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Prenatal morphine exposure induces age-related changes in seizure sus-
ceptibility in male rats.
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(3) 635–638, 1998.—The purpose of this study was to investi-
gate the effects of prenatal exposure to morphine (5–10 mg/kg on days 11–18 of gestation) on flurothyl seizure susceptibility
in adult and developing male rats. In adult rats, prenatal morphine exposure increased the threshold to clonic seizures but not
to tonic–clonic seizures. The effects of prenatal morphine exposure on clonic seizures were age dependent. At postnatal day
(PND) 15, prenatal drug exposure did not alter the seizure threshold. At PND 25, there was a reduction in the threshold but
by PND 38, the clonic seizure threshold was increased and this increase persisted into adulthood. Prenatal exposure to mor-
phine did not alter the tonic–clonic seizure threshold in any age group of intact male rats. A group of male rats prenatally ex-
posed to morphine was gonadectomized in adulthood. In gonadectomized rats both clonic and tonic–clonic thresholds were
increased. These results suggest that exposure to morphine during mid to late gestation induces age-dependent alterations in
the susceptibility to clonic but not tonic–clonic seizures. In adult male rats the threshold to tonic–clonic seizures is influenced
by prior gonadectomy in adulthood. © 1998 Elsevier Science Inc.
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THERE is ample evidence demonstrating that opiate expo-
sure is associated with a variety of neurobehavioral distur-
bances. Over the last 2 decades, more than 300,000 infants,
children, and adults have been exposed to opiates in early life
in the US (41). The discovery of endogenous opioid systems
that regulate somatic and neural growth raises the possibility
that exogenous opiates, when present at inappropriate times
or in nonphysiological concentration, can alter neural devel-
opment. Thus, offspring exposed to an excess of exogenous
opiates such as heroin or morphine as a result of maternal
drug abuse may exhibit deleterious, long-term alterations in
psychological, behavioral, and physiological processes when
evaluated in adulthood. Understanding the consequences of
prenatal drug exposure for the development of human central
nervous system (CNS) and for adult behaviors is an extremely
difficult task. Thus, studies in animals with a relatively short
life span are essential to identify potential neurochemical and
behavioral consequences of prenatal drug exposure.

Our previous work demonstrated that morphine exposure
during mid to late gestation (on gestation days 11–18) induces
permanent, sex-dependent changes in the brain of exposed
adult rats. There are permanent alterations in all three (

 

m

 

, 

 

d

 

,
and 

 

k

 

) major opioid receptor subtypes in the hypothalamus,
preoptic area, striatum, ventral tegmental area, cerebellum,
and cortex (25), and in the catecholamine content and turn-
over in the hypothalamus (33,34). In addition, prenatal mor-
phine exposure induced permanent changes in adult, gonadal
steroid-dependent sexual behavior, which is influenced by
both catechoalmines and opiates (32,33). These changes may
constitute a substrate for altered seizure susceptibility.

Indeed, morphine and endogenous opioid peptides signifi-
cantly influence seizure susceptibility in adult male animals.
Systemic administration of opiates (especially those selective
for 

 

m

 

 and 

 

k

 

 opioid receptors) suppressed seizures in several
models (1–3,9–11,24,31). In addition, systemic administration
of 

 

m

 

 opioids induces postictal depression, a period of reduced
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seizure susceptibility immediately after a seizure that may
prevent seizure recurrences (13,17,18,26,36). In contrast, in-
tracerebral administration of endorphin, Met-enkephalin, and
morphine have convulsant effects in adult rats (7).

Seizure susceptibility and the expression of seizures are
age-specific phenomena. In humans, the incidence of seizures
is highest during the first few years of life (16). In rats, ontoge-
netic studies demonstrated an increase in seizure susceptibil-
ity during the second and third postnatal weeks (15,23,27,35)
and a decrease in seizure susceptibility between PND 30–35
just prior to adolescence (22). However, there is no informa-
tion whether opiate exposure during gestation has an effect
on seizure threshold in the offspring, and whether this effect is
age specific, as suggested in studies with postnatal administra-
tion of PCP (28).

In the present study, we tested whether prenatal morphine
exposure affects seizure susceptibility in male rats of various
ages. Because several studies showed that in adult male rats,
seizure activity can be affected by testosterone (20,29,30), to
determine the influence of testosterone on seizure susceptibil-
ity, we also included a group of adult gonadectomized male
rats prenatally exposed to morphine.

 

METHOD

 

Animals

 

Timed pregnant Sprague–Dawley rats were purchased
from Taconic Farms (Germantown, NY) on the 8th day of
conception. Pregnant females were housed individually in ma-
ternity pans with food and water available ad lib, and main-
tained on a 14 L:10 D dark cycle with lights off at 1200 h.

 

Materials

 

Morphine sulfate was obtained from the National Institute
on Drug Abuse (Research Technology Branch, Rockville,
MD), and was dissolved in physiological saline. Morphine and
saline injections were administered subcutaneously (SC) in a
volume of 0.1 ml.

 

Prenatal Drug Treatment and Weaning

 

Pregnant rats were randomly assigned to an experimental
morphine-treated or a saline-treated control group. Both
morphine and saline injections were administered SC two
times a day (at 0800 and at 2000 h) from gestation day 11
through gestation day 18. The first three morphine injections
were 5 mg/kg, while the other injections were 10 mg/kg as in
our original study, which demonstrated long-term behavioral
and neurochemical changes (32). The injection times coincide
with the appearance of opiate (8) and steroid receptors
(39,40). Control females received two daily injections of 0.9%
NaCl (saline) on the same gestational days.

On the first postnatal day (PND 1) pups were sexed and
weighed. The morphine-exposed pups were tattooed on one
of their front foot pads with black India ink for identification,
and all litters were reduced to a maximum of 10 pups. Mor-
phine- and saline-exposed litters were crossfostered such that
each mother raised half of her own and half of the adopted
pups receiving the opposite prenatal treatment as in all our
previous studies (32,33). Pups were weaned at PND 25,
weighed, earpunched for identification, and housed individu-
ally with free access to food and water. Only one saline- and
one morphine-exposed male from each litter was used in sei-

zure experiments. The remaining animals were used in other
experiments.

 

Seizure Testing

 

Male rats were tested for seizure susceptibility at various
ages: PND 15, 25, 38, and adulthood (older than 60 days). An-
other group of prenatally treated adult male rats were gona-
dectomized 3 weeks prior to seizure testing. Different animals
were tested at each age.

For seizure testing, the rats were challenged with flurothyl
at a constant flow rate (20 

 

m

 

l/min) in an air-tight chamber
(9.38 l) until tonic–clonic seizures occurred. Flurothyl is a con-
vulsant ether that produces two types of seizures that occur
sequentially; clonic seizures occur first, and tonic–clonic sei-
zures follow. The two seizure types are mediated by differrent
anatomical substrates and each seizure type is an end point by
itself (4,5). Clonic seizures consist of facial and forelimb clo-
nus (with or without tonic forelimb flexion) with preservation
of the righting reflex; tonic–clonic seizures consist of loss of
righting reflex, tonic flexion or extension of all four limbs, and
then long clonus of all four limbs (37). The latency to the on-
set of first clonic and first tonic–clonic seizure was recorded.
Because flurothyl was infused at a constant rate, the latency
to onset of seizures allow for the calculation of the amount of
infused flurothyl necessary to elicit the seizure, and to deter-
mine the flurothyl seizure threshold for the chamber size (in

 

m

 

l of flurothyl). An increased threshold denotes decreased
seizure susceptibility for the particular seizure type. Seizure
testing was performed between 0800 and 1300 h.

 

Statistical Analysis

 

The differences between morphine- and saline-treated, in-
tact male rats during development were determined by two-
way ANOVA (age 

 

3

 

 prenatal drug), and the Fisher’s PLSD
test was used for post hoc comparisons. The data between
morphine- and saline-treated adult, gonadectomized male rats
were analyzed by two-tailed unpaired 

 

t

 

-test. The level of sig-
nificance was preset to p 

 

,

 

 0.05.

 

RESULTS

 

Prenatal morphine exposure did not produce any changes
in locomotor activity in any of the age groups.

 

Effects of Prenatal Morphine Exposure on Seizure 
Susceptibility in Male Rats at Different Ages

 

There was a significant main effect of age on the clonic sei-
zure threshold, 

 

F

 

(3, 48) 

 

5

 

 16.30, 

 

p 

 

5

 

 0.0001. There was also a
significant interaction between prenatal drug treatment and
the age of the animals, 

 

F

 

(3, 48) 

 

5

 

 6.46, 

 

p 

 

5

 

 0.0009. Because of
the significant interaction between prenatal drug treatment
and age of the animals, we additionally compared morphine-
and saline-exposed rats within each age group using an un-
paired 

 

t-

 

test. Results of the

 

 t-

 

tests demonstrated (Fig. 1) that
at PND 15, the clonic seizure threshold was not affected by
the prenatal morphine exposure. At PND 25, morphine-exposed
rats had lower clonic seizure thresholds than controls (

 

p 

 

,

 

0.05). At PND 38, morphine-exposed rats had higher clonic
seizure thresholds than controls (

 

p 

 

,

 

 0.05). At PND 

 

.

 

 60,
morphine-exposed rats also had higher clonic seizure thresh-
olds than controls (

 

p 

 

,

 

 0.05). There was a significant main ef-
fect of age on tonic–clonic seizure threshold, F(3, 48) 

 

5

 

 4.44, 

 

p 

 

,

 

0.05. However, there was no significant effect of prenatal drug
treatment on the tonic–clonic seizure threshold.
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Effects of Prenatal Morphine Exposure on Seizure 
Susceptibility in Adult Male Gonadectomized Rats

 

In gonadectomized adult male rats, prenatal morphine ex-
posure altered seizure susceptibility (Fig. 2). Morphine-exposed
gonadectomized rats had higher clonic seizure threshold than
controls (

 

p 

 

,

 

 0.05). The threshold to tonic–clonic seizures was
also increased (

 

p 

 

,

 

 0.05; Fig. 2).

 

DISCUSSION

 

Morphine during mid to late gestation produces long-term
alterations in the CNS of exposed animals (25,33,34). This is
further supported by the present study in terms of persistent
changes in seizure susceptibility. We found that the effects of
prenatal morphine exposure are age specific. Additionally, in
gonadectomized adult male rats the thresholds for both clonic
and tonic–clonic types of flurothyl seizures were affected,
while in intact male rats, only the clonic seizure threshold was
affected. Both seizure types have distinct substrates, and the
findings in adult gonadectomized male rats further support
the notion that different circuitry is required for the expres-
sion of clonic and tonic–clonic seizures (6).

Prenatal morphine exposure alters the density of hypotha-
lamic 

 

m

 

 opioid receptors (25). Prenatal morphine exposure
also affects 

 

d

 

 and 

 

k

 

 opioid receptor density in many brain ar-
eas including the hypothalamus, preoptic area, striatum, cor-
tex, ventral tegmental area, and cerebellum of adult animals
(Vathy and Rimanóczy; unpublished). The alterations are site
and receptor subtype specific. Therefore, it is likely that pre-
natal morphine exposure has a general effect on all three ma-
jor opioid receptor subtypes, interfering with their binding
characteristics in the brain of exposed animals subsequently
inducing permanent alterations in several behaviors including
seizure susceptibility. Anticonvulsant actions of morphine
and enkephalins have been reported in animal models of re-
flex epilepsy and against PTZ- and flurothyl-induced seizures
(12,14). Thus, prenatal morphine exposure may have modi-

fied seizure susceptibility by enhancing the anticonvulsant ac-
tions of endogenous opioids (12).

There is evidence that prenatal drug exposure is most det-
rimental to those systems that are developing at the time of
drug administration (19). In the embryonic brain, the mid to
late gestational morphine treatment coincides not only with
the appearance of opioid receptors, but also GABA, cate-
cholamine, and gonadal steroid receptors (19,38–40). Vathy
and colleagues (33,34) demonstrated that prenatal morphine
during the same gestational period induces alterations in hy-
pothalamic NE content and turnover in exposed adult male
and female rats, and that these alterations are sex dependent.

The effects of prenatal morphine exposure are age specific.
We found that in PND 15 male rats, prenatal morphine expo-
sure did not alter the threshold for clonic or tonic–clonic sei-
zures compared to controls. At PND 25, in prenatally mor-
phine-exposed rats, the threshold for clonic seizures was
decreased compared to controls. In PND 38 and adult, prena-
tally morphine-exposed rats, the threshold for clonic seizures
was increased compared to control rats. These age-dependent
changes in seizure susceptibility by the prenatal morphine ex-
posure suggest modulatory alterations in another age-specific
process.

Testosterone levels phasically change with maturation, and
may influence seizure susceptibility (21). The levels of test-
osterone fluctuate during development with a sudden de-
crease between PND 20–25 (21). Thus, in the present study
we speculate that a decrease in testosterone level prior to
PND 25 may be associated with the decrease of the threshold
to clonic seizures, while the increase in testosterone level dur-
ing adolescence may be related to the increased threshold ob-
served in PND 38 and adult morphine-exposed rats. Once
these postulated testosterone-related changes are induced in
flurothyl threshold, they seem to be permanent, because gon-
adectomy in adulthood did not alter seizure susceptibility of
gonadectomized rats to flurothyl. The flurothyl clonic seizure
threshold was increased in both intact and gonadectomized,
morphine-treated male rats. However, gonadectomy did affect
the threshold to tonic–clonic seizures in morphine-exposed
rats, although the changes in testosterone levels during devel-

FIG. 1. Developing male rats: effects of prenatal morphine exposure
on flurothyl-induced clonic seizures. Mean flurothyl seizure threshold
values 1 SEM: asterisk indicates a significant difference (p , 0.05)
compared to the control group (two-tailed unpaired t-test). In PND
15 rats (saline n 5 8; morphine n 5 6), prenatal morphine exposure
has no effect on flurothyl seizures. In PND 25 rat (saline n 5 8; mor-
phine n 5 7), prenatal morphine exposure has proconvulsant effects,
while in PND 38 rats (saline n 5 7; morphine n 5 7), it has anticon-
vulsant effects on flurothyl seizures. In adult rats (saline n 5 7; mor-
phine n 5 7), prenatal morphine exposure has proconvulsant effects.

FIG. 2. Adult gonadectomized male rats: effects of prenatal mor-
phine exposure on flurothyl-induced seizures. Mean flurothyl seizure
threshold values 1 SEM: asterisk indicates a significant difference (p ,
0.05) compared to the control group (two-tailed unpaired t-test). Pre-
natal morphine exposure has anticonvulsant effects on both clonic
and tonic–clonic flurothyl seizures (saline n 5 8; morphine n 5 9).
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opment did not affect the threshold to this type of seizure.
Thus, the present data suggest that prenatal morphine expo-
sure induces complex changes in the interactions between sev-
eral CNS neurotransmitter/neuromodulator systems that alter
seizure susceptibility as a function of age.
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ĕ

 

REFERENCES

 

1. Adler, M. W.; Lin, C.-H.; Keinath, S. H.; Braverman, S.; Geller,
E. B.: Anticonvulsant action of acute morphine administration in
the rat. J. Pharmacol. Exp. Ther. 198:655–660; 1976.

2. Albertson, T. E.; Joy, R. M.; Stark, L. G.: Modification of kindled
amygdaloid seizures by opiate agonists and antagonists. J. Phar-
macol. Exp. Ther. 228:620–627; 1984.

3. Bohme, G. A.; Stutzmann, J. M.; Roques, B. P.; Blanchart, J. C.:
Effects of selective mu- and delta-opioid peptides on kindled
amygdaloid seizures in the rats. Neurosci. Lett. 74:227–231; 1987.

4. Browning, R. A.; Turner, F. J.; Simonton, R. L.; Bundman, M. C.:
Effects of midbrain and pontine tegmental lesion on the maximal
electroshock seizure pattern in rats. Epilepsia 22:583–594; 1981.

5. Browning, R. A.; Simonton, R. L.; Turner, F. J.: Antagonism of
experimentally induced tonic seizures following a lesion in the
midbrain tegmentum. Epilepsia 22:595–601; 1981.

6. Browning, R. A.: Role of the brain-stem reticular formation in
tonic–clonic seizures: Lesion and pharmacological studies. Fed.
Proc. 44:2425–2431; 1985.

7. Cain, D. P.; Corcoran, M. E.: Intracerebral beta-endorphin, met-
enkephalin and morphine: Kindling of seizures and handling-
induced potentiation of epileptiform effects. Life Sci. 34:2535–
2542; 1984.

8. Clendeninn, N.; Petraits, M.; Simon, E. J.: Ontological develop-
ment of opiate receptors in rodent brain. Brain. Res. 118:157–
160; 1976.

9. Cowan, A.; Geller, E. B.; Adler, M. W.: Classification of opioids
on the basis of change in seizure threshold in rats. Science
206:465–467; 1979.

10. Cowan, A.; Tortella, F. C.; Adler, M. W.: A comparison of the
anticonvulsant effects of two systemically active enkephalin ana-
logues in rats. Eur. J. Pharmacol. 1971:117–121; 1981.

11. Fisher, W.; Bodewei, R.; VonVoigtlander, P. F.; Muller, M.: Anti-
convulsant and related effects of U-54494A in various seizure
tests. J. Pharmacol. Exp. Ther. 267:163–170; 1993.

12. Frenk, H.: Pro- and anticonvulsant actions of morphine and
endogenous opioids: Involvement and interactions of multiple
opiate and nonopiate systems. Brain Res. Rev. 6:197–210; 1983.

13. Frenk, H.; Engel, J. J.; Ackermann, R. F.: Endogenous opioids
may mediate postictal behavioral depression in amygdaloid-kin-
dled rats. Brain Res. 167:435–440; 1979.

14. Frey, H.-H.: Anticonvulsant effect of morphine and morphine-like
analgesics in mongolian gerbils. Pharmacology 32:335–339; 1986.

15. Hablitz, J. J.; Heinemann, U.: Extracellular K

 

1

 

 and Ca

 

2

 

1

 

 changes
during epileptiform discharges in the immature rat neocortex.
Brain Res. 433:299–303; 1987.

16. Hauser, W. A.; Kurland, L. T.: The epidemiology of epilepsy in
Rochester, MN 1935–1967. Epilepsia 16:1–66; 1975.

17. Jackson, H. C.; Nutt, D. J.: Investigation of the different types of
opioid receptor involved in electroconvulsive shock-induced anti-
nociception and catalepsy in the rat. J. Pharm. Pharmacol.
43:640–643; 1991.

18. Jones, L. S.: Naloxone blocks antiepileptogenic properties of an in
vitro electroconvulsive shock model. Brain Res. 564:336–340; 1991.

19. Kellogg, C. K.: Benzodiazepines and the developing nervous sys-
tem: Laboratory findings and clinical implications. In: Zagon,
I. S.; Slotkin, T. A., eds. Maternal substance abuse and the devel-
oping nervous system. San Diego: Academic Press; 1992:283–321.

20. Kokka, N.; Sapp, D. W.; Witte, U.; Olsen, R. W.: Sex differences
in sensitivity to pentylenetetrazol but not in GABA

 

A

 

 receptor
binding. Pharmacol. Biochem. Behavior. 43:441–447; 1992.

21. Lee, V. W. K.; de Kretser, D. M.; Hudson, B.; Wang, C.: Varia-
tions in serum FSH, LH and testosterone levels in male rats from
birth to sexual maturity. J. Reprod. Fertil. 42:121–126; 1975.

22. Moshé, S.; Shinnar, S.; Swann, J.: Partial (focal) seizures in devel-
oping brain. In: Schwarzkroin, P.; Moshé, S.; Noebels, J.; Swann,
J., eds. Brain development and epilepsy. New York: Oxford Uni-
versity Press; 1995:34–65.

23. Moshé, S. L.; Albala, B. J.: Maturational changes in postictal
refractoriness and seizure susceptibility in developing rats. Ann.
Neurol. 13:552–557; 1983.

24. Przewlocka, B.; Lason, W.; Machelska, H.; van Luijtelaar, G.;
Coenen, A.; Przewlocki, R.: Kappa opioid receptor agonists sup-
press absence seizures in WAG/Rij rats. Neurosci. Lett. 186:131–
134; 1995.

25. Rimanóczy, A.; Vathy, I.: Prenatal exposure to morphine alters
brain 

 

m

 

 opioid receptor characteristics in rats. Brain Res. 690:245–
248; 1995.

26. Rocha, L.; Engel, J. J.; Ackermann, R. F.: Effects of chronic
naloxone pretreatment on amygdaloid kindling in rats. Epilepsy
Res. 10:103–110; 1991.

27. Schwartzkroin, P. A.: Epileptogenesis in the immature CNS. In:
Schwartzkroin, P. A.; Wheal, H. V., eds. Electrophysiology of
epilepsy. London: Academic Press; 1984:389–412.

28. Sircar, R.; Velí

 

š

 

ková, J.; Moshé, S. L.: Chronic neonatal phencyc-
lidine treatment produces age-related changes in pentylenetetra-
zol-induced seizures. Dev. Brain Res. 81:185–191; 1995.

29. Stanley, H. F.; Fink, G.: The short-term effects of testosterone on
brain protein synthesis in 4-day-old rats: An electrophoretic
study of proteins following intraventricular injection of [

 

35

 

S]
Methionine. Brain Res. 358:241–248; 1985.

30. Thomas, J.: Gender difference in susceptibility to picrotoxin-
induced seizuresis seizure- and stimulation-dependent. Brain Res.
Bull. 24:7–10; 1990.

31. Tortella, F. C.; Echevarria, E.; Robles, L.; Mosberg, H. I.; Hola-
day, J. W.: Anticonvulsant effects of mu (DAGO) and delta
(DPDPE) enkephalins in rats. Peptides 9(5):1177–1181; 1988.

32. Vathy, I.; Etgen, A. M.; Barfield, R. J.: Effects of prenatal expo-
sure to morphine on the development of sexual behavior in rats.
Pharmacol. Biochem. Behav. 22:227–232; 1985.

33. Vathy, I.; Kátay, L.: Effects of prenatal morphine on adult sexual
behavior and brain catecholamines in rats. Dev. Brain Res.
73:115–122; 1992.

34. Vathy, I.; Rimanóczy, A.; Eaton, R. C.; Kátay, L.: Modulation of
catecholamine turnover rate in brain regions of rats exposed pre-
natally to morphine. Brain Res. 662:209–215; 1994.

35. Velí

 

š

 

ková, L.; Kubová, H.; Pohl, M.; Stanková, L.; Mare

 

š

 

, P.;
Schickerová, R.: Pentylenetetrazol-induced seizures in rats: An onto-
genetic study. Naunyn Schmiedebergs Arch. Pharmacol. 346:588–
591; 1992.

36. Velí

 

š

 

ek, L.; Mare

 

š

 

, P.: Differential effects of naloxone on postic-
tal depression. Epilepsy Res. 12:37–43; 1992.

37. Velí

 

š

 

ek, L.; Velí

 

š

 

ková, J.; Ptachewich, Y.; Ortíz, J.; Shinnar, S.;
Moshé, S. L.: Age-dependent effects of GABA agents on flurothyl
seizures. Epilepsia 36:636–643; 1995.

38. Vito, C. C.; Fox, T. O.: Embryonic rodent brain contains estrogen
receptors. Science 204:517–519; 1979.

39. Vito, C. C.; Fox, T. O.: Androgen and estrogen receptors in
embryonic and neonatal rat brain. Dev. Brain Res. 2:97–100;
1981.

40. Vito, C. C.; Wieland, S. J.; Fox, T. O.: Androgen receptors exist
throughout the “critical period” of brain sexual differentiation.
Nature 282:308–310; 1979.

41. Zagon, T. S.; McLaughlin, P. J.: Maternal exposure to opioids and
the developing nervous system; laboratory findings. In: Zagon,
I. S.; Slotkin, T. A., eds. Maternal substance abuse and the devel-
oping nervous system. San Diego: Academic Press; 1992:241–282.


