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1 Previously, we reported that H-20,60-dimethyltyrosine [Dmt1]-D-Arg-Phe-Lys-NH2 (DALDA), an
analogue of the naturally occurring opioid peptide dermorphin, is a highly potent and selective mu
receptor agonist with low cross-tolerance to morphine. In the present study, we investigated the effect
of treating mice chronically with [Dmt1]DALDA. The AD50 of [Dmt

1]DALDA (s.c.) increased eight-
fold in animals given this drug chronically; in contrast, the AD50 increased two-fold in mice
chronically treated with morphine. The AD50 of morphine (s.c.) in these [Dmt

1]DALDA-treated
animals was increased more than 120 times, while that of the more selective m agonist [D-Ala2-MePhe4-
Gly-ol5]enkephalin (DAMGO) given intrathecally was increased more than 240 times. However, the
AD50 of DAMGO given intracerebroventricularly was essentially the same in animals treated
chronically with [Dmt1]DALDA as in naı̈ve animals. The dose of naloxone required to precipitate
withdrawal in [Dmt1]DALDA-treated animals was 20 times lower than that in morphine-tolerant
animals.

2 Using real-time quantitative PCR, we found that expression of the m opioid receptor, d opioid
receptor, preproenkephalin and preprodynorphin genes was upregulated in the brain by
[Dmt1]DALDA treatment. No significant changes in expression of opioid receptor or opioid peptide
genes were detected in the spinal cord of [Dmt1]DALDA-treated mice, nor in the brain or spinal cord
of morphine-treated mice. We conclude that a high degree of tolerance to [Dmt1]DALDA develops in
the spinal cord but not brain, and cannot be accounted for by changes in expression of opioid
receptors or opioid peptides in these tissues.
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Introduction

Morphine is a strong analgesic widely used following major

surgery and to alleviate the pain of terminal diseases such as

cancer, but its effectiveness is limited by several side effects,

particularly the development of tolerance and physical

dependence. These limitations have spurred the search for

opioids that may retain morphine’s analgesic potency but have

low tolerance. In previous studies (Schiller et al., 2000; Riba

et al., 2002a), we have defined some of the pharmacological

characteristics of H-20,60-dimethyltyrosine [Dmt1]-D-Arg-

Phe-Lys-NH2 (DALDA), an analogue of the naturally

occurring opioid peptide dermorphin (Broccardo et al., 1981).

[Dmt1]DALDA was a more potent and more selective m-opioid
agonist than morphine, as determined in the in vitro guinea-pig

ileum and mouse vas deferens assays, and also showed higher

m-opioid receptor (MOR) affinity and selectivity in receptor-
binding assays using rat and guinea-pig brain tissue (Schiller

et al., 2000). In vivo, it was 40 times more potent than morphine

in producing an antinociceptive effect in the mouse tail-flick

test when the drugs were administered subcutaneously (s.c.),

and about 10 and 30 times more potent than the MOR-selective

agonist [D-Ala2-MePhe4-Gly-ol5]enkephalin (DAMGO) when

the drugs were administered intrathecally (i.t.) and intracer-

ebroventricularly (i.c.v.), respectively (Riba et al., 2002a). Most

interestingly and promisingly, however, [Dmt1]DALDA

showed relatively poor cross-tolerance to s.c. morphine in mice

made tolerant by 3-day implantation of a morphine pellet. The

AD50 of [Dmt
1]DALDA increased insignificantly (Riba et al.,

2002a), compared to a 7–8-fold increase in the AD50 of

morphine determined under the same conditions.

These results suggest that [Dmt1]DALDA might have low

tolerance potential, and thus be an attractive alternative to

morphine in some clinical situations. In the present study, we

have examined this tolerance potential further, by determining

the effect of morphine and the MOR-selective agonist

DAMGO in animals chronically treated with [Dmt1]DALDA.

We report that a very large degree of tolerance to morphine

given s.c. and to DAMGO given i.t. developed under these

conditions, but essentially no tolerance developed to DAMGO
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given i.c.v. In an attempt to understand the basis for these

findings, we examined the expression of several opioid receptor

genes and peptides in these [Dmt1]DALDA-tolerant animals.

Methods

Animals

Male ICR (Harlan Sprague–Dawley, San Diego, CA, U.S.A.)

mice were used for all the pharmacological experiments. All

animals weighed 20–25 g, and were housed for at least 24 h

before experiments in a temperature- and humidity-controlled

environment, and fed ad libitum.

Drug administration

Drugs, including [Dmt1]DALDA, DAMGO, morphine and

naloxone, were administered s.c., i.c.v., or i.t. Drugs injected

i.c.v. or i.t. (Hylden & Wilcox, 1980) were given in a volume

of 5ml per mouse. A range of doses was used, as indicated in
Results.

To induce tolerance to [Dmt1]DALDA, mice were injected

s.c. with a dose of 2.5 mmol kg�1 twice daily for 7 days.
Morphine tolerance was induced by s.c. injections of morphine

at a dose of 300mmol kg�1 twice daily for 7 days. This dose,
more than 20–30 times the morphine AD50, was selected

because morphine has a shorter duration of action than

[Dmt1]DALDA (Riba et al., 2002a). The AD50’s were then

determined in response to s.c. injection of each of these drugs.

In the gene expression studies, morphine tolerance was

induced by s.c. implantation of one morphine pellet (contain-

ing 75mg morphine free base) for 72 h. This protocol was used

because it has been reported to produce a higher degree of

tolerance than regular injections (Way et al., 1968; 1969). In

these studies, we sought to maximize the degree of tolerance

to this drug. Control animals were treated with saline s.c. at a

dose of 0.1ml (10 g�1) twice daily for 7 days, or 3 days, in some

of the gene-expression studies. A second set of control animals

were implanted with one placebo pellet for 72 h.

Antinociceptive assay

The antinociceptive assay was a modification of the radiant

tail-flick test described by Tulunay & Takemori (1974).

Measurements were made 30min after injection of drug,

except for s.c. injection of [Dmt1]DALDA, when measure-

ments were made 2 h after injection. The data were made

quantal by designating a positive antinociceptive response

as one exhibiting an increased latency to tail-flick at least 3

standard deviations above the mean latency of animals not

given drug. At least three groups of 10 mice were used to

establish dose–response curves and to estimate AD50 values.

Measurement of physical dependence

The naloxone ED50 to precipitate withdrawal jumping has

been shown to correlate well with the degree of physical

dependence (Way et al., 1969). Mice injected by [Dmt1]DAL-

DA s.c. twice daily for 7 days were injected with variable doses

of naloxone s.c. and placed immediately into Plexiglas

cylinders (one mouse per cylinder of 30 cm base and 30 cm

height). The number of jumps in 15min was then counted,

with greater than four jumps being the criterion for a positive

withdrawal response. Three groups of at least 10 mice each

were used for each ED50 determination.

Primer design and preparation

Primers for the following genes were prepared: the m, d and k
opioid receptors (MOR, DOR and KOR, respectively), and

the opioid peptide precursors proenkephalin A (PPE),

proenkephalin B (preprodynorphin (PPD)) and pro-opiome-

lanocortin (POMC). Gene-specific oligonucleotides were de-

signed using Applied Biosystems Primer Express 1.5 Software

(Table 1). Primers were designed to have a melting temperature

of 58–601C and to produce an amplicon of 50–150 bp. The last

five bases on the 30 end contained no more than 2 C/G bases in
order to reduce the possibility of nonspecific product forma-

tion. Primer pairs plus water were subjected to the real-time

PCR reaction described below in order to determine the extent

of primer dimer formation.

Primers were designed to amplify only cDNA template

and not genomic DNA when possible. The specificities of

the primers were demonstrated by the appearance of a single

product on polyacrylamide gel and a single dissociation curve

of the product. The degree of contamination of genomic DNA

was also determined by analysis on 10% gel (Invitrogen).

Tissue collection and cDNA preparation

Mice were killed by cervical dislocation, brain and spinal cord

were dissected, frozen on dry ice and stored at �801C until use.
Total RNA was prepared by using Trizol (Gibco-BRL)

according to the protocol provided by the manufacturer.

cDNA synthesis was performed by following the usual

protocol (User Bulletin #2 of ABI prism 7700 sequence

detection system, December 11, 1997), modified as follows.

RNA (5 mg) for each sample was resuspended to 30 ml with
RNAse-free water and treated with a reaction mixture

Table 1 Sequences of primers

Genes Forward primers Reverse primers Accession number Nucleotide position

b-actin ACGGCCAGGTCATCACTATTG TGGATGCCACAGGATTCCAT X03672 811–904
MOR TGCACCCTCACGTTCTCTCA TGAGGACCGGCATGATGA AF347691 4120–4210
DOR AAGGCTGTGCTCTCCATTGAC TGTAGCGGTCCACGCTCAT S66181 343–421
KOR TGATCCTGCGCCTGAAGAGT ATGCGGCGGAGATTTCG L11065 931–1000
PPE AGAAGCGAACGGAGGAGAGAT TTCAGCAGATCGGAGGAGTTG M13227 288–389
PPD GCGTGGTCCAGGCTGATG AGGCAGTCCGCCATAACATT U64968 4–71
POMC CCTGCTTCAGACCTCCATAGATG GGATGCAAGCCAGCAGGTT NM-008895 48–142
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containing 5� first-strand buffer (Gibco-BRL), 30U of

RNAse-free DNAse (Roche) and 20U of RNasin ribonuclease

inhibitor (Promega) at 371C for 40min. RNA was then

incubated at 701C for 10min in a mixture of oligo (dT) primers

(manufactured and purified by Sigma-Genosys) and random

hexamers (Gibco-BRL), 1mg of each per sample. RNA was
reverse transcribed using 480U of Superscript II RNase

H-Reverse Transcriptase (Gibco-BRL) in a final reaction

mixture containing 0.5 mM dNTPs (Pharmacia) and 20U of

RNasin ribonuclease inhibitor. Samples were adjusted to a

final concentration of 10 ng ml�1.

Real-time PCR

cDNA (50 ng) from each sample was used as template for PCR

amplification with specific oligonucleotide primers (designed

by Applied Biosystems Primer Express 1.5 software as

described above, synthesized by Sigma-Genosys) in a 30 ml
reaction volume containing 15 ml of Applied Biosystems SyBr
Green Master Mix and 330 nM of forward and reverse primer

mix. The cycling reactions were performed using the Applied

Biosystems 5700 Sequence Detection System. Following a

10min denaturation step at 951C, the cycling reactions (35

cycles) were performed as follows: 15 s at 951C, 1min at 651C.

Following completion of the PCR reaction, the 5700 Sequence

Detection machine then launches a dissociation protocol.

Samples are heated gradually to 1001C and the loss of

fluorescence when the SyBr green dissociates from the melted

amplicon is recorded. The presence of the expected product

is verified if the dissociation temperature of the amplicon

obtained in the PCR reaction matches the temperature

specified by the primer design software for the amplicon. We

have validated this protocol by allowing the PCR products to

reanneal and subjecting them to polyacrylamide gel analysis

(data not shown), and have verified the presence of the correct

amplicon.

Data analysis

In the pharmacological assays, AD50 values and their 95%

confidence limits were calculated by the method of Litchfield

& Wilcoxon (1949).

In the gene-expression studies, the amount of target gene

obtained, normalized to the expression of an endogenous

reference (b-actin) and relative to control samples, is given by
DCT (Applied Biosystems, User Bulletin #2, December 11,
1997). Threshold cycle (CT) indicates the fractional cycle

number at which the amount of amplified target reaches a

fixed threshold. DCT is the average of normalized CT. The

higher the initial amount of mRNA, the lower the CT value.

Beginning with CT values, we initially used the Wilks

lambda criterion for a multivariate analysis of variance

(MANOVA) to compare the patterns of expression levels of

several genes from [Dmt1]DALDA- or morphine-treated

animals with untreated controls. This test takes into account

correlations among gene expression levels and controls the

false-positive rate (e.g., a P-value that is nominally significant,

resulting by chance because of the large number of genes

analyzed) by testing the global hypothesis of no differences

in gene expressions between treated and normal animals. If

the test was significant, then we used univariate t-tests to

determine which genes were contributing to the global

difference and which were not. All statistical tests were carried

out on log (base 2) of the gene expression data, since this

transformation is required to achieve normal distribution of

values.

Drugs

Morphine pellets and naloxone were provided by the National

Institute on Drug Abuse (Rockville, MD, U.S.A.).

[Dmt1]DALDA was synthesized as described (Schiller et al.,

2000). DAMGO was provided by the National Institute on

Drug Abuse and supplied by Multiple Peptide Systems (San

Diego, CA, U.S.A.). All drugs were dissolved in saline.

Results

Antinociceptive effect of morphine (s.c.)
and [Dmt1]DALDA (s.c.) in [Dmt1]DALDA-treated
or morphine-injected mice

When mice were injected twice daily for 7 days with

[Dmt1]DALDA, there was an approximately eight-fold in-

crease in the AD50 of [Dmt
1]DALDA (Figure 1) compared to

that of saline control mice (2.5(1.4–4.4) versus 0.30(0.18–

0.50) mmol kg�1, Po0.05). In contrast, there was only an
insignificant two-fold increase (0.62(0.32–1.21) mmol kg�1) in
the AD50 of [Dmt

1]DALDA in the morphine-injected group

(Figure 1). This is in agreement with our previous study (Riba

et al., 2002a). In contrast, when tested in the [Dmt1]DALDA-

treated group, morphine sulfate at doses up to 1600 mmol kg�1

s.c. did not induce a significant degree of antinociception;

thus, no AD50 of morphine could be calculated. However,

in morphine-injected animals, there was a slight increase in

AD50 to s.c. morphine compared to that of saline control
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Figure 1 Effect of chronic opioid treatment on antinociceptive
response to [Dmt1]DALDA. Mice were treated for 7 days by twice
daily injection (s.c.) with [Dmt1]DALDA (2.5 mmol kg�1); morphine
(300 mmol kg�1); or saline (0.1ml (10 g�1)). The AD50 values of
[Dmt1]DALDA (s.c.) were determined by tail flick, using at least 10
animals per group.
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(41.5(20.0–85.1) versus 13.5(5.3–34.4) mmol kg�1, P40.05; data
not shown).

Antinociceptive effect of DAMGO (i.t.) and (i.c.v.)
in [Dmt1]DALDA-treated mice

Morphine is a relatively nonselective opioid agonist, interact-

ing with d as well as m receptors. Further studies in

[Dmt1]DALDA-treated animals were carried out using the

m-selective agonist DAMGO. The [Dmt1]DALDA-treated
animals also exhibited a very high degree of tolerance to

DAMGO given i.t. (Figure 2). While the AD50 of DAMGO

was 0.027(0.015–0.049) nmol per mouse in saline control

animals, doses of DAMGO up to 6.4 nmol per mouse, nearly

240 times the AD50 in controls, did not induce antinociception

in half the animals (Figure 2). In contrast, in morphine-

tolerant animals, tolerance to DAMGO (i.t.) was only 4–5-fold

(Riba et al., 2002b).

Finally, when DAMGO was given i.c.v., its AD50 in

[Dmt1]DALDA-treated animals was 0.42(0.13–1.30) nmol per

mouse, only about 2.5-fold greater than its AD50, 0.17(0.089–

0.33) nmol per mouse (P40.05), in naı̈ve animals, a non-
significant difference (data not shown).

Naloxone-precipitated withdrawal of [Dmt1]DALDA-
treated mice

In animals treated with [Dmt1]DALDA, a dose of naloxone of

3.5(1.1–11.2) mmol kg�1 (s.c.) precipitated withdrawal jumps.

Relative expression of opioid receptor and opioid peptide
genes in [Dmt1]DALDA-treated and morphine-treated
mice

In an attempt to explore the molecular basis of the very large

difference in cross-tolerance to DAMGO at i.t. and i.c.v. sites

in [Dmt1]DALDA-treated mice, we used real-time quantitative

PCR to analyze the expression of MOR, DOR, KOR, PPE,

PPD and POMC. For the [Dmt1]DALDA-treated mice,

expression of the six genes analyzed together was significantly

different between drug-treated and control mice at Po0.01 in
brain and Po0.05 in spinal cord. Accordingly, we then
analyzed each of the six genes individually by the univariate

test to see which contributed most to this significance. The

results are summarized in Tables 2 (brain) and 3 (spinal cord).

In brain, the expression levels of MOR and DOR were

significantly altered in [Dmt1]DALDA-treated mice relative to

controls, at the Po0.01 level, while those of PE and PD were
altered significantly at Po0.05. All of these expression levels
were upregulated, and, except for PE, this upregulation was

essentially complete within 3 days (analysis not shown). In the

spinal cord, in contrast, none of the six genes individually

analyzed exhibited significantly altered expression (Table 3).

That is, each of the genes contributed somewhat to a group-

level significance, but none of these individual contributions

was itself significant.

Finally, in morphine-pelleted animals, MANOVA revealed

a significant change in expression of the six genes in brain

(Po0.01), but not spinal cord. None of the genes analyzed
individually in the brain or spinal cord, however, exhibited

significantly altered expression (Table 4). Thus, as with the

spinal cord tissue of [Dmt1]DALDA-treated mice, each of the

six genes contributed to a group-level significance in the brain

tissue of morphine-tolerant mice.

Discussion

We have previously shown that [Dmt1]DALDA is a potent and

highly selective MOR agonist, both in vitro (Schiller et al.,

2000) and in vivo (Riba et al., 2002a). It also exhibits relatively

low cross-tolerance to s.c. morphine in morphine-pelleted

animals (Neilan et al., 2001; Riba et al., 2002a). However, we
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Figure 2 Effect of chronic [Dmt1]DALDA treatment on antino-
ceptive response to DAMGO (i.t.). Mice were treated for 7 days with
[Dmt1]DALDA by twice daily injection (s.c.) with 2.5mmol kg�1 of
the peptide, or with saline (0.1ml (10 g�1)). The AD50 values of
DAMGO (i.t.) were determined by tail flick, using at least 10
animals per group.

Table 2 The effect of [Dmt1]DALDA chronic treatment on gene expression in brain

Gene Saline control 3-Day treatment 7-Day treatment P

MOR 7.4270.20 6.1970.34 6.0570.17 o0.01
DOR 5.6870.08 5.0970.24 5.0470.21 o0.01
KOR 6.7170.15 6.5470.37 6.0470.26 0.15
PPE 1.0170.21 1.0070.20 0.0270.09 o0.05
PPD 6.1270.20 5.6970.21 5.4370.28 o0.05
POMC 8.0470.30 8.4370.25 7.9270.06 0.41

Data are given as mean7s.e.m. of DCT values, n¼ 5. P-value, compared with treatments over time and saline control, was determined by
one-way ANOVA analysis.
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report here that animals treated chronically by s.c. injection

with [Dmt1]DALDA developed an eight-fold tolerance to the

drug when given s.c. (Figure 1), and an even higher degree of

tolerance to s.c. morphine, so high in fact that an AD50 could

not be determined. In contrast, in animals injected twice daily

with morphine, there was a three-fold increase in AD50 to s.c.

morphine.

A dose of just 3.5 mmol kg�1 of naloxone was sufficient to
induce withdrawal jumping symptoms in [Dmt1]DALDA-

treated mice, as compared to a dose of 70 mmol kg�1 in
morphine-pelleted mice (Hooke et al., 1995). The dose of

naloxone needed to precipitate withdrawal is used to estimate

the degree of dependence, with higher dependence levels

requiring less naloxone (Way et al., 1968; 1969). Moreover,

in the study by Hooke et al. (1995), the animals were made

tolerant to morphine by pellet implantation, which results in

a greater degree of tolerance than daily injections (Way et al.,

1968; 1969). Our results using twice daily injections of

[Dmt1]DALDA thus indicate that a very high degree of both

tolerance and physical dependence developed to the chronic

administration of this drug. Previously, we reported that

[Dmt1]DALDA is more potent at interacting with MOR

receptors and inducing antinociception than is morphine (Riba

et al., 2002a). It appears that it is likewise much more potent

at inducing tolerance and physical dependence than morphine.

In view of the evidence that the antinociceptive potency of

opioids often correlates with potency to induce tolerance

(Miglecz et al., 1979), the high potency of [Dmt1]DALDA

seems consistent with the much greater cross-tolerance of

morphine to [Dmt1]DALDA than of [Dmt1]DALDA to itself,

as well as the low cross-tolerance of [Dmt1]DALDA to

morphine-treated mice.

[Dmt1]DALDA is highly selective at m receptors, unlike
morphine. Therefore, it was of interest to determine cross-

tolerance to [Dmt1]DALDA of another highly selective m

agonist, DAMGO. Given i.t., DAMGO was also highly cross-

tolerant to [Dmt1]DALDA (Figure 2). As with morphine (s.c.),

an accurate AD50 of DAMGO (i.t.) could not be obtained

under these conditions, because even at doses of 6.4 nmol per

mouse, more than 200 times the AD50 of DAMGO in saline

control animals, there was no antinociceptive effect. This

contrasts with a degree of tolerance of less than 10-fold when

DAMGO (i.t.) was administered to animals made tolerant to

morphine (Riba et al., 2002b). Again, in the latter study,

morphine was administered chronically by pellet implantation,

which should have maximized the degree of tolerance

developed. However, when DAMGO was given i.c.v. to

[Dmt1]DALDA-tolerant animals, its AD50 was just 2.5 times

greater than the AD50 in naı̈ve animals.

Another group reported a somewhat similar study of

chronic treatment with [Dmt1]DALDA (Zhao et al., 2002).

They also found that tolerance to spinal drug administration

was much greater than to i.c.v. drug (about 44-fold versus

three-fold), though they used [Dmt1]DALDA, not DAMGO,

as the challenging drug. Their use of [Dmt1]DALDA may

account for their observation that tolerance at the spinal level

was measurable, whereas it was not in our study using

DAMGO. Zhao et al. (2002) also reported a much lower

degree of cross-tolerance of morphine (s.c.) than we did to

[Dmt1]DALDA, about 15-fold. At least part of the discre-

pancy may be due to their use of a somewhat weaker dosing

regimen. Zhao et al., administered [Dmt1]DALDA at a dose

of 1.6mmol kg�1 twice daily for 2.5 days, whereas we

administered twice-daily injections of 2.5 mmol kg�1 for 7 days.
However, even the weaker dosing regimen used by Zhao et al.

resulted in a much greater tolerance to acute morphine than we

observed in animals given morphine twice daily for 7 days

(three-fold). Moreover, that longer dosing schedules result

in a much greater degree of tolerance is supported by

the observation by Zhao et al. that after 7 days of twice-daily

Table 3 The effect of [Dmt1]DALDA chronic treatment on gene expression in spinal cord

Gene Saline control 3-Day treatment 7-Day treatment P

MOR 5.4670.33 5.0070.23 5.6470.43 0.67
DOR 5.9570.30 5.8770.26 6.7870.20 0.11
KOR 6.4770.27 6.4070.19 6.6470.32 0.82
PPE 1.3070.18 1.0670.07 1.7670.36 0.64
PPD 6.7770.28 6.4770.19 6.9570.22 0.86
POMC 9.9670.34 10.1770.21 10.1670.34 0.59

Data are given as mean7s.e.m. of DCT values, n¼ 5. P-value, compared with treatments over time and saline control, was determined by
one-way ANOVA analysis.

Table 4 The effect of morphine pellet treatment (72 h) on gene expression in brain and spinal cord

Brain Spinal cord
Gene Placebo Morphine tolerant P Placebo Morphine tolerant P

MOR 7.0870.10 6.6870.32 0.33 5.8570.45 5.9170.23 0.82
DOR 6.0270.23 6.1370.18 0.72 6.4770.40 6.1770.25 0.62
KOR 7.1070.19 7.2070.17 0.72 6.8870.22 6.9670.24 0.87
PPE 1.6070.24 1.3070.16 0.32 1.6470.14 1.4170.20 0.48
PPD 6.2270.19 5.9770.20 0.40 7.0770.14 6.8270.20 0.43
POMC 8.5870.48 9.3570.38 0.24 10.8170.17 11.1870.30 0.28

Data are given as mean7s.e.m. of DCT values, n¼ 5. P-values, morphine-tolerant mice compared to placebo mice, were determined by
t-test.
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administration to rats of [Dmt1]DALDA (i.t.), it was no longer

possible to obtain a dose–response curve even using doses of

the drug (i.t.) 1000 times the original AD50.

Clearly, our data as well as those of Zhao et al. (2002), show

that tolerance develops very differently to [Dmt1]DALDA in

the spinal cord and brain. In an attempt to understand these

differences, we determined the expression of the three major

opioid receptor genes and the three major opioid peptide

precursors in brain and spinal cord. Most studies of opioid

receptor levels during morphine tolerance have reported no

significant changes in either opioid receptor binding (Besse

et al., 1992; Polastron et al., 1994), or expression (Kest et al.,

1994; Brodsky et al., 1995; Unterwald et al., 1995; Buzas et al.,

1996). A similar lack of correlative changes has been reported

with studies of opioid peptides at protein levels (Nylander

et al., 1995; Trujillo & Akil, 1995) and at mRNA levels

(Mocchetti et al., 1989; Gudehithlu & Bhargava, 1995; Tjon

et al., 1997; Turchan et al., 1997; Fang et al., 1998). However,

the very large degree of tolerance developed when [Dmt1]DAL-

DA was administered systemically or to the spinal cord

suggests that this would be a good system in which to re-

investigate this question. Zhao et al. (2002) reported that the

Bmax of tritiated [Dmt
1]DALDA binding was decreased by

30–35%, though this change was observed in both the brain

and spinal cord of animals treated chronically with this drug.

Our gene expression analysis of [Dmt1]DALDA-treated

mice revealed a significant upregulation of both MOR and

DOR, as well as PE and PD, in brain (Tables 2 and 3). Though

mean DCT values are not very precise, based on them this

upregulation ranged from 50 to 60% for DOR and PD, to

100% for PE and 160% for MOR. In contrast, no significant

changes in expression of any individual genes were observed in

the spinal cord of [Dmt1]DALDA-treated mice, though

expression levels of the six genes as a group were significantly

increased. No significant changes in the expression level of

individual genes were observed in either the brain or spinal

cord tissue of morphine-pelleted animals (Table 4), though in

the brain expression levels of the group were significantly

increased.

The finding of increases in expression levels of MOR, DOR

and two opioid peptide precursors restricted to the brain of

[Dmt1]DALDA-treated mice is interesting, in that administra-

tion to the brain of [Dmt1]DALDA-treated mice resulted in

very little tolerance (to DAMGO), whereas there was a very

high level of tolerance in the spinal cord. Conceivably, elevated

expression of receptor could mask the development of

tolerance. However, since we did not measure protein

levels of receptor, we cannot conclude that the enhanced

expression levels are directly related to the lower degree of

tolerance.

In summary, though [Dmt1]DALDA shows little cross-

tolerance in morphine-tolerant mice, animals treated chroni-

cally with [Dmt1]DALDA show very high tolerance to

morphine given s.c. or DAMGO given i.t. The lack of high

cross-tolerance when [Dmt1]DALDA is given i.c.v. suggests

that [Dmt1]DALDA may have clinical benefits under certain

conditions.

This work was supported by NIDA 8924.
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