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OLFACTORY BULBECTOMY PROCEDURE

OBX-INDUCED CHANGES
1. COGNITION AND BEHAVIOR
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TABLE 1: OBX-INDUCED COGNITIVE AND BEHAVIORAL CHANGES
Cognitive
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OBX-induced effect

Species

Reference
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retention
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Reference
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no effect
center
decreased
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increased

decreased
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rats
rats
Reference

rats
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ABSTRACT
Memantine, a non-competitive NMDA receptor antagonist, is used for the
treatment of Alzheimer’s disease (AD) and off-label as an anti-depressant. Here
we investigated possible anti-depressant, cognitive enhancing and neuroprotective
effects of memantine in the olfactory bulbectomized (OBX) rat. OBX is used
as a screening model for antidepressants and shows cognitive disturbances. In
Experiment I, memantine treatment started 14 days after OBX surgery (this setup
is similar to what we use for screening of potential antidepressants) and 2 days
before surgery in experiment II. In both experiments, memantine (20 mg/kg, p.o)
(locomotor activity), passive avoidance (fear learning and memory), and holeboard
(spatial acquisition and memory) before and after the bulbectomy. Memantine,
when administered before surgery, prevented OBX-induced hyperactivity and
partly fear memory loss. These behavioral effects were present for at least 3 weeks
after cessation of treatment. Memantine, however did not improve spatial memory.
When administered 2 weeks after OBX surgery, memantine was ineffective
Interestingly, after the animals were retrained in passive avoidance, memantinetreated OBX rats (both in experiment I and II) showed improved fear learning
cognitive enhancing effects without antidepressant-like properties in the OBX rat.
patients when administered early in the disease process.
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1. INTRODUCTION
Alzheimer’s disease (AD), the most common form of dementia (Hampel et al.,
2010), is often accompanied by depressive symptoms (Lee and Lyketsos, 2003).
In fact, a history of depression has been associated with an increased risk of
developing AD (Green et al., 2003) and several antidepressants have been shown
Keowkase et al., 2010).
Both in AD and depression, glutamatergic N-methyl-D-aspartate (NMDA)
receptors are thought to play important roles in the pathologies of both AD
and depression, where NMDA-receptor mediated excitotoxicity appears to be a
that NMDA-receptors are constantly active in AD, resulting in impaired
al., 2007). Evidence for a potential role of NMDA receptors in major depression
comes, among others, from postmortem studies in which changes in NMDA
receptor levels in patients were detected and from studies in which the NMDA
receptor antagonist ketamine has fast-acting antidepressant effects (Hashimoto,
2009).
Memantine is a voltage-dependent NMDA-receptor antagonist and is used for the
treatment of moderate-to-severe AD. Clinical trials have demonstrated cognitive
and behavioral improvements already after a few weeks of treatment (Gauthier

Tampi, 2008). Animal studies clearly demonstrate that memantine has a broad

(Minkeviciene et al., 2008). While some studies report improved spatial cognition

has been shown to reduce anxiety and display antidepressant-like effects in animals

2008 and Marvanova et al., 2001).
In the present study, we used the olfactory bulbectomized (OBX) rat as an
animal model for neurodegeneration, cognitive decline and depression-related
26
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symptoms. In literature, the OBX rat is primarily known as a model for predicting
antidepressant activity, because its hyperactivity is normalized following chronic
and not acute administration of an antidepressant (Breuer et al. 2007 and
hippocampal neurogenesis, a putative pathogenic mechanism in depression
(Koo et al. 2010) and AD (Thompson et al. 2008). In addition, OBX animals
model important aspects of Alzheimer’s disease, such as hippocampus-dependent

Leonard, 2005) and increased levels of beta-amyloid protein in neocortex and
hippocampus (Aleksandrova et al., 2004). Importantly, these OBX-induced

and Leonard, 2005). Ablation of the olfactory bulbs results in neurodegeneration
induced behavioral changes. Moreover, drugs approved for the treatment of AD,
such as cholinesterase inhibitor were reported to alleviate cognitive impairments
induced by OBX (Hozumi et al. 2003, Yamamoto et al. 2010), providing the model
pharmacological validation with respect to AD. Thus, the OBX model may also
be useful for modeling (early) Alzheimer’s disease with depressive symptoms.
In this study, we used OBX rats to investigate whether memantine has
antidepressive-like, cognition-enhancing and/or neuroprotective properties. We
performed two different experiments: In experiment I, we started with the chronic
drug treatment 14 days post OBX surgery (this setup is similar to what we use for
screening potential antidepressants (Breuer et al., 2007). In Experiment II, aimed
to investigate possible neuroprotective effects, memantine treatment started 2 days

passive avoidance (a task assessing fear memory) and hole board (a task assessing
spatial and reference memory) paradigms.
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2. METHODS AND MATERIALS
All efforts were made to minimize animal suffering, to reduce the number of
animals used, and to utilize alternatives to in vivo techniques, if available.
2.1 ANIMALS AND SURGERY
and 220g upon arrival were used for this experiment. Animals were on a 12-hour
light/dark cycle, with lights coming on at 7.00 am. Food and water were available
Olfactory bulbectomy surgery was performed as previously described (Breuer et

were performed correctly that there were no animals with partial bulbectomies
or damaged prefrontal cortices. Control animals received sham surgery. All
experiments were performed in accordance with the Dutch guidelines for care
and use of laboratory animals and were approved by the Ethical Committee for
2.2 DRUG ADMINISTRATION
Memantine at 20 mg/kg or water was orally administered (2 ml/kg) in both
experiments. The drug was manufactured by Lundbeck (Denmark) and obtained
in solution from a local pharmacy. In Experiment I, memantine administration
started 14 days post-surgery for 28 days. In Experiment II, memantine
administration started 2 days prior to the OBX surgery and continued for 28 days.
2.3 BEHAVIORAL TESTING
Animals were tested repeatedly over time in several behavioral tests. The order of
2.3.1 TOTAL ACTIVITY

2009) demonstrated that the OBX-induced hyperactivity is a long-term stable
2.3.2 PASSIVE AVOIDANCE

animals were placed in the light compartment and the latency time to enter the
dark compartment with all four feet was determined in seconds. Once the animal

28
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entered the dark compartment, the door was closed and an electric shock (0.6
mA) was delivered for 3 seconds. Immediately after the shock, the animals were
removed and placed back into their home cage. During the retention trials, the
animals were placed in a light compartment and the latency time to enter the
dark compartment was measured. To ensure that all animals learned the task
(OBX animals may have reduced pain sensitivity (Wang et al., 2010), a retention
had to remain in the light compartment for 60 seconds. If an animal entered the
dark compartment within this period, it received another 3 seconds shock of 0.6
mA and immediately placed back in his home cage. Five minutes later another
acquisition trial was performed. This procedure was repeated until the acquisition
criteria were reached. All animals learned the task within 3 trials.

time of 60 seconds) was performed to ensure that the animal had learned the task.
If necessary, an animal was shocked until it reached the acquisition criteria.
2.3.3 HOLEBOARD (HLB)

of 4 baited holes within 3 min. Once the rat had eaten the 4 pellets, it was removed
from the apparatus. A week prior to the holeboard acquisition, animals were food
restricted until they reached 85% of their body weight. Then 2 habituation trials
were performed, during which the rats were habituated to the apparatus for 2
days with all 16 holes baited with one sucrose pellet. All animals ate the 16 food
pellets during the second habituation day. Habituation was followed by 7 days of
of hole visits were recorded and reference memory was calculated from the total
number of visits to baited holes divided by the total number of visits to all holes
multiplied by 100%. Four successive trials a day were performed in the training
test periods, and the mean values from the four trials were used for the statistical
calculation. Animals that did not visit any hole were excluded from the analysis.
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FIGURE 1. EXPERIMENTAL LAYOUT
EXPERIMENT I

EXPERIMENT II

The day of OBX surgery is day 0. Each animal was tested in all paradigms. Abbreviations:

2.4 STATISTICS.
by post hoc t-tests with Bonferonni correction. Assumptions of normality and

separately at each time point using nonparametric statistics (Kruskal-Wallis),

post hoc analysis. Grubb’s test was performed to identify outliers. All differences

30
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3. RESULTS
3.1 EXPERIMENT I
Memantine administration starting 2 weeks post surgery.
3.1.1 OPEN FIELD BEHAVIOR
In agreement with previous experiments (Breuer et al., 2007 and Douma et al.,
2011), two weeks after surgery, the OBX rats were hyperactive as compared to the
sham controls (t(46)=3.633, p<0.001). However, it is clear from Figure 2A, that
not all animals in the OBX group are hyperactive. In addition, no meaningful
correlations were found between the locomotor activity of individual animals at
FIGURE 2
A

B

C

Memantine, when administered 14 days following OBX surgery, lacked anti-depressant activity.

locomotor activity in both sham and OBX animals (started 14 days after surgery), *p<0.05 for both
memantine and vehicle OBX animals compared to corresponding controls (c) Fourteen days of
memantine treatment had no effect on OBX-induced decreased time spent in the center of the open
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successive time point (r2 varied between 0.0095 and 0.465). Therefore, the data
were analyzed by two-way ANOVA at each time point rather than performing a
animals after 2 weeks of chronic memantine treatment (4 weeks post surgery).
Memantine treatment increased locomotion both of sham and OBX animals to
surgery and memantine treatment (F(1,48)=.341, p>0.05) with an overall effect of
surgery (F(1,48)=6.45, p<0.05) and memantine treatment (F(1, 48)=15.33, p<0.01).
When analyzing time spent in the center (Figure 2C), two way ANOVA resulted in
p>0.05) with an overall effect of surgery (F(1,48)=8.37, p<0.05) and no memantine
treatment (F(1, 48)=10.23, p>0.05).
3.1.2 PASSIVE AVOIDANCE
Two weeks after surgery, almost all (23 out of 24) OBX animals had robust fear

sham animals (p<0.001). Immediately following the passive avoidance retention
acquisition criteria of remaining in the light compartment for 60 seconds. OBX-

hoc p< 0.001). When tested 24 hrs later ((Figure 3D), the vehicle treated OBX
animals showed reduced fear memory (H(4)= 21.57, p<0.0001, post-hoc p<0.001),
while memantine-treated OBX animals did not differ from both sham groups
(p<0.05).
3.1.3 HOLEBOARD
To assess spatial memory, we used the hole board task. During the acquisition
out of twelve vehicle treated OBX animals did not eat any pellet during the seven
collected and ate all four sugar pellets. For the calculation of the reference memory,
animals that did not eat a food pellet were excluded. Even after seven consecutive
days of training, memantine and vehicle-treated OBX rats failed to learn the
0.065, whereas sham-operated controls reached a reference memory index of 0.88

32
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FIGURE 3
A

B

C

D

Memantine treatment starting 2 weeks after OBX surgery did not retrieve “lost” fear memories,
but improved fear learning and memory acquired after surgery.
14 days post surgery, ***p<0.001 (b) Fear memory after 14 days of chronic memantine treatment
(*** p<0.001 for vehicle OBX animals compared to sham vehicle animals. (c) All animals were
retrained in the passive avoidance task. The number of shock trials needed to learn the task is
shown (***p<0.001 compared to sham-vehicle and OBX-memantine animals. (d) Fear memory
one day after retraining (***p<0.001 compared to sham-vehicle, #p<0.05 compared to OBX-

and alert, their reference memory index did not differ from the vehicle treated
OBX and sham animals became apparent from training day 4 on (F(3, 44)= 10.92
p<0.01, post hoc, p<0.05).
Figure 4C shows the latency time to collect the 4 food pellets for all experimental
groups across 7 days. No differences in latency times existed between the
experimental groups, indicating that the OBX groups acquired the task but
developed a different strategy to locate the food pellets in comparison to the sham
animals.
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FIGURE 4
A

B

C

Memantine treatment starting 14 days following OBX surgery, did not improve spatial learning as
assessed in the holeboard task. Average number of sugar pellets eaten per test day (*p<0.05). (b)
were removed from the analysis.
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3.2 EXPERIMENT II
Memantine treatment started two days prior to the surgery.
holeboard paradigm before surgery.
3.2.1 OPEN FIELD BEHAVIOR
Figure 5A presents the total locomotor activity of vehicle-treated and memantine-treated sham and OBX animals after 2 weeks of surgery and chronic memantine treatment. In Experiment II, 2 weeks after the start of memantine treatment,
mantine treatment F(1,46)=11.32, p <0.01. There was no overall effect of surgery
(F(1,48)=2.43, p>0.05, but further one-way analysis revealed OBX-vehicle animals
p<0.001, post hoc, p<0.05). There was an overall effect of memantine treatment,
(F(1, 46)=4.65, p<0.05). One week post treatment, two way ANOVA revealed a
p <0.05) with an overall effect of surgery (F(1,46)=48.41, p<0.05, and a memantine treatment, (F(1, 46)=6.32, p<0.05). Three and 6 weeks post treatment, two
treatment (F(1,46)=2,39, p>0.05) and (F(1,46)=2,39, p>0.05), respectively with
an overall effect of surgery (F(1,46)=4,47, p<0.05) and (F(1,46)=2.96, p<0.05),
respectively and no memantine treatment effect, (F(1, 46)=1,08, p>0.05) and
(F(1,46)=.131, p>0.05). Two-way ANOVA of time spent in the center at 1, 3, and 6
ment ((F(1,46)=8,34, p>0.05), (F(1,46)=9,07, p>0.05), (F(1,46)=4,39, p>0.05), respectively. There was an overall effect of surgery for all time points (F(1,46)=5.23,
p<0.05) and (F(1,46)=.806, p<0.05) and (F(1,46)=9.07, p<0.05)), respectively. However, there was no overall effect of memantine treatment ((F(1,46)=10.81, p>0.05),
(F(1,46)=3,39, p>0.05), (F(1,46)=5,34, p>0.05)) (Figure 5C).
3.2.2 PASSIVE AVOIDANCE
Two weeks following bulbectomy and 14 days of memantine treatment, fear

than vehicle treated OBX animals (post-hoc, p<0.05). Immediately after the

existed between the groups in the number of trials needed to learn the passive
avoidance task (H(4)= 42.34, p<0.0001) (Figure 6B). OBX-vehicle animals had
CHAPTER 2
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OBX animals (post hoc, p>0.05). Memantine treatment delayed the loss of fear
fear memory (H(4)= 9.332, p<0.05). However, 30 days after retraining and 21
days after cessation of drug treatment, the memantine-OBX group showed still a
considerable level of fear memory while vehicle-treated OBX animals did not (H(4)=

FIGURE 5
A

B

C

Memantine, when administered 2 days before the OBX surgery, attenuated OBX-induced
hyperactivity.

compared to corresponding controls. (b) Locomotor activity 1, 3, and 6 weeks after cessation of
treatment is shown. *p<0.05 compared to sham-vehicle. (c) Time spent in the center after 2 weeks
of chronic memantine treatment and 1,3,6 weeks post cessation of treatment *p<0.05, ***p<0.001
n=11, OBX-memantine n=12)
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FIGURE 6
A

B

C

Memantine, when administered 2 days before the surgery, rescued OBX-induced fear memory
and ameliorated fear acquisition and memory after bulbectomy.
14 days of chronic memantine treatment, ***p<0.001 compared to both sham groups memantine,
# p<0.05 compared to OBX-memantine. (b) Animals were retrained in the passive avoidance task.
The number of shock trials needed to acquire the task is shown, ***p<0.001 compared to all other
groups (c) Fear memory 24 hr and 30 day test after retraining (3 weeks post-treatment) ***p<0.001

3.2.3 HOLEBOARD
In Experiment II, all animals were trained in the holeboard prior to the surgery
for 8 consecutive days until their reference memory index reached above 80%.
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42)= 32.65, p<0.0001), F(3, 42)= 101.9, p<0.0001 and F(3,42)= 99.62, p<0.0001,

and their corresponding control. Interestingly, on day 1 and 2 memantine treated

day 3, no differences in this parameter between the 4 groups existed anymore (day
1: H(4)= 11.89, p<0.001, post hoc p<0.05 for OBX-vehicle vs sham-vehicle: day2:

FIGURE 7
A

B

Memantine treatment starting 2 days before the bulbectomy, did not improve spatial memory as

4. DISCUSSION
In the present study, we showed cognition enhancing and neuroprotective effects of
memantine in the OBX rat. Chronic administration of memantine, starting either 2
days before or 2 weeks after surgery, improved fear learning and memory of OBX rats
without affecting spatial memory. In experiment I, in which memantine administration
started 2 weeks after surgery, the drug had no effect on brain processes involved in
retrieval of fear memory acquired prior to the surgery. Whether these memories are
really lost or not retrievable is unclear. However, memantine improved recall of fear
memories acquired during re-training after surgery. When memantine was administered
prior to the surgery (experiment II), the drug attenuated the loss of fear memory.
Importantly, this effect was present even 3 weeks after cessation of drug treatment.
38
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The OBX rat is validated as a screening model for antidepressants in an
experimental setup in which chronic drug administration starts 2 to 3 weeks
that memantine had no antidepressant-like effects Although the OBX-induced
Experiment II, it should be noted that memantine administration started 2 days
prior to the bulbectomy, rather than 2 weeks after. Therefore, any antidepressant
properties of the memantine in this study are questionable and require further
investigation. Early administration of memantine probably blocks the OBXhyperactivity. Thus, our results add further evidence to the notion that memantine
There is some evidence both from animal and human studies that memantine
present study, memantine- treated OBX rats consumed more sugar pellets in
the holeboard test than vehicle- treated OBX rats (experiment I), which can be
interpreted as an anxiolytic effect of memantine. This interpretation assumes
that the behavior of the vehicle-treated OBX rats in the holeboard task (half of
anxiety. Furthermore, we measured time spent in the center, which is believed to
Belzung, 2003). Although ablation of olfactory bulbs in both experiments resulted
careful interpreting these results. Hyperactivity of the OBX animals may interfere

animals have an abolished anxiety levels (Wieronska et al., 2001). Early, but not
late, memantine administered resulted in increased time spent in the center of the
OBX animals but decreased post treatment. However, since we did not perform
validated anxiety tests, we cannot convincingly prove that memantine exerts
anxiolytic effects in OBX rats.
In Experiment I, memantine increased locomotion of both OBX and control
animals which is in an agreement with previous studies reporting heightened
motor effects of memantine (Bespalov et al., 2000 and Mares and Mikulecka,
2009). The motor effects of memantine are thought to be the result of its agonistic

is why the memantine-induced hyperactivity was not observed in experiment
II? The most likely explanation is that differences in experimental setups are
CHAPTER 2
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responsible. In experiment II, the animals underwent holeboard training for 8
days prior to surgery. One possible explanation is that holeboard training has
partially habituated the animals, making exposure to the new environment such

to novel environments. In this context it may be important to mention that in the
experiments of Minkeviciene et al (2008) memantine also did not affect locomotion
Memantine is a non-competitive antagonist of the NMDA receptor and inhibits
excitatory neurotoxicity caused by high levels of extracellular glutamate (Lipton,
2006). Increased levels of extracellular levels of glutamate following OBX
have been reported (Ho et al., 2000). From our results and from literature, we
hypothesize now that after ablation of the olfactory bulb the following chain of
reactions occur: (I) Dissected axons start to disintegrate and as a consequence
cellular constituents, including glutamate, are released into the extracellular

(III) elevated extracellular glutamate levels reach even higher levels, leading to
aggravated neurotoxicity. Activated microglia are also a source of reactive oxygen
species, arachidonic acid metabolites and cytokines, possibly further enhancing
the neurotoxicity Above mentioned mechanisms may generate a positive feedback
excessive trans-neuronal degeneration following bilateral bulbectomy (Wrynn
neuronal death pathway in two ways. First, it may block NMDA receptor-mediated
excitotoxicity (Lipton, 2006), and second, it may prevent microglia activation
the chain of events following OBX surgery may explain why early memantine
administration, by preventing the initial damage, was more effective than late
treatment and why several weeks after cessation of early treatment the memantine
treated OBX rats still showed normal levels of locomotion and partially intact fear
memory. When memantine was administered 2 weeks after surgery, most of the
tissue damage had probably already occurred, making the drug less effective.
In AD patients, NMDA-receptors are suggested to be constantly active, resulting
may improve neurotransmission by blocking the NMDA receptors. Extracellular
glutamate levels are reported to be increased in striatum (Ho et al., 2000), and
2001) and thus, constantly active NMDA receptors may also play a role in these
40
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animals. Administering memantine at a later stage (experiment I), improved
fear learning and memory of the OBX rats, indicating that memantine may also
improve neurotransmission in OBX rats directly. However, since memantine is
a “dirty” drug, mechanisms not related to the NMDA receptor may also play a
role in the behavioral effects of memantine. In addition to the already mentioned

Furthermore, memantine inhibits monoamine oxidase A and B and prevents
dopamine and serotonin reuptake (Onogi et al., 2009). The binding of memantine
to these receptors or enzymes may result in a large number of cellular and
neurochemical changes, including increased levels of neurotrophic factors (Wu et

The relative importance of these different cellular and neurochemical changes in
the behavioral effects of memantine is unclear.
learning and memory and not spatial learning and memory in the holeboard task?
Dissociation between fear and spatial memory has been previously observed in
models of genetic and pharmacological manipulation of hippocampal function

several reasons. First, it may be that olfactory bulbectomy does not affect all
brain areas to the same extent. For example, passive avoidance task involves
hippocampus, basolateral amygdala and its projection targets, including the
striatum, basal forebrain nuclei, or entorhinal cortex (Cimadevilla et al., 2011).
hippocampus but also hippocampal afferents septal-hippocampal system, and
could have been more susceptible to the neurodegeneration following bulbectomy.
consolidation, whereas the holeboard task is more complex and needs additional

progression of the OBX-induced neurodegenration in the brain areas involved
in the passive avoidance task, but failed to rescue neurons of the participating
in the spatial memory processing. Third, OBX leads to decreased a7 nicotinic
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in the OBX animals) may have contributed to the OBX-induced spatial memory
spatial memory in the control animals, it is unlikely that memantine alone causes

no effect on spatial memory of memantine in animal models of AD and depression
In conclusion, in addition to further validating the OBX rat as an animal model
for neurodegeneration and cognitive decline, we have shown that memantine
has cognitive enhancing and possibly neuroprotective effects in the OBX
neurodegenerative diseases, including AD, preferably at the beginning of the
disease process.

FINANCIAL DISCLOSURE
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ABSTRACT
Recent pharmacological studies point out a considerable role for glutamatemediated neurotoxicity in the mechanism of action of olfactory bulbectomy. The
present study describes the effects of olfactory bulbectomy (OBX) on the baseline
extracellular levels of glutamate, glutamine and on the monoamines and their
metabolites in the dorsal hippocampus 1 and 8 weeks following bulbectomy. At
both time points after surgery, the levels of the amino acids and monoamines did
not differ between OBX and sham animals. As expected the OBX animals showed
clearly behavioral and (hippocampus-dependent) cognitive changes, indicating
that these changes are not due to changes in the basal levels of the mentioned
neurotransmitters. The inability to detect changes in the extracellular levels of
glutamate may suggest that possible changes in this excitotoxic neurotransmitter
may be too localized in time and/or brain location to be detected by microdialysis.
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1. INTRODUCTION
Changes in the glutamatergic neurotransmitter system have been correlated with
neurodegenerative diseases (Sanacora et al., 2008; Dong et al., 2009; Lipton, 2007;
Heresco-Levy and Javitt, 1998). Under normal conditions, extracellular glutamate levels
are highly regulated. Once glutamate is released from the glutamatergic neuron into the
synapse, it is taken up by astroglial cells and converted into glutamine. The glutamine is
released from these cells and then taken up into presynaptic terminals and metabolized
back into glutamate. However, under pathological conditions, excessive levels of
extracellular glutamate and the subsequent over activation of N-methyl-D-aspartate
(NMDA) receptors may lead to neuronal death.
Bilateral removal of the olfactory bulbs (OBX) in rodents results in cognitive, behavioral,
neurochemical, -endocrine, and -immune changes, many of which resemble the
symptoms of depression and dementia (Song and Leonard, 2005). The behavioral
effects of OBX become apparent between day 3 and 7 after surgery (Borre et al, 2012).
Based on our results in the study with memantine, we hypothesized that OBX leads
to increased levels of extracellular glutamate initially released from cut through axons
in the projection areas. Memantine is one of the few drugs described for the treatment
of Alzheimer’s disease. Unfortunately it has only a modest effect in moderate-to-severe
Alzheimer’s disease and there is no evidence of effect in mild Alzheimer’s disease
(Schneider et al. 2011).
Recently, we showed, using an olfactory bulbectomized rat (OBX), that memantine,
when administered prior to the onset of neurodegeneration, prevented largely the OBXafter injury onset, memantine was ineffective (Borre et al., 2012). These increased levels
of glutamate are then thought to induce excitotoxicity by overactivation of NMDA
receptors in the projection areas leading to a new wave of excessive glutamate release
and excitotoxicity. There are no measurements of the extracellular glutamate levels itself
to support this hypothesis.
In the present study, we examined the effects of OBX on glutamate and glutamine using
in vivo microdialysis in freely moving rats in the beginning (1 week post bulbectomy)
and at the later stage of OBX syndrome (8 weeks post bulbectomy). In addition,
we studied the effects of OBX on the extracellular levels of some other important
neurotransmitters (serotonin, dopamine and noradrenaline, and their metabolites). The
microdialysis measurements were obtained from the dorsal hippocampus. Although
OBX leads to overall trans-neuronal neurodegeneration, one of the most robust
hippocampus has been linked to spatial navigation (Moswer et al., 1993; Moser and
Moser, 1998; Maurer et al., 2005), we decided to focus on the dorsal hippocampus area.
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2. METHODS AND MATERIALS
2.1 ANIMALS AND OBX SURGERY.
Sprague-Dawley male rats (Harlan, Zeist, The Netherlands) weighing between
180 and 220g upon arrival were used. Animals were on a 12-hour light/dark cycle,
with lights going off at 7.00 pm and coming on at 7.00 am. Food and water were
available ad libitum. Olfactory bulbectomy and sham surgeries were performed
to bregma and 2 mm from the midline) were drilled and the olfactory bulbs were
aspirated through a blunt hypodermic needle. Sham animals were treated in a
similar manner; however, the bulbs were not aspirated. Animals were housed
with four in macrolon IV cages separated by group (OBX separated from the
Sham animals). All experiments were performed in accordance with the Dutch
guidelines for care and use of laboratory animals and were approved by the Ethical
Committee for Animal Research of Utrecht University.
2.2. MICRODIALYSIS PROBE IMPLANTATION
A cuprofane microdialysis probe (Microbiotech MAB 4.7.2 CU) was implanted
in the dorsal hippocampus (DH) 24 hours prior to the microdialysis procedure.

anchored in place with three screws and dental cement on the skull. After the
probe implantation the animals were house individually.
2.3. EXPERIMENTAL SETUP.
The experiment consisted of 2 parts In part I, OBX and sham animals were tested
On day 6 they had surgery for the microdialysis probe implantation and on day 7
they received microdialysis and euthanized afterwards. In part II, OBX and sham
animals had microdialysis 8 weeks after surgery and also euthanized afterwards.
at several time points after surgery.
2.4. BEHAVIORAL TEST.
2.4.1. TOTAL ACTIVITY

tracked (TSE system, Germany). Each animal was placed in the center of the open
home cage.
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2.4.2 PASSIVE AVOIDANCE
described in detail elsewhere (Borre et al., 2012). In short, during acquisition,
animals were placed in the light compartment and the latency to enter the dark
compartment with all four feet was measured in seconds. Once the animal entered
the dark compartment, the door was closed and a mild footshock (0.6 mA/3
seconds) was delivered. During the retention trials, the rat was placed again in
the light compartment and the latency to cross over to the dark compartment was
measured in the absence of the electric shock. The acquisition trial was done 48
hrs before the OBX surgery.
2.5. MICRODIALYSIS
The day after implantation, microdialysis experiments were performed in
conscious freely moving animals. The microdialysis probe was perfused with
Ringer solution (147 mM NaCl, 2.3 mM KCl, 2.3 mM CaCl2, and 1 mM MgCl2)
Animals were connected to a dual channel swivel (type 375/D/22QM) which
allowed them to move relatively unrestricted. During microdialysis, the pump
rate was set at 90 µl/h. Two hours after connection of the animals to the system,
ten 20-minute samples were manually collected in vials containing 15 µl of 0.1

and examined to verify complete olfactory bulb ablation and probe placement
accuracy.
2.6. ANALYTICAL PROCEDURES
2.6.1. HPLC-ECD DETERMINATION GLUTAMATE AND GLUTAMINE
with electrochemical detection using an Alexys 110 LC-EC analyzer (Antec, The
Netherlands). The system consisted of two pumps, one autosampler with a 1.5µl

the autosampler. The chromatogram was recorded and analyzed using a Clarity

Laboratories, USA), 50 mM Sodium sulphite, 90 mM Sodium borate buffer pH
10.4 (Smith and Sharp 1994). The derivatization was performed automatically
in-line using an autosampler. 9 µl sample was mixed with 0.5 µl reagent just
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prior to the analysis. Separation was achieved using mobile phase A (50 mM
phosphoric acid, 50 mM citric acid, 0.1 mM EDTA pH 3.25, 1% Acetonitril,
2% Methanol). As soon as the compounds of interest had eluted a step gradient
using the mobile phase B (50 mM phosphoric acid, 50 mM citric acid, 0.1 mM
EDTA pH 3.25, 60% Acetonitril) was applied to rinse the column from any late
Glu and Gln was 25 nM. Gln co-eluted with Aspartic acid (Asp) under the used
chromatographic conditions.
2.6.2. HPLC-ECD DETERMINATION OF MONOAMINES AND
THEIR METABOLITES.
Noradrenalin (NE), dopamine (DA) and serotonin (5-HT) and their metabolites,
5-hydroxyindoleacetic acid (5-HIAA), respectively, were detected simultaneously

2.7. HISTOLOGY
After the last test day, the animals were killed and their brains were removed. First,
for 24 hours and later on transferred to a 30% sucrose solution for at least 3
days. Frozen slices of 60 µm thickness were made and stained with a cresyl
animals were discarded if olfactory bulbs were not completely ablated, or if the
microdialysis probe was not in the dorsal hippocampus.
2.8. DATA ANALYSIS AND STATISTICS
All data are expressed as mean ± SEM. Unpaired t-tests were used to analyze
the neurotransmitter levels and their metabolites. Unpaired t-tests were used to
avoidance was analyzed separately at each time point using nonparametric
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3. RESULTS
No animals were excluded based on incorrect microdialysis probe placement but
two animals were excluded due to a partial bulbectomy in phase 1 (1 week post

3.1 BEHAVIORAL DATA
OPEN FIELD BEHAVIOR

before the microdialysis experiment. As expected, the OBX rats were hyperactive

2 were tested 1, 2, 4, and 8 weeks after the surgery. At all time points the animals

FIGURE 1
A

B

Time course of OBX-induced behavioral and memory changes. (A) Shown is the total activity in the

PASSIVE AVOIDANCE
In accordance with our previous studies (Borre et al., 2012), OBX-induced fear memory
and became more pronounced at later points (as measured on the animals of part 2)
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3.2. NEUROCHEMICAL DATA.
The levels of extracellular glutamate and glutamine in dorsal hippocampus were
not different 1 or 8 weeks following bulbectomy compared to the sham operated

In addition, baseline dopamine, noradrenaline, and serotonin levels in dorsal

FIGURE 2
A

B

Baseline levels of glutamate (A) and glutamine (B) in the dorsal hippocampus 1 and 8 weeks after
OBX/Sham surgery.

FIGURE 3
A

B

Baseline levels of the monoamines DA, NA, and 5-HT in the dorsal hippocampus (A) 1 week after
OBX/Sham surgery. (B) 8 weeks after OBX/Sham surgery.w
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4. DISCUSSION
increases in the basal extracellular levels of glutamate and glutamine in the dorsal
hippocampus 1 week after the surgery, as we hypothesized. In addition, we found
that the levels of the monoamines, DA, NE, and 5-HT were unaltered 1 and 8
weeks following bulbectomy.
In a previous study, we demonstrated that memantine, a NMDA receptor
antagonist, attenuates OBX-induced behavioral and cognitive abnormalities
when chronic administration started 2 days prior to bulbectomy, but not when
olfactory bulb resulted in disintegrated axons and as a consequence, glutamate is
released into the extracellular space. Another source of extracellular glutamate
may be activated microglia (Rosi et al., 2006). Above-mentioned mechanisms
may generate a positive feedback loop leading to neuronal damage throughout the

2008).
glutamate and glutamine 1 week after OBX surgery? One possible reason may be
that we were too late; the extracellular glutamate/glutamine may have been high
only shortly after OBX surgery. The 1 week time point was selected, because upon
day 3 and day 14 after OBX surgery (Borre et al, 2012).
Another possibility may be that the OBX-induced transneuronal degeneration
is too diffuse in time and/or location to measure changes in glutamate by
and thus we sampled the extracellular space of thousands of neurons. If only a
small percentage of these neurons release excessive amounts of glutamate at a
given time point after OBX surgery, the increase in the extracellular levels of this
excitotoxic amino acid may be too small to be picked up by microdialysis. In this
respect, the trans-neuronal degeneration occurring after OBX may be different
from the acute damage after traumatic brain injury. For instance, following
ischemic stroke, increases in extracellular levels of glutamate can easily be
measured by microdialysis in the obstructed brain area (Harvey et al, 2011 ).
The levels of extracellular glutamate did also not differ 8 weeks after surgery, a
time point at which the full OBX-induced behavioral syndrome has developed.
On the other hand, several laboratories have reported that OBX animals,
measured few weeks after surgery, display abnormal presynaptic glutamate
58

CHAPTER 3

neurotransmission (Ho et al., 2000), dysfunctional postsynaptic function of
NMDA receptors (Robichaud et al., 2001; Moriguchi et al., 2009), and changes
the meaning of these changes in the glutamate system. It could be that OBX leads
to selective loss of certain neuronal cells and that the remaining neurons have
different properties. Another possibility is that certain compensatory changes in
the glutamatergic system occur.
are not affected in the OBX rats 1 or 8 weeks following bulbectomy. This is in
changes in extracellular DA levels have been reported to occur in other brain
prefrontal cortex one day after OBX surgery. Masini et al (2004) measured
increased basal levels of dopamine in both dorsal and ventral striatum 2 weeks
following bulbectomy. It could be that there is not just a general decrease or
increase of dopamine in the brain of the OBX rat, but rather an imbalance in the
dopamine levels in the dorsal hippocampus earlier than 1 week after the surgery,
could have yielded different results, and we may have been simply too late. In
support of this notion, bulbectomized rats show disrupted reward sensitivity as
measured by the increased intracranial self- stimulation (ICSS) thresholds during
(Slattery et al., 2007). Since, the hippocampus is part of the mesolimibic pathway,
disrupted reward circuitry and reduced sensitivity to pleasurable stimuli (Berridge
and Robinson, 1998; Romeas et al., 2009; Slattery et al., 2007), which is detectable
few days after the OBX.
hippocampus either 1 or 8 weeks following bulbectomy. This result is in agreement
previous results (Van der Stelt et al., 2005). Van der Stelt et al (2005) reported a
persistent decrease in the serotonin levels up to 20 weeks post bulbectomy (Van der
Stelt et al., 2005). Although we have no clear explanation for these discrepancies,
small changes in the applied methodology, or differences in the exact location of
the microdialysis probes may, for instance, account for the aberrations between the
studies.
Data on the effects of OBX on NE concentrations in the brain are also not
equivocal ( Jancsar and Leonard, 1984; Connor et al., 1999; Van der Stelt et al.,
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hippocampus 1 and 8 weeks after OBX surgery, while Jancsar and Leonard (1984)
found decreased NE levels in the amygdaloid cortex, but Broekkamp et al (1986)
extracellular NE in striatum 14 days after OBX surgery. It appears as if there are
differences in the basal extracellular levels of NE between brain areas following
OBX.
In summary, we were unable to show changes in glutamate, 5-HT, DA and NE
in the dorsal hippocampus 1 and 8 weeks after OBX surgery. At both time points,
we observed clear behavioral and (hippocampus-dependent) cognitive changes,
indicating that these changes are not due to changes in the basal levels of these
neurotransmitters. From the data obtained in a previous study (Borre et al, 2012),
we have strong indications that NMDA receptor activation by excessive levels of
extracellular levels of glutamate plays an important role in the onset of the OBX
syndrome. Failure to detect changes in the extracellular levels of glutamate may
therefore most likely be explained by the fact that alterations in the levels of this
excitotoxic neurotransmitter are limited in time and brain location.
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ABSTRACT
Cyclooxygenase-2 (COX-2) is thought to play a role in the pathogenesis of
various neurodegenerative disorders. However, clinical trials with COX-2
inhibitors have yielded contradictory results. In the present study we investigated
whether COX-2 plays a role in the behavioral and cognitive impairments seen in
olfactory bulbectomized rats. These impairments arise from neurodegenerative
processes. First, we determined the time course of the OBX-induced behavioral
(hyperactivity) and cognitive changes (fear memory) and how these correlate with
changes in COX-2 mRNA expression in hippocampus. This experiment showed
that the major impairments in behavior and cognition developed between Days
3 and 14 after OBX surgery, which correlated with changes in mRNA levels of
COX-2, which increased at Days 7 and 14 after surgery but not anymore at day 28.
In a subsequent experiment, rats were treated, starting two days before surgery,
with the COX-2 inhibitor celecoxib (10 mg/kg, dissolved in drinking water) for 4
of celecoxib treatment, but not longer after 4 weeks. Celecoxib partly rescued
of celecoxib on fear memory lasted up to 1week posttreatment, but disappeared
thereafter. Our results show that COX-2 plays a limited role (both in magnitude
and time) in the development of the OBX syndrome.
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1. INTRODUCTION
Elevated cyclooxygenase (COX) brain levels have been found in various
neurodegenerative disorders including Alzheimer’s disease (AD), Parkinsons’s
disease, multiple sclerosis, and amotrophic lateral sclerosis (Montine et al., 2002;
Minghetti, 2004; McGeer and McGeer, 2005; Cimino et al., 2008; Andreasson,

neurodegenerative disorders (Chen et al., 2003; Hoozemans et al., 2005), several
studies have failed to do so (Aisen et al., 2002; Lyketsos et al., 2007; Martin et al.,
2008).
COX has two isoforms, COX-1 and COX-2 (Andreasson, 2010). In the normal
brain, COX2 is constitutively expressed in hippocampal and cortical neurons
(Yamagata et al., 1993), and implicated in synaptic plasticity and memory
acquisition (Cowley et al., 2008). Excitotoxicity induces COX-2 expression in
neurons (Takemiya et al., 2007) and in nonneuronal cells, such as microglia,
Interestingly, COX-2 expression (Hoozemans et al., 2004; Imbimbo, 2009)
is increased in neurons particularly during early stages of neurodegenerative
processes. Classically, activation of cyclooxygenases and their downstream
prostaglandin production are considered pathologic by promoting, directly or
act more like a double-edged sword, since both neurotoxic and neuroprotective
prostaglandin signaling pathways exist (Andreasson et al., 2010).
We investigated the effects of a COX-2 inhibitor, celecoxib, on olfactory
bulbectomized (OBX) rats. OBX is a lesion model of neurodegeneration, cognitive
2000; Capurso et al., 1997; Borre et al., 2012; Douma et al., 2011). Interestingly,
a growing body of evidence points to olfactory loss as one of the prodromal
features in various neurodegenerative disorders including Parkinsons’s disease
(Doty et al., 1988) and AD. Although the mechanisms of initial damage differ
between the OBX model and neurodegenerative disorders, secondary changes
alterations have much in common. Although, the OBX rodent is primarily used
Leonard, 2005), the OBX syndrome mimics several aspects of neurodegenerative
impaired long-term potentiation, and disrupted synaptic density (Hozumi et
al., 2003; Jaako-Movits et al., 2006; Jarosik et al., 2007; Moriguchi et al., 2006;
68
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Norrholm and Ouiment, 2001; Ostrovskaya et al., 2007). Importantly, these
OBX-induced cognitive and behavioral impairments are independent of anosmia
and directly project to different brain areas, including various cortical regions,
the olfactory bulbs leads to the trans-neuronal neurodegeneration. Moreover,
pharmacological therapies aimed at treating neurodegenerative diseases, such as
cholinesterase inhibitors and memantine, have been reported to alleviate cognitive
impairments induced by OBX (Hozumi et al. 2003, Yamamoto et al. 2010, Borre
et al., 2012), providing the model pharmacological validation with respect to
neurodegeneration-mediated cognitive abnormalities. In our laboratory, we try
to elucidate the OBX-induced sequelae of molecular and cellular changes that
underlie the behavioral and cognitive decrements in lesioned animals.
First, we determined the time course of the OBX-induced behavioral
(hyperactivity) and cognitive changes (fear memory) and their correlation to
changes in COX-2 mRNA expression in the hippocampus. Although mRNA
COX-2 levels do not mean increase the COX-2 protein levels, COX-2 expression
has been shown to be indicative of the COX-2 activity in the brain (Denkins et al.,
2005; Yokota et al., 2003).
This experiment showed that the major behavioral and cognitive impairments
developed between Days 3 and 14 after OBX surgery parallel with changes in
mRNA levels of COX-2, which were increased at Days 7 and 14 after surgery and
not anymore at Day 28.
Based on these results, we decided to investigate the involvement of COX-2 in
the development of the OBX-induced abnormalities by chronic administration of
the COX-2 inhibitor celecoxib. Administration of celecoxib started 2 days before
surgery (to ensure COX-2 inhibition already at the time of surgery) and continued
symptoms (Breuer et al., 2007); passive avoidance (to evaluate fear learning and
memory), and holeboard (to examine spatial memory) at different time points after
surgery.
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2. METHODS AND MATERIALS
2.1 ANIMALS AND OBX SURGERY.
and 220g upon arrival were used. Animals were on a 12-hour light/dark cycle, with
lights going off at 7.00 pm and coming on at 7.00 am. Food and water were available
ad libitum. Olfactory bulbectomy and sham surgeries were performed as previously
2 mm from the midline) were drilled and the olfactory bulbs were aspirated through a
bulbs were not aspirated. Animals were housed with four in macrolon IV cages separated
accordance with the Dutch guidelines for care and use of laboratory animals and were
approved by the Ethical Committee for Animal Research of Utrecht University.
2.2. MICRODIALYSIS PROBE IMPLANTATION
A cuprofane microdialysis probe (Microbiotech MAB 4.7.2 CU) was implanted in
the dorsal hippocampus (DH) 24 hours prior to the microdialysis procedure. The

place with three screws and dental cement on the skull. After the probe implantation
the animals were house individually.
2.3. EXPERIMENTAL SETUP.
The experiment consisted of 2 parts In part I, OBX and sham animals were tested
On day 6 they had surgery for the microdialysis probe implantation and on day 7
they received microdialysis and euthanized afterwards. In part II, OBX and sham
animals had microdialysis 8 weeks after surgery and also euthanized afterwards.
several time points after surgery.
FIGURE 1 EXPERIMENTAL DESIGN

The day of OBX surgery is day 0. Each animal was tested in all paradigms. Abbreviations: FR:
PA/T: Passive avoidance test/retraining; PA: Passive avoidance test; HBT: Holeboard test.
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2.4. BEHAVIORAL TEST.
2.4.1. TOTAL ACTIVITY

home cage.
2.4.2 PASSIVE AVOIDANCE
described in detail elsewhere (Borre et al., 2012). In short, during acquisition,
animals were placed in the light compartment and the latency to enter the dark
compartment with all four feet was measured in seconds. Once the animal entered
the dark compartment, the door was closed and a mild footshock (0.6 mA/3
seconds) was delivered. During the retention trials, the rat was placed again in
the light compartment and the latency to cross over to the dark compartment was
measured in the absence of the electric shock. The acquisition trial was done 48
hrs before the OBX surgery.
2.5. MICRODIALYSIS
The day after implantation, microdialysis experiments were performed in
conscious freely moving animals. The microdialysis probe was perfused with
Ringer solution (147 mM NaCl, 2.3 mM KCl, 2.3 mM CaCl2, and 1 mM MgCl2)
Animals were connected to a dual channel swivel (type 375/D/22QM) which
allowed them to move relatively unrestricted. During microdialysis, the pump
rate was set at 90 µl/h. Two hours after connection of the animals to the system,
ten 20-minute samples were manually collected in vials containing 15 µl of 0.1

and examined to verify complete olfactory bulb ablation and probe placement
accuracy.
2.6. ANALYTICAL PROCEDURES
2.6.1. HPLC-ECD DETERMINATION GLUTAMATE AND GLUTAMINE
Glutamate (Glu) and glutamine (Gln) were detected simultaneously by UHPLC
with electrochemical detection using an Alexys 110 LC-EC analyzer (Antec, The
Netherlands). The system consisted of two pumps, one autosampler with a 1.5µl
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the autosampler. The chromatogram was recorded and analyzed using a Clarity
data system (Antec). Primary amino acids in the sample were derivatized precolumn using a reagent consisting of 37.5 mM o-Phtalaldehyde (OPA)( Pickering

in-line using an autosampler. 9 µl sample was mixed with 0.5 µl reagent just
phosphoric acid, 50 mM citric acid, 0.1 mM EDTA pH 3.25, 1% Acetonitril,
2% Methanol). As soon as the compounds of interest had eluted a step gradient
using the mobile phase B (50 mM phosphoric acid, 50 mM citric acid, 0.1 mM
EDTA pH 3.25, 60% Acetonitril) was applied to rinse the column from any late
Glu and Gln was 25 nM. Gln co-eluted with Aspartic acid (Asp) under the used
chromatographic conditions.
2.6.2. HPLC-ECD DETERMINATION OF MONOAMINES AND
THEIR METABOLITES.
Noradrenalin (NE), dopamine (DA) and serotonin (5-HT) and their metabolites,
dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA) and
5-hydroxyindoleacetic acid (5-HIAA), respectively, were detected simultaneously
by HPLC with electrochemical detection using an Alexys 100 LC-EC system
(Antec, The Netherlands) as previously described (Prins et al., 2011)
2.7. HISTOLOGY
After the last test day, the animals were killed and their brains were removed. First,
for 24 hours and later on transferred to a 30% sucrose solution for at least 3
days. Frozen slices of 60 µm thickness were made and stained with a cresyl
animals were discarded if olfactory bulbs were not completely ablated, or if the
microdialysis probe was not in the dorsal hippocampus.
2.8. DATA ANALYSIS AND STATISTICS
the neurotransmitter levels and their metabolites. Unpaired t-tests were used to
avoidance was analyzed separately at each time point using nonparametric
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3. RESULTS
3.1. EXPERIMENT I
Time course of the OBX-induced syndrome
3.1.1. OPEN FIELD BEHAVIOR.
Three days after surgery, the OBX animals did not yet show signs of hyperactivity
(Figure 2A, t(21), p > 0.05). Increased locomotor activity was manifested 7 days
post-OBX surgery and continued at least until Day 28 (t(21) = 5.19, p < 0.0001;
t(20) = 3.11, p < 0.01; and t(22) = 4.74, p < 0.0001, respectively).
FIGURE 2
A

B

Time course of OBX-induced behavioral and memory changes. (A) Total activity as measured in the

controls. Data were analyzed by (A) student t-test and (B) Mann-Whitney U.

3.1.2. PASSIVE AVOIDANCE.
through passive avoidance paradigm, were already observed 3 days after surgery
(Figure 2B). After 7 days, the effects were more pronounced and maximal at
Days 14 and 28 (3 days: U = 36, p < 0.05; at 7, 14, and 28 days: all Us = 0, p <
dysfunctions manifest themselves largely between postsurgery Days 3 and 7. In
order to investigate whether prostaglandins resulting from COX-2 induction

COX-2 mRNA expression did not differ between the sham controls on Day 0 or
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Day 28, both sham groups were combined (n = 12). Experimental groups had n
= 6. We observed a large increase in the expression of COX-2 at Days 7 and 14
after surgery (Figure 3) (F(4, 40) = 5, p < 0.01, post hoc p < 0.05 and p < 0.01,
respectively). At the other time points measured, COX-2 expression levels did not
differ from those in the sham animals.
3.2. EXPERIMENT II
Celecoxib, COX-2 inhibitor; treatment started two days prior to OBX surgery
3.2.1. OPEN FIELD BEHAVIOR.
A 2-week celecoxib treatment normalized OBX-induced hyperactivity (F(3,42)
= 15.87, p < 0.001, post hoc: OBX-veh vs. sham-veh p < 0.05 and OBX-veh vs.
OBX-cel p < 0.05) (Figure 4). This effect, however, was no longer present after 4
weeks of chronic treatment. Both OBX groups also showed hyperactivity 1, 3, and
6 weeks after cessation of treatment (data not shown).
FIGURE 3

Time course of OBX-induced behavioral and memory changes. (A) Total activity as measured

corresponding controls. Data were analyzed by (A) student t-test and (B) Mann-Whitney U.

3.2.2. PASSIVE AVOIDANCE.
After two weeks of celecoxib treatment, the OBX-celecoxib treated animals
passive avoidance task (Fig. 5A, Kruskal-Wallis; H(4) = 29.97, p < 0.001, post hoc:
OBX-veh vs. OBX-Cel, p < 0.05). Immediately after the retention test shown in
Figure 5A, all animals were retrained until they reached the acquisition criteria
of staying 60 seconds in the light. This fear learning was impaired in the OBXvehicle animals and rescued by the previous celecoxib treatment (Kruskal-Wallis
test; H(4) = 26.21, p < 0.0001) (Figure 5B). Furthermore, as shown in Figure 5C,
celecoxib treatment of OBX animals delayed fear memory loss, but did not prevent
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FIGURE 4

Group sizes:n=11-12.

week: H(4) = 17.21, p < 0.001; 3 weeks H(4) = 26.44, p < 0.001). Post hoc analysis
treated OBX animals (1 week p < 0.01 and 3 weeks p < 0.05).
3.2.3. HOLEBOARD.
The animals were trained in the holeboard prior to the surgery for 7 consecutive
days until their reference memory index was above 80%. All animals reached
that level within 8 days. Retention trial on 3 successive days began 3 weeks after
the surgery and chronic celecoxib treatment. The results are shown in Figure
6. There was a main effect of surgery (F(2,33) = 3.840, p < 0.05), and no effect
1.426, p > 0.05) (Figure 6A). Further analysis on each test day separately revealed
the sham animals as demonstrated by the main effect of surgery (Day 1, F(3,42)
= 18.41, p < 0.001); Day 2: F(3, 42) = 6.99, p < 0.001; and Day 3: F(3,42) = 24.17,
p < 0.001, respectively) and no main effect of celecoxib (Day 1: F(3,42) = 34.56,
p > 0.05); Day 2: F(3, 42) = 31.9, p > 0.05; or Day 3: F(3,42) = 39.42, p > 0.05,

to vehicle treated OBX animals (Figure 6B) (post hoc: p < 0.05). On Day 3, no
differences in latency were observed between the four groups (Kruskal-Wallis;
Day 1: H(4) = 12.11, p < 0.01, post-hoc p < 0.05 for OBX-vehicle vs. sham-vehicle;
Day2: H(4) = 19.93, p < 0.01, post hoc p < 0.001; Day 3: H(4) = 13.99, p > 0.05).
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FIGURE 5
A

B

C

Group sizes:n=11-12.

3.2.4. CYTOKINE MEASUREMENTS.
One of the potential mechanisms via which celecoxib may slow down the onset

(day x surgery interaction): F(2, 40) = 3.38, p < 0.05). There was also a main effect
of drug treatment across days (treatment x days; F(2,65) = 3.626, p < 0.05).
Further analysis on separate days showed that IL-6 serum levels of the OBXvehicle treated animals at 3 and 7 days post-bulbectomy were doubled compared to
the levels in control animals (F(3,42) = 5.31, p < 0.01 and F(3,42) = 8.96, p < 0.01),
respectively, whereas 14 days after surgery, differences in IL-6 levels were no longer
76
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FIGURE 6
A

B

12 as determined by two- way ANOVA following a repeated measures two-way ANOVA. (B) Time
vehicle animals as demonstrated by Krusskal-Wallis test, followed by Dunn’s post-hoc comparisons.

present (F(3,42) = 4.96, p > 0.05) (Figure 7). Further analysis for each time point
separately revealed that while celecoxib treatment had no effect on IL-6 levels
3 days after surgery (F(3,42) = 18.73, p > 0.05); however, it normalized the IL-6
levels at 7 and 14 days (F(3,42) = 25.29, p < 0.01, post hoc p < 0.01 and F(3,42) =
5.78, p < 0.01) respectively).
TNF alpha (data not shown).
FIGURE 7

Cytokine release in periphery following OBX surgery. Effect of bulbectomy and celecoxib on
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4. DISCUSSION
In the present study we showed that celecoxib, a COX-2 inhibitor, when given
chronically, starting 2 days before OBX surgery, is able to delay bulbectomyinduced cognitive decline, but does not prevent it. Celecoxib clearly improved
retention of fear memory up to 1 week after cessation of treatment, but had no
effect on spatial memory of the OBX rats. OBX mediated hyperactivity in the
longer after four weeks. Our results indicate that COX-2 plays a limited role (both
in magnitude and time) in the development of the OBX syndrome. A potential
but time-limited role of COX-2 is also apparent from its mRNA expression in the
hippocampus. Following OBX surgery, the impairments in behavior and cognition
developed between day 3 and 14 days (Figure 2). Interestingly, the mRNA levels of
COX-2 were high at day 7 and 14 following OBX surgery and at control levels 3
days and 28 days after surgery.
Effects of celecoxib on OBX rats have been studied before (Myint et al, 2007;

surgery. In both studies, celecoxib normalized the OBX-induced hyperactivity 4
weeks after surgery, however, the effects of the drug on cognitive functioning were
not reported. In our study, hyperactivity was normalized by chronic celecoxib
treatment 14 days after surgery, but not anymore 4 weeks after surgery. We can
only speculate about what causes the differences in results between this and the
other two studies. In the brain, 9 different prostaglandin receptors have been
localization (neuron or (micro)glia), these receptors may mediate neurotoxic or
neuroprotective effects (Andreasson, 2010).
In this context it is important to refer to the paper by Gobbo and O’Mara (2004).
These authors showed that celecoxib enhances functional recovery (spatial
(KA)-induced neurodegeneration in hippocampus, but only when given after the
KA treatment. When celecoxib was given prior to KA, no improvements and even
aggravations were observed. Gobbo and O’Mara hypothesized that an initial rise
in prostaglandin levels following (acute) brain injury mediates neuroprotective
mechanisms, while a prolonged increase in prostaglandins aggravates brain injury.
In this study, we have probably blocked what? by starting the celecoxib treatment
already two days before the surgery both prostaglandin-mediated neuroprotective
and neurodegenerative processes. The differences between our study and the
prostaglandin-mediated neuroprotective mechanisms are in particular of relevance
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shortly after OBX surgery and that they protect against neurodegenerative
processes not directly-mediated by prostaglandins (e.g. NMDA-receptor mediated
excitotoxicity). This hypothesis translates into the prediction that the effects of a
treatment with celecoxib that starts after surgery will be longer lasting than the
effects of a treatment that starts before surgery.
Decreasing cytokine levels may be one of the mechanisms via which celecoxib
slows down the OBX-induced behavioral deteriorations. Our experimental setup
did not allow the measurement of cytokines in brain tissue. In serum, however,
we were able to show an effect of celecoxib on OBX-induced increases in IL-6
day 7 following OBX surgery. In celecoxib-treated OBX animals, IL-6 levels were
increased at day 3, but at baseline levels at day 7 (Figure 7). Although the origin
of the elevated IL-6 levels in the periphery of the bulbectomized rats remains
to be determined, we suspect it is brain driven. Myint et al (2007) demonstrated

the onset of the OBX pathology, but because the celecoxib treatment only slowed
down the development of the OBX syndrome, increased levels of cytokines are
probablyplay a limited role in the onset of OBX pathology.
Prostaglandins are involved in many different brain processes, some of
which may be important in the onset of the OBX-syndrome. For instance,
prostaglandins play a role in the stress response. Celecoxib reduces stress-induced
hypothalamic-pituitary-adrenal axis (HPA)-axis activation leading to lower levels
of glucocorticoids (Hu et al., 2005; Casolini et al., 2002). The question is whether
high levels of corticosterone play a role in the onset of the OBX syndrome? To
2 weeks after OBX surgery. At later stages, it is unclear whether changes in
of corticosterone 4 weeks after OBX-surgery, which was normalized by celecoxib
treatment. In our laboratory, we observed no differences in corticosterone levels
results). Without proper experiments we can only speculate about the role of
corticosterone in the OBX syndrome. High levels of corticosterone may inhibit
neurogenesis in hippocampus and neuroplasticity ( Joels et al., 2007). On the other
actually be neuroprotective (Rivest, 2009). This paragraph tells us nothing about
how celecoxib may have attenuated behavioral parameters-my previous paragraph
regarding the HPA axis was more clear.
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2000) and PGE2 synthesis is blocked by COX-2 inhibition. Furthermore, several
studies suggested a link between increased PGE2 synthesis and stress-like behavior.
brain areas (Yamagata et al., 1993) and priming cytokine release from activated
microglia (Frank et al., 2007), thus stimulating PGE2 production from neurons
and/or microglia. In addition, PGE2 activates corticotropin releasing factor
(CRF), leading via adrenocorticotropic hormone (ACTH) to release corticosterone
and blood concentrations of PGE2 in OBX rats (Connor et al., 2000; Myint et
hyperactivity (a stress-like response to a novel environment). Therefore, exposing
and consequently abnormal hyperactivity response, which was then normalized
reduced both blood and brain PGE2 concentrations. These changes were
correlated with a decreased corticosterone secretion and attenuated OBX-induced
hyperactivity. Thus we can postulate that celecoxib reduced OBX-induced
hyperactivity via prostaglandin inhibition. Celecoxib’s normalizing effect on the
OBX-induced hyperactivity disappeared after cessation of treatment, supporting
the possible mechanism by which the drug reduces stress-like behaviors by
prostaglandin synthesis.
Other processes regulated by prostaglandins and known to be altered in the OBX
rat, are the serotonergic (5-HT) and noradrenergic (NE) neurotransmissions
various neurodegenerative disorders and OBX- induced changes (McMillan et
al., 2011; Meltzer et al., 1998). From microdialysis experiments performed in our
lab, it is known that basal levels of extracellular 5-HT are reduced 2 weeks and 5
of 5HT/NE release by celecoxib is relevant for its curative effects in OBX rats
remains to be determined. Chronic administration of the tricyclic antidepressant
imipramine, which inhibits the reuptake of both 5-HT and NE, normalizes the
OBX-induced hyperactivity even several weeks after cessation of treatment (Breuer
et al, 2007). The effects of celecoxib in this experiment were short lasting and
already during treatment the effects of the drug on locomotion disappeared. And
thus, celecoxib in the dose used was probably not effective enough in normalizing
the monoamine release in OBX rats.
Finally, prostaglandins are known to stimulate glutamate release and increase
NMDA-receptor-mediated cytotoxicity, (Nishihara et al., 1995, Bezzi et al., 1998
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various cortical and subcortical regions of OBX animals (Robichaud et al., 2001;
Ho et al., 2000)). Previously we showed, using memantine, a NMDA receptor
antagonist, that NMDA receptors are key players in the development of OBXameliorating effects of memantine lasted even after cessation of the treatment.
From the limited effects of celecoxib on OBX rats, both in time and amplitude,
compared to memantine, we have to conclude that celecoxib is not effective enough
to block glutamate-mediated neurotoxicity.
Celecoxib, like memantine in our previous study (Borre et al, 2012), was unable to
rescue OBX-induced spatial memory impairment. I incorporated comments made
by the reviewers from the BBI in this paragraph, so I want to keep it this way:
If celecoxib attenuated OBX-induced fear memory impairment, why does not it
probably does not affect all brain areas to the same extent. For example, the
passive avoidance task involves hippocampus, basolateral amygdala, and its
however, requires not only the hippocampus but also hippocampal afferents, and
be more susceptible to neurodegeneration following bulbectomy. Passive avoidance

neurodegeneration in the brain areas involved in the passive avoidance task, but
failed to rescue neurons of the participating in the spatial memory processing. And

Although the initial induction of neurodegeneration in the OBX rat differs
from that in neurodegenerative disorders in humans, secondary changes such as
and cognitive abnormalities are similar to those seen in the human patients.
We believe that examining these secondary changes, which follow the bilateral
ablation of the olfactory bulbs, could help to elucidate some of the underlying
mechanisms in the human disorders and consequently, suggest potential
therapeutic interventions.
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It is clear that much more research is necessary to elucidate the intricate balance
between prostaglandin-mediated neuroprotection and neurodegeneration and
may be in particular of importance for the development of effective treatment for
neurodegenerative diseases in humans.

FINANCIAL DISCLOSURE
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ABSTRACT
We investigated the effects of minocycline, a microglia suppressant, on olfactory
bulbectomized (OBX) rats, a model of cognitive and behavioral impairments
arising from neurodegenerative processes. Previously, we demonstrated that the
major OBX-induced behavioral and cognitive impairments develop between day
3 and 7 following bulbectomy. Here we show that the onset of these cognitive
changes parallel in time with signs of microglia activation (increased mRNA levels
(50 mg/kg, i.p.) once daily for 4 weeks. OBX surgery was done at day 3 of drug
avoidance (fear learning and memory-acquired prior to OBX) and T-maze (spatial
memory, conducted post bulbectomy). Minocycline normalized OBX-induced

phase of a neurodegenerative disease.
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1. INTRODUCTION
Neurodegenerative disorders have a major unmet need for therapies altering
disease progression. Inhibition of microglial activation has been suggested a
practical strategy in the treatment of neurodegenerative diseases (Kriz et al.,
2002; Hartmann et al., 2003). Any disturbance in brain homeostasis may result in
microglia activation, the resident macrophages in the central nervous system (Perry

Yet, not all microglia responses are detrimental, and in some cases, they assist in
dual roles in neurodegeneration, both as instigators of damage and as guardians of
brain homeostasis.
properties, suppresses the activation of human and animal microglia both in vitro
et al., 2005; Jordan et al., 2007). Minocycline provides neuroprotection in animal
models of focal and global cerebral ischaemia (Wang et al., 2003), amyotrophic
lateral sclerosis (Zhu et al., 2002), Alzheimer’s (Parachikova et al., 2010) and
Parkinson’s disease (He et al., 2001).
In the present study we used olfactory bulbectomized (OBX) rats as an animal model
of neurodegeneration-induced cognitive decline. OBX results in a degeneration of the

al., 2012). Moreover, bulbectomy decreases hippocampal neurogenesis, an important

may play a role in the OBX-induced neurodegenerative, behavioral, and cognitive

et al. 2011), we demonstrated that the major OBX-induced behavioral and cognitive
impairments developed between day 3 and 14 following bulbectomy. Here we show that
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for activated microglia (Kreutzberg, 1996). Based on these results, we investigated the

minocycline. Mincocyline treatment started two days before the OBX surgery.

2. METHODS AND MATERIALS
2. METHODS AND MATERIALS
2.1 ANIMALS AND SURGERY
and 220g upon arrival were used. Animals were on a 12-hour light/dark cycle, with
lights going off at 7.00 pm and coming on at 7.00 am. Food and water were available ad
libitum. Olfactory bulbectomy surgery was performed as previously described (Breuer
midline) were drilled and the olfactory bulbs were aspirated through a blunt hypodermic
needle. Animals were housed with four in macrolon IV cages. OBX and sham animals
were housed in different cages and were randomly assigned to treatment groups. All

Research of Utrecht University.
2.2 DRUG ADMINISTRATION
Minocycline at 50 mg/kg (Pharmachemie B.V., The Netherlands) in a dose volume
of 5 ml/kg was administered intraperitoneally (i.p.) daily. Minocycline administration
started 2 days prior to the OBX surgery and was always given in the afternoon, after
completion of the behavioral tests, and continued for 26 days. In the control group, 0.9%
saline was administered in the same manner.
FIGURE 1
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2.3 BEHAVIORAL TESTING
Animals were tested repeatedly over time in a battery of behavioral paradigms as
2.3.1 TOTAL ACTIVITY

to their home cage.
2.3.2 PASSIVE AVOIDANCE
described in detail elsewhere (Borre et al., 2012). In short, during acquisition,
animals were placed in the light compartment and the latency to enter the dark
compartment with all four feet was measured in seconds. Once the animal entered
the dark compartment, the door was closed and a mild footshock (0.6 mA for 3
seconds) was delivered. To ensure that all animals learned the task, a retention
had to remain in the light compartment for 60 seconds. If an animal entered the
dark compartment within this period, it received another 3 seconds shock of 0.6
mA and immediately placed back in his home cage. Five minutes later another
acquisition trial was performed. All animals learned the task after 1 trial. The
placed again in the light compartment and the latency to cross over to the dark
compartment was measured without the electric shock.
2.3.3 T-MAZE SPONTANEOUS ALTERNATION
Rawlins (2006). A trial consisted of two runs, with a time interval of 2 minutes.
After the rat had been placed in the start arm, the animal was free to choose
between both goal arms. As soon as the animal had entered one goal arm, the
animal was then returned to his home cage. After thoroughly cleaning the T-maze
with 70% ethanol, the rat was put back to the start arm and was free to choose one

arm or vice versa), divided by the total amount of trials. Total of 4 trials were
conducted over 2 days (2 trials per day).
2.4 QUANTIFICATION OF MRNAS
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RNA was isolated from the hippocampus and reverse transcribed as previously

2.5. EXPERIMENTAL DESIGN
2.6 STATISTICS
One-way ANOVA followed by post hoc t-tests with Bonferonni correction was

and Levene’s tests, respectively. Passive avoidance and T-maze alternation were
analyzed using nonparametric statistics (Kruskal-Wallis), followed by post hoc

3. RESULTS
3.1. MICROGLIA ACTIVATION
In a previous study (Borre et al., 2011), we showed that the OBX-induced
behavioral and cognitive dysfunctions manifest themselves largely between postsurgery day 3 and 7. In order to investigate whether microglia activation may

(Figure 2B).
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FIGURE 2
A

B

3.2. BEHAVIORAL EFFECTS
Behavioral effects of chronic minocycline treatment. Treatment started 2 days
prior to OBX surgery
3.2.1 EFFECTS OF MINOCYCLINE ON HYPERACTIVITY
IN THE OPEN FIELD
Four weeks of chronic minocycline administration normalized the activity of

FIGURE 3
A
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3.2.2 EFFECTS OF MINOCYCLINE ON FEAR
MEMORY (PASSIVE AVOIDANCE TEST)
Two and three weeks following bulbectomy and drug treatment, fear memory was

FIGURE 4

controls. For group sizes see legend to Figure 3

3.2.3 EFFECT OF CHRONIC TREATMENT OF MINOCYCLINE ON
SPATIAL MEMORY PERFORMANCE (T- MAZE)
T-maze alternation task was used to assess short-term hippocampus dependent
spatial memory performance of the animals. Olfactory bulbectomy disrupted task

reached the level of vehicle performance. Percentage of alterations for all animals
3 weeks after chronic minocycline treatment (Figure 5) demonstrates that vehicletreated OBX rats operate at chance level and three weeks of minocycline treatment
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FIGURE 5

sham and OBX-mino group. For group sizes see legend to Figure 3.

DISCUSSION
In the present study chronic treatment with minocycline attenuates some of the
behavioral and cognitive effects of olfactory bulbectomy. Minocycline normalized
OBX-induced hyperactivity and partially rescued cognitive decline as seen in the
T-maze paradigm, a hippocampus-dependent spatial memory task. In contrast,
minocycline was not effective in restoring fear memory impairment following
bulbectomy. Importantly, the attenuating effects of minocycline on the OBXinduced hyperactivity remained even after cessation of treatment. A potential, but

increased at day 3 and day 7 following bulbectomy, respectively, and normalized

was only increased in hippocampus 7 days after surgery, while Myint et al (2007)

days after OBX surgery were reported.
From the results presented here, we conclude that microglia may play a role in
the onset of the neurodegenerative processes following ablation of the olfactory
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bulb. It may be that the OBX-induced degeneration of neurons activates microglia

neurodegeneration, thereby initiating a self-perpetuating degenerative process.
In our recent publication (Borre et al, 2012), we showed that memantine, a

in OBX-induced neurodegeneration comes from studies conducted by Robinson
who demonstrated an increase in caspase-3 activity, a key mediator of apoptotic
death, in bulbectomized animals, suggesting that olfactory bulbectomy might
prompt apoptosis-induced cell death. These data suggest that olfactory bulbectomy
caused retrograde apoptosis via the caspase-3 pathway. It is possible that neuronal
and a further loss of neurons, forming a positive feedback loop, which ultimately
leads to OBX-induced trans-neuronal neurodegeneration.
Minocycline treatment may have impeded the bulbectomy mediated
neurodegeneration and behavioral/cognitive impairments partially by inhibiting
agents thus dampening neurodegenerative processes.

been shown to restore neurogenesis (Ekdahl et al., 2003). The question now arises
whether the ameliorating effects of minocycline on the OBX rat may be due to
increased neurogenesis. It is known that OBX leads to a reduction in hippocampal
neurogenesis ( Jaako-Movits and Zharkovsky, 2005; Nesterova et al., 1997).
Recently we reported that environmental enrichment combined with voluntary
does not improve cognition in OBX rats (Hendriksen et al., 2012). It is likely that
restore behavioral and cognitive impairments following OBX.
hyperactivity during the treatment, an effect that was still present 1 week after
animals, the reduced activity of the minocycline-treated OBX rats is probably not
due to a general reduction in locomotion. Kofman et al. (1993) demonstrated that
minocycline administered intravenously in relative high doses (100 and 150 mg/kg)
reduced general locomotion of the animals. A lower dose (50 mg/kg) was used in
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hours after drug administration.
Traditionally, the OBX rat is validated as a screening model for antidepressants
after surgery (Breuer et al, 2007). Although the OBX-induced hyperactivity in
surgery, it should be noted that minocycline treatment started 2 days prior to the
bulbectomy, rather than 2 weeks after and thus, any antidepressant properties of
the minocycline in this study are questionable and require further investigation.
However, a recent study conducted by Arakawa et al. (2012) provided some
of depression.
spatial memory in the T-maze and not fear memory as measured in the passive
previously observed in models of genetic and pharmacological manipulation of

neuroprotection in the mouse hippocampus following transient global forebrain

the OBX-induced neurodegeneration in the hippocampus, but failed to rescue
neurons of the amygdala region. It may be that olfactory bulbectomy does not
the passive avoidance task could be damaged not only in hippocampus, but also
in the basolateral amygdala or its projection targets, including the striatum, basal
the other hand, requires the septal-hippocampal system, the cerebellum, thalamus
and substantia innominata (Lalonde, 2002) -areas that could have been less
susceptible to the neurodegeneration following bulbectomy.
In summary, our data suggest that minocycline, most likely via its inhibitory
Furthermore, the present study suggests a limited role for microglia activation,

disorders, they have not been successful in slowing disease progression (Aisen,
2002). In most cases, treatment is initiated well after neurodegeneration and
and most likely irreversible. This animal study suggests that early intervention
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with minocyline may delay neurodegenerative processes and the cognitive
decline. Further studies are necessary to determine the precise mechanisms of
minocycline neuroprotection, and the optimal dose and duration of treatment
of neuroprotective drugs is also an important option, which could lead to new
approaches in the treatment of neurodegerative diseases.

FINANCIAL DISCLOSURE
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ABSTRACT
Olfactory bulbectomy (OBX) in a laboratory rodent leads to numerous behavioral
depression, but may also be a valuable tool in the study of neurodegenerative
disorders like Alzheimer’s disease. This experiment evaluated the effects of
simvastatin, a cholesterol-lowering drug with putative neuroprotective properties,
on OBX-induced behavioral changes. Chronic administration of simvastatin,
starting 48 hours after surgery, did not have any behavioral effect in OBX rats,
In control rats, simvastatin treatment resulted in an improved performance in
simvastatin treatment enhanced cognition in intact rats, but had no effect in OBX
rats. These results are in line with the idea that statins may attenuate (early) ageassociated cognitive decline in humans.
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1. INTRODUCTION
Early-stage Alzheimer’s disease (AD) is associated with marked impairments
tangles and neuritic plaques have been found in olfactory bulbs of AD brains (Ohm
& Braak 1987). In rodents, bilateral olfactory bulbectomy (OBX) leads to extensive
et al. 2006; Kelly et al. 1997). These behavioral deteriorations become apparent

other behaviors (Cain 1974, Van Riezen et al. 1977). Anatomically, neurons of the

to retrograde degeneration of these neurons (Kelly et al. 1997; Song & Leonard

One of the most robust behavioral changes induced by bulbectomy is locomotor
not acute, administration of antidepressants (Breuer et al. 2007; Kelly et al. 1997).
Furthermore, OBX has been reported to decrease hippocampal neurogenesis,
a putative pathogenic mechanism in depression (Koo et al. 2010), that could be
In addition to its role in depression, hippocampal degeneration has been suggested
al. 2004). Thereby, OBX was associated with increased levels of beta-amyloid
protein in neocortex and hippocampus (Aleksandrova et al. 2004). Notably, drugs
approved for the treatment of AD were reported to alleviate cognitive impairments
induced by OBX, providing the model pharmacological validation with respect to
AD. In particular, both cholinesterase inhibitors (Hozumi et al. 2003; Yamamoto
improved cognition in OBX rats. Thus, the OBX model may also be useful for
modeling (early) Alzheimer’s disease.
Up till now, no drug has been shown to completely protect neurons from
were originally designed to lower cholesterol, but may also have neuroprotective
et al. 2001; Ostrowski et al. 2007; Youssef et al. 2002). Thereby, statins could
have cognition-enhancing properties, as the lipophilic drug simvastatin improved
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respectively (Li et al. 2006; Wu et al. 2008), and enhanced long-term potentiation
hippocampal neurogenesis and expression levels of the neurotrophic factors BDNF
studies, statins may reduce the risk of developing AD (Darvesh et al. 2004; Sparks
et al. 2005; Wolozin et al. 2000). Though, a more recent meta-analysis (Zhou et al.
2007) found no preventative effects of statins. However, in this study, no difference
was made between statins that pass the blood-brain barrier and those that do not.
In the present study, we investigated the effects of simvastatin treatment on
learning and memory in OBX and control rats. Simvastatin was administered
chronically (25 days), starting 48 hours after bulbectomy, and followed by several
recognition tests).

2. METHODS AND MATERIALS
ANIMALS
In total, 52 male Sprague-Dawley rats (Harlan, Zeist, The Netherlands) were used
in the experiments, weighing approximately 330 g at the time of surgery. During
either OBX or control animals), on a 12:12 light/dark cycle (lights on: 06:00-18:00
h). Food and water were available ad libitum, room temperature was 22°-24°C
and humidity between 30% and 60%. Animals were allowed to acclimate to
their surroundings for 2 weeks prior to testing and handled daily except for the
weekends. At the end of the experiment the animals were killed by decapitation,

Ethical Committee for Animal Research of Utrecht University.
OLFACTORY BULBECTOMY
The surgical procedure was performed as previously described (Breuer et al. 2007).
in a stereotaxic instrument. Two burr holes were drilled on either side of the skull,
2 mm in diameter. Tissue was removed with a blunt hypodermic needle and a
vacuum pump. When all animals were awake and moving, they were returned
assigned to surgery or control groups. No sham operations were performed, since
in previous experiments we have found that sham-operated animals do not differ
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EXPERIMENTAL DESIGN
OBX and control animals were orally (p.o.) treated with either simvastatin (10 mg/
kg, suspended in a vehicle containing 0.5% gelatin and 5% mannitol) or vehicle

performed pre-surgically, after 2 weeks of treatment and 1 week post treatment),
passive avoidance (habituation trials, 3 days pre-surgery; acquisition trials, 2 days
pre-surgery; retention trials, 1 day pre-surgery and 3 weeks post-surgery), and
day 25 and 1 day post treatment, respectively, following habituation sessions on
FIGURE 1

PAH

Passive avoidance habituation

PAS

Passive avoidance shock

PAR

Passive avoidance retention

OBX

Olfactory bulbectomy surgery

Drug treatment

Outline of all behavioral tests and interventions performed in chronological order (the day of OBX
surgery is day 1). For test procedures, see text. Each animal was tested in all paradigms.

BEHAVIORAL TESTING OPEN FIELD
In an open-topped arena with light gray walls (72 x 72 x 45 cm), locomotion was
was analyzed using Ethovision (Noldus, The Netherlands).
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PASSIVE AVOIDANCE
To study passive avoidance behavior, a one-trial, step-through passive avoidance
paradigm was used (adapted from Van Riezen & Leonard 1990), where rats learn
to remain in an aversive environment in order to avoid receiving a foot shock. The
test apparatus (49 x 23 x 35 cm, l x w x h) consisted of a white, brightly lit (230 lux)
compartment (19 x 23 x 35 cm) and a black, dark compartment (29 x 23 x 35 cm);
connected by a sliding door (8 x 6 cm). Rats were habituated to the apparatus and
test procedure one day prior to the acquisition trial. In the habituation session, the
black compartment was opened. After the animal stepped inside, the door was
shock being delivered. During the acquisition trial, the animal was placed in the
white compartment, and 10 seconds later the door was opened. As soon as the
animal entered the black compartment, the door was closed and a foot shock of 0.6
mA was presented for 3 seconds, after which the animal was immediately returned
to its home cage. One day after the acquisition trial (and one day before OBX

of the door and entrance of the animal into the black compartment with all four
paws. A cut-off time of 300 seconds was used. The animal was immediately
taken out of the apparatus and returned to its home cage after entering the black

from analysis.
OBJECT-PLACE RECOGNITION
In this paradigm, the ability of rats to detect a mismatch between a remembered

test trials, for 15-20 min daily for 3 consecutive days. The procedure of behavioral

were approximately 5 x 5 x 5 cm and made of ceramics, glass or plastic. Any
phase was excluded from the analysis.
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THE OBJECT-LOCATION TASK

in the corners of the arena, 15 cm from the two nearest walls. During the retention

and between groups.
THE OBJECT-IN-PLACE TASK
In this topological task, the animal’s ability to recognize spatial relationships

counterbalanced within and between groups.
DISCRIMINATION RATIO
For both tasks, the discrimination ratio was calculated as time spent exploring

formula: (t [novel] – t [constant])/ (t [novel] + t [constant]). Exploratory behavior
behavioral scoring, the experimenter was blind to the surgical and treatment

recognition (Dix & Aggleton 1999). Any animal that failed to reach a minimum of
STATISTICAL ANALYSIS
ANOVA, followed by post hoc t-tests with Bonferonni correction. Assumptions of
normality and homogeneity of variance were tested with Kolmogorov-Smirnov
and Levene’s tests, respectively. Passive avoidance latency times were analyzed
using nonparametric statistics (Kruskal-Wallis), followed by post hoc Dun’s
recognition tests were made by two-way ANOVAs, and to discriminate if group

were carried out using SPSS 18.
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3. RESULTS
OPEN FIELD

simvastatin-treated animals, respectively). Simvastatin did not affect locomotion

not shown).
FIGURE 2

Simvastatin did not affect OBX-induced hyperactivity. Rats received daily either simvastatin

LEARNING AND MEMORY
PASSIVE AVOIDANCE
Pretreatment and pre-surgery, mean latency times to enter the black compartment
did not differ between groups (not shown). 21 days following surgery (and 18 days

measuring latency times, we used a cut-off time of 300 seconds. This highest possible
value was reached by 7 out of 9 simvastatin-treated control animals, while only 2 out
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FIGURE 3

compartment. Simvastatin (10 mg/kg, p.o.) was administered daily for 18 days. Post hoc comparisons

OBJECT-PLACE RECOGNITION

vehicle groups, respectively), whereas OBX animals did not perform above chance

additional analysis revealed that only the simvastatin-treated control group

4. DISCUSSION
The present study shows that chronic treatment with simvastatin (25 days) improves
passive avoidance tasks. Furthermore, simvastatin did not improve OBX-induced
behavior). Studies in rat and mouse models of Alzheimer’s disease (Li et al. 2006) and

proved to be ineffective in ameliorating learning and memory in the OBX rat.
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FIGURE 4
A

B

One suggestion is that the brain damage resulting from ablation of the olfactory
bulbs is too severe or extensive to be counteracted by simvastatin treatment. In
a study by Skelin et al (2008), it was shown that OBX leads to reduced glucose
utilization in thirteen different brain areas, which is indicative for a widespread
reduction in brain activity. Affected brain areas included the ventral hippocampus
reported improved cognitive performance following chronic simvastatin treatment

Alternative explanations why simvastatin might have been ineffective in the OBX
model could relate to dosage and time factors. In the current study, simvastatin
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was applied in a dose of 10 mg/kg. Elsewhere, doses ranging from 1 to 50 mg/kg
of simvastatin have been successfully used (Lu et al. 2007; Wu et al. 2008, 2009).
10 mg/kg dose was effective in the control animals. Since we started simvastatin
treatment 48 hours after OBX surgery, it is possible that at this stage, part of the
neurons in brain areas beyond the olfactory bulbs had already been damaged. Our
previous telemetry studies demonstrated that rat home-cage hyperactivity becomes
apparent 2 -3 days after OBX surgery (Vinkers et al. 2009). Furthermore, OBXand 14 days after surgery in mice (Hozumi et al. 2003). Taken together, it is likely
that although some brain tissue may have been irreversibly damaged by the onset
of treatment, there may still have been room for improvement, e.g. limiting further
loss of neuronal function or even enhancing the function of remaining neurons.
model has been used to predict known antidepressant drugs across laboratories
(Breuer et al. 2007; Kelly et al. 1997). In the present study, chronic simvastatin
treatment did not normalize the hyperactivity response of OBX rats (Figure
2007), simvastatin stimulates neurogenesis (Wu et al. 2008) and the production
2008). Stimulation of neurogenesis is considered necessary for the antidepressant
effects in mice (Santarelli et al. 2003). In addition, chronic treatment with the

same. On the other hand, to the best of our knowledge, no antidepressant effects of
statins have been reported in humans so far.
behavioral performance in controls. In the beginning of the experiment, all
animals went through a passive avoidance acquisition trial, in which they received
a shock (0.6 mA, 3 seconds). Theoretically, this could have interfered with later task
performance, for instance by increasing anxiety. This may be in particular true
for the control group, since OBX animals do not recall memories acquired before

decreased anxiety states.
In one study, using the same dose of simvastatin as we did, anxiolytic effects of the
cannot be excluded that possible anxiolytic effects of simvastatin might have played
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contribution of this effect is considered small, since the drug also increased latency
times in the passive avoidance test – a procedure widely used in memory research
cognition in control mice (Li et al. 2006), possibly by modulation of signaling
pathways implicated in synaptic plasticity and (spatial) memory formation (Laufs
following chronic simvastatin treatment have been reported in rats (Wang et

All tests performed in this study are considered to be dependent on the
hippocampus, though depending on the task, cortical brain areas may be
place recognition and passive avoidance tests – where simvastatin was found to
contextual fear learning is evaluated, i.e. the animal has to make an association
between the context and an aversive stimulus. Burwell et al. (2004) reported that
passive avoidance learning requires an intact corticohippocampal circuit (i.e.
hippocampus and perirhinal, postrhinal, and enthorhinal cortices). Also, in a lesion

was not affected by lesions in these areas.
enhancing effects in tasks that require cortical participation. On the other hand,
maze (Li et al. 2006), which is thought to depend on an intact hippocampus

test may determine whether cortical regions become involved or not. Thus,
mechanisms underlying cognition-enhancing effects of simvastatin remain to be
determined. Unraveling those mechanisms may be of particular importance, as in
non-demented elderly, statins have been reported to improve cognition (Parale et
al. 2006) and to reduce the rate of cognitive decline (Bernick et al. 2005; Sparks et
al. 2010).
higher-order learning and memory in intact rats, but is without any (behavioral)

induced by bulbectomy. First, it may be that the OBX-induced neuronal damage
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was too severe to be counteracted by simvastatin treatment. Second, simvastatin
may only improve higher-order cognition that requires cortical participation,
while in OBX animals, (task-relevant) subcortical brain areas are also affected.
rats, supports the view that statins may prevent or improve (early) age-associated
cognitive decline in elderly humans.
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ABSTRACT
Environmental enrichment (EE) has been shown to improve cognitive
performance and enhance synaptic plasticity in various neurodegenerative animal
models. Previously we showed that EE in olfactory bulbectomized (OBX) rats
normalizes hyperactivity without improving cognitive functioning. Here we
investigated the effect of EE on cognitive and behavioral symptoms of olfactory
bulbectomized C57/BL6 mice. EE started 4 weeks after surgery and lasted for 4

the effects of EE on OBX-mice were the opposite of those in OBX-rats. EE
improved fear (both short and long-term) and spatial memory when compared to

to the standard housed bulbectomized mice.
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1. INTRODUCTION
Cognitive decline is prevalent in aged population across the world and exacerbated

EE generally refers to any treatment that provides cognitive and/or physical
stimulation beyond what would be received in standard housing conditions

to those maintained in the standard home cage environment (Kempermann et

in brain regions that are fundamental for learning and memory processes.
Bulbectomized rodents are traditionally used as an animal model for predicting
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inhibitors and memantine alleviate cognitive impairments induced by OBX

in the elderly.
Previously we showed that EE in olfactory bulbectomized (OBX) rats normalizes
The later was quite a surprise. Based on literature on the effects of EE on murine

EE. To further enhance our insights in the mechanisms underlying the effects of
EE procedure started 4 weeks after OBX-surgery and animals’ cognitive and
tasks.

2. MATERIAL AND METHODS
2.1 ANIMALS

ad libitum. Olfactory bulbectomy (OBX) was performed as described in detail

bulbs were removed by suction with a hypodermic needle attached to a water

for care and use of laboratory animals and were approved by the Ethical
randomly assigned to surgery or control groups and to EE or standard housed

animals had to be removed.
Environmental enrichment (EE). Two types of housing were used for this study:
standard housing and enriched environment. The enriched environment contained
CHAPTER 7

125

housing conditions (provided with one tube only) during the duration of the

2.2 BEHAVIORAL TESTS

cage.

of rodents to alternate free choices in a T-maze over a series of successive trials

placed in the light compartment and the latency to enter the dark compartment
with all four feet was measured in seconds. Once the animal entered the

light compartment and the latency to cross over to the dark compartment was
2.4 STUDY OUTLINE AND STATISTICS
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avoidance latency times and T-maze spontaneous alteration followed by posthoc analysis using Dunn’s multiple comparison tests. Total activity in the open

3. RESULTS
OBX-INDUCED HYPERACTIVITY WAS NOT AFFECTED
BY EE INTERVENTION

FIGURE 1
A

B

CHAPTER 7

127

of the OBX animals in standard housing appear to be slower compared to the
enriched housed bulbectomized mice.
OBX-INDUCED SPATIAL MEMORY DEFICIT IS ATTENUATED
BY EE TREATMENT
Olfactory bulbectomy disrupted task performance and EE attenuated the

FIGURE 2

OBX/ST vs Sham/ST). EE rescued OBX-induced decline in spontaneous alternation behavior

OBX-INDUCED FEAR MEMORY IMPAIRMENT IS RESCUED
BY EE TREATMENT
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FIGURE 3
A

B

C

OBX/ST vs Sham/ST) whereas the mean latency times in OBX/EE animals did not differ from
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OBX-INDUCED BRAIN WEIGHT REDUCTIONS ARE ATTENUATED
BY EE TREATMENT

Environmental enrichment attenuated the OBX-induced brain atrophy.
FIGURE 4

4. DISCUSSION

The olfactory bulbectomy syndrome is mediated by compensatory neuronal
subcortical limbic regions such as the amygdala and hippocampus (Song and
the behavioral sequelae induced by bulbectomy in the rat is not a consequence of loss
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(data not shown).

that EE restored spatial learning and enabled recovery of “lost” fear memories. These
cognitive improvements are thought to be the result of re-establishing synaptic networks.
of spine density in various regions such as the amygdala and hippocampus (Song and
fear and spatial memory are due to improving structural plasticity in the brains of
the OBX mice. Rodents exposed to EE develop more dendritic branching and more
synapses per neuron and have higher gene expression for trophic factors than animals

EE was ineffective in normalizing OBX-induced hyperactivity in mice. We can only
speculate about the mechanisms underlying the differences between OBX mice and
rats. It is noteworthy to mention that there are differences in the time course of the

in activity to the shams. Because different brain regions are responsible for locomotor

and rats or these brain areas may respond differently to the effects of EE in these species.
We can only speculate about the molecular changes underlying the differences between

There are probably many other differences between the two species that contribute to
the different response to EE.

mechanism of these species differences may guide the development of therapeutic
strategies for neurodegenerative diseases.
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cortex of the brain in relation to spatial memory in bulbectomized mice after treatment with

behavioral changes after cessation of chronic antidepressant treatment in olfactory bulbectomized

involved in the expression of enhanced long-term memory following environmental enrichment. Eur
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growth factor signaling is required for the behavioral actions of antidepressant treatment:

compound rescues septo-hippocampal cholinergic neurons from neurodegeneration in olfactory

RS. Environmental enrichment has antidepressant-like action without improving learning and

reversal of abnormal behavior and neurodegeneration in mice following olfactory bulbectomy. Exp

677.
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Environmental enrichment promotes improved spatial abilities and enhanced dendritic growth in

calmodulin-dependent protein kinase II and protein kinase C activities mediate impairment of
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and neuroprotective proline-containing dipeptide noopept restores spatial memory and increases

Effects of daily environmental enrichment on behavior and dendritic spine density in hippocampus
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ABSTRACT
Rising neurodegenerative disease prevalence combined with the lack of effective
pharmaceutical treatments and dangerous side effects, has created an urgent need
for the development of effective therapies. Considering that neurodegenerative
diseases are multifactorial in origin, it has been suggested that treatments
designed to interfere at different mechanistic levels may be more effective than the
traditional single-targeted pharmacological concepts. To that end, an experimental
diet composed of zinc, melatonin, curcumin, piperine, eicosapentaenoic acid (EPA,
20:5), docosahexaenoic acid (DHA, 22:6), uridine, and choline was formulated.
This diet was tested on the olfactory bulbectomized rat (OBX), an established
animal model for neurodegeneration and cognitive decline. The ingredients of
the diet have been individually shown to attenuate glutamate excitoxicity, exert
processes that all have been implicated in neurodegenerative diseases and in the
before OBX surgery, continuing for 6 weeks in total. The diet attenuated OBXAmeliorating effects of the diet extended to the control animals. Furthermore, the
experimental diet reduced hippocampal atrophy and decreased the peripheral
immune activation in the OBX rats. The curative effects of the diet on the OBXinduced changes were comparable to those of the NMDA receptor antagonist,
memantine, a drug used for the treatment of Alzheimer’s disease. This proof-ofconcept study suggests that a diet, which simultaneously targets multiple disease
etiologies, can prevent/impede the development of a neurodegenerative disease
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1. INTRODUCTION
Rising neurodegenerative disease prevalence combined with a lack of effective
pharmaceutical treatments has created an urgent need for novel therapeutic
approaches. Neurodegenerative disorders are multifactorial in origin with a

neurodegenerative disease, most people will probably prefer the daily intake of
natural food components above the daily intake of drugs (Rozin et al., 2004).
Hence, dietary components have emerged as potential preventatives and/or
treatments for neurodegenerative disorders. Alzheimer’s disease, in particular, is
being targeted with dietary treatments due to the limited adverse side effects as

at the early phases of the disease, whereas at later stages treatments are rather
disappointing.
The aim of this study was to investigate the neuroprotective effects of a
dietary intervention in olfactory bulbectomized (OBX) rats, an animal model
of neurodegeneration. Removal of the olfactory bulbs leads to neuronal

mechanism of neurodegeneration induction in the OBX rats differs from that
in neurodegenerative diseases in humans, the secondary changes, such as
NMDA-receptor-mediated excitotoxicity, impaired structural plasticity, and
diseases.
In this proof-of-concept study it was hypothesized that a combination diet of
OBX model, would effectively impede cognitive decline and neurodegeneration
when chronically administered starting two weeks before the surgery. The diet
was composed of zinc, melatonin, curcumin, piperine, eicosapentaenoic acid
(EPA 20-5, n-3), docosahexaenoic acid (DHA, 22-6, n-3), uridine, and choline
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several weeks after surgery-a time point at which the OBX-induced secondary

2004). Under normal conditions, zinc plays a critical role in learning and memory

antidepressant effects by inhibiting monoamine oxidase A and B, improves

al., 2003). Melatonin is a hormone involved in sleep regulation and a free radical
scavenger. It is able to pass the blood–brain barrier, making this compound a

were added as well. These compounds stimulate neurite outgrowth, dendritic

Souvenaid®, a medicinal food mixture that contains omega-3 fatty acids, choline,
and UMP as main ingredients, improves memory performance in drug-naïve

The above-described diet was given to the rats starting 2 weeks before surgery
and continued for 6 weeks. Animals were assessed in behavioral and cognitive
paradigms at several time points during the treatment regimen. To compare the
Alzheimer’s disease, a separate group of animals was treated with memantine, a
NMDA receptor antagonist. To ensure OBX-induced behavioral and cognitive
anosmic by damaging their nose epithelium with a ZnSO4 infusion. After the
completion of the behavioral screening, the modulating effects of experimental
diet on molecular, immune and cellular parameters in the brain and spleen were
evaluated.
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2. MATERIAL AND METHODS
Animals and surgery. Sprague-Dawley male rats (Harlan, Zeist, The Netherlands)

the olfactory bulbs were aspirated through a blunt hypodermic needle. Animals
were housed in groups of four in macrolon IV cages separated by group (OBX
separated from the Sham animals). All experiments were performed in accordance
with the Dutch guidelines for care and use of laboratory animals and were
approved by the Ethical Committee for Animal Research of Utrecht University.
INDUCTION OF ANOSMIA WITH ZINC SULFATE
Infusion of a ZnSO4 solution (Sigma-Aldrich) into the nasal cavity causes necrosis

mixed with oxygen. The animals were then held on their back with their hind

were given 5 days to recover before behavioral testing.
EXPERIMENTAL DESIGN
Experiment I, the effects of the experimental diet on the OBX syndrome were

diet (OBX-Exp). Both diets were fed to the animals for 6 weeks (2 weeks prior
to the surgery and 4 weeks after). Experiment II was conducted to compare the

Mem). In Experiment III, the effects of ZnSO4-induced anosmia on the cognitive,
behavioral, immunological and cell count changes were investigated. Twenty-four
Animals were assessed in a battery of behavioral and cognitive tests, starting 3

142

CHAPTER 8

All OBX surgeries were performed correctly, that is, there were no animals with
partial bulbectomies or damaged prefrontal cortices.
FIGURE 1 EXPERIMENTAL DESIGN
A

B

C

A. Experiment I: Dietary treatment scheme. OBX surgery was performed on day 0. Each animal
was tested in all paradigms.
B. Experiment II: Memantine treatment scheme. OBX surgery was performed day 0. Each animal
was tested in all paradigms.
C. Experiment III: Anosmia induced by intranasal ZnSO4 infusion in rats. ZnSO4 infusion was
performed on day 0. Each animal was tested in all paradigms.

DIETARY TREATMENT
Prior to treatment intervention and surgery, animals were randomly divided
into four groups of twelve rats each. The dietary treatment was formulated as
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provided ad libitum.
TABLE 1
Ingredient

Concentration mg/kg food

Zinc

32.5

Curcumin

5

Piperine
Melatonin

0.5

Choline
Uridine

DRUG TREATMENT
administered daily starting 2 days prior to the OBX surgery and continued for

COGNITIVE AND BEHAVIORAL ASSESSMENT
Olfactory function. Olfactory function was tested in bulbectomized, sham,
anosmic and intact animals prior to, 5 days after, and after completion of the
cognitive tests following the surgery and ZnSO4 infusion. The olfactory function
vanilla or almond extract was presented on the top, back corner of the home cage
and the latency to sniff in the corner containing the cloth was recorded with a
maximum duration of 60 sec.

min, after which they were returned to their home cage.
Step-through Passive avoidance (PA). The PA procedure used in this study is
animals were placed in the light compartment and the latency to enter the dark
compartment with all four feet was measured in seconds. Once the animal entered
the dark compartment, the door was closed and a mild footshock (0.6 mA/3
seconds) was delivered All the animals were trained prior to the OBX surgery or
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ZnSO4 treatment and tested after these treatments. During the retention trials,
the rat was placed again in the light compartment and the latency to cross over to
the dark compartment was measured in the absence of the electric shock.
T-maze spontaneous alternation (T-maze). Spatial working memory was assessed
using the T-maze paradigm. This procedure was adapted from Deacon and
a trial consisted of two runs, with an inter-trial interval of 2 minutes. After the
rat had been placed in the start arm, the animal was free to choose between both
goal arms. The percentage of spontaneous alternation was calculated from the

per day. Trials continued until all 4 baits were obtained or 3 min had expired.

number of visits to baited holes divided by the total number of visits to all holes
test periods, and the mean values from the four trials were used for the statistical
calculation.
TISSUE PREPARATION
The hippocampus was dissected from the left hemisphere and weighed. Right

HISTOLOGY
CELL COUNT IN THE HIPPOCAMPUS
and Nissl-stained. Sections were then examined using an Olympus BX50 optical
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“blindly”, averaged and are reported as absolute number of cells per area counted.
T-CELL COUNT IN THE SPLEEN

Dakocytomation) and streptavidin-avidin-biotin complex/HRP (Vectastain Elite

Sections were counterstained with Mayers’ haematoxylin (Merck), then dehydrated
and mounted. Slides without primary antibody incubations were included as
negative controls. The stained tissue sections were examined under the microscope

DETERMINATION OF ZINC CONCENTRATION IN SERUM
Trunk blood was collected in tubes with heparin and centrifuged. Serum was

DETERMINATION OF PHOSPHOLIPID
FATTY ACIDS IN BLOOD CELLS
until analysis. Phospholipids were separated from total cellular lipids using
Bond-Elut® solid-phase extraction columns and the Vac-Elut SPS 24™ system.

were dissolved in iso-octane, and the fatty acid composition was analyzed by gas
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Statistics.
All results were expressed as means ± standard error (SEM) and differences

and T-maze spontaneous alteration followed by post-hoc analysis using Dunn’s
immunohistochemical data were analyzed using a two-way ANOVA followed by
one-way ANOVA and subsequent post hoc analysis with Bonferonni correction.
Reference memory, as measured in the holeboard test, was analyzed by repeated
measures ANOVAs followed by two-way ANOVA followed by post hoc analysis at

3. RESULTS
VALIDATION OF ANOSMIA IN OBX AND ZNSO4 TREATED ANIMALS
As expected, both OBX and ZnSO4 infusion resulted in a complete loss of smell.
Anosmia was present throughout the experiment. The severity of olfactory
impairment in all animals was assessed by measuring the latency to sniff a novel
odor (vanilla or almond extract) presented in the home cage. OBX and ZnSO4
rats did not sniff the odor within the allotted 60 sec, whereas all sham and intact

EFFECTS OF THE DIETARY AND PHARMACOLOGICAL
INTERVENTIONS ON THE OBX-INDUCED COGNITIVE AND
BEHAVIORAL DEFICITS
Both the experimental diet and memantine attenuated OBX-induced short-term

Both the experimental diet and memantine rescued OBX-induced fear memory
impairment as measured in passive avoidance
All animals were trained in passive avoidance task prior to the OBX surgeries.
The experimental diet (Figure 2C) and memantine (Figure 2D) partly rescued
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OBX-induced fear memory loss in the passive avoidance retention task. Dietary

THE EXPERIMENTAL DIET FAILED TO RESCUE THE OBX-INDUCED
SPATIAL MEMORY DEFICIT AS ASSESSED IN THE HOLEBOARD.

diet was found. Post hoc analysis revealed that sham animals on experimental

bulbectomized rats both on control and experimental diet remained unchanged
(Figure 2E).
BOTH THE EXPERIMENTAL DIET AND MEMANTINE
NORMALIZED OBX-INDUCED HYPERACTIVITY

their controls and experimental diet and memantine attenuated the OBX-induced
hyperactivity.
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FIGURE 2
A

C

B

D

E

assessed in the T-maze. Alteration ratio is shown. Bulbectomized animals treated with the diet (C)
and memantine (D) demonstrated an improved fear memory (animals were trained prior to OBX
surgery). The latency time to enter the dark compartment is shown. (E) The experimental diet
diet improved spatial memory performance in the sham animals. Reference memory is shown. Each
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FIGURE 3
A

B

Experimental diet (A) and memantine (B) decreased OBX-induced hyperactivity. Data are

OBX-INDUCED CHANGES IN THE HIPPOCAMPAL WEIGHTS ARE
ATTENUATED BY BOTH THE EXPERIMENTAL DIET AND MEMANTINE
TREATMENT.
The hippocampus is involved in various cognitive functioning (Fanselow and
2005). To examine the integrity of the hippocampus, we removed and weighed the
hippocampus of the animals from each group. Two-way ANOVA analysis revealed

FIGURE 4
A

B

Experimental diet (A) and memantine (B) attenuated OBX-induced hippocampal atrophy.
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revealed that the hippocampi of the OBX animals fed the control diet and treated
the experimental diet and memantine attenuated the OBX-induced hippocampal
atrophy.
DIETARY AND MEMANTINE TREATMENT PARTIALLY RESCUED THE
OBX-INDUCED CELL LOSS IN THE HIPPOCAMPUS
Since the hippocampus is a heterogeneous structure with functional separation of

TABLE 2
Dietary
Hippocampal area

F value

Memantine
df

p value

F value

df

p value

Ventral CA1
Surgery x Treatment
ns

Treatment effect
Surgery effect
Ventral CA3
4.55

Surgery x Treatment

ns

Treatment effect
Surgery effect
Ventral DG
Surgery x Treatment

ns

Treatment effect

ns

ns

ns

ns

Surgery effect

34.3

Dorsal CA1
Surgery x Treatment
Treatment effect

2.45

ns

Surgery effect

2.03

ns

2.65

ns

Dorsal CA3
Surgery x Treatment

ns

Treatment effect

ns

ns

Surgery effect
Dorsal DG
Surgery x Treatment

ns

Treatment effect

ns

4.03

ns

Surgery effect
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FIGURE 5
A

B

C

D

E

F

G

H

I

J

K

L

Dietary and memantine treatment partially rescued the OBX-induced cell loss in the ventral and dorsal
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cell count in the ventral and dorsal hippocampus (Figure 5) with both treatments
partly rescuing bulbectomy-mediated cell loss (Statistics are presented in Table

Experimental diet and memantine rescued OBX-induced cell loss in the CA3,
DIETARY AND MEMANTINE TREATMENT DECREASED THE OBX-INDUCED IMMUNE RESPONSE
The presence of increased numbers T-cells in lymphoid organs signify the induction

response in the spleen. For the dietary intervention (Figure 6A), two-way ANOVA

demonstrated that OBX increased the numbers of T- cells, suggesting the presence of

FIGURE 6
A

B

Dietary (A) and memantine (B) interventions attennuated the OBX-induced T cell accumilation
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EFFECTS OF ZNSO4-INDUCED ANOSMIA
To investigate the role of anosmia in the OBX syndrome, the nose epithelium
was damaged by ZnSO4 infusion in a separate group of animals. ZnSO4 treated
animals did not differ from saline-treated animals in any of the tested parameters
(Table 3). Importantly, using the ZnSO4 treated animals, we have further
validated our holeboard paradigm and have proven that the lack of an effect of
memantine or the diet on the spatial memory of the OBX rats in this paradigm is
not an experimental artifact.
TABLE 3
Behavioral Parameters

Saline

ZnSO4

OF (Total activity m)
66
Reference memory (ratio)
Cellular parameters
Hippocampal weight (mg)
Ventral CA3

Dorsal CA3

BIOAVAILABILITY VALIDATION OF THE EXPERIMENTAL
DIET IN SERUM
The 6 week experimental diet increased the concentration of the (n-3) fatty acids
EPA and DHA, whereas it decreased the (n-6) fatty acid arachidonic acid (AA) in
the total phospholipid fatty acids in red blood cells of the sham and bulbectomized
animals 4 weeks following the bulbectomy. Two-way ANOVA demonstrated no
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FIGURE 7
A

B

C

Validation of the bioavailability of the experimental diet. Experimental diet modulated the
concentration of the (n-3) PUFA C22: 6 n-3 Docosahexanoic Acid (DHA) (A) and C20:5 n-3
Eicosapentaenoic Acid (EPA) (B) and the C20:4 n-6 Arachidonic Acid (AA) (C) in total phospholipid
fatty acids in red blood cells of the animals 4 weeks following the bulbectomy and after 6 weeks of

Moreover, the experimental diet increased zinc concentration in serum in both
bulbectomized and sham animals 4 weeks following the bulbectomy and after 6
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4. DISCUSSION
In the present study, we demonstrated that our multi-targeted experimental diet
attenuated many of the OBX-induced cognitive, cellular, and immune changes
the diet intervention, unlike memantine treatment, also extended to the control
animals.
The treatment with experimental diet started 2 weeks before surgery and
continued for 6 weeks. It is important to note that the current study was a proofof-concept study. Since the experimental design incorporated both preventative
and neurorestorative strategies, it is not possible to attribute the ameliorating
effects of the diet to either approach. The diet may have prevented OBXinduced neurodegeneration via NMDA-receptor mediated cell death (zinc),
(melatonin). On the other hand, the neurorestorative properties of the diet (EPA,
DHA, choline and UMP) may also have played a role after the OBX-surgery.
the behavioral and at several mechanistic levels, rather than establishing the
contribution of each individual food component. This approach was chosen
because human neurodegenerative disorders are multifarious in origin and thus

only limited predictive validity. For example, memantine (a single-target drug)
animal models this drug shows clear neuroprotective properties (Thomas and

should be testing this experimental diet in human patients rather then optimizing
the mixture in order to alleviate symptoms in the animal model.
Despite the fact that the initial induction of neurodegeneration in the OBX rat
differs from that in neurodegenerative disorders in humans, the bulbectomymediated pathologies such as immune activation, neuronal death, and cognitive
abnormalities are comparable to those seen in the human patient. Imaging studies

have previously demonstrated that treatment starting prior to the onset of the OBX

as by the time the patient is diagnosed, extensive neuronal damage has usually
already occurred.
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experimental diet may be mediated by a reduction of the OBX-induced

peripheral immune response in the OBX animals suggests that the diet could be

dendritic spine density, and to changes in neuronal networks in the hippocampus

experimental diet partly prevented the OBX-induced hippocampal atrophy, which
may underlie the improved cognitive outcomes. Combination of UMP, choline

are associated with increases in pre- and post-synaptic proteins and hippocampal
neural connectivity. Although these are plausible explanations for behavioral/
cognitive effects of the diet, our experimental setup does not allow us to attribute
these effects solely to the neurorestorative properties of the diet.
Despite the attenuating effects of the diet and memantine on the above- mentioned
cognitive tasks, both treatments failed to rescue OBX-mediated long-term spatial
Diet and memantine prevented the OBX-induced neuronal loss in the ventral part
of the hippocampus (shown to be involved in the passive avoidance task (Moser and

is also possible that bulbectomy mediated neurodegeneration in the hippocampus,
especially in the dorsal area, was too severe to be rescued by the experimental diet.
Moreover, the holeboard task is more complex than T-maze and passive avoidance
are involved which might be more susceptible to neurodegeneration following
bulbectomy.
experimental diet on the control animals as seen in the long-term spatial memory.
Although the ameliorating effects of the dietary treatment on the OBX-induced
CHAPTER 8
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changes are comparable to pharmacological interventions such as memantine

These cognitive enhancing effects could possibly be attributed to the combination
of DHA, UMP, and choline, which has been previously shown to increase synaptic
plasticity and enhance cognitive functions in normal animals (Holguin et al.,
In summary, this proof-of-concept study showed that multi-nutrient dietary
enhancing effects as evidenced by its to ability to impede OBX-induced changes
and improve cognitive functioning in the control animals. Our present study
tactic in combating neurodegenerative disorders.
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ABSTRACT
Neurodegenerative diseases are debilitating conditions. There is high comorbidity
between neurodegenerative disorders and gastrointestinal dysfunction, suggestive
of the involvement of the gut-brain axis. However, little attention has been paid
to the role of neurodegeneration in intestinal tract dysfunction. The aim of our
studies was to assess effects of olfactory bulbectomy on the brain-gut axis and to
examine potential therapeutic interventions. To induce CNS neurodegeneration,
we used the olfactory bulbectomized (OBX) rat model. The effects of intervention
with the antidepressant escitalopram, the anti-Alzheimer’s drug, memantine, and
a multi-targeted diet were examined. Memantine and the diet treatments started
before OBX, while escitalopram treatment started 2 weeks after. Cognition,
behavior, colon length, constipation, intestinal immune response and fecal acetate
and altered acetate fecal levels at 4 weeks but not 1 week after bulbectomy.
Importantly, these OBX-induced aberrations were independent of anosmia.
Escitalopram and diet attenuated the intestinal disturbances and modulated
acetate levels, whereas memantine itself exacerbated intestinal dysfunction both in
control and OBX animals. In contrast, diet and memantine, but not escitalopram,
causal link between neurodegeneration and intestinal dysfunction in rats. This
disorders. Our results may also provide the basis for novel treatment strategies
for brain-gut disorders. Finally, this study provides evidence for the olfactory
bulbectomized rat as a suitable animal model for brain-gut axis disorders.
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1. INTRODUCTION
The communication between the central nervous system (CNS) and the
gut-brain axis (Mayer, 2011), and plays an important role in maintaining intestinal
and mental health. The gut-brain axis plays a crucial role in the regulation of
digestive processes, in the modulation of the gut-associated immune system, and in
the coordination of the overall physical and emotional state of the organism (Mayer,
2011; Jones et al., 2006). In disease, altered gut-brain interactions are involved in a
range of functional gastrointestinal disorders (Bonaz and Bernstein, 2013). In recent
years, there has been increasing recognition of gastrointestinal dysfunctions in
neurologic and psychiatric diseases (Winge et al., 2003; Roach and Christie, 2008).
Gastrointestinal distress has been reported in Parkinson’s disease (PD) (Cersosimo
et al., 2012), multiple sclerosis (Deretzi et al., 2009), stroke (Ullman and Reding,
1996), Alzheimer disease (Idiaquez and Roman, 2011; Wu et al., 2011), depression
(Masand et al., 1995; Haug et al., 2002), and anxiety disorders (Haug et al., 2002;
Harter et al., 2003). Whereas a causal link between CNS and gastrointestinal
symptoms in PD has been demonstrated (Cersosimo et al., 2012), the relationship
between GI distress with other neurodegenerative disorders, such as Alzheimer’s
disease and depression remains unknown. Thus, the aim of the current study was to
investigate if CNS neurodegeneration results in intestinal dysfunction and possibly
in a disturbed brain-gut regulation. To induce neurodegeneration, we performed
olfactory bulbectomy in rats. Removal of the olfactory bulbs (OBX) leads to
trans-neuronal degeneration, cognitive decline, decreased cortical, hippocampal,
caudate and amygdaloid volumes, disruption of the blood–brain barrier, depressionrelated symptoms, disrupted synaptic density (Song and Leonard, 2005; Borre
et al., 2012; Wrynn et al., 2000; Norrholm and Ouimet, 2001) and increased
levels of beta-amyloid protein in neocortex and hippocampus (Aleksandrova et
al., 2004). Although the initial mechanism of neurodegeneration in the OBX rats
differs from that in neurodegenerative diseases in humans, the secondary changes,
such as NMDA-receptor-mediated excitotoxicity, impaired structural plasticity,
diseases. In literature, the OBX rat is primarily known as a model for predicting
antidepressant activity, because its hyperactivity is normalized following chronic and
not acute administration of an antidepressant (Song and Leonard, 2005; Breuer et
al., 2007). In addition, bulbectomized rats show anhedonic symptoms (Slattery et al.,
2007). Thus, the rat OBX model may also be useful for studying (early) Alzheimer’s
disease with depressive symptoms.
Current pharmacological approaches to neurodegenerative disorders offer
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emerged as novel treatment for neurodegenerative disorders (Scheltens et al., 2013),
however current studies have only focused on the CNS symptoms of the disease.
Effects of the dietary and pharmacological interventions on related GI dysfunction
remain to be elucidated. In this study we investigated the effects of escitalopram
(selective serotonin reuptake inhibitor-SSRI) and memantine (NMDA receptor
antagonist), drugs used in treating depression and AD, respectively, and a multitargeted diet on OBX-induced intestinal dysfunctions. The diet was composed
of zinc, melatonin, curcumin, piperine, eicosapentaenoic acid (EPA 20:5, n-3),
docosahexaenoic acid (DHA, 22:6, n-3), uridine, and choline. These ingredients
have been individually shown to attenuate glutamate excitoxicity, exert potent
synaptogenesis; processes that all have been implicated in neurodegenerative diseases
this diet on OBX-induced behavioral and cognitive changes have been described
elsewhere (unpublished data). To exclude smell as a source of the behavioral and gut
disturbances, a control experiment with anosmic rats was performed.

2. MATERIAL AND METHODS
Animals and surgery. Sprague-Dawley male rats ( Janivier, France-Experiment I-III
and Harlan, The Netherlands) –Experiment IV weighing between 260 g and 270 g
upon arrival were used. Animals were on a 12-hour light/dark schedule; with lights
going off at 7.00 pm. Olfactory bulbectomy surgery was performed as previously
described (Breuer et al., 2007). Animals were housed in groups of three or four
in macrolon IV cages. OBX animals were separated from the sham animals. All
experiments were performed in accordance with the Dutch guidelines for care and
use of laboratory animals and were approved by the Ethical Committee for Animal
Research of Utrecht University.
INDUCTION OF ANOSMIA WITH ZINC SULFATE
Infusion of a ZnSO4 solution (Sigma-Aldrich) into the nasal cavity causes necrosis
of the olfactory epithelium (Alberts, 1974) and consequently – loss of smell (Mar

was instilled slowly. Animals were given 5 days to recover before behavioral testing.
EXPERIMENTAL DESIGN
The current study consisted of four independent experiments. Experiment I
was aimed to assess if OBX-induced intestinal abnormalities and whether these
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or sham surgery (n=10/group): (Sham 1 week), (OBX 1 week), (Sham 4 week),
(OBX 4 weeks). In experiment II, 24 animals were treated with either ZnSO4 or
saline (n=12/group). In experiment III, 60 animals were randomly divided into
six groups (n = 10/group) and chronically treated with either memantine (Mem),
escitalopram (Esc) or vehicle (Veh): (1) (Sham-Veh), (2) (Sham-Mem), (3) (ShamEsc), (4) (OBX-Veh), (5) OBX + (OBX-Mem), and (6) (OBX-Esc). In experiment
IV, effects of a multi-targeted diet (Exp) was compared with standard control diet
(C) (n = 10/group): (1) (Sham-C), (2) (Sham-Exp), (3) (OBX-C), and (4) (OBX-Exp).
Both diets were fed to the animals for 6 weeks (2 weeks prior to surgery and 4
weeks after).
Animals’ behavioral and cognitive functions were assessed in the passive avoidance

colons was measured, colons and fecal samples were collected, and the samples
were processed for further analysis. After decapitation, completion of the OBX
surgeries was checked for each experiment in the brain. No rats with incomplete
bulbectomy or frontal cortex damage were excluded before analysis of the results.
DRUG TREATMENT
Memantine (20 mg/2ml/kg) (Lundbeck, Denmark) or water was orally
administered daily starting 2 days prior to the OBX surgery and continued for 28
days. Escitalopram (10mg/2ml//kg) (obtained from a local pharmacy) or water (all
administered orally), was given 14 days post bulbectomy for 14 days. Escitalopram
was pulverized and suspended in water before administration. Vehicle animals
were orally administered water. The administration period and doses were chosen
on the basis of previous evidence showing them to be effective in OBX animals
(Borre et al., 2012; Breuer et al., 2007)
DIETARY TREATMENT.
The dietary treatment was formulated as an orally administrable food pellets for
rodents, using AIN-93 as base diet. The list of ingredients and their amount per kg
food is presented in the Table 1. The experimental diet was prepared by Research
Diet Services (Wijk Bij Duurstede, The Netherlands). The dietary treatment
started 14 days prior to the surgery and continued for 28 days post surgery. The
standard diet control groups received the AIN-93-base control diet. Animals were
fed 20 g each day. Water was provided ad libitum.
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TABLE 1: EXPERIMENT DIET COMPOSITION. RATS WERE GIVEN 20G
OF THE DIET PER DAY.
Ingredient

Concentration mg/kg food

Zinc

32.5

Curcumin

5

Piperine

1.25

Melatonin

0.5

Choline

190

Uridine

310

TOTAL ACTIVITY
described before (Borre et al., 2012). Each animal was placed in the center of the
STEP-THROUGH PASSIVE AVOIDANCE (PA).
The PA procedure used in this study is described in detail elsewhere (Borre et
al., 2012). All animals were trained 1 week following bulbectomy (acquisition) or
ZnSO4 treatment and tested 2 weeks later (retention). During the retention trials,
the rat was placed again in the light compartment and the latency to cross over to
the dark compartment was measured in the absence of the electric shock.
WATER CONTENT IN FECAL SAMPLES
to provide a wet weight, then dried at 65°C for 12 h, and then weighed again to
provide a dry weight. Stool water content was calculated as follows: Stool water
SHORT CHAIN FATTY ACIDS (SCFA) MEASUREMENTS
Fecal samples were mashed in MilliQ water and centrifuged for 10 min
at13000rpm at room temperature. Formic- and 2-ethylbutyric acids were added
to the supernatants. SCFA were extracted in MilliQ water, the samples were
centrifuged (10 min, 13000rpm in eppendorf centrifuge at room temperature). The
QUANTIFICATION OF COLON MYLEOPEROXIDASE (MPO) BY ELISA
in 1 ml ice cold PBS. Homogenates were centrifuged at 14,000 g for 5 min and
the supernatants were collected. The protein concentration of each sample was
assayed using the Pierce BCA protein assay kit standardized to BSA (Thermo
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MPO levels were determined in the supernatants of the colon homogenates
by ELISA with the rat MPO ELISA kit (Hycult Biotechnology, Uden, The
Netherlands).
HISTOLOGICAL SCORING OF COLONIC INFLAMMATION
Collected colons were opened length-wise and rolled into Swiss roles. The rolled colons

experienced pathologist, blinded to the experimental groups, examined the colons for

crypts, 4 = loss of entire epithelial layer) and the extent of crypt loss (0 = no crypt loss, 1

adding this to the product of the loss of crypt score multiplied by the extent of crypt loss
score.
FLOW CYTOMETRY (FACS) ANALYSIS OF COLONIC CELLS
Colonic cells were obtained from freshly isolated rat colons using manual
disruption of colon tissue. Colons were removed, opened and washed with PBS.

(1:100; eBioscience, San Diego, CA USA) on ice. After incubation, colon cells were

Franklin Lakes, NJ USA). Percentages of RP-1+ neutrophils in the colon were
determined from gated CD45+ hematopoietic cells.
STATISTICS
All results were expressed as mean ± standard error (SEM) and differences among
– Wallis test) were applied to analyze passive avoidance latency times followed by
post-hoc analysis using Dunn’s multiple comparison tests. Total activity in the open
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two-way ANOVA followed by one-way ANOVA and subsequent post hoc analysis
with Bonferonni correction. Grubb’s test was performed to identify outliers.
Statistical calculations were carried out using SPSS 18 or GraphPad Prism version
5 for Windows (GraphPad Software, San Diego, CA).

3. RESULTS
OLFACTORY BULBECTOMY INDUCES TIME -DEPENDENT
INFLAMMATION-RELATED CHANGES IN THE COLON.

bulbectomy (t(17)=0.94, ns) (Figure 1A).
On a microscopic level, the colons of the OBX animals showed no visible
histological damage 1 week post bulbectomy (t(18)=1.08, ns), whereas 4 weeks

within the CD45+ hematopoietic cell population by FACS analysis on isolated
Because constipation-like symptoms were observed in the bulbectomized rats, we
water content reduction compared to the sham operated controls at 4 weeks
Decreased levels of fecal SCFA, including acetate, is indicative for dysbiosis of
but not 1 weeks after bulbectomy (t(17)=0.17, ns), fecal acetate levels were reduced
compared to the sham animals (Figure 1E). Furthermore, we observed pouch
and gas formation within the colon of the OBX animals 4 weeks after the surgery
suggestive of a change in the microbiome. The pouches formed on the colon of the
bulbectomized rats were reminiscent of diverticulitis, and indicate altered colon
motility (Floch, 2008).
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FIGURE 1
A

B

C

D

E

F
Number of pouches and gas occurrences
in the colon. N=10
Experimental
group

Colon
pouches

Colon
gas

Sham 1 week

0/10

0/10

OBX-1 week

0/10

0/10

Sham- 4 weeks

0/10

0/10

OBX 4 weeks

8/10

7/10

Time course

Colon length (A) and histological score (B) was decreased in the OBX animals 4 weeks but not 1
week after the surgery. (C) OBX rats showed decreased water content 4 weeks after the operation
CD45+ hematopoietic cells is shown. (E) OBX altered the acetate concentration in the fecal samples
4 but not 1 week after the bulbectomy. (F) Number of pouches and gas occurrences in the colon.
per group.
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EFFECTS OF PHARMACOLOGICAL AND DIETARY TREATMENT
ON OBX-INDUCED BEHAVIORAL AND COGNITIVE CHANGES.
OPEN FIELD.

hyperactive when compared with their controls; all treatments attenuated the
OBX-induced hyperactivity.
PASSIVE AVOIDANCE.

post hoc: OBX-Veh vs OBX-Esc, ns), attenuated bulbectomy-mediated fear

sham-operated rats fed the diet are assessed extensively elsewhere (Chapter 8).
EFFECTS OF PHARMACOLOGICAL AND DIETARY TREATMENT ON
OBX-INDUCED INTESTINAL CHANGES.
PHARMACOLOGY.
Escitalopram attenuated OBX-induced reduction in colon length (Figure 3A) and
OBX rats treated with escitalopram showed crypt regeneration and restoration of
normal colonic mucosal morphology as assessed by histological analysis (Figure 3

was reduced in the escitalopram-treated OBX animals (Figure 3E). Escitalopram
normalized OBX-induced decreased water content in the feces (Figure 3F), OBXinduced fecal acetate reduction (Figure 3G) and decreased the amount of gas and
pouches in the colons of the OBX rats (Table 3). In contrast, memantine failed
to improve any of the intestinal parameters measured in the OBX rats (Figure
3) or the amount of gas and pouches in the colons of OBX rats (Table 3). In fact,
memantine impaired intestinal function in the sham animals compared to the
vehicle-treated controls. The results of statistical analysis is presented in Table 2.
MULTI-TARGETED DIET.
Nutritional intervention normalized the colonic length (Figure 4A), improved
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FIGURE 2
A

B

C

D

Behavioral and cognitive effects of the dietary and pharmacological interventions. (A) Both
memory as measured in the passive avoidance test. (D) Dietary treatment rescued fear memory as

FIGURE 3 LEGEND
content, whereas memantine had no effect on the bulbectomized animals. (A) Escitalopram, but not
memantine, normalized OBX-induced decreased colon length. (B) Representative images of isolated
colons from each group. (C) Escitalopram but not memantine normalized histological score of the
intestinal distress of OBX rats. (D) Representative images of colon histology from each group. (E)
normalize the MPO increase, whereas escitalopram brought the OBX MPO concentration levels
to those of the sham operated animals. (F) Escitolopram but not memantine normalized OBXinduced decreased water in feces. (G) Memantine did not alter the acetate concentration in the feces
homogenates. Escitalopram normalized bulbectomy-induced acetate decrease. Data are presented
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FIGURE 4
A

B

C

D

E

F

G
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FIGURE 4 LEGEND
associated altered fecal acetate content. (A) Dietary intervention normalized colon length in OBX
rats. (B) Representative images of isolated colons from each group. (C) Dietary treatment improved
histological score of the OBX-induced gastrointestinal distress. (D) Representative images of colon
histology from each group. (E) Dietary intervention normalized bulbectomy-induced decreased
water percentage was measured in feces (F) Dietary treatment decreased MPO (G) Dietary
treatment increased concentration of acetate levels in the fecal samples. Data are presented as means

TABLE 2
Diet

Memantine

Escitalopram

F value

df

p

F value

df

p

F value

df

p

Surgery x Treatment

8.67

1,40

**

11.94

1,38

**

6.82

1,40

*

Treatment effect

0.06

ns

7.2

*

0.2

ns

Surgery effect

15.99

***

10.45

**

16.48

***

***

5.36

*

9.04

GI parameter
Colon length

Histological score
Surgery x Treatment

15.51

1,23

1,19

1,19

**

Treatment effect

11.95

**

0.26

ns

10.5

**

Surgery effect

41.69

***

25.17

***

24.39

***

**

4.24

*

20.79

MPO concentration
Surgery x Treatment

9.54

1,35

1,40

1,39

***

Treatment effect

12.2

**

1.36

ns

6.27

*

Surgery effect

18.78

***

18.33

***

31.82

***

Water in feces
Surgery x Treatment

16.42

***

12.14

**

4.63

Treatment effect

12.46

1,28

**

11.75

1,27

**

4.59

1,28

*
*

Surgery effect

38.99

***

14.08

***

31.93

***

*

1.14

ns

2.98

Acetate concentration
Surgery x Treatment

4.32

1,31

Treatment effect

1.76

ns

0.91

ns

11.88

**

Surgery effect

21.65

***

21.65

***

29.17

***
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1,31

1,31

ns
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TABLE 3
Experimental group

Colon pouches

Colon gas

Sham-Veh

0/10

0/10

Sham-Mem

7/10

7/10

Sham-Esc

0/10

0/10

OBX-Veh

8/10

8/10

OBX-Mem

9/10

8/10

OBX-Esc

3/10

1/10

Sham-C

0/10

0/10

Sham-Exp

0/10

0/10

OBX-C

8/10

7/10

OBX-Exp

2/10

0/10

Number of pouches and gas occurrences in the colon during the pharmacological and dietary
interventions. N=10

TABLE 4
GI parameters

Saline

ZnSO4

Colon length (cm)

22.71 ± 0.78

21.79 ± 0.92

Histological score

0.33 ± 0.16

0.41 ± 0.15

MPO concentration (U/mg protein)

60.15 ± 5.58

56.08 ± 8.80

Colon pouches

0/10

0/10

Colon gas

0/10

0/10

48.43 ± 1.74

49.41 ± 1.81

Effects of ZnSO4 on the gastrointestinal parameters. Data are presented as means ± SEM.
The saline and ZnSO4 groups were not statistically different. Saline: saline-treated rats; ZnSO4:
ZnSO4-treated rats.

histological scores (Figure 4C) and prevented the increase in MPO levels in the
colon of the OBX animals (Figure 4E). Dietary treatment also normalized water
and acetate content in the feces of the bulbectomized rats and decreased the
amount of gas and pouches in the colons of these animals (Figure 4F & G and
Table 3). See Table 2 for statistical analysis.
OBX-MEDIATED INTESTINAL INFLAMMATION AND ALTERED
ACETATE LEVELS ARE INDEPENDENT OF ANOSMIA.
To investigate if the OBX-induced aberrations are the result of anosmia, we damaged
the nose epithelium with a ZnSO4 solution infusion. ZnSO4 infusion did not result in
any behavioral or gastrointestinal changes found after bulbectomy (Table 4).
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4. DISCUSSION
results in intestinal dysfunctions such as constipation and gas formation,
Furthermore, we showed that treatment with a multi-targeted diet and
escitalopram attenuates these changes in the intestine of bulbectomized rats.
Memantine exacerbated intestinal dysfunction in both bulbectomized and sham
animals. Importantly, the bulbectomy induced intestinal distress and brain
the OBX rat model is described as a model of brain-gut dysfunction. The OBXinduced intestinal distress becomes apparent between 1 and 4 weeks after surgery,
the trans-neuronal neurodegeneration (Song and Leonard, 2005). OBX-induced
neurodegeneration may play a detrimental role in intestinal distress through
several pathways.
OBX-induced inhibition of the parasympathetic nervous system is a plausible
mechanism for OBX intestinal distress. A protective role of parasympathetic
animal models (de Jong et al., 2005; Meregnani et al., 2011; Ghia et al., 2006;

et al., 2000). It has been previously published that its decreased activity alters
the distal end of parasympathetic efferents is known to decrease the production
expressed by macrophages (Dhawan et al., 2012; Pavlov et al., 2003). Decreased
heart rate variability is often a sign for impaired parasympathetic function in
reported that OBX also leads to reduced temperature and heart responses
following stress exposure, suggesting an impaired parasympathetic function

increased susceptibility to experimental colitis, which was reduced by an
antidepressant- mediated effect via an enhanced parasympathetic functioning of
the bulbectomized animals (Ghia et al., 2009). Taken together, these observations
suggest that the OBX-induced intestinal distress could result from impaired
parasympathetic function.
It is possible that other factors contributed to the deleterious effects of bulbectomy
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the intestines needed to induce an immune response would be lower. After

mechanism occur in the OBX rat. However, we have previously demonstrated
that the peripheral cytokine increases do not last longer that one-week (Borre et
al., 2012b), and the OBX-induced GI dysfunctions do not arise within in this time

to its progression.
Another pathway underlying the effects of OBX on the colon may be via changes
in the gut microbiome. The intestinal microbiome plays an important role in
the function and integrity of the gastrointestinal tract, maintenance of immune
2011). Their strong role in brain function has lead to the concept of a braingut microbiota axis (Cryan and Dinan, 2012); and it has been suggested to play
Stress has been shown to lead to changes in the microbiome, independent of
inducing these changes are unknown, bulbectomy could putatively lead to similar
changes. We found reduced acetate fecal levels in the rats following bulbectomy
and memantine treatment. Acetate alterations are indicative of changes in gut
microbiota (Macfarlane and Macfarlane, 2003). Acetate is a SCFA, produced by
the gut bacteria via the fermentation of complex carbohydrates (Macfarlane and
et al., 2007). Thus, bulbectomy-induced decrease in acetate levels may also have
There is also increasing evidence concerning the impact of gut microbiota on
the homeostasis of the intestinal barrier (Verdu et al., 2004). Increased intestinal
permeability is reported in various gastrointestinal diseases (Arrieta et al.,
2006; Maes et al., 2008), and depression (May et al., 1993). However, whether
these changes in microbiota are a cause or a consequence in the underlying
pathophysiology remains debatable.
Dietary intervention and escitalopram attenuated the reduced acetate levels of
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the bulbectomized rats parallel to improvements in gut function and decreases in
adrenal axis (HPA axis) dysfunction (Rinwa et al., 2013) may also contribute to
changes in microbiota since alteration in the HPA axis have been shown to alter
host’s microbiota (Sudo et al., 2004).
Treatment with the antidepressant escitalopram reversed OBX-induced

dysfunction severity. Ameliorating effects of escitalopram on the intestinal

al., 2012). Precise mechanisms underlying these positive effects remain unknown.
The protection afforded by escitalopram observed in this study may be due to
restoration of normal parasympathetic input to the gut in the bulbectomized rats.

or indirectly affect gut function and motility since SSRIs have been found to
2003).

intestinal discomfort is a common side effect of memantine in the AD patients.
Memantine is a NMDA receptor antagonist and previous studies have shown
that in IBD rat models, blockade of the NMDA receptor resulted in suppressed
colon motility (Erces et al., 2012; Varga et al., 2010). In our study memantine has
a similar effect resulting in the observed intestinal discomfort in sham-operated
rats. Secondly, memantine is a 5-HT3 receptor antagonist. 5-HT3 is one of the
most important 5-HT receptors in the gut and its antagonists have been show to
slow down intestinal transit, decrease intestinal secretions and decrease fecal water
content (Camilleri and Bharucha et al., 2010; Spiller, 2002). These properties of
memantine could explain the intestinal distress observed in sham animals treated
with memantine. Thirdly, memantine is a nicotinic receptor (nAchR) antagonist.

found in the colon in memantine treated sham operated rats and further supports
the notion of the vagal inhibition by OBX.
bulbectomy-induced changes in the intestine. Because multi-targeted diet was
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given prior to the surgery, its positive effects on the intestine in the bulbectomized
animals may be secondary to its neuroprotective effects. However, the multi-

zinc (Scrimgeour and Condin, 2009), curcumin (Baliga et al., 2012), melatonin
(Mozaffari and Abdollahi, 2011), EPA and DHA (Ghosh et al., 2013) have been
shown to have favorable effects in normalizing gastrointestinal dysfunction.
Moreover, diet may have a direct impact on the intestinal microbiota by restoring
its balance and diversity, resulting in amelioration or prevention of the OBX
associated gut and brain phenotypes.
The results of this study may have clinical relevance. First, they suggest a causal
link between neurodegeneration and intestinal dysfunction and prompt close
consideration of such a relationship in patients suffering from neurodegenerative
disorders. Second, these results provide the basis for novel treatment strategies
for brain-gut disorders. These include not only pharmacotherapy (e.g., SSRI, or
selective nicotinic receptor agonists) but also dietary interventions and selective
modulation of the gut microbiome (e.g., probiotics). Finally, the current study
provides evidence that olfactory bulbectomized rat is a suitable animal model for
brain-gut axis dysfunction disorders.
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SUMMARY
Olfactory bulbectomy (OBX) in rodents has been known for many years as an
animal model for detecting putative antidepressant drugs and as an animal
literature and from the research presented in this thesis it is clear that OBX
rodent models various aspects of neurodegenerative diseases. For instance,
OBX leads to wide-spread trans-neuronal degeneration, cognitive decline,
decreased cortical, hippocampal, caudate and amygdaloid volumes, disruption
of the blood–brain barrier, disrupted synaptic density and increased levels of
beta-amyloid protein in neocortex and hippocampus (Norrholm and Ouimet
2001; Song and Leonard, 2005; Aleksandrova et al., 2004; Borre et al., 2012).
Although the initial mechanism of neurodegeneration in the OBX rats differs
from that in neurodegenerative diseases in humans, the secondary changes, such
as NMDA-receptor-mediated excitotoxicity, impaired structural plasticity, and
diseases. In this thesis we tried to elucidate the OBX-induced sequelae of molecular
and cellular changes that underlie the behavioral and cognitive decrements in
lesioned animals, and hence, to identify and validate novel therapeutic targets and
strategies.
Chapter 2 compared neuroprotective vs neurorestorative properties of memantine,
a non-competitive NMDA receptor antagonist that is used for the treatment of
Alzheimer’s disease (AD) and off-label also as an antidepressant. We showed
that memantine, when administered before surgery, prevented OBX-induced
hyperactivity and partly fear memory loss. When administered 2 weeks after OBX

and much less neurorestaurative/cognitive enhancing properties.
From the Chapter 2 results and from literature, we hypothesized that after
ablation of the olfactory bulb the following chain of reactions occur: (I) Dissected
axons start to disintegrate and as a consequence cellular constituents, including
glutamate, are released into the extracellular space. The excessive amount of
extracellular glutamate leads to NMDA receptor overactivation resulting in
death, and activated microglia become an additional source of glutamate. And
(III) elevated extracellular glutamate levels reach even higher levels, leading to
aggravated neurotoxicity. Activated microglia are also a source of reactive oxygen
species, arachidonic acid metabolites and cytokines, possibly further enhancing
the neurotoxicity. Above-mentioned mechanisms may generate a positive feedback
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loop leading to neuronal damage throughout the brain. Memantine is thought
to block the NMDA receptor-mediated excitotoxicity. The above- described
hypothesis about the chain of events following OBX surgery may explain why
early memantine administration, by preventing the initial damage, was more
effective than late treatment. When memantine was administered 2 weeks after
surgery, most of the tissue damage had probably already occurred, making the
drug ineffective. To provide further support for the idea that glutamate-induced
excitoxicity occurs shortly after bulbectomy, we performed a microdialysis
study (Chapter 3) in which we examined the time course (1 and 8 weeks post the
surgery) of possible glutamate alterations following OBX surgery. Unfortunately,
that possible changes in this excitotoxic neurotransmitter may be too localized to
be detected by microdialysis or that they may occur only very shortly after OBX
surgery. In the next series of experiments/chapters, we investigated the role of
development of the OBX syndrome.
Chapter 4 investigated whether cyclooxygenase 2 (COX-2) plays a role in
the behavioral and cognitive impairments seen in olfactory bulbectomized
rats. Cyclooxygenase-2 (COX-2 is the rate-limiting enzyme in the synthesis
of prostaglandins and is expressed both by microglia and neuronal cells.
Prostaglandins are thought to play a role in the pathogenesis of various
neurodegenerative disorders. However, clinical trials with COX-2 inhibitors
have yielded contradictory results. In chapter 4, we showed that OBX-induced
impairments in behavior and cognition develop between days 3 and 14 after
OBX surgery, which correlated with changes in the mRNA levels of COX-2
in hippocampus (increased at Days 7 and 14 after surgery but not anymore at
day 28). In a subsequent experiment, rats were treated, starting two days before
surgery, with the COX-2 inhibitor celecoxib. OBX-induced hyperactivity was
normalized after 2 but no longer after 4 weeks of treatment. Celecoxib partly
The effects of celecoxib on fear memory lasted up to 1 week post-treatment, but
disappeared thereafter. Our results show that COX-2 plays only a limited role
(both in magnitude and time) in the development of the OBX syndrome. These
rather disappointing results from the celecoxib treatment may be due to the fact
that prostaglandins may have both neurotoxic and neuroprotective properties
(depending on the type of prostaglandin and the type of receptor they bind). It
is possible that by starting the celecoxib treatment already two days before the
surgery, both prostaglandin-mediated neuroprotective and neurodegenerative
processes were affected. Our observations combined with the literature suggest
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that the timing of celecoxib treatment relative to the onset of brain trauma is
important. It is clear that more research is necessary to clarify the intricate balance
between prostaglandin-mediated neuroprotection and neurodegeneration and
how this balance affects the development of the OBX syndrome. Such studies
may be in particular of importance for the development of effective treatment for
neurodegenerative diseases in humans. To further investigate the role of microglia,
the resident macrophage of the brain, in the OBX-induced pathological cascade,
we performed the experiments described in Chapter 5. We showed that the onset
of the OBX-induced cognitive changes parallel in time with signs of microglia
activation in hippocampus (CD68 mRNA expression). Next we tested the effects
of minocycline, a microglia suppressant. Minocycline normalized OBX-induced

early phase of a neurodegenerative disease. Since we observed limited effects on
the disturbed cognitive function, we propose a limited role for microglia activation
in the decline of cognitive function following olfactory bulbectomy. Further studies
are necessary to determine the precise mechanisms of minocycline-mediated
neuroprotection, and the optimal dose and duration of treatment required for
and therapeutic strategies in the OBX-induced neuronal death are schematically
presented in Figure 1.
Neuroprotective strategies in the OBX rats were further evaluated using
simvastatin, a cholesterol-lowering drug with putative neuroprotective properties
(Chapter 6). Chronic administration of simvastatin, starting 48 hours after surgery,
did not have any behavioral or cognitive effects in OBX rats but interestingly, it
improved cognitive performance in the control animals. We hypothesized that the
OBX-induced neuronal damage was too severe to be counteracted by simvastatin
treatment and simvastatin may only improve higher-order cognition that requires
cortical participation, while in OBX animals, (task-relevant) subcortical brain
areas are also affected. Since we started simvastatin treatment 48 hours after
OBX surgery, it is possible that at this stage, part of the neurons in brain areas
beyond the olfactory bulbs had already been damaged. However, as observed in
3 and 14 after the surgery. Taken together, it is likely that although some brain
tissue may have already been irreversibly damaged by the onset of treatment, there
may still have been room for improvement, e.g. limiting further loss of neuronal
function or even enhancing the function of remaining neurons. In addition to
pharmacological intervention, we also investigated possible neuroprotecitve and
CHAPTER 10

191

neuroenhancing effects of non-pharmacological treatments. In Chapter 7, the
effects of environmental enrichment were studied and in Chapters 8 and 9, the
neuroprotective effects of an experimental diet.
Chapter 7 focused on the effects of environmental enrichment (EE) on the OBXinduced aberrations in C57/BL6 mice. Previously we showed that EE in olfactory
bulbectomized (OBX) rats normalizes hyperactivity without improving cognitive
functioning. In contrast, in OBX mice, EE improved fear (both short and longterm) and spatial memory when compared to the non-enriched bulbectomized
mice, while it had no effect on hyperactivity (Hendriksen et al., 2012). It is
noteworthy to mention that there are differences in the time course of the
induced hyperactivity becomes apparent 3 days post surgery in mice, whereas it
takes 7 days to detect locomotor differences in bulbectomized rats (Chapter 3). In
vs. 7 days in mice. Understanding the differences between OBX rats and mice
may assist in deducing new and more effective therapeutic targets. Understanding
the underlying mechanism of these species differences may guide the development
of therapeutic strategies for neurodegenerative diseases.
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FIGURE 1 : THE POTENTIAL UNDERLYING MECHANISM
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It is clear the OBX in rodent, like many neurodegenerative disorders and depression in
humans, has complex and multi-etiological pathology. Considering that neurodegenerative
diseases are multifactorial in origin, it has been suggested that treatments designed to interfere
at different mechanistic levels may be more effective than the traditional single-targeted
pharmacological approaches. Because dietary interventions emerged as safe and effective
alternative to drugs, and with some success in managing neurodegenerative disorders, we
tested a multi-targeted diet in the OBX animals (Chapter 8). A schematic representation
of the potential mechanisms underlying the multi-targeted diet is shown in Figure 2.

POSITIVE FEEDBACK

RELEASE OF GLUTAMATE
ACTIVATION OF COX-2

FIGURE 2: THE POTENTIAL UNDERLYING MECHANISM OF
MULTI-TARGETED DIET

a neurorestorative approach by starting with the diet 2 weeks before surgery
and continuing for 6 weeks. Dietary treatment had a robust therapeutic effect
(on the cognitive, behavioral and cellular parameters) in the OBX animals. This
proof-of-concept study suggests that a diet, which simultaneously targets multiple
disease etiologies, can prevent/impede the development of a neurodegenerative
OBX-induced neurodegeneration via NMDA-receptor mediated cell death
stress (melatonin). On the other hand, the neurorestorative properties of the diet
(EPA, DHA, choline and UMP) may also have played a role after the OBXdiet at the behavioral and at several mechanistic levels, rather than establishing
the contribution of each individual food component. The next step should be to
investigate which components of the mixture are essential.
There is a high comorbidity between neurodegenerative disorders and

gastrointestinal dysfunction, suggestive of alterations in the gut-brain axis, the
bidirectional communicational between brain and the gut. In Chapter 9 we
examined effects of olfactory bulbectomy on the intestinal tract and assessed the
effects memantine, escitalopram (SSRI) and the experimental diet. OBX resulted
acetate fecal levels at 4 weeks, suggesting a change in microbiome) but not 1 week
after bulbectomy. Escitalopram and the experimental diet attenuated the intestinal
disturbances and modulated acetate levels, whereas memantine itself exacerbated
intestinal dysfunction both in control and OBX animals. Interestingly, in contrast
to the experimental and memantine, escitalopram, failed to normalize OBXparasympathetic nervous system is a plausible mechanism for OBX intestinal

at the distal end of parasympathetic efferents decreases the production of pro-

antagonist had detrimental effects on the colons). Moreover, as described in

However, in Chapter 4 we demonstrated that the peripheral cytokine increases
do not last longer that one-week, and the OBX-induced intestinal dysfunctions
do not arise within in this time period. This means that if OBX-induced systemic

to the initial effects of OBX on the colon may be a change in the gut microbiome.
The potential mechanisms underlying mechanism of the OBX-induced intestinal
dysfunction are summarized in Figure 3.
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FIGURE 3: THE POTENTIAL MECHANISMS UNDERLYING
OBX-INDUCED INTESTINAL DYSFUNCTION
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The results described in Chapter 9 suggest a causal link between
neurodegeneration in the brain and intestinal dysfunction and may be of clinical
relevance in patients suffering from neurodegenerative disorders.
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FINAL CONCLUSIONS
This thesis provided evidence that OBX is not just an animal model of depression
but an animal model of neurodegeneration and altered brain gut function
with a much more complex pathophysiology than previously thought. We have
demonstrated that the most effective therapeutic interventions are the ones
that interfere with induction of the OBX-induced neuronal death rather than
attempting to rescue the remaining neurons and enhance their function. Thus, the

OBX-induced neurodegeneration. In addition to elucidating the OBX-induced
pathological cascade, the above-described studies allow several main conclusions.
First, we demonstrated the importance of early intervention in managing
neurodegenerative disorders. In humans, treatment of neurodegenerative
diseases such as Alzheimer’s and Parkinson’s disease, is initiated well after
become symptomatic and most likely irreversible. Our studies suggest that early
intervention may delay neurodegenerative processes and the cognitive decline. In
of the disorder. Second, we showed that olfactory bulbectomy does not affect
all brain areas to the same extent with some areas being more susceptible to the
rat is a suitable animal model for brain-gut axis disorders. It is worth mentioning
that majority of this thesis was conducted in rats. However, it is important to
note that OBX induces differential effects in rats and mice. Future studies should
investigate whether brain-gut axis is also involved in OBX-induced pathology in
mice.
FUTURE RESEARCH DIRECTIONS FOR THE OBX MODEL
FURTHER DEVELOPMENT OF THE OBX ANIMAL MODEL AS THE
MODEL OF THE BRAIN-GUT AXIS DYSFUNCTION.
We have demonstrated that OBX in addition to the commonly described
aberrations leads to the intestinal dysfunction (Chapter 9). These observations
combined with the frequent occurrence of the gastrointestinal distress with
neurodegenerative disorders, suggest an altered gut-brain axis in these diseases.
OBX-induced intestinal dysfunction, more research investigating the underlying
mechanisms is needed. Elucidating the underlying mechanisms of the braingut axis dysfunction in the OBX model will provide more understanding in the
pathology of the gastrointestinal dysfunction associated with neurodegenerative
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disorders and will lead to new targets for treatment. In chapter 9, we described
effects of the olfactory bulbectomy on the colon. Next studies should investigate
effects of OBX on other parts of the gastrointestinal tract, such as small intestine
the role of the parasympathetic nervous system in particularly the vagus nerve.
Vagus nerve, being one of the main nerves of the parasympathetic system, could
then be considered to be a key player in the OBX-induced gut dysfunction. To
plays a role in the OBX-induced aberrations, vagus nerve stimulation could be
performed in the OBX animals. Vagus nerve can be stimulated either electrically

cholinergic pathway. Further support for a change in the cholinergic antiacetycholine in the gut following OBX at different time oints.
Role of microbiota. Apart from direct impact of OBX on the nerves and immune
cells, we proposed OBX may lead to changes in the microbiome (dysbsiosis),
possibly via the altered mucosal immune system in the colon wall (Chapter 9).
Further support of the involvement of the microbiota in the OBX syndrome may
come from Chapter 5, where effects of minocycline, an antibiotic, had rather
been reported to modulate microbiota composition (Cryan and O’Mahoney,
2011). The underlying mechanisms of the OBX-induced dysbiosis may involve
multiple mechanisms, which need to be examined further. To examine the role of
the microbiome in the OBX-induced aberrations, both in the brain and the gut,
experiments with microbiome transfer between sham and OBX animals can be
performed. Furthermore, microbiota modulation through probiotics and prebiotics
could provide further evidence of the role microbiota may play in the OBX
syndrome. Another tool for investigating the role of microbiota in OBX-induced
gut pathogenesis could be using germ-free rodents. Germ-free (GF) rodents have
no commensal intestinal microbiota and exhibit an undeveloped immune system
(Macpherson and Harris, 2004).
Role of the Enteric Nervous System (ENS). In addition to effects of OBX on
the parasympathetic nervous system OBX may also affect the enteric nervous
system (ENS). Neurodegenerative diseases extend outside the central nervous
system (CNS), affecting peripheral organs, in particular, the gastrointestinal
tract. The ENS regulates gastrointestinal functions which represents neuronal
networks reminiscent of the central nervous system (Wedel, 1999; Furness, 2006).
It is hypothesized that some neurodegenerative diseases may start in the ENS
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and then spread retrogradely toward the CNS or vice versa (Braak et al., 2006,
in the CNS, that the pathological protein can move between the ENS and CNS
and that the pathologies could arise in both places with different time courses
in susceptible patients. In both cases, gut and brain show a parallel pathology in
most neurodegenerative disorders (Natale et al., 2011). Recent evidence shows
neurodegeneration both in the CNS and ENS (Arai et al., 1991; Van Ginneken et
al., 2011; Braak et al., 2006). Future studies should examine the effects of the OBX
on the neuronal population and neurochemical balance in the ENS. Does OBX
also lead to the neurodegeneration in the enteric nervous system? If so, the time
course of the OBX-induced ENS neurodegeneration should be established and
compared with the neuronal death occurring in the brain. Is neurogenesis possible
in the ENS? Can it be promoted either with pharmacological, dietary or other
therapeutic interventions?
NOVEL THERAPEUTIC TARGETS/
FUTURE THERAPEUTIC STRATEGIES
In this thesis we have attempted to identify novel therapeutic targets for
neurodegenerative disorders using the OBX model. Future treatment should
involve combination therapies directed at several pathological mechanisms. These
therapies may be combinational mixes of drugs (for example, selective nicotinic
receptor agonists combined with memantine or combination of antidepressants),
nutrition (multi-targeted dietary supplements)- or pharma-nutrition based,
where drugs and nutritional supplements are combined to achieve the optimal
synergistic effect with minimal side effects. Non-pharmacological approaches (such
as exercise and vagus nerve stimulation) combined with either dietary and or/
pharmacological interventions are also a plausible option.
Stimulation of the autonomic nervous system. Because of the potential inhibition
of the parasympathetic system mediated by OBX and thus inhibition of the

intestinal dysfunction seen in the neurodegenerative disorders. Stimulation
of the autonomic may be useful as a therapeutic target. Besides electrical or

via dietary lipids and proteins/peptides. Administration of dietary lipids has been
activation of the autonomic nervous system via the afferent vagal pathway and
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maintaining intestinal barrier integrity in several experimental studies (Luyer et

opens new therapeutic opportunities for treatment of neurodegenerative disorders
with gastrointestinal co-morbidities. These dietary lipids could be incorporated
into the diet of the patients suffering from the neurodegenerative disorders or even
before the clinical diagnosis, since gastrointestinal disturbances are common in the
elderly population.
Microbiome modulation. Changes in the gut microbiome are related to altered
behavioral and cognitive functioning and gastrointestinal disorders. Combinations
of probiotics and prebiotics could be used in a gut microbiota-targeted therapy
regimen to regulate the microbiome and, consequently, restore the homeostasis of
gut ecology in the host.
Probiotics are non-pathogenic live microorganisms, inhabiting the gut and
contributing to the health of the host (Gareau et al., 2010). Accumulating evidence

response (Bravo et al., 2011; Silk et al, 2009; Rao et al., 2009). The non-digestible
oligosaccharides, also called prebiotics, stimulate the growth and/or activity of
and Gibson, 2011). In addition, probiotics and prebiotics have been shown to
have direct immunomodulatory effects in the gut wall, leading to systemic

using a combination of probiotics and prebiotics, known as synbiotics, is a feasible
animal models of functional gastrointestinal disorders. Another way to restore the
gut microbiota balance is through fecal microbiota transplantation (FMT). FMT
re-establishes a balanced intestinal microbiota, gut immune homeostasis and has
been successfully used for a variety of gastro- and- non- gastrointestinal related
perhaps in combination with other treatments, in ameliorating neurodegenerative
disorders associated with gastrointestinal dysfucntion. These gut microbiomeOBX, and then translated to human patients.
CONCLUDING REMARKS AND TRANSLATIONAL VALUE
The results of this thesis may have clinical relevance. First, they highlight
the importance of preventive/prophylactic strategies in impeding the onset/
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development of the neurodegenerative disorders. Second, these data demonstrate
that these preventive/prophylactic strategies of a neurodegenerative disease are
possible using a multi-targeted diet. Third, they suggest a causal link between
neurodegeneration and intestinal dysfunction in the OBX rats and prompt close
consideration of such a relationship in patients suffering from neurodegenerative
disorders. Finally, this thesis provides evidence that olfactory bulbectomized
rat is an animal model, which can be utilized to study not only depressive and
neurodegenerative diseases, but also brain-gut axis dysfunction disorders.
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Verwijderen van de olfactoire reukbulbi (OBX) bij knaagdieren wordt reeds
geruime tijd gebruikt als een diermodel om nieuwe antidepressiva te vinden en
tevens als een diermodel voor depressie. OBX bij knaagdieren is echter veel meer
dan dat. Uit de wetenschappelijke literatuur en het onderzoek beschreven in
dit proefschrift is duidelijk dat OBX in knaagdieren tevens een model is waarin
verschillende aspecten van neurodegeneratieve processen en ziekten kunnen
worden bestudeerd. OBX gaat bijvoorbeeld gepaard met wijdverspreide neuronale
degeneratie, cognitieve verslechtering, afname van het volume van verschillende
hersengebieden (cortex, hippocampus, caudatus en amygdala), verstoring van de
bloed-hersenbarrière, verstoorde synaptische dichtheid en verhoogde concentraties
van beta-amyloid in de neocortex en hippocampus (Song and Leonard, 2005;
Borre et al. 2012; Norrholm and Ouimet, 2011; Aleksandrova et al., 2004). Hoewel
het initiële mechanisme van neurodegeneratie in de OBX rat verschilt van dat in
neurodegeneratieve ziekten in de mens, zijn de secundaire veranderingen, zoals
NMDA-receptor-gemediëerde excitotoxiciteit, verstoorde neuroplasticiteit en
dit proefschrift wordt geprobeerd om de door OBX geïnduceerde moleculaire en
cellulaire veranderingen die ten grondslag liggen aan de gedrags- en cognitieve
veranderingen in de geletselde dieren, te ontrafelen. Mogelijkerwijs kunnen we
valideren.
Hoofdstuk 2 vergelijkt de neuroprotectieve versus neurorestauratieve
eigenschappen van memantine, een niet-competitieve NMDA receptor antagonist
die gebruikt wordt in de behandeling van de ziekte van Alzheimer (AD) en tevens
als antidepressivum (off-label gebruik). Memantine, toegediend voor de OBXoperatie, voorkwam volledig de OBX-geïnduceerde hyperactiviteit en gedeeltelijk
het verlies van het onthouden van angst. Als memantine twee weken na de OBXoperatie werd toegediend traden deze verbeteringen niet op. Dit suggereert dat
memantine vooral neuroprotectieve eigenschappen heeft en géén, of geringe
neurorestauratieve en cognitieve verbeteringen geeft.
Vanuit de resultaten van hoofdstuk 2 en de literatuur formuleerden we de
volgende hypothese. Verwijdering van de olfactoire bulbi (OBX) leidt tot de
consequentie, worden cellulaire bestanddelen, inclusief glutamaat, vrijgegeven
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in de extracellulaire ruimte. De excessieve hoeveelheid extracellulair glutamaat

glutamaat niveaus bereiken nog hogere niveaus, met als gevolg een sterk
verhoogde neurotoxiciteit. Geactiveerde microglia zijn ook een bron van reactieve
zuurstof species, arachidon zuur metabolieten en cytokinen, wat waarschijnlijk
de neurotoxische effecten versterkt. Bovengenoemde mechanismen genereren
waarschijnlijk een positieve feedback loop met grootschalige schade in het brein
tot gevolg. Memantine blokkeert waarschijnlijk de NMDA receptor gemediëerde
exititoxiciteit. Deze kettingreactie hypothese van de effecten veroorzaakt door
OBX verklaart wellicht waarom vroege memantine toediening, via het voorkomen
van de initiële schade, meer effectief is dan late toediening. Als memantine twee
weken na het letsel wordt toegediend is de meeste weefselschade al irreversibel,
waardoor memantine ineffectief is. Om meer ondersteuning voor de hypothese
dat glutamaat-geïnduceerde excitotoxiciteit vlak na de bulbectomie optreedt,
maar later niet meer, werd een microdialyse studie uitgevoerd (Hoofdstuk 3).
Hierin werd onderzocht, 1, resp. 8 weken na de OBX, of de glutamaat niveaus
waren veranderd. Helaas vonden we geen veranderingen in glutamaat; de oorzaak
hiervan is onduidelijk en kan liggen in het feit dat de glutamaat veranderingen te
plaatselijk zijn om algemeen op te pikken of dat 1 week na het letsel de effecten
reeds voorbij zijn.
(in het bijzonder microglia, prostaglandins en cytokinen) in de ontwikkeling van
het OBX-syndroom.

enzym in de synthese van prostaglandinen en wordt door zowel microglia als
neuronen tot expressie gebracht. Van prostaglandinen wordt verondersteld dat ze
een rol spelen in de pathogenese van verschillende neurodegeneratieve ziekten. Dit

storingen in gedrag en cognitie zich ontwikkelen tussen dag 3 en 14 na de OBXhippocampus (verhoogd op dag 7 en 14 na operatie, maar niet meer na 28 dagen).

hyperactiviteit werd door celecoxib genormaliseerd na twee dagen behandeling,
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leer- en geheugen (voor angst) stoornissen na OBX te herstellen; er was geen
verbetering in de storing van het ruimtelijk (spatiële) geheugen. Het effect van
celecoxib op het (angst)geheugen duurde ongeveer een week maar verdween
(zowel in omvang als in tijd) in de ontwikkeling van het OBX-syndroom. Deze
enigszins teleurstellende resultaten van celecoxib behandeling zouden te maken
kunnen hebben met zowel neurotoxische als neuroprotectieve eigenschappen van
prostaglandinen (afhankelijk van welk type prostaglandine en het type receptor
waaraan ze binden). Het is mogelijk dat, door twee dagen voor de OBX-operatie
reeds met celecoxib behandeling te starten, zowel de prostaglandine-gemediëerde
neuroprotectieve en neurodegeneratieve processen beïnvloed werden. Onze
waarnemingen gecombineerd met de literatuur suggereren dat de timing van de
celecoxib behandeling relatief t.o.v. de start van neurodegeneratie belangrijk is.
Meer onderzoek is duidelijk nodig om de intrinsieke balans tussen prostaglandinegeïnduceerde neuroprotectie en degeneratie te ontrafelen om meer inzicht te
krijgen in deze processen bij de ontwikkeling van het OBX-syndroom. Zulke
studies zijn zeker in het belang voor de ontwikkeling van effectieve behandeling
van neurodegeneratieve ziekten in de mens.
Om de rol van microglia, de macrofaag van het brein, verder te onderzoeken
in de pathologische cascade na OBX, voerden we een aantal experimenten uit
die beschreven staan in Hoofdstuk 5. We toonden aan dat het begin van de
cognitieve veranderingen na OBX qua tijd samenvalt met microglia activatie
van minocycline, een microglia remmer. Minocycline normaliseerde de OBXgeïnduceerde hyperactiviteit in een Open Veld, beschermde de OBX ratten tegen
hippocampus-afhankelijke stoornissen in het korte termijn spatiële geheugen,
maar had geen effect op de stoornis in het angst-gerelateerde geheugen. Onze
gegevens suggereren dat minocycline effectief kan zijn in de beginfase van
neurodegeneratie. Omdat we beperkte effecten op de verstoorde cognitieve
functies vonden, veronderstellen we een beperkte rol voor microglia activatie in de
verstoorde cognitieve functies na OBX. Verdere studies zijn nodig om het precieze
mechanisme achter de minocycline-gemediëerde neuroprotectie, de optimale
dosering en behandelingsduur voor een optimale effectiviteit te achterhalen. De
resultaten uit hoofdstukken 2-5 met de potentiële mechanismen en therapeutische
strategieën in de OBX-geïnduceerde neuronale degeneratie zijn schematisch
weergegeven in Figuur 1.
Neuroprotectieve strategieën in het OBX model werden verder geëvalueerd
met simvastatine, een cholesterol verlager met veronderstelde neuroprotectieve
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voor de OBX-operatie beginnend, had geen enkel effect op de verstoringen in
gedrag en cognitie van de OBX-ratten, maar verbeterde de cognitie in de contrôle
dieren. We formuleerden de hypothese dat de OBX-geïnduceerde neuronale
schade te groot was om door simvastatine te kunnen worden tegengegaan en
dat simvastatine alleen hogere-orde cognitieve processen kan verbeteren als
er corticale bijdragen zijn, terwijl daarnaast in OBX dieren (taak-relevante)
subcorticale structuren ook zijn beschadigd. Omdat we de simvastatine
behandeling pas 48 uur na de OBX begonnen, lijkt het mogelijk dat op dat
moment reeds (een gedeelte van) neuronen buiten de olfactoire gebieden zijn
beschadigd. Echter, zoals gezien in Hoofdstuk 5, ontwikkelen OBX-geïnduceerde
cognitieve en gedragseffecten zich tussen dag 3 en 14 na de OBX operatie.
Samenvattend lijkt het waarschijnlijk dat, hoewel sommig hersenweefsel reeds
irreversibel beschadigd is, er toch nog enige ruimte voor verbetering is, waarbij
verder verlies van neuronale functie kan worden beperkt of zelfs iets verbeterd.
Naast farmacologische interventies, onderzochten we ook niet-farmacologische
interventies, zoals omgevingsverrijking (hoofdstuk 7) en een experimenteel dieet
(Hoofdstukken 8 en 9).
Hoofdstuk 7 richtte zich op de effecten van omgevingsverrijking (EE) op de
aangetoond dat EE in OBX-ratten hyperactiviteit normaliseert zonder verbetering
van de cognitieve storingen. Daarentegen verbeterde EE in OBX-muizen zowel
het (korte-als lange termijn) geheugen voor angst alswel het spatiële geheugen,
vergeleken met niet omgevingsverrijkte muizen, terwijl er geen effect was van EE
op hyperactiviteit (Hendriksen et al. 2012). Vermeldenswaardig is dat er verschillen
zijn in het tijdsverloop van de ontwikkeling van het OBX-syndroom in ratten en
muizen, met name in het ontstaan van hyperactiviteit dat zich na drie dagen in
ontwikkelen de cognitieve storingen na OBX zich in ratten na drie dagen en in
muizen na 7 dagen Het begrijpen van de verschillen tussen ratten en muizen
zou kunnen bijdragen aan het vinden van meer effectieve therapeutische targets
en ontwikkeling van nieuwe therapeutische strategieën voor neurodegeneratieve
ziekten.
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FIGUUR 1: HET POTENTIELE ONDERLIGGENDE MECHANISME
BETROKKEN BIJ OBX-GEÏNDUCEERDE NEURONALE CELDOOD.
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multifactorial in origin, it has been suggested that treatments designed to interfere at different
mechanistic levels may be more effective than the traditional single-targeted pharmacological
approaches. Because dietary interventions emerged as safe and effective alternative to drugs, and
with some success in managing neurodegenerative disorders, we tested a multi-targeted diet in the
multi-targeted diet is shown in Figure 2.

OBX heeft in knaagdieren, zoals ook in vele neurodegeneratieve ziekten en
depressie in de mens, een complexe en multi-aetiologische pathologie. Met deze
multifactoriele pathologie van neurodegeneratieve ziekten in het achterhoofd,
kan men zich voorstellen dat behandelingen die ontworpen worden om op
verschillende mechanistische niveaus aan te grijpen, effectiever zijn dan de
traditionele ‘single-target’ farmacologische benadering. Omdat dieet interventies
als veilige en effectieve alternatieven van farmaca worden gezien met enig succes in
behandelen van neurodegeneratieve storingen, testten we een dieet dat een ‘multitarget’ benadering nastreefde. Figuur 2 geeft een schematische weergave van de
verschillende potentiële targets (doelen) van het experimentele dieet.
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FIGUUR 2: DE VERONDERSTELDE POTENTIELE MECHANISMEN
BETROKKEN BIJ HET EXPERIMENTELE ‘MULTI-TARGET’ DIEET.

neuroprotectieve en neurorestauratieve benadering door het dieet twee weken
dieet had een robuust therapeutisch effect (op de cognitieve, gedrags- en cellulaire
parameters) in de OBX ratten. Deze ‘proof-of-concept’ studie suggereert dat een
dieet dat zich tegelijkertijd richt op meerdere targets, in staat is om de ontwikkeling
van een neurodegeneratieve ziekte, met de daarbij behorende cognitieve problemen,
te voorkomen of in ieder geval te verminderen. Het dieet kan dit bewerkstelligd
hebben via diverse mechanismen, zoals NMDA-receptor gemediëerde celdood
(melatonine). Anderzijds, kunnen de neurorestauratieve eigenschappen van het dieet
Het idee achter onze studie was om de effectiviteit van het experimentele dieet zowel
op gedragsniveau maar ook op verschillende mechanistische niveaus te laten zien;
we hadden nadrukkelijk niet de bedoeling om de individuele bijdrage van ieder
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afzonderlijk bestanddeel uit te zoeken. Een volgende stap zou zijn om de indivuele
bijdragen van iedere component vast te stellen.
Er is een hoge comorbiditeit tussen neurodegeneratieve ziekten en gastrointestinale
disfuncties, waarbij gedacht kan worden aan veranderingen in de darm-hersenen
as (gut-brain axis), die reciproke communicatie tussen de hersenen en darm

antidepressivum) en het experimentele dieet. Vier weken na de OBX-operatie
werden darmstoornissen, ernstige ontstekingen van het colon, constipatie en
afwijkende faecale acetaat concentraties waargenomen; deze afwijkingen vonden
we niet één week na de OBX-ingreep. Escitalopram en het experimentele dieet
verbeterden de darmstoornissen en acetaat concentraties na 4 weken (suggestief
voor veranderingen in het microbioom), maar niet na 1 week. Memantine zelf
had een verslechtering op de darmfunctie tot gevolg in zowel de contrôle als
verrassenderwijs niet in staat om de cognitieve storingen na OBX te verbeteren.
We denken dat OBX-geïnduceerde remming van het parasympathische
zenuwstelsel een waarschijnlijk mechanisme is voor de darm problematiek.

de distale uiteinden van de parasympatische efferente neuronen, een afname
receptoren op macrofagen (dit zou het verergerende effect van memantine, die
zoals beschreven in Hoofdstukken 4-5 en de inleiding, leidt OBX tot systemische
in de gebulbectomiseerde ratten. We vonden echter in hoofdstuk 4 dat de
perifere toename in cytokinen niet langer dan een week duurde en dat de OBXgeïnduceerde darmafwijkingen pas later ontstonden. Dit betekent dat als de OBXgeïnduceerde systemische ontstekingen een bijdragende factor zijn, het alleen een
rol speelt in het begin en niet in de latere progressie. Een andere potentiële factor
die bijdraagt aan de initiële effecten van OBX op het colon zou een verandering in
het microbioom van de darm kunnen zijn. De potentiële mechanismen betrokken
bij de OBX-geïnduceerde darm disfuncties zijn weergegeven in Figuur 3.
De resultaten zoals beschreven in Hoofdstuk 9 suggereren een causaal verband
tussen neurodegeneratie in de hersenen en darmstoornissen en kunnen van grote
klinische betekenis zijn voor patiënten die lijden aan neurodegeneratieve ziekten.
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FIGUUR 3: DE POTENTIËLE MECHANISMEN BETROKKEN
BIJ OBX-GEINDUCEERDE DARM PROBLEMEN.
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