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Abstract
One of the primary lines of defense against oxidative stress is the selenoprotein family, a class of
proteins that contain selenium in the form of the 21st amino acid, selenocysteine. Within this class
of proteins, Selenoprotein P (Sepp1) is unique, as it contains multiple selenocysteine residues and
is postulated to act in selenium transport. Recent findings have demonstrated that neuronal
selenoprotein synthesis is required for the development of parvalbumin (PV)-interneurons, a class
of GABAergic neurons involved in the synchronization of neural activity. To investigate the
potential influence of Sepp1 on PV-interneurons, we first mapped the distribution of the Sepp1
receptor, ApoER2, and parvalbumin in the mouse brain. Our results indicate that ApoER2 is
highly expressed on PV-interneurons in multiple brain regions. Next, to determine whether PV-
interneuron populations are affected by Sepp1 deletion, we performed stereology on several brain
regions in which we observed ApoER2 expression on PV-interneurons, comparing WT and
Sepp1−/− mice. We observed reduced numbers of PV-interneurons in the inferior colliculus of
Sepp1−/− mice, which corresponded with a regional increase in oxidative stress. Finally, as
impaired PV-interneuron function has been implicated in several neuropsychiatric conditions, we
performed multiple behavioral tests on Sepp1−/− mice. Our behavioral results indicate that
Sepp1−/− mice have impairments in contextual fear extinction, latent inhibition, and sensorimotor
gating. In sum, these findings demonstrate the important supporting role of Sepp1 on ApoER2-
expressing PV-interneurons.
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1. Introduction
Elevated oxidative stress has been implicated as a key factor in the onset and development
of several neuropsychiatric disorders. One of the primary lines of defense against oxidative
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stress is the selenoprotein family, which include glutathione peroxidases, thioredoxin
reductases, and iodothyronine deiodinases. Selenoproteins are characterized by the co-
translational incorporation of selenium as selenocysteine, the 21st amino acid, at UGA
codons, which typically serve as stop codons. Within this class of proteins, Selenoprotein P
(Sepp1) is unique due to the fact that it contains multiple selenocysteine residues and has
been postulated to act in selenium transport (Burk and Hill, 2009). In the brain, upon
binding to the Apolipoprotein E receptor-2 (ApoER2) Sepp1 is taken up into neurons where
it delivers selenium for selenoprotein synthesis (Burk et al., 2007). Sepp1 appears to be
critically involved in brain function, as Sepp1−/− mice exhibit impaired hippocampal
synaptic plasticity, display deficits in spatial learning, and are especially prone to seizures
(Peters et al., 2006). Administration of a selenium-deficient diet to Sepp1−/− mice results in
severe neurological dysfunction and death, whereas a high-selenium diet mitigates some, but
not all, of the impairments (Hill et al., 2004; Peters et al., 2006; Burk and Hill, 2009).

Recent findings have demonstrated that neuronal selenoprotein synthesis is required for the
proper function of parvalbumin (PV)-interneurons, a class of inhibitory GABAergic neurons
characterized by the expression of parvalbumin (Wirth et al., 2010). These neurons
coordinate brain activity by controlling the firing rates of pyramidal neurons and
synchronizing spike activity within populations of neurons (Freund and Katona, 2007; Wulff
et al., 2009). PV-interneurons are particularly susceptible to oxidative stress (Kinney et al.,
2006; Behrens et al., 2007) and dysfunctional activity of PV-interneuron networks has been
implicated in several neuropsychiatric conditions, including schizophrenia and epilepsy
(Lewis et al., 2005; Freund and Katona, 2007).

We hypothesized that Sepp1 acts as a selenium transport protein to provide selenium to PV-
interneurons and that deletion of Sepp1 would result in impaired PV-interneuron function.
Our results indicate that the Sepp1 receptor, ApoER2, is highly expressed on PV-
interneurons in multiple brain regions. In addition, Sepp1−/− mice exhibited diminished
numbers of PV-interneurons and elevated oxidative stress in the inferior colliculus, a region
involved in processing auditory information. Finally, behavioral studies revealed that
Sepp1−/− mice display impairments in contextual fear extinction, latent inhibition, and
sensorimotor gating. In sum, our findings demonstrate an important supporting role for
Sepp1 in maintaining the integrity of ApoER2-expressing PV-interneurons.

2. Experimental Procedures
2.1. Animals

Sepp1−/− mice and Sepp1+/+ littermates were generated from crosses of heterozygous
Sepp1+/− mice on a C57Bl/6 background at the University of Hawaii Animal Facility. Mice
were fed a selenium-adequate (0.25 mg Se/kg) diet and housed on a 12-hr/12-hr light/dark
cycle. Animals were group housed until 10–12 weeks of age and then single-housed for 7–
10 days to acclimatize prior to behavioral experiments. All behavioral experiments were
conducted on single-housed adult mice aged 12–16 weeks during the light cycle.
Experimental groups consisted of equal numbers of males and females to minimize the
effect of gender. For all behavioral experiments, male and female Sepp1−/− mice showed
similar trends when compared to gender-specific Sepp1+/+ littermates. Thus, males and
females were pooled for graphical presentation and statistical analysis. All procedures using
mice were conducted under an approved University of Hawaii IACUC protocol.

2.2. Immunohistochemistry
Following behavioral testing, a representative sample (n = 6; 3 males, 3 females per group)
of WT and Sepp1−/− mice were selected for immunohistochemistry. Mice were deeply
anesthetized (1.2% avertin; 0.7 ml/mouse) and perfused with ice cold 0.1M phosphate-

Pitts et al. Page 2

Neuroscience. Author manuscript; available in PMC 2013 April 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



buffered saline (PBS) followed by 4% paraformaldehye (PFA) in PBS. Brains were
removed, stored in 4% PFA for 24-hr, and immersed in graded solutions of sucrose (10%,
20%, 30%) until sunk. Brains were cut into 40 μm sections and stored in a cryoprotective
solution (0.05M PBS, 25% glycerol, 25% polyethylene glycol) at 4°C. For DAB
immunohistochemistry, free-floating sections were treated with 0.3% H2O2 to inactivate
endogenous peroxidases, blocked, and incubated overnight at 4°C with the proper primary
antibody. The next day, sections were probed with the appropriate biotinylated secondary
antibody followed by incubation in avidin-biotin-peroxidase complex (Vector ABC Kit,
Vector Labs), and immunoreactivity was visualized by peroxidase detection using
diaminobenzidine tetrahydrochloride (DAB; DAB Substrate Kit, Vector Labs) as a
chromogen substrate. After several rinses in PBS, sections were mounted on slides,
dehydrated with graded solutions of EtOH followed by xylene, and coverslipped. For
immunofluorescence, a similar procedure was used, except that the sections were not
incubated with H2O2 and appropriate Alexafluor-labeled fluorescent secondary antibodies
were used for visualization instead of DAB.

2.3. Antibodies
The primary antibodies used in these studies were as follows: rabbit anti-parvalbumin
(1:10,000; Swant, PV 25), rabbit anti-calretinin (1:2000; Swant, CR 7699), rabbit anti-
calbindin (1:2000; Swant, CB38), goat anti-ApoER2 (1:50; Santa Cruz, sc-10113), mouse
anti-GAD67 (1:5000; Millipore, MAB5406) and mouse anti-8-oxo-dG (1:250; QED
Bioscience, 12501). In addition, we also used an ApoER2 blocking peptide (1:25; Santa
Cruz, sc-10113 P) to verify the specificity of our anti-ApoER2 antibody.

2.4. Stereology
Quantitative analysis of cell numbers was performed on a Zeiss Axioskop microscope
equipped with MicroBrightfield Stereo Investigator software (MBF Bioscience). An optical
dissector (counting box) was used to analyze and count neurons. The following regions were
outlined using a 5x objective with the aid of a mouse brain atlas (Paxinos & Franklin, 2004)
at specified coronal levels relative to bregma: somatosensory cortex (1.18); medial septum
(0.50); CA1, CA2/3, and DG of the dorsal hippocampus (−1.82); and inferior colliculus
(−5.02). Following contour selection, an optical fractionator analysis was conducted at high
magnification (20x objective) using a 300 μm x 300 μm counting frame to quantify the
number of positive neurons. For each counting site, the mounted section thickness was
determined. Mean section thickness was calculated by averaging all counting sites from each
section and this value was used to determine the number of immunopositive numbers per
unit volume.

2.5. Quantification of 8-oxo-dG immunoreactivity
The density of the 8-oxo-dG immunoreactivity in the inferior colliculus was quantified at the
same coronal level (−5.02) as used for stereology. Images were acquired using a 5x
objective lens under identical light intensity and exposure times. Black and white images
were imported into ImageJ 1.37c and inverted to simulate dark-field illumination. For each
image, contours were drawn around the inferior colliculus and the adjacent lateral
periaqueductal gray (LPAG). The contour surrounding the inferior colliculus selected for
positive 8-oxo-dG immunoreactivity while the adjacent LPAG acted as a background
control region. Mean optical density numbers were derived by subtracting the LPAG optical
density measurements from those obtained for the inferior colliculus.
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2.6. Confocal imaging
Z-stack images were acquired using a Zeiss LSM 5 Pascal imaging system and consisted of
10 individual stacks collected at intervals of 1 μm. Images were then imported into NIH
ImageJ and converted into Z-stack projection images for two dimensional presentation.

2.7. Contextual fear conditioning
For the acquisition of contextual fear, mice were placed in a computer-controlled fear
conditioning system (TSE Systems) for a 6-min conditioning trial. Following a 2-min
exploratory period, two electric footshocks (0.8 mA, 2-s duration, constant current) were
delivered through a stainless steel grid floor at 2-min intervals. During each 2-min post-
shock interval, freezing was measured. At the conclusion of conditioning, mice were
returned to their home cages. After 24-hr, mice were returned to the conditioning apparatus
for a 4-min contextual fear retention test during which freezing was measured and no
footshocks were delivered. To test for fear extinction, contextual fear retention was then
assessed for an additional 3 consecutive days. Two weeks after the final extinction test, mice
were again returned to the conditioning apparatus for an additional 4-min contextual fear
retention test to assess spontaneous recovery (Rescorla, 2004).

2.8. Latent inhibition
Latent inhibition was investigated using a conditioned freezing paradigm in the same
apparatus used for contextual fear conditioning. As previous exposure to the conditioning
apparatus could confound latent inhibition, the mice used for this study had not been used
for any prior conditioning procedures and thus were naïve to the apparatus. Our latent
inhibition paradigm consisted of 4 phases: exposure, conditioning, contextual retention test,
and tone retention test. Animals from each genotype were randomly allocated to either
exposed (E) or non-exposed (NE) groups. For three consecutive days, group E was placed in
the fear conditioning apparatus and received 20 presentations of a 20-s tone stimulus (75 dB,
pulsed 5 Hz) with 25-s inter-stimulus intervals. Group NE was placed in the conditioning
apparatus for an equal amount of time (15-min), but no tones were administered. On day 3,
immediately following the 15-min pre-exposure trial, both groups of mice remained in the
apparatus for conditioning. The conditioning trial consisted of an initial 2-min exploration
period followed by two tone-footshock pairings (2-s, 0.8 mA), with a 2-min interval
between pairings and concluded 2-min after the second footshock. To assess fear
acquisition, freezing was measured during each 2-min post-shock interval. On day 4, mice
were returned to the conditioning apparatus for a 4-min contextual fear retention test and
freezing was measured. On day 5, mice were placed in a novel chamber for the tone
retention test. Following an initial 2-min exploratory period in the novel chamber, the tone
was continuously presented for 4-min during which freezing was assessed.

2.9. Acoustic startle and prepulse inhibition
Mice were placed in the startle chamber (Responder-X, Columbus Instruments) and allowed
a 5-min acclimation period with the background noise (70 dB) continually present.
Immediately following the acclimation period, two blocks of trials were administered to
assess the acoustic startle response and prepulse inhibition, respectively. The first block of
trials consisted of 8 sets of 8 types of trials that were randomly distributed. Startle stimuli
(40-ms) of varying intensities were administered, with an inter-stimulus interval of 15-s. The
stimulus intensities were 80, 85, 90, 95, 100, 105, and 110 dB. In addition, to assess baseline
activity, a set of no-stimulus trials were included. Measures were taken of the startle
amplitude for each trial, defined as the peak response during a 100-ms sampling window
beginning with the onset of the startle stimulus. Mean startle amplitudes were derived by
subtracting the average startle amplitude from the no-stimulus trial (70 dB) from the average
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startle amplitude for each stimulus intensity tested (80 – 110 dB). In addition, mean startle
amplitudes were normalized for body weight by dividing the mean startle amplitude by the
subject’s body weight. This added measure was taken to limit variability due to gender, as
females had both lower mean startle amplitudes and lower body weights. The second block
of trials consisted of 8 sets of 5 trial types, distributed randomly and separated by 20-s inter-
stimulus intervals. The trial types were as follows: 1) no-stimulus/background noise (70 dB);
2) 40-ms, 110 dB startle alone; 3–5) 110 dB startle preceded 100-ms by one of three 20-ms
prepulses at the following intensities: 74 dB, 78 dB, 86 dB. The startle amplitude for each
subject at each of the different prepulse intensities was calculated as follows: PPI = 100 –
100 x [response amplitude for prepulse stimulus paired with startle stimulus / response
amplitude for startle stimulus alone]. For our PPI calculations, the response amplitude for
the startle stimulus alone was derived by averaging the 110 dB startle stimulus across the
acoustic startle and prepulse inhibition sessions. In addition, we ran 12 animals per gender
for each genotype, but several animals with low startle amplitudes produced highly variable
values for PPI. Thus, in order limit variability for PPI, we selected the 8 males and 8 females
from each genotype with the median values for startle amplitude at 110 dB for statistical
analysis and graphical presentation. As this procedure involves loud auditory stimuli and
could potentially confound other behavioral procedures, this test was always performed last
when animals were used for multiple tests.

3. Results
3.1. ApoER2 is highly expressed on PV-interneurons

There is evidence that parvalbumin (PV)-interneurons are particularly sensitive to oxidative
stress (Behrens et al., 2007; Behrens et al., 2008; Wang et al., 2011) and recently
selenoprotein synthesis has been implicated as a critical factor for the function of this
important class of interneurons (Wirth et al., 2010). However, the functional relationship
between the putative selenium transport protein, Selenoprotein P (Sepp1), and PV-
interneurons has not been clearly defined. Therefore, using immunohistochemistry, we
mapped out the expression profiles of the Sepp1 receptor, ApoER2, and parvalbumin (PV)
in the mouse brain to evaluate the potential influence of Sepp1 on PV-interneurons. First, to
verify the specificity of our ApoER2 antibody, we preincubated tissue sections with an
ApoER2 blocking peptide and observed an absence of signal over background (Fig. 1A).
Next, to determine whether ApoER2 is expressed on PV-interneurons, we used multi-label
immunofluorescence. Confocal images show that ApoER2 is expressed on PV-interneurons
in several brain regions, including the somatosensory cortex (Fig. 1B), hippocampus (Fig.
1C), inferior colliculus (Fig. 1D), medial septum, red nucleus, reticular thalamus, and
cerebellum (others not shown). To assess whether ApoER2 is expressed on other classes of
interneurons, we also examined ApoER2 expression relative to calretinin (CR) and calbindin
(CB), markers for two additional classes of GABAergic interneurons. In contrast to the
widespread expression of ApoER2 that we observed on PV-interneurons, ApoER2 did not
appear to co-localize with either calretinin (Fig. 2A, B) or calbindin (Fig. 2C, D) in any of
the regions investigated.

3.2. Reduced density of PV-interneurons in Sepp1−/− mice
We next sought to determine whether Sepp1−/− mice have diminished numbers of PV-
interneurons. Our investigation focused upon four brain regions in which we observed
ApoER2 expression on PV-interneurons: the somatosensory cortex (SC), medial septum
(MS), hippocampus, and inferior colliculus (IC) (Fig. 3). The septohippocampal regions
were selected based upon previous results demonstrating that Sepp1 deletion results in
impaired spatial learning and hippocampal synaptic plasticity (Peters et al., 2006). We also
chose to examine the somatosensory cortex and inferior colliculus because these regions
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were shown to be especially prone to neurodegeneration when Sepp1−/− mice are fed a
selenium-deficient diet (Valentine et al., 2008; Caito et al., 2011). Two-way ANOVA
analysis revealed a significant main effect for brain region (F (5, 60) = 60.46, p<0.0001), a
significant reduction of PV-interneuron density in Sepp1−/− mice (F (1, 10) = 6.835, p<0.05),
and a significant brain region x genotype interaction (F (5, 60) = 2.383, p<0.05). Post-hoc
tests indicated that the reduction of PV-interneuron density in Sepp1−/− mice was greatest in
the inferior colliculus (t10 = 3.730, p<0.01). In contrast, the density of calretinin-(CR)
interneurons within the inferior colliculus did not differ between genotypes (WT Sepp1+/+ =
10310 ± 1726, Sepp1−/− = 10330 ± 587.6; t10 = 0.01079, p>0.05) (Fig. 3C).

3.3. Elevated oxidative stress in the inferior colliculus of Sepp1−/− mice
To assess whether the observed reduction of PV-interneuron density in the inferior
colliculus may be related to a regional increase in oxidative stress, we probed brain sections
from WT Sepp1+/+ and Sepp1−/− mice for 8-oxo-2’-deoxyguanosine (8-oxo-dG), a marker
of oxidative damage to DNA and RNA. Oxidative damage was elevated in Sepp1−/− mice
(t22 = 2.080, p<0.05) (Fig. 4A, B) and this increase appeared to correspond with a reduction
in PV expression. This notion was further confirmed using double-label
immunohistochemistry to illustrate the correlation of diminished PV levels with increased 8-
oxo-dG staining in Sepp1−/− mice (Fig. 4C).

3.4. Enhanced acquisition and impaired extinction of contextual fear memory in Sepp1−/−
mice

As PV-interneuron dysfunction has been implicated in human neuropsychiatric conditions,
we tested Sepp1−/− mice on several behavioral assays. Previous studies on Sepp1−/− mice
fed a high selenium diet reported impaired hippocampal synaptic plasticity and deficits in
spatial learning, while contextual fear memory appeared normal (Peters et al., 2006). We
first re-examined contextual fear acquisition and retention in our Sepp1−/− mice fed a
standard, selenium-adequate lab diet. In addition, we also assessed fear retention over
several consecutive days to evaluate fear extinction. Two-way ANOVA analysis of freezing
behavior during conditioning revealed a significant main effect for shock interval (F (2, 78) =
85.69, p<0.0001), significantly elevated freezing in Sepp1−/− mice (F (1, 26) = 28.75,
p<0.0001), and a significant genotype x shock interval interaction (F (2, 78) = 5.184, p<0.01)
(Fig. 5B). Post-hoc tests showed significant differences in freezing during the first (t26 =
5.865, *p<0.001) but not second, post-shock interval between groups. For contextual fear
retention, we observed a significant main effect for retention test day (F (4, 130) = 3.386,
p<0.05), significantly increased levels of freezing in Sepp1−/− mice (F (1, 26) = 21.1,
p<0.0001), and a non-significant test day x genotype interaction (p>0.05) (Fig. 5C). Post-
hoc tests revealed that the difference in freezing levels between genotypes was highest on
the 96-hr retention test (t26 = 3.564, *p<0.01). When mice were tested for spontaneous
recovery of fear memory 18 days after initial conditioning, wild-type mice froze at levels
comparable to the initial retention test (24-hr) and no significant differences were found
between genotypes. In sum, these results indicate that Sepp1−/− mice exhibit enhanced initial
acquisition and delayed extinction of contextual fear memory.

3.5. Absence of latent inhibition in Sepp1−/− mice
To further assess the effects of Sepp1 deletion on behavior, we next examined latent
inhibition using a similar conditioned freezing paradigm (Fig. 6A). Latent inhibition is a
measure of reduced association to a stimulus in which there has been previous exposure
without any consequences. Development of latent inhibition reflects a process of learning to
ignore, or tune out, irrelevant stimuli (Lubow and Moore, 1959).
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Animals from each genotype were divided into exposed (E) or non-exposed (NE) groups.
Exposed (E) animals were placed into the contextual fear conditioning apparatus for 15-min
on 3 consecutive days during which they were repeatedly exposed to a tone. In contrast,
non-exposed (NE) animals were placed in the conditioning apparatus for an equal amount of
time during which no tones were administered. On day 3, immediately following the 15-min
exposure trial, animals were subjected to a fear conditioning procedure exactly as previously
performed, except that a tone immediately preceded the footshock. During the conditioning
trial, no significant effects were observed for genotype or exposure condition (Fig 6B).
Twenty-four hours after conditioning (Day 4), animals were returned to the fear
conditioning apparatus and contextual fear retention was evaluated (Fig. 6C). Two-way
ANOVA analysis revealed a significant main effect for exposure condition (F (1, 38) = 5.192,
p<0.05), but not for genotype. The genotype x exposure interaction was also not significant.
On the following day (Day 5), animals were placed in a novel context and given a 4-min
tone to assess auditory fear retention (Fig. 6D). Mice in the exposed (E) group displayed
significantly less freezing than their non-exposed (NE) counterparts (F (1, 38) = 11.57,
p<0.01). A significant exposure condition x genotype was observed (F (1, 38) = 20.52,
p<0.0001), whereas there was the main effect for genotype was non-significant (p>0.05).
Post-hoc tests demonstrated that exposed (E) WT mice froze at significantly lower levels
than non-exposed (NE) WT mice (t18 = 5.608, *p<0.001). In contrast, there was no trend
toward diminished freezing in exposed (E) Sepp1−/− mice when compared to non-exposed
(NE) Sepp1−/− mice. These results demonstrate that in our latent inhibition paradigm,
exposure to the tone prior to conditioning produced latent inhibition in the Sepp1+/+ but not
Sepp1−/− mice.

3.6. Diminished acoustic startle reactivity and prepulse inhibition in Sepp1−/− mice
One behavioral endophenotype associated with a variety of mental illnesses is dysfunctional
sensorimotor gating, which is generally assessed by measuring prepulse inhibition (PPI) of
the acoustic startle reflex (Braff et al., 2001). In order to evaluate sensorimotor gating, we
first measured acoustic startle reactivity to stimuli of varying intensities (80 –110 dB) and
then evaluated the degree of inhibition elicited when a prepulse (4, 8, or 16 dB above
background) immediately preceded the highest intensity startle stimulus (110 dB).

In response to stimuli of increasing magnitude, both Sepp1−/− and WT littermates showed
progressively elevated startle amplitudes (F (6, 322) = 49.01, p<0.0001) (Fig. 7A). Sepp1−/−

mice exhibited a reduced startle response in comparison to WT littermates (F (1, 46) = 16.58,
p<0.0001) and the stimulus intensity x genotype interaction was also significant (F (6, 322) =
2.484, p<0.05). The difference in startle reactivity between genotypes was most pronounced
at the highest stimulus intensity (110 dB) (t46 = 4.922, *p<0.001). When tested for prepulse
inhibition immediately following the acoustic startle test, we observed elevated degrees of
prepulse inhibition in response to louder prepulse intensities (F (2, 90) = 9.668, p<0.001)
(Fig. 7B). In addition, prepulse inhibition was significantly reduced in Sepp1−/− mice in
comparison to WT controls (F (1, 90) = 7.831, p<0.01). Post-hoc tests showed that the
difference in prepulse inhibition between genotypes was greatest when the prepulse intensity
was 16 dB above background (t30 = 2.656, *p<0.05). These data indicate that Sepp1−/− mice
display a diminished startle response to high intensity acoustic stimuli and exhibit deficits in
prepulse inhibition.

4. Discussion
In summary, our main findings are as follows: First, the Sepp1 receptor, ApoER2, is highly
expressed on PV-interneurons. Second, Sepp1 deletion results in elevated oxidative damage
and diminished PV expression in the inferior colliculus. Finally, behavioral studies showed
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that Sepp1−/− mice exhibit impairments in contextual fear extinction, latent inhibition, and
sensorimotor gating.

ApoER2 is a multifunctional member of the low-density lipoprotein (LDL) receptor family
that binds apolipoprotein E, reelin, and Sepp1. We observed high levels of ApoER2
expression on PV-interneurons relative to other classes of neurons. In contrast to an earlier
study (Clatworthy et al., 1999), we observed relatively low levels of ApoER2 expression in
granule cells of the dentate gyrus and pyramidal neurons of the hippocampus. This observed
difference may be due to the ApoER2 antibodies used for each study. Our antibody targets
the C-terminal portion of the ApoER2 protein, a region that is known to be alternatively
spliced (Kim et al., 1997; Clatworthy et al., 1999). This antibody could potentially target an
ApoER2 splice variant that is more selectively expressed on PV-interneurons.

Within the brain, ApoER2 is the primary receptor for Sepp1 (Burk et al., 2007). Both
ApoER2−/− and Sepp1−/− mice have significantly reduced brain selenium levels and exhibit
severe neurological dysfunction under conditions of selenium deficiency (Burk et al., 2007;
Burk and Hill, 2009). Concurrent with the diminished selenium levels, the activity of the
selenium-containing antioxidant enzymes of the glutathione peroxidase and thioredoxin
reductase families are decreased in the brains of Sepp1−/− mice (Schomburg et al., 2003;
Hill et al., 2004). Furthermore, ApoER2−/− and Sepp1−/− mice fed a selenium-deficient diet
display extensive neurodegeneration in several brain regions associated with auditory and
motor function (Valentine et al., 2008). One region that showed severe neurodegeneration in
both of the aforementioned genotypes was the inferior colliculus, suggesting that ApoER2-
mediated uptake of Sepp1 serves an important neuroprotective role in this brain region.

Our results build upon these findings and suggest that Sepp1 deletion renders PV-
interneurons particularly susceptible to oxidative stress within the inferior colliculus. The
inferior colliculus is the primary midbrain nucleus of the auditory pathway, plays a critical
role in processing auditory information, and has been reported to be the most metabolically
active brain region (Sokoloff et al., 1981; Jay et al., 1988). Extensive research by Brandão
and colleagues has shown that GABAergic mechanisms within the inferior colliculus
regulate both defensive behavior and auditory gating (Brandão et al., 2005). Both site-
specific infusions of the GABA receptor antagonist, bicuculline, and direct electrical
stimulation of the rat inferior colliculus elicit defensive behavior, such as escape and
freezing (Brandão et al., 1988; Lamprea et al., 2002). Additional studies showed that
microinfusions of semicarbazide, an inhibitor of the enzyme responsible for GABA
synthesis, at doses that induced freezing, also enhanced auditory evoked potentials and
impaired the acoustic startle response (Nobre et al., 2003). Further work has demonstrated
that the inferior colliculus exerts a modulatory influence on prepulse inhibition (PPI), as
both lesions (Li et al., 1998) and electrical stimulation (Silva et al., 2005) have been shown
to impair PPI. Finally, diminished GABA-mediated inhibition within the inferior colliculus
has been reported in genetically epilepsy prone rats (Faingold et al., 1986; Faingold &
Anderson, 1991) and decreased inhibition within this region is thought to increase
susceptibility to audiogenic seizures (Faingold, 2002). In sum, these results are consistent
with our finding that the behavioral deficits observed in Sepp1−/− mice are associated with
impaired GABAergic function of the inferior colliculus.

The possibility exists that some of the behavioral deficits (latent inhibition, auditory gating)
observed in Sepp1−/− mice may be due to impairments in hearing. Of particular relevance,
mice lacking the type 2 iodothyronine deiodinase (Dio2), a known selenoprotein, exhibit
impaired cochlear development and hearing loss (Ng et al., 2004). Furthermore, in humans,
mutations in the SECIS binding protein 2, a selenocysteine-specific translation elongation
factor, lead to decreased Dio2 activity (Dumitrescu et al., 2005). A clinical study on two
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human patients with this rare mutation reported a multisystem disorder including hearing
loss (Schoenmakers et al., 2010). Nevertheless, the fact that the acoustic startle magnitudes
differed most between genotypes at the highest, rather than lowest, sound intensities suggest
that Sepp1−/− mice exhibit deficits in auditory processing rather than auditory perception.
This notion is corroborated by previous findings that auditory fear conditioning is normal in
Sepp1−/− mice (Peters et al., 2006).

Accumulating evidence has shown that PV-interneurons are particularly vulnerable to redox
dysregulation (Kinney et al., 2006; Behrens et al., 2007; Steullet et al., 2010; Wang et al.,
2011) and impairments in PV-interneuron function due to oxidative stress are hypothesized
to be a contributing factor to schizophrenia (Behrens and Sejnowski, 2009; Do et al., 2009;
Bitanihirwe and Woo, 2011). Additionally, deficits in fear extinction (Holt et al., 2009),
latent inhibition (Baruch et al., 1988; Kathmann et al., 2000), and prepulse inhibition (Braff
et al., 2001) have been reported in patients with schizophrenia. However, in human studies,
reduced PV expression has been observed largely in the prefrontal cortex (Lewis et al.,
2005), a region in which we observed low levels of ApoER2 expression. Further studies are
needed to clarify whether impairments in selenoprotein synthesis and function contribute to
schizophrenia.

Prior to this study, it was shown that neuronal selenoprotein synthesis is required for the
proper development of PV-interneurons (Wirth et al., 2010). Our results indicate that the
Sepp1 receptor, ApoER2, is strongly expressed on PV-interneurons, suggesting selective
targeting of Sepp1 to this particular class of neurons. Based upon our current findings and
the existing literature, we propose the following model of PV-interneuron function and
oxidative stress (Fig. 8). Sepp1 binds to ApoER2 and provides selenium for selenoprotein
synthesis within PV-interneurons. Selenoproteins, particularly glutathione peroxidase 4
(GPx4) which appears to be essential (Yant et al., 2003, Wirth et al., 2010), protect against
oxidative stress. Elevated oxidative stress results in diminished expression of parvalbumin
(Kinney et al., 2006; Wang et al., 2011) and impaired NMDA-mediated neurotransmission
(Kohr et al., 1994; Steullet et al., 2006). Also included in this model, but beyond the scope
of this investigation, are two additional ligands for the ApoER2 receptor, APOE and reelin.

5. Conclusion
This report details the neuroprotective role of ApoER2-mediated uptake of Sepp1 on PV-
interneurons. We hypothesize that the behavioral deficits we observed, as well as those
previously reported (Hill et al., 2004; Peters et al., 2006), are largely due to diminished
integrity of PV-interneuron networks. Previous studies (Valentine et al., 2008) and our
findings together indicate that ApoER2-mediated uptake of Sepp1 serves an important
neuroprotective role in the inferior colliculus. Yet, the observed deficits apparent in these
mice may also be influenced by dysfunctional activity in other brain regions containing
ApoER2-expressing PV-interneurons, such as the hippocampus, medial septum, reticular
thalamus, red nucleus, cerebellum, and the cingulate, retrosplenial, and somatosensory
cortices. These findings may have relevance to neuropsychiatric conditions in which
dysfunctional PV-interneuron networks have been implicated, such as epilepsy and
schizophrenia.
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Research Highlights

• The receptor for Selenoprotein P (Sepp1), ApoER2, is highly expressed on
parvalbumin (PV)-interneurons.

• Sepp1−/− mice have reduced numbers of PV-interneurons in the inferior
colliculus, which corresponds with a regional increase in oxidative stress.

• Sepp1−/− mice display deficits in contextual fear extinction, latent inhibition,
and sensorimotor gating.
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Figure 1.
ApoER2 is expressed on PV-interneurons. A, Images of CA1 region of the hippocampus
probed with an ApoER2 antibody in the absence (left panel) and presence (right panel) of an
ApoER2 blocking peptide which left only background staining. B, C, D, Confocal images
showing the expression of ApoER2 (left), PV (middle left), GAD67 (middle right), and
colocalization of the markers (right) in the somatosensory cortex (B) hippocampus (C), and
inferior colliculus (D) of WT mice. Higher magnification of merged images (far right). Scale
bar: 100 μm.
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Figure 2.
ApoER2 is not expressed on calretinin (CR)-interneurons or calbindin (CB)-interneurons. A,
B, C, D, Confocal images showing the expression of ApoER2 (left), CR (A, B) or CB (C, D)
(middle left), GAD67 (middle right), and colocalization of the markers (right) in the
somatosensory cortex (A, C) and inferior colliculus (B, D) of WT mice. Higher
magnification of merged images (far right). Scale bar: 100 μm.
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Figure 3.
Reduced density of PV-interneurons in Sepp1−/− mice. A, Representative images showing
PV expression in the hippocampus (left column), and inferior colliculus (middle and right
columns) of WT Sepp1+/+ (top row) and Sepp1−/− (bottom row) mice. Higher magnification
images of the inferior colliculus (far right) B, Mean density of PV-interneurons per mm3 (±
SEM, n=6 per genotype) in brain regions investigated: somatosensory cortex (SC); medial
septum (MS); dentate gyrus (DG), CA1 and CA2/3 of the hippocampus; inferior colliculus
(IC). *p<0.01. C, Representative images showing CR expression in the inferior colliculus of
WT Sepp1+/+ (top row) and Sepp1−/− (bottom row) mice. Scale bar: 200 μm.
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Figure 4.
Increased oxidative stress in the inferior colliculus of Sepp1−/− mice. A, Images of the
inferior colliculus from WT Sepp1+/+ (top row) and Sepp1−/− (bottom row) mice probed
with an antibody for 8-oxo-dG and visualized with DAB staining. Higher magnification
images (right) B, Normalized optical density measurements for 8-oxo-dG immunoreactivity
in the inferior colliculus. *p<0.05. C, Confocal images (20x) showing PV (left), 8-oxo-dG
(middle), and colocalization of the markers (right). Scale bar: 200 μm.
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Figure 5.
Enhanced acquisition and impaired extinction of contextual fear in Sepp1−/− mice. A,
Contextual fear conditioning procedure. B, Mean (± SEM) percent contextual freezing
before and after each 2-min post-shock acquisition trial. *p<0.001. C, Mean (± SEM)
percent contextual freezing during fear retention testing. *p<0.01.
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Figure 6.
Absence of latent inhibition in Sepp1−/− mice. A, Latent inhibition conditioning procedure.
B, Mean (± SEM) percent contextual freezing before and after each 2-min post-shock
acquisition trial (Day 3). C, Mean (± SEM) percent freezing during contextual fear retention
testing (Day 4). D, Mean (± SEM) percent freezing during auditory fear retention testing
(Day 5). *p<0.001.
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Figure 7.
Diminished acoustic startle reactivity and prepulse inhibition in Sepp1−/− mice. A, Mean (±
SEM) normalized startle magnitude as a function of acoustic stimulus intensity. *p<0.001.
B, Mean (± SEM) percentage of prepulse inhibition as a function of prepulse intensity above
the background level (70 dB). *p<0.05.
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Figure 8.
Putative model of PV-interneuron function and oxidative stress. Sepp1 binds to ApoER2 and
provides selenium for selenoprotein synthesis. Selenoproteins protect against oxidative
stress. Oxidative stress impairs NMDA-mediated neurotransmission and, in turn, leads to
diminished PV expression. Also included in this model, but beyond the scope of this
investigation, are two additional ligands for the ApoER2 receptor, APOE and reelin.
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