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Abstract

Prenatal morphine exposure on gestation days 11—18 alters bicuculline-induced seizures in rats during development and in adulthood.
Adult, morphine-exposed male progeny exhibit an increased latency to bicuculline seizures, which can be reversed by administration of
the opioid receptor antagonist naloxone. In chronically morphine-treated adult mice, cholera toxin B (CTX-B) can reverse the effects of
chronic morphine administration. Therefore, the present study investigated whether prenatally morphine-exposed rats show a similar
response to CTX-B as chronically morphine-treated adult rodents. Prenatally morphine-, saline- and unexposed male progeny were tested
for seizure susceptibility with a 7.5-mg/kg intraperitoneal injection of bicuculline in adulthood. CTX-B or saline was injected
subcutaneously at 24, 12, and 0.5 h before bicuculline injection. CTX-B decreased the occurrence of bicuculline-induced seizures in both
prenatally saline- and morphine-exposed but not unexposed rats. Furthermore, three, but not one, saline injections administered at 12-
h intervals prior to bicuculline administration reversed the increase in seizure latency in prenatally morphine-exposed adult males,
suggesting an altered responsiveness of the stress system. The present study demonstrates that CTX-B can decrease the occurrence of
bicuculline seizures in prenatally stressed rats and that increased seizure latencies in prenatally morphine-exposed male rats may be related

to stress responses.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Prenatal opiate exposure has many adverse effects on
human offspring (Johnson, 1982; Wilson et al., 1973, 1979),
and animal models have been useful in uncovering the
alterations in brain neurochemistry that may be involved
in these opiate-induced changes (Vathy, 1995). Previous
studies in our laboratory demonstrated that exposure of rats
to morphine during mid to late gestation (Days 11-—18)
alters seizure latencies in adult male progeny in a seizure
model- and hormone-dependent manner (Schindler et al.,
2001; Vathy, 2001). Prenatal morphine exposure decreases
the latency to onset of kainic acid (KA) and N-methyl-p-
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aspartic acid (NMDA) seizures (Slamberova et al., 2000),
and increases the latency to onset of flurothyl (Vathy et al.,
1998) and bicuculline (Schindler et al., 2001) seizures in
adult male rats. Opioid receptors are appearing during the
prenatal period in which the animals are exposed to mor-
phine in all of our experiments (Kent et al., 1981; Kornblum
et al., 1989; Rius et al.,, 1991). Because prenatal drug
exposure is believed to affect the neural systems that are
developing at the time of drug exposure (Kellogg, 1992), it
is likely that prenatal morphine exposure alters the endog-
enous opioid system. In fact, we (Rimanoczy et al., 2001;
Rimanoczy and Vathy, 1995; Slamberova et al., 2002a,b;
Vathy et al., 2000, 2003) and others (Tsang and Ng, 1980;
Zadina et al., 1985) demonstrated that prenatal morphine
exposure alters [1-, 6-, and k-opioid receptor characteristics
in adult rats in a brain-region-specific manner. Furthermore,
we recently showed (Schindler et al., submitted for publi-
cation) that the increased latency to bicuculline seizure onset
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is reversed by systemic administration of the opioid receptor
antagonist naloxone.

The effect of morphine and naloxone on seizure latency
is related to their dose (Calder et al., 1982; Gilbert and
Martin, 1975). This is interesting in light of data showing
that opioids have a bimodal effect; low doses activate
stimulatory guanine nucleotide binding proteins (Gs)
(Crain and Shen, 1990), while higher doses activate
inhibitory guanine nucleotide binding proteins (Gi and
Go) (Childers, 1991). Cholera toxin B (CTX-B) binds
selectively to cell surface GM1 gangliosides, which are
sialic-acid-containing glycolipids that are abundantly dis-
tributed on the surface of all neurons. CTX-B interferes
with a putative allosteric GM1 regulatory site on excitatory
opioid receptors (Crain and Shen, 1998; Shen and Crain,
1990) and is believed to block the excitatory mode (Gs-
coupled) of opioid receptors and thereby prevent tolerance
to morphine both in vivo and in vitro (Shen and Crain,
2001). CTX-B can also prevent naloxone-precipitated
withdrawal hyperalgesia (Shen and Crain, 2001), which
is considered a reliable index of the magnitude of physical
dependence after drug withdrawal (Martin et al., 1963;
Tilson et al., 1973).

In our model of prenatal morphine exposure, drug
administration is discontinued 3 days before birth, thereby
exposing the rat pups to withdrawal in utero and perhaps
ex utero. Therefore, prenatal morphine exposure might be
a model of protracted opiate withdrawal, where opiates act
primarily through the Gs instead of the Gi—Go pathway
(Crain and Shen, 1992, 1995). Increases in the Gs-coupled
action of opioid receptors in brain regions such as the
hippocampus, where opioids have disinhibitory actions
(Simmons and Chavkin, 1996), would increase opioid
inhibition of the inhibitory vy-aminobutyric acid (GABA)
interneurons and subsequently lessen susceptibility (de-
crease incidence or increase time to onset) to seizures in
prenatally morphine-exposed animals. Thus, we hypothe-
sized that pretreatment with CTX-B would bring the
increased seizure latencies of prenatally morphine-exposed
animals down to the level of controls. Therefore, Experi-
ment 1 of the present study investigates changes in
prenatally morphine-exposed rats by examining the effects
of CTX-B administration on their altered bicuculline
seizure latencies.

Seizure onset can also be altered by exposure to stress
(Abel and Berman, 1993; Pericic et al., 2001). Even a mild
stress associated with handling and/or injection of rats can
alter the performance of rats in tasks that are known to be
sensitive to stress (Drago et al., 2001). Prenatally morphine-
exposed animals have altered behavioral responses to stres-
sors (Castellano and Ammassari-Teule, 1984; Slamberova et
al.,, 2002a,b). To investigate how stress alters the onset of
bicuculline seizures in prenatally morphine- and saline-
exposed adult male rats, Experiment 2 tested the effect of
one or three injections of saline on the latency and incidence
of bicuculline seizures.

2. Materials and methods
2.1. Animals

Eight-day pregnant Sprague—Dawley rats from Taconic
Farm (Germantown, NY) were maintained in a temperature-
controlled colony room with free access to food and water
on a reversed 14-h (light):10-h (dark) cycle with lights off at
1100 h. Pregnant rats were randomly assigned to an exper-
imental morphine-treated, control saline-treated, or control
untreated group. Both morphine and saline injections were
administered subcutaneously twice daily (0800 and 2000 h)
on gestational days 11—18 (see (Vathy et al., 1985)). The
first three morphine injections were 5 mg/kg each, and the
remaining injections were 10 mg/kg each (Vathy et al.,
1985).

Rat pups were born on the 22nd day of gestation, and the
day of birth was counted as postnatal day (PND) 0. On PND
1, the morphine-exposed pups were tattooed on one footpad
with black India ink for identification. Morphine- and
saline-exposed pups were sexed, and litters were crossed
and reduced to 10 pups/litter (Vathy et al., 1985). Each
mother raised 5 of her own and 5 adopted pups who had
received the opposite prenatal treatment. Pups were weaned
on PND 25, ear-punched for identification, and housed
individually. Young adult male rats (PND 68-83) were
used in the present study. To avoid litter effects, only one
animal was used from each litter. Each experimental group
contained 8—24 males. All experimental protocols utilized
in this study were reviewed and approved by the Institu-
tional Animal Care and Use Committee and were done in
accordance with the National Institutes of Health Guide for
Care and Use of Laboratory Animals.

2.2. Materials

Morphine sulfate (National Institute on Drug Abuse,
Research Technology Branch, Rockville, MD) was dis-
solved in 0.9% saline. Bicuculline (Sigma, St. Louis, MO)
was dissolved in 0.1 N HCI, and the pH was adjusted to 5.5.
A stock solution (1 mg/ml deionized, distilled water) of the
CTX-B subunit (choleragenoid; Sigma) was heated to 56 °C
for 20 min to eliminate possible traces of CTX-A activity
without loss of potency of CTX-B (see Shen and Crain,
2001).

2.2.1. Bicuculline-induced seizures

In Experiment 1, rats were injected subcutaneously with
0.9% saline or 1 png/kg CTX-B at 24, 12, and 0.5 h before
bicuculline administration. In Experiment 2, one group of rats
was injected with 0.9% saline three times: 24, 12, and 0.5
h prior to bicuculline, another group was injected with 0.9%
saline once 30 min prior to bicuculline, and a third group of
rats was not injected at all prior to bicuculline injection. The
timing of the saline injections corresponds with the timing of
the injections that were used in our present and previous
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studies. Bicuculline was administered intraperitoneally at a
dose of 7.5 mg/kg in all three experiments. The dose of
bicuculline was the same as in our previous studies (Schindler
et al., 2000, 2001). Each animal was observed and evaluated
for seizures for 30 min after bicuculline administration.
Bicuculline seizures have two distinct but consecutive
phases: clonic and tonic—clonic, each of which originates
from a different morphological substrate in the brain (Brown-
ing and Nelson, 1986). Clonic seizures usually appear first
and are characterized by rhythmic movements of the head and
forelimbs. Tonic—clonic seizures often follow clonic seizures
and begin with wild running, followed by a short-lasting
tensing of all muscles (tonus) and a long-lasting clonus,
which usually ends in death. A loss of the righting reflex is
observed during tonic—clonic but not during clonic seizures
(Veliskova et al., 1990).

2.3. Statistical analysis

The percentage of animals that displayed clonic seizures
and the percentage that displayed tonic—clonic seizures in
response to the bicuculline injection were analyzed using

the chi-square test. The latency to onset of clonic and tonic—
clonic seizures was also recorded. An increased latency to
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the onset of seizure activity indicates a resistance to seizure
onset. Only animals that displayed seizures were included in
latency measures. Differences in latencies to seizure onset
between experimental and control animals were analyzed
using a two-way ANOVA (Prenatal Exposure X Adult
Treatment) followed by a Fisher’s PLSD post hoc test, as
necessary. Differences were considered significant if
P<.05.

3. Results
3.1. Effect of CTX-B injection on bicuculline seizures

There was no effect of CTX-B injections on the latency
to onset of clonic (Fig. 1A) or tonic—clonic (Fig. 1B)
seizures induced by bicuculline in prenatally morphine-
treated, saline-treated or untreated control rats. However,
CTX-B significantly decreased the incidence of tonic—
clonic (y*=8.869; P<.05) but not clonic bicuculline seiz-
ures in both prenatally morphine- and saline-exposed males
(but not prenatally untreated controls) relative to control
males pretreated with three saline injections (24, 12, and 0.5
h prior to bicuculline administration) (Fig. 1C and D).
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Fig. 1. Cholera toxin B (CTX-B) decreases the incidence of tonic—clonic bicuculline seizures. A=latency to clonic seizure onset, B =latency to tonic—clonic
seizure onset, C = percentage of animals tested that had clonic seizures, D = percentage of animals tested that had tonic—clonic seizures. The numbers above the
bars indicate the number of animals that had a seizure/total number tested. Values are expressed as means + S.E.M. * P<.05, main effect of CTX-B injection

(chi-square test).
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3.2. Effect of saline injection on bicuculline seizures

Because control rats that were injected three times with
saline prior to bicuculline seizure testing in Experiment 1
did not demonstrate an increase in the latency to onset of
tonic—clonic seizures, as was demonstrated in our previous
studies (Schindler et al., 2000, 2001, submitted for publi-
cation), we hypothesized that three saline injections abro-
gated the increased latency to tonic—clonic bicuculline
seizures in prenatally morphine-exposed males. To test this
hypothesis, we injected prenatally morphine- and saline-
exposed rats with 0, 1, or 3 saline injections before bicucul-
line seizure testing. There was a main effect of prenatal
morphine exposure on the latency to the onset of clonic
[F(1,66)=13.613; P<.01] (Fig. 2A) and tonic—clonic
[F(1,51)=28.579; P<.0001] (Fig. 2B) seizures, and a
significant interaction between prenatal morphine exposure
and saline injections with respect to tonic—clonic seizures
[F(2,51)=3.695; P<.05] (Fig. 2B). Post hoc tests revealed
that prenatal morphine exposure increased the latency to
onset of clonic (Fig. 2A) and tonic—clonic (Fig. 2B)
bicuculline seizures with no injection (clonic: P<.001;
tonic—clonic: P<.0001) or a single injection of saline 30
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min before bicuculline administration (clonic: P<.05; ton-
ic—clonic: P<.001). In contrast, in a group of males given
three injections of saline (24, 12, and 0.5 h prior to bicucul-
line administration), the difference between prenatally mor-
phine- and saline-exposed males in the latency to clonic
(Fig. 2A) and tonic—clonic (Fig. 2B) seizure onset was no
longer apparent. There was no significant effect of prenatal
morphine exposure or number of saline injections on the
incidence of clonic (Fig. 2C) or tonic—clonic (Fig. 2D)
seizures.

4. Discussion

To the best of our knowledge, this is the first report that
CTX-B administered systemically has an anticonvulsant
effect on seizures in prenatally saline- and morphine-ex-
posed rats. In analgesia studies, treatment of mice with
CTX-B unmasks potent inhibitory effects of morphine and
other opioid receptor agonists (Shen and Crain, 2001).
Similarly, the present study demonstrates that treatment with
CTX-B may have enhanced the inhibitory effects of the
endogenous opioids on bicuculline seizures.
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Fig. 2. Prenatal morphine exposure increases the latency to tonic—clonic bicuculline seizures in male rats after zero or one but not three saline injections before
seizure testing. A=latency to clonic seizure onset, B=latency to tonic—clonic seizure onset, C =percentage of animals tested that had clonic seizures,
D=percentage of animals tested that had tonic—clonic seizures. The numbers above the bars indicate the number of animals that had a seizure/total number
tested. Values are expressed as means = S.EM. * P<.05, ** P<.001, and * * * P<.0001 vs. prenatally saline-exposed males with the same number of saline
injections. “P<.01 vs. prenatally morphine-exposed males with zero or one prebicuculline saline injections.
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It is noteworthy that CTX-B injections did not alter the
incidence of bicuculline seizures in naive rats—only in
prenatally morphine- and saline-exposed rats. This may
indicate that CTX-B treatment decreases the occurrence of
bicuculline seizures in animals that experience some kind of
prenatal stress (maternal saline injection alone inducing
stress or maternal injection + drug inducing stress). Howev-
er, to establish the specificity of CTX-B action on putative
Gs-coupled excitatory receptor signaling, comparative stud-
ies with ultralow dose of naltrexone or other selective
antagonists of Gs-coupled excitatory opioid receptors (Crain
and Shen, 2000, #691) may be conducted in order to clarify
this ambiguity. This could eliminate the alternative possi-
bilities that the observed CTX-B effect on seizures might be
mediated by blocking Gs-coupled nonopioid excitatory
receptor signaling.

Other studies show that CTX-B is proconvulsant when
administered intracortically (Karpiak et al., 1978) and has
no effect when infused directly into the hippocampus or
amygdala in vivo or ex vivo in hippocampal slices (Kur-
iyama and Kakita, 1980; Williams et al., 1993). Systemic
injection of CTX-B could potentially affect brain regions
involved in seizure initiation and propagation such as the
substantia nigra, amygdala, and hippocampus. On the other
hand, when CTX-B is injected into a specific brain region,
such as the cortex or hippocampus, brain-region-specific
effects can be discerned. Therefore, CTX-B that is injected
systemically might have proconvulsant effects in the cortex
while, at the same time, acting on other brain regions in
which it has anticonvulsant effects. Thus, the overall effect
of systemic injection of CTX-B is anticonvulsant in prena-
tally morphine- and saline-exposed rats.

In the present work, control rats that were injected three
times with saline prior to bicuculline seizure testing did not
demonstrate the increase in the latency to onset of tonic—
clonic seizures that had been demonstrated in our previous
studies (Schindler et al., 2000, 2001, submitted for publi-
cation). Experiment 2 demonstrates a novel and interesting
finding that may shed light on the discrepancy between the
present and previous results. In prenatally morphine-ex-
posed males, a pretreatment of three injections of saline at
12-h intervals prior to the bicuculline injection reduces their
increased seizure latency, while in prenatally saline-exposed
males, three saline injections do not affect the latency to
seizure onset.

Saline injections are necessary to distinguish the effects
of the drug (in this case, CTX-B) and the injection itself.
The same vehicle that is used for dissolving the active
drug is used as placebo, which is given through the same
route of administration as the active drug. On the other
hand, many researchers purposely use saline injection of
pregnant dams as a form of mild prenatal stressor (Peters,
1982; Ward et al., 2000). Furthermore, animals injected
with saline exhibit alterations in stress-sensitive parameters
such as corticosteroid levels, core temperature, and swim
test (Barrett and Stockham, 1963; Dilsaver and Majchrzak,

1990; Drago et al., 2001). Thus, we conjecture that saline
injection (used as placebo) may act as a stressor and
induce changes in the hypothalamic—pituitary—adrenal
(HPA) axis-regulated stress responses.

Although the present study does not examine changes in
the HPA axis in response to saline injections, we found that
multiple, but not single, saline injections alter the latency to
onset of bicuculline seizures in prenatally morphine-ex-
posed males. It is noteworthy that in prenatally saline-
exposed animals, the mild stressor of three saline injections
has no effect on bicuculline seizures, while it has procon-
vulsant effects in prenatally morphine-exposed animals.
This may indicate that prenatally morphine-exposed males
are more sensitive to stress or respond differently to stres-
sors than controls. This possibility is supported by our
previous study, which showed that prenatally morphine-
exposed males exhibit increased struggling (a measure of
anxiety) in the forced swim test after 2 weeks of daily
exposure to a cold water stressor compared to controls
(Slamberova et al., 2002a,b).

Several studies (Abel and Berman, 1993; Drugan et al.,
1985) demonstrate that stress can alter seizure susceptibility.
Some stressful manipulations including inescapable shock
(Drugan et al., 1985), handling (Cain and Corcoran, 1985),
cold restraint (Rae et al., 1990), and forced swimming (Rae
et al., 1990), have proconvulsant effects on seizures, such as
those seen in prenatally morphine-exposed males in this
study. The present study is, however, the first to demonstrate
specifically that a mild stressor of repeated saline injections
can decrease the latency to onset of bicuculline seizures,
although this stressor is effective only in prenatally mor-
phine- but not saline-exposed rats.

We speculate that the endogenous opioid system, which
is involved in altered bicuculline seizure latencies in prena-
tally morphine-exposed males (Schindler et al., submitted
for publication), may also play a role in changes in seizure
latencies in prenatally morphine-exposed rats after three
saline injections. It has been reported that there are increases
in B-endorphin release (Amir et al., 1980) and proenkepha-
lin mRNA (Harbuz et al., 1991) after exposure to a stressor.
These changes in the opioid system as a result of stress may
modify seizure susceptibility (Cain and Corcoran, 1985; Rae
et al.,, 1990). Further evidence that the opioid system is
modulated by stress is that many stress-induced behavioral
changes like analgesia (Drugan and Maier, 1983; Grau et al.,
1981; Hemingway and Reigle, 1987; Miczek et al., 1982,
1985), immobility in forced swim test (Molina et al., 1994),
and learned helplessness (Hemingway and Reigle, 1987)
can be blocked by naloxone (Hemingway and Reigle, 1987;
Molina et al., 1994).

Stress may also alter seizure latencies in prenatally
morphine-exposed animals through nonopioid mechanisms.
Stress stimulates the HPA axis and increases the release of
corticosterone (CORT). Mineralocorticoids and low concen-
trations of CORT are excitatory, whereas glucocorticoids
and high concentrations of CORT are inhibitory (Roberts et
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al., 1995). Therefore, a mild stressor such as saline injec-
tions, which does not alter bicuculline seizures in prenatally
saline-exposed animals, might elicit a small release of
CORT in morphine-exposed males, with its consequent
excitatory effect.

Taken together, the present results suggest that prenatal
morphine exposure-induced alterations in seizure latencies
can be reversed by a mild stressor of three saline injections.
In addition, a systemic injection of CTX-B decreases seizure
incidence in both prenatally saline- and morphine-exposed
rats.

Acknowledgements

This study was supported by the NIH grant DA05833,
MSM 111200005 to R.é., the Muriel and Harold Block
Faculty Scholar in Mental Illness awarded to I.V., and by the
Department of Psychiatry and Behavioral Sciences, Albert
Einstein College of Medicine. The authors thank Dr. Ke-Fei
Shen and Dr. Jana Veliskova for technical assistance and
advice with the CTX-B portion of this study. The
procedures for animal experimentation utilized in this report
were reviewed and approved by the Institutional Animal
Care and Use Committee and were done in accordance with
the guidelines of the National Institutes of Health.

References

Abel EL, Berman RF. Effects of water immersion stress on convulsions
induced by pentylenetetrazol. Pharmacol Biochem Behav 1993;
45:823-5.

Amir S, Brown ZW, Amit Z. The role of endorphins in stress: evidence and
speculations. Neurosci Biobehav Rev 1980;4:77—86.

Barrett AM, Stockham MA. The effect of housing conditions and simple
experimental procedures upon the corticosteroid level in the plasma of
rats. J Endocrinol 1963;26:97—-105.

Browning RA, Nelson DK. Modification of electroshock and pentylenetet-
razol seizure patterns in rats after precollicular transections. Exp Neurol
1986;93:546—56.

Cain DP, Corcoran ME. Epileptiform effects of met-enkephalin, beta-en-
dorphin and morphine: kindling of generalized seizures and potentiation
of epileptiform effects by handling. Brain Res 1985;338:327-36.

Calder LD, Snyder EW, Dustman RE. Naloxone-induced epileptogenesis
has brain-site specificity in rats. Neuropharmacology 1982;21:1001—4.

Castellano C, Ammassari-Teule M. Prenatal exposure to morphine in mice:
enhanced responsiveness to morphine and stress. Pharmacol Biochem
Behav 1984;21:103-8.

Childers SR. Opioid receptor-coupled second messenger systems. Life Sci
1991;48:1991-2003.

Crain SM, Shen KF. Opioids can evoke direct receptor-mediated excitatory
effects on sensory neurons. Trends Pharmacol Sci 1990;11:77—81.
Crain SM, Shen KF. After chronic opioid exposure sensory neurons be-
come supersensitive to the excitatory effects of opioid agonists and
antagonists as occurs after acute elevation of GM1 ganglioside. Brain

Res 1992;575:13-24.

Crain SM, Shen KF. Chronic morphine-treated sensory ganglion neurons
remain supersensitive to the excitatory effects of naloxone for months
after return to normal culture medium: an in vitro model of ‘protracted
opioid dependence’. Brain Res 1995;694:103 -10.

Crain SM, Shen KF. GM1 ganglioside-induced modulation of opioid re-
ceptor-mediated functions. Ann N Y Acad Sci 1998;845:106—25.
Crain SM, Shen KF. Antagonists of excitatory apioid receptor functions
enhance morphine’s analgesic potency and attenuate opioid tolerance/

dependence liability. Pain 2000;84:121—131.

Dilsaver SC, Majchrzak MJ. Effects of placebo (saline) injections on core
temperature in the rat. Prog. Neuropsychopharmacol. Biol Psychiatry
1990;14:417-22.

Drago F, Nicolosi A, Micale V, Lo Menzo G. Placebo affects the perfor-
mance of rats in models of depression: is it a good control for behav-
ioral experiments? Eur Neuropsychopharmacol 2001;11:209—13.

Drugan RC, Maier SF. Analgesic and opioid involvement in the shock-
elicited activity and escape deficits produced by inescapable shock.
Learn Motiv 1983;14:30—-47.

Drugan RC, McIntyre TD, Alpern HP, Maier SF. Coping and seizure sus-
ceptibility: control over shock protects against bicuculline-induced seiz-
ures. Brain Res 1985;342:9—17.

Gilbert PE, Martin WR. Antagonism of the convulsant effects of heroin, d-
propoxyphene, meperidine, normeperidine and thebaine by naloxone in
mice. J Pharmacol Exp Ther 1975;192:538—41.

Grau JW, Hyson RL, Maier SF, Madden Jt, Barchas JD. Long-term stress-
induced analgesia and activation of the opiate system. Science
1981;213:1409—-11.

Harbuz M, Russell JA, Sumner BE, Kawata M, Lightman SL. Rapid
changes in the content of proenkephalin A and corticotrophin releasing
hormone mRNAs in the paraventricular nucleus during morphine with-
drawal in urethane-anaesthetized rats. Brain Res Mol Brain Res
1991;9:285-91.

Hemingway III RB, Reigle TG. The involvement of endogenous opiate
systems in learned helplessness and stress-induced analgesia. Psycho-
pharmacology (Berl) 1987;93:353—7.

Johnson HLR, Rosen TS. Prenatal methadone exposure: Effects on behav-
ior in early infancy. Pediatr. Pharmacol 1982;2:113-20.

Karpiak SE, Mahadik SP, Rapport MM. Ganglioside receptors and induc-
tion of epileptiform activity: cholera toxin and choleragenoid (B sub-
units). Exp Neurol 1978;62:256-9.

Kellogg CK. Benzodiazepines and the developing nervous system: labora-
tory findings and clinical implications. In: Zagon IS, Slotkin TA, edi-
tors. Maternal substance abuse and the developing nervous system. San
Diego: Academic Press; 1992. pp. 283—-321.

Kent JL, Pert CB, Herkenham M. Ontogeny of opiate receptors in rat
forebrain: visualization by in vitro autoradiography. Brain Res
1981;254:487—-504.

Komblum H, Loughlin SE, Fallon JH, Leslie FM. Developmental appear-
ance of opioid receptors in embryonic and neonatal rat brain using
['*°I] beta-endorphin: an autoradiographic study. Adv Biosci
1989;75:277-87.

Kuriyama K, Kakita K. Cholera toxin induced epileptogenic focus: an
animal model for studying roles of cyclic AMP in the establishment
of epilepsy. Prog Clin Biol Res 1980;39:141-55.

Martin WR, Wikler A, Eades CG, Pescor FT. Tolerance to and physical
dependence on morphine in rats. Psychopharmacologia 1963;4:247—60.

Miczek KA, Thompson ML, Shuster L. Opioid-like analgesia in defeated
mice. Science 1982;215:1520-2.

Miczek KA, Thompson ML, Shuster L. Naloxone injections into the peri-
aqueductal grey area and arcuate nucleus block analgesia in defeated
mice. Psychopharmacology (Berl) 1985;87:39—42.

Molina VA, Heyser CJ, Spear LP. Chronic variable stress or chronic mor-
phine facilitates immobility in a forced swim test: reversal by naloxone.
Psychopharmacology (Berl) 1994;114:433—-40.

Pericic D, Jazvinscak M, Svob D, Mirkovic K. Swim stress alters the
behavioural response of mice to GABA-related and some GABA-unre-
lated convulsants. Epilepsy Res 2001;43:145-52.

Peters DA. Prenatal stress: effects on brain biogenic amine and plasma
corticosterone levels. Pharmacol Biochem Behav 1982;17:721-5.

Rae GA, Pereira GH, De-Lima TC. The influence of stress on convulsive
parameters in the mouse. Neurosci Biobehav Rev 1990;14:491—4.



C.J. Schindler et al. / Pharmacology, Biochemistry and Behavior 77 (2004) 509-515 515

Rimanoczy A, Vathy I. Prenatal exposure to morphine alters brain mu
opioid receptor characteristics in rats. Brain Res 1995;690:245-8.
Rimanoczy A, Slamberova R, Vathy I. Prenatal morphine exposure alters
estrogen regulation of kappa receptors in the cortex and POA of adult
female rats but has no effects on these receptors in adult male rats. Brain

Res 2001;894:154—-6.

Rius RA, Barg J, Bem WT, Coscia CJ, Loh YP. The prenatal development
profile of expression of opioid peptides and receptors in the mouse
brain. Brain Res Dev Brain Res 1991;58:237—-41.

Roberts AJ, Phillips TJ, Belknap JK, Finn DA, Keith LD. Genetic
analysis of the corticosterone response to ethanol in BXD recombi-
nant inbred mice. Corticosteroids enhance convulsion susceptibility
via central mineralocorticoid receptors. Behav Neurosci 1995;109:
1199-208.

Schindler CJ, Veliskova J, Slamberova R, Vathy 1. Prenatal morphine ex-
posure alters susceptibility to bicuculline seizures in a sex- and age-
specific manner. Brain Res Dev Brain Res 2000;121:119-22.

Schindler CJ, Slamberova R, Vathy I. Prenatal morphine exposure
decreases susceptibility of adult male rat offspring to bicuculline seiz-
ures. Brain Res 2001;922:305-9.

Schindler CJ, Slamberova R, Rimandczy A, Hnactzuk O, Riley MA, Vathy
I, submitted for publication. Field-specific changes in hippocampal opi-
oid mRNA, peptides, and receptors due to prenatal morphine exposure
in adult male rats. Neuroscience.

Shen KF, Crain SM. Cholera toxin-B subunit blocks excitatory effects of
opioids on sensory neuron action potentials indicating that GM1 gan-
glioside may regulate Gs-linked opioid receptor functions. Brain Res
1990;531:1-7.

Shen KF, Crain SM. Cholera toxin-B subunit blocks excitatory opioid
receptor-mediated hyperalgesic effects in mice, thereby unmasking po-
tent opioid analgesia and attenuating opioid tolerance/dependence.
Brain Res 2001;919:20-30.

Simmons ML, Chavkin C. Endogenous opioid regulation of hippocampal
function. Int Rev Neurobiol 1996;39:145-96.

Slamberova R, Velisek L, Vathy I. Prenatal morphine exposure alters N-
methyl-D-aspartate- and kainate-induced seizures in adult male rats.
Pharmacol Biochem Behav 2000;65:39—-42.

Slamberova R, Rimanoczy A, Riley MA, Schindler CJ, Vathy I. Mu-opioid
receptors in seizure-controlling brain structures are altered by prenatal
morphine exposure and by male and female gonadal steroids in adult
rats. Brain Res Bull 2002a;58:393-402.

Slamberova R, Schindler CJ, Vathy I. Impact of maternal morphine and
saline injections on behavioral responses to cold water stressor in adult
male and female progeny. Physiol Behav 2002b;75:723-32.

Tilson HA, Rech RH, Stolman S. Hyperalgesia during withdrawal as a
means of measuring the degree of dependence in morphine dependent
rats. Psychopharmacologia 1973;28:287—-300.

Tsang D, Ng SC. Effect of antenatal exposure to opiates on the
development of opiate receptors in rat brain. Brain Res 1980;
188:199-206.

Vathy 1. Effects of prenatal morphine and cocaine on postnatal behaviors
and brain neurotransmitters. NIDA Res Monogr 1995;158:88—114.
Vathy 1. Prenatal morphine exposure induces age- and sex-dependent
changes in seizure susceptibility. Prog Neuropsychopharmacol Biol

Psychiatry 2001;25:1203-26.

Vathy I, Etgen AM, Barfield RJ. Effects of prenatal exposure to morphine
on the development of sexual behavior in rats. Pharmacol Biochem
Behav 1985;22:227-32.

Vathy I, Veliskova J, Moshe SL. Prenatal morphine exposure induces age-
related changes in seizure susceptibility in male rats. Pharmacol Bio-
chem Behav 1998;60:635-8.

Vathy I, Rimanoczy A, Slamberova R. Prenatal exposure to morphine
differentially alters gonadal hormone regulation of delta-opioid re-
ceptor binding in male and female rats. Brain Res. Bull. 2000;53:
793-800.

Vathy I, Slamberova R, Rimanoczy A., Riley MA, Bar N. Autoradiographic
evidence that prenatal morphine exposure sex-dependently alters mu-
opioid receptor densities in brain regions that are involved in the control
of drug abuse and other motivated behaviors. Prog Neuropsychophar-
macol Biol Psychiatry 2003;27:381—93.

Veliskova J, Velisek L, Mares P, Rokyta R. Ketamine suppresses both
bicuculline- and picrotoxin-induced generalized tonic—clonic seizures
during ontogenesis. Pharmacol Biochem Behav 1990;37:667—-74.

Ward HE, Johnson EA, Salm AK, Birkle DL. Effects of prenatal stress on
defensive withdrawal behavior and corticotropin releasing factor sys-
tems in rat brain. Physiol Behav 2000;70:359—66.

Williams SF, Colling SB, Whittington MA, Jefferys JG. Epileptic focus
induced by intrahippocampal cholera toxin in rat: time course and prop-
erties in vivo and in vitro. Epilepsy Res 1993;16:137—46.

Wilson GS, Desmond MM, Verniaud WM. Early development of infants of
heroin-addicted mothers. Am J Dis Children 1973;126:457—62.

Wilson GS, McCreary R, Kean J, Baxter JC. The development of preschool
children of heroin-addicted mothers: a controlled study. Pediatrics
1979;63:135—-41.

Zadina JE, Kastin AJ, Coy DH, Adinoff BA. Developmental, behavior-
al, and opiate receptor changes after prenatal or postnatal beta-en-
dorphin, CRF, or Tyr-MIF-1. Psychoneuroendocrinology 1985;10:
367-83.



	Cholera toxin B decreases bicuculline seizures in prenatally morphine- and saline-exposed male rats
	Introduction
	Materials and methods
	Animals
	Materials
	Bicuculline-induced seizures

	Statistical analysis

	Results
	Effect of CTX-B injection on bicuculline seizures
	Effect of saline injection on bicuculline seizures

	Discussion
	Acknowledgements
	References


