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Abstract
Ketamine, a clinically relevant drug, has been shown to enhance opioid-induced analgesia and
prevent hyperalgesia. However, the molecular mechanisms involved are not clearly understood.
As previous studies found that activation of opioid receptors leads to the phosphorylation of
mitogen-activated protein kinases, we investigated whether ketamine could modulate μ-opioid
receptor (μOR)-mediated ERK1/2 phosphorylation. We find that acute treatment with ketamine
enhances (~2- to 3-fold) the levels of opioid-induced ERK1/2 phosphorylation in recombinant as
well as cells endogenously expressing μOR. Interestingly, we find that in the absence of ketamine
ERK1/2 signaling is desensitized 10 min after opioid exposure whereas in its presence significant
levels (~3-fold over basal) are detected. In addition, ketamine increases the rate of resensitization
of opioid-mediated ERK1/2 signaling (15 min in its presence vs. 30 min in its absence). These
results suggest that ketamine increases the effectiveness of opiate-induced signaling by affecting
multiple mechanisms. In addition, these effects are observed in heterologous cells expressing μOR
suggesting a non-NMDA receptor-mediated action of ketamine. Together this could, in part,
account for the observed effects of ketamine on the enhancement of the analgesic effects of
opiates as well as in the duration of opiate-induced analgesia.
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Ketamine [2-(o-chlorophenyl)-2-(methylamino) cyclohexa-none hydrochloride] produces
profound analgesia in man and animals when administered as an intravenous anesthetic
(Stannard and Porter 1993; Eide et al. 1995; Mathisen et al. 1995). It blocks peripheral and
CNS sodium channels (Scheller et al. 1996) and interacts with monoaminergic and voltage-
sensitive Ca+2 channels (Hirota and Lambert 1996). Although it acts primarily as a non-
competitive NMDA-receptor antagonist (Willets et al. 1990; Yamamura et al. 1990),
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ketamine also modulates the activity of a number of receptors including the nicotinic
(Scheller et al. 1996) and muscarinic receptors (Hustveit et al. 1995) as well as the μ-, δ-
and κ-opioid receptors (Smith et al. 1980; Finck and Ngai 1982; Hustveit et al. 1995; Hirota
et al. 1999).

Activation of μOR by potent opioid analgesics leads to the development of acute tolerance
as well as long-lasting hyperalgesia (Ziegelgänsberger and Tölle 1993; Larcher et al. 1998;
Laulin et al. 1998; Celerier et al. 2000). This is thought to be due to the induction of
NMDA-dependent central sensitization processes (Laulin et al. 1998; Celerier et al. 2000)
because it has been shown that intrathecal morphine causes a large increase in glutamate
release (Stiller et al. 1998). In addition, activation of μOR leads to enhanced glutamatergic
neurotransmission via a protein kinase C-mediated removal of Mg+2 blockade of the
NMDA-receptor channel (Chen and Huang 1992; Royblat et al. 1993). Previous studies
have shown that subanesthetic doses of ketamine prevent opioid-induced hyperalgesia
(Bristow and Orlikowski 1989; Royblat et al. 1993; Tverskoy et al. 1994; Hirota and
Lambert 1996; Javery et al. 1996; Abdel-Ghaffar et al. 1998), inhibit the development of
tolerance to morphine antinociception in rats (Trujillo and Akil 1994) and enhance the
analgesic effects of opioids as well as the duration of analgesia (Joachimsson et al. 1986;
Javery et al. 1996; Tverskoy et al. 1996; Wong et al. 1996; Stubhaug et al. 1997). However,
the molecular mechanisms involved in these processes are not clearly understood.

A number of studies have shown that activation of opioid receptors can trigger acute
signaling via heterotrimeric G-proteins leading to the inhibition of adenylyl cyclase,
modulation of inwardly rectifying K+ or voltage-dependent Ca+2 channels and activation of
the mitogen-activated protein kinase (MAPK) pathway (Fukuda et al. 1996; Li and Chang
1996; Gutstein et al. 1997; Trapaidze et al. 2000). This acute signaling is time-dependent
because upon continued exposure to agonists it fades, a phenomenon known as receptor
desensitization. Upon removal of agonists and after allowing the cells to recover, the
receptors are able to undergo another wave of signaling events upon re-exposure to agonists.
This is known as receptor resensitization. The ability of ketamine to increase the duration of
opioid-induced analgesia suggests that it could also modulate opioid-induced signaling in
such a way that these receptors remain in an active state for a longer time. This could be
achieved by influencing the time course of desensitization and resensitization of signaling
by opioid receptors. In this study, we used SK-N-SH (a human neuroblastoma cell line that
endogeneously expresses μOR) and Chinese hamster ovary (CHO)-μ (a heterologous cell
line that stably expresses recombinant μOR) to see the effect of ketamine on μOR signaling
via the MAPK pathway. Our findings show that the ERK1/2 phosphorylation is significantly
potentiated by ketamine and that this has a profound effect in the desensitization and
resensitization of opioid-induced ERK1/2 signaling.

Materials and methods
Materials

Ketamine, morphine, fentanyl, anti-tubulin antibodies, protease and phosphatase inhibitor
cocktails were obtained from Sigma-Aldrich (St. Louis, MO, USA). SK-N-SH cells were
obtained from the American Type Culture Collection (Manassas, VA, USA). Dulbecco’s
modified Eagle’s medium, F12 media, fetal bovine serum, geneticin and streptopenicillin
were obtained from Invitrogen (Carlsbad, CA, USA). Mouse anti-phospho ERK1/2
antibodies and rabbit total ERK1/2 antibodies were obtained from Cell Signaling
Technology (Danvers, MA, USA). Odyssey blocking buffer, goat anti-mouse IR Dye 800
and goat anti-rabbit IR Dye 680 were obtained from Li-COR (Lincoln, NE, USA). All other
reagents were obtained from Fisher Scientific (Sunawee, GA, USA).
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Cell culture
SK-N-SH cells were grown to confluence in Dulbecco’s modified Eagle’s medium
containing 10% fetal bovine serum and 100 μg/mL streptopenicillin. CHO cells stably
expressing Flag tagged mouse μOR were grown is F12 media containing 10% fetal bovine
serum, 100 μg/mL streptopenicillin and 500 μg/mL geneticin. Cells were subcultured at a
ratio of 1 : 5 with partial replacement of the media on the day before subculturing or
harvested at day 5 (the characterization of this cell line is described in Trapaidze et al.
2000).

Binding assays
Saturation binding assays were carried out as described previously (Gomes et al. 2003)
using SK-N-SH cells (2 × 105 cells) and different concentrations (0–10 nM) of either
[3H]morphine or [3H]fentanyl in the absence or presence of ketamine (10 or 100 μM) in an
assay buffer comprising 50 mM Tris–Cl, pH 7.4 containing containing 0.32 M sucrose. Non-
specific binding was determined in the presence of 1 μM diprenorphine and was less than
5% of the total binding.

[35S]GTPγS binding assay
Membranes were prepared from SK-N-SH cells and subjected to a [35S]GTPγS binding
assay as described previously (Gomes et al. 2003) using morphine or fentanyl (0–10 μM) in
the absence or presence of ketamine (10 nM, 10 μM or 100 μM).

ERK1/2 phosphorylation
The level of phosphorylated ERK1/2 was determined as described previously (Trapaidze et
al. 2000).

Effect of μ-opiod receptor agonists—Cells were treated with different concentrations
(0–100 μM) of ketamine, morphine, fentanyl, morphine + ketamine (1 : 1), fentanyl +
ketamine (1 : 1) for 5 min at 37°C. Cells were lysed with 2% sodium dodecyl sulfate in 50
mM Tris–Cl, pH 7.5 containing protease and phosphatase inhibitor cocktail and aliquots of
lysates were subjected to western blot analysis with anti-phospho ERK1/2 antibodies (1 :
1000) as described previously (Gomes et al. 2003). Sample loading was confirmed with
anti-tubulin antibodies (1 : 20 000). Cells not exposed to drug treatment were taken as
control.

Effect of ketamine (0.01/10/100 μM) on μ-induced phosphorylation of MAPK—
Cells were treated with different concentrations (0–100 μM) of morphine or fentanyl in the
absence or presence of 0.01/10/100 μM ketamine for 5 min at 37°C.

Effect of μ-antagonist on potentiation of μ-induced phosphorylation of MAPK
by ketamine—Cells were treated with morphine or fentanyl (100 nM) in the absence or
presence of 10 μM of the μ-receptor antagonist, CTOP (D-Phe-Cys-Tyr-D-Trp-Orn-Thr-
Pen-Thr-NH2), for 5 min at 37°C. Western blot analysis was carried out with mouse anti-
phospho ERK1/2 and rabbit total ERK1/2 antibodies (1 : 1000) diluted in Odyssey blocking
buffer and goat anti-mouse IR Dye 800 and goat anti-rabbit IR Dye 680 (1 : 10 000). Bands
were visualized using the Odyssey Imaging System (Li-COR) and quantitated as described
(Gomes et al. 2003; Heimann et al. 2007).

Time course of ERK1/2 desensitization—Cells were treated with 10 μM morphine or
fentanyl for different time periods (0–90 min) at 37°C in the absence or presence of
ketamine (10 μM). Cells not exposed to drug treatment were taken as control.
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Time course of ERK1/2 resensitization—Cells were treated for 30 min with 10 μM
morphine or fentanyl at 37°C so as to induce the desensitization of MAPK signaling. Cells
were washed free of opioids (three times with serum free media) and incubated for 5–90 min
with media in the absence or presence of ketamine (10 μM). This was followed by a 5-min
treatment with morphine or fentanyl to see whether signaling through the MAPK pathway
had been re-established. Cells not exposed to drug treatment were taken as control. A
schematic representation of the protocol used to assay for the effect of ketamine on the
resensitization of ERK1/2 signaling by μOR agonists is shown in Fig. 4a.

Statistical analysis
Data obtained was analyzed using Dunnett’s test or Bonferroni’s multiple comparison tests.
Values of p < 0.05 were considered to be significant.

Results
Phosphorylation of ERK1/2 by μOR agonists

We examined the effects of ketamine on μOR agonist-induced phosphorylation of ERK1/2.
For this CHO cells, stably expressing μOR were treated with 10 μM of either ketamine,
morphine, fentanyl alone or in combination [morphine + ketamine (1 : 1) or morphine +
fentanyl (1 : 1)] for 5 min followed by lysis and western blot analysis. We find that ketamine
on its own induces a ~3.5-fold stimulation in the phosphorylation of ERK1/2 (Fig. 1a and
Figure S1a). Morphine or fentanyl alone induced a ~ 9.6- and a ~13.2-fold increase in the
levels of phosphorylated ERK1/2 respectively (Fig. 1a and Figure S1a). Interestingly, when
the cells were treated with a combination of ketamine and morphine (1 : 1) or ketamine and
fentanyl (1 : 1) there was a dramatic increase in the levels of phosphorylated ERK1/2 which
was greater than that obtained with either ketamine, morphine or fentanyl alone (~18.8 in
the case of ketamine and morphine and ~28.6 in the case of ketamine and fentanyl) (Fig. 1a
and Figure S1a). This robust increase in the levels of phosphorylated ERK1/2 appears to be
specifically due to the presence of ketamine because treatment of cells with morphine +
fentanyl (1 : 1) did not induce an additive increase in the levels of phosphorylated ERK1/2
(not shown). Next, we examined the effects of ketamine on μOR-mediated signaling in SK-
N-SH cells that express endogenous receptors. We find that in these cells ketamine induces a
dose-dependent increase in the levels of phosphorylated ERK1/2 with an EC50 of 7 ± 0.96
μM and an Emax of 2.7 ± 0.1 (Fig. 1b). Morphine or fentanyl alone also induced a dose-
dependent increase in the levels of phosphorylated ERK1/2 with an EC50 of 5.8 ± 0.9 nM
and an Emax of 4.4 ± 0.2 in the case of morphine and an EC50 of 68 ± 14 nM and an Emax of
8.1 ± 0.3 in the case of fentanyl. Interestingly, treatment with a combination of ketamine and
morphine (1 : 1) or ketamine and fentanyl (1 : 1) caused a dramatic dose-dependent increase
in the levels of phosphorylated ERK1/2 which was greater than that obtained with either
ketamine, morphine or fentanyl alone. The combination of ketamine and morphine gave an
EC50 of 5.9 ± 1 nM and an Emax of 13.8 ± 0. 3 whereas that of ketamine and fentanyl gave
an EC50 of 0.5 ± 0.1 nM and an Emax of 13.9 ± 0. 2 (Fig. 1b).

To see if the potentiation of opioid-induced ERK1/2 phosphorylation by ketamine was
mediated specifically via μOR we examined the effect of a receptor selective antagonist,
CTOP. As seen from Fig. 1c, 10 μM CTOP completely blocks the potentiation of morphine
or fentanyl (100 nM)-induced ERK1/2 phosphorylation mediated by ketamine (10 μM).
Taken together these results indicate that the potentiation of opioid-induced ERK1/2
phosphorylation by ketamine is mediated via μOR.
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Effect of ketamine on morphine/fentanyl dose response curves
Next, we examined the effects of a single concentration of ketamine (10 μM) on the levels
of phosphorylated ERK1/2 induced by different doses of morphine or fentanyl. We see a
significant increase (p < 0.01) in the levels of phosphorylated ERK1/2 upon treatment with
morphine (Fig. 2a) or fentanyl (Fig. 2b) in the presence of ketamine. Interestingly, ketamine
effects were found to be biphasic; ketamine induced a greater increase in the
phosphorylation of ERK1/2 at lower doses of morphine or fentanyl (0.1–1 nM) as compared
with higher doses (0.01–100 μM) (Fig. 2). In the presence of ketamine, morphine (1 nM)
caused a ~28.7-fold increase in the levels of phosphorylated ERK1/2 compared with ~2.6
seen in the absence of ketamine (Fig. 2a). Similarly, fentanyl (1 nM) caused a ~33.3-fold
increase in the levels of phosphorylated ERK1/2 in the presence of ketamine compared with
~1.8 seen in the absence of ketamine (Fig. 2b). Similar observations were made when
morphine or fentanyl dose response curves were carried out in the presence of 100 μM
ketamine (Figure S1b and c) although the extent of ERK1/2 phosphorylation observed was
slightly lower (~19.5 for 1 nM morphine and ~25.9 for fentanyl) than that observed with 10
μM ketamine. We also examined the effect of a very low dose (10 nM) of ketamine on
morphine dose response curves. We find that a low dose of ketamine also has a biphasic
effect on morphine dose response inducing a greater increase in the phosphorylation of
ERK1/2 at lower morphine doses (0.1–100 nM) as compared with higher doses (1–100 μM)
(Figure S2). In the presence of ketamine, morphine (100 nM) caused a ~8.9-fold increase in
the levels of phosphorylated ERK1/2 compared with ~3.2 seen in the absence of ketamine
(Figure S2).

Next, we examined if ketamine affected the binding of μOR agonists by carrying out
binding assays in SK-N-SH cells using [3H]morphine or [3H]fentanyl. Saturation binding
data were fit by non-linear analysis of 1 or 2 binding site models using the Graph Prism
software (San Diego, CA, USA). Analysis of the data shows that 10 μM ketamine had no
effect on [3H]morphine binding whereas 100 μM ketamine led to significant changes in both
the Kd and Bmax. [3H]Morphine binding in the absence of ketamine gave a Kd of 7.7 ± 2.3
nM and a Bmax of 313 ± 50 fmol/mg protein; the observed Kd was 10.3 ± 1.4 nM in the
presence of 10 μM ketamine and 19.2 ± 3.6 (p < 0.05) in the presence of 100 μM ketamine
whereas the Bmax was 376 ± 37 fmol/mg protein in the presence of 10 μM ketamine and 701
± 94 (p < 0.01) in the presence of 100 μM ketamine. Similarly, [3H]fentanyl binding in the
absence of ketamine gave a Kd of 0.9 ± 0.3 nM and a Bmax of 183 ± 11 fmol/mg protein; the
observed Kd was 1.3 ± 0.3 nM in the presence of 10 μM ketamine and 3.1 ± 0.9 (p < 0.05) in
the presence of 100 μM ketamine whereas the Bmax was 201 ± 13 fmol/mg protein in the
presence of 10 μM ketamine and 297 ± 32 (p < 0.01) in the presence of 100 μM ketamine.
These results suggest that the effects seen with 10 μM ketamine on morphine- or fentanyl-
mediated increases in ERK1/2 phosphorylation are not caused by changes in the binding
properties of μ receptors.

We also examined whether ketamine-modulated opioid-mediated signaling upstream of
ERK1/2 phosphorylation by examining its effects on opioid-mediated increases in
[35S]GTPγS binding in SK-N-SH cell membranes. We find that ketamine causes significant
increases (p < 0.01) in the EC50 of morphine (from 25 to 299 nM) and fentanyl (from 6.7 to
61 nM) (Table S1). In addition, ketamine showed a trend towards decreasing maximal
opioid-mediated increases in [35S]GTPγS binding although this was not statistically
significant. Taken together these results indicate that ketamine differentially modulates the
pathways leading to ERK1/2 phosphorylation by μOR agonists.
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Time course of desensitization of opioid-induced ERK1/2 phosphorylation
To explore the mechanism of ketamine-mediated increase in μOR receptor-mediated
ERK1/2 phosphorylation we determined the time point at which attenuation of morphine or
fentanyl signaling via the ERK1/2 pathway occurred in the absence and presence of
ketamine. We find that ketamine alone induced peak levels of phosphorylation of ERK1/2
(~2-fold above basal) between 2 and 5 min and the signal returned to basal levels by 10 min
of exposure to ketamine (Fig. 3). In addition, morphine or fentanyl alone induced peak
levels (~4- and ~7-fold above basal respectively) between 5 and 10 min after exposure to the
drug and the signal returned to basal levels by 30 min (Fig. 3a and b). However, a
combination of ketamine with morphine or fentanyl resulted in a robust increase in peak
levels (~12-fold above basal) between 5 and 10 min which did not return to basal levels
even after 90 min of exposure to the drugs. At this time point (90 min), the levels of
phosphorylated ERK1/2 were found to be ~3-fold (over control) in the case of morphine +
ketamine and ~4-fold (over control) for fentanyl + ketamine (Fig. 3). These results suggest
that in addition to potentiating morphine or fentanyl-mediated phosphorylation of ERK1/2,
ketamine delays the extent of desensitization of μOR.

Effect of ketamine on resensitization of μOR-induced ERK1/2 phosphorylation
Next, we examined if the presence of ketamine affected the rate of receptor resensitization
(i.e. recovery of morphine- or fentanyl-mediated phosphorylation of ERK1/2). For this, the
receptors were desensitized by treatment with either morphine or fentanyl (10 μM) for 30
min (see Fig. 3). Media containing the drugs were removed, cells were quickly washed and
incubated in media in the absence or presence of ketamine (10 μM) for 5–90 min to allow
for receptor resensitization. At the end of each time interval, cells were treated for 5 min
with 10 μM morphine or fentanyl followed by western blot analysis. A schematic
representation of the protocol used for these experiments is shown in Fig. 4a.

As seen from Fig. 4b and c in the absence of ketamine, exposure to a second 5 min pulse of
either morphine or fentanyl leads to increases in phosphorylated ERK1/2 levels only after 30
min of withdrawal of the drugs from the media. However, in the presence of ketamine we
observe a significant shift in the time required for the exposure to a second 5 min pulse of
either morphine or fentanyl to induce an increase in phosphorylated ERK1/2 levels (15 min
vs. ~30 min in the absence of ketamine) (Fig. 4b and c). In addition, exposure to a second
pulse of morphine 90 min after drug withdrawal from the media, in the absence of ketamine,
leads to ~2-fold increase in ERK1/2 phosphorylation and this is increased to ~5-fold in the
presence of ketamine (Fig. 4b). Similar observations were made in the case of fentanyl,
where in the absence of ketamine we see ~4-fold increase in ERK1/2 phosphorylation that is
increased to ~10-fold in the presence of ketamine. These results suggest that ketamine is
able to affect the rate of receptor resensitization of μ receptor-mediated ERK1/2 signaling.

Effect of ketamine on total ERK1/2 levels
Next, we examined whether opioid treatment in the absence or presence of ketamine
changed total ERK1/2 levels. For this, we treated SK-N-SH cells or CHO cells stably
expressing μOR with morphine or fentanyl (10 μM) in the absence or presence of ketamine
(10 or 100 μM) for upto 4 h. We find that both in CHO cells stably expressing μOR (data
not shown) or in SK-N-SH cells endogenously expressing μOR, total ERK1/2 levels are not
significantly modulated following treatment with any of these drugs alone or in combination
(Figure S3).
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Discussion
In this study, we find a synergistic effect of ketamine on morphine/fentanyl-mediated
signaling that appears to be selective to the ERK1/2 pathway. Although ketamine was
shown to inhibit the formation of cAMP in a dose-dependent manner in CHO cells
expressing recombinant μ-, δ- and κ-opioid receptors, this effect was found to be neither
additive nor synergistic when ketamine was used in conjunction with opioid receptor
agonists (Hirota et al. 1999). Interestingly, we find that ketamine is more effective in
potentiating the phosphorylation of ERK1/2 by lower doses of opioid agonists than by
higher doses. This correlates with studies showing that ketamine administration increases
the effectiveness of opioids used in pain management (Abdel-Ghaffar et al. 1998).

Although ketamine acts primarily as a non-competitive NMDA-receptor antagonist (Willets
et al. 1990; Yamamura et al. 1990), several studies have shown that it also exhibits non-
NMDA-mediated effects by modulating the activity of nicotinic (Scheller et al. 1996),
muscarinic (Hustveit et al. 1995), opioid (Smith et al. 1980; Finck and Ngai 1982; Hustveit
et al. 1995; Hirota et al. 1999) as well as AMPA receptors (Li et al. 2010; Zarate et al.
2010). However, the molecular mechanisms underlying this are not clearly understood. A
recent study found that intraperitoneal administration of ketamine led to activation of the
mTOR and ERK pathways in synaptoneurosomes of prefrontal cortex and this was
completely blocked by pretreatment with a selective AMPA receptor inhibitor (Li et al.
2010). In vitro studies examining intracellular signaling have shown that ketamine interacts
stereoselectively with μOR and κOR (Finck and Ngai 1982; Hustveit et al. 1995). Studies
examining the effects of ketamine on binding of opiate ligands find that high but clinically
achievable concentrations of ketamine (> 100 μM) are able to displace a non-selective
opioid receptor antagonist ([3H] diprenorphine) binding to recombinant μOR (Hirota et al.
1999). In these studies, ketamine was found to significantly increase the affinity of
[3H]diprenorphine binding with no change in total binding. In this study, we find that
ketamine significantly increases the affinity of [3H]morphine or [3H]fentanyl albeit only at
high doses (100 μM) in cells endogenously expressing μ receptors. The fact that we find that
ketamine significantly potentiates morphine- or fentanyl-mediated signaling at doses that do
not affect binding supports a role for interactions at the level of intracellular signaling by
these drugs.

An interesting observation made in the current study is that while ketamine had no
significant effect on the potency of morphine (EC50 from 5.8 to 5.9 nM) in inducing
ERK1/2 phosphorylation, it substantially increased the potency of fentanyl (EC50 from 68 to
0.5 nM). This could reflect that ketamine differentially modulates the pathways leading to
ERK1/2 phosphorylation following μOR activation by morphine or fentanyl. Studies show
that Gi/o coupled receptor-mediated ERK1/2 phosphorylation can occur via G-protein-
dependent/-independent mechanisms (May and Hill 2008). In this context, a recent study
showed that while morphine could induce ERK1/2 phosphorylation primarily via a G
protein-dependent pathway through PKCε, fentanyl could activate both PKCε and β-
arrestin-mediated pathways (Zheng et al. 2011). Given that fentanyl can activate ERK1/2
phosphorylation by multiple mechanisms compared with morphine, this would suggest that
the robust effects observed with a combination of ketamine and fentanyl could be due to
greater effects of ketamine on G protein-independent pathways of ERK1/2 phosphorylation.
This is supported by our observation that ketamine did not potentiate opioid (morphine or
fentanyl)-mediated signaling at the level of receptor associated G-proteins. Thus, our results
suggest that ketamine stabilizes μOR conformations that promote its association with β-
arrestin thereby potentiating G protein-independent signaling. Alternatively, ketamine may
be changing the localization of the μOR from lipid to non-lipid rafts given the evidence
showing that G-protein-mediated ERK1/2 phosphorylation requires μOR localization to
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lipid rafts whereas β-arrestin-mediated ERK1/2 phosphorylation requires its localization to
non-lipid raft domains (Zheng et al. 2008). Further studies are needed to evaluate these
possibilities.

The ability of ketamine to increase the duration of opioid-induced analgesia suggests that it
could also modulate opioid-induced signaling in such a way that these receptors remained in
an active state for a longer time. This could be achieved by influencing the time course of
desensitization and resensitization of signaling by opioid receptors. Receptor desensitization
which occurs upon short-term (sec to min) exposure of cells to agonists is mediated by
uncoupling of activated receptors from G-proteins and this effectively terminates the
signaling process. Receptor resensitization occurs after withdrawal of agonists from the
media leading to a new round of signaling events following a second challenge with
agonists. Our results demonstrate that ketamine delays the desensitization and improves the
resensitization of ERK1/2 signaling. The overall effect of ketamine would thus appear to be
in keeping opioid-induced ERK1/2 signaling active for a longer time period.

Interestingly, several studies have demonstrated the involvement of ERK1/2 in nociception.
For example, noxius stimulus leads to an increase in ERK1/2 phosphorylation in DRG
neurons (Ji et al. 1999; Huang et al. 2000) whereas administration of an inhibitor of ERK1/2
phosphorylation leads to pain alleviation (Ji et al. 1999; Karim et al. 2001). However,
activation of μOR by opiates leads to ERK1/2 phosphorylation and antinociception (Fukuda
et al. 1996; Li and Chang 1996; Gutstein et al. 1997; Trapaidze et al. 2000) and this can be
potentiated by ketamine. This indicates that ERK1/2 plays a central role in pain perception
that may be modulated by down-stream signaling events eventually leading to either
nociception or antinociception.

In conclusion, our results implicate ERK1/2 signaling in ketamine–opioid interactions. They
also suggest that events involved in ERK1/2 signaling may have a significant role in
delineating the putative beneficial effects of ketamine in preemptive analgesia. As our
results indicate that ketamine delays the desensitization and improves the resensitization of
signaling via this pathway the overall effect would be in maintaining this pathway active for
a longer time period. This could have profound effects on the physiologic responses that
occur as a result of the activation of opioid receptors and could account for the observed
effects of ketamine on the duration of opioid-induced analgesia.
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Fig. 1.
Phosphorylation of ERK1/2 by μOR agonists. (a) CHO cells stably expressing Flag-tagged
μOR were treated for 5 min at 37°C with 10 μM of either ketamine, morphine, fentanyl,
morphine + ketamine (1 : 1) or fentanyl + ketamine (1 : 1). (b) SK-N-SH cells that
endogenously express μOR were treated for 5 min at 37°C with different concentrations (0–
100 μM) of ketamine, morphine, ketamine + morphine (1 : 1), fentanyl, fentanyl + ketamine
(1 : 1). (c) CHO cells stably expressing Flag-tagged μOR were treated with morphine or
fentanyl (100 nM) in the absence or presence of 10 μM of μ-receptor antagonist, CTOP, for
5 min at 37°C. Cell lysates from panels a–c were subjected to western blot analysis using
anti-phospho ERK1/2 and, anti-total ERK1/2 or anti-tubulin antibodies as described in
Materials and methods section. Values were normalized to control cells not subjected to
drug treatment. Results are the mean ± SE of six independent experiments in triplicates;
values that represent significant differences from control by Dunnett’s test are indicated **p
< 0.001.
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Fig. 2.
Effect of ketamine on morphine/fentanyl-induced ERK1/2 phosphorylation. SK-N-SH cells
were treated for 5 min at 37°C with different concentrations (0–100 μM) of morphine (a) or
fentanyl (b) in the absence or presence of ketamine (10 μM) and subjected to western blot
analysis using anti-phospho ERK1/2 and anti-tubulin antibodies as described in Materials
and methods section. Results are the mean ± SE of six independent experiments in triplicate.
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Fig. 3.
Time course of desensitization of opioid-induced ERK1/2 phosphorylation. SK-N-SH cells
were treated with 10 μM of either morphine (a) or fentanyl (b) for different time periods (0–
90 min) at 37°C in the absence or presence of ketamine (10 μM) and subjected to western
blot analysis using anti-phospho ERK1/2 and anti-tubulin antibodies as described in
Materials and methods section. Results are the mean ± SE of six independent experiments in
triplicates.
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Fig. 4.
Effect of ketamine on resensitization of opioid-induced ERK1/2 phosphorylation. (a)
Schematic representation of the assay protocol used to investigate the effect of ketamine on
resensitization of opioid-induced ERK1/2 phosphorylation. SK-N-SH cells were treated for
30 min at 37°C with 10 μM of either morphine (b) or fentanyl (c). Cells were washed free of
opioids and incubated for 5–90 min with media in the absence or presence of ketamine (10
μM). This was followed by a 5 min treatment with morphine or fentanyl (10 μM) following
which cells were lysed and subjected to western blot analysis using anti-phospho ERK1/2
and anti-tubulin antibodies as described in Materials and methods section. Results are the
mean ± SE of six independent experiments in triplicates.
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