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Abstract

Down syndrome (DS) is the most common aneuploidy in humans, and is a lead-
ing cause of genetic mental retardation and learning disabilities in children. DS
is closely linked to Alzheimer’s disease (AD), as the majority of DS patients develop
AD by 50 years of age. Previous studies have shown that patients with DS or AD
have a higher incidence of seizures, but despite the correlations between seizures
and dementia, the biological mechanisms influencing these processes are poorly
understood. We used 12-month-old Dp16 mouse models of DS to identify markers
of seizure activity in the hippocampus, a region of the brain that experiences neu-
rodegeneration in AD. Markers were analyzed and included reduced expression of
calbindin, increased expression of neuropeptide Y (NPY), and mossy fiber sprout-
ing. Our results found increased expression of NPY, but no difference in calbindin
or mossy fiber sprouting; consequently, it cannot be concluded that there is seizure
activity in this mouse model of DS. As the results were not conclusive, more research
will be required given that seizure activity may be age-dependent and may need to be
explored in older animals. Another possibility is that alterations in gene expression in
the trisomic mouse may alter the expression and activity of seizure-related proteins
and signaling pathways. We are currently looking into these vatious alternatives.
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AN INVESTIGATION ON EPILEPTIC ACTIVITY IN A TRANSGENIC MOUSE MoDEL OF DOWN SYNDROME

Introduction

Down syndrome (DS), the trisomy of chromosome 21,
affects one in every 691 babies in the United States accord-
ing to the National Down Syndrome Society (NDSS).
Chromosome 21 carries the gene for amyloid precursor
protein (APP) that produces the amyloid beta (Af) protein
found in the neuritic (senile) plaques that are characteristic
of Alzheimer’s disease (AD). The prevalence of dementia
in the institutionalized DS population is 8% between 35 and
49 years, 55% between 40 and 59 years, and 75% of those
over 60 years old (Lai and Williams, 1989). Age-associated
AD neuropathology is commonly found in individuals with
DS because the trisomy of chromosome 21 increases the
production of APP and the eventual amyloidgenic frag-
ments and plaque formation. Both of these characteristics
are consistent features in AD. In people with DS, soluble
AB oligomers, which result from the processing of the APP,
appear in the brain decades before the extracellular depo-
sition of plaques (Hirayama et al., 2003). Plaque formation
causes axonal damage that may lead to the formation of
neurofibrillary tangles or neuronal death through axonal
flow disturbance and accumulation of Af in cortical neu-
rons (Hirayama et al., 2003).

DS and AD both have higher incidences of epilepsy than
the general population. The incidence of epilepsy in per-
sons with DS is 1.4-17% and varies with age, globally
higher compared to the general population (~1%) (Barca
et al., 2014). This value increases to over 46% in those over
50 (Romano et al., 1990). Seizures are a major area of inter-
est in individuals with DS because those with new-onset
seizures have greater cognitive decline (Lott et al., 2012).
Seizures have been found to develop in 84% of individuals
with DS and AD (Lai and Williams, 1989).

Electro-clinical findings of seizures in adults include myoc-
lonic jerks on awakening and generalized spike and wave
discharges on electroencephalogram (EEG) (Moller et al.,
2001). Subclinical seizures (neuronal hyperactivity) are not
readily observable and may not present any behavioral dis-
turbances, but can cause biochemical and morphological
alterations in the brain and contribute to neurodegeneration
(Krsek et al,, 2004; Cantallops and Routtenberg, 1996).
Seizure-related activities affect language as well as reduction
in autonomy, a greater risk of injury, and a higher mortality
rate (Hommet et al., 2008).

Seizure-related cognitive decline is found in both AD and
DS. The mechanisms relating seizures to cognitive decline
in DS have not been elucidated, but high brain levels of

AB are likely to be a factor (Lott et al., 2012). In hAPP
(human APP) transgenic mice, AB-induced epileptic activ-
ity was associated with sprouting of inhibitory axons in
the molecular layer of the dentate gyrus (Palopp et al.,
2007). However, due to the heterogeneity of seizures, the
underlying cellular and molecular mechanisms that induce
and propagate these abnormal electrical discharges in the
brain remain poorly understood (Westmark et al., 2010).
Identification of epileptic phenotypes in transgenic DS
mice could provide models to aid in understanding of
mechanisms underlying seizure in DS.

To study this, a Dp16 transgenic mouse model of DS was
used. The genes on chromosome 21 in humans (Hsa21)
are conserved on chro-
mosomes 10, 16 and 17 .
of mice (Mmul0, 16, and 1 i
17). Each :
is trisomic for a unique
subset of Hsa2l genes
or their mouse orthologs
(Gardiner, 2014). Many
partial  trisomy models
have been developed to
study this disease; howev-
er, the Dp16 mouse model
was generated for the

chromosome

complete Hsa2l syntenic
region on Mmul6 contain-
ing 110 orthologous genes

(Li et al.) (Figure 1).

Figure 1

Chromosomal mapping of the
mmu regions syntenic to Hsa21
(Adapted from Yu et al., Human

.. . . Molecular Genetics, 2010).
Investigating the biological ! I )

mechanisms in DS is valuable because this mouse model
maps approximately 55% of the Hsa2l protein-coding
genes (Gardiner, 2014). It must also be noted that the
proteins assessed in this project (calbindin, neuropeptide Y
(NPY), and synaptoporin) are located on different genes of
the chromosome for humans and mice (Table 1).

Table 1

Gene Location of proteins of interest. The proteins of interest are
not coded on the regions genetically altered in Dp16 transgenic
mice.

Protein Human Mouse

Calbindin 8q21.3 4 5.55 cM

NPY Tpter-q22 6 24.04 cM; 6B3
Synaptoporin 3p14.2 14; 14A2
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The hypothesis of this study is that the Dp16 transgenic
mouse model of DS will experience neuronal hyperactivity.
This will be determined by assessing the biochemical and
morphological markers of seizure activity: reduced expres-
sion of calbindin, increased expression of NPY and mossy
fiber sprouting.

Materials and Methods

Hippocampus Section Preparation

Six brain hemispheres of 12 month old transgenic Dp16
mouse models and aged-matched wild-type mice were fixed
in 4% paraformaldehyde. Brains were sliced into 40um sec-
tions with a vibratome and stored in PBS/NaN3.

Immunohistochemistry

Hippocampal brain sections with the dentate gyrus and
CA3 region (Figure 2) were selected for immunolabeling,.
Brain slices were transferred to wells with 500ul. 1x PBS
and washed twice with 500ul. 1x PBS for 5 minutes each.
The sections were blocked for 1 hour at room temperature
with gentle rocking in 400uL. 1x PBS/0.3% Triton-X/5%
BSA/primary antibodies to reduce non-specific background
staining. Afterwards, sections were incubated overnight at 4
°C with primary antibodies in 400uL 0.15% Triton-X/2.5%
BSA for the proteins of interest (calbindin, NPY, and syn-
aptoporin) and MAP2 or TUJ1 as the neuronal marker.
Calbindin and NPY were incubated at 1:1000 dilutions,
while synaptoporin was blocked at 1:750. MAP2 and TUJ1
were blocked at 1:6000 and 1:500 dilutions respectively.
After primary antibody staining, brain sections were washed
3x for 5 minutes in 1x PBS. Sections were incubated in the
dark for 1 hour at room temperature with 400uL. 0.15%
Triton-X/2.5% BSA/secondary antibodies at dilutions of
1:1000. Brain slices were washed 3x for 5 minutes in 1x PBS
ptiot to being stained with Hoechst 1:10,000/1x PBS and
later washed twice with 500pl. of 1x PBS. Sections were
mounted on Superfrost microscope slides with EMS Shield
Mounting medium and dried for 1hr in an incubator.

Microscopy

The immunolabeled brain sections were imaged with an
inverted Zeiss microscope using Axiovision software. The
calbindin-labeled slices were imaged at 63x in two regions
of the hilus of the dentate gyrus and two regions in the stra-
tum radiatum for each subject. NPY-labeled sections were
imaged at 63x in the CA3 region and synaptoporin-labeled
images were imaged at 63x in four regions of the stratum
moleculare (Figure 2).

Brandon T. Nguyen

Mossy fiber axons

Figure 2

Hippocampal regions. NPY immunoreactivity was assessed in the
CA3 region, synaptoporin in the stratum moleculare, and calbindin
immunoreactivity in the hilus was normalized to immunoreactivity
in the stratum radiatum.

Analysis

Image ] FIJI was used to auto-adjust image thresholds
and calculate the percent area of immunolabeling of NPY
in one field at 63x. Mossy fiber sprouting was assessed
through immunolabeling for synaptoporin, a synaptic pro-
tein highly expressed in the mossy fibers, and quantified
with two methods, percent area at 63x and puncta count at
20x, in two to three fields of the molecular layer outside the
granule cell layer of the dentate gyrus. The diffuse immuno-
reactivity of calbindin was calculated as described by Palop
et al. (2010). Briefly, immunoreactivity in a control region
(stratum radiatum) was used to normalize immunoreactivity
in the hilus of the dentate gyrus of each subject at 63x in
two fields of each region.

Results

Epileptic Activity of Wildtype vs Dp16

The hippocampus of six mice were assessed: three
12-month-old male Dp16 transgenic mice and three male
wildtype. Each hippocampal section was labeled with
Hoechst solution, MAP2, and one of the following; calbin-
din (Figure 3a, 3b), NPY (Figure 3c, 3d), and synaptoporin
(Figure 3e, 3f). The red staining represents the proteins of
interest, and the green staining depicts the neuronal marker,
MAP2, which identifies the somatodendritic compartment
of the neuron or TU]J1, which is a soma-axonic marker.

Therefore, the results of transgenic Dp16 mice compared
to wildtype mice showed a significant increase in NPY
expression, but no significant change in calbindin expres-
sion or mossy fiber sprouting.
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Figure 3

Immunolabeling for markers of seizure activity. A) Calbindin label-
ing in 12-month-old wildtype hippocampus. B) Calbindin labeling in
12-month-old Dp 16 hippocampus. Calbindin, red. C) CA3 region
of 12-month-old male wildtype hippocampus. D) CA3 region of
12-month-old male Dp16 hippocampus. Calbindin, red; TUJ1,
green. E) Molecular layer of the dentate gyrus in 12-month-old male
wildtype hippocampus. F) Molecular layer of the dentate gyrus in
12-month-old male Dp16 hippocampus. MAP2, green; cell bodies,
blue. Scale bar, 200 um. NPY expression (Figure 4a) was consistent
with the expected results from sub-clinical seizure activity as shown
by the increased immunolabeling in the CA3 region of the hippo-
campus of 12-month-old Dp16 transgenic mice. The normalized
immunoreactivity of calbindin (Figure 4b) in the hilus of the dentate
gyrus was not consistent with expected decreased calbindin expres-
sion as there was no significant alteration between the two subject
groups. The percent area of synaptoporin (Figure 4c) also showed
no change in the stratum moleculare.

Discussion

Electrophysiological Alterations in DS Individuals and
Dp16 Mouse Model

Electroencephalogram (EEG) readings have shown that
those with DS often have EEG abnormalities (Politoff et
al., 1990). A study by Barca ¢7 a/. (2014) found that 23% of
patients with DS present with epilepsy, a value larger than
found previously (~13-17%) (Bull and the Committee on
Genetics, 2011; Thiel and Fowkes, 2004; Sangani et al.,
2010; Fetlazzo et al., 2009; Hamouda et al., 2014; Ulate-
Campos et al., 2014; Verotti et al., 2013).

Changes in synaptic plasticity have been reported in DS
mouse models. Synaptic plasticity is measured as the ability
of synapses to strengthen and weaken their communicative

@)

NPY % area

Synaptoporin % area
& = m ow B

Figure 4

A) The percent area of NPY immunolabeling is increased in the
CA3 region of the hippocampus of 12-month-old Dp18 transgenic
mice. B) The normalized immunoreactivity of calbindin in the den-
tate gyrus is not altered, nor is the percent area of synaptoporin
(C) in the molecular layer outside of the granule cell layer of the
hippocampus. **p<0.01, n=3. Data were analyzed by two-tailed
unpaired t test. Error bars indicate the mean +SEM. Calbindin, WT,
1.308+0.09; Dp16, 1.608+0.18; NPY, WT, 9.225+0.61; Dpl6,
27.89+3.09; Synaptoporin, WT, 3.627+0.57; Dp16, 3.192+.055.

abilities between presynaptic and postsynaptic neurons
over time. Long-term potentiation (LTP) is an electrophys-
iological phenomenon that describes the strengthening of
synapses and is considered the correlate of learning and
memory in the brain. The Dpl6 model exhibits similar
cognitive deficits to those with DS: impaired learning/
memory and decreased hippocampal LTP (Yu et al., 2011).
This has led to proposals that an imbalance of excitatory or
inhibitory neurotransmission is responsible for changes in
synaptic plasticity (Belichenko et al., 2004; Kleschevnicov et
al., 2004; Hanson et al., 2007). Unbalanced neurotransmis-
sion can occur because the triplication of the Mmul6 may
alter genetic expression levels of proteins that are associated
with normal hippocampal synaptic plasticity. Further elec-
trophysiological studies using EEGs should be performed
to monitor electrical and phenotypic changes over a petiod
of time. This can provide insight on the impact the Mmul6
syntenic region has on hippocampal synaptic plasticity at
the physiological level. Confirming EEG abnormalities
in Dp16 brains will allow for further investigation in the
expression and activity of seizure related proteins (calbin-
din, NPY, and synaptoporin) and their respective signaling
pathways.

Calbindin and Down syndrome

Calbindin is a critical calcium binding and buffering protein
that has a major neuroprotective role in preventing neuronal
death and maintaining calcium (Ca2+) homeostasis. Altered
levels of Ca2+ could disrupt homeostasis and impair
proper calcium signaling, which leads to synaptic death
and dysfunctional neuronal connections (Heizmann et al.,
1992). It has also been found that calbindin blocks multiple
pro-apoptotic pathways. For example, overexpression of
calbindin inhibits pro-apoptotic events caused by AB and
presenilin-1 in glial and neuronal cells (Guo et al., 1998;
Wernyj et al., 1999). With brains of AD patients shown to
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have disrupted calcium homeostasis (Palotas et al., 2002;
Foster and Kumar, 2002), and DS individuals experiencing
cognitive decline at a younger age, analyzing the regulation
of calbindin expression is a major point of interest when
investigating the molecular mechanism behind eatly cogni-
tive decline in individuals with DS.

This study’s assessment of calbindin’s immunoreactivity
between the Dp16 model and the wildtype showed no sig-
nificant alteration in the DG; however, previous research by
Kobayashi ¢z al. (1990) quantified calbindin expression with
normal controls and clinically diagnosed patients with DS
and found that the number and size of calbindin and parv-
albumin immunoreactive neurons were significantly reduced
in the cortex of patients with DS. These findings would
suggest that neurons containing calbindin are affected by
DS. Further studies into the signaling pathway of calbindin
in subjects with Down syndrome would provide insight on
the role of calbindin in seizure activity and dementia.

Calbindin Signaling Pathway, AD and DS

Recent findings have shown that calbindin also plays a
critical role in AD pathogenesis. Calbindin buffers intra-
cellular calcium, regulates neuronal synaptic function, and
is produced in several cell types in the CNS (Baimbridge et
al., 1992). Also, increased neuronal differentiation and neu-
rite growth occurs when calbindin is overexpressed (Kim
et al., 2006). Finally, calbindin appears to directly attach to
caspase-3, which triggers early synaptic dysfunction in a
Tg2576 AD mouse model (Bellido et al., 2002; D’Amelio
et al., 2011). This evidence indicates calbindin is crucial for
regulation of synapse formation, the basis of learning and
memory.

The NMDA receptors, NR1 and two NR2 subunits, are
molecules known to control memory function and synaptic
plasticity (Nakanishi, 1992). In the brains of calbindin-KO
AD mice, the protein levels of NR1 and NR2A decrease
(Kook et al., 2014). Morecover, ERK1 and ERK2, which
are both a part of the MAPK signaling pathway, rely on
an influx of calcium from the NMDA receptor for activa-
tion. This is a key event in cognition through activation of
CREB (Adams et al., 2002; Fukunaga et al., 1998; Bading
et al., 1991). Kook ez a/. (2014) showed that when calbindin
was removed, the activation of the ERK receptors and
CREB decreased. These results suggested that knocking
out calbindin could cause cognitive deficits and neuronal
dysfunction.

Past research has added to a growing body of evidence that
calbindin plays a significant molecular role in AD patholo-

Brandon T. Nguyen

gy and a potential critical role in DS during seizures. With
DS individuals developing early-onset Alzheimer’s disease
(EOAD) and calbindin appearing to be a link between the
two, studies in the calbindin signaling pathway in the Dp16
model will hopefully answer many questions.

NPY and Down syndrome

Neuropeptide Y acts as a neurotransmitter in the brain
and has a neuroprotective role in the hippocampus. NPY
positive cells account for 31% of GABAergic neurons in
the hippocampus (Jinno and Kosaka, 2003). Normally,
NPY will inhibit excitatory postsynaptic potentials (EPSPs)
evoked in the CA1 and CA3 through presynaptic action,
but not in dentate granule cells, and reduces the amplitude
of excitation through hippocampal circuits (Klaptstein and
Colmers, 1993; Haas et al. 1987). Without NPY, the brain
is susceptible to seizure-induced damage. KA-induced sei-
zures progress until death in 93% of NPY knock-out mice,
while <20% in wild type littermates and intracerebroven-
tricular infusion of NPY prevented seizure-related deaths
(Baraban et al., 1997). Furthermore, hippocampal kindling
increases expression of NPY in CA1, CA3, and the dentate
gyrus (Bendotti et al., 1993; Schwarzer et al., 1995).

The results from NPY immunolabeling agreed with past
results showing a significant increase of NPY expression
in brains that could experience seizure activity; however, it
is still unknown if the triplication of Mmul6 is responsible
for the connection between DS and epileptic activity, which
may increase the signaling pathway of NPY production for
neuroprotection.

NPY Signaling Pathway, AD and DS

NPY is a key molecule involved in regulating the response
of an organism to its external environment. It is very useful
because of its plasticity, e the capability to change its rate
and level of expression. For example, a neuron’s excitatory
state in the hippocampus could change after seizures, which
could be influenced by changing NPY levels (Scharfman
and Gray, 2006). Extreme changes in NPY levels may be
neurotoxic to the hippocampus and lead to eventual neu-
ronal cell death. There are various NPY receptors (Y1, Y2,
Y3, Y4, and Y5) throughout the dentate gyrus. Y2 and Y5
receptor proteins are found on the mossy fiber tract, while
the Y1 receptor is located in the molecular layer (Kopp et
al., 2002; Figure 5A).

The location of Y2 and Y5 indicates that these NPY
receptors may play a role in presynaptic function, which is
further supported by findings that suggests NPY influences
mossy fiber transmission through a presynaptic mechanism
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A. Normal

A. Normal

Y1

inhibitory
interneuron

Figure 5

Alteration of NPY receptor expression in epilepsy. A) Y2 and Y5 receptor proteins are found on
the mossy fiber tract, while the Y1 receptor is located in the molecular layer in non-epileptic
hippocampus. B) The expression of Y2 receptors in the mossy fibers increases after both acute
and chronic seizures. Adapted from Scharfman and Gray, Experientia Supplementum, 2006.

(Klapstein and Colmers, 1993; Guo et al., 2002; McQuiston
et al., 1996).

In relation to seizure activity, NPY expression is elevated
in response to status epilepticus, particularly in the hilus
and granule cell layer (Scharfman and Gray, 2006). On the
other hand, too much activity can cause NPY cells to die
due to excitoxicity (Mitchell et al., 1997). There is a clear
distinction in the pattern of NPY depending if the sei-
zures are acute or chronic. Acute seizures increase NPY
expression in non-granule cells, but in chronic seizures,
NPY is in non-granule cells and the granule cells and their
axons. Moreover, there are major changes in NPY receptor
expression after seizures (Figure 5B). The expression of
Y2 receptors in the mossy fibers increases after both acute
and chronic seizures, but not anywhere else (Sloviter, 1992).
This finding is crucial because if individuals with Down
syndrome are to experience electrical abnormalities, and
there is an upregulation of NPY production, then there
may also be an alteration of the gene that produces the Y2
receptor protein in the mossy fiber tract. If the Y2 receptor
gene is changed in response to the development of the tri-
somic Dp16 mouse model, this could be an area of interest
because NPY receptors may have therapeutic potential for
anticonvulsants and prevent cognitive decline from neuro-
toxicity. Anti-epileptic treatments can be studied to target
these receptors since they have a significant role in affecting
overall cognitive function.

Synaptoporin and Down syndrome
There are currently no reported investigations on synap-
toporin expression and Down syndrome.

Age-Dependent Effects in Dpl6
Mice

There have been previous exten-
sive behavior assessments of various
mouse models of DS (Escorihuela et
al., 1995; Coussons-Read and Crnic,
1996; Sago et al, 1998; Martinez-
Cue et al., 2005; Costa et al., 2010;
Garcia-Cerro et al., 2014). There
is less insight on the neurological
state of the Dp16 animals; however.
Goodliffe et al. (2016), did a compre-
hensive analysis on the Dp16 mouse
model. This study looked into the
extent of neurological abnormalities
in both young and adult mice. They
performed a number of tests to analyze behavior, motor
function, and cognitive ability. It was found that Dp16 mice
did not have deficits on the first day of acquisition, but
exhibited a significant delay in late acquisition milestones
after the second postnatal week. There were no changes in
neurogenesis or cortical expansion in prenatal Dp16 mice,
but a change in cortical cell population at developmental
milestone periods. Neurological abnormalities were further
studied in adult mice to see the long-range effects of the
triplication of Mmul6. As expected, learning and memory
tests on the Dpl6 demonstrated cognitive impairment in
adults. This study uncovered that the impairments became
greater as the complexity of the tasks increased, which

is consistent with past studies on individuals with DS
(Campbell et al., 2013).

The results of this study could be taken a step further to
study the cognitive abilities of aged Dpl6 mice. As the
results of our study were ambiguous, it may be necessary
to study mice older than 12 months to identify seizure
markers that could contribute to neuronal deficits. Since
it has already been proven that the Dp16 mice experience
age-dependent neuronal defects, the chances that there will
be major impairments in aged mice are high. Seizure activity
may be even more prevalent and noticeable in aged mice.

Conclusion

In our cohort of six mice, in which three were Dp16 and
three were wildtype, our findings did not provide conclusive
evidence that there are indications of seizure activity in the
transgenic model of Down syndrome. Only NPY immu-
nolabeling showed significant alterations from normal,
while there was neither mossy fiber sprouting nor change
in calbindin expression. Since recent studies have shown
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that epilepsy is seen in those with both DS and AD, further
research will be done given that there are other factors such
as age dependency and alterations in gene expression that
may affect the activity of these seizure markers and signal-
ing pathways.

Better methods of characterization of epileptic pheno-
types like EEG studies will be valuable in truly identifying
signs of seizure activity. Thus, the goal is to investigate the
molecular mechanism of neuronal hyperactivity behind this
syndrome that leads cognitive deficits and hopefully discov-
er better antiepileptic treatments that can prevent or slow
down decline.
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