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Abstract
We previously identified KEPI as a morphine-regulated gene using subtractive hybridization and
differential display PCR. Upon phosphorylation by protein kinase C, KEPI becomes a powerful
inhibitor of protein phosphatase 1. To gain insights into KEPI functions, we created KEPI
knockout (KO) mice on mixed 129S6 × C57BL/6 genetic backgrounds. KEPI maps onto mouse
chromosome 10 close to the locus that contains the μ-opioid receptor (Oprm1) and provides a
major quantitative trait locus for morphine effects. Analysis of single nucleotide polymorphisms in
and near the Oprm1 locus identified a doubly-recombinant mouse with C57BL/6 markers within 1
Mb on either side of the KEPI deletion. This strategy minimized the amount of 129S6 DNA
surrounding the transgene and documented the C57BL/6 origin of the Oprm1 gene in this founder
and its offspring. Recombinant KEPIKO mice displayed a) normal analgesic responses and normal
locomotion after initial morphine treatments, b) accelerated development of tolerance to analgesic
effects of morphine, c) elevated activity of protein phosphatase 1 in thalamus, d) attenuated
morphine reward as assessed by conditioned place preference. These data support roles for KEPI
action in adaptive responses to repeated administration of morphine that include analgesic
tolerance and drug reward.
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Protein phosphorylation is implicated in many aspects of brain function. Phosphorylation of
serine and threonine residues depends on the balanced activities of more than three hundred
serine/threonine protein kinases (Manning et al., 2002, Caenepeel et al., 2004) and a smaller
number of serine/threonine protein phosphatases. The regulation of these phosphatases is
complex, however. For example, protein phosphatase 1 (PP1), a principal serine/threonine
phosphatase, is regulated through its association with over 50 proteins that modulate its
activity temporally and spatially. These PP1 subunits include inhibitor-1 (Ppp1r1a),
DARPP-32 (Ppp1r1b), Cpi17 (Ppp1r14a), PHI-1 (Ppp1r14b), and KEPI (Ppp1r14c) (Perez
and Lewis, 1992, Eto et al., 1999, McLaren et al., 2000, Yamawaki et al., 2001, Liu et al.,
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2002). These inhibitors are virtually all phosphoproteins themselves; their activities are
regulated by kinases and phosphatases.

We identified KEPI as a morphine-regulated gene using subtractive hybridization and
differential display PCR (Liu et al., 2002). After phosphorylation by protein kinase C
(PKC), KEPI inhibits PP1 with an IC50 of about 10−9 M (Liu et al., 2002). KEPI maps to
mouse chromosome 10 near the gene for the μ-opioid receptor (Oprm1), a principal site for
morphine actions (Sora et al., 1997, Sora et al., 2001). KEPI is expressed in heart, muscle,
and the central nervous system (CNS). Its multifocal, largely neuronal expression patterns in
the CNS include regions associated with reward, locomotor control and nociception, such as
striatum, nucleus accumbens, amygdala, thalamus, periaqueductal grey, and spinal cord (Liu
et al., 2002, Gong et al., 2005).

To gain insights into KEPI functions at biochemical and behavioral levels, we created
refined and characterized KEPI KO mice. While the initial animals were developed on a
mixed 129S6 × C57BL/6J background, the proximity of the KEPI gene to Oprm1 lead us to
consider possible effects of “hitch-hiking” genes from the 129S6 genetic background,
including Oprm1 (Gerlai, 1996). Oprm1 variants provide a major contribution to a
quantitative trait locus (QTL) that influences morphine antinociception and self-
administration (Berrettini et al., 1994, Belknap et al., 1995, Bergeson et al., 2001). We thus
identified recombinant KO animals with C57BL/6 markers in the appropriate genomic
region by analyzing single nucleotide polymorphisms (SNPs) in and near the Oprm1 locus.
This strategy allowed us to evaluate the contribution of KEPI to morphine-related traits
without confounding influences from Oprm1 variants, and provides a generally useful
approach for evaluating mice in which engineered gene variants lie near QTLs for
phenotypes in which the gene of interest may be involved.

Experimental procedures
Generation of KEPI KO mice

A 129/SvEvTac genomic library in λ fixII vector (Stratagene, Cedar Creek, TX) was
screened with a 32P-labeled probe amplified from the mouse 129S6 (129S6/SvEvTac)
genomic DNA by PCR. The primers used for the probe amplification (J24 and J25, Table 1)
targeted the first exon. Two positive clones, λ13 and λ23 were further examined by PCR
with primer pairs annealing 5’ (J30 – J31, Table 1) and 3’ (J32 – J33, Table 1) from the first
exon and by restriction analysis to confirm that they contained the KEPI gene. λ13 was
digested with Xba I and the 3.5 kb fragment was cloned into the pBSIIKS+ vector
(Stratagene). Digestion of λ23 with BamH I produced a 3.9 kb piece downstream of exon 1
which was inserted 3’ from the Xba I insert. A Spe I fragment of the Neo cassette was
inserted between the two arms and the Sal I fragment of the TK gene was then inserted in
the opposite orientation downstream of the BamH I arm (Figure 1a). The final construct,
pJD9, was linearized with Not I and electroporated into 129.3 mouse MC1 (126S6/
SvEvTac) embryonic stem (ES) cells (JHU Transgenic Core Laboratory). Primers vNEOf
(in the Neo cassette, Table 1) and J39 (outside the construct, Table 1) were used for a PCR
screen of 376 colonies resistant to G418 and Gancyclovir. Plasmid pJD10 derived from
pJD9 by inserting a PCR amplicon (J37–J38, Table 1) into a Dra III site was used as a
positive control. Embryonic stem (ES) cell clones positive by PCR were further confirmed
by Southern blot after DNA digestion with Bgl II (Figure 1b). The 640-bp probe spanning
the 5’ Xba I site was generated by PCR with primers J40 and J31 (Table 1). Eight of the
correctly targeted ES cell clones were karyotyped and two with the correct number of
chromosomes were microinjected into C57BL/6J E3.5 blastocysts at the Johns Hopkins
University transgenic core facility. Heterozygous KEPI KO offspring of the resulting male
chimeras were mated with each other and their progeny genotyped by PCR with primers
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KEPIf, KEPIr, and vNEOf (Table 1) to amplify wild type (WT) (527 bp) and KO (922 bp)
alleles simultaneously (Figure 1c). To prepare DNA for genotyping, ear punches
(approximately 1.5 mm diameter) were digested for 6 hours at 55 °C in 50 µl of a buffer
containing 10 mM TrisHCl pH 8.5, 5 mM EDTA, 0.1 % SDS, 200 mM NaCl, and 10 mg/ml
proteinase K. The resulting hydrolyzate was diluted 4 × with H2O and directly used for PCR
reaction.

SNP genotyping
SNPs around the KEPI locus were selected from the Mouse Genome Informatics database
(http://www.informatics.jax.org) and genotyped by primer extension followed by MALDI-
TOF-based allele detection (Sequenom, San Diego, CA, USA) according to the
manufacturer’s protocol. DNA was prepared as described above and further diluted
threefold. Primers for primary PCRs and extension primer sequences are listed in Table 1.
One male with cross-overs closest to KEPI (Figure 2) was mated with a C57BL/6J female
and the resulting heterozygote offspring were mated to produce the “Recombinant KEPI KO
Line”.

RNA extraction and reverse transcription-PCR
Total brain RNA was prepared with RNeasy Lipid Tissue Kit (Qiagen, Valencia, CA).
cDNA was synthesized from oligo dT primers using Superscript III (Invitrogen, Carlsbad,
CA). Quantitative real time PCR was performed on ABI Prism 7900HT Sequence Detection
System with primers as listed in Table 1 and SYBR Green PCR Master Mix (Applied
Biosystems, Warrington, UK) according to the manufacturer’s instructions. Expression
levels were normalized against GAPDH.

Preparation of brain extracts for phosphatase assay
Unless otherwise stated, all the steps were performed at 0–4 °C. Mice were euthanized by
spinal cord dislocation followed by decapitation, brains rapidly dissected, frozen, and stored
at −80 °C until used. The brain tissue was homogenized with a Teflon Dounce Homogenizer
in 20-fold volume of ice-cold buffer containing 10 mM Tris-HCl, pH 7.5, 250 mM Sucrose,
1 mM EDTA, 1 mM EGTA, 50 µM leupeptin, 30 µM pepstatin A, and 1% β-
mercaptoethanol, and centrifuged at 18,600 × g for 15 minutes. The supernatant was applied
to a PD MiniTrap G-25 column (GE healthcare, Buckinghamshire, UK) equilibrated with
exchange buffer (50 mM Tris-HCl, pH 7.0, 0.1 mM EDTA, and 1% β-mercaptoethanol) and
eluted with the same buffer according to manufacturer’s protocol. The protein content of the
eluent was measured with the Bradford Protein Assay (Bio-Rad, Hercules, CA) and diluted
to 0.25 mg/ml with the exchange buffer.

Protein phosphatase activity
Serine/threonine phosphatase activity in brain extracts was assayed with [γ32P]-labeled
phosphorylase a as a substrate as modified from (Cohen et al., 1988). To prepare the
substrate, 100 µl of 100 mg/ml phosphorylase b (4 × recrystalized, AMP-free from Sigma,
St. Louis, MO) dissolved in kinase buffer (50 mM β-glycerophosphate, 2 mM EDTA, 0.1%
(v/v) β-mercaptoethanol, 50% (v/v) glycerol) was incubated at 30 °C in 310 µl
phosphorylation buffer (250 mM Tris-HCl, pH8.2, 16.7 mM MgCl2, 1.67 mM ATP, 0.83
mM CaCl2, 133 mM β-glycerophosphate) with 250 μCi of [γ32P]-ATP in 80 µl H2O (3,000
Ci/mmol) and 10 µl of 20 mg/ml phosphorylase kinase (Sigma) dissolved in kinase buffer.
After 1 hour, the labeled phosphorylase a was precipitated with 0.5 ml of 100% saturated
(NH4)2SO4 for 30 minutes on ice and centrifuged at 10,000 × g at 4 °C. The supernatant was
discarded and the pellet washed 3 times with 50% saturated (NH4)2SO4 to remove the
unbound [γ32P]-ATP. The pellet was dissolved in 2.5 ml 50 mM Tris-HCl, pH 7.0, 0.1 mM
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EDTA, 15 mM caffeine, 0.1% β-ME and passed through a PD MiniTrap G-25 column (GE
healthcare, Buckinghamshire, UK) pre-equilibrated in the same buffer. Concentration of the
purified [32P]-phosphorylase b was adjusted to 24 µM. Phosphatase reactions were carried
out at 30°C for 20 minutes in 80 µl total volume containing 20 µl of [32P]-phosphorylase a,
20 µl of brain extracts, and 40 µl of phosphatase buffer freshly prepared by mixing equal
volumes of buffer A (0.1 mM EDTA, 1 mg/ml of BSA) and buffer B (20 mM imidazole-
HCl, pH 7.63, 0.1% β-ME). The reaction was terminated by addition of 160 µl of ice-cold
trichloroacetic acid and the precipitated proteins were removed by centrifugation at 12,000 ×
g for 5 min at 4 °C. The released [32P] in the supernatant was quantified by scintillation
counting.

Behavioral testing
Mice from the original KEPI KO line were evaluated for their general health, reflexes and
gross behavioral abnormalities as suggested by J. Crawley (Crawley, 1999).

Motor coordination and motor learning were measured on an accelerating rotarod over three
consecutive days with one test per day as described in the literature (Lalonde et al., 1995,
Crawley, 1999). The starting speed was 4 rpm and it gradually increased to 40 rpm over 5
min, which was the cut off time. Data from all three days were analyzed by repeated
measures ANOVA.

Memory and learning was evaluated in the Morris Water Maze as previously described
(Morris, 1984, Crawley, 1999). The apparatus consisted of a black pool (90 cm diameter)
filled with room temperature water made opaque with white tempera paint. A 9 cm diameter
platform was located in the center of one quadrant. For the first 6 trials the platform was
visible, during all subsequent trials it was hidden 0.5 cm below the water level. Each trial
lasted a maximum of 60 seconds followed by a 15 second rest period on the platform. After
two trials, the mice were returned to their home cages for about 2 hours and then submitted
to another 2-trial session for total of 4 trials per day. For each trial, the latency to reach the
platform was recorded. After acquisition (defined by an average latency less than 10
seconds) a 60 second probe trial was conducted in which the platform was removed. The
data from the probe trial were analyzed with Ethovision software (Noldus, Netherlands) to
determine the time spent in each quadrant. After this probe trial, the platform was placed in
a different quadrant to assess reversal learning.

Anxiety was assessed in two standard paradigms (Crawley, 1999). (1) Open Field. Mice
were placed singly in an open field (42 × 42 cm) illuminated with red light, for twenty
minutes. The time each animal spent in the central quadrant and the number of fecal pellets
was recorded. (2) Light-Dark Test: The testing cage (18 × 36 cm) consisted of two
compartments: a dark chamber (18 × 18 cm) with black walls and a small opening (5 cm)
leading to a Plexiglas compartment illuminated with red light. Each animal was placed into
the dark chamber. The latency to emerge was recorded by an observer and the time spent
outside the dark chamber during the 10 min trial was measured with the Optovarimax
system (Columbus Instruments, OH).

Depression-related behavior was assessed in the forced swim test. Mice were placed in the
center of a 4 L beaker (18 cm diameter) containing 3 L of room temperature water for 15
min then towel-dried and returned to their home cages. The following day the animals were
submitted to the forced swim test for 5 minutes. Their behavior was digitally recorded and
later analyzed by a visual observation using the TIMER program (NIH) for 3 behavioral
categories: swimming, climbing, and immobility (Hall et al., 1998).
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Morphine analgesia. Morphine analgesia of both KEPI KO lines was assessed in the tail-
flick and hot-plate paradigms (D'amour and Smith, 1941, Woolfe and MacDonald, 1944).
First, each mouse was gently wrapped in a towel, the end of its tail was immersed 0.5 inches
into a 53°C hot water bath, and the tail-flick latency was recorded. Immediately afterwards,
the animal was placed onto a 55°C hot plate and the latency to jump or to lick one of the
hind paws was assessed. To prevent injury, a cut-off time of 15 s was used for the tail-flick
test and 30 s for the hot-plate test. Before each experiment, animals were exposed to the
testing procedures for three days (3 tests at 25 min intervals per day), so that their baseline
responses to saline injections stabilized. On the day of the experiment, 3 baseline
measurements were performed before each animal was injected with the lowest dose of
morphine followed by increasing doses to generate a cumulative dose-response curve.
Analgesic responses were assessed 25 min after each dose immediately followed by
injection with the next dose of morphine. This cumulative dosing regimen produced
cumulative doses of 3, 10, and 30 mg/kg morphine. Analgesia was expressed as a percentage
of the maximal possible effect (% MPE) calculated as follows: % MPE = 100 × (morphine
latency – baseline)/(cut-off – baseline).

Morphine tolerance. In this experiment, mice from the recombinant KEPI KO line were
injected twice daily with morphine and analgesia was assessed for 5 consecutive days. On
the morning of the first day, after assessment of the baseline responses, the animals were
injected with morphine, following a cumulative dosing regimen that produced morphine
doses of 2, 4, 8, 16, and 32 mg/kg. Analgesic responses were assessed 25 min after each
dose in a 51°C hot water bath and on a 53°C hot plate as described above, and the next dose
of morphine was administered immediately afterwards. Over the next four days between 8
and 9 am, after assessment of baseline responses, tail withdrawal was assessed after
administration of 8 mg/kg morphine, and hot plate responses after an additional injection of
8 mg/kg morphine (16 mg/kg total). The doses for each test were selected based on the
ED50 values established on the first day (Table 2). The evening injections of 32 mg/kg
morphine were administered 8 hours after testing.

Morphine dependence in mice treated twice daily for eight days with increasing doses of
morphine (15–75 mg/kg in 5 mg increments) was assessed by precipitating a withdrawal
syndrome with naloxone (1mg/kg, s.c.) 2 hours after the last morphine treatment.
Immediately after the naloxone injection, each mouse was placed into a Plexiglas chamber
(18 × 18 × 18 cm) and the number of jumps recorded for 15 minutes.

Morphine reward was assessed with the conditioned place preference (CPP) paradigm using
a two-compartment Plexiglas chamber as described previously (Hall et al., 2003). After a 20
min pre-test in which subjects had access to both sides of the apparatus, morphine
conditioning was conducted over a 3-day period with two 30-min sessions per day. During
these sessions the subjects were injected with morphine sulphate when confined to the
compartment with a wire mesh floor mounted over Plexiglas, or with saline, when confined
to the side with corncob bedding (mice generally demonstrated a slight preference for the
corncob side over the wire side). Control subjects received saline injections on both sides.
24 hours after the last conditioning session, subjects were again given access to both sides of
the apparatus for a 20 min post-test. The preference score was calculated as the difference
between time spent on the drug-paired wire mesh side during the post-test and the time spent
on that side during the pre-test.

Morphine locomotion was recorded during the first conditioning session and total distance
(m) traveled was calculated from infrared beam breaks by the Optovarimax System.
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Experiments were carried out in accordance with the National Institute of Health Guide for
the Care and Use of Laboratory Animals under protocols approved by the NIDA-IRP
Animal Care and Use Committee.

Drugs
Morphine sulphate (NIDA IRP Drug Supply Program) was dissolved in saline and
administered s.c. in a volume of 10 ml/kg.

Data analysis
The data from the behavioral tests were analyzed by linear regression (JMP software, SAS
Institute) with genotype and sex as factors and age as a covariate. The additional factors of
“Dose” for analysis of morphine analgesia data and “Day” for morphine tolerance data were
used in repeated measures MANOVA. Data from the phosphatase assay were subjected to
ANOVA with genotype and treatment as factors.

Results
Generation of KEPI KO mice

Homologous recombination was employed to disrupt exon 1 of the KEPI gene in embryonic
stem cells (Figure 1a). Exon 1 contains the initiation codon and the potential PP1 docking
motif; its disruption should thus inactivate the KEPI gene product. Correctly targeted ES cell
clones were identified by PCR and confirmed by Southern blotting (Figure 1b).
Recombinant ES cells were injected into blastocysts, which were then implanted into
pseudo-pregnant females resulting in six chimeric offspring. Mating of heterozygous
progeny of the chimeric mice produced WT, heterozygous KO and homozygous KO pups in
ratios that were modestly but significantly different from those based on the expected
Mendelian frequencies (n = 952; χ2 test p = 0.015). In particular, fewer KO pups were born
than expected (χ2 test p = 0.007). Pups were genotyped by PCR with a set of 3
oligonucleotide primers that simultaneously amplified WT and KO alleles (Figure 1c).
Disruption of the KEPI gene was further confirmed by RT-PCR. Amplification of cDNA
from WT samples with oligonucleotides J85 (homologous to the deleted part of the gene)
and J86 produced a band of the expected size, whereas the amplification of cDNA from
homozygous knockouts did not (Figure 1d).

Establishing the recombinant line of KEPI KO mice
KEPI maps onto mouse chromosome 10 close to the Oprm1 gene, an area that has been
identified as a major QTL influencing morphine antinociception and self-administration
(Berrettini et al., 1994, Bergeson et al., 2001). Allelic differences between the 129S6
(129S6/SvEvTac) strain (source of the embryonic stem cells in which the KEPI gene was
deleted) and the C57BL/6J strain (used for breeding with the KEPI chimeras) in this region
are thus likely to contribute to phenotypic differences between WT and KO animals. To
investigate the genetic background linked to the KEPI deletion in the initial KO mice, we
analyzed 4 SNP markers in this area: rs8244279 in Oprm1, rs29361179 in KEPI,
rs16821161 between Oprm1 and KEPI, and rs4228112 located 5 Mb centromeric from
KEPI. Analysis of the F1 and F2 generation of KEPI KO animals confirmed that the KEPI
deletion was always associated with the 129S6 genotype, while the wild-type allele always
carried C57BL/6 markers (Figure 2, Original Line). Screening 120 KO animals from the F2
and F3 generations allowed us to identify four mice with recombination of 129S6 and
C57BL/6 chromosomes between the KEPI and Oprm1 loci (Figure 2). Analysis of additional
markers revealed that the chromosomal variant with recombination sites closest to KEPI
contained less than 1 Mb of the 129S6-derived sequence at the KEPI locus and none at the
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Oprm1 locus (Figure 2, Recombinant #3). Breeding the carrier of this chromosome, in
which the “hitch-hiking” 129S6 DNA was almost entirely eliminated, produced the
“recombinant KEPI KO line”. Thus, in just three generations of breeding, we were able to
minimize the risk that hitchhiking 129S6 sequences at or around Oprm1 would confound the
behavioral and other phenotypic effects of KEPI deletion.

Phosphatase Activity—To assess the effects of the KEPI deletion on PP1 activity in
areas associated with analgesia and pain transmission, we measured phosphatase activity in
thalamus, periaqueductal grey (PAG) and spinal cord (Figure 3). Phosphatase 1 activity was
significantly increased in thalami of KEPI KO mice (Figure 3a, ANOVA effect of genotype
p = 0.03 after correction for multiple comparisons since three different brain regions were
studied), with a nominally significant difference after repeated morphine treatment (t test p =
0.03). Phosphatase activity was not significantly different between the two genotypes in the
PAG, although there was a modest trend towards higher activity in the KO mice (Figure 3b
ANOVA nominal p = 0.16 for effect of genotype). In the spinal cord, the PP1 activities in
WT and KO mice were indistinguishable from each other (Figure 3c), in agreement with
behavioral data.

Expression levels of PKC1 and PP1—To assess compensatory changes in response to
elevated PP1 activity in different brain areas, expression levels of the major PKC1 and PP1
isoforms were evaluated by real time quantitative PCR. The data suggest that PKCγ, and
particularly PP1β were significantly down regulated in thalamus (Figure 4a, nominal t-test p
= 0.046 for PKCγ and p = 0.00002 for PP1β). The down regulation of PP1β remains highly
significant even after Bonferoni correction for multiple comparisons (p = 0.0002). In PAG,
where no significant differences in the phosphatase activity had been observed (Figure 3b),
the expression levels of PKC1 and PP1 isoforms remained unchanged (Figure 4b).

Behavioral phenotype
No gross neurological or behavioral abnormalities were observed in the original KEPI KO
mice in a number of tests (Table 2). KO mice gained weight at the same rate as their WT
siblings during their first year of life (MANOVA p=0.96). The animals displayed posture,
gait and reflexes that were indistinguishable from those of their WT littermates. Eye blink,
ear twitch or whisker reflexes elicited by light touches with cotton swabs were all similar to
responses in WT mice. KEPI knockouts failed to display any unusual behavior such as wild
running, freezing, circling, or stereotypy. Furthermore, the KEPI mutation had no negative
consequences on locomotor coordination or learning on the accelerating rotarod, or in spatial
learning assessed in the Morris Water Maze (Table 2). These results suggest that the
differences observed between the KEPI knockouts and the wild-type controls reported below
were not confounded by general learning or motor deficits.

Morphine analgesia—To evaluate the effect of KEPI KO and its interaction with the
genetic background near the KEPI and Oprm1 loci on the phenotype of KEPI KO mice, we
assessed morphine analgesia in both the “original” and the “recombinant” KEPI KO lines.
The original KEPI KO mice with the Oprm1 allele from the 129S6 strain appeared to be
more sensitive to morphine analgesia than their WT littermates which carried the Oprm1
allele from the C57BL/6 strain (Figure 5a). In the hot plate assay, there was a significant
effect of KEPI genotype (MANOVA p<0.05). In the tail flick assay, there was a significant
effect of genotype (MANOVA p<0.001), and a significant genotype × dose interaction
(MANOVA p<0.005). By contrast, there was no significant difference between the two
KEPI genotypes from the recombinant line (Figure 5b). These results suggest that the
increased sensitivity to morphine analgesia of the original KO mice is likely to be due to
allelic differences at the Oprm1 locus, and not to disruption of the KEPI gene. By the time
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that these data were analyzed we had discontinued production of mice from the “original”
KEPI KO line.

Morphine tolerance—We followed the development of tolerance to analgesic effects of
morphine in recombinant KEPI KO mice using the tail flick and the hot plate paradigms
(Figure 6). On the first day of testing, there were no differences between WT and KO
animals in their responses to morphine, as we had already observed in the previous
experiment. During the following days, antinociceptive efficacy of morphine gradually
diminished in both WT and KEPI KO mice. In the tail flick assay, this measure of tolerance
was essentially identical between the WT and KO animals (Figure 6a). On the hot plate,
however, tolerance to morphine developed faster in the KO mice (Figure 6b; MANOVA
p<0.05 for genotype; and p<0.05 for genotype × day interaction). On days 2, 3, and 4 their
responses to morphine were significantly lower than the responses of their WT littermates (t-
test p<0.05).

Morphine Dependence—Development of physical dependence in both the original and
recombinant KEPI mice was evaluated after eight days of twice-daily morphine treatments.
In neither of these two lines did deletion of KEPI have a significant effect on the quantity of
naloxone-precipitated jumping (Figure 7). Females from the original line, however,
exhibited significantly less jumping than the males (Figure 7a; ANOVA p = 0.0061 for sex).
This difference was not detectable in the recombinant animals (Figure 7b).

Morphine reward and locomotion—We assessed morphine reward in the recombinant
KEPI line using a conditioned place preference (CPP) paradigm. When compared to the WT
animals, KEPI homozygote KO mice displayed an apparent rightward shift in the dose-
response curve for morphine CPP, while heterozygote KO mice showed an intermediate
phenotype (Figure 8a; Linear Regression Model p = 0.001 for genotype*dose interaction, p
< 0.0001 for dose, and p = 0.024 for dose*age interaction). There were no differences
between genotypes in locomotion, either after saline or morphine injections as recorded
during the first conditioning session (Figure 8b).

Discussion
In this study, we have demonstrated that KEPI KO mice display significantly diminished
responses to repeated administration of morphine in both hot plate and conditioned place
preference tests. The same animals display normal analgesic responses and normal
locomotion after their first exposures to the drug and the same level of naloxone-precipitated
withdrawal. We also demonstrate use of genomic markers around a KO locus to rapidly
identify recombinant mice that allowed us to remove “hitch-hiking genes” carried over from
embryonic stem cells. Given that these hitch hiking genes might confound the KO
phenotype in other cases, as well as this one, we discuss this technical feature of the study
separately.

The effects of genetic background on phenotypes observed in genetically-modified mice
have to be considered with care. A confounding effect of genetic background may be
especially likely in areas of the genome near the transgenic insertion. This part of genome
might differ between KO and WT mice, even in congenic animals produced in lines
different from those that donated the embryonic stem cells. In most instances, KO mice are
created when the KO DNA construct is introduced into embryonic stem cells from 129S6-
mice, which are then microinjected into host blastocysts to produce chimeric offspring. To
increase fertility and facilitate phenotypic analysis, particularly those related to phenotypes
for which this genetic background is more favorable (such as preference for abused drugs),
the chimeras are often backcrossed with C57BL/6 mice. As a result, the genetic background
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close to the targeted gene will reflect the 129S6 donor, whereas wild-type mice will have the
corresponding region derived from C57BL/6 DNA (Hospital, 2001). Consequently, the
phenotype of the KO mouse may result not from the mutated gene but from “hitchhiking”
donor gene(s). Our original KEPI KO line provides an example of this phenomenon. Since
KEPI lies close to a major QTL influencing morphine antinociception (Belknap et al., 1995,
Bergeson et al., 2001), and the genetic markers in this area differ between the original KO
and WT animals, the increased sensitivity to morphine analgesia most probably reflected the
differences in morphine sensitivity between the C57BL/6 and the 129 strains (Mogil and
Wilson, 1997, Kest et al., 2002, Leo et al., 2008). The fact that the differences in responses
to morphine found in the original KO line were not observed in the recombinant KO line
supports this assertion.

To reduce the length of the retained chromosomal segment, marker-assisted selection has
long been used in the field of plant genetics (Ragot, 1995, Hospital, 2001, Hospital, 2005).
In mouse models, marker assisted back-crossing has been applied to breaking QTLs into
smaller intervals (Ferraro et al., 2007, Bennett et al., 2008, Doyle et al., 2008). However, to
our knowledge, this approach has not been previously used to change the genetic
background surrounding a gene deletion. This approach can be efficient and save
generations of backcrossing. Indeed, Hospital (Hospital, 2001) calculated that the chance of
obtaining double recombinants for marker pairs as close as 2 cM from the deletion site to be
favorable in just 3 generations of backcrossing. When 49 individuals/generation are
genotyped, there should be a 48 % chance of obtaining such double recombinants. Our
results lie well within this estimate. With larger numbers of animals per generation, we
obtained 4 such recombinants. One of them, the founder of the recombinant line, displayed
C57BL6 markers within less than 1 Mb centromeric and telomeric to the KEPI deletion. We
can thus conclude with a large degree of confidence that the phenotype of the recombinant
KEPI KO mice described above reflects the direct or indirect effects of KEPI deletion, and
not a genetic background difference between the knockouts and the WT controls.

Since KEPI was originally identified as a morphine regulated gene (Liu et al., 2002), we
have focused on effects of the KEPI deletion on morphine-related behavioral traits. We
centered our studies on the recombinant KEPI line because of apparent differences in
analgesic responses resulting from differential association of C57 and 129S6 Oprm1 alleles
with WT and KO animals in the original KEPI KO line (Figures 2 and 5). In contrast to the
effects observed in the original KEPI knockouts, we did not observe any differences
between WT and recombinant KEPI KO mice in baseline responses to noxious thermal
stimuli or in baseline locomotion. However, during a course of repeated morphine
injections, KO animals developed tolerance to the analgesic effects of morphine faster than
the wild-type mice. Accelerated tolerance was not apparent in the tail withdrawal test, a
measure of “spinal” analgesia, but only in hot plate test assessments of largely “supraspinal”
nociceptive responses. Since the hot plate test is known to display “behavioral tolerance”
with repeated testing, we addressed this issue by “habituating” the animals for three days to
the testing procedure, using two “baseline” nociception measurements per day. Since this
treatment did not lead to development of significant behavioral tolerance (Repeated
Measures ANOVA p = 0.50 for day effect and p = 0.42 for day * genotype interaction; n = 9
per group) we believe that the observed latency changes are likely to be attributable to the
development of analgesic tolerance to morphine. These behavioral observations are in good
agreement with biochemical data that document elevated PP1 activity in thalamus but not in
spinal cord (Figure 3). Elevated serine/threonine phosphatase activity, probably in response
to increased kinase activity, has previously been observed after morphine treatment.
Inhibition of this phosphatase activity antagonized morphine antinociception (Moncada et
al., 2003, Gabra et al., 2007). This antagonism occurred at low concentrations of okadaic
acid which predominantly inhibit protein phosphatase 2A. When okadaic acid
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concentrations are raised to levels at which PP2a and PP1 are both inhibited, this effect was
reversed. PP1 thus seemed to counterbalance protein phosphatase 2A activity (Moncada et
al., 2003). Selective inhibition of PP1 thus appears to enhance morphine analgesia and
increased PP1 activity to suppress it. This picture agrees with our observations in KEPI KO
mice, in which we detected both increased PP1 activity and decreased responsiveness to
morphine after repeated morphine treatments.

While KEPI KO animals showed enhanced tolerance development after chronic morphine
treatment, they did not show increased dependence. Selective effects on tolerance versus
dependence have been reported in mice with a number of genetic manipulations, including
p75 neurotrophin receptor deletion, mGluR5 deletion and Gβ5 knockdown (Sanchez-
Blazquez et al., 2003, Bogulavsky et al., 2009, Trang et al., 2009). Tolerance and
dependence, although often correlated, can thus be biologically dissociated. Even more
interesting is the fact that KEPI deletion produced accelerated tolerance development only in
hot plate test, which assesses mainly “supraspinal” nociceptive responses and not in the tail
withdrawal test, a measure of “spinal” analgesia. A selective effect on spinal versus
supraspinal tolerance development has been observed in β-arrestin-2 KO mice (Bohn et al.,
2000, Bohn et al., 2002) and may stem from differential regulation of opioid signaling in
different brain areas. However, β-arrestin-2 deletion, and most other reported manipulations,
attenuate tolerance rather than enhance it (Table 3). Several previous reports do identify
accelerated development of tolerance in genetically altered mice, however (Hendry et al.,
2000, Charlton et al., 2008, Solecki et al., 2008). Of these, deletion of the guanine nucleotide
binding protein αz subunit produces effects that are most similar to those produced by KEPI
deletion. Akin to KEPI knockouts, mice deficient in the alpha subunit of the Gz protein, Gzα,
displayed accelerated tolerance development only in the test for supraspinal analgesia (hot
plate), and not in tail withdrawal test, the measure of “spinal” analgesia (Hendry et al.,
2000). Thus intact KEPI and Gzα may each be necessary for minimizing the development of
morphine tolerance in the supraspinal systems that contribute to morphine analgesia.

Recombinant KEPI knockouts displayed an apparent rightward shift in the dose-response
relationship for morphine reward in conditioned place preference testing. The conditioned
place preference paradigm provides combined information about rewarding and conditioned
effects of morphine. We thus cannot distinguish among possible contributions of alterations
in a) initial rewarding effects of morphine, b) tolerance or c) conditioned effects in
producing the observed behavioral outcomes. The effects of KEPI deletion on conditioned
place preference and on tolerance in hot plate testing appear modest, as do the measured
increases in phosphatase activity. However, it is important to note that adaptive changes in
the brains of these constitutive KO animals, such as the observed decrease in expression of
PP1β, might modulate the effects of KEPI deletion. Other studies have documented the
robustness of the phosphatase system and its resistance to large perturbations. For example,
while deletion or mutation of the protein kinase A-activated PP1 inhibitor DARPP-32
displays sizable effects on psychostimulant-induced phosphorylation of Erk2, CREB, and
GSK-3 (Fienberg et al., 1998, Svenningsson et al., 2003, Valjent et al., 2005), effects on
cocaine reward are much more modest (Zachariou et al., 2002). Deletion of DARPP-32 or
removal of its protein kinase A phosphorylation site attenuate morphine-induced
hyperlocomotion but fail to influence morphine reward (Borgkvist et al., 2007).
Interestingly, these observations in DARP-32 KO mice are opposite to those findings noted
here in KEPI knockout mice. Such differences point clearly to the specific roles that each of
these PP1 inhibitors play in the regulation of different behavioral responses to drugs of
abuse.

Certain limitations are important to keep in mind when considering the present results. The
modest size and the specificity of effects noted in both biochemical and behavioral
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experiments are consistent with the presence of diverse and numerous regulatory influences
on PP1 and other phosphatases. Brain distribution data suggests that these diverse PP1
regulators are likely to play different roles in distinct brain regions. It is reasonable to
postulate that different PP1 regulators differ in their ability to adapt to the lifelong absence
of KEPI, which may then affect the set of effects ultimately observed in KEPI knockout
mice. Although we make a comparison here between the two lines, it was not our initial
intention to make such a comparison, but rather to develop a line to study KEPI in which the
confounding effects of flanking genes were not present. Consequently, we eliminated the
“original” line prior to analysis of all of the data from the recombinant line limiting our
ability to make more detailing comparisons, including more detailed analysis of EC50
values. In addition, the cumulative dosing method used here, and elsewhere in gene
knockout mice (e.g. Sora et al, 2001) to examine dose-effect relationships does not provide
for very accurate estimations of EC50 values, although it does provide for meaningful
comparisons between genotypes. Despite these limitations, significant knockout effects on
overall dose/response relationships in the initial strain of knockout mice, in the context of
the lack of such significant effects in the recombinant line, suggest that the most likely
explanation for this set of data is that these effects were driven by background differences at
the nearby OPRM1 locus in the original line.

Neurobiological adaptations to chronic morphine treatment are a subject of longstanding and
continuing research. According to one current model, after treatment with some μ opioid
receptor (MOR) agonists, MOR phosphorylation by G protein coupled receptor kinases
(GRKs) leads to the receptor desensitization via binding of the regulatory protein β–arrestin,
receptor internalization and eventual recycling back to the plasma membrane. A resulting
protracted desensitization is postulated to contribute to tolerance development observed in
vivo, as suggested by the diminished tolerance of β–arrestin-2 KO mice (Bohn et al., 2000,
Bohn et al., 2002). However, morphine, unlike opioid peptides, fails to promote receptor
phosphorylation, arrestin binding, endocytosis or desensitization in many circumstances
(Arden et al., 1995, Keith et al., 1996, Keith et al., 1998, Whistler and von Zastrow, 1998,
Zhang et al., 1998). Adaptations in downstream signaling pathways that include protein
kinase C and protein kinase A-dependent systems provide alternative sites at which to seek
additional contributions to morphine-induced tolerance and desensitization (Nestler and
Tallman, 1988, Narita et al., 1994). Identification of substrates whose phosphorylation is
altered in KEPI knockouts provides one avenue for identification of such downstream
pathways. Morphine is reported to alter phosphorylation of many proteins that can play roles
in MOR signaling, including MOR, GRK, G β-subunit, β-arrestin, adenylate cyclase,
NMDA receptors, CREB, p38MAPK, and ERK; these and other phosphoproteins would all
be interesting to study in the KEPI KO mice. (Chen and Huang, 1991, Guitart et al., 1992,
Zhang et al., 1996, Gutstein et al., 1997, Chakrabarti et al., 1998, Chakrabarti et al., 2001).

In conclusion, the results from this analysis of recombinant KEPI KO mice demonstrate that
KEPI contributes to adaptive responses to repeated administration of morphine including
analgesic tolerance and drug reward. The data from marker-assisted backcrossing that
allowed the production of the recombinant KEPI KO mice demonstrate that most of the
genetic background flanking the deletion site can be replaced in just few generations of
breeding and indicates that this method may be a generally useful approach for avoiding the
confounding effects of “hitch-hiking” genes.

List of Abbreviations

CNS central nervous system

CPP conditioned place preference
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DNA deoxyribonucleic acid

ES embryonic stem

KO knockout

MPE maximal possible effect

PAG periaqueductal grey

PCR polymerase chain reaction

PKC protein kinase C

PP1 protein phosphatase 1

QTL quantitative trait locus

SNP single nucleotide polymorphism

WT wild type
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Figure 1. Generation and analysis of KEPI KO mice
(a) Genomic organization of the KEPI gene (black) and the gene targeting construct (gray).
Full boxes represent exons and arrow heads important restriction sites: XbI, Xba I; BII, Bgl
II; BHI, BamH I; Sp1, Spe I; DIII, Dra III. Direction of transcription for Neo and TK is
opposite to that of KEPI as indicated by the arrows. (b) Southern blot analysis of clones
positive by PCR. Bgl II digestion produced a 6.8 kb fragment from the WT allele, and a 12.0
kb fragment from the mutated allele because a BGL II site was deleted. (c) PCR genotyping
of KEPI mice. (d) RT-PCR analysis of brain expression of the KEPI (primers J85, J86) and
actin (ACTf, ACTr) in WT and mutant mice.
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Figure 2. SNP markers on chromosome 10 genotyped in this study
Grey boxes under the ruler represent genes near the KEPI locus that may be relevant to
morphine-associated phenotypes. Bars at the bottom represent genetic background around
the KEPI deletion in the original KO line and four recombinants as determined by SNP
genotyping: grey, 129S6; black, C57BL/6.
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Figure 3. Phosphatase activity in control and morphine-treated KEPI mice
Morphine-treated mice received morphine injections twice per day (16 mg/kg AM and 32
mg/kg PM) and were sacrificed on the third day, 1 hour after the AM injection. Control
animals received saline injections under the same schedule. (a) Phosphatase 1 activity was
significantly elevated in the thalamus of KEPI KO mice (ANOVA effect of genotype p =
0.03 after correction for multiple comparisons). (b) and (c) There were no differences in
phosphatase activity in extracts from PAG or spinal cord. Data are expressed as means ±
SEM (n = 9 per group).
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Figure 4. Expression levels of PKC1 and PP1 isoforms in KEPI KO mice
(a) Data from the quantitative RT-PCR show that expression level of PP1β in thalami of
naive KEPI KO mice was significantly down regulated (t-test p = 0.0002 after correction for
for multiple comparisons; n = 10 per group). (b) There were no differences between the
genotypes in the expression of PKC1 and PP1 isoforms in KEPI mice in PAG (n=6 per
group). Data are expressed as means ± SEM.
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Figure 5. Morphine analgesia in two lines of KEPI KO mice
(a) In both, tail flick (MANOVA p < 0.001 for the effect of genotype, p < 0.005 for
genotype * dose interaction) and hot plate (MANOVA p < 0.05 for the effect of genotype)
assays, the original KEPI KO mice were more sensitive to morphine analgesia then their WT
littermates. (b) There was no significant difference between the two genotypes from the
recombinant line. MPE, maximal possible effect. Data are expressed as means ± SEM (n =
12 per group).
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Figure 6. Development of morphine tolerance and dependence in the recombinant KEPI KO
mice
(a) In the tail flick assay, responses to 8 mg/kg morphine were identical between the WT and
KO animals. (b) In the hot plate assay, tolerance to morphine developed faster in the KO
mice. MPE, maximal possible effect. (MANOVA p < 0.05 for genotype; and p<0.05 for
genotype * day;
n = 12per group). Data are expressed as means ± SEM.
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Figure 7. Naloxone-precipitated withdrawal in two lines of KEPI KO mice
(a) After 8 days of twice-daily morphine treatment, females from the original line exhibited
significantly less naloxone-precipitated jumping than the males (ANOVA p<0.01; n = 6–7
per group). (b) In the recombinant line, sex had no effect on this behavior (n = 17 per
group). There was no difference between the genotypes in either of the two lines. Data are
expressed as means ± SEM.
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Figure 8. Morphine conditioned place preference and locomotion in the recombinant KEPI KO
mice
(a) KEPI homozygote knockouts displayed a rightward shift in the dose-response curve for
morphine conditioned place preference when compared to WT animals. Heterozygote
knockouts showed an intermediate phenotype (Linear Regression p = 0.001 for genotype *
dose interaction). (b) There was no difference in morphine-induced locomotion as recorded
during the first conditioning session. Data are expressed as means ± SEM (n = 12 per
group).
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Table 1
DNA primers used in the study

Primer Name Primer Sequence Primer Name Primer Sequence

J24 CACTCCCAGCTGTCCTAGGAG rs29358253f CTCTAATGCCAGTGGAGCGT

J25 CTAGGAAGTCGTCCGAGGTGG rs29358253r CACCGCAATCGGATAGCACT

J30 GGAGTTCTGGCTTCTAGAAGAAC rs29358253ex CTCTGTACTTCTCCCTTCTC

J31 CATCATGTGGTCACCACATGCC rs29382724f CCAGAGCAAGCGTCTCTGG

J32 TCTGGCACACTGTCTTCCCTGA rs29382724r GAGTGGGATGCCAAATTACCT

J33 CATGGCTAGCATGCCCTGGCA rs29382724ex TGCAATCGGGTTCTGCTAAC

J37 ACTGACACTACGTGAGAAGTTTCTCCCACCTTCA rs29382421f CCATTGGAAATACGGTGACTC

J38 TCAGAGGTAGAGTGCACTTGCC rs29382421r CAAAGCACATTGTACACATGAG

J39 CTTCACTGGCAACAGTTATGGAG rs29382421ex CACACGTCTTCTAAAACGAAC

J40 AAGGGAGGCAATGATTGCTGCC rs4228112f GATCCACAGAACGGAGAGGA

vNEOf CCGCTATCAGGACATAGCGTTG rs4228112r GCGCATTTCGAGTCTGCTTTT

KEPIf GAGTCTGCCTATGTGTATTTCCAT rs4228112ex CTCTATTCTTTGGTATGGATTG

KEPIr CTCATAGACTATCTTGTTCCTCTC rs29361179f TCGTCCACCTTCAGCATCCA

J85 CTCCGCAAGGATCCAGCGTCTAGG rs29361179r GCCCTTGACCAACTCAACAC

J86 CGAAGCTCTTTCCTCCTCGCT rs29361179ex GTTTGTCATTACAATGAGCCA

rs8244279f TTCAGCAGTAATGTAGATAAGGT qGAPDHf GCATGGCCTTCCGTGTTC

rs8244279r GGAGACCGATGAATGTGAGC qGAPDHr CACCACCTTCTTGATGTCATC

rs8244279ex AGTTCATATGGCTGAGCTGAA qPKCCf GCACCTCCTTTCAGACCACG

rs16821161f TGTGGAAGGCATGGTGGAGA qPKCCr GGTCAGTGCTGGCGCTGCC

rs16821161r ATGGATTTGAGGCACACAAACT qPKCEf ACTGGGTACTGCTGGAGCAG

rs16821161ex GGAACCGACTTGACGTAGC qPKCEr GTAAGTATTGGCTCTTCCCGC

rs29360540f CAGAGCCAAACATGGTAGCTC qPP1CAf GTGCCATGATGAGTGTGGATG

rs29360540r GAGGCAGTGTCTCACGCTG qPP1CAr CAGGCCGCTGAACTGCCCAT

rs29360540ex TGAGGCTGATATAGGATGAAG qPP1CBf GGCGAGTTTGACAATGCTGGT

rs29334299f CATCCCATGCTCTTATTTGGG qPP1CBr CCCACCATACTGGTACTTAGC

rs29334299r ATGTAGGCAGCCTGCCTGG qPP1CCf CTCCATAAGCATGATTTGGATCT

rs29334299ex AGCAGAAACTCGATGGGCC qPP1CCr CAGAGTGACTAACTGCCTCTTT
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