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Dorsal Horn Neurons Firing at High Frequency, But Not
Primary Afferents, Release Opioid Peptides that Produce
-Opioid Receptor Internalization in the Rat Spinal Cord
Bingbing Song and Juan Carlos G. Marvizón
Center for Neurovisceral Sciences and Women’s Health, Division of Digestive Diseases, Department of Medicine, David Geffen School of Medicine at
University of California Los Angeles, Los Angeles, California 90073

To determine what neural pathways trigger opioid release in the dorsal horn, we stimulated the dorsal root, the dorsal horn, or the
dorsolateral funiculus (DLF) in spinal cord slices while superfusing them with peptidase inhibitors to prevent opioid degradation.
Internalization of -opioid receptors (MOR) and neurokinin 1 receptors (NK1R) was measured to assess opioid and neurokinin release,
respectively. Dorsal root stimulation at low, high, or mixed frequencies produced abundant NK1R internalization but no MOR internalization, indicating that primary afferents do not release opioids. Moreover, capsaicin and NMDA also failed to produce MOR internalization. In contrast, dorsal horn stimulation elicited MOR internalization that increased with the frequency, being negligible at ⬍10 Hz
and maximal at 500 Hz. The internalization was abolished by the MOR antagonist D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2 (CTAP), in
the presence of low Ca 2⫹ and by the Na ⫹ channel blocker lidocaine, confirming that it was caused by opioid release and neuronal firing.
DLF stimulation in “oblique” slices (encompassing the DLF and the dorsal horn of T11–L4) produced MOR internalization, but only in
areas near the stimulation site. Moreover, cutting oblique slices across the dorsal horn (but not across the DLF) eliminated MOR
internalization in areas distal to the cut, indicating that it was produced by signals traveling in the dorsal horn and not via the DLF. These
findings demonstrate that some dorsal horn neurons release opioids when they fire at high frequencies, perhaps by integrating signals
from the rostral ventromedial medulla, primary afferents, and other areas of the spinal cord.
Key words: C-fiber; dynorphin; endocytosis; endomorphin; enkephalin; dorsal horn; dorsolateral funiculus; internalization; neurokinin;
neurokinin 1 receptor; -opioid receptor; opioid; primary afferent; rat; release; spinal cord; substance P; tachykinin

Introduction
The spinal dorsal horn contributes to the powerful analgesic actions of the opioid system (Yaksh, 1987; Kanjhan, 1995; Przewlocki and Przewlocka, 2001). It contains abundant opioid peptides and ␦-, - and -opioid receptors (MOR) (Quirion, 1984;
Todd and Spike, 1993; Mansour et al., 1995). In particular, MORs
are present in primary afferents (Yaksh et al., 1980; Abbadie et al.,
2001) and in lamina II excitatory interneurons (Kemp et al.,
1996).
Little is known about the neural pathways that trigger opioid
release in the dorsal horn. One of them may be the periaqueductal
gray (PAG)–rostral ventromedial medulla (RVM)– dorsal horn
pathway, because of its analgesic actions (Basbaum et al., 1976;
Basbaum and Fields, 1984; Fields et al., 1991; Mason, 1999). Indeed, analgesia induced by PAG stimulation was reversed by spinal application of MOR antagonists (Budai and Fields, 1998).
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Nociceptive modality, i.e., chemical (Bourgoin et al., 1990) and
thermal (Cesselin et al., 1989) versus mechanical (Le Bars et al.,
1987a,b), seems to determine whether Met-enkephalin is released
from the spinal segment receiving the stimulus or from unrelated
ones. It is not clear, however, whether spinal opioid release
evoked by peripheral nerve stimulation is mediated supraspinally
(Hutchison et al., 1990) or not (Yaksh and Elde, 1981). Primary
afferents may release endomorphins (Martin-Schild et al., 1998;
Pierce et al., 1998; Spike et al., 2002; but see Schreff et al., 1998;
Marvizón and Song, 2002) or dynorphins, either directly (Basbaum et al., 1986; Sweetnam et al., 1986; Ribeiro-da-Silva and
Claudio Cuello, 1995) or indirectly (Cho and Basbaum, 1989).
Traditional approaches to study opioid release present several
problems. First, because there are many opioid peptides, measuring just one may miss the physiological actions of others (Yaksh et
al., 1983). Second, it is difficult to relate opioid release with receptor activation. Third, noxious stimulation may not be an effective way to evoke opioid release (Trafton et al., 2000). Fourth,
the whole animal may be too complex to pinpoint the neural
pathways involved. One way to deal with the first two problems is
to measure receptor internalization (Eckersell et al., 1998; Marvizón et al., 1999a), as has been done to measure neurokinin
release (Mantyh et al., 1995; Abbadie et al., 1997; Allen et al.,
1997, 1999; Liu et al., 1997; Marvizón et al., 1997, 1999b, 2003;
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Honore et al., 1999; Trafton et al., 1999, 2001). Admittedly, the
relationship between MOR activation and its internalization is
complex (Keith et al., 1996, 1998; Alvarez et al., 2002); however,
all endogenous opioids tested produced MOR internalization
(Song and Marvizón, 2003). Dealing with the second and third
problems requires approaches allowing the stimulation of specific pathways in the absence of others.
We investigated the contribution of different neural pathways
to opioid release in the dorsal horn by measuring MOR internalization. Spinal cord slices were used to electrically stimulate primary afferents, dorsal horn neurons, or the dorsolateral funiculus
(DLF).

Materials and Methods
Chemicals. Isoflurane was from Halocarbon Laboratories (River Edge,
NJ). Normal goat serum was from Jackson ImmunoResearch Laboratories (West Grove, PA). Prolong was from Molecular Probes (Eugene,
OR). Other chemicals used were purchased from Sigma/RBI (St. Louis,
MO). Capsaicin was dissolved in ethanol, and NMDA was dissolved in
0.1 M KOH to get stock solutions of 100 and 10 mM, respectively.
Media for slices. Artificial CSF (aCSF) contained (in mM): 124 NaCl, 1.9
KCl, 26 NaHCO3, 1.2 KH2PO4, 1.3 MgSO4, 2.4 CaCl2, and 10 glucose.
K ⫹–aCSF contained a higher concentration (5 mM) of KCl. Sucrose–
aCSF was identical to aCSF, except that NaCl was iso-osmotically replaced by sucrose (215 mM) and the concentration of KCl was 5 mM. In
one experiment the concentration of CaCl2 in aCSF was decreased to 0.2
mM. All of these media were bubbled constantly with 95% O2/5% CO2 for
oxygenation and a pH of 7.4.
Coronal spinal cord slice preparation. All animal procedures were approved by the Chancellor’s Animal Research Committee at University of
California Los Angeles and conform to National Institutes of Health
guidelines. Efforts were made to minimize the number of animals used
and their suffering. Coronal slices were prepared as described previously
(Randic et al., 1993; Marvizón et al., 1997, 1999a,b; Sandkuhler et al.,
1997). Briefly, Sprague Dawley rats 3– 4 weeks old (Harlan, Indianapolis,
IND) were anesthetized with isoflurane. A lumbar segment of the spinal
cord was rapidly extracted, placed in ice-cold sucrose–aCSF, and cleaned
of dura mater and ventral roots. The spinal cord segment was glued
vertically to a block of agar on the stage of a Vibratome (Technical Products International, St. Louis, MO) with a stereo microscope (PZM,
World Precision Instruments, Sarasota, FL) mounted over it. Coronal
spinal cord slices (400 m) were cut in ice-cold sucrose-aCSF, using
minimum forward speed and maximum vibration amplitude. Up to six
slices were obtained from each animal in the L1–L4 region. To prepare
slices without roots, all dorsal roots were cut away and the slices were cut
sequentially. To prepare slices with dorsal roots, selected roots were
lightly pulled to separate them from the spinal cord. The blade of the
Vibratome was carefully aimed just caudal to the entrance of the root,
and a first cut was made; then the root was moved over the blade, and a
second cut was made 400 m rostral of the first cut. Fiber continuity
between the root and the dorsal funiculus was assessed by examining the
dorsal surface of the slice with the stereo microscope; only slices with
⬎80% of the dorsal funiculus continuous with the root were used. After
cutting, slices were kept for 1 hr in K ⫹–aCSF at 35°C and then transferred
to aCSF at 35°C.
Oblique spinal cord slice preparation. Oblique spinal cord slices are a
new preparation encompassing the DLF and the dorsal horn of one side
of the spinal cord for six to seven spinal segments (typically, T11–L4).
They were cut in a plane 45° between the horizontal and the sagittal
planes. Their preparation was similar to that of coronal slices, except as
follows. A prism of agar (15 ⫻ 15 ⫻ 20 mm) was cut along the diagonal
of its square base to make an agar wedge with a plane at a 45° angle. One
of the sharp corners of the agar wedge was cut 8 mm from the edge to
make a flat surface. The agar wedge was glued to the stage of the Vibratome with its sloping side facing the blade and precisely aligned with
it. A spinal cord segment, approximately T10 –L6, was extracted from an
anesthetized rat and cleaned. To help locate spinal cord segments, the
T11 and L3 dorsal roots were left intact and the others were cut. The
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spinal cord was placed on the flat surface on top of the agar wedge with its
ventral side facing toward the blade, carefully aligning it with the edge of
the wedge. Loctite glue (Ted Pella Inc., Redding, CA) was applied to the
slopping face of the agar, and the spinal cord was carefully rolled onto it
to glue its ventral side to the wedge, paying attention to keep the spinal
cord aligned to the edge of the wedge. The blade of the Vibratome was
positioned so that it just touched the top of the spinal cord, retracted, and
brought down 700 m (approximately to the center of the dorsal funiculus), and the slice was cut. The correct geometry of the slice was confirmed by inspecting transversal sections of the remaining spinal cord.
Electrical stimulation of the dorsal root. Coronal slices with attached
roots were placed in a custom-made slice chamber (a gift from Dr. Marzia Malcangio, King’s College of London, London, UK) and superfused
at a rate of 3– 6 ml/min with aCSF at 35°C saturated with 95% O2/5%
CO2 and containing phosphoramidon, captopril, and actinonin (all 10
M). The bipolar electrode consisted of two platinum wires (diameter 0.5
mm) separated 1 mm that were located in a compartment separated from
the superfusion chamber by a partition with two small holes sealed with
vacuum grease. The dorsal root was drawn into the electrode compartment through one of the holes and placed on top of the platinum wires.
The electrode compartment was then emptied of aCSF and filled with
mineral oil. Contact between the root and the electrode wires and the
thickness of the sheet of aCSF surrounding the root was checked with a
stereo microscope, and any excess aCSF short-circuiting the electrode
was eliminated. Electrical stimulation was generated by a Grass S-88
stimulator and a SIU5A stimulus isolating unit (Grass Medical Instruments, Quincy, MA) driven by a Master-8 stimulator (A.M.P. Instruments, Jerusalem, Israel). Pulse intensity, duration, and the stimulation
pattern were checked before the experiment with an oscilloscope. Slices
were fixed 10 min after the end of the stimulation. To identify the side
ipsilateral to the root, a round hole was punched in the ventral horn to
mark it.
Electrical stimulation of the dorsal horn. Coronal slices without roots
were placed in the slice chamber, held vertically with pins with their
dorsal edge up, and superfused as described above. The stimulation electrode (purchased from Frederick Haer, Bowdoinham, ME) was a parallel
bipolar hook electrode (1 mm pole separation, 1 mm hook diameter)
made of platinum/iridium wires (0.25 mm thick). The electrode was
mounted on a manipulator and brought down on the slice so that its
poles were placed on either side of one dorsal horn. The shape and size of
the hook electrode was such that it completely covered one of the dorsal
horns but not the other. The level of the aCSF flowing through the chamber was lowered until the dorsal funiculus touched the surface, to decrease the short-circuiting of the current between the poles of the electrode above the slice. Electrical stimulation typically consisted of square
pulses of 30 V and 0.4 msec delivered in a single train of 1000 pulses at 100
Hz, but pulse intensity (volts), number of pulses, and frequency were
varied in the experiments. Slices were fixed 5 min after the end of the
stimulation. The stimulated side of the slice was marked with a round
hole in the ventral horn.
Electrical stimulation of the DLF. Oblique slices were used to stimulate
the DLF. Some of these slices were left intact (“no cut”), whereas others
were cut transversally between T13 and L1, either across the entire width
of the dorsal horn (“DH cut”) or across the entire width of the DLF
(“DLF cut”). The oblique slices were placed in the slice chamber, held
sideways with insect pins with the DLF up, and superfused as described
above. The stimulation electrode, the same used to stimulate the dorsal
horn, was brought down on the T12 segment of the slice so that its poles
were placed on either side of the DLF. Electrical stimulation consisted of
square pulses of 20 V and 0.4 msec delivered in 60 trains of 100 pulses at
100 Hz, one train every 10 sec, for a total of 6000 pulses. A few slices were
stimulated at lower pulses intensity (2 V, 0.1 msec) or at lower frequency
(20 Hz, also in trains of 100 pulses). Slices were fixed 5 min after the end
of the stimulation. To compare MOR internalization at different distances from the stimulation site, fixed slices were cut into three portions:
T11–T13 (“rostral”), including the stimulation site and rostral to the cut;
L1–L2 (“medial”), just caudal to the cut; and L3–L4 (“caudal”), the most
distal to the stimulation site.
Antibodies. To label MORs we used a rabbit antiserum (1:7000 dilu-
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tion) raised against amino acids 384 –398 of the cloned rat MOR-1 (DiaSorin, Stillwater, MN; catalog no. 24216). This antiserum has been characterized (Arvidsson et al., 1995) and shown to label dorsal horn neurons
(Spike et al., 2002). It does not recognize the MOR-1C and MOR-1D
splice variants, but these are present in primary afferent terminals and
mostly absent from dorsal horn neurons (Abbadie et al., 2001). To label
neurokinin-1 receptor (NK1R), we used NK1R guinea pig antiserum
(1:1000 dilution) purchased from Chemicon (Temecula, CA; catalog
AB5800), raised against amino acids 393– 407 of the rat NK1R, or rabbit
antiserum (1:2000 dilution; number 94168) (a gift from Dr. Nigel Bunnett, University of California San Francisco) also raised against amino
acids 393– 407 of the rat NK1R, previously characterized (Grady et al.,
1996). Double labeling with the rabbit NK1R and guinea pig NK1R antisera resulted in complete colocalization of the staining at the cellular
and subcellular levels. The guinea pig NK1R antiserum was used for
double labeling with the MOR antibody. To label opioid-containing fibers, we used monoclonal antibody 3-E7 (dilution 1:1000) purchased
from Gramsch Laboratories (Schwabhausen, Germany), which recognizes the N-terminal sequence Tyr-Gly-Gly-Phe-Met- of ␤-endorphin
and cross-reacts completely with Met- and Leu-enkephalin and partially
with dynorphins and ␣-neoendorphin (Gramsch et al., 1983; Song and
Marvizón, 2003). Secondary antibodies were Alexa-488 goat anti-rabbit
IgG and Alexa-568 goat anti-guinea pig IgG, both from Molecular
Probes, used at 1:2000 and 1:1000 dilutions, respectively.
Immunohistochemistry. Histological sections from spinal cord slices
were routinely double labeled for MORs and NK1Rs to assess the internalization of both receptors. NK1R internalization served to confirm that
electrical stimulation had been delivered to the slice when there was no
MOR internalization. Sections were prepared and labeled as described
previously (Marvizón et al., 1997, 1999a, 2003; Song and Marvizón,
2003), with some modifications. Coronal and oblique slices were fixed,
cryoprotected, frozen on dry ice, and sectioned with a cryostat at 25 m
in the coronal or oblique planes, respectively. For oblique slices, only the
topmost 16 sections (corresponding to the dorsal horn) were collected.
Sections were washed twice with PBS and twice with PBS, 0.3% Triton
X-100, 0.001% thimerosal (PBS/Triton) containing 5% normal goat serum and then incubated at room temperature overnight with the MOR
and NK1R primary antibodies in PBS/Triton. For double labeling, the
rabbit MOR and guinea pig NK1R antisera were added together to the
sections. After three washes with PBS, sections were incubated for 2 hr at
room temperature with the secondary antibodies (combined for double
labeling) in PBS/Triton. Sections were washed four more times with PBS
and mounted in Prolong. Preabsorption of the MOR antibody with its
immunizing peptide (10 g/ml) abolished the staining. Labeling of MOR
in sections from slices was similar to sections from perfusion-fixed rats
(Marvizón et al., 1999a). A similar procedure was used to label spinal
cord sections with the 3E7 antibody: adult rats were anesthetized with
isoflurane and fixed by aortal perfusion; a lumbar segment of the spinal
cord was sectioned in the horizontal plane at the level of the DLF, and
sections were incubated with the 3E7 antibody (other details were the
same as above).
Confocal microscopy and image processing. Confocal images were acquired at the Carol Moss Spivak Cell Imaging Facility of the University of
California Los Angeles with a Leica TCS-SP confocal microscope outfitted with argon (476 and 488 nm) and krypton (568 nm) lasers. The
pinhole was 1.0 Airy units. Objectives were 20⫻ (0.7 numerical aperture), 63⫻ (1.32 numerical aperture) or 100⫻ (1.4 numerical aperture),
giving optical section thickness (full-width half-maximum) of 2.53, 0.69,
and 0.62 m, respectively. Optical sections were obtained at intervals of
2.48 m (for 20⫻) or 0.57 m (for 63⫻ and 100⫻) and averaged four
times to reduce noise. Images were processed using Adobe Photoshop
5.5. The “curves” feature of the program was used to adjust the contrast
and balance the colors of double-labeled images. Images were acquired at
a digital size of 1024 ⫻ 1024 pixels and were later cropped to the relevant
part of the field without altering the original image resolution.
Quantification of MOR and NK1R internalization. Previously described procedures were used to quantify MOR internalization (Marvizón et al., 1999a; Song and Marvizón, 2003) and NK1R internalization
(Mantyh et al., 1995; Abbadie et al., 1997; Marvizon et al., 1997, 1999b,
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2003; Trafton et al., 1999, 2001). The person counting the neurons was
blinded to the treatment given to the slice. A Zeiss Axiovert 135 (Carl
Zeiss, Thornwood, NY) fluorescence microscope outfitted with a 100⫻
objective was used to count neurons. The percentage of MOR neurons in
laminas I–II or NK1R neurons in lamina I with internalization was calculated in relation to the total number of MOR or NK1R neurons sampled, respectively. MOR neuronal somas with ⬎5 endosomes and NK1R
somas with ⬎10 endosomes were considered to have internalized receptors. At least three sections per slice were counted.
Data analysis. Treatments were randomized between slices, and no
more than two slices from the same animal received the same treatment.
Data were analyzed using Prism 4 (GraphPad Software, San Diego, CA).
Error bars represent SE. Statistical analyses consisted of one-way
ANOVA and Tukey’s post-test, or two-way ANOVA and Bonferroni’s
post-test, with significance set at 0.05. Some data were fitted using nonlinear regression by a saturation function: Y ⫽ Bmax * X/(KD ⫹ X ) or by
a sigmoidal dose–response function: Y ⫽ bottom ⫹ (top-bottom)/(1 ⫹
10ˆ(Log EC50 ⫺ Log X)), where “top” and “bottom” are the maximum
and minimum values of Y, respectively, and EC50 is the value of X that
produces half of the response ( Y). Parameter constraints were 0% ⬍
top ⬍ 100%, 0% ⬍ bottom. The statistical error associated with the EC50
was expressed as 95% confidence interval (95% C.I.).

Results
We found previously that MOR internalization in the dorsal horn
produced by released opioids could be assessed only in the presence of inhibitors of three peptidases (Song and Marvizón, 2003).
Therefore, unless stated otherwise, all experiments were done in
the presence of phosphoramidon, an inhibitor of neutral endopeptidase (EC.3.4.24.11), captopril, an inhibitor of dipeptidyl
carboxypeptidase (EC.3.4.15.1), and amastatin or actinonin, inhibitors of aminopeptidase N (EC.3.4.11.7).
Dorsal root stimulation
Our first goal was to determine whether opioids are released from
primary afferents. To achieve this, we stimulated electrically one
dorsal root attached to a coronal spinal cord slice and measured
MOR internalization and NK1R internalization in the ipsilateral
and contralateral dorsal horns. NK1R internalization was measured to determine whether endomorphins (or other opioids) are
co-released with neurokinins from primary afferent terminals, as
suggested by previous studies (Martin-Schild et al., 1998; Pierce
et al., 1998; Williams et al., 1999). Slices were superfused with
aCSF at 35°C containing peptidase inhibitors, and the root was
placed on a bipolar electrode and covered with mineral oil in a
side compartment of the slice chamber. This method provides
very consistent stimulation because the electric current is forced
to pass through the root by the low conductivity of the mineral
oil, and it also prevents the current from reaching the dorsal horn
and directly evoking peptide release there. Electrical stimulation
consisted of 6000 pulses of 30 V and 0.4 msec. This pulse intensity
and duration were sufficient to recruit C-fibers (Koslow et al.,
1973; Li and Bak, 1976; Swett and Bourassa, 1981) because (1) it
produced NK1R internalization (Fig. 1), (2) higher pulse intensities did not produce more NK1R internalization (data not
shown), and (3) it evoked action potentials with C-fiber conduction velocity when used to stimulate the sciatic nerve of anesthetized rats in similar conditions (i.e., in a pool of mineral oil)
(Marvizón et al., 2000).
The pattern of primary afferent firing plays a crucial role in
determining the release of different neuropeptides. Thus, substance P release (Go and Yaksh, 1987) and NK1R internalization
(Marvizón et al., 1997, 2000) are favored by high-frequency stimulation, whereas the release of brain-derived neurotrophic factor
(BDNF) can be elicited only by a firing pattern consisting of short
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(Fig. 2 D) and thus was able to release an amount of neurokinins
sufficient to diffuse into this lamina. In conclusion, dorsal root
stimulation able to produce abundant neurokinin release did not
produce enough opioid release to activate MORs in dorsal horn
neurons.

Figure 1. Dorsal root stimulation. Coronal spinal cord slices with one dorsal root were placed
in a slice chamber and superfused with aCSF containing peptidase inhibitors for at least 2 min
before stimulation. The root was drawn into a side compartment, placed on a bipolar electrode,
and covered with mineral oil. Electrical stimulation consisted of 6000 pulses of 30 V and 0.4
msec delivered in three different patterns: single train at 5 Hz for 20 min ( A); 60 trains of 100
pulses at 100 Hz every 10 sec ( B); 1500 trains of 4 pulses at 100 Hz every 0.2 sec (TBS) ( C). MOR
and NK1R internalization were measured in laminas I–II and lamina I, respectively, of the dorsal
horn ipsilateral (stimulated) or contralateral to the root. Data are the mean ⫾ SEM of four slices
(5 slices in B). Each panel was analyzed with a two-way ANOVA, the two variables being side (stimulated or contralateral) and receptor (MOR or NK1R). The effect of both variables and their interaction
wassignificant( p⬍0.0001)forA–C.Bonferroni’spost-testrevealedsignificantdifferencesbetween
the stimulated and contralateral sides for NK1R (***p ⬍ 0.001) but not for MOR.

bursts at high frequency (Lever et al., 2001). Therefore, we used
three different root stimulation patterns to evoke opioid release.
The first (Fig. 1 A) was a continuous train at low frequency (5 Hz
for 20 min). We did not use lower frequencies to be able to deliver
a large number of pulses in a sufficiently short period of time. The
second stimulation pattern (Fig. 1 B) consisted of high-frequency
stimulation (100 Hz). Because C-fibers may be unable to follow
long periods of high-frequency stimulation (Swett and Bourassa,
1981), the 6000 pulses were distributed in 60 trains of 100 pulses
each, 1 train every 10 sec. The third stimulation pattern (Fig. 1C)
was the one that evokes BDNF release [theta burst stimulation
(TBS)]: short trains (“bursts”) of four pulses at 100 Hz, one train
delivered every 0.2 sec.
All three stimulation patterns produced abundant NK1R internalization but negligible MOR internalization, as can be observed in the confocal images in Figure 2 B–D. In contrast, little
NK1R internalization was found in the nonstimulated (contralateral) side of the slices (Fig. 2 A); the amount of NK1R internalization in it (Fig. 1) was similar to that obtained in control (not
stimulated) slices (Marvizón et al., 1997). Confirming a previous
report (Spike et al., 2002), we found absolutely no colocalization
of MOR and NK1R immunoreactivities in the dorsal horn (Figs.
2, 3). Quantitative data corresponding to each of the three stimulation patterns (Fig. 1) were analyzed with a two-way ANOVA
with the variables “side” (i.e., ipsilateral versus contralateral) and
“receptor” (MOR or NK1R). The effect of both variables and
their interaction was significant ( p ⬍ 0.0001) for all three patterns. Bonferroni’s post-test revealed significant differences between the stimulated and contralateral sides for NK1R ( p ⬍
0.001) but not for MOR. Although NK1R neurons are located in
lamina I and MOR neurons are more abundant in lamina II (Fig.
2 A, C), occasionally they were observed in close proximity (Fig.
2 B), but the differences in internalization persisted, indicating
that the lack of MOR internalization was not caused by the inability of released opioids to diffuse into lamina II. Root stimulation produced NK1R internalization in lamina III neurons as well

Lack of effect of capsaicin and NMDA on
MOR internalization
To further explore whether opioids are released from primary
afferents, we incubated spinal cord slices with compounds known
to stimulate neurokinin release (Table 1). Capsaicin produces
abundant substance P release (Go and Yaksh, 1987; Aimone and
Yaksh, 1989; Afrah et al., 2001; Lever and Malcangio, 2002) and
subsequent NK1R internalization (Lao et al., 2003; Marvizón et
al., 2003), but it failed to produce MOR internalization at a concentration of 10 M. Likewise, NMDA produces NK1R internalization (Marvizón et al., 1997) and substance P release (Malcangio et al., 1998) by activating presynaptic NMDA receptors
expressed in primary afferent neurons (Marvizón et al., 2002)
and present in the central terminals of C-fibers (Liu et al., 1994).
NMDA (100 M) also failed to elicit MOR internalization, although it was applied together with D-serine (10 M), a specific
agonist of the glycine coagonist site of NMDA receptors, which is
required for their activation (Johnson and Ascher, 1987). To
avoid excitotoxic effects, the incubation time with NMDA plus
D-serine was kept short (1 min) and was followed by a 10 min
incubation with peptidase inhibitors to allow enough time for
MOR internalization to take place (Marvizón et al., 1999a).
Longer incubation times (5 min) with NMDA also failed to produce MOR internalization. Capsaicin or NMDA plus D-serine
also failed to produce MOR internalization in the absence of
peptidase inhibitors (data not shown). Therefore, chemical stimuli that produce neurokinin release from primary afferents do
not release opioids in amounts sufficient to activate MORs in
dorsal horn neurons. Furthermore, we concluded that activation
of postsynaptic NMDA receptors in dorsal horn neurons (Randic
et al., 1993) does not evoke opioid release either.
Dorsal horn stimulation
Our second goal was to determine whether electrical stimulation
of the dorsal horn could evoke opioid release and MOR internalization. Coronal spinal cord slices were placed with the dorsal
horn up in a slice chamber and superfused with peptidase inhibitors. A bipolar electrode was then placed with its poles on either
side of one of the dorsal horns. The “hook” shape of the electrode
covered practically all of that dorsal horn (“stimulated”) but not
the other dorsal horn (“contralateral”). We labeled the tissue for
NK1Rs in addition to MORs (Fig. 3) to compare the ability of the
stimuli to produce neurokinin and opioid release.
First we determined the optimal pulse intensity to evoke opioid release (Fig. 4 A). A single train of 1000 pulses at 100 Hz was
delivered through the electrode. Square pulses had a duration of
0.4 msec and intensities between 10 and 70 V (no current was
passed to obtain data at “0 V”). In the stimulated dorsal horn,
MOR internalization quickly reached a maximum, becoming essentially constant at pulse intensities ⬎20 V. A saturation function fit well the data points, yielding a Bmax of 64 ⫾ 6% MOR
neurons with internalization and a KD of 7 ⫾ 3 V. In the contralateral dorsal horn, MOR internalization was much lower, becoming appreciable only at the highest pulse intensities. NK1R
internalization (Fig. 4 B) increased with pulse intensity in a way
similar to that of MOR internalization in the stimulated dorsal
horn (Bmax ⫽ 59 ⫾ 3% NK1R neurons with internalization; KD ⫽
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C.I. ⫽ 118 – 479 pulses). A large number of
pulses also produced substantial MOR and
NK1R in the contralateral dorsal horn,
showing that the efficiency of the residual
current spreading into this dorsal horn increased with the number of pulses.
Third, we studied the effect of stimulation frequency on MOR internalization.
One thousand pulses of 30 V and 0.4 msec
were delivered in a single train at frequencies between 1 and 100 Hz. MOR internalization increased dramatically with stimulation frequency (Fig. 6 A). At frequencies
⬍10 Hz, MOR internalization was negligible, whereas NK1R internalization was observed in many neurons (Fig. 6 B). For example, Figure 3A shows an area in the
central dorsal horn after 3 Hz stimulation:
no internalization is observed in the MOR
neuron in the center of the image, but substantial internalization can be seen in several NK1R neurons surrounding it. Likewise, no MOR internalization was
observed in slices not stimulated (Fig. 7A).
At frequencies ⬎10 Hz the number of
MOR neurons with internalization increased dramatically, following a saturation function. Data in Figure 6 A were fitted with a sigmoidal dose–response
function (because they were plotted using
a logarithmic scale), which yielded a maxFigure 2. Confocal images of MOR and NK1R neurons after dorsal root stimulation. Coronal spinal cord slices were superfused imum effect of 84 ⫾ 7% MOR neurons
with peptidase inhibitors and stimulated at the dorsal root with 6000 pulses delivered at 5 Hz continuously, at 100 Hz in 60 trains, and an EC50 of 53 Hz (95% C.I. ⫽ 19 –144
or as TBS (trains every 0.2 sec of 4 pulses at 100 Hz). Sections from the slices were double labeled for MOR (green) and NK1R (red). Hz). Figure 7B shows two MOR neurons
Dorsal is up. Roman numerals indicate the approximate position of laminas I–III. DF, Dorsal funiculus. Arrows and arrowheads with internalization after 100 Hz stimulaindicate cells with and without internalization, respectively. A, No stimulation (contralateral to the root stimulated with TBS): five tion, and Figures 3B and 7C show neurons
NK1R neurons and five MOR neurons in the central dorsal horn show no internalization. B, Stimulation at 5 Hz: two NK1R neurons with MOR internalization after 500 Hz
in the medial dorsal horn show substantial internalization, whereas two MOR neurons show no internalization. C, Stimulation at
stimulation in the medial and central dor100 Hz: two NK1R neurons in lamina I of the central dorsal horn show abundant internalization, whereas three MOR neurons in
lamina II show no internalization. D, Stimulation with TBS: two NK1R neurons in lamina III of the central dorsal horn show sal horn, respectively. One neuron in Figinternalization, whereas a MOR neuron in lamina II shows no internalization. Confocal images were taken at 63⫻ for A, C, and D ure 3B also shows NK1R internalization.
Therefore, very high stimulation frequen(scale bar, 20 m) and at 100⫻ for B (scale bar, 12.5 m) and consist of two optical sections separated 0.57 m.
cies (500 Hz) produced MOR internalization in most MOR dorsal horn neurons;
6 ⫾ 2 V) but was higher in the contralateral dorsal horn. The
however, in the absence of peptidase inhibitors, even 500 Hz
presence of MOR and NK1R internalization in the contralateral
stimulation did not produce MOR internalization (just in 4 ⫾ 2%
dorsal horn indicated that some of the electrical current spread
of MOR neurons of the stimulated dorsal horn), but it still prointo it; however, its effect was indistinguishable from controls at
duced NK1R internalization (in 52 ⫾ 1% of NK1R neurons of the
intensities ⬍30 V. Because 30 V produced maximal internalizastimulated dorsal horn).
tion in the stimulated dorsal horn, it was chosen as the standard
In these conditions, NK1R internalization showed little frepulse intensity for subsequent experiments.
quency dependence, in contrast with our previous results using
Second, we investigated the effect of the number of pulses on
dorsal root stimulation (Marvizón et al., 1997, 1999b). Thus,
MOR internalization. Pulses of 30 V and 0.4 msec were delivered
two-way ANOVA of the data in Figure 6 B yielded no significant
at 100 Hz in a single train. MOR internalization increased with
effect of frequency; however, there was a trend toward an increase
the number of pulses, also following a saturation curve; however,
of NK1R internalization with frequency up to 200 Hz and then a
we represented the data in Figure 5A in a logarithmic scale for
decrease at 500 Hz (probably because the stimulated fibers could
clarity, fitting them to a sigmoidal dose–response curve. The fitnot follow this high frequency). In a parallel study (our unpubting yielded an EC50 of 131 pulses (95% C.I. ⫽ 28 – 606 pulses)
lished observations), we found that the frequency dependence of
and a maximum effect (“top”) of 63 ⫾ 4% MOR neurons with
NK1R internalization becomes less pronounced in the presence
internalization. Therefore, even a large number of pulses did not
of peptidase inhibitors, which explains these results.
produce MOR internalization in all MOR neurons of the stimuFourth, we confirmed that MOR internalization produced by
lated dorsal horn. Similarly, NK1R internalization (Fig. 5B) satelectrical stimulation of the dorsal horn was caused by opioid
urated with increasing the number of pulses, with a maximum
release. Coronal slices were stimulated with 3000 pulses (30 V and
effect of 62 ⫾ 2% NK1R neurons and an EC50 of 237 pulses (95%
0.4 msec) at 100 Hz while they were superfused with peptidase
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Figure 3. Confocal images of MOR and NK1R neurons after dorsal horn stimulation. Coronal spinal cord slices were superfused with peptidase inhibitors, and one dorsal horn was stimulated with
a single train of 1000 pulses. Dorsal is up. Roman numerals indicate the approximate position of laminas I and II. DF, Dorsal funiculus. Arrows and arrowheads indicate cells with and without
internalization, respectively. A, Stimulation at 3 Hz produced abundant NK1R internalization in this cluster of NK1R neurons, but no MOR internalization in the MOR neuron in the center of the image.
B, Stimulation at 500 Hz produced MOR internalization in this cluster of MOR neurons and NK1R internalization in the neuron at the top of the image. Confocal images were taken at 100⫻ (scale bar,
10 m) and consist of two optical sections separated 0.57 m.
Table 1. Lack of effect of capsaicin and NMDA on MOR internalization
Drugs

Drug concentration

Incubation with drug

Incubation without drug

% MOR neurons with internalization

n

None
Capsaicin
NMDA, D-Ser

10 M
100 M, 10 M

20 min
1 min

20 min
0 min
10 min

11 ⫾ 1
12 ⫾ 3
8⫾2

10
4
4

Coronal spinal cord slices were incubated at 35 °C in aCSF containing peptidase inhibitors (amastatin, captopril, and phosphoramidon) and the drugs indicated. Data are the mean ⫾ SE of n slices. ANOVA indicated no significant differences
from “None” (p ⫽ 0.35).

inhibitors and other additions (Table 2). The MOR-selective antagonist D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2 (CTAP)
(10 M) abolished MOR internalization produced by dorsal horn
stimulation (Fig. 7D), showing that it was caused by the binding
of agonists to the receptor. MOR internalization was also abolished in aCSF that contained a lower concentration of Ca 2⫹ (0.2
mM instead of 2.4 mM) (Fig. 7E), probably because this prevented
the Ca 2⫹-dependent release of opioids. This low concentration of
Ca 2⫹ did not interfere with MOR internalization produced by
exogenously added opioids (Song and Marvizón, 2003). Finally,
MOR internalization was abolished by 1 mM lidocaine (Fig. 7F ),
a Na ⫹ channel blocker that prevents the firing of action potentials (Courtney and Strichartz, 1987). Therefore, the electrical
pulses produced opioid release by evoking action potentials and
not by directly depolarizing presynaptic terminals.
DLF stimulation
Our third goal was to investigate whether electrical stimulation of
the DLF was able to produce opioid release in the dorsal horn.
The DLF contains axons of neurons in the ventromedial medulla
projecting into the dorsal horn (Basbaum et al., 1976; Basbaum
and Fields, 1979, 1984) that produce MOR-mediated analgesia,
probably through the release of opioids from dorsal horn interneurons (Todd and Spike, 1993; Budai and Fields, 1998). In coronal spinal cord sections, we observed that the DLF was brightly
labeled by the monoclonal antibody 3E-7 (Song and Marvizón,
2003), which recognizes endorphins, enkephalins, and dynorphins. We now labeled horizontal spinal cord sections at the level
of the DLF with the 3E-7 antibody to determine the morphology
of the 3-E7-immunoreactive structures. As can be observed in
Figure 8 A, the 3E-7 antibody stained numerous fibers in the DLF

running rostrocaudally. A few lateral branches and puncta were
observed at higher magnification (Fig. 8 B). Therefore, axons in
the DLF contain opioids and may release them when stimulated.
Because DLF axons course rostrocaudally and branch gradually into the dorsal horn (Fields et al., 1995), in coronal spinal
cord slices there would be very little fiber continuity between the
DLF and the dorsal horn. Therefore, stimulating the DLF in coronal slices would not allow us to detect opioid release in the dorsal
horn. This experiment required a slice preparation that (1) contained both the dorsal horn and the DLF, (2) extended rostrocaudally for several spinal segments, and (3) was thin enough to
allow oxygen penetration for cell survival. To meet these requirements, we developed an oblique spinal cord slice preparation that
was cut at a 45° angle between the horizontal and the sagittal
planes to comprise most of the DLF and the dorsal horn throughout spinal segments T11–L4 (see Materials and Methods).
Oblique slices were superfused with peptidase inhibitors, and
a bipolar electrode was placed on either side of the DLF at the
rostral end of the slice (T12) to evoke action potentials in DLF
axons that would travel anterogradely and enter the dorsal horn
for the entire length of the slice. We also expected some retrograde propagation of action potentials into T11. Control slices
were treated the same way, including superfusion with peptidase
inhibitors and electrode placement, but no current was passed.
Stimulation consisted of square pulses of 20 V and 0.4 msec delivered at 100 Hz. A large number of pulses (6000) were used but
broken into 60 trains of 100 pulses (1 train every 10 sec) to prevent the blockade of fibers that might be unable to follow highfrequency stimulation. Some slices were stimulated similarly but
with lower pulse intensity (2 V, 0.1 msec) or at lower frequency
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Figure 4. Dorsal horn stimulation: pulse intensity. Coronal spinal cord slices were superfused
with aCSF containing peptidase inhibitors. A hook stimulation electrode was positioned with its
poles on either side of one of the dorsal horns (stimulated) and used to deliver 1000 pulses in a
single train at 100 Hz. Pulses had a duration of 0.4 msec and intensities of 10 –70 V, as indicated
in the figure. For 0 V, slices were treated in the same way, but no current was passed through the
electrode. Sections from the slices were double labeled for MOR and NK1R, and internalization
of MOR in laminas I–II neurons ( A) and NK1R in lamina I neurons ( B) was measured in the same
sections. Points represent the mean ⫾ SEM of four to six slices. Two-way ANOVA for each panel
revealed significant effects of side (i.e., stimulated versus contralateral; p ⬍ 0.0001) and pulse
intensity ( p ⬍ 0.01). Curves represent fitting of a saturation function to the data, yielding the
following parameter values: MOR, stimulated side: Bmax ⫽ 64 ⫾ 6% MOR neurons, KD ⫽ 7 ⫾
3 V; NK1R, stimulated side: Bmax ⫽ 59 ⫾ 3% NK1R neurons, KD ⫽ 6 ⫾ 2 V.

(20 Hz), but this did not produce MOR internalization, even near
the electrode (data not shown).
Because axons from the RVM innervate the dorsal horn along
the entire length of the spinal cord (Fields et al., 1995), their firing
should produce opioid release in areas distant from the stimulation site. Therefore, we compared MOR internalization at different distances from the stimulation site by dividing the oblique
slices into three portions comprising segments T11–T13 (rostral,
encompassing the stimulation site), L1–L2 (medial), and L3–L4
(caudal). Each portion was then sectioned at 25 m and double
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Figure 5. Dorsal horn stimulation: number of pulses. Coronal spinal cord slices were superfused with aCSF containing peptidase inhibitors. The stimulation electrode was positioned with
its poles on either side of one of the dorsal horns (stimulated) and used to deliver a single train
at 100 Hz with the indicated number of pulses (30 V, 0.4 msec). For 0 pulses, no current was
passed through the electrode (same data as 0 V in Fig. 4). Sections from the slices were double
labeled for MOR and NK1R, and internalization of MOR in laminas I–II neurons ( A) and NK1R in
lamina I neurons ( B) was measured in the same sections. Points represent the mean ⫾ SEM of
three to six slices. Two-way ANOVA for each panel revealed significant effects ( p ⬍ 0.001) of
side (i.e., stimulated versus contralateral) and pulse number. Curves represent fitting of a sigmoidal dose–response function to the data, yielding the following parameter values: MOR,
stimulated side: top ⫽ 63 ⫾ 4% MOR neurons, EC50 ⫽ 131 pulses (95% C.I. ⫽ 28 – 606
pulses); NK1R, stimulated side: top ⫽ 62 ⫾ 2% NK1R neurons, EC50 ⫽ 237 pulses (95% C.I. ⫽
118 – 479 pulses).

labeled for MORs and NK1Rs. We measured NK1R internalization to have positive control of the efficiency of the stimulation.
Results are shown in Figure 9 and in confocal images of the
medial portion of the slices (Fig. 10). In control slices, MOR
internalization was negligible (Figs. 9A, 10 A) and NK1R internalization (Figs. 9B, 10 A) was at background level (Fig. 1). DLF
stimulation in intact slices (no cut) produced a substantial increase of both MOR internalization and NK1R internalization in
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the medial portion only through the DLF. Conversely, another
set of slices was cut across the DLF (DLF cut), leaving the dorsal
horn intact, to allow action potentials to travel from the rostral to
the medial portion only through the dorsal horn. Slices with the
DH cut showed a significant ( p ⬍ 0.05) (Fig. 9) decrease in both
MOR and NK1R internalization in their medial portion (Fig.
10C) compared with intact slices and, surprisingly, even a trend
toward a decrease in the rostral portion. Therefore, exclusive
stimulation of the DLF was not able to evoke opioid release. In
contrast, in slices with the DLF cut, MOR and NK1R internalization in the medial portion (Fig. 10 D) was not significantly different from intact slices. Therefore, results in intact slices (no cut)
are attributable to action potentials traveling via the dorsal horn
and not via the DLF.

Figure 6. Dorsal horn stimulation: frequency. Coronal spinal cord slices were superfused
with aCSF containing peptidase inhibitors. The stimulation electrode was positioned with its
poles on either side of one of the dorsal horns (stimulated) and used to deliver a single train of
1000 pulses (30 V, 0.4 msec) at the indicated frequencies. Sections from the slices were double
labeled for MOR and NK1R, and internalization of MOR in laminas I–II neurons ( A) and NK1R in
lamina I neurons ( B) was measured in the same sections. Points represent the mean ⫾ SEM of
three to six slices. Two-way ANOVA of the MOR internalization data revealed significant effects
( p ⬍ 0.0001) of side (i.e., stimulated versus contralateral) and frequency and their interaction.
Two-way ANOVA of the NK1R internalization data revealed a significant effects of side ( p ⬍
0.0001) but not of frequency. Curves represent fitting of a sigmoidal dose–response function,
yielding the following parameter values for MOR (stimulated side): top ⫽ 84 ⫾ 7% MOR
neurons, EC50 ⫽ 53 Hz (95% C.I. ⫽ 19 –144 Hz).

the rostral and medial portions (Fig. 10 B), but not in the caudal
portion, suggesting that the signals producing opioid and neurokinin release were not able to travel far down the DLF axons. In
fact, they may have traveled via the dorsal horn because although
the stimulation electrode was placed around the DLF, some of the
electric current may have spread to the adjacent dorsal horn,
producing opioid release from the axons of interneurons extending away from the stimulation site. To examine this possibility,
we cut the oblique slices transversally between T13 and L1, just
caudal of the stimulation site at T12. One set of slices was cut
across the entire width of the dorsal horn (DH cut), leaving the
DLF intact, to allow action potentials to travel from the rostral to

Stimulation of the DLF in the presence of GABAA and
glycine antagonists
One possible explanation for the failure of DLF stimulation to
induce opioid release in the dorsal horn is that the stimulus recruited fibers that inhibit opioid release together with those that
stimulate it. We further hypothesized that this inhibition of opioid release was mediated by a GABAergic action similar to the one
that mediates the mutual inhibition between ON cells and OFF
cells in the nucleus raphe magnus (Fields et al., 1991; Skinner et
al., 1997). GABAergic interneurons are abundant in the dorsal
horn (Todd and McKenzie, 1989; Powell and Todd, 1992; Laing
et al., 1994), and many of them are also glycinergic (Todd and
Sullivan, 1990; Todd et al., 1996). Thus, to test this hypothesis, we
superfused oblique slices with the GABAA antagonist (⫺)bicuculline methbromide (5 M) and the glycine antagonist strychnine (2 M) and stimulated their DLF at T12. The slices were cut
across the dorsal horn at T13 to ensure that action potentials
propagating caudally had to travel through the DLF. In slices not
stimulated, bicuculline plus strychnine failed to increase MOR
internalization or NK1R internalization (two-way ANOVA not
significant; n ⫽ 3; data not shown). Results from slices stimulated
in the presence and absence of bicuculline plus strychnine are
shown in Figure 11. A two-way ANOVA revealed no significant
effect of bicuculline plus strychnine, although in the medial portion of the slices there was a trend toward an increase in MOR and
NK1R internalization. In any case, MOR internalization decreased toward the caudal portion, where it was negligible ( p ⬍
0.01 for the “portion” variable). Therefore, even in the presence
of bicuculline plus strychnine, opioid release was not induced by
action potentials propagating down the DLF for more than two
spinal segments.

Discussion
In conclusion, in the dorsal horn (1) primary afferents do not
release opioids in amounts sufficient to activate MOR in neurons;
(2) the main source of opioids are intrinsic neurons that release
them when firing at high frequency; and (3) DLF stimulation did
not produce detectable opioid release.
Primary afferents do not release opioids
We found that intensive stimulation of the dorsal root produced
abundant NK1R internalization, indicative of neurokinin release
(Marvizón et al., 2003), but no MOR internalization. In contrast,
chemical (Song and Marvizón, 2003) and electrical stimulation of
the dorsal horn readily produced MOR internalization by releasing
opioids. We explored several stimulation patterns of the root, and all
failed to produce MOR internalization. Moreover, capsaicin (Lever
and Malcangio, 2002; Marvizón et al., 2003) and NMDA (Liu et al.,
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Figure 7. Confocal images of MOR neurons after dorsal horn stimulation. Coronal spinal cord slices were superfused with peptidase inhibitors alone (A–C) or with 10 M CTAP ( D), low Ca 2⫹ (0.2
mM) (E), or 1 mM lidocaine ( F). One dorsal horn was stimulated (not stimulated for the control) ( A) with a single train of 1000 pulses at 100 Hz ( B), 1000 pulses at 500 Hz ( C), or 3000 pulses at 100
Hz (D–F). MOR were not internalized in any of the four neurons in A (control). Internalization produced by 100 Hz stimulation is observed in two neurons in B but was abolished in the presence of CTAP (D), low
Ca 2⫹ (E),orlidocaine(F).Abundantinternalizationisobservedafter500Hzstimulation(C).Dorsalisup,andallneuronsareinlaminaII.Arrowsandarrowheadsindicatecellswithandwithoutinternalization,
respectively. Confocal images were taken at 100⫻ (scale bar, 10 m), except for A (63⫻; scale bar, 16 m), and consist of two optical sections (3 in C) separated 0.57 m.

1997; Marvizón et al., 1997; Malcangio et al., 1998) produce neurokinin release from primary afferents but also failed to induce MOR
internalization. Therefore, neurokinin-containing primary afferents
do not release opioids, at least not in amounts sufficient to activate
MOR in dorsal horn neurons. It is unlikely that opioids are released
from other primary afferents, because they also would have been
recruited by the dorsal root stimulation; however, primary afferents
may still release minute amounts of opioids able to activate MOR in
their terminals (Yaksh et al., 1980; Abbadie et al., 2001) or across

synapses, although MOR neurons do not receive many synapses
from C-fibers (Spike et al., 2002).
Some studies suggested that endomorphins colocalize with
substance P in C-fiber terminals (Martin-Schild et al., 1998;
Pierce et al., 1998; Spike et al., 2002) and may be co-released with
it (Williams et al., 1999); however, any released endomorphins
should have been able to produce MOR internalization because,
when applied to slices, endomorphins potently induced MOR
internalization and were not degraded by peptidases (Song and
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Table 2. Inhibition by CTAP, low Ca2ⴙ, and lidocaine of MOR internalization
produced by dorsal horn stimulation
Addition

% MOR neurons with internalization

n

Tukey’s post-test

None
CTAP 10 M
Ca2⫹ 0.2 mM
Lidocaine 1 mM

56 ⫾ 8
1⫾1
2⫾1
1⫾1

6
3
3
3

p⬍0.001
p⬍0.001
p⬍0.001

Coronal spinal cord slices were superfused with aCSF containing peptidase inhibitors alone (None) or with 10 M
CTAP, 0.2 mM instead of 2.4 mM CaCl2, or 1 mM lidocaine. The stimulation electrode was positioned with its poles on
either side of one dorsal horn and used to deliver a single train of 3000 pulses (30 V, 0.4 msec) at 100 Hz. Data are the
percentage of MOR neurons with internalization in the stimulated dorsal horn; mean ⫾ SE of n slices. One-way
ANOVA yielded p ⬍ 0.0001; Tukey’s post-tests represent comparisons with the control (None).

Figure 8. Presence of opioids in the DLF. Horizontal sections from rat spinal cord were labeled with monoclonal antibody 3E7, which recognizes endorphins, enkephalins, and dynorphins. A, Low-magnification (20⫻; scale bar, 50 m) image of the DLF consisting of three
optical sections 2.5 m apart; 3E7-immunoreactive fibers are seen running in the rostrocaudal
direction. The box represents the approximate location of the image in B. B, High-magnification
(100⫻; scale bar, 10 m) image consisting of three optical sections 0.57 m apart; 3E7immunoreactive fibers run mostly parallel and contain some intensely labeled puncta.

Marvizón, 2003). The discrepancy between our results and those
of Williams et al. (1999) may be explained by the fact that they
stimulated the “dorsal root entry zone,” which would produce
release from the dorsal horn. The presence of endomorphins in
substance P-containing terminals is far from established, because
they were not found in dorsal root ganglia (Schreff et al., 1998).
Importantly, some of antibodies raised against endomorphins
cross-react with calcitonin gene-related peptide (CGRP) (Pierce

Figure 9. DLF stimulation in oblique slices. Oblique spinal cord slices were superfused with
aCSF containing peptidase inhibitors. Some of the slices were left intact (no cut), whereas others
were partially cut between T13 and L1, either across the entire width of the dorsal horn (DH cut)
or across the entire width of the DLF (DLF cut). A bipolar electrode was positioned at T12 with its
poles on either side of the DLF. In control slices no current was passed; all other slices were
stimulated with 6000 pulses (20 V, 0.4 msec) delivered at 100 Hz in 60 trains of 100 pulses, 1
train every 10 sec. After fixation, slices were cut into three portions comprising segments T11–
T13 (rostral, where the electrode was placed and rostral to the cut), L1–L2 (medial), and L3–L4
(caudal). Sections from these portions were double labeled for MOR and NK1R, and internalization of MOR in laminas I–II neurons ( A) and NK1R in lamina I neurons ( B) was measured in the
same sections. Data are the mean ⫾ SEM of three to five slices. Each panel was analyzed with a
two-way ANOVA, and significant effects were found for the two variables stimulation (control,
no cut, DH cut, or DLF cut; p ⬍ 0.001) and portion (rostral, medial or caudal; p ⬍ 0.0001 for
MOR; p ⬍ 0.01 for NK1R) but not their interaction. Bonferroni’s post-test revealed the significant differences from control indicated by the asterisks (*p ⬍ 0.05; **p ⬍ 0.01; ***p ⬍
0.001), and significant differences between the medial portions of no cut versus DH cut († p ⬍
0.05).

et al., 1998), probably because of their common amidated phenylalanine C terminus. CRGP colocalizes with substance P in
primary afferents (Tuchscherer and Seybold, 1989), so this could
explain why endomorphin-like immunoreactivity colocalizes
with substance P and decreases after rhizotomy. Indeed, using an
anti-endomorphin antibody that does not cross-react with
CGRP, we found no colocalization with substance P or CGRP
(Marvizón and Song, 2002).
Our results also indicate that primary afferents do not release
enkephalins or dynorphins, either directly or through synapses
with dynorphin-containing neurons (Cho and Basbaum, 1989),
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Figure 10. Confocal images of MOR and NK1R dorsal horn neurons after DLF stimulation. Oblique spinal cord slices were left intact (A, B), cut at T13 across the dorsal horn ( C), or cut at T13 across
the DLF ( D). Slices were superfused with peptidase inhibitors, and a stimulation electrode was positioned on the DLF at T12. A, Control: no current was passed. B–D, Slices were stimulated with 6000
pulses in 60 trains at 100 Hz. Sections from the slices were double labeled for MOR (green) and NK1R (red). Images are from the medial portion (segments L1–L2), an area situated on the other side
of the cut (in C and D) from the stimulation site. Roman numerals indicate the approximate position of laminas I–III. Arrows and arrowheads indicate cells with and without internalization,
respectively. Confocal images were taken at 100⫻ for A and B (scale bar, 10 m) and at 63⫻ for C and D (scale bar, 16 m) and consist of two optical sections, except for B (3 optical sections). Little
MOR or NK1R internalization was observed in control slices ( A). Substantial MOR and NK1R internalization was observed after DLF stimulation ( B), even when the DLF was cut ( D), but not when the
dorsal horn was cut ( C).

because they produced MOR internalization when applied to the
slices (Song and Marvizón, 2003). Indeed, primary afferents do
not contain enkephalins (Pohl et al., 1994), and those that contain dynorphins may be restricted to sacral segments (Basbaum et
al., 1986; Sweetnam et al., 1986). Although sciatic nerve stimulation produced spinal opioid release (Yaksh and Elde, 1980, 1981;
Nyberg et al., 1983; Iadarola et al., 1986; Hutchison et al., 1990;
Klein et al., 1991), it appears to be from intrinsic dorsal horn
neurons and to require supraspinal modulation (Hutchison et
al., 1990).
Frequency-dependent opioid release from intrinsic dorsal
horn neurons
Our results indicate that the main source of opioids that activate
MOR in neurons is other intrinsic dorsal horn neurons (Todd
and Spike, 1993), given that dorsal horn stimulation, but not
dorsal root stimulation or DLF stimulation, produced MOR internalization. This internalization was mediated by opioid release, because it was abolished by lidocaine, low Ca 2⫹, the absence of peptidase inhibitors, and CTAP, indicating that it

required firing of action potentials, Ca 2⫹-dependent release,
presence of extracellular peptides, and agonist binding to MOR,
respectively.
MOR internalization showed a pronounced frequency dependence, being negligible at frequencies under 10 Hz and maximal
at 500 Hz. This indicates the presence of specialized mechanisms
controlling opioid release. Indeed, the release of each particular
neuropeptide appears to be encoded in firing patterns (Brezina et
al., 2000) because their different release mechanisms depend on
either the rapid Ca 2⫹ raises produced by individual action potentials or the residual Ca 2⫹ levels produced by the cumulative effect
of high-frequency firing (Muschol and Salzberg, 2000). Furthermore, the high-frequency firing rates that trigger opioid release
may require the integration by opioid-containing interneurons
of signals from multiple sources.
Electrical stimulation of the DLF did not release opioids
We expected that DLF stimulation would produce opioid release
and thus MOR internalization of the dorsal horn. Stimulation of
the PAG–RVM– dorsal horn pathway produces potent analgesia
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GABAA antagonist, however, still failed to produce MOR internalization. This inhibition of opioid release could be mediated by
other neurotransmitter systems, perhaps involving serotonergic
or noradrenergic axons from the RVM, which also travel down
the DLF (Mason, 1999). An alternative explanation is that we did
not find the right conditions to stimulate the DLF; however, the
pulse intensity and number used were effective to stimulate
opioid-containing dorsal horn neurons. Lower-frequency (20
Hz) stimulation of the DLF was ineffective, and OFF cells do not
appear to fire at frequencies ⬎100 Hz (Leung and Mason, 1998).

Figure 11. DLF stimulation in the presence of GABAA and glycine antagonists. Oblique spinal
cord slices were cut across the entire width of the dorsal horn at T13 and superfused with
peptidase inhibitors alone (control; same data as DH cut in Fig. 9, included here for comparison)
or with 5 M bicuculline and 2 M strychnine (bicuc⫹strych). A bipolar electrode was positioned at T12 with its poles on either side of the DLF and used to stimulate the slices with 6000
pulses (20 V, 0.4 msec) delivered at 100 Hz in 60 trains of 100 pulses. Slices were cut into three
portions comprising segments T11–T13 (rostral, where the electrode was placed and rostral to
the cut), L1–L2 (medial), and L3–L4 (caudal). Sections from these portions were double labeled
for MOR and NK1R, and internalization of MOR in laminas I–II neurons ( A) and NK1R in lamina
I neurons ( B) was measured in the same sections. Data are the mean ⫾ SEM of five to six slices.
Each panel was analyzed with a two-way ANOVA, the two variables being drug (control vs
bicuc⫹strych) and portion (rostral, medial, and caudal). Only the variable portion had a significant effect ( p ⬍ 0.01). Bonferroni’s post-test revealed no significant effect of drug for any of
the three portions.

(Basbaum et al., 1976; Basbaum and Fields, 1984; Fields et al.,
1991; Mason, 1999), which is thought to be mediated, at least in
part, by spinal opioid release and MOR activation (Budai and
Fields, 1998). Moreover, we found that fibers that run rostrocaudally in the DLF contain opioids and hence may release them
directly in addition to evoking their release from dorsal horn
neurons; however, although DLF stimulation produced MOR
internalization near the site of stimulation, it failed to produce
internalization in regions farther than three spinal segments from
it, as would be expected if descending axons from the RVM were
recruited (Fields et al., 1995). Quite the opposite, by cutting the
slices across the dorsal horn or the DLF, we showed that the MOR
internalization was attributable to signals traveling through the
dorsal horn and not via the DLF.
Hence there is a discrepancy between the ability of PAG stimulation to produce analgesia mediated by spinal MORs (Budai
and Fields, 1998) and the presence of opioid immunoreactivity in
DLF fibers, on the one hand, and the failure of DLF stimulation to
produce MOR internalization, on the other. The most likely explanation for this discrepancy is that DLF stimulation recruited
fibers that inhibited opioid release from opioid-containing DLF
fibers and dorsal horn neurons receiving synapses from them.
Indeed, two distinct populations of RVM neurons send axons
down the DLF into the dorsal horn (Fields et al., 1995; Mason,
1999): the OFF cells, which produce analgesia, and the ON cells,
which produce hyperalgesia. ON and OFF cells have similar
properties in terms of size and firing rates (Leung and Mason,
1998), so it is likely that their axons were equally recruited by the
DLF stimulation. ON and OFF cells may inhibit and stimulate
opioid release, respectively, mirroring their mutual inhibition in
the nucleus raphe magnus, which is mediated by GABAA receptors (Fields et al., 1991). DLF stimulation in the presence of a

Physiological implications
Our findings are consistent with other studies showing that opioid release in the spinal cord is subject to a complex modulation
by environmental and physiological factors. For example, the
release of Met-enkephalin in the rat spinal cord was increased by
noxious stimulation of the muzzle but inhibited by noxious stimulation of the tail (Cesselin et al., 1985). Moreover, different nociceptive modalities appear to produce opioid release through
different neuronal pathways. Thermal and chemical noxious
stimuli elicited Met-enkephalin release from the same spinal cord
segment receiving the stimulus (Cesselin et al., 1989; Bourgoin et
al., 1990), whereas mechanical noxious stimuli elicited its release
from spinal segments unrelated to the stimulated area (Le Bars et
al., 1987a,b). Furthermore, electro-acupuncture at high frequency (100 Hz) elicited dynorphin release in the spinal cord,
whereas at low frequency (2 Hz) it elicited enkephalin release
(Han, 2003). These effects were mediated supraspinally: the
former by the parabrachial nucleus and the later by the arcuate
nucleus. It is not clear, however, whether supraspinal structures
are involved in the release of Met-enkephalin evoked by sciatic
nerve stimulation. In one study (Yaksh and Elde, 1981) it was
unaffected by cold block of the spinal cord, whereas in another
(Hutchison et al., 1990) it was abolished by spinal transection.
Importantly, spinal opioid release may be driven only partially by
noxious stimuli (Trafton et al., 2000), depending more strongly
on other factors like stress or attention (Mayer, 2000). Our findings suggest that opioids are released when signals from different
sources (which may include primary afferents, the RVM, and the
spinal cord) are integrated by dorsal horn neurons, causing them
to fire at very high frequencies.
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