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Abstract
Endothelin converting enzyme-2 is a metalloprotease that possesses many properties consistent
with it being a neuropeptide processing enzyme. This protease is found primarily in neural tissues
with high levels of expression in midbrain, cerebellum, hypothalamus, frontal cortex, and spinal
cord, and with moderate levels in hippocampus and striatum. To evaluate its role in neural
function, mice have been generated lacking this enzyme. Physical appearance, autonomic reflexes,
motor coordination, balance, locomotor activity, and spontaneous emotional responses appear
normal in these knockout mice. However, these mutants display deficits in learning and memory
as evidenced by marked impairment in the Morris water maze. Knockout mice are deficient also in
object recognition memory where they show delays in discerning changes in object location, as
well as in recognizing the introduction of a novel object. Here, perseveration appears to interfere
with learning and memory. Finally, mutants are impaired in social transmission of food preference
where they show poor short-term memory and perturbations in long-term memory; the latter can
be ameliorated by reminder cues. As endothelin converting enzyme-2 has been implicated in
Alzheimer’s disease, the deficits in learning and memory in the knockout mice may provide
unique insights into processes that may contribute to this disease and possible other disorders of
cognition.
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Introduction
Neuroendocrine peptides are intercellular messengers that play critical roles integrating
nervous, reproductive, endocrine, cardiovascular, gastrointestinal, pulmonary, and
behavioral functions (Strand et al., 1999). Peptides are synthesized as large precursor
proteins that undergo multiple posttranslational processing steps to generate bioactive
peptides. Typically, neuropeptide processing begins with endoproteolytic cleavage by
prohormone convertases at the C-terminal side of mono- or dibasic residues (i.e., -KR, -RR,
-RXXR-), considered “classical” sites of cleavage (Docherty & Steiner, 1982).

Some neuropeptides are generated by processing at “non-classical” sites. These peptides are
found among bulk-purified peptides from neuroendocrine tissues and are detected in brains
of mice lacking specific processing enzymes (Mizuno et al., 1980; Yang et al., 1985;
Sigafoos et al., 1993; Che et al., 2001). Additionally, an examination of precursor sequences
from some endogenous peptides further supports the idea that “non-classical” processing
sites are used for generation of bioactive peptides (Perry et al., 1997; Vilim et al., 1999; Liu
et al., 2001).

Members of the metalloprotease family have long been implicated in processing at non-
classical sites (Molineaux & Wilk, 1991). Endothelin converting enzyme-1 (ECE-1) and
ECE-2 possess substrate specificity consistent with processing at non-classical sites and
ECE-2 has additional properties consistent with those of a neuropeptide processing enzyme.
For instance, ECE-2 is optimally active at pH 5.5, is localized to intracellular secretory
compartments (Emoto & Yanagisawa, 1995; Russell & Davenport, 1999; Davenport & Kuc,
2000), and exhibits restricted neuroendocrine distribution (Nakagomi et al., 2000;
Yanagisawa et al., 2000). Recently, a panel of 42 peptides was screened as substrates for
ECE-2 (Mzhavia et al., 2003). Processing occurred for 10 of these peptides at acidic pH, a
pH consistent with the milieu of secretory vesicles (Moore et al., 2002). Thus, ECE-2 may
process a number of peptide intermediates leading to a variety of endogenous ligands.
Interestingly, studies characterizing intracellular degradation of β-amyloid peptides have
suggested a role for ECE-2 in Aβ clearance in vivo (Eckman et al., 2003). Thus, ECE-2 may
play a role in neurodegenerative disorders such as Alzheimer’s disease (Eckman & Eckman,
2005; Weeraratna et al., 2007).

Mice lacking active ECE-2 have been generated by replacing the exon encoding the
conserved zinc-binding motif with a neo-cassette using homologous recombination
(Yanagisawa, et al., 2000). The mutants are viable and live a normal life-span. As ECE-2
knockout (KO) mice are fertile and show no gross developmental defects, they are ideally
suited for evaluation of the role of ECE-2 in neuropeptide processing and behavior. In the
present study, we have examined the behavioral phenotype of KO mice and find they
possess no gross behavioral abnormalities, but are impaired on various tests of learning and
memory.

Materials and methods
Animals

Adult naïve male and female wild type (WT) and KO mice (age 12–20 wks) were used in all
experiments. Mice were propagated by heterozygous C57BL6/J-129/SvJ matings and were
genotyped by PCR using the following primers: WT ECE-2 allele (sense) 5'-
GCCATCTTACAGTAGAGGAG-3' and (antisense) 5'-CTAGAATGGGCCCCTACCTT-3',
and KO allele: (sense) 5'-TATTCGGCTATGACTGGGCACAACAG-3' and (antisense) 5'-
TTCCACCATGATATTCGGCAAGCAGG-3'. Offspring were weaned after 21 days,
segregated by sex and genotype, and housed 2–5 mice/cage. Animals were maintained under
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a 14:10 hr light/dark cycle in a humidity- and temperature-controlled room with water and
laboratory chow supplied ad libitum. All experiments were conducted in accordance with
NIH guidelines to minimize potential pain or discomfort and under approved protocols from
the Institutional Animal Care and Use Committees at Mount Sinai School of Medicine and
Duke University.

RNA isolation and real-time PCR
Mice were euthanized by carbon dioxide asphyxiation and brain regions were dissected.
Total RNA was isolated using the RNeasy® Mini kit (Qiagen, Valencia, CA) and reverse
transcription was performed using Superscript II® and random hexamer primers (Invitrogen,
Carlsbad, CA). The primer sequences for ECE-2 were (sense) 5’-
CTTACTACCTTCCAAC-3’ and (antisense) 5’-GTCAGTGACTCATTCT-3’, and (sense)
5’-AATGAAATCGTCTTCC-3’ and (antisense) 5’-GTCAGTGACTCATTC-3’; primers for
ECE-1 were (sense) 5’-ATCAGTGGAGTATGAC-3’ and (antisense) 5’-
CCTTGATCATCGAAAG-3’; primers for neutral endopeptidase (NEP) were (sense) 5’-
CGAAATCAGATAGTCT-3’ and (antisense) 5’-GTCTCCATCTTTATTG-3’; and primers
for β-actin (internal control) were (sense) 5’-ACCCACACTGTGCCCATCTA-3’ and
(antisense) 5’-TCGGAACCGCTCGTTGCCA-3’. The ECE-2, ECE-1, and NEP PCR
products were 150–200 bp and they spanned the Zn+2-binding and catalytic domains. Real-
time PCR was performed on a LightCycler II (Roche Applied Science, Indianapolis, IN)
using the QuantiTect® SYBR® Green PCR kit (Qiagen, Valencia, CA) where the initial
activation step (95°C for 15 min) was followed by 45 cycles of PCR [95°C for 15 sec; 50°C
or 47°C (for NEP) for 25 sec; 72°C for 10 sec]. Detection of fluorimetric SYBR Green (i.e.,
amount of PCR product) was measured at the end of each elongation phase. The specificity
of products was documented at the end of each run with a melting curve analysis. The
threshold cycle (i.e., cycle number at which fluorescence corresponding to appearance of the
amplified PCR product) was used to calculate the starting template amount in each sample.
Expression of each gene was normalized to β-actin. Serial 10-fold dilutions (i.e., 100 to
0.0001 pg) of the murine ECE-2 plasmid were used to generate the standard curve to
calculate the copy number. The relative expression of ECE-2, ECE-1, and NEP in different
samples was determined by the 2−ΔΔCT method (Livak & Schmittger, 2001) using the
maximum level of expression (i.e., midbrain for ECE-2, liver for ECE-1 and kidney for NEP
as calibrators).

Behavioral assessments
Neurophysiological, emotional, and sensorimotor-gating screen—This screen
involved an initial evaluation, as well as, examinations of various behaviors as described
(Pillai-Nair et al., 2000; Ribar et al., 2000; Pogorelov et al., 2005; Rodriguiz & Wetsel,
2006; Fukui et al., 2007).

Morris water maze—This test was conducted as outlined (Wolfer et al., 1999; Rodriguiz
& Wetsel, 2006) in a 120 cm diameter stainless steel tub filled with opaque water (25°C). A
white metal platform (12 cm in diameter) was located approximately 1 cm below the surface
of the water and 20 cm from the wall of the maze. Lighting was indirect (~350 lux) and
behavior was monitored with a video-camera located 140 cm above the pool. Total swim
distance, latency to locate the platform, and swim velocity were calculated from tracking
profiles created by Ethovision (Noldus Information Technology, Leesburg, VA).

Object recognition—This test was conducted across 9 consecutive days (see Mumby et
al., 2002; Pogorelov et al., 2005). On days 1–3 the objects were arranged in a triangular
configuration (Fig. 1a). On day 4 the location of object 2 was changed and this was
maintained until day 7 (Fig. 1b). On days 8–9 object 3 was replaced with a novel object
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(Fig. 1c). Object exploration included all instances of sniffing, touching, climbing, rearing
near, sitting on and time spent with the object. Additionally, on days 4–9 all instances and
times sniffing or rearing in the old location of object 2 were scored. All tests were video-
taped and coded with trained observers using Observer (Noldus Information Technologies)
who were blind to the genotype of the animals.

Social transmission of food preference (STFP)—This test has been outlined (Kogan
et al., 2000; Rodriguiz & Wetsel, 2006) where learning and memory were evaluated in tester
mice at 20 min and 24 hr. The STFP test was run under 2 different protocols. In one, the
demonstrator mouse remained in the home-cage with the tester mice. In the other, the
demonstrator was removed from the home-cage following the initial 20 min interaction with
tester mice (e.g., after the 20 min test). All bowls were weighed before and after each test,
and any spillage was recovered. Dietary preference was calculated as the difference in
consumption between the two diets relative to total consumption.

Statistics
Statistical analyses were performed with the SPSS-11 statistical programs (SPSS Inc.,
Chicago, IL) and all data were presented as means and standard errors of the mean. As no
sex differences were detected in any behavioral test; data for males and females were
combined. For the neurophysiological screen, genotype differences were examined with χ2

or t-tests. For the STFP and object recognition tests, pre-exposure data were evaluated by
univariate ANOVA. Prepulse-dependent inhibition was examined with repeated measures
ANOVA (RMANOVA) with prepulse intensity as the within-subjects and genotype as the
between-subjects factors. Morris water maze data were analyzed by RMANOVA, with test
day as the within-subjects and genotype as the between-subjects effects for hidden- and
visible-platform testing. Probe test analyses by RMANOVA required two within-subjects
effects: test day and maze quadrant, and the between-subjects effect of genotype. For object
preference, percent object contact was examined with RMANOVA with test day and object
type or location as the within-subjects and genotype as the between-subjects effects. Finally,
preference scores for STFP were examined with RMANOVA with time (20 min, 24 hr) as
the within-subjects and genotype as the between subjects effects. For ANOVA and
RMANOVA, Bonferroni corrected pair-wise comparisons were used. In all cases, P<0.05
was considered significant.

Results
Distribution of ECE-2 suggests a neuroendocrine role

Expression of ECE-2 mRNA was examined in adult WT tissues by quantitative real-time
PCR. Consistent with previous reports (Emoto & Yanagisawa, 1995; Yanagisawa, et al.,
2000), ECE-2 exhibited primarily a neuroendocrine distribution with very little expression
in peripheral tissues (Table 1). Midbrain and cerebellum contained the highest levels in
brain, followed by pituitary, hypothalamus, and frontal cortex. Striatum and hippocampus
had low levels of ECE-2 mRNA. High levels were detected also in spinal cord and adrenal
medulla, with lower levels in ovaries and heart. By contrast, ECE-1 and NEP mRNAs were
expressed at higher levels in peripheral tissues; comparable levels of ECE-1 and ECE-2
were found in the pituitary and adrenal medulla (Fig. 2). Together, the distribution pattern of
ECE-2 expression in neuroendocrine tissues suggests a role for this enzyme in processing
neuropeptides.

Disruption of ECE-2 exerts no effects on gross behavior
No genotype differences were observed in assessments of physical appearance and sensory
and motor functioning (Supplemental Table 1). Responses in tail-flick, zero maze, tail
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suspension, transfer arousal, and prepulse inhibition (PPI) were similar for WT and KO
mice. Together, these results show that many behaviors are intact in the mutants.

KO mice show poor memory consolidation
Morris water maze—In the visible-platform test, no genotype differences emerged (Fig
3a, Fig S1a, Fig S2a). With the hidden platform version of the test, KO animals were
impaired (Fig. 3b). WT mice reduced their swim distances across test days, whereas mutants
showed little change over time. Tracings of swim patterns on test days 1, 3, and 6 confirmed
KO mice swam further than WT controls (Fig. 3e). Moreover, KO animals swam in
repetitive looping patterns. Swim time was also aberrant for KO animals (Fig. S1b).
Analyses of swim distances for probe trials on days 4 and 6 confirmed that WT animals
preferred the quadrant where the hidden platform had been located (Fig. 3c). By contrast,
KO mice showed no preference for any quadrant on any probe trial and, by the last test day,
mutants swam less far in the north-east (NE) and further in the south-west quadrant than WT
controls (Fig. 3c,d). Swim tracings from each probe trial showed that WT mice
preferentially searched in the NE quadrant on trials 4 and 6 (Fig. 3f). KO animals displayed
broader search strategies and continued to circle through other quadrants on these trials.
Swim times during probe trials reflected similar deficiencies as swim distance in the mutants
(Fig. S1c–d). Although swim velocities did not differ between genotypes (Fig. S2b–d), the
swim distance and swim time results indicate spatial learning and memory are impaired in
KO mice.

Object recognition testing—During acclimatization, no genotype differences were
observed (Fig. S3a, left) and the percent times spent contacting each object were similar
(Fig. S3b–c). When object 2 was moved to a new location (day 4), animals spent more time
contacting all objects (Fig. S3a, middle). Subsequently, the total time contacting objects
decreased for WT, but remained elevated for KO animals. WT mice increased their percent
time with the moved object 2 on days 4–7 (Fig. 1d), compared to the other two objects and
time spent in the old location of object 2. Although mutants explored the displaced object,
the percent time spent in its old location was increased (Fig. 1e). By days 6–7, KO animals
spent more time with object 2 than its old location. Nevertheless, exploration of the old
location remained high. When object 3 was replaced with a novel object, WT animals
increased exploration time for all objects (Fig. S3a, right); mutants continued to have high
rates of object exploration. Hence on day 8, WT mice enhanced their percent exploration of
the novel object (Fig. 1f), whereas KO mice reduced time spent exploring the old location of
object 2 and spent equal amounts of time with all three objects (Fig. 1g). On day 9 WT mice
reduced their percent time spent with the novel object (Fig. 1f), whereas mutants markedly
increased its exploration (Fig. 1g). Collectively, these data indicate that KO mice are
impaired in spatial learning and memory, and they show preservation to the “old” location of
object 2. This response may delay the ability of mutants to recognize the introduction of the
novel object on day 8.

STFP—Further studies of learning and memory were instituted with the STFP test. When
the demonstrator was housed continuously with tester animals, WT mice showed a
preference for the familiar diet at 20 min and maintained this preference 24 hrs later (Fig.
4a). KO animals failed to develop a preference at 20 min, but preferred the familiar diet at
24 hrs -- similar to the WT controls. One reason for the result at 24 hr may be due to the
persistence of reminder cues provided by the demonstrator in the home-cage. To evaluate
this possibility, the demonstrator was removed at the time of the 20 min test and remained in
a separate cage until the end the study. Here, WT mice continued to show strong preferences
for the familiar diet at 20 min and 24 hrs (Fig. 1b). KO mice again showed no preference at
20 min, but by 24 hrs they displayed a greatly weakened preference for the familiar diet

Rodriguiz et al. Page 5

Genes Brain Behav. Author manuscript; available in PMC 2010 June 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



compared to WT controls. Additionally, regardless of demonstrator presence, no genotype
differences were discerned in latencies to contact and eat the diets or in frequencies of bowl
contacts at 20 min or 24 hrs in the presence (Fig. S4) or absence of the demonstrator (Fig.
S5). Together, these data suggest that acquisition of memory is slower in KO than WT mice
and that reminder cues (i.e., demonstrator animal) significantly improve memory
consolidation.

Discussion
Neuropeptides play important roles in normal brain function. In the present study, ECE2
mRNA is highly expressed in midbrain, cerebellum, hypothalamus, and frontal cortex, with
lower levels in striatum and hippocampus. The high expression of ECE-2 in cerebellum and
midbrain suggests that mutants may be impaired in balance, motor coordination, and/or
motor learning (Houk & Wise, 1995). However, KO mice failed to demonstrate conspicuous
disturbances in these behaviors in the neurophysiological screen, rotorod, and open field.
Besides these responses, the cerebellum is implicated in encoding long-term memory and
recognition memory (Weis et al., 2004). Hence, some of the defects in learning and memory
with KO mice may be partially attributed to some undisclosed cerebellar dysfunction.

Besides cerebellum, we found ECE-2 to be present at moderate levels in hippocampus. An
in situ hybridization study has shown that ECE-2 mRNA in rat hippocampus is restricted to
the granule cell layer of the dentate gyrus (Nakagomi et al., 2000). In mice, ECE-2 mRNA
expression in hippocampus is confined also to this cell layer (http://www.brain-map.org).
Hence, in our biochemical experiment the use of the entire hippocampus, rather than the
dentate gyrus alone, probably underestimates the quantities of ECE-2 in this brain region.

The critical role of the hippocampus and related temporal lobe areas in learning and memory
is well-known (Eichenbaum & Cohen, 2001). Loss of ECE-2 in KO hippocampus, along
with the correlated anomalies in the Morris water maze, suggests this gene may play a
salient role in spatial learning and memory. In our studies, KO mice are impaired on the
hidden-platform version of the task, whereas performance with the visible platform is
indistinguishable from that of WT controls. These latter findings and those with the
neurophysiological screen and PPI experiment indicate that sensorimotor functions are intact
in KO animals. Nevertheless, it is noteworthy that rodents with hippocampal lesions
(Eichenbaum et al., 1990) or genetic disruption of hippocampally-expressed genes
(Nakazawa et al., 2004; Pittenger et al., 2002) retain the ability to swim to a cued location,
but are unable to learn the location of the hidden platform. Additionally, these animals
typically engage in longer swim paths with more near-misses of the hidden platform than
controls. ECE-2 KO mice show a similar proclivity; however, they appear more impaired in
the water maze than mere functional disruption of the dentate gyrus suggests (see
Niewoehner et al., 2007). Since ECE-2 is expressed in various areas of cerebral cortex and
cerebellum (http://www.brain-map.org), it may be the case that ablation of Ece-2 in these
additional brain regions may contribute to their impairment (see D’Hooge & De Deyn,
2001).

Besides water maze, mutants are deficient also in object recognition memory. They are
slower to recognize shifts in object location, as well as change from a familiar to a novel
object. Interestingly, percent exploration time for all objects is increased when the familiar
object is moved or when a familiar object is exchanged for a novel one. This increase in
percent time with objects suggests that both genotypes recognize the configuration or
appearance of objects has changed; however, because mutants spend increased time at the
previous location for object 2, preservation appears to interfere with their learning and
memory. These findings are consistent with restricted expression of ECE-2 to the dentate
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gyrus since this hippocampal area is known to play a critical role in forming distinct
representations of information in the environment, such as locations or comparisons between
contexts (McHugh et al., 2007).

A possible contribution to the learning and memory impairment in KO animals may be due
to perseveration. For instance, rats with fornix transections display similar deficiencies in
the water maze and have difficulty shifting their search strategies to new locations when the
hidden platform is moved to another quadrant (Whishaw & Tomie, 1997). Although we did
not change the position of the hidden platform because levels of WT and KO performance
were not equivalent at the end of acquisition, responses to the moved object location suggest
the mutants have difficulty suppressing previous responses. Nevertheless, perseveration to
the previous location suggests that rudimentary place or spatial learning can occur in KO
animals, but their ability to solve new problems within the same test context is impaired. In
this regard, extensive training of rodents with hippocampal lesions can be sufficient to
overcome deficiencies in spatial learning and memory (Eichenbaum et al., 1990); however,
when place cues surrounding the maze are moved or the starting location of the animals is
varied, lesioned animals resort to perseveration. Thus, our results suggest that KO mice are
capable of very simple learning in novel contexts, but once knowledge of context is
established, they have difficulty integrating new information with pre-existing memories.

Mice were tested also in STFP; a test that relies upon intact hippocampal functioning
(Bunsey & Eichenbaum, 1995). In ablation experiments, animals with hippocampal lesions
prefer the familiar diet in the 20 min test, whereas this preference is lost at 24 hrs. This type
of deficit has been attributed to impairments in consolidation and recall (Eichenbaum &
Cohen, 2001). KO mice are deficient in short-term but long-term memory is relatively intact
when the demonstrator remains with the tester mouse. Removal of the demonstrator, results
in greatly weakened long-term memory. These results suggest that KO animals are not
deficient in formation of long-term memory per se, but processes underlying short-term and/
or working memory may be perturbed, leading to delay in memory formation. When
reminder cues (i.e., demonstrator animal) are provided, mutants show intact long-term
memory suggesting consolidation is protracted. Interestingly, somewhat similar deficits are
found in geriatric amnesiac syndromes in humans (Woods et al., 1982) and in rats with
surgical lesions of the dentate gyrus (Geinsman et al., 1986). In these cases, there is a
selective failure to retain new information while retrieval of older established-memories is
preserved. A loss of hippocampal integrity and neural plasticity may be due partially to
slowed learning and delay of recall in these patients -- although loss of plasticity in
prefrontal cortex may contribute to cognitive decline (Laroche et al., 2000). Nevertheless,
temporal aspects of memory consolidation may be detrimentally affected in geriatric
dementia patients (Pomara et al., 2004). These findings are interesting in that ECE-1 and
ECE-2 have been implicated in limiting the accumulation of β-amyloid peptides in brain and
levels of β-amyloid are increased in KO brain (Eckman et al., 2003). Amyloid deposition in
mice is known to impair memory consolidation and selectively reduce expression of early
immediate genes implicated in synaptic plasticity (Dickey et al., 2004). A recent report has
suggested that Alzheimer’s disease and the genes for β-amyloid catabolism and ECE-2 may
be linked (Saido & Iwata, 2005). Hence, elucidation of basic mechanisms underlying the
deficits in learning and memory of ECE-2 KO mice may provide new insights into processes
that contribute to Alzheimer’s disease and possible other disorders of memory function.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic of procedure and object recognition memory for WT and KO mice
(a) Days 1–3: acclimatization. (b) Days 4–7: spatial change. (c) Days 8–9: novel-object
recognition. (d–e) Percent time spent in object contact for WT (d) and KO mice (e) after
object 2 had been moved to a new location. An omnibus RMANOVA found main effects of
objects [F3,153 = 37.668, P<0.001], and the objects by genotype [F3,153 = 41.226, P<0.001]
and the days by objects by genotype interactions to be significant [F9,153 = 3.761, P<0.007].
Bonferroni corrected pair-wise comparisons found that on day 4, WT mice increased
exploration of object 2 relative to objects 1 and 3 and to the old location of object 2
(Ps<0.038). This behavior was maintained though day 7 (Ps<0.050) and the percent time
spent in the previous location of object 2 decreased significantly on days 5–7 relative to that
on day 4 (Ps<0.027). By comparison, percent time spent with object 2 was not increased for
KO mice. Instead, mutants spent more time exploring the old location of object 2 than
objects 1–3 (Ps<0.021). Exploration of object 2 by mutants increased compared to object 1
(Ps<0.026) on days 5–7 and to object 3 on days 5–6 (Ps<0.051). Unlike WT controls,
ECE-2 mice increased exploration of the old location of object 2 on days 4–7 (Ps<0.001)
and spent less time exploring object 2 in its new location on days 4–5 (Ps<0.020). (f–g)
Percent time in object contact for WT (f) and KO mice (g) after object 3 was substituted
with a novel object. An omnibus RMANOVA revealed main effects of objects [F3,51 =
103.112, P<0.001], and the objects by genotype [F3,51 = 25.778, P<0.001] and days by
objects by genotype interaction to be significant [F3,51 =17.778, P<0.001]. Bonferroni
comparisons showed that on day 8, WT mice increased exploration of the novel relative to
objects 1 and 2 (Ps<0.001). However, by day 9 the percent time spent exploring the novel
object was no different than that for the two familiar objects. On both days, the percent time
spent in the old location was reduced relative to that for object 2 (Ps<0.001). By
comparison, KO mice failed to show any increase in the percent time spent exploring the
novel object on day 8, but by day 9 there was a marked increase in exploration of the novel
compared to the two familiar objects (Ps<0.001). Nonetheless, mutants spent more time in
the old location of object 2 (Ps<0.011) on days 8–9 than WT controls. n = 9 WT and 10 KO
mice. *P<0.05, WT compared to KO animals; ^P<0.05, percent total time spent with objects
on days 2 and 3 compared to day 1, or days 5–7 compared to day 4; +P<0.05, object 2 new
location versus its old location; #P<0.05, novel object versus object 1 and object 2 in its new
location.
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Figure 2. Comparison of expression profiles of ECE-2, ECE-1, and NEP mRNA in various brain
regions and peripheral tissues
The expression profiles are calculated as the ratio of enzyme to β-actin mRNA and
normalized to the maximum expression in midbrain for ECE-2, liver for ECE-1, and kidney
for NEP. Abbreviations: MB (midbrain), CB (cerebellum), HYP (hypothalamus), FC
(frontal cortex), STR (striatum), HIP (hippocampus), SC (spinal cord), Pit (pituitary), Ad
Med (adrenal medulla). n = 3 mice/genotype.
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Figure 3. Swim distances of WT and KO mice in the Morris water maze
(a) Swim distances for WT and KO mice during visible platform testing. RMANOVA
revealed significant main effects of test trial [F5,90 = 6.392, P<0.001]; the test trial by
genotype interaction was not significant. Bonferroni corrected pair-wise comparisons
revealed that on trials 3–6 all mice swam significantly shorter distances relative to trial 1
(Ps<0.046). (b) Swim distances for WT and KO mice during 6 days of acquisition testing
with the hidden platform. The RMANOVA within-subjects tests demonstrated significant
effects of test day [F5,100 = 20.397, P<0.001] and a significant test day by genotype
interaction [F5,100 = 6.527, P<0.001]. Bonferroni comparisons showed that although WT
and KO animals did not differ on day 1 (P=0.773), mutants had consistently longer swim
distances on test days 2–6 (Ps<0.048). In addition, WT mice showed reductions in swim
distance on each subsequent test day compared to day 1 (Ps<0.016), whereas no changes
over days were observed for KO mice. (c–d) Swim distances during probe trials following
acquisition testing on days 2, 4, and 6 for WT (c) and KO mice (d). RMANOVA revealed
significant within-subjects effects for probe trial [F2,120 = 6.441, P<0.004] and quadrant
[F3,120 = 32.515, P<0.001], and a significant probe trial by quadrant by genotype interaction
[F6,120 = 4.117, P<0.006]. Bonferroni comparisons failed to discern differences between
WT and mutants on the first probe trial on day 2. However, WT mice swam further in the
NE quadrant on days 4 and 6, relative to the other three quadrants (Ps<0.031). By
comparison, mutants failed to show any quadrant preferences on any of the three probe
trials, and by the final probe trial they swam shorter distances in the NE (P<0.011) and
longer distances in the SW quadrant than WT mice (P<0.047). (e) Tracings of representative
swim patterns for WT and KO mice on test days 1, 3, and 6 when the hidden platform was
located in the NE quadrant. (f) Tracings of representative swim patterns for WT and KO
mice during probe trials on days 2, 4, and 6. The apex of the water maze in each tracing is
north (N) and the platform location is designated by an open square. The closed square
represents where the mouse was located at the end of the trial. n = 10 mice/genotype for
visible platform trials, n = 11 mice/genotype for hidden platform and probe trials. *P<0.05,
WT compared to KO mice; #P<0.05, NE compared to NW, SE or SW quadrants.
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Figure 4. Learning and memory in WT and KO mice in the STFP test
(a) When tester mice have access to demonstrator animals between the 20 min and 24 hr
test, WT mice show strong preferences for the demonstrator diet at both the short- and long-
term intervals. KO animals fail to exhibit a preference for the demonstrator diet at 20 min,
but show a preference for this diet at 24 hrs, similar to the WT controls. (b) When access to
demonstrator mice is restricted to 20 min before the short-interval test, WT mice show
strong preferences for the familiar demonstrator diet at the 20 min and 24 hr tests. Under
these conditions, KO animals show reduced preference for the demonstrator diet at both the
20 min and 24 hr tests. An ominibus RMANOVA revealed a main effect for test interval
[F1,33 = 18.708, P<0.001], and significant test interval by genotype [F1,33 = 6.319, P<0.017]
and test interval by genotype by paradigm (i.e., presence or absence of demonstrator)
interactions [F1,33 = 8.934, P<0.005]. Bonferroni corrected pair-wise showed that, when the
demonstrator mouse was housed with the tester mice between tests (panel a), mutants had
reduced preference for the familiar diet at 20 min relative to WT controls (P<0.007), but not
at the 24 hr test. When the demonstrator mouse was removed immediately before testing
(panel b), KO mice also showed reduced preference for the familiar diet at 20 min and at 24
hr relative to WT littermates (Ps<0.030). Strikingly, preference for the familiar diet was
lower for mutants at 24 hrs that had been housed without than those housed with the
demonstrator (P<0.036). n = 9–10 WT and 10 KO mice/test. *P<0.05, WT compared to KO
mice; #P<0.05, preference at 20 min test compared to 24 hr test; ^P<0.05, preference at 24
hr in presence or absence of demonstrator mice.
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Table 1

Expression of ECE-2 mRNA in brain and peripheral tissues

Expression of ECE-2 mRNA

Tissue1 Copy number/µl2

Midbrain 70,470 ±6,120

Cerebellum 61,319 ±6,184

Spinal cord 29,713 ±1,870

Hypothalamus 27,683 ±8,894

Prefrontal cortex 16,207 ±971

Hippocampus 3,299 ±559

Striatum 3,211 ±612

Pituitary 35,076 ±18,235

Adrenal medulla 17,875 ±5,937

Ovaries 4,385 ±434

Testis 972 ±261

Heart 1,869 ±806

Lung 129 ±129

Kidney 115 ±71

Muscle 115 ±71

Liver 47 ±27

1
Expression of ECE-2 was normalized to that of β-actin and compared to a standard curve of serially diluted plasmids containing known-

concentrations of the ECE-2 cDNA.

2
n=3 mice.
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