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Abstract
Norepinephrine and serotonin involvement in nociceptive functions is supported by observations
of analgesic effects of norepinephrine transporter (NET) and serotonin transporter (SERT)
inhibitors such as amitriptyline. However, the relative contribution of NET and SERT to baseline
nociception, as well as amitriptyline analgesia, is unclear. Amitriptyline and morphine analgesia in
wild-type (WT) mice and littermates with gene knockout (KO) of SERT, NET or both transporters
was conducted using the hotplate and tail-flick tests. Hypoalgesia was observed in NET KO mice,
and to a lesser extent in SERT KO mice. The magnitude of this hypoalgesia in NET KO mice was
so profound that it limited the assessment of drug-induced analgesia. Nonetheless, the necessary
exclusion of these subjects because of profound baseline hypoalgesia strongly supports the role of
norepinephrine and NET in basal nociceptive behavior while indicating a much smaller role for
serotonin and SERT. To further clarify the role of NET and SERT in basal nociceptive sensitivity
further experiments were conducted in SERT KO and NET KO mice across a range of
temperatures. NET KO mice were again found to have pronounced thermal hypoalgesia compared
to WT mice in both the hotplate and tail-flick tests, and only limited effects were observed in
SERT KO mice. Furthermore, in the acetic acid writhing test of visceral nociception pronounced
hypoalgesia was again found in NET KO mice, but no effect in SERT KO mice. As some of these
effects may have resulted from developmental consequences of NET KO, the effects of the
selective NET blocker nisoxetine and the selective SERT blocker fluoxetine were also examined
in WT mice: only nisoxetine produced analgesia in these mice. Collectively these data suggest that
NET has a far greater role in determining baseline analgesia, and perhaps other analgesic effects,
than SERT.
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Introduction
Descending monoaminergic projections have long been known to comprise part of
descending endogenous analgesia circuitry and to play a role in opiate mediated analgesia
(for review see (Sawynok and Reid 1989). These descending circuits are downstream
mediators of descending opiate-mediated supraspinal analgesia, which can be impaired by
norepinephrine (NE) or serotonin (5-HT) lesions (Zhong et al. 1985; Sawynok and Reid
1987; 1989) and NE or 5-HT receptor antagonists (Yaksh 1979; Jensen and Yaksh 1986;
Wigdor and Wilcox 1987; Arts et al. 1991). Electrophysiological experiments support this
circuitry model, showing that centrally injected morphine causes serotonin release in the
spinal cord (Yaksh and Tyce 1979), and direct stimulation of pontine NE cell groups or the
5-HT containing nucleus raphé magnus produce analgesic responses (Aimone et al. 1987;
Yeomans et al. 1992), which are reversed by NE and 5-HT antagonists (Aimone et al. 1987).

Drugs that potentiate the action of 5-HT or NE in the synapse, such as reuptake blockers,
potentiate morphine analgesia (Malseed and Goldstein 1979; Liu and Wang 1981; Botney
and Fields 1983; Rigal et al. 1983; Taiwo et al. 1985; Sacerdote et al. 1987; Ventafridda et
al. 1990; Sawynok and Reid 1992; Eisenach and Gebhart 1995; Gatch et al. 1998; Luccarini
et al. 2004). Drugs affecting monoaminergic function also have analgesic properties when
administered alone, in particular the tricyclic antidepressants (TCAs; (Pasternak et al. 1983;
Hwang and Wilcox 1987; Sacerdote et al. 1987; Hersh and Kaplan 1990; Tura and Tura
1990; Ventafridda et al. 1990; Ardid et al. 1991; Acton et al. 1992; Ardid et al. 1992; Ardid
et al. 1995; Sawynok et al. 1999; Korzeniewska-Rybicka and Plaznik 2000; Sawynok and
Reid 2001), including amitriptyline (Spiegel et al. 1983; Sacerdote et al. 1987; Tura and
Tura 1990; Ventafridda et al. 1990; Eisenach and Gebhart 1995; Abdi et al. 1998; Esser and
Sawynok 1999; Sawynok et al. 1999; Esser and Sawynok 2000; Korzeniewska-Rybicka and
Plaznik 2000; Esser et al. 2001; Sawynok and Reid 2001; Heughan and Sawynok 2002;
Khan et al. 2002; Oatway et al. 2003; Luccarini et al. 2004; Sudoh et al. 2004), which have
been shown to be clinically effective analgesics (Watson 1984; Young and Clarke 1985;
Levine et al. 1986; Max et al. 1987; Frank et al. 1988; Onghena and Van Houdenhove 1992;
Watson et al. 1992; Gordon et al. 1994; Nicolodi and Sicuteri 1996; Richeimer et al. 1997;
Gerner et al. 2003) also see reviews by (Egbunike and Chaffee 1990; Carter and Sullivan
2002). Since TCAs affect both the NE and 5-HT systems, there is debate as to which system
primarily mediates its antinociceptive properties (Carter and Sullivan 2002), or indeed
whether some other action of these drugs accounts for their analgesic properties (Galeotti et
al. 2001; Sawynok et al. 2001).

Transgenic KO mice have been developed for what are considered to be the main molecular
targets of amitriptyline, NET (Xu et al. 2000) and SERT (Bengel et al. 1998). Therefore an
examination of thermal nociception in the hotplate and tail-flick tests was conducted in
NET-SERT double KO mice to assess amitriptyline- and morphine-induced analgesia. In
accordance with the suggestions of some authors (Wigdor and Wilcox 1987) our expectation
would be that there would be a greater effect of NET KO than SERT KO on these analgesic
effects, and upon baseline analgesia. Baseline nociception has already been demonstrated to
be mildly affected in NET KO mice (Bohn et al. 2000), although this initial analysis did not
compare the effects of NET KO and SERT KO, and examined nociception under limited
conditions. As will be seen, our own studies were found to be limited because of a more
profound hypoalgesia in NET KO mice than reported in Bohn et al. (2000). Therefore,
additional studies were conducted to examine baseline nociception across a broader range of
conditions in NET KO and SERT KO mice in these tests, as well as the acetic acid test of
visceral nociception. Finally, because these effects may have been a consequence of the
gene KO during development, rather than the elimination of the gene in adult mice, the
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effects of selective NET blockade with nisoxetine and selective SERT blockade with
fluoxetine were examined in WT mice.

Methods
Subjects

SERT (Bengel et al. 1998) and NET (Xu et al. 2000) KO mice have been described
previously, as was the combined NET-SERT (Hall et al. 2002) and DAT-SERT (Sora et al.
2001) used in these experiments. Mice used in the first experiment were all from the
combined NET-SERT line. Briefly, combined SERT-NET KO mice were generated initially
by crosses of the single KO lines producing double heterozygote KO mice in the
F1generation, with combined double homozygote mice apparent in the F2 generation. These
mice were thus of the same mixed C57BL/6J-129Sv background as the original single KO
strains. In experiments with double KO mice breeding was largely from NET +/− SERT +/−
crosses. Some subtle abnormalities of motor function, not previously reported, were
observed in NET KO and combined KO mice (see below). In the basal nociception
experiments NET KO mice and WT littermates were from the NET-SERT line, while SERT
KO mice and WT littermates were from the DAT-SERT KO line (Sora et al. 2001). SERT
+/+ and SERT −/− mice were bred from SERT +/− crosses (NET +/+), while NET +/+ and
NET −/− mice were bred from NET +/− crosses (SERT +/+). In each case WT littermate
controls were used for all comparisons. During initial analgesia testing NET −/− mice were
observed to exhibit mild Straub tail and hind-limb clasping. Because of the possibility of
general motor impairments NET KO and SERT KO mice, and littermate controls, were
assessed in two standard motor coordination paradigms: the screen hang test and the
accelerating rotorod test.

Mice were genotyped by PCR, using two internal primers, one targeted at the NEO gene and
one targeted at the WT gene, and one external primer, which generated two products
identifying the WT and KO genes for each gene targeted (NET and SERT) as previously
described (Perona et al. 2008). Mice were housed under standard laboratory conditions
under a 12:12 LD cycle (lights on at 0800h), temperature maintained at 18–22 °C, 30–40%
humidity, with food and water available ad libitum. After weaning mice were housed 3–4
per cage until testing at 12–16 weeks of age. Both male and female mice were used. All
experimental procedures were conducted in accordance with the Guide for the Care and Use
of Laboratory Animals (National Research Council, 1996) and all applicable NIH
Guidelines, under protocols approved by the NIDA-IRP Institutional Animal Care and Use
Committee.

Experiment 1: Analgesic effects of Morphine and Amitriptyline
Subjects—NET-SERT double KO mice from all 9 potential genotype combinations were
tested for morphine (N=11–21 per genotype) and amitriptyline (N=10–15 per genotype)
analgesia.

Procedure—Mice were tested for thermal nociceptive responses using the hotplate and the
tail-flick tests. The hotplate temperature was maintained at 55 °C throughout testing, and the
tail-flick temperature was maintained at 53 °C throughout testing. In the hot plate procedure
mice were placed on a hotplate and latency to lick the hind paw or jump was recorded with a
maximal latency of 30 sec after which the subjects were removed from the apparatus if there
was no response. After each assessment in the hotplate, thermal nociception was assessed in
the tail- flick test. For tail-flick testing, mice were loosely wrapped in an absorbent towel
and the tail immersed in 2 centimeters of water in a water bath. This procedure was repeated
every 20 minutes, always immediately after testing in the hotplate. The tail-flick latency was
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recorded with a maximal latency of 15 sec after which the subject’s tail was removed from
the water if there was no response. After establishment of baseline nociception (3–4
assessments), an ascending, cumulative dose-effect regimen was used as previously
described (Elmer et al. 1995; Sora et al. 2001) in separate groups of mice to assess morphine
and amitriptyline analgesia. Morphine analgesia was assessed in naïve mice injected at 20
min intervals with an ascending cumulative dose regimen that produced total drug doses of
0.3, 1.0, 3.0, 10.0 and 20.0 mg/kg morphine s.c. Hotplate and tail-flick responses were tested
20 min after each injection, and the next dose administered. Amitriptyline analgesia was
assessed in naïve mice injected i.p. at 20 min intervals using an ascending cumulative dose
regimen that produced total drug doses of 5.0, 10.0, 20.0 and 40.0 mg/kg amitriptyline.
Hotplate and tail-flick responses were tested 20 min after each injection, and the next dose
administered.

Experiment 2: Thermal Nociceptive threshold in NET KO and SERT KO mice
Subjects—Sensitivity to thermal nociception was examined in NET +/+, +/− and −/− mice
(N=8–10 mice per genotype), and in SERT +/+, +/− and −/− mice (N=9–10 per genotype).

Procedure—Thermal nociception was assessed as in the hotplate and tail-flick paradigms
as described above for Experiment 1 except that mice were tested across a range of
temperatures. In the hotplate the initial temperature was 47 °C. The procedure was repeated
every 20 minutes, increasing the temperature by 1 °C between each test. The final
temperature was 54 °C. After each assessment in the hotplate, thermal nociception was
assessed in the tail-flick test. The initial temperature of the water bath was 45 °C. This
procedure was repeated every 20 minutes, always immediately after testing in the hotplate,
increasing the temperature by 1 °C between each test. The final temperature was 52 °C.

Experiment 3: Visceral Nociception
Subjects—Sensitivity to visceral nociception was examined in NET +/+, +/− and −/−
mice (N=6–10 mice per genotype), and in SERT +/+, +/− and −/− mice (N=9–10 per
genotype).

Procedure—Subjects were in injected with 0.7 % acetic acid intraperitoneally in a volume
of 10 mL per kg and placed in Plexiglas chambers (18 cm × 18 cm × 18 cm) for observation.
The number of abdominal contractions was counted for 20 minutes post-injection. Acetic
acid was prepared fresh daily from glacial acetic acid and dissolved in isotonic saline.

Experiment 4: Nociceptive effects of Nisoxetine and Fluoxetine
Subjects—WT mice from the DAT-SERT double KO line were tested for the analgesic
effects of nisoxetine and fluoxetine (N=9–10 mice/drug/test).

Procedure—The analgesic effects of nisoxetine (5–40 mg/kg IP) and fluoxetine (5–40 mg/
kg IP) were examined in the hotplate and tail-flick tests as described above for morphine and
amitriptyline using an ascending dose regimen. Baseline analgesia was initially established
by testing the mice repeatedly, every 20 minutes, until a stable baseline was established (3–4
baseline assessments). 20 minutes before each baseline test subjects were injected with
saline. After the last baseline test subjects received the first drug injection and injections
were given after each subsequent test producing cumulative drug doses of 5, 10, 20 and 40
mg/kg for both nisoxetine and fluoxetine.
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Experiment 5: Tests of Motor Function
Subjects—NET +/+, +/− and −/− mice were examined in the accelerating rotorod and
screen hang tests (N=12–16 per genotype). SERT +/+, +/− and −/− mice were examined in
the accelerating rotorod (N=10 per genotype) and screen hang tests (N=11–13 per
genotype).

Accelerating Rotorod—Motor coordination was initially tested on an accelerating
rotorod device (Rota-Rod; Ugo Basile, Comerio, Italy). Mice were tested once per day for
three days. After placement on the device the rotations accelerated from 1 to 30 rotations per
minute over 5 minutes. The latency to fall from the wheel was measured (maximum latency
300 sec).

Screen Hang Test—The day after the last rotorod test mice were tested for muscle
strength in the screen hang test by placement on a wire cage top (1 cm between bars, 3 mm
thickness). The cage was then inverted and positioned on top of a Plexiglas open field filled
with 2 inches of bedding material. The latency to fall was measured (maximum latency 120
sec).

Drugs
Morphine sulphate (NIDA IRP Drug Supply Program) was dissolved in saline and
administered in a volume of 1.0 ml/kg s.c. Amitriptyline (RBI, Natick, MA), fluoxetine
(Sigma, St. Louis, MO) and nisoxetine (Sigma, St. Louis, MO) were dissolved in saline and
administered in a volume of 1.0 ml/kg i.p.

Statistical analyses
For Experiment 1 nociceptive responses were assessed using latency as the dependent
measure: hind paw lick or jump for the hotplate test and tail withdrawal for the tail-flick test.
Baseline analgesia was taken as the average of the last two baseline measurements. Data
from the hotplate and tail-flick tests were analyzed separately. Baseline analgesia data were
analyzed by ANOVA with the between subjects factors of NET GENOTYPE and SERT
GENOTYPE. Antinociceptive effects of morphine and amitriptyline were evaluated using
percent maximal antinociception: 100 x{[(the behavioral response latency after drug) - (the
baseline behavioral response latency)]/[(maximal cut-off time) - (the baseline behavioral
response latency)]}. The maximal cut-off time was 30 seconds for the hotplate test and 15
seconds for the tail-flick test. Data were subjected to ANOVA with the between subjects
factors of NET GENOTYPE and SERT GENOTYPE and the within subjects factor of
DOSE. A number of mice, primarily in the NET KO groups, had to be excluded from the
analysis of morphine or amitriptyline analgesia because they did not exhibit baseline
nociceptive responses at all, under the conditions used in this study. When the baseline
nociceptive latencies where greater than 2/3 of the maximal cut-off time, the subject was
excluded from further analgesic testing. The exclusion of subjects from analgesia testing is
summarized in Table 1. Data from Experiment 2 were analyzed separately for NET KO and
SERT KO mice by ANOVA with the between subjects factors of NET GENOTYPE and
SERT GENOTYPE respectively, and the additional within subjects factor of
TEMPERATURE. Data from the hotplate and tail-flick tests were analyzed separately. Data
from Experiment 3 were analyzed separately for NET KO and SERT KO mice by ANOVA
with the between subjects factors of NET GENOTYPE and SERT GENOTYPE
respectively. Data from Experiment 4 were analyzed by 1-way ANOVA with the between
subjects factor of DOSE. Fluoxetine and Nisoxetine effects in the hotplate and tail-flick
paradigms were analyzed separately. Data from Experiment 5 were analyzed separately in
NET KO and SERT KO mice by ANOVA with the between subjects factors of NET

Hall et al. Page 5

Neuroscience. Author manuscript; available in PMC 2012 February 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



GENOTYPE and SERT GENOTYPE respectively. Rotorod data included the additional
within-subjects factor of DAY. Post hoc comparisons were made using Scheffe’s
comparisons.

Results
Experiment 1: Analgesic effects of Morphine and Amitriptyline

Baseline nociception in Morphine-treated NET-SERT KO mice—Profound
baseline hypoalgesia was observed to result from NET KO in both the 55 °C hotplate and 53
°C tail-flick tests. Hypoalgesia was observed in NET KO mice for both hotplate (Fig. 1A;
F[2,142]=22.4, p<0.0001), and tail-flick (Fig. 1B; F[2,142]=23.0, p<0.0001) tests. By
contrast no significant changes in baseline analgesia were observed to result from SERT KO
for the hotplate (Fig. 1A; F[2,142]=0.1, ns) or tail-flick (Fig. 1B; F[2,142]=0.6, ns) tests.
There were no statistically significant interactions, for either test, between NET
GENOTYPE and SERT GENOTYPE, although ceiling effects in NET/SERT double KO
mice relative to NET KO alone cannot be ruled out given the high baseline analgesia
resulting from NET KO alone, resulting in reduced power detect such an interaction. One
logical suggestion might be that hypoalgesia in NET KO mice might result from enhanced μ
opioid receptor function, but this hypoalgesia was not naloxone reversible (data not
presented). The hypoalgesia in NET KO mice was so pronounced that a much larger
percentage of subjects had to be excluded from subsequent analgesia testing for the NET
KO and NET-SERT KO mice (50–60%) than for the other genotypes (0–20%).

Morphine Analgesia in NET-SERT KO mice—Morphine produced dose-related
antinociception in the 55 °C hotplate (Fig. 2A; F[5,485]=163.2, p<0001) and 53 °C tail-flick
(Fig. 2B; F[5,545]=292.7, p<0001) tests in all genotypes. The analgesic effects of morphine
appeared to be somewhat enhanced in a dose-dependent manner in NET KO mice and NET
x SERT KO mice, in the hotplate test but the effect of NET GENOTYPE did not reach
statistical significance (NET x DOSE: F[10,485]=1.1, ns). Obviously the power to resolve
such an effect was impaired by the large numbers of NET KO subjects that had to be
eliminated based on high baseline analgesia. A similar effect of NET KO was observed in
the tail-flick test, for which the effect of NET GENOTYPE was significant (Fig. 2B;
F[2,109]=4.9, p<0.01), as well as the NET GENOTYPE x SERT GENOTYPE x DOSE
interaction (F[20,545]=1.6, p<0.05). This interaction term indicates that NET KO
significantly shifted the morphine dose-response curve to the left, but this effect was
reversed by combination with SERT KO, even though SERT GENOTYPE alone was
without effect on this measure.

Baseline nociception in Amitriptyline-treated NET-SERT KO mice—Hypoalgesia
was observed in NET KO mice in both the hotplate (Fig 3A; F[2,103]=9.0, p<0.001), and
tail-flick (Fig. 3B; F[2,103]=20.1, p<0.0001) tests. SERT KO also produced hypoalgesia in
the hotplate test (Fig. 3A; F[2,103]=3.5, p<0.04), although SERT KO was without effect on
baseline analgesia in the tail-flick paradigm (Fig.3B; F[2,103]=0.4, ns). The effects of NET
GENOTYPE and SERT GENOTYPE were purely additive in the tail-flick paradigm; the
interaction term in the ANOVA was not statistically significant (F[4,103]=0.3, ns). As
before, a substantial proportion of NET KO mice had to be excluded from subsequent
amitriptyline analgesia testing because of high baseline analgesia.

Amitriptyline Analgesia in NET-SERT KO mice—Amitriptyline produced dose-
related antinociception in 55 °C hotplate (Fig. 4A; F[4,340]=74.6, p<0.0001) and 53 °C tail-
flick (Fig. 4B; F[4,284]=28.8, p<0.0001) tests. Post hoc analysis by one-way ANOVA for
each genotype found that all genotypes except NET −/− SERT +/− and NET −/− SERT −/−

Hall et al. Page 6

Neuroscience. Author manuscript; available in PMC 2012 February 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



had significant amitriptyline analgesia in the hotplate test, although once again the low
numbers of subjects that completed the experiment in these groups weakens such a
conclusion. Nonetheless, the analgesic effects of amitriptyline were dose-dependently
enhanced in NET KO mice in the hotplate test (F[8,340]=3.4, p<0.001). This is particularly
obvious at the low doses (5.0 and 10.0 mg/kg). SERT KO did not affect thermal nociception
significantly in the hotplate test (F[8,340]=1.5, ns). Thermal analgesia produced by
amitriptyline in the tail flick-test was not affected by NET GENOTYPE (F[8,284]=0.1, ns)
or SERT GENOTYPE (F[8,284]=1.5, ns). As before, post hoc analysis by one-way ANOVA
for each genotype found that all genotypes except NET−/− SERT −/− had significant
amitriptyline analgesia in the hot-plate test, but once again the low numbers of subjects that
completed the experiment in this group weakened the power to resolve these effects.

Experiment 2: Thermal Nociceptive threshold in NET KO and SERT KO mice
Because of the profound baseline hypoalgesia observed in the previous experiment, an
additional experiment was performed to examine in more detail the sensitivity to thermal
nociceptive stimuli in NET KO and SERT KO mice. In the hotplate test, initial nociceptive
responses were found in NET +/+ mice at 49 °C and latencies decreased with increasing
temperature to the lowest latency at 54 °C (Fig. 5A). A virtually identical pattern was
observed in NET +/− mice. However, NET −/− did not exhibit any nociceptive responses at
49 °C. Nociceptive responses were found beginning at 50 °C. Latencies decreased with
increasing temperature, but were substantially greater than responses in either NET +/+ or
NET +/− mice at all temperatures from 49 °C to 54 °C. Thus, there were significant effects
of TEMPERATURE (F[6,150]=87.9, p<0.001) and NET GENOTYPE (F[2,25]=17.7,
p<0.0001) in the ANOVA, as well as a significant NET GENOTYPE x TEMPERATURE
interaction (F[12,150]=3.5, p<0.0003).

A similar pattern was observed in the tail-flick test. Indeed, NET −/− mice were almost
totally unresponsive at all temperatures tested. Nociceptive responses were found in NET +/
+ mice at 48 °C and latencies decreased with increasing temperature to the lowest latency at
51 °C (Fig. 5B). A virtually identical pattern was observed in NET +/− mice. Thus, there
were significant effects of TEMPERATURE (F[6,150]=51.9, p<0.001) and NET
GENOTYPE (F[2,25]=23.6, p<0.0001) in the ANOVA, as well as a significant NET
GENOTYPE x TEMPERATURE interaction (F[12,150]=13.4, p<0.0001).

In the hotplate test initial nociceptive responses were found in SERT +/+ mice at 49 °C and
latencies decreased with increasing temperature to the lowest latency at 54 °C (Fig. 6A). A
similar pattern was observed in SERT +/− mice, indeed the latencies of SERT +/− mice
were lower than SERT +/+ mice at 49 °C, but only marginally lower at higher temperatures.
SERT −/− mice did not exhibit any nociceptive responses at 49 °C. Nociceptive responses
were found beginning at 50 °C. Latencies decreased with increasing temperature, but were
substantially greater than responses in either SERT +/+ or SERT +/− mice at 52 °C and 53
°C. Thus, there were significant effects of TEMPERATURE (F[6,156]=87.9, p<0.001) and
SERT GENOTYPE (F[2,26]=9.4, p<0.001) in the ANOVA, as well as a significant SERT
GENOTYPE x TEMPERATURE interaction (F[12,156]=5.4, p<0.0001).

A different pattern of effects was observed in the tail flick test in SERT −/− mice, which
actually showed lower tail flick latencies at the highest temperatures tested. Nociceptive
responses were found in SERT +/+ mice at 48 °C and latencies leveled off at approximately
half maximal levels at 49 °C, with similar response between 49 °C and 52 °C (Fig. 6B).
Both SERT +/− and SERT −/− mice had lower tail flick latencies at the highest
temperatures tested, with the lowest latencies observed in SERT −/− mice, but the
nociceptive threshold did not appear to be substantially altered. Thus, there was a significant
effect of TEMPERATURE (F[6,156]=136.3, p<0.001), and SERT GENOTYPE
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(F[2,26]=5.9, p<0.008) in the ANOVA, as well as a significant SERT GENOTYPE x
TEMPERATURE interaction (F[12,156]=3.8, p<0.0001), reflective of the lower latencies at
the highest temperatures.

Experiment 3: Visceral Nociception in NET KO and SERT KO mice
Administration of 0.7% acetic acid intraperitoneally induced distinctive writhing movements
characteristic of visceral pain within about 5 minutes of injection in NET +/+ mice (Fig.
7A). The frequency of writhes was substantially reduced in NET −/− mice resulting in a
significant effect of NET GENOTYPE in the ANOVA (F[2,20]=9.2, p<0.002). The
frequency of writhes was slightly reduced in NET +/− mice, but not significantly compared
to NET +/+ mice. Administration of 0.7% acetic acid intraperitoneally also induced
distinctive writhing movements characteristic of visceral pain within about 5 minutes of
injection in SERT +/+ mice (Fig. 7B). The frequency of writhes was unaffected by SERT
GENOTYPE in the ANOVA (F[2,26]=0.5, ns).

Experiment 4: Nociceptive effects of Nisoxetine and Fluoxetine
Nisoxetine produced significant analgesic effects in both the hotplate (Fig. 8A; F[3,24]=4.1,
p<0.02) and tail-flick tests (Fig. 8B; F[3,27]=4.9, p<0.01). Fluoxetine failed to produce
significant analgesic effects in either the hotplate (Fig. 8C; F[3,24]=1.7, ns) or tail-flick tests
(Fig. 8D; F[3,27]=1.3, ns).

Experiment 5: Motor Tests in NET KO and SERT KO mice
No significant differences were found for either the accelerating rotorod test or the screen
hang test in NET KO (Table 2) mice. SERT KO mice were found to have motor deficits in
both tests (Table 3). There was a significant reduction in time on the accelerating rotorod in
SERT KO mice (F[2,27]=4.3, p<0.03). There was an increase in time spent on the rotorod
over the 3 days of testing resulting in a significant effect of DAY in the ANOVA
(F[2,54]=3.8, p<0.03). Although the SERT GENOTYPE x DAY interaction was not
significant (F[4,54]=0.6, NS), the increase in time over days was primarily observed in
SERT −/− mice. Thus, there was a significant difference between SERT +/+ and SERT −/−
mice on day 1 (p<0.05, Scheffe’s post hoc comparison), but not day 3. SERT +/− mice were
not different from SERT +/+ mice at any point. The SERT KO mice were also impaired in
the screen hang test (F[2,34]=5.2, p<0.02). Again, the SERT −/− mice, but not the SERT +/
− mice were impaired compared to SERT +/+ mice (p<0.05, Scheffe’s post hoc
comparison).

Discussion
The main finding from these experiments is that NET gene KO produces profound baseline
hypoalgesia; indeed, the hypoalgesia was so profound that it was difficult to assess
morphine- and amitriptyline-induced analgesia in these mice. The magnitude of this effect
was much greater than the mild hypoalgesia reported previously in NET KO mice (Bohn et
al. 2000). The reason for the differences between that study and the present results are
uncertain, but could involve either paradigmatic differences or genetic background
differences between the two strains. However, both the Bohn et al. (2000) study and
Experiment 1 utilized single temperatures that may not have provided an accurate estimation
of the extent of differences in nociceptive thresholds in NET KO mice. Therefore,
Experiment 2 was performed to more extensively examine differences in nociceptive
thresholds in NET KO and SERT KO mice. The potential bases of the differences between
these studies are discussed in detail below, as are the roles of NET and SERT in basal
nociceptive thresholds. In addition to these findings with regard to the roles of these genes in
baseline nociception these data also indicate roles for both NET and SERT in different
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aspects of morphine- and amitriptyline-induced analgesia. It is important to note that it
appears unlikely that motor deficits account for these differences in NET KO mice, as no
impairments were observed in the two motor tests in NET KO mice, while SERT KO mice,
that showed far smaller and less ubiquitous changes in nociception, were substantially
impaired in both motor tests.

There is substantial evidence for both NE and 5-HT involvement in nociception, although
the relative importance of each neurotransmitter has been a matter of some debate.
Descending analgesia circuits (see (Lipp 1991) for review) include both noradrenergic
projections from the locus coeruleus (LC) to hindbrain and spinal levels, and serotonergic
projections to spinal levels from the nucleus raphe magnus (NRM), which are both activated
by periaqueductal gray (PAG) efferents. PAG stimulation leads to release of both 5-HT and
NE in the spinal cord (Cui et al. 1999). Morphine injections in the PAG release 5-HT in the
spinal cord (Yaksh and Tyce 1979), suggesting that 5-HT might act downstream from some
opiate effects. Other descending cell groups have also been suggested to modulate
nociception, including descending 5-HT projections from the rostral ventrolateral medulla
(Siddall et al. 1994). Intracerebral opiates/opioids produce nociception at several of these
sites as well (Jensen and Yaksh 1986; 1986), and lesions of descending bulbospinal
projections eliminate some analgesic effects of TCAs (Ardid et al. 1995). There are two
descending projections from the NRM, that have opposing actions on ascending pain
projection neurons, and are differentially modulated by both opioidergic and noradrenergic
inputs to the NRM (Bie et al. 2003). Collectively, this circuitry provides multiple potential
sites of action for serotonergic and noradrenergic agents to affect nociceptive responses.

The role of SERT and NET in basal pain sensitivity
A previous study in NET KO mice (Bohn et al. 2000) found mild hypoalgesia in the tail-
flick test, but not the hotplate test. In the present study, profound hypoalgesia was observed
in NET KO mice in both of these tests as well as a test of visceral nociception. It appears
likely that these differences can be explained in part by the different intensities of the
thermal stimuli used in each of these studies. The previous study used higher intensity
stimuli in both tests, with consequently lower latencies, such that even NET KO mice may
have been near-maximally responsive to the nociceptive stimulus, obscuring group
differences that were readily apparent in the present study when less intense nociceptive
stimuli were used. However, given the magnitude of these effects, particularly in the tail-
flick test, this may be only a partial explanation. It is additionally possible that differences in
genetic background (e.g. particular C57B6/J and 129S alleles), in the combined double KO
line used in these experiments compared to those in the original NET KO line used in the
Bohn et al. (2000) study, might have enhanced the effect of NET KO on baseline pain
sensitivity in the present experiments. These strains vary substantially in baseline pain
sensitivity (Mogil and Wilson 1997; Mogil et al. 1999).

Consistent with the finding of enhanced basal pain thresholds in NET KO mice, which have
greatly elevated extracellular NE levels (Xu et al. 2000), is the hyperalgesia produced by
dopamine β-hydroxylase (DBH) gene knockout (Jasmin et al. 2002) which eliminates NE
from the nervous system. There is also substantial pharmacological evidence that NE
systems are involved in setting baseline nociceptive tone. For instance, intrathecal NE (Eide
and Hole 1992), and administration of the α2 adrenergic receptor agonist clonidine, is
analgesic (Davis et al. 1991; Eide and Hole 1992; Naguib and Yaksh 1994; Eisenach and
Gebhart 1995; Eisenach 1996; De Kock et al. 1997; Buerkle and Yaksh 1998; Eisenach et al.
1998; Chiari et al. 1999; Pan et al. 1999; Baker et al. 2004). Stimulation of α2 adrenergic
receptors can also reverse the hyperalgesia observed in DBH KO mice (Jasmin et al. 2002).
Treatment with antisense oligonucleotides targeting the α subunit of Gi1/2/3 proteins coupled
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to α2 adrenergic receptors also reduces the analgesic effects of amitriptyline (Ghelardini et
al. 2002).

In addition to the pronounced hypoalgesia observed in NET −/− mice, differences in
baseline pain sensitivity were also observed in SERT −/− mice, although to a far lesser
degree. Hypoalgesia was observed in the hotplate test in SERT −/− mice, although at the
highest temperature all genotypes responded equally. In the tail-flick test SERT −/− mice
actually responded faster although this appeared to be more of a decrease in the minimal tail
flick latency and did not seem to be substantially dependent on temperature. Although some
effects were observed in the baseline habituation prior to morphine or amitriptyline
treatment the higher temperatures used in those experiments generally negated all but the
extremely pronounced NET −/− effects. These data are contrary to a previous study that
found no differences in baseline hypoalgesia in SERT KO mice to several types of
nociceptive stimuli (Vogel et al. 2003). The mice used in those experiments were on a
C57Bl/6J background, a strain known to have very low nociceptive thresholds (Mogil and
Wilson 1997; Mogil et al. 1999), in contrast to the mixed background used in the present
experiments. Nonetheless, this serves to indicate that the role of SERT in determining
baseline sensitivity is modest, and perhaps more important when interacting with other
factors. Indeed, although SERT KO did not affect baseline pain sensitivity, it did greatly
attenuate thermal hyperalgesia induced by sciatic nerve ligation (Vogel et al. 2003) and lead
to hyperalgesia in the hot plate test when combined with deletion of a single BDNF gene
allele (Ren-Patterson et al. 2005).

The role of SERT and NET in amitriptyline-induced analgesia
Several TCA compounds (Spiegel et al. 1983; Hwang and Wilcox 1987; Sacerdote et al.
1987; Hersh and Kaplan 1990; Tura and Tura 1990; Ventafridda et al. 1990; Ardid et al.
1991; Acton et al. 1992; Ardid et al. 1992; Ardid et al. 1995; Sawynok et al. 1999;
Korzeniewska-Rybicka and Plaznik 2000; Sawynok and Reid 2001), including amitriptyline
(Spiegel et al. 1983; Sacerdote et al. 1987; Tura and Tura 1990; Ventafridda et al. 1990;
Eisenach and Gebhart 1995; Abdi et al. 1998; Esser and Sawynok 1999; Sawynok et al.
1999; Esser and Sawynok 2000; Korzeniewska-Rybicka and Plaznik 2000; Esser et al. 2001;
Sawynok and Reid 2001; Heughan and Sawynok 2002; Khan et al. 2002; Oatway et al.
2003; Luccarini et al. 2004; Sudoh et al. 2004), have analgesic, antiallodynic or
antihyperalgesic effects in animal models. These preclinical findings are consistent with
clinical data showing that administration of several TCAs produce clinically significant
analgesic, antiallodynic or antihyperalgesic effects in humans (Watson 1984; Young and
Clarke 1985; Levine et al. 1986; Max et al. 1987; Frank et al. 1988; Onghena and Van
Houdenhove 1992; Watson et al. 1992; Gordon et al. 1994; Nicolodi and Sicuteri 1996;
Richeimer et al. 1997; Gerner et al. 2003); also see reviews by (Egbunike and Chaffee 1990;
Carter and Sullivan 2002), including amitriptyline (Frank et al. 1988; Nicolodi and Sicuteri
1996; Gerner et al. 2003). Although data from both animal and human studies support the
potential involvement of both NE and 5-HT in the analgesic effects of TCAs, one study that
compared the effects of selective NET, SERT and DAT reuptake blockers found weak
analgesic effects only for fluoxetine (Gatch et al. 1998), which may indicate that actions at
multiple monoamine transporters are necessary for pronounced analgesic effects. However,
we examined the analgesic effects of selective SERT blocker fluoxetine and did not observe
significant analgesic effects, but significant analgesia was produced by the selective NET
blocker nisoxetine. Obviously further work is necessary to determine why such
contradictory results were obtained from the Gatch et al (1998) study, but given some of the
other observations presented here it may be likely that genetic background is an important
factor.
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In part, the intention of the experimental design used in the present experiments was to
determine the requirement of SERT and/or NET for the analgesic effects of amitriptyline, in
the same way that we have used these knockouts to determine the role of these monoamine
targets in the rewarding effects of cocaine (Sora et al. 1998; Sora et al. 2001; Hall et al.
2002). This is an important question since a number of non-monoaminergic mechanisms
have been proposed for the analgesic effects of TCAs, including blockade of voltage-gated
sodium channels (Pancrazio et al. 1998), NMDA glutamate receptor antagonism (Eisenach
and Gebhart 1995), and interaction with adenosine mechanisms (Sawynok et al. 1999).
Nonetheless, one possibility was that under baseline conditions monoamine transporter KO
mice might behave as though they have been treated with amitriptyline, obscuring
subsequent effects of drug treatment. Under baseline conditions extracellular levels of NE
are elevated in NET KO mice (Mathews et al. 2004), and 5-HT levels are elevated in SERT
KO mice (Mathews et al. 2004; Shen et al. 2004). Thus, although neither SERT nor NET
KO individually had pronounced effects on amitriptyline analgesia per se, it might be
considered that these effects were already present, particularly in NET KO mice because of
the pronounced baseline hypoalgesia that was observed. Although post hoc analysis found
that double KO mice did not have significant analgesia, this finding must be treated with a
great degree of caution because baseline hypoalgesia necessitated dropping so many subjects
from the study. It would then appear likely that NET blockade by amitriptyline is a likely
mediator of a substantial portion of the analgesic effects of amitriptyline; however, other
experimental approaches will be necessary to confirm this hypothesis.

The role of SERT and NET in morphine-induced analgesia
Several TCA compounds (Rigal et al. 1983; Taiwo et al. 1985; Max et al. 1987; Sacerdote et
al. 1987; Ventafridda et al. 1990; Sawynok and Reid 1992; Gatch et al. 1998), including
amitriptyline (Malseed and Goldstein 1979; Liu and Wang 1981; Botney and Fields 1983;
Taiwo et al. 1985; Sacerdote et al. 1987; Ventafridda et al. 1990; Eisenach and Gebhart
1995; Galeotti et al. 1996; Luccarini et al. 2004), enhance morphine-induced analgesia in
animal models. This is consistent with clinical data, which has demonstrated that several
TCAs potentiate morphine-induced analgesia in humans (Levine et al. 1986; Gordon et al.
1993). Consistent with this modulatory role of NE and 5-HT systems both NE and 5-HT
antagonists can reduce the antinociceptive effects of morphine (Jensen and Yaksh 1986;
Wigdor and Wilcox 1987; Arts et al. 1991). Indeed, several TCAs increase β-endorphin
levels in the hypothalamus (Sacerdote et al. 1987). Consistent with a previous finding in
NET KO mice (Bohn et al. 2000), the present results also found that NET KO did produce a
small enhancement of morphine analgesia, which appeared to be reversed in NET/SERT
combined KO mice. However, as stated previously, conclusions about the effects of
morphine in NET KO mice based on the present results must be interpreted cautiously due
to the necessity of removing so many NET KO mice from those portions of the study.

Constitutive knockouts are likely to induce a variety of types of compensatory changes.
Changes in many systems that might be most relevant to nociception and analgesia have not
yet been examined in NET and SERT KO mice. However, a potentially informative
comparison may be to the effects of long-term antidepressant treatment. Chronic treatment
with amitriptyline increases spinal, hypothalamic and cerebral cortical levels of leu-
enkephalin, and spinal and hypothalamic levels of met-enkephalin (Hamon et al. 1987), and
increases spinal delta and mu receptor binding (Hamon et al. 1987). It remains to be seen
whether such changes are observed in NET KO mice. In a study specifically examining the
analgesic effects of selective monoamine reuptake blockers, only those acting at SERT, and
not at NET or DAT, potentiated the effects of opiate agonists in a manner similar to TCAs
(Gatch et al. 1998). This was dissimilar to the current study where SERT KO had no effect
on morphine analgesia.
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Conclusions
The present data support the importance of both NE and 5-HT in different aspects of
nociceptive function. NET, SERT and combined NET/SERT gene KO had differential
effects on basal, morphine- and amitriptyline-stimulated analgesia. NET gene KO had a
pronounced influence on baseline thermal and visceral nociception, while SERT KO had
rather marginal and inconsistent effects. Indeed, the effect of NET KO was so great that it
impaired the ability to subsequently observe pharmacologically induced analgesia in these
subjects. Nonetheless, consistent with previous results (Bohn et al. 2000), we were able to
observe enhanced morphine induced analgesia in NET KO mice. Although one of the initial
goals of this study, to examine the role of NET and SERT genes in amitriptyline-induced
analgesia, was compromised by the profound hypoalgesia in NET KO mice, it did appear
that deletion of both genes eliminated the analgesic effects of amitriptyline. The effects of
NET deletion may have been less pronounced because of the baseline hypoalgesia observed
in these subjects (the NET portion of those analgesic effects was already present, thus
negating the effects of amitriptyline). Although any such conclusion must be interpreted
with great caution given the considerations discussed at length above, deletion of either NET
or SERT alone was not sufficient to eliminate amitriptyline analgesia which may indicate
that the presence of either gene is sufficient for amitriptyline analgesia, and furthermore
other potential molecular targets of amitriptyline may not be relevant. A definitive
conclusion regarding this issue will necessitate an alternative approach.
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Figure 1. Baseline analgesic responses in combined NET/SERT KO mice tested for morphine
analgesia
Increased baseline analgesic responses (latency) was observed in NET KO, but not SERT
KO, mice for supraspinal analgesia in the hot-plate test (A) and spinal analgesia in the tail-
flick test (B).
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Figure 2. Morphine-induced analgesia in combined NET/SERT KO mice
The data represent analgesic responses to morphine (0–20 mg/kg SC) in NET/SERT KO
mice for supraspinal analgesia in the hot-plate test (A) and spinal analgesia in the tail-flick
test (B). In both tests NET KO, but not SERT KO, appeared to increase sensitivity to
morphine, although this effect did not reach significance in the hot-plate test and was
reversed by SERT KO in the tail-flick test.
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Figure 3. Baseline analgesic responses in combined NET/SERT KO mice tested for amitriptyline
analgesia
Baseline analgesic responses (latency) in NET/SERT KO mice for supraspinal analgesia in
the hot-plate test (A) and spinal analgesia in the tail-flick test (B). NET KO produced large
increases in latencies in both tests, while SERT KO produced a small increase in latencies
only in the hot-plate test.
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Figure 4. Amitriptyline-induced analgesia in combined NET/SERT KO mice
The data represent analgesic responses to amitriptyline (0–40 mg/kg IP) in NET/SERT KO
mice for supraspinal analgesia in the hot-plate test (A) and spinal analgesia in the tail-flick
test (B). In the hot-plate test all genotypes except NET −/− SERT +/− and NET −/− SERT
−/− had significant amitriptyline analgesia. NET KO dose-dependently enhanced hot-plate
analgesia. In the tail-flick test all genotypes except NET−/− SERT −/− had significant
amitriptyline analgesia. As discussed in the text because of the exclusion of NET subjects
because of high baseline analgesia these results must be considered tentatively.
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Figure 5. Thermal nociceptive sensitivity in NET KO mice
Reduced baseline nociceptive sensitivity observed in NET KO mice (+/+, +/− and −/−) for
supraspinal analgesia in the hot-plate test (A), 47 ºC to 54 ºC, and spinal analgesia in the
tail-flick test (B), 45 ºC to 52 ºC. Data represent response latencies (in seconds).
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Figure 6. Thermal nociceptive sensitivity in SERT KO mice
No differences in baseline nociceptive sensitivity were observed in SERT KO (+/+, +/− and
−/−) mice for supraspinal analgesia in the hot-plate test (A), 47 ºC to 54 ºC, or spinal
analgesia in the tail-flick test (B), 45 ºC to 52 ºC. Data represent response latencies (in
seconds).
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Figure 7. Baseline visceral nociceptive responses in NET and SERT KO mice
Reduced visceral nociceptive responses were observed in (A) NET KO mice (+/+, +/− and
−/−), but not (B) SERT KO mice(+/+, +/− and −/−) after intraperitoneal injection with
acetic acid. Data represent the number of writhes (abdominal contractions) observed in the
first 20 minutes after injection.
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Figure 8. Analgesic effects of Nisoxetine but not Fluoxetine
Nisoxetine produced significant analgesia in the hot-plate (8A) and tail-flick (8B) tests, but
fluoxetine did not produce significant analgesia in either the hot-plate (8C) or tail-flick (8D)
tests.
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Table 1

Percent of subjects excluded from analgesia testing because of high baseline analgesia (> 2/3 of maximum) for
all genotypes.

MORPHINE AMITRIPTYLINE

GENOTYPE HOT PLATE TAIL FLICK HOT PLATE TAIL FLICK

NET +/+ SERT +/+ 0 0 7 29

NET +/+ SERT +/− 31 8 0 0

NET +/+ SERT −/− 22 11 0 7

NET +/− SERT +/+ 33 6 7 20

NET +/− SERT +/− 10 14 8 15

NET +/− SERT −/− 5 5 15 15

NET −/− SERT +/+ 64 45 30 40

NET −/− SERT +/− 56 50 27 73

NET −/− SERT −/− 57 52 50 67
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Table 2

Effects of NET KO on performance in tests of motor function.

Genotype

Accelerating Rotorod

Screen HangDay 1 Day 2 Day 3

+/+ 139.0 ± 29.8 172.5 ± 23.4 202.5 ± 24.5 80.7 ± 10.4

+/− 171.6 ± 22.1 213.3 ± 22.5 224.9 ± 19.4 100 ± 7.1

−/− 167.3 ± 29.9 214.8 ± 23.4 257 ± 22.6 92.7 ± 7.5
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Table 3

Effects of SERT KO on performance in tests of motor function.

Genotype

Accelerating Rotorod

Screen HangDay 1 Day 2 Day 3

+/+ 244.8 ± 20.4 254.9 ± 21.8 264.3 ± 19.3 96.5 ± 10.0

+/− 207.2 ± 33.1 244.2 ± 37.4 264.5 ± 24.4 82.1 ± 13.0

−/− 137.9 ± 23.4* 180.9 ± 26.9 212.2 ± 26.8 43.5 ± 12.0*

*
p<0.05, Scheffe’s post hoc comparison.

Neuroscience. Author manuscript; available in PMC 2012 February 23.


