer significantly different across key groups
at later time points, but memory deficits persisted suggesting that downstream processes
may have been altered (discussed below).

To further characterize the processes that may underlie these effects, we used the
(+)morphine enantiomer to determine the role of the p-opioid receptor. This enantiomer
shares the exact molecular structure of (—)morphine, but because it is the mirror image of the
(=) compound does not bind to the stereoselective p-opioid receptor (Jacquet et al., 1977),
but does bind to the non-stereoselective TLR4 (Hutchinson et al., 2011; Wang et al., 2012;
Grace et al., 2015). Using this pharmacological tool, we replicated the long-lasting memory
deficits achieved with (=)morphine, suggesting that these persistent memory deficits
occurred independently of p-opioid receptors. These findings favor a TLR4-mediated
mechanism, though experiments to determine its specific role are the subject of a future
study.

To determine whether and to what extent neuroinflammation contributes to this morphine-
induced persistent memory impairment, we blocked the IL-1 receptor with a central
injection of IL-1RA at the time of surgery and measured memory performance at the two-
week time point. It should be noted that we have previously shown that a single icm
injection of IL-1RA confers protection against neuroinflammation for four days (Barrientos
etal., 2012; Frank et al., 2012). Here, this intervention completely prevented both the (=)
and (+)morphine-induced memory deficits, strongly suggesting that early
neuroinflammation is necessary for morphine to exert a persistent deteriorating effect on
cognitive function. That is, blocking the initial neuroinflammatory response triggered by
surgery and the first several days of morphine treatment was sufficient to preserve long-term
memory function in aged rats. These findings suggest that pre-operative interventions aimed
at reducing neuroinflammation may hold promise as a neuroprotective approach prior to a
planned surgery. For example, behavioral interventions such as physical exercise or
intermittent fasting are known to reduce neuroinflammation in aged animals and humans
(Barrientos, 2011; Barrientos et al., 2011; Kohman et al., 2012; Woods et al., 2012; Kohman
et al., 2013; Vasconcelos et al., 2014; Hu et al., 2019). Likewise, administration of anti-
neuroinflammatory drugs before surgery may also provide some neuroprotective benefit
during surgery.
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It is well-known that long-term memory formation depends on synaptic integrity and
plasticity (Kandel, 2001). We have previously reported that synaptic plasticity is severely
impaired in the aged hippocampus following a bacterial infection-evoked exaggerated
neuroinflammatory response (Chapman et al., 2010; Tanaka et al., 2018). Furthermore,
systemic inflammation has been linked to synapse loss and cognitive decline (Cunningham
et al., 2009). Therefore, to explore a possible disruption to memory-forming processes
downstream of neuroinflammation in our model, we measured the gene expression of the
presynaptic marker synaptophysin, and the post-synaptic marker post-synaptic density
(PSD)-95, in the hippocampus of aged laparotomized rats treated with (—=)morphine two
weeks post-surgery. We found that (—=)morphine caused a robust dysregulation in both
synaptophysin and PSD-95 compared to controls. Surprisingly, expression levels of these
markers were robustly efevated. Although these data were initially unexpected, evidence
from several studies indicates this may be a common finding following various neurological
insults. For example, studies examining the detrimental effects of high-fat diet consumption
on memory consolidation have shown that short-term consumption in aged rats (Spencer et
al., 2017; Spencer et al., 2019) and chronic consumption in young adult mice (Denver et al.,
2018) resulted in hippocampal long-term memory impairments, elevated brain inflammation,
and subsequent upregulation of synaptophysin in various regions of the hippocampus. In a
controlled cortical impact model of traumatic brain injury, rats exhibited an initial robust
decrease in PSD-95 expression following injury, but two and four weeks later these levels
were potently elevated (Svirsky et al., 2020). These findings, in conjunction with those of
the current study, suggest the possibility of a compensatory rebound response following
injury or insult. Given that tissues in the current study were not collected earlier than two
weeks post-surgery, additional work needs to be done to determine if synaptic structures
were indeed damaged and the extent of that damage.

Taken together, these studies demonstrated that the combination of aging, surgery, and
morphine treatment produced very long-lasting memory deficits that closely resemble the
post-operative cognitive deficits exhibited by human surgical patients who subsequently
develop Alzheimer’s disease and other dementias (McCusker et al., 2001; Wacker et al.,
2006; Bickel et al., 2008). Furthermore, findings indicated that an initial intense
neuroinflammatory response elicited by these three factors was followed by dysregulated
gene expression of markers found in hippocampal pre and post-synaptic structures, possibly
reflecting dysfunction in the hippocampus and rendering it unable to support long-term
memory formation. Future studies should investigate the possible involvement of the TLR4,
and the subsequent mechanisms that might lead to synaptic dysfunction.

The present data have potential implications for the development and amelioration of POCD
in humans as 90% of all surgical patients are prescribed morphine for post-surgical pain
(Aubrun et al., 2012; Garimella and Cellini, 2013), and limited clinical research suggests
that opioids increase the risk of delirium in elderly patients (Swart et al., 2017). These
findings suggest either the use of non-opioid analgesics after surgery or anti-
neuroinflammatory interventions prior to surgery may ameliorate cognitive decline after
surgery in older individuals.
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Highlights

. Surgery & morphine induced memory deficits lasting 8 wk in aged, but not
young rats

. Morphine-induced POCD in aged rats occurred independently of opioid
receptors

. Morphine-induced POCD was associated with increased hippocampal
proinflammatory markers

. IL-1RA pre-treatment prevented morphine-induced POCD in aged rats

. Morphine-induced POCD was associated with dysregulated hippocampal
synaptic markers
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Figure 1.
Schematic description of the study design. Generally, young adult or aged rats underwent

either laparotomy or sham surgery. They subsequently received an i.p. injection of either
saline or (=) or (+)morphine 2 mg/kg twice a day for seven days. Following this, either
memory was assessed at two, four, or eight weeks post-surgery or hippocampi were
collected for gene expression measurements. In one experiment, rats received an icm pre-
operative treatment of either saline or IL-1RA.
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Figure 2.

Morphlne

Hippocampal-dependent long-term memory as measured by % time freezing upon re-
exposure to the conditioning context in young and aged (A) or just aged (C & E) rats that
either had a laparotomy (black bars) or sham (white bars) surgery and were treated with
either saline or (-)morphine. Generalized fear as measured by % time freezing upon
exposure to a novel, control context in young and aged (B) or just aged (D & F) rats in the
same conditions as above. Error bars represent S.E.M; *p < 0.05; **p < 0.01; ***p < 0.001.
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3 Sham
Il Laparotomy

(A) Hippocampal-dependent long-term memory as measured by % time freezing upon re-
exposure to the conditioning context in aged rats that either had a laparotomy (black bars) or

sham (white bars) surgery and were treated with either saline or the p-opioid receptor

inactive (+)morphine. (B) Generalized fear as measured by % time freezing upon exposure
to a novel, control context in the same groups as (A). Error bars represent S.E.M; *p < 0.05;

**p < 0.01.
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Figure 4.
(A) Hippocampal-dependent short-term memory as measured by % time freezing upon re-

exposure to the conditioning context in aged rats that had a laparotomy surgery and were
treated with either saline, (-)morphine or (+)morphine. (B) Generalized fear as measured by
% time freezing upon exposure to a novel, control context in the same groups as (A). Error
bars represent S.E.M.
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Hippocampal gene expression of IL-1p (A), IL-6 (B), TNFa (C), HMGBL1 (D), NLRP3 (E),
TLR2 (F), and TLR4 (G) in young and aged, laparotomized, (—)morphine-treated rats
compared to controls two weeks post-surgery. Error bars represent S.E.M.*p < 0.05; **p <
0.01; ***p < 0.001; ****p < 0.0001.
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Figure 6.
(A) Hippocampal-dependent long-term memory as measured by % time freezing upon re-

exposure to the conditioning context in aged laparotomized rats that received pre-operatively
either saline or IL-1RA (icm) and were post-operatively treated with either saline,
(-)morphine or (+)morphine. (B) Generalized fear as measured by % time freezing upon
exposure to a novel, control context in the same groups as (A). Error bars represent S.E.M;
*p < 0.05. *p < 0.05; **p < 0.01; ****p < 0.0001
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Figure 7.
Synaptophysin (A) and PSD-95 (B) gene expression two weeks post-surgery in the

hippocampus of aged laparotomized rats that received (=)morphine. Error bars represent
S.E.M; **p < 0.01; ***p < 0.001.
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Table 1.
PCR Primer Description and Sequences
Gene Primer Sequence: 5 —> 3’ Function
B-Actin F: TTCCTTCCTGGGTATGGAAT Cytoskeletal protein (housekeeping gene)
R: GAGGAGCAATGATCTTGATC
IL-1B F: CCTTGTGCAAGTGTCTGAAG Pro-inflammatory cytokine
R: GGGCTTGGAAGCAATCCTTA
I1L-6 F: AGAAAAGAGTTGTGCAATGGCA | Pro-inflammatory cytokine
R: GGCAAATTTCCTGGTTATATCC
TNFa F: CAAGGAGGAGAAGTTCCCA Pro-inflammatory cytokine
R: TTGGTGGTTTGCTACGACG
HMGB1 F: GAGGTGGAAGACCATGTCTG Endogenous danger signal
R: AAGAAGAAGGCCGAAGGAGG
NLRP3 F: AGAAGCTGGGGTTGGTGAATT IL-1 Inflammasome
R: GTTGTCTAACTCCAGCATCTG
TLR2 F: TGGAGGTCTCCAGGTCAAATC PRR for motifs of gram-negative bacteria
R: ACAGAGATGCCTGGGCAGAAT
TLR4 F: TCCCTGCATAGAGGTACTTC PRR for motifs of gram-negative bacteria
R: CACACCTGGATAAATCCAGC
Synaptophysin | F: ACCTCAGTGGTGTTTGGCTT Pre-synaptic density marker
R: CCCGTAATCGGGTTGATAAC
PSD-95 F: CAGATGGAAGTGCACTATGC Post-synaptic density marker
R: CCGTCTATCTCATATTCCCG

Page 26

Table 1. Abbreviations: IL: interleukin, TNF (tumor necrosis factor alpha); HMGB1: high mobility group box 1, NLRP3: nod-like receptor protein
3, TLR (Toll-like receptor); PSD (post-synaptic density).
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