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Abstract:

Apolipoprotein E (apoE), a lipid transporting protein, has been
shown to play a vital role in nerve repair and remodeling. Since the
olfactory system is in a continuous state of remodeling, the present
study tested the hypothesis that apoE is required for normal
functioning of the olfactory system. Olfactory function of the wild
type (WT) and apoE deficient (apoE KO) mice was assessed by using
three standard olfactory tests: 1) the buried food pellet (BFP) test; 2)
the odor choice (OC) test; and 3) the odor cued taste avoidance
(OCTA) test. The visible food pellet test (VFP) was not used to assess
olfactory function, but to rule out lack of motivation to find a buried
pellet. ApoE KO mice performed poorly in all the tests as compared
to WT mice, except the visible pellet test, in which the apoE KO mice
performed better than wild type. ApoE KO mice had significantly
longer latency to find the buried pellet than WT mice in the BFP test.
In the OC experiment, apoE KO mice were unable to differentiate
water from an odorant solution. Furthermore, in the OCTA test, the
apoE KO mice were significantly less effective than WT mice at
avoiding water containing an odorant and tastant. These data

demonstrate that apoE deficiency in apoE KO mice leads to a deficit



in olfactory function, suggesting an important role for apoE in the

olfactory system.



Introduction:

ApoE is a 34-kDa protein component of lipoproteins that
functions in the redistribution of lipids among cells of various organs
(Mahley, 1988). It is primarily synthesized in the liver but is also
expressed in significant amounts in the brain (Elshourbagy et al.,
1985). ApoE levels increase in both the central and peripheral nervous
system following crush injury, and have been proposed to scavenge
lipids from the degenerating neurons for recycling to growth cones of
sprouting axons (Poirier, 1994). This is important in both maintenance
and repair of the nervous system. Humans have three major isoforms
of apoE (apoE2, apoE3, and apoE4) that are produced by three alleles
(e2, 3, and e4) at a single gene locus on chromosome 19 (Das et al.,
1985; Mahley, 1988; Zannis et al., 1982). The most common isoform
is apoE3, which contains cysteine and arginine at positions 112 and
158, respectively (Weisgraber, 1994). Both positions contain cysteine
in apoE2 and arginine in apoE4. Mice have one form of apoE which
is “apoE3-like” in its function (Weisgraber, 1994).

Recently, there is a surge of interest in apoE in neurobiology
primarily due to the finding that the E4 allele is a dose-dependent risk
factor for Alzheimer’s disease (AD) (Corder et al., 1994; Corder et

al., 1993; Poirier et al., 1993). Furthermore, AD patients with the



apoE4 allele usually showed an earlier age of onset and a more rapid
progression of the disease. Also, apoE localizes in neurofibrillary
tangles and amyloid plaques, the two characteristic lesions in AD
brains (Namba et al., 1991; Schmechel et al., 1993). These findings
demonstrated a link between apoE polymorphism and the
development of AD; however, the mechanism of this relationship is
still unclear.

Studies have consistently shown olfactory dysfunction in
patients with AD (Murphy, 1999). AD patients with moderate
dementia have deficits in odor identification, detection, threshold, and
memory (Doty et al., 1987; Murphy et al., 1990; Nordin and Murphy,
1998; Serby et al, 1991). Furthermore, AD patients show
neuropathological changes in components of the brain involved in
olfactory processing (Braak and Braak, 1997; Braak and Braak, 1994;
Davies et al., 1993; Struble and Clark, 1992; Talamo et al., 1989). In
fact, olfactory deficit is one of the first signs of AD, and has been
proposed as a predictor of the disease (Bacon et al., 1998; Devanand
et al., 2000; Graves et al., 1999; Morgan et al., 1995; Nordin and
Murphy, 1996). Interestingly, apoE allele status is also associated
with olfactory dysfunction (Bacon et al., 1998; Graves et al., 1999;
Murphy et al., 1998). Recent studies have demonstrated that normal

elderly persons with the apoE4 allele showed significantly poorer



odor identification than those lacking the apoE4 allele (Murphy et al.,
1998). Furthermore, in individuals with mild cognitive impairment,
those having the apoE4 allele showed poorer odor threshold than
those without this allele (Murphy, 1999). Taken together, these data
suggest that apoE plays an important role in olfactory function.

We have previously reported that apoE is expressed at high
levels in human and mouse olfactory bulbs, particularly in the
olfactory nerve layer and around the glomeruli (Struble et al., 1999).
In a later study we showed that apoE deficiency in apoE-gene
deficient/knockout (apoE KO) mice leads to substantial delay in
olfactory nerve repair (Nathan et al., 2000). In the present study, we
hypothesized that apoE KO mice should have a deficit in olfactory
function. We assessed the performance of apoE KO mice in three
different tests of olfaction. The results from this study revealed that

apoE mice are defective in olfactory functioning.



Methods and Materials:

Animals: ApoE KO (C57BL/6J-Apoe "'V} and wild-type
(WT) C57BL/6J mice were obtained from The Jackson Laboratory
(Bar Harbor, ME). Mice were housed in a sound-attenuated room
under constant temperature (22 °C), light from 4 AM to 4 PM and
access to water and food ad libitum. Mice were housed individually.
Male mice, two to four months old, were used in the experiment. All
mice were acclimatized to the sound-attenuated environment and 12
hour, fluorescent light schedule for a period of seven days prior to any
testing. To avoid diurnal variation each mouse was tested at the same
time of the day. A single blind procedure was used in all experiments
so that the experimenter was unaware of the genotype of the animals
used in the study.

Buried Food Pellet Test: A modification of the buried food

pellet (BFP) test by Edwards et al, 1972, was employed except Purina
mouse chow pellet (Lab Diet, Mouse Diet 9F, 5020. Catalog No.
04CMS-5020. PMI Nutrition International, Inc.) was used instead of
an exogenously scented pellet. This modification avoided the need for
pre-training the mice to associate exogenous odor to food. Mice were
placed on a food restricted diet (0.2g chow/mouse/24 h) starting from

two days prior to testing and during the 3-day experimental period.



On each of the 3 testing days mice received one trial per day. In each
trial a single mouse was placed at random in a test cage (45cm x
24cm x 20cm) to recover a 1-gram food pellet buried approximately
0.5 cm below the surface of a 3 cm deep layer of mouse bedding
material. The location of the food pellet was changed daily in a
random fashion. The latency to find the food pellet was defined as the
time it took the mouse to uncover the food pellet and grasp it in its
forepaws and/or teeth. Animals were allowed to consume the pellets
they found and were then returned to their home cage. An animal that
did not find the food pellet within 5 min was removed and placed
back into its home cage. The bedding in the test chamber was changed
between trials.

Visible Food Pellet Test: A modification of the buried food

pellet (BFP) test by Edwards et al was employed except that the
mouse chow pellet was visible during the testing period. The
administration of the visible pellet test is otherwise identical to the
BFP.

Odor Choice Experiment: The odor choice (OC) test used in

this study was similar to that described for rats by Darling & Slotnick
(1994). The test chamber consisted of a metal-floored box (20cm x
30cm x 12cm) fitted with two 10 ml syringes each with a stainless

steel drinking nozzle (0.7 cm outside diameter). One syringe



contained tap water (S+), and the other syringe contained 0.1%
isoamyl acetate (ICN Biomedicals Inc. Catalog No. 155077.) in tap
water (S-). Darling and Slotnick have previously demonstrated that
rodents exhibit an aversion to the odor of isoamyl acetate. The
nozzles of the syringes and the metal floor were connected to a
Powerlab (PowerLab, Model 400. ADI Instruments Pty. Ltd.) by an
electrical cable (Human Physiology Teaching Set. Model K01-1199.
CB Sciences.). Thus, a touch circuit was established that was
measured by Gateway E-4200 PC computer using Chart (Chart
version 3.46, software. ADI Instruments Pty. Ltd.) software. This
computerized touch circuit ﬁrecisely measured the latency to first
contact.

Twenty-four hours before testing, mice were deprived of
water. At the end of the deprivation period mice received one trial, in
which each mouse was placed in the center of the testing chamber,
facing the wall between the two nozzles, and allowed free access to
the nozzles for 5 minutes. A positive drink score was awarded if a
mouse made 0.5 seconds of sustained oral contact with a nozzle. A
mouse that received a positive drink score was immediately removed
from the testing chamber. The aluminum foil floor of the test cage

was changed between the testing of each mouse.



Odor Cued Taste Avoidance experiment; The odor cued taste

avoidance (OCTA) test is a modification of previously published
procedures (Darling and Slotnick, 1994; Liebenauer and Slotnick,
1996). The fest chamber used in the OCTA test was similar to that
described in the odor choice test except the box had a single opening
through which the stainless steel metal drinking nozzle, fitted with the
10 ml syringe, could be placed at variable distances from the opening.
Furthermore, a PVC tube was attached over the nozzle such that the
nozzle slid freely in the PVC tube. The computerized touch circuit
was similar to that described in odor avoidance test.

Mice were placed on a 0.4 ml/day water-deprivation schedule
that started twenty-four hours before testing, and continued
throughout the 6-day test schedule. Each trial consisted of two
periods: 1) A sampling period of 30 seconds in which the nozzle end
was recessed 1.5cm into the PVC tube such that the mice could sniff
the odor from the nozzle, but could not make contact with the nozzle,
and 2) a drinking period of 60 seconds in which the nozzle was
moved forward so that the mice could contact the drinking nozzle. A
positive contact score was awarded upon any contact with the nozzle,
and the mouse was immediately removed from the testing chamber.
Trials were separated by a 30-second rest period during which the

mouse was placed in a separate cage, with no access to food or water.



The aluminum foil flooring of the test chamber was changed between
each mouse. At the end of the sixth trial, the mouse was returned to
his home cage that contained 0.4 ml water and food ad libitum.

Each mouse received 6 trials/day for 6 consecutive days.
During days 1-3, mice were trained to drink tap water from the
nozzle. During days 4 and 5, animals were offered three trials with S+
solution (water) and three trials with S- solution, 0.1% vanillin (Acros
Organics, Catalog No. 140822500), and 0.05% quinine
monohydrochloride dihydrate (QHCI, Acros Organics, Catalog No.
163720250). The order of S+ and S- was randomized within a day so
that each individual received the same random order within a day but
the sequence of S+ and S- differed among days. On day 6, the
randomly organized 6 trials continued, however, the S- concentration
of vanillin was reduced from 0.1% to 0.001%, while the concentration
of QHCI remained the same. Vanillin was used as an odorant because
it is solely an olfactory nerve stimulant and is not likely to stimulate
the trigeminal nerve. By using vanillin, the experimenter is assured
that any odor cued taste avoidance is due to ability to detect an odor,

and is not due to a trigeminal reflex.
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Results:

Buried Food Pellet Recovery: In order to investigate whether

WT and apoE KO mice differed in their ability to find buried food
pellets, a 2 factor ANOVA with day and mouse strain as factors and
latency as the dependent variable was performed. Both mouse strains
found the pellets more quickly over time (F5, 153 =40.99, P < 0.0001),
but KO mice were significantly slower at finding buried pellets than
wild type mice, on all three test days, (F; ;53 = 33.33, P < 0.0001)
(Fig. 1). The interaction between genotype and day was not
significant (F; ;53 = 1.25, P = 0.29), indicating that mice from both
genotypes improved over time in their ability to find buried food
pellets in a similar manner. The results of the BFP test indicate that
WT mice are faster at recovering a buried pellet than are KO mice
(Fig. 1).

Visible Food Pellet recovery: The result from the visible pellet

test was dramatically different than that from the BFP test. In the
visible pellet test the apoE KO mice were actually faster than wild
type mice at finding the pellet (KO mean + SE = 34.9 + 4.2 sec, wild
type = 58.9 + 7.2; t = 2.88, P = 0.01), suggesting that KO mice were

motivated to find food. The results of the VFP test indicate that apoE

11



KO mice are faster at recovering a visible pellet than are wild type

mice (Fig. 2).

Odor Choice Experiment: When given a choice between a

bottle containing only water and a bottle containing water and 0.1%
isoamyl acetate, WT mice strongly preferred the plain water. Seven of
seven WT individuals (100%) contacted (i.e. maintained contact for
0.5 s) water first (X; = 7.0, df = 1, P < 0.01) (Fig. 3 and 24-27). In
contrast, 7/12 (58%) of apoE KO mice contacted water first, which is
not significantly different than random (X,= 0.33, df = 1, P > 0.50).
For those apoE KO individuals that contacted both bottles, latencies
until contact with water were not significantly shorter than those for
odor (N = 11; water: 104.2 £ 18.2 s, odor: 105.4 £ 28.9 s; paired t =
0.05; P =0.96) (Fig. 4).

Odor Cued Taste Avoidance: We examined the initial 3 day

training period, consisting only of the S+ (water) treatment, to see if
wild type and KO mice differed in their ability to perform the one
bottle task. A repeated measures ANOVA model, including the
effects of genotype and day, explained a significant portion of the
variance in latency (whole model Rzadj = 0.30, Fig287 = 8.43, P<
0.0001) (Fig. 5-10). Wild type and KO mice did not differ in their

latencies across the training period (F;237=0.30, P = 0.59), but a

12



significant decrease existed across days (F,, 237 = 10.0, P < 0.0001)
and consistent differences existed among individual mice (Fjs287 =
8.62, P <0.0001). Thus, the latencies for both wild type and KO mice
both decreased, and decreased at the same rate; this suggests that wild
type and KO mice did not differ in their ability to learn this task.

In order to examine whether wild type and KO mice
responded to the vanillin-cued quinine, within-individual comparisons
for wild type and KO mice separately for day 4 and S (vanillin 1% +
QHCI 0.05%) and day 6 (vanillin 0.001% + QHCI 0.05%) trials were
first conducted. Wild type mice had significantly longer latencies to
S- than S+ for all 3 days (Fig. 6). ApoE KO mice only had
significantly longer latencies on day 5. When vanillin concentrations
were lowered on Day 6, the trend between S+ and S treatments was
non-significant, suggesting that the KO mice had more difficulty
detecting the vanillin than did wild type mice. The significant effect
on day 5, however, suggests that KO mice were capable of making
the association between the odor and the taste stimuli.

Several lines of evidence suggest that wild type and KO mice
differed in their ability either to detect the vanillin or associate the
vanillin with the quinine. First, wild type mice had significantly
longer mean S- times than KO on all three days (day 4: WT = 38.9 +

47,KO 14.0+3.7;t=5.3,P <0.0001; day 5: WT=44.9+4.1, KO =

13



19.5+4.6;t=4.79, P = 0.0002; day 6: WT =38.7+ 4.6, KO=9.9 +
2.0, t = 8.9, P < 0.0001, Fig. 5). Second, the mean treatment
difference ( i.e. s- - st) between wild type and KO mice indicates that
a larger difference exists for wild type mice on all three test days (day
4,t=3.47,P =0.003; day 5, t = 3.62, P = 0.002; day 6, t = 7.6, P <
0.0001), with the largest difference occurring on day 6, the day with
the lowest vanillin concentration. Third, 7/8 wild type versus 0/9 KO
mice did not drink during at least one of their 3 S- trials on day 6
(Fisher’s exact test, P = 0.0004). Fourth, on the first test day (i.e. day
4), the first trial was S+ and the second trial was S-. Therefore, we
compared wild type and KO in their response to S- at their first
exposure. Five of 8 WT mice had longer latencies with S- than with
S+, while all 9 KO mice had longer latencies with S+ (Fisher’s exact
test, P = 0.009). This longer latency for wild type with S- was
unlikely to be due to them satiating their thirst; e.g. on the previous
day (day 3, with all trials S+), 0/8 wild type individuals had longer
latencies with their second trial than their first.

The results of the odor cued taste avoidance test indicate that
both the WT and apoE KO mice are able to associate the quinine taste
with the vanillin odor. However, the WT mice are significantly more

likely to avoid the vanillin odor than are the apoE KO mice, likely

14



indicating that the WT mice were better able to detect the vanillin

odor, at any concentration, than are the apoE KO mice.

15



Discussion:

The results from this study demonstrate that apoE deficiency
in apoE KO mice leads to a deficit in olfactory function. ApoE KO
mice performed poorly in all three tests used to evaluate olfactory
function as compared to WT mice. Although, these data could be
interpreted as olfactory functional deficit in apoE KO mice, there are
other possible alternative interpretations. First, it is possible that
apoE KO mice have motor impairments that could have contributed to
the delay in finding the buried food in BFP test or drinking solutions
in the OC experiment. However, previous studies did not find any
significant differences between apoE KO and WT in locomotor
activity (Lominska et al., 2001; Oitzl et al., 1997). Furthermore, in the
visible pellet test apoE KO were faster than WT mice in finding the
pellet. Also, the latency to drink water in the first 3 days (training
period) of OCTA test of apoE KO mice and WT were not
significantly different from each other. These data suggest that apoE
KO mice have normal locomotor function. Second, hunger/thirst level
or motivational properties of the animals could influence performance
on appetitive tests like those used in this study. Several lines of
evidence, however, suggest that apoE KO animals were motivated to

seek food and water in our experiments. For example, in the OC and

16



the OCTA tests the latency to drink water of apoE KO and WT were
approximately equal. Also, in the visible pellet test apoE KO mice
performed better than WT in finding the pellet. Furthermore, Raber et
al. (2000), have recently reported that 6 month old apoE KO mice did
not differ from WT mice of the same age in food or water intake
(Raber et al., 2000). Taken together these data strongly argue against
the lack of motivation or hunger/thirst as the primary cause for
olfactory deficit in apoE KO. Third, inability to learn a task could
have contributed to poor performance in olfactory tests used in this
study. In our studies we did not observe any dramatic cognitive deficit
in apoE KO mice, even though our experiments were designed to
specifically test olfactory function and not cognitive behavior. For
example, in the initial 3 days training period of OCTA test with S+
alone (water), the latencies of both apoE KO and WT significantly
decreased at the same rate across days, suggesting that mice from
both genotypes did not differ significantly in their ability to learn this
task. Taken together results from this study revealed that apoE KO
mice have a deficit in olfactory functioning, suggesting an important
role for apoE in the olfactory system.

The function of apoE in the olfactory system is unclear,
however, a series of observations suggests that apoE may play a vital

role in this system. Grehan et. Al. have demonstrated exceptionally

17



high levels of apoE in the olfactory bulb. ApoE mRNA was
particularly prominent in astrocytes in the glomerular layer of the
bulb. We have previously observed that apoE is found in the mouse
and human olfactory bulbs specifically in the olfactory nerve layer
and around the glomeruli (Struble et al., 1999). Furthermore, apoE
level in the olfactory bulb increases concurrent with olfactory nerve
lesioning in mice (Nathan et al., 2000). Double labeling
immunocytochemical studies revealed that both reactive astroglia and
microglia contributed to the increase of apoE following olfactory
lesioning. In a recent study that examined the effects of apoE
deficiency on olfactory nerve recovery following peripheral receptor
lesion we found that olfactory nerve regeneration is delayed in apoE
KO mice as compared to WT mice (Nathan et al., 2000). Thus one
potential role for apoE in the olfactory system is to support the
perpetual degeneration and regeneration of neuronal terminals that
occurs in the olfactory bulb as a result of the continuous turnover of
the receptor neurons in the olfactory epithelium.

The importance of apoE in the olfactory system is
substantiated by human studies that have examined the effects of
apoE isoforms on olfactory function. Results from these studies
revealed that individuals who were anosmic and possessed an apoE4

allele were at significantly higher risk for cognitive decline than

18



normosmics with out an apoE4 allele (Graves et al., 1999). Also, AD
patients positive for apoE4 allele have impaired odor identification
(Murphy et al., 1998). Furthermore, in individuals with mild cognitive
impairment, those with the apoE4 allele showed higher odor
thresholds than those without the apoE4 allele (Bacon et al., 1998).
Taken together these data suggest that apoE4 may not support the
continuous neuronal remodeling in the olfactory system as efficient as
the other isoforms of apoE, and thus may lead to olfactory
dysfunction.

To our knowledge this is the first study to document olfactory
dysfunction due to apoE deficiency in mice. Several previous studies
have found cognitive deficits in apoE KO mice; however, there are
data to the contrary (Anderson et al., 1998; Gordon et al., 1996;
Gordon et al., 1995; Krzywkowski et al., 1999, Oitzl et al., 1997,
Puolivali et al., 2000, Raber et al., 1998; Veinbergs et al., 1998; Zhou
et al., 1998). Given our finding that apoE KO mice exhibit an
olfactory deficit, these findings have to be carefully interpreted. For
example, poor performance of apoE KO mice in a cognitive test
where odor-emitting rewards, like food, are used could be
misinterpreted as a cognitive deficit, when it is most likely due

aberrant olfactory capability.
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Legend of Figures:

Figure 1. Performance of WT and apoE KO on buried pellet
test. On each of the first 3 consecutive days, the latency for the mice
to recover a buried food pellet was recorded. Latency declined
significantly across days in both apoE KO and WT mice. However,
latency of apoE KO mice was significantly higher than WT on all the
three days (F; 153 =33.33, P <0.0001%*).

Figure 2. Performance of WT and apoE KO on visible pellet
test. ApoE KO mice are faster at retrieving a visible pellet than wild
type mice. Latency to find a visible pellet was recorded. In contrast to
buried pellet test, apoE KO mice had significantly shorter latency to
find the visible pellet as compared to WT mice. (KO mean + SE =
34.9 + 4.2 sec, wild type = 58.9 + 7.2; t = 2.88, P = 0.01) *p < 0.01,

p<0.001 versus WT.

Figure 3. Percentage of WT and apoE KO mice that contacted
water first in the odor choice experiment. Mice were presented with a
choice of 0.1% isoamyl acetate or water, and the solution they
contacted first was recorded. The number of mice in the apoE KO
group (58%) that contacted water first was significantly lower than

those from the WT group (100%). * p <0.01, p<0.001 versus WT.

20



Figure 4. Latency of apoE KO mice to contact water and odor
bottles in odor choice experiment. ApoE KO mice were presented
with a choice of 0.1% isoamyl acetate and water, and the latency to
contact the solutions was recorded. Latency to contact water and 0.1%
isoamyl acetate were similar in the apoE KO mice. (N = 11; water:
104.2 £ 18.2 s, odor: 105.4 + 28.9 s; paired t = 0.05; P = 0.96)*

Figure 5. Performance of WT and apoE KO mice on odor
cued taste avoidance task. In the initial 3-days training period, with
only S+ (water) used, there were no significant differences between
apoE KO and WT in the daily latency value (Fj,57=0.30, P = 0.59).
However, latency of both WT and apoE KO mice significantly
decreased across days (F, 237 = 10.0, P <0.0001). Also, on the 3-days
testing period, the latency of both WT and apoE KO mice continued
to decrease across days. There were no significant differences
between apoE KO and WT mice in their latencies to S+ (water).
However, apoE KO mice had significantly shorter latency to S- than
WT mice. *p <0.01, p<0.001 versus WT.

Figure 6. Mean treatment differences [(S- latency) — (S+
latency)] between WT and apoE KO mice in odor cued taste
avoidance task. Mean treatment differences were significantly lower

in the apoE KO mice than WT on all the three testing days (day 4, t =

21



3.47, P =0.003; day 5, t=3.62, P = 0.002; day 6, t= 7.6, P <0.0001).
*p <0.01, p<0.001 versus WT.

Figure 7. Raw data image for OCTA test wild type mouse
latency on day 1 with S+. Example of no contact, WT.

Figure 8 Raw data image for OCTA test apoE KO mouse
latency on day 1 with S+. Example of no contact, apoE KO.

Figure 9. Raw data image for OCTA test wild type mouse
latency on day 2 with S+. Example of contact, WT, approx. 30
seconds to contact.

Figure 10. Raw data image for OCTA test apoE KO mouse
latency on day 2 with S+. Example of contact, apoE KO, approx. 25

seconds to contact.
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Figures:
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Figure 1. Performance of WT and apoE KO on buried pellet

test.
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Figure 2. Performance of wild type and apoE KO on visible

pellet test
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Figure 3. Percentage of WT and apoE KO mice that contacted

water first in the odor choice experiment.
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Figure 4. Latency of apoE KO mice to contact water and odor

bottles in odor choice experiment.
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Figure 5. Performance of WT and apoE KO mice on odor

cued taste avoidance task.
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S- - S+ (sec)

Figure 6. Mean treatment differences [(S- latency) — (S+

latency)] between WT and apoE KO mice in odor cued taste

avoidance task.
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Figure 7. Wild type mouse OCTA latency on day 1 (S+)
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Figure 8. ApoE KO mouse OCTA latency on day 1 (S+)
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Figure 9. Wild type mouse OCTA latency on day 2 (S+)
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Figure 10. ApoE KO mouse OCTA latency on day 2 (S+)
100
80
60
40
20
o
-20
0 10 20 30 40 50
60

Latency (sec.)

30



References:

Anderson, R., Barnes, J. C., Bliss, T. V., Cain, D. P., Cambon,
K., Davies, H. A., Errington, M. L., Fellows, L. A., Gray, R. A., Hoh,
T., Stewart, M., Large, C. H., and Higgins, G. A. (1998). Behavioral,
physiological and morphological analysis of a line of apolipoprotein E

knockout mouse. Neuroscience 85, 93-110.

Bacon, A. W., Bondi, M. W, Salmon, D. P., and Murphy, C.
(1998). Very early changes in olfactory functioning due to

Alzheimer's disease and the role of apolipoprotein E in olfaction. Ann

N Y Acad Sci 855, 723-31.

Braak, H., and Braak, E. (1997). Frequency of stages of
Alzheimer-related lesions in different age categories. Neurobiol
Aging 18, 351-7.

Braak, H., and Braak, E. (1994). Morphological criteria for the
recognition of Alzheimer's disease and the distribution pattern of
cortical changes related to this disorder. Neurobiol Aging /5, 355-6;
discussion 379-80.

Corder, E. H., Saunders, A. M., Risch, N. J., Strittmatter, W.
J., Schmechel, D. E., Gaskell, P. C., Jr., Rimmler, J. B, Locke, P. A.,
Conneally, P. M., Schmader, K. E., and et al. (1994). Protective effect
of apolipoprotein E type 2 allele for late onset Alzheimer disease. Nat
Genet 7, 180-4.

31



Corder, E. H., Saunders, A. M., Strittmatter, W. J., Schmechel,
D. E., Gaskell, P. C., Small, G. W., Roses, A. D., Haines, J. L., and
Pericak-Vance, M. A. (1993). Gene dose of apolipoprotein E type 4
allele and the risk of Alzheimer's disease in late onset families.
Science 261, 921-3.

Darling, F. M., and Slotnick, B. M. (1994). Odor-cued taste
avoidance: a simple and efficient method for assessing olfactory
detection, discrimination and memory in the rat. Physiol Behav 355,
817-22.

Das, H. K., McPherson, J., Bruns, G. A., Karathanasis, S. K.,
and Breslow, J. L. (1985). Isolation, characterization, and mapping to
chromosome 19 of the human apolipoprotein E gene. J Biol Chem
260, 6240-7.

Davies, D. C., Brooks, J. W., and Lewis, D. A. (1993). Axonal
loss from the olfactory tracts in Alzheimer's disease. Neurobiol Aging
14,353-7.

Devanand, D. P., Michaels-Marston, K. S., Liu, X., Pelton, G.
H., Padilla, M., Marder, K., Bell, K., Stern, Y., and Mayeux, R.
(2000). Olfactory deficits in patients with mild cognitive impairment
predict Alzheimer's disease at follow-up. Am J Psychiatry /57, 1399-
405.

Doty, R. L., Reyes, P. F., and Gregor, T. (1987). Presence of
both odor identification and detection deficits in Alzheimer's disease.
Brain Res Bull 18, 597-600.

32



Edwards, D. A., Thompson, M. L., and Burge, K. G. (1972).
Olfactory bulb removal vs peripherally induced anosmia: differential

effects on the aggressive behavior of male mice. Behav Biol 7, 823-8.

Elshourbagy, N. A., Liao, W. S., Mahley, R. W., and Taylor,
J. M. (1985). Apolipoprotein E mRNA 1is abundant in the brain and
adrenals, as well as in the liver, and is present in other peripheral

tissues of rats and marmosets. Proc Natl Acad Sci U S A 82, 203-7.

Gordon, I., Genis, 1., Grauer, E., Sehayek, E., and Michaelson,
D. M. (1996). Biochemical and cognitive studies of apolipoprotein-E-
deficient mice. Mol Chem Neuropathol 28, 97-103.

Gordon, I., Grauer, E., Genis, 1., Sehayek, E., and Michaelson,
D. M. (1995). Memory deficits and cholinergic impairments in
apolipoprotein E- deficient mice. Neurosci Lett 7199, 1-4.

Graves, A. B., Bowen, J. D., Rajaram, L., McCormick, W. C.,
McCurry, S. M., Schellenberg, G. D., and Larson, E. B. (1999).
Impaired olfaction as a marker for cognitive decline: interaction with

apolipoprotein E epsilon4 status. Neurology 53, 1480-7.

Grehan, S., Tse, E., and Taylor, J. M. (2001). Two distal
downstream enhancers direct expression of the human apolipoprotein

E gene to astrocytes in the brain. J Neurosci 27, 812-22.

Krzywkowski, P., Ghribi, O., Gagne, J., Chabot, C., Kar, S.,
Rochford, J., Massicotte, G., and Poirier, J. (1999). Cholinergic
systems and long-term potentiation in  memory-impaired

apolipoprotein E-deficient mice. Neuroscience 92, 1273-86.

33



Liebenauer, L. L., and Slotnick, B. M. (1996). Social
organization and aggression in a group of olfactory bulbectomized
male mice. Physiol Behav 60, 403-9.

Lominska, C., Levin, J. A., Wang, J., Sikes, J., Kao, C., and
Smith, J. D. (2001). Apolipoprotein E deficiency effects on learning
in mice are dependent upon the background strain. Behav Brain Res
120, 23-34.

Mahley, R. W. (1988). Apolipoprotein E: cholesterol transport
protein with expanding role in cell biology. Science 240, 622-30.

Morgan, C. D., Nordin, S., and Murphy, C. (1995). Odor
identification as an early marker for Alzheimer's disease: impact of
lexical functioning and detection sensitivity. J Clin Exp Neuropsychol
17,793-803.

Murphy, C. (1999). Loss of olfactory function in dementing
disease. Physiol Behav 66, 177-82.

Murphy, C., Bacon, A. W., Bondi, M. W, and Salmon, D. P.
(1998). Apolipoprotein E status is associated with odor identification
deficits in nondemented older persons. Ann N Y Acad Sci 855, 744-
50.

Murphy, C., Gilmore, M. M., Seery, C. S., Salmon, D. P., and
Lasker, B. R. (1990). Olfactory thresholds are associated with degree
of dementia in Alzheimer's disease. Neurobiol Aging /1, 465-9.

34



Namba, Y., Tomonaga, M., Kawasaki, H., Otomo, E., and
Ikeda, K. (1991). Apolipoprotein E immunoreactivity in cerebral
amyloid deposits and neurofibrillary tangles in Alzheimer's disease
and kuru plaque amyloid in Creutzfeldt-Jakob disease. Brain Res 541,
163-6.

Nathan, B. P., Nisar, R., Beckman-Randall, S., Short, J.,
Sherrow, M., and Struble, R. G. (2000). Role of apoE in olfactory

nerve regeneration in mice. Soc. Neurosci. Abstr. 26.

Nordin, S., and Murphy, C. (1996). Impaired sensory and
cognitive olfactory function in questionable Alzheimer's disease.

Neuropsychology 10, 113-119.

Nordin, S., and Murphy, C. (1998). Odor memory in normal
aging and Alzheimer's disease. Ann N Y Acad Sci 855, 686-93.

Oitzl, M. S., Mulder, M., Lucassen, P. J., Havekes, L. M.,
Grootendorst, J., and de Kloet, E. R. (1997). Severe learning deficits
in apolipoprotein E-knockout mice in a water maze task. Brain Res

752, 189-96.

Poirier, J. (1994). Apolipoprotein E in animal models of CNS
injury and in Alzheimer's disease. Trends Neurosci /7, 525-30.

Poirier, J., Davignon, J., Bouthillier, D., Kogan, S., Bertrand,
P., and Gauthier, S. (1993). Apolipoprotein E polymorphism and
Alzheimer's disease. Lancet 342, 697-9.

35



Puolivali, J., Miettinen, R., Pradier, L., and Riekkinen, P., Jr.
(2000). Apolipoprotein E-deficient mice are not more susceptible to
the biochemical and memory deficits induced by nucleus basalis

lesion. Neuroscience 96, 291-7.

Raber, J., Akana, S. F., Bhatnagar, S., Dallman, M. F., Wong,
D., and Mucke, L. (2000). Hypothalamic-pituitary-adrenal
dysfunction in Apoe(-/-) mice: possible role in behavioral and

metabolic alterations. J Neurosci 20, 2064-71.

Raber, J., Wong, D., Buttini, M., Orth, M., Bellosta, S., Pitas,
R. E., Mahley, R. W., and Mucke, L. (1998). Isoform-specific effects
of human apolipoprotein E on brain function revealed in ApoE

knockout mice: increased susceptibility of females. Proc Natl Acad
Sci U S A 95, 10914-9.

Schmechel, D. E., Saunders, A. M., Strittmatter, W. J., Crain,
B. J., Hulette, C. M., Joo, S. H., Pericak-Vance, M. A., Goldgaber, D.,
and Roses, A. D. (1993). Increased amyloid beta-peptide deposition in
cerebral cortex as a consequence of apolipoprotein E genotype in late-

onset Alzheimer disease. Proc Natl Acad Sci U S A 90, 9649-53.

Serby, M., Larson, P., and Kalkstein, D. (1991). The nature
and course of olfactory deficits in Alzheimer's disease. Am J

Psychiatry 748, 357-60.

Struble, R. G., and Clark, H. B. (1992). Olfactory bulb lesions
in Alzheimer's disease. Neurobiol Aging /3, 469-73.

36



Struble, R. G., Short, J., Ghobrial, M., and Nathan, B. P.
(1999). Apolipoprotein E immunoreactivity in human and mouse

olfactory bulb. Neurosci Lett 267, 137-40.

Talamo, B. R., Rudel, R., Kosik, K. S., Lee, V. M., Neff, S,
Adelman, L., and Kauer, J. S. (1989). Pathological changes in
olfactory neurons in patients with Alzheimer's disease. Nature 337,
736-9.

Veinbergs, 1., Jung, M. W., Young, S. J.,, Van Uden, E.,
Groves, P. M., and Masliah, E. (1998). Altered long-term potentiation
in the hippocampus of apolipoprotein E- deficient mice. Neurosci Lett

249, 71-4.

Weisgraber, K. H. (1994). Apolipoprotein E: structure-
function relationships. Adv Protein Chem 435, 249-302.

Zannis, V. I, Breslow, J. L., Utermann, G., Mahley, R. W.,
Weisgraber, K. H., Havel, R. J., Goldstein, J. L., Brown, M. S.,
Schonfeld, G., Hazzard, W. R., and Blum, C. (1982). Proposed
nomenclature of apoE isoproteins, apoE genotypes, and phenotypes. J
Lipid Res 23, 911-4.

Zhou, Y., Elkins, P. D., Howell, L. A., Ryan, D. H., and
Harris, R. B. (1998). Apolipoprotein-E deficiency results in an altered
stress responsiveness in addition to an impaired spatial memory in

young mice. Brain Res 788, 151-9.

37



	Eastern Illinois University
	The Keep
	2001

	Olfactory Behavior in ApoE Knockout Mice
	John P. Yost
	Recommended Citation


	tmp.1426003788.pdf.J7sin

