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Abstract

Using in situ hybridization, we have shown that the k-opioid receptor agonist enadoline (CI-977) and the non-competitive NMDA
receptor antagonist dizocilpine (MK-901) induced the immediate early gene c-fos in dorsal medial thalamic nuclei. Dizocilpine, and not
enadoline, also induced c-fos in the posterior cingulate cortex and retrosplenial cortex. Enadoline’s stimulation of c-fos mRNA was dose
and time dependent and completely inhibited by pretreatment with naltrexone. Morphine did not stimulate c-fos in the thalamus. It is
suggested that the stimulation of c-fos with enadoline represents a specific k-opioid receptor effect.
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1. Introduction

Neurones have the potential to modify their responses
to changes in input. This capacity is indicative of a molec-
ular machinery that can relate changesin stimuli to changes
in phenotype. Proto-oncogenes, e.g. c-fos and c-jun, are
members of a set of genes known as cellular immediate
early genes, and are believed to play an important role in
stimulus-transcription coupling (Morgan and Curran, 1991).
Many stimuli induce c-fos mRNA and protein including
long-term potentiation, seizures, ischaemia and electrical
stimulation (Sheng and Greenberg, 1990; Morgan and
Curran, 1991). These stimuli require the influx of Ca?*
through the N-methyl-p-aspartate (NMDA) ionophore and
L-type Ca?* channels (Bading et al., 1993). The induction
of c-fos by ischaemia, seizures and other stimuli can be
blocked by NMDA receptor antagonists such as the non-
competitive antagonist dizocilpine maeate (MK-801)
(Dragunow et al., 1989; Herrera and Robertson, 1989;
Szekely et al., 1987, 1989).

Contrasting with these findings on the induction of
immediate early genes expression, it has been shown that
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dizocilpine, a drug which blocks the NMDA Ca&*
ionophore, can itself stimulate Fos protein and other imme-
diate early genes (Dragunow and Faull, 1990; Gass €t 4.,
1993). Both of these studies demonstrated immediate early
genes activation in dorsal medial thalamic nuclei, in the
cingulate and splenia cortex, and the deeper layers of the
cerebral cortex. The findings in the cingulum and splenium
have also been associated with the induction of heat shock
gene and protein (Olney et d., 1991; Sharp et al., 1991),
morphological evidence of neuronal injury with vacuola-
tion and death (Olney et al., 1989; Allen and Iversen,
1990), and related by some to the psychotic potential of
non-competitive NMDA antagonists (Olney et al., 1991).

The highly selective k-opioid receptor agonist of the
arylacetamide series enadoline (ClI-977) has anagesic
properties (Hunter et al., 1990). It has also been shown to
be anticonvulsant (Singh et a., 1990) and to be neuropro-
tective in global and foca models of cerebral ischaemia
(Hayward et al., 1992, 1993). In vitro it has been shown to
inhibit glutamate release (Lambert et al., 1991). Electro-
physiologically it reduces excitatory post-synaptic poten-
tials in the rat locus coeruleus and dorsal raphe by a
presynaptic mechanism (Pinnock, 1992a,b).

Since enadoline is believed to operate through a presy-
naptic effect on glutamate release, we were interested to
determine what effect the drug had on c-fos expression in
the central nervous system, and to compare it with the
known effects of dizocilpine.
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2. Materials and methods

2.1. Animals

Male Wistar rats (270-290 g) were supplied by B& K
Universal. They were housed in cages with 5—6 animals
per cage. Food and water were freely available. They were
kept in rooms with a 12 h light-dark cycle. There were 6
animals in each experimental and control group.

B

2.2. Compounds

Enadoline [CI-977 = 5R-(5a, 7,83 )-N-methyl-N-[ 7-(1-
pyrrolidinyl)-1-oxaspiro[4,5]-dec-8-yl]-4-benzofuranaceta-
mide monohydrochloride] was synthesized in the Depart-
ment of Medica Chemistry, Parke-Davis Neuroscience
Research Centre (Cambridge, UK). It was dissolved in
sterile water.

Dizocilpine maleate [(+)-MK-801 hydrogen maleate =
(5R,10S)-(+ )-5-methyl-10,11-dihydro-5H-dibenzd a,d]-

Fig. 1. Photomicrographs of emulsions of transverse rat sections shaving c-fos mMRNA containing cells in an animal given enadoline (upper) and vehicle
control (lower). The arrow shows the paraventricular thalamic nucleus where there are a number of c-fos containing cells. Rostrally, to the right of the
photograph, shows c-fos mMRNA containing cells in centromedian thalamic nuclei (H& E X 32).
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cyclohepten-5,10-imine hydrogen maleate] was obtained
from Research Biochemicals International (Natick, MA,
USA).

Naltrexone hydrochloride was obtained from Sigma
(Poole, UK) and morphine sulphate from Martindale, UK.
These drugs were aso dissolved in sterile water.

2.3. Experimental design

Animals were given all drugs by intraperitoneal injec-
tion (i.p.). Enadoline was used at a neuroprotective dose of
1 mg/kg, as was dizocilpine at 3 mg/kg (Hayward et al.,
1992, 1993). The naltrexone dose was 10 mg/kg, and
morphine dose 1 mg/kg. Animals were killed 1 h after
administration of each drug unless described otherwise.

2.4. In situ hybridization

The brains were quickly dissected and frozen on alu-
minium foil on dry ice. The brains were stored at —70°C
until required. Sections of 10 wm thickness were obtained
using a microtome. Coronal sections from the same levels
were taken in all animals (using the coordinates from the
interaural line of Paxinos and Watson, 1982): claustrum
and nucleus accumbens from the interaura line (2.7 mm,
coronal), thalamic nuclei and posterior cingulate cortex
(—2.8 mm, coronal from bregma), central gray and retro-
spenia cortex — including the interpeduncular nuclei —
(—6.3 mm, coronal); transverse encompassing Neocortex,
thalamus, striatum and hippocampus (5.6 mm).

In situ hybridization was performed using synthetic
oligonucleotides 3-labelled with [®S]JdATP using terminal
deoxynucleotide transferase. The sequences used were:
c-fos, a 45-mer probe corresponding to amino acids 1-15
of the peptide (Curran et al., 1987). The labelled probe had
a specific activity of 2 x 108 Ci /mmol and was made up
to a concentration of 3 x 10° dpm /! with hybridization
buffer (50% formamide, 4 X saline sodium
phosphate/sodium pyrophosphate/EDTA, 10% dextran
sulfate, 5 X Denhardt’s solution, denatured salmon sperm
DNA 200 p.g/ml, dithiothreitol (40 mM) and polyadenylic
acid (100 wg/ml)). 100 wl of the buffer containing la-
belled probe was added to each slide and incubated
overnight at 42°C. The following day the sections were

washed at room temperature for 0.5 h, and then at 60°C for
05 h in 1X standard saline citrate. The sections were
dehydrated in ethanol solutions and exposed to autoradiog-
raphy film (Hyperfilm-B max, Amersham, Amersham,
UK). In al experiments treatment and control groups were
examined simultaneously, exposed to the same film, for
the same duration, and developed and photographed under
identical conditions.

2.5. Emulsion microautoradiography

Slides were dipped in molten emulsion (LM-1, Amer-
sham) for 5 s and then allowed to dry. They were placed in
light-protected boxes for up to 6—8 weeks and experimen-
tal and control sections were developed under standard
conditions. The emulsions were stained with haematoxylin
and eosin (H& E).

2.6. Quantification

Films were quantified using the Microcomputer |mag-
ing Device (MCID, Imaging Research, Canada). The sys-
tem was set such that changes in optical density were in
the linear range. Relative optical density units were nor-
malized to an anatomical region in which gene expression
remained constant. The same areas of interest were out-
lined using the computer tools and identical regions were
used in experimental and control. The films were read
blind without knowledge of treatments.

2.7. Satistics

The Kruskal-Wallis nonparametric analysis of variance
(ANOVA) was used to analyze the data.

3. Results

Enadoline caused sedation but no motor effects. Di-
zocilpine, however, gave rise to increased head move-
ments, increased locomotion, ataxia and rolling move-
ments.

Enadoline stimulated c-fos mMRNA in the paraventricu-
lar and the centromedian thalamic nucleus, but not the

Table 1
The stimulation of c-fos mRNA in limbic structures relative to the hippocampus after enadoline and dizocilpine

Dizocilpine @ Vehicle Enadoline ° Vehicle
Posterior cingulate cortex 4.76 + 0.24 137+ 0.13 0.81+ 0.08 15 +0.19
Retrosplenial cortex 461+ 0.26 1.03 + 0.08 0.86 + 0.17 1.0 +£0.07
PVTN 5.51 + 0.80 0.75+0.12 7.80 + 0.41 121+0.25
CMTN 7.48 + 0.07 091+ 0.14 511+ 0.29 0.99 + 0.14
Hippocampus 1.0 1.0 1.0

PVTN = paraventricular thalamic nucleus; CMTN = centromedian thalamic nucleus. Kruskal-Wallis ANOVA: (a) KW =21.083, P =0.0036; (b)
KW = 17.6, P = 0.0244. Six animals in each treatment group, results expressed as means + S.E.
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Fig. 2. The effects of dose and time on the expression of c-fos MRNA in
the paraventricular thalamic nucleus. A = dose; B = time. RNA units are
relative optical density units expressed as mean+S.E.,, n=6 in each
group. Kruskal-Wallis nonparametric anova P <0.1 for 0.1 mg/kg;
P < 0.05 for 1 mg/kg; P < 0.001 for 10 mg/kg dose of enadoline. For
time after 1 mg,/kg enadoline P < 0.001 for 1h, P < 0.05 for 6 h.
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Fig. 3. The effects of natrexone pretreatment on the expression of c-fos
mMRNA in the paraventricular thalamic nucleus after enadoline. Pretreat-
ments were given 0.5 h before enadoline (1 mg/kg i.p.). A = naltrexone
(10 mg/kg i.p.)+vehicle; B = naltrexone+ enadoline; C = vehicle+
enadoline; D = vehicle+ vehicle; E = vehicle+ morphine (1 mg/kg i.p.).
Results are expressed as relative optical density units, means+ S.E., n=6
in each group.

posterior cingulate and retrosplenial cortex (Fig. 1). Enado-
line stimulated c-fos by a magnitude of 5-7 times in
thalamic nuclei (Table 1). No rise was seen within the
cingulate and retrosplenial cortex. In contrast, dizocilpine
stimulated c-fos MRNA 4.6—7.5 times in al these brain
regions.

The stimulation of c-fos was dose and time dependent.
Stimulation was found at 0.1 mg,/kg and increased further
by doses of 1 and 10 mg/kg (Fig. 2A). Following a dose
of 1 mg/kg expression of c-fos was maximal at 1 h and
had returned to basa levels by 18 h (Fig. 2B). Time points
at 0.5 h and between 1 and 6 h were not studied.

Naltrexone pretreatment completely inhibited enado-
line's stimulation of c-fos (Fig. 3). Natrexone and mor-
phine had no affect on c-fos by themselves (Fig. 3).

4. Discussion

We have confirmed that the non-competitive NMDA
receptor antagonist and neuroprotective agent dizocilpine
can, by itsdf, induce c-fos in limbic regions including
dorsal medial thalamic nuclei and the retrosplenia and
posterior cingulate cortex (Dragunow and Faull, 1990;
Gass et d., 1993). In these same structures neuronal
vacuolation and death have been observed and related to
the psychotic side effects of non-competitive NMDA an-
tagonists (Olney et al., 1989).

This study demonstrates that the neuroprotective -
opioid receptor agonist enadoline can stimulate c-fos by
itself. However, the effect has similarities and differences
when compared to dizocilpine. Dorsal media thalamic
nuclei were stimulated by both agents. Enadoline did not
induce c-fos in the cingulum and splenium. Possibly this
effect on c-fos in dorsal medial thalamic nuclei represents
an affect on glutamatergic fibres. Enadoline has been
shown to inhibit glutamate release in vitro (Lambert et 4.,
1991), and dizocilpine binds to a site within the ionophore
of the NMDA receptor (Monaghan et a., 1989). However,
there is no in vivo evidence that enadoline inhibits gluta-
mate release in the thalamus.

The stimulation of c-fos mRNA in thalamic nuclel was
completely inhibited by naltrexone, indicating opioid stim-
ulation. Morphine, a predominantly w-agonist had no ef-
fect on c-fos expression in the thalamus, confirming the
probable k-opioid nature of the response. k-Opioid recep-
tors are found in dorsal medial thalamic nuclei which is
consistent with their stimulation by enadoline (Mansour et
al., 1988). Morphine has been shown to stimulate c-fos in
the striatum but not in other regions of the brain (Chang et
al., 1988).

Dizocilpine stimulates 2-deoxyglucose metabolism in
limbic regions, including thalamic nuclei and the cingulum
(Nehis et al., 1988). These regions conform closely to the
anatomical regions of c-fos stimulation. Enadoline, how-
ever, decreases glucose utilization in al areas except the
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lateral habenula (Mackay et a., 1993) and has no effect
upon cerebral blood flow (Mackay et al., 1992). Therefore
the changes in c-fos expression recorded here do not
represent non-specific metabolic activation and toxicity but
probably specific neuronal stimulation via the k-opioid
receptor.

Fibres from the centromedian and intermediodorsal tha-
lamic nuclel provide a diffuse cortical projection system
that is believed to control the rhythmical electrical activity
of the cerebral cortex (Dempsey and Morrison, 1942,
1943; Jasper, 1949), influence central pain mechanisms
(Emmers, 1976) and to regulate striatal motor activity
(Jones, 1985). It is proposed that the activation of these
thalamic nuclei by enadoline is a potential mechanism by
which these agents affect the cerebral cortex and other
structures such as the hippocampus. The modulation of
these diffuse projections by «-opioid receptors agonists
may be related to neuroprotective, analgesic and anticon-
vulsant effects.

5. Conclusions

We have demonstrated that both enadoline and di-
zocilpine induce c-fos mRNA in dorsal media thalamic
nuclei. The stimulation of c-fos by enadoline is thought to
be a k-opioid receptor effect.
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