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A B S T R A C T

Background: Inflammation plays an important role in postoperative cognitive dysfunction (POCD), particularly in
elderly patients. Enteral enriched nutrition was shown to inhibit the response on inflammatory stimuli. Aim of the
present study was to explore the therapeutic potential of enteral enriched nutrition in our rat model for POCD.
The anticipated mechanism of action was examined in young rats, while responses in the target group of elderly
patients were evaluated in old rats.
Methods: Male 3 and 23 months old Wistar rats received a bolus of enteral fat/protein-enriched nutrition 2 h and
30 min before surgery. The inflammatory response was evaluated by systemic inflammation markers and brain
microglia activity. Additionally, in old rats, the role of the gut-brain axis was studied by microbiome analyses of
faecal samples. Days 9–14 after surgery, rats were subjected to cognitive testing. Day 16, rats were sacrificed and
brains were collected for immunohistochemistry.
Results: In young rats, enriched nutrition improved long-term spatial learning and memory in the Morris Water
Maze, reduced plasma IL1-β and VEGF levels, but left microglia activity and neurogenesis unaffected. In contrast,
in old rats, enriched nutrition improved short-term memory in the novel object- and novel location recognition
tests, but impaired development of long-term memory in the Morris Water Maze. Systemic inflammation was not
affected, but microglia activity seemed even increased. Gut integrity and microbiome were not affected.
Conclusion: Enteral enriched nutrition before surgery in young rats indeed reduced systemic inflammation and
improved cognitive performance after surgery, whereas old rats showed a mixed favorable/unfavorable cognitive
response, without effect on systemic inflammation. Anti-inflammatory effects of enriched nutrition were not
reflected in decreased microglia activity. Neither was an important role for the gut-brain axis observed. Since the
relatively straight forward effects of enriched nutrition in young rats could not be shown in old rats, as indicated
by a mixed beneficial/detrimental cognitive outcome in the latter, caution is advised by translating effects seen in
younger patients to older ones.
1. Introduction

Postoperative cognitive dysfunction (POCD) has become recognized
as a major complication of surgery, particularly in elderly patients.
Extensive literature (Alam et al., 2018; Hovens et al., 2012; Plas et al.,
2017; Skvarc et al., 2018) supports a major role for surgery-associated
inflammatory responses in the pathophysiology of POCD. Interference
with this inflammatory response has been indicated to improve cognitive
outcome after surgery. Non-specific attenuation of innate immunity with
logy GELIFES, University of Gron
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minocycline and functional inhibition of interleukin (IL)-1β (IL-1 recep-
tor antagonist or IL-1R�/� mice) prevented surgery-induced neuro-
inflammation and memory dysfunction in mice (Cibelli et al., 2010).
Intracisternal administration of the IL6 antagonist tocilizumab at the
time of surgery attenuated the inflammatory response and improved
cognitive outcome in rats (Jiang et al., 2015). However, this has not led
to effective therapeutic interventions in the clinic yet.

A rational approach for anti-inflammatory intervention is interfer-
ence with endogenous regulator systems. One such system is the vagal
ingen, Nijenborgh 7, 9747, AG, Groningen, Netherlands.
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anti-inflammatory reflex (Borovikova et al., 2000; Pavlov and Tracey,
2005; Schweighofer et al., 2016; Williamson et al., 2010). A promising
way of activating this reflex was applied by enteral administration of
boluses of nutrition, enriched with lipids and specific proteins (Lubbers,
de Haan et al., 2010). These nutrients stimulated cholecystokinin
(CCK)-mediated CCK-1 receptors in the gut, thereby activating the
afferent vagal nerves. Consequently, vagal efferent nerves in the central
nervous system are stimulated, resulting in inhibition of the release of
pro-inflammatory cytokines via nicotinergic acetylcholine receptors (de
Haan et al., 2010; de Haan et al., 2010a,b; de Haan et al., 2014; Lubbers
et al., 2010a,b,c; Luyer et al., 2013). In mice, lipid-rich nutrition before
Lipopolysaccharide (LPS) administration attenuated the inflammatory
response and intestinal damage through the nutritional vagal
anti-inflammatory pathway (Lubbers et al., 2010). Similarly, in humans,
postpyloric administration of lipid and protein enriched nutrition
attenuated the LPS-evoked response of proinflammatory cytokines,
tumor necrosis factor-α and interleukins 1 and-6, and increased the level
of anti-inflammation-associated IL-10 (Lubbers et al., 2013).

Over the last decade, we developed a clinically relevant rat model for
POCD. This model supported the role of (neuro)inflammation in the
development of POCD (Hovens et al., 2014a,b). Moreover, known risk
factors for POCD in patients, such as older age, type of surgery, or
inflammation history, exacerbated and extended POCD from limited
hippocampus-related tasks and associated neuroinflammation, to more
wide-spread neuroinflammation and associated cognitive domains
(Hovens et al., 2013a; Hovens et al., 2015b; Hovens et al., 2016). In
addition to the hippocampus-associated spatial learning and memory,
these increased risk conditions shared hippocampus-unrelated object
recognition- and cognitive flexibility impairment, associated with higher
circulating levels of proinflammatory cytokines and microglia activation
in the prefrontal cortex. Interfering with the surgery-induced inflam-
matory responses then may prevent POCD. Indeed, studies in animal
models indicate that anti-inflammatory treatment can attenuate POCD
development (Barrientos et al., 2012; Cibelli et al., 2010; Jiang et al.,
2015; Terrando et al., 2010)]. That these studies did not have resulted in
clinical effective treatment yet may be supported by results obtained in a
bile duct ligation model of POCD, indicating that inhibition of peripheral
inflammation would be insufficient to recover cognitive impairment
(Mohammadian et al., 2019). Gut microbiome changes (Guyton and
Alverdy, 2017), intestinal permeability (Obrenovich, 2018), blood brain
barrier (BBB) integrity (Mohammadian et al., 2019), as part of the
gut-brain axis (Cryan, O'Riordan, Sandhu, Peterson and ) may contribute
to (neuro)inflammation and POCD as well.

Aim of the present study was to explore the therapeutic potential of
enteral enriched nutrition before surgery to prevent/inhibit POCD in our
rat model. In young rats, the anticipated mechanism, inhibition of
surgery-induced inflammation and consequently improved postoperative
cognitive performance was evaluated. Next, as older age is the main risk
factor for POCD, in old rats, effects of presurgical enteral enriched
nutrition were studied regarding (neuro)inflammation, aspects of the
gut-brain axis, and cognitive performance.

2. Materials & methods

2.1. Animals

Young (3 months) and old (23 months) male Wistar (RjHAN:WI) rats
were obtained from Janvier Labs (Saint-Isle, France) and kept under
standard conditions (temperature of �21 �C; humidity of �55%; 12:12
reversed light: dark cycle and ad libitum access to water and standard rat
chow) for 14–30 days before entering the study. The rats were housed in
pairs until the start of the study. All experiments were approved by the
local animal experiment and welfare committee (Dier Experiment Com-
missie, Groningen, the Netherlands).
2

2.2. Experimental design

2.2.1. Studies
The experiment was designed as 2 separate studies. Study 1 was

performed to examine whether the anti-inflammatory effects of the
acutely applied enriched food, as previously shown by the group of de
Haan, Lubbers and co-workers, would also work in our model of surgery-
induced inflammation and cognitive decline. For that, 3 experimental
groups were compared; rats receiving enteral enriched nutrition (n¼ 13)
or equicaloric control nutrition (n ¼ 13) or were just control handled (n
¼ 13) before surgery. As results turned out positive, and age is the main
risk factor for developing POCD, next old rats were included, potentially
reflecting a clinically more relevant condition. Therefore, in study 2 the
effects of enriched nutrition were studied in old rats. As in study 1 control
nutrition did not have major effects, in order to limit the number of rats,
in study 2 enriched nutrition treated old rats (n ¼ 12) were only
compared to control fasted rats (n ¼ 12). Additionally, as the gut
microbiome may play a role in development of POCD via the gut-brain
axis, faecal samples were collected for gut microbiome analyses.

2.2.2. Design
The study design is presented in Fig. 1. Rats were habituated to daily

handling the week before surgery, and weighted daily. At the day of
surgery, rats were fasted from 2 h before lights off and randomly assigned
to the experimental groups, and housed individually 2 h before surgery.
Enteral nutrition, control nutrition or control handling were provided
twice: 2 h and 30 min before surgery. During this 2-h period, baseline
fecal samples were collected from spontaneous releases (study 2). After
surgery rats were weighted daily. The maximal weight loss after surgery
was determined and represented as a percentage of the two last mea-
surements before surgery. Timed blood samples were collected after
surgery in order to measure circulating markers of inflammation. At day
7 after surgery fecal samples were collected during a 2-h period to
evaluate long-term changes in the microbiome (study 2). From day 9 to
day 14 after surgery, behavioral tests were performed. Rats were sacri-
ficed 16 days after surgery. Blood samples were collected, and brain
tissue was processed for immunohistochemical examination of neuro-
inflammation and neurogenesis.

2.3. Nutrition

On the day of surgery, standard rat chow was taken away 2 h before
lights off. Control nutrition or enriched nutrition was administered to the
respective experimental groups twice, 2 h and 30 min before surgery, by
means of oral droplets (2,5 ml/kg). Rats liked the nutrition and sipped it
in from a syringe spontaneously. Control nutrition consisted of 16% fat,
9% protein, and 75% carbohydrate. Enriched nutrition consisted of 46%
fat, 24% protein, and 30% carbohydrate, similar to what was used in
humans (Lubbers et al., 2013). Both the control and enriched nutrition
had a caloric value of 1.0 kcal/ml. The bolus is not considered to affect
daily nutrition intake as it consists of approximately 2% of daily caloric
intake (60–100 kcal/day). Control and enriched nutrition were kindly
provided by Danone Research (Utrecht, the Netherlands). To control for
the handling that occurred during the administration of the oral droplets,
the rats from the fasted group were handled as well.

2.4. Surgery

Abdominal surgery was performed as previously described (Hovens
et al., 2014a,b). Briefly, under sevoflurane anesthesia (�3% in O2 at 0,8
L/min) and buprenorphine as intraoperative analgesic (3,0 μg/kg s.c.), a
midline incision was made, the intestines were exteriorized and
ischaemia was induced by clamping of the superior mesenteric artery for
30 min. A permanent jugular vein catheter was placed for continuous
blood sampling. Blood was sampled at 0.5, 1, 2, 6 and 24 h after
mesenteric reperfusion.



Fig. 1. Time line and experimental design. Interventions: enteral enriched nutrition, control nutrition (only study 1) or control handling, 2 h and 30 min before
surgery. Fecal samples were only collected in study 2. MWM ¼ Morris Water Maze.
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2.5. Behavioral tests

Behavioral testing was performed in the first half of the dark phase
under dim light conditions, in a room adjacent to the animal room, as
described previously in detail (Hovens et al., 2014a,b).

2.5.1. Open field
On postoperative day 9, an open field test (OF) was performed to

assess exploratory activity and anxiety. The rats were placed in a square
arena (100 � 100 cm) and their behavior was recorded for 5 min. The
arena was divided into 4 corners (20� 20 cm), 4 wall areas (20� 60 cm)
and a center area (60 � 60 cm). Total distance moved was used as
measure for exploration, while time spent in the center area was analyzed
as reciprocal for anxiety (Ethovision, Noldus, Wageningen, the
Netherlands).

2.5.2. Novel object and novel location recognition
To determine short-term object and spatial memory, a novel object-

(NOR) and a novel location recognition test (NLR) were performed. The
rats were habituated to the test arena (60 � 50 cm) on postoperative day
9. Testing was performed on postoperative day 10, and consisted of 3
phases. In between phases, the objects were removed from the arena for
approximately 40 s and cleaned with 70% alcohol. Two objects (bottles)
were placed into the arena in opposite corners and the rats were allowed
to explore these objects for 3 min (habituation phase). After that, a novel
object replaced one of the objects and rats were allowed to explore the
objects for 3 min (novel object phase). The novel object was then relo-
cated to an opposite corner and exploration was recorded for another 3
min (novel location phase). All behavior was recorded and the explora-
tion time of each object was later analyzed using Observer (Noldus,
Wageningen, the Netherlands). Trials that included a total object
exploration time of less than 3% were regarded as no interest in the
objects, and excluded from analysis. Novel object- or location recognition
were determined as time spent on exploration of the novel/relocated
object minus time spent on the familiar object, divided by the time
exploring both objects (index).

2.5.3. Morris water maze
Assessment of long-term spatial learning, spatial memory, and

cognitive flexibility occurred on postoperative days 11, 12 and 13 in the
Morris Water Maze (MWM). For the test, a round pool (160 cm diameter)
was used with a water temperature of 26 � 1 �C. The pool was virtually
divided into 4 quadrants with a platform present 1 cm below the water
3

surface in the target quadrant. A total of 5 training sessions were carried
out, each training session consisting of three 60-s trials. When the plat-
form was not reached within 60 s, the rats were guided to the platform.
The average escape latencies for each training session were calculated,
and the area under the curve (AUC) of the 5 sessions was obtained as
measure for spatial learning. The first three training sessions were carried
out on postoperative day 11, followed by a 1-min probe trial and two
more training sessions on postoperative day 12. During the probe trial,
the platform was removed and behavior was recorded for 1 min. Pilot
studies indicated that this interim probe trial did not disturb the learning
process, but give us insight in the development speed of the memory. A
second probe trial was performed on postoperative day 13. Each probe
trial was followed by a retraining trial. The time spent in the target
quadrant, as well as the number of platform crossings and the total dis-
tance moved, were used to assess spatial memory. A reversal training,
involving the relocation of the platform to the opposite quadrant, was
executed to determine cognitive flexibility. The reversal training con-
sisted of three 60-s trials, divided over two training sessions. The average
escape latencies were again calculated for each training session.

2.6. Blood sampling and ELISA

Blood was collected via the jugular vein catheter at 30 min, 1 h, 2 h
(study 1), 6 h and 24 h after clamp removal. Blood was immediately
transferred to sampling tubes containing 20 μl/ml saturated EDTA so-
lution, stored on ice, and centrifuged for 10 min at 2600 g at 4 �C. Plasma
was stored at �80 �C. Concentrations of tumor necrosis factor-α (TNF),
interleukins (IL) 1β, 6 and 10, and vascular endothelial growth factor
(VEGF), were determined in plasma, using the Bio-Plex Pro Rat 5-plex
cytokine assay (Bio-Rad Laboratories BV, Veenendaal, the Netherlands).

Additionally, plasma levels of intestinal fatty acid binding protein
(IFABP) were determined as measure for loss of intestinal integrity
(Pelsers et al., 2003), using a rat I-FABP ELISA kit (R&D systems Inc, MN)
following the manufacturer's instructions.

Hippocampi, collected at sacrifice were homogenized by sonification.
The supernatant was collected, and further processed for ELISA (Hovens
et al., 2014a,b) to measure IL1-β levels, according to manufacturer's in-
structions (rat IL1-β ELISA, Invitrogen, Vienna, Austria). The hippo-
campal IL1-β levels were expressed per milligram of hippocampal tissue.

2.7. Immunohistochemistry

At sacrifice, rats were anesthetized with pentobarbital (60 mg/kg, ip)
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and transcardially perfused with saline. The brains were dissected, fixed
with 4% paraformaldehyde, dehydrated with 30% sucrose, stored at�80
�C, and then sliced into sections (20 μm thickness). Microscopic sections
were stained to visualize microglia or immature neurons as published
before (Hovens et al., 2014).

2.7.1. Microglia staining with IBA-1
Coronal sections of the prefrontal cortex (PFC) and the dorsal hip-

pocampus (DH) (25 μm thickness) were cut. Sections were stained for
ionized-binding adaptor protein (IBA)-1 staining to visualize microglia.
Sections were mounted on glass. Microscopic pictures (200� magnifi-
cation) were taken of the CA1 region, the dentate gyrus inner blade (DG),
the hilus, and the CA3 region of the hippocampus. For the CA1 region
pictures were taken of the stratum radiatum and for the CA3 region of the
stratum lucidum. For the PFC, the Zilles's Cg1 was chosen as an area of
interest. Microglia density, coverage and cell body areas were obtained
using Image-Pro Plus, and averaged from 3 to 4 photographs per are per
rat, blinded for experimental procedures. To assess microglial activation,
the cell body to cell size ratio was calculated (Hovens et al., 2014a,b).

2.7.2. Immature neurons staining with DCX
To indicate neurogenesis, immature neurons were stained with dou-

ble cortin (DCX), as described in detail previously (Hovens et al., 2014a,
b). Briefly, sections were incubated with 1:1000 goat-anti-DCX (Santa
Cruz, Dallas, USA), followed by 1:500 rabbit-anti-goat secondary anti-
body (Jackson, Wet Grove, USA). Labeling was visualized by DAB. Sec-
tions were transferred to glass. Microscopic pictures (40�magnification)
were taken of the dentate gyrus. To assess neurogenesis, the DCX-positive
area in young rats, or the number of positive cells in old rats, were
divided by the length of the total dentate gyrus, using Image-Pro Plus
(6.0).

2.8. Microbiome extraction and analyzes from fecal samples

Fecal samples were collected just before surgery to evaluate acute
changes due to the enteral nutrition administration, and 7 days after
surgery to study more long-term changes that may be associated with the
outcome of the subsequent behavioral testing. Fecal samples were
collected from spontaneous releases within 2 h after individual housing
at baseline (before surgery) and on postoperative day 7, and processes as
previously described (El Aidy et al., 2017) (IBU). For microbiome ana-
lyzes, the bacterial 16 S ribosomal RNA (rRNA) gene (V4–V5 region) was
amplified using PCR reaction in triplicates. Amplicons of each sample
were pooled, purified and quantified using a NanoDrop 2000 (Thermo
Scientific, Waltham, MA). Samples were sequenced at GENEWIZ (South
Plainfield, NJ) on an Illumina MiSeq platform in a 2 � 300bp paired-end
(PE) configuration and analyzed using the Quantitative Insights Into
Microbial Ecology (QIIME) (Kuczynski et al., 2012). The QIIME toolkit
was also used to calculate the weighted and unweighted UniFrac distance
matrices for community comparisons, as well as α-diversity measure-
ments, including bacterial richness, based on the number of species per
sample (number of observed OTUs) and bacterial diversity (Shannon H’),
considering both the number of species as well as their frequencies
(equitability). The overall microbial communities were compared (β-di-
versity) using principal coordinate analysis, which provide indication of
the distribution of the taxa and relative abundance of detected species
among age and treatment.

2.9. Statistical analysis

Results are presented as mean � Standard Error of the Mean (SEM).
Statistical analyses were performed using SPSS. Results that exceeded
twice the standard deviation of its group were regarded as outlier and
omitted from further analyses (maximal 1 per group). Study 1 was
analyzed using one-way ANOVA with post-hoc LSD test. For study 2,
means were compared using an independent sample t-test. A one-sample
4

t-test was performed for the NOR/NLR test as well as the MWM test to
identify differences from chance level.

For microbiome analyses, β-diversity (differences between commu-
nity composition) between different age and treatment groups was
assessed, using permutational multivariate analysis of variance (Per-
MANOVA Primer 6 version 6.1.16& PERMANOVAþ version 1.0.6) (van
der Goot, van Spronsen, Falcao Salles,& van der Zee, E A, 2020). Changes
in β-diversity were calculated as the difference, in percentage, between
the average values per time point within treatment based on the
weighted UniFrac (Lozupone et al., 2006). Results were regarded sta-
tistically significant when p� 0.05. Relevant trends were presented for p
� 0.10.

Regression analysis was performed using SPSS to examine relevant
correlations between variables.

3. Results study 1; young rats

3.1. General

One rat died because of technical failure during surgery. No further
surgery-associated complications were observed. Baseline body weights
for the different groups were 460�5 g, 468�5 g and 465�6 g for fasted,
control nutrition and enriched nutrition-treated rats, respectively, and
did not differ between groups. On average body weight loss due to sur-
gery was 5.7 � 0.7% in fasted control rats, which was not significantly
affected by either control nutrition (4.4 � 0.4%) or enriched nutrition
(5.2 � 0.4%).

3.2. Behavioral tests

Results of behavioral tests are shown in Fig. 2. Behavior in the open
field was not altered by either pretreatment. Fasted rats undergoing
surgery performed well in the NOR and NLR tests: significant preference
when compared to random level (zero) for all groups. This performance
was not affected by enteral administration of control- or enriched
nutrition. In contrast, long-term spatial learning and memory seemed
affected by presurgical enteral enriched nutrition administration, as
indicated by a significantly improved spatial memory and a tendency to
improved spatial learning. Learning was not significantly affected by the
interim probe trial.

3.3. Systemic inflammation

Plasma levels of inflammation markers could not be obtained at all
time points, because values were below the detection levels. Average
values from 3 or more data per timepoint/group are summarized in
Fig. 3. Whereas time courses of IL10, IL6, TNF and IFABP were not
affected by either pretreatment, results indicated an early suppression of
levels of IL1-β and VEGF after enriched nutrition pretreatment. This was
supported by the calculated area under the curve (AUC) over the first 6 h
after surgery; significantly lower AUC for IL1-β and VEGF. However,
these altered responses did not correlate to any of the cognitive param-
eters. VEGF levels in control and enriched nutrition pretreated, but not in
control fasted rats, seemed to rise again at 24 h after surgery. These 24-h
levels correlated significantly with the AUC in the reversal learning trial;
as measure for cognitive flexibility (r ¼ �0.43; p ¼ 0.040), but not with
any other cognitive parameter. Moreover, tendencies for correlations
with this cognitive flexibility parameter were also observed for AUC IL1-β
(r ¼ �0.35; p ¼ 0.056) and AUC VEGF (r ¼ �0.44; p ¼ 0.061).

3.4. Neuroinflammation and neurogenesis

Neuroinflammation was measured as microglia activity obtained
from morphological changes. Microglia activity in the prefrontal cortex
and the dorsal hippocampus were not affected by either treatment (Fig. 4
A and B, respect.). Similarly, microglia activity in the different



Fig. 2. Results of behavioral tests in control fasted (fasted), control nutrition pretreated (control nutrition) or enriched nutrition pretreated (enriched nutrition) young
rats. AUC ¼ area under the curve of latencies to find the platform in the Morris Water Maze (MWM); PT1 ¼ probe trial after 3 trainings sessions; PT2 ¼ probe trial after
5 trainings sessions; * ¼ significant difference (p < 0.05).
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hippocampal areas did not show changes due to pretreatment (Table 1).
Moreover, IL1-β in the hippocampus was not different in the experi-
mental groups (fasted: 7.68 � 2.86 pg/mg; control nutrition: 11.05 �
2.19 pg/mg and enriched nutrition: 6.07 � 1.30 pg/mg). Neurogenesis,
measured as DCX positive area per DG length, was not affected by either
pretreatment (Fig. 4C). Average hippocampal microglia activity corre-
lated significantly with AUC of reversal learning, as measure for cogni-
tive flexibility (r ¼ �0.389; p ¼ 0.014), but not with the other cognitive
parameters, nor with circulating IL1- β or VEGF. Hippocampal IL1-β did
not correlated with microglia activity nor with behavior, but correlated
significantly with plasma IL1-β levels at sacrifice (r ¼ 0.712; p ¼ 0.009).

4. Results study 2; old rats

4.1. General

All rats survived surgery. No surgery-associated complications were
observed. Body weight at baseline was 673 � 28 g in fasted rats and 626
� 20 g in the enriched nutrition group. On average maximal surgery-
induced body weight loss was 8.2 � 0.7% in fasted rats and tended to
5

be less, 6.3 � 0.7% (p ¼ 0.062) in enriched nutrition pretreated rats.
Liver and spleen weight were not significantly altered by enriched
nutrition pretreatment.
4.2. Behavior

Results from the behavioral tests in old rats are summarized in Fig. 5.
Most of the behavioral aspects showed age-related impairment, when
compared to the results in young rats in study 1. Enriched nutrition
before surgery significantly improved short-term object memory (NOR)
after surgery and a strong tendency to improve short-term spatial
memory (NLR). Whereas long-term spatial learning and reversal learning
were not affected by enriched nutrition, long-term memory development
seemed delayed and suppressed in enriched nutrition pretreated old rats.
This observation was demonstrated by significantly lower platform
crossings in the first probe trial (Fig. 5), but also by significantly lower
time in the target quadrant (24.1 � 1.8 versus 31.7 � 2.0% in control
fasted rats) in the first probe trial. Although time in target quadrant was
slightly increased in the second probe trial (27.2� 1.8%), values still did
not differ from random (¼25%). Control fasted old rats performed



Fig. 3. Time course (A–F) and area under the curve (AUC; for the first 6 h) (G–L) for the different plasma markers in young rats. IL ¼ interleukin; VEGF ¼ vascular
endothelial growth factor; IFABP ¼ intestinal fatty acid-binding protein; TNF ¼ tumor necrosis factor alpha. * ¼ p < 0.05.

Fig. 4. A: Microglia activity in the prefrontal cortex (PFC) and B: dorsal hippocampus (DH). C: neurogenesis in dentate gyrus of the hippocampus in young rats.

Table 1
Microglia activity, measured as cell body/cell size, in the different areas of the
hippocampus, in fasted, and control- or enriched nutrition pretreated rats.

Experimental
group

n CA1 CA3 DG Hilus

fasted 13 5.60 �
0.24

5.76 �
0.34

4.78 �
0.22

11.38 �
0.31

control 13 6.01 �
0.61

5.18 �
0.45

4.71 �
0.30

10.67 �
0.75

enriched 12 6.15 �
0.38

5.56 �
0.23

4.61 �
0.21

11.57 �
0.51
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significantly above random in both trials.
4.3. Systemic inflammation

The area under the curve (AUC) of plasma levels of inflammation
markers for the first 6 h after surgery are summarized in Fig. 6. For IL6
6

only peak values at 6 h are presented since at the other time points values
could not be obtained in 3 or more rats. None of the circulating markers
was significantly affected by enriched nutrition before surgery; only
VEGF levels suggested an increase, but with high variability. Accord-
ingly, none of the markers differed when measured at sacrifice (Table 2),
but levels of proinflammatory markers IL1-β, TNF, IFABP and VEGF may
show consistently higher levels after enriched nutrition. Moreover, early
VEGF levels (AUC over first 6 h after surgery) showed significant corre-
lations with cognitive performance (r ¼ 0.878 with NOR; r ¼ �0.896
with time in target quadrant). Furthermore, IL6 levels correlated signif-
icantly with spatial learning (AUC learning curve; r ¼ �0.926). No sig-
nificant correlations of IL1-β, or IFABP with cognitive performance were
observed.
4.4. Neuroinflammation and neurogenesis

Neuroinflammation in the prefrontal cortex (PFC) and dorsal hippo-
campus, measured as microglia activity, was not affected by enriched



Fig. 5. Overview of outcomes of behavioral tests in control fasted and enriched nutrition pretreated old rats. OF ¼ open field test; AUC ¼ area under the curve of
latencies to find the platform in the Morris Water Maze (MWM); PT1 ¼ probe trial after 3 trainings sessions; PT2 ¼ probe trial after 5 trainings sessions; * ¼ significant
difference (p < 0.05).
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nutrition pretreatment. However, when the dorsal hippocampus was
studied in detail, microglia activity was significantly increased in the CA1
area, and a similar tendency was observed in the dentate gyrus (DG) (see
Fig. 7). Hippocampal microglia activity significantly positively correlated
with VEGF levels (r ¼ 0.974) and negatively with spatial memory (r ¼
�0.596 with time in target quadrant). IL1-β Levels in the hippocampus
were not affected (6.41 � 0.57 pg/mg in fasted rats versus 6.48 � 0.81
pg/mg in enriched nutrition treated rats).Neurogenesis was not affected
by pretreatment (0.51 � 0.24 in fasted and 0.62 � 0.15 cells per DG
length in enriched nutrition pretreated rats), and did not correlate with
systemic inflammation marker, microglia activity or cognitive
performance.
4.5. Microbiome

The gut microbiome could contribute to neuroinflammation via the
gut-brain axis. Population diversity parameters of the gut microbiome
before and 7 days after surgery are presented in Table 3. Diversity pa-
rameters indicated that the gut microbiome did not undergo major
changes during pretreatment (before surgery), nor seemed affected by
surgery or pretreatment at 7 days after surgery. Regression analysis
revealed a significant correlation between Shannon's index at day 7 and
time in the center of the open field (r ¼ 0.487; p ¼ 0.047) with a similar
tendency for number of observed species (r ¼ 0.465; p ¼ 0.060).
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Although not statistically significant, Firmicutes/Bacteroidetes consis-
tently declined after surgery, similar for treated and non-treated groups.
Except for a significant correlation between Firmicutes/Bacteroidetes
and the AUC of reversal learning (r ¼ �0.562; p ¼ 0.015), no significant
correlations were observed between microbiome parameters and
behavioral or (neuro)inflammation parameters.

5. Discussion

5.1. General

Surgery-induced (neuro)inflammation is considered to play an
important role in the pathophysiology of POCD. Enteral administered
enriched nutrition shortly before surgery was anticipated to activate the
vagal anti-inflammatory reflex during surgery, thereby limiting the in-
flammatory response and consequently inhibiting POCD. Accordingly, in
young rats, enriched nutrition reduced circulating IL1-β and VEGF levels,
and improved long-term spatial learning and memory. However, neu-
roinflammation (microglia activation and hippocampal IL1-β) and neu-
rogenesis were not affected. In contrast, in old rats enriched nutrition did
not affect systemic inflammation; plasma IL1-β and VEGF levels may even
slightly increase. Microglia activity as measure for neuroinflammation
was significantly increased. This was associated with improved short-
term memory, but impaired development of long-term memory. In



Fig. 6. Area under the curve (AUC) over the first 6 h after surgery (or peak levels in case of insufficient data per time point) for plasma levels of inflammatory markers
in control fasted and enriched nutrition pretreated old rats. IL ¼ interleukin; VEGF ¼ vascular endothelial growth factor; IFABP ¼ intestinal fatty acid-binding protein;
TNF ¼ tumor necrosis factor alpha.

Table 2
Concentration of inflammation markers (pg/ml) in plasma samples collected at
sacrifice, in control fasted and enriched nutrition pretreated old rats. Number of
rats between brackets. X: p ¼ 0.061.

IL1-β TNF IL6 IL10 IFABP VEGF

fasted 125 � 21
(11)

51 � 25
(4)

58 � 5
(8)

32 � 6
(5)

27� 5 (10) 36 � 9
(11)

enriched 151 � 28
(11)

98 � 37
(8)

54 �
11 (9)

20 � 4
(5)

273 � 137
(8) �

46 � 12
(9)
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conclusion, enteral enriched nutrition before surgery can improve
cognitive performance after surgery in young rats, but in old rats,
cognitive effects appeared mixed. The lack of decreased microglia ac-
tivity in either age group suggests involvement of mechanisms other than
neuroinflammation as well. However, unaltered gut microbiome and
IFABP levels in old rats suggested no major role for the gut-brain axis
either. Since the target population for POCD treatment consists of pre-
dominantly elderly individuals, the different response in old rats should
specifically be addressed in follow-up studies. Caution is advised by
translating effects seen in younger patients to older ones.
5.2. Enteral enriched nutrition

5.2.1. Effects in young rats
Enteral enriched nutrition before surgery improved the outcome for
8

long-term spatial learning andmemory after surgery. Short-termmemory
was not improved. However, since control rats already recognized the
novel or relocated objects, there was not much to gain from the
interventions.

As anticipated (Lubbers et al., 2010a,b,c; Lubbers et al., 2010a,b,c),
enteral enriched nutrition inhibited the systemic inflammatory response
shortly after surgery. The most pronounced effects were observed on
circulating levels of IL1-β and VEGF. IL1-β is regarded a
pro-inflammatory cytokine that mediates part of the inflammatory pro-
cess in infection and injury (Dinarello, 1996). It exerts effects on memory
function and neural plasticity of the hippocampus (Avital et al., 2003),
mediates chronic stress-induced depression in mice via adrenocortical
activation and hippocampal neurogenesis suppression (Goshen et al.,
2008), and is well recognized to play a role in the development of POCD
(Barrientos et al., 2009, 2012; Cibelli et al., 2010). Accordingly, reduced
circulating IL1-β levels coincided with improved POCD. However, neu-
roinflammation, measured as microglia activation and hippocampal
IL1-β levels, and neurogenesis were not affected. Moreover, the reduced
circulating IL1-β levels did not correlate with any cognitive parameter,
nor with microglia activity or neurogenesis, indicating no direct (causal)
relationship.

Astrocyte-derived VEGF drives blood-brain barrier disruption in in-
flammatory disease in the central nervous system (Argaw et al., 2012).
The observation that IL-1beta regulated blood-brain barrier permeability
via reactivation of the hypoxia-angiogenesis program (Argaw et al.,
2006), would support interaction between the most pronouncedly



Fig. 7. Microglia activity in the prefrontal cortex (PFC) and Hippocampus overall, as well as in the different areas of the hippocampus in old rats. *: p < 0.05.

Table 3
Diversity parameters of the gut microbiome, as number of observed species and Shannon's index, and firmicutes/Bacteroidetes before and 7 days after surgery, in fasted
and enriched nutrition pretreated old rats.

Treatment N Before surgery 7 days after surgery

# species Shannon's Firm/Bact # species Shannon's Firm/Bact

fasted 8 619 � 29 8.5 � 0.2 1.16 � 0.11 634 � 37 8.6 � 0.2 0.95 � 0.06
enriched 9–10 598 � 23 8.3 � 0.2 1.19 � 0.12 601 � 21 8.5 � 0.1 0.94 � 0.06
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affected factors with enteral enriched nutrition. VEGF levels were asso-
ciated with blood brain barrier disruption and consequently cognitive
impairment (Cao et al., 2018), but complete reversal of post-surgical
blood brain barrier leakage was not associated with cognitive improve-
ment (Mohammadian et al., 2019). Still, reduced VEGF levels in the
present study may reflect preserved BBB integrity.

Hippocampal microglia activity and the somewhat unexpected sec-
ond increase in VEGF levels at 24 h significantly correlated with cogni-
tive flexibility (AUC reversal learning). Furthermore, strong tendencies
for correlations of AUC IL1-β and AUC VEGF with cognitive flexibility
were observed, supporting an association between (neuro)inflammation
and cognitive flexibility. However, the above-mentioned associations
appeared to be the only correlations between parameters of (neuro)
inflammation and cognition in this study.

Thus, although there is ample evidence for a role of (neuro)
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inflammation in the pathophysiology of POCD, effects of anti-
inflammatory intervention with enriched nutrition seemed to lack con-
sistency. This observation suggests complex mechanisms, rather than a
straight forward systemic inflammation-neuroinflammation-neuronal
damage-cognitive dysfunction process.

5.2.2. Effects on old rats
The main risk factor for POCD is older age. Therefore, effects of enteral

enriched nutrition were also investigated in old rats. Compared to young
rats, values for behavior, including open field behavior, learning and
memory, as well as values for (neuro)inflammation and neurogenesis in
old control rats, represented age-related changes as described before
(Hovens et al., 2013b, 2015a). However, in these old rats, effects of enteral
enriched nutrition before surgery appeared substantially different from
those in young rats. Whereas short-term memory was significantly
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improved by enriched nutrition, development of long-term memory
appeared delayed. This observation showed striking resemblance with
results from a recent study in old Alzheimer mice, vaccinated against
amyloid beta (Oberman et al., 2020); improved short-term memory with
declined long-term memory. These opposite cognitive effects may refer to
the competitive short-term and long-term spatial memory processes
described by Sanderson and Bannerman (Sanderson and Bannerman,
2011), showing improved α-amino-3-hydroxy-5-methyl-4-iso
xazolepropionic acid (AMPA) gluA1 receptor dependent non-associative
short-term memory in the NOR and NLR tests, coincided with a deterio-
rated gluA1-independent associative MWM memory. According to Wagn-
er's dual-process memory model (Sanderson et al., 2010), indicating short-
and long-term memory mechanisms exist in parallel and, under certain
circumstances, compete with each other, this would suggest a role for
AMPA gluA1 receptors in the effects on cognition in our old rats. However,
to our knowledge, no data are available regarding effects of enteral
enriched nutrition on AMPA GluA1 signaling.

Enteral enriched nutrition in old rats did not reduce systemic
inflammation. Even, the 2 markers that were found reduced in young
rats, IL1-β and VEGF, showed a tendency to increase in old rats. More-
over, though not statistically significant, at sacrifice still most of pro-
inflammatory marker levels seemed consistently higher in enriched
nutrition-pretreated rats. Accordingly, microglia activity (measured at
sacrifice) was increased in CA1 and DG areas of the hippocampus, sug-
gesting locally increased neuroinflammation. Striking finding was the
correlation of VEGF levels with cognitive performance as well as with
hippocampal neuroinflammation. As VEGF levels may indicate blood
brain barrier integrity (Cao et al., 2018), higher levels would indicate
more leakage, which would be consistent with the positive correlation
with hippocampal neuroinflammation, and the subsequent negative
correlation with hippocampus-associated spatial memory (time in target
quadrant in probe trial of the MWM). The positive correlation with the
hippocampus independent NOR test outcome may then relate to the
competitive relationship between short and long-term memory as
described before (Sanderson and Bannerman, 2011), as well as the
different brain areas involved in these tests (Hovens et al., 2015).

General diversity parameters of the gut microbiome were not affected
by surgery nor by enriched nutrition pre-treatment. Regarding relative
abundance of species within the microbiome composition, higher Fir-
micutes Bacteroidetes ratios and higher relative abundance of Verru-
momicrobia were associated with cognitive health in aged people
(Manderino et al., 2017). Our results of consistently reduced Firmicu-
tes/Bacteroidetes after surgery (compared to baseline) would fit with
development of POCD in the old rats, but no effect of enriched nutrition
could be distinguished. Besides the correlation between the Firmicutes
Bacteroidetes ratio and reversal learning, no correlations with parame-
ters of cognition and (neuro) inflammation were observed. Since IFABP
levels did not change after enriched nutrition, indicating unaltered gut
permeability (Bingold et al., 2015), and no major effects on the gut
microbiome were observed, these results may indicate no major contri-
bution of the gut-brain axis to the observed effects.

5.2.3. Clinical implications
The vagal anti-inflammatory reflex (Tracey, 2002, 2007) contributes

to the regulation (inhibition/termination) of inflammatory responses. In
different animal models (de Haan et al., 2010a,b; de Haan et al., 2010a,b;
de Haan et al., 2013; Lubbers et al., 2010a,b,c; Lubbers et al., 2010a,b,c;
Luyer et al., 2013), activation of this reflex by lipid-enriched nutrition
inhibited the response on inflammatory stimuli. These effects were
abrogated by vagotomy, CCK-1 receptor antagonists or nicotinergic
acetylcholine receptor antagonists (Lubbers et al., 2010; Matteoli and
Boeckxstaens, 2013). Therefore, this lipid-enriched nutrition could pro-
vide a promising therapeutic route to suppress inflammation after sur-
gery, and hence inflammation-associated complications. Accordingly, in
mice (Lubbers et al., 2010a,b,c), as well as in rats (Lubbers et al., 2009),
postoperative ileus was reduced by enteral enriched nutrition. Translated
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into the human situation (Lubbers et al., 2013), enteral enriched nutri-
tion from 1 h before to 6 h after lipopolysaccharide injection in healthy
volunteers reduced the response of proinflammatory cytokines TNFα and
IL6, and enhanced the response of the anti-inflammatory associated
cytokine IL10. A meta-analysis on fatty-acid enriched nutrition studies in
hospitalized patients indeed indicated reduced risk of infection and
hospital stay, though no reduction inmortality rate (Pradelli et al., 2020).
In most clinical studies, enriched nutrition has been applied continuously
and for a prolonged period; from 3 h before to 6 h after surgery (Peters
et al., 2018), or even from 3 days before to 14 days after surgery (Ma
et al., 2018). Unfortunately, these interventions were not associated with
postoperative cognitive improvement. In our previous rat study, effects of
an anti-inflammatory diet improved cognitive outcome only when the
diet was started before surgery, but not when started after surgery
(Kurtys et al., 2017). Timing seemed crucial (Smeets and Luyer, 2018), as
lipid enriched nutrition around the surgical procedure seemed most
effective (Peters et al., 2015). However, in the clinical setting, anesthesia
guidelines prohibit the use of enteral nutrition just before surgery, to
reduce the risk of aspiration. This could be overcome by the use of a
naso-jejunal tube for administration (Peters et al., 2018). As rodents
cannot vomit, the details of timing pretreatment with enteral nutrition
can be investigated in preclinical studies.

In addition to timing, the character of administration may indicate
another potential important aspect. Firstly. the enteral enriched nutrition
in the present study is not considered to affect daily nutrition; twice a
bolus with low caloric value; 1.6 kcal per administration in 630 g rats
versus a daily caloric intake 60–100 kcal. Secondly, by definition a reflex
mechanism is a short-lasting response. Continuous stimulation as applied
in the above clinical studies (Ma et al., 2018; Peters et al., 2015, 2018;
Smeets and Luyer, 2018) may have extinguished the response. By acti-
vating the vagal anti-inflammatory reflex with bolus applications shortly
before surgery, we anticipated that the response during the surgery
process was affected, while leaving the subsequent healing process un-
affected. Accordingly, the most pronounced effects on cytokine levels
were observed in the first half hour after surgery.

Finally, as advanced age is the major risk factor for POCD, in the
present study effects in old rats were studied as well. Since the relatively
straight forward effects of enriched nutrition in young rats could not be
shown in old rats, as indicated by a mixed beneficial/detrimental
cognitive outcome in the latter, caution is advised by translating effects
seen in younger patients to older ones. Studies focusing on effects in aged
individuals are warranted.

5.3. Limitations

In our previous studies, consistent effects of surgery in young and
aged rats were shown. In order to limit the number of rats and focus on
the potential effects of intervention, non-surgery rats (treated or non-
treated) were left out in the present study. In the present study, control
rats were fasted before surgery, whereas in our previous studies rats had
free access to food all the time. In hind sight, this could have affected the
outcome after surgery. However, the fasted condition may better mimic
the clinical setting and therefore enhance the relevance of the effects of
the intervention.

The effects of enteral enriched nutrition pretreatment were studied
after 2 bolus administrations, as the treatment was aimed at activation of
the vagal anti-inflammatory reflex during the surgical procedure, while
leaving the subsequent wound healing unaffected. However, the study
protocol did not allow the actual confirmation of this aim.

Effects of pretreatment on neuroinflammation and cognition were
measured at 1 time point. However, we are well aware to interfere with
processes that each follow its own time course (wound healing, (neuro)
inflammation and POCD) (Hovens et al., 2014a,b). By carefully choosing
our parameters, clinically relevant data could be obtained. The observed
differences in young versus old rats justify careful translation of effects in
young individuals to older ones.
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The gut microbiome was investigated from spontaneously produced
fecal samples within a 2-h period. Unfortunately, this resulted in
incomplete sample sets, potentially limiting conclusions. Active collec-
tion by massage of the rectum could have solved this issue, but inherently
included extra discomfort to the rats.

Finally, plasma levels of inflammation markers were measured using
a multiplex cytokine assay. The advantage is that more cytokines could
be measured from the same sample. Disadvantage is that for all measured
cytokines the same dilution was used, resulting in not reaching detection
levels for all cytokines/time points.

6. Conclusions

The aim was to investigate whether enteral enriched nutrition before
surgery could inhibit the inflammatory response on a surgical procedure,
and hence decrease neuroinflammation and subsequent POCD. The first
study in young rats confirmed the anticipated mechanism of inhibition of
surgery-associated inflammation and subsequent improved cognitive
outcome after enteral enriched nutrition. However, this effect seemed not
mediated by inhibition of neuroinflammation. Effects obtained in old
rats, in the second study, were substantially different; no anti-
inflammatory effects and a mixed improved/impaired cognitive
outcome. Locally, neuroinflammation seemed increased, excluding an
anti-inflammatory effect within the brain. Moreover, as the gut micro-
biome and IFABP levels were not altered, no major role for the gut-brain
axis was indicated here either.

In conclusion, although (neuro)inflammation may play an important
role in the pathophysiology of POCD, intervention with enteral enriched
nutrition aimed at anti-inflammatory effects, showed mixed and age-
dependent effects. Since these observations may point to a different
mechanism in young versus old rats, translating the effects seen in young
individuals to older ones should be done carefully.
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