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Corticotropin-releasing hormone is a rapid and potent
convulsant in the infant rat

Tallie Z. Baram and Linda Schultz
Department of Neurology, University of Southern California, Division of Neurology, Childrens
Hospital of Los Angeles, Los Angeles, CA 90094-0700 (U.S.A.)

Abstract

Corticotropin-releasing hormone (CRH) administered into the cerebral ventricles of rats during the
first postnatal week caused a specific and stereotyped behavior sequence: rhythmic chewing and
licking (jaw myoclonus) were followed by ‘litnbic’-type seizures. The onset of the seizures was
much more rapid (2-45 min vs 3-7 h) than in adult rats, and the convulsant doses were much
lower (50 x 10712 mol per gram brain weight vs 750 x 10712 mol per gram brain weight in adults).
CRH potency in inducing seizures varied inversely with age. CRH-induced seizures occurred prior
to any changes in serum corticosterone, and were eliminated by the administration of a CRH
antagonist, as well as of phenytoin. Electrocorticographic correlates of CRH-induced behaviors in
the infant rat were inconsistent, suggesting a subcortical origin of CRH-induced paroxysmal
events in the immature brain.
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INTRODUCTION

Corticotropin-releasing hormone (CRH) is a hypothalamic hormone which acts on the
pituitary gland to stimulate ACTH secretion in response to stressful stimuli34-35, Once its
structure was elucidated, it became clear that, like other hypothalamic hormones, it is
distributed widely throughout the brain33. CRH receptors have been identified in the brain1?,
and their number has been reported to be maximal on the fifth postnatal day0:19. A
neurotransmitter or neuromodulatory role for extrahypothalamic CRH has been
suggested®.20.21,34,

CRH has been shown to excite neurons both in vivo and in vitro2?:36, The peptide increases
both spontaneous and evoked spike-discharge from locus-ceruleus neurons in vivo and
produces neuronal depolarization in CA1 and CA3 hippocampal pyramidal cells in the slice
preparation in vitro. CRH administered into the cerebral ventricles (i.c.v.) to adult rats
causes epileptiform discharges in the amygdala after a 1- to 3-h delay, which then spread to
the dorsal hippocampus!2. These discharges progress, over 3-7 h to behavioral and
electrographic seizures. The doses needed for frank seizure generation in adult rats are 1.5~
3.75 x 1079 mol (0.75-1.88 x 10~ mol/gram brain weight)11.12,

© 1991 Elsevier Science Publishers

Correspondence: T.Z. Baram, Division of Neurology, #42, Childrens Hospital of Los Angeles, P.O. Box 54700, Los Angeles, CA
90054-0700, U.S.A.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Baram and Schultz

Page 2

This study was designed to test the hypothesis that the neonatal rat is more sensitive to the
convulsant effects of CRH than the mature animal. We set out to delineate the behavioral
and electrocorticographic effects of the peptide, their specificity and their response to
anticonvulsant compounds. We utilized infant rats, starting on the 5th postnatal day.

MATERIALS AND METHODS

Animals

Surgery and

Timed-pregnancy rats were obtained from Zivic-Miller, (Zelionple, PA), and were housed
under a 12-h light/dark cycle, and fed ad libitum. They were handled daily to prevent
cannibalism?3. Delivery times were monitored and were accurate to within 12 h. The day of
birth was considered day zero. The pups were kept with the mothers, and litters were culled
to 12 pups. Pups were mixed, such that study groups contained pups from several litters.
Pups were subjected to surgery 24 h prior to recording, and returned to their mothers. All
recordings were done at 08.30-11.30 h, to minimize diurnal variations in seizure
susceptibility?” and in endogenous glucocorticosteroid levels. CRH was injected via a
stereotaxically placed cannula in all pups, except in those utilized for hormonal
measurements alone (when the peptide was injected ‘free-hand’ as described below).
Separate groups of animals were used for dose—effect and time-to-on set experiments.

recording

Cortical stainless steel electrodes were implanted under halothane anesthesia, using an
infant-rat stereotaxic apparatus, as previously described®31. Two frontal and two
posteroparietal electrodes were used. The technique allows for electrocorticogram (ECoG)
recording from freely moving animals, via long, flexible wires. Recordings were carried out
in heated, shielded Plexiglas chambers, using a Grass 78E Polygraph. Pups were
continuously observed throughout the recording.

A stainless steel cannula was chronically implanted into the lateral ventricle. The stereotaxic
coordinates, using Bregma as a landmark were: (P 0.6, L 1.8, V 3.0) in 5-day-old infant rats;
(P 0.6, L 2,V 3.3) in 10-day-old pups, and (P 0.7. L 2.2, V 3.5) in 16-day-old animals.

After a 30-min habituation period, CRH or saline were administered i.c.v. in 1-2 pl, using a
micro-infusion pump. Doses used were 7.5-600 x 10712 mol, or 22.5-1800712 mol/gram
brain weight. Phenytoin, 20 mg/kg (1 ul/g), was injected into the peritoneal cavity 45 min
prior to CRH, a time determined optimal for its anticonvulsant effect37-38, Phenytoin alone
at the same dose was administered to control animals, and others (2 per age) were not
injected. Alpha-helical(9-41) CRH (Peninsula, CA), a competitive CRH antagonist28, was
administered i.c.v. in 2 pl buffered saline (pH = 7.2), 30 min prior to CRH injection. Doses
used were 5 and 10 pg. Epileptic phenomena were defined as those events not seen prior to
CRH administration, recognized as epileptic in infant?:9:26 and adult rats”-18:24, and
abolished by a non-sedating (behaviorally, compared to uninjected controls) dose of
phenytoin.

Hormonal effects of CRH and CRH-induced seizures

Five-day-old pups were divided into 6 experimental groups: 3 groups received CRH (150 x
10712 mol) in a dye solution injected i.c.v. using a “freehand’ technique. Briefly, a Hamilton
25-pul syringe was fitted with a needle-cover allowing 3 mm of tip protrusion. The needle
was inserted using firm pressure 1 mm posterior and lateral to bregma — which is easily
visible on the soft and penetratable skull at this age. In our hands, as verified by the presence
of dye in the third ventricle and cisterns, this “freehand” method achieved 60-70% i.c.v.
injection and is applicable for injection of large numbers of neonatal rats. Three other groups

Brain Res Dev Brain Res. Author manuscript; available in PMC 2011 August 10.
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were injected with dye solution alone. Rats were sacrificed 15, 30 and 45 min after CRH
administration, and trunk blood collected. Plasma was frozen at —80 °C and processed for
corticosterone radioimmunoassay?. For each pup, i.c.v. injection was ascertained, and
presence or absence of CRH-induced seizures was noted. Only pups manifesting epileptic
phenomena at 15 or 30 min were included in the experimental groups.

Behavioral and electrographic effects of CRH

In the 5-day-old rat, CRH induced a dose-dependent spectrum of stereotyped behaviors. At
the lowest effective dose, 7.5 x 10712 mol, pups displayed jaw myoclonus (‘chewing’). A
larger dose (22.5 x 10712 mol) resulted in jaw myoclonus (Fig. 1), followed by tonic
extension of one or two extremities, leg clonus and focal tonic extension. Administration of
the largest dose tested — 300 x 10712 mol — resulted in ‘chewing’ and ‘licking’ in less than
2 min, which progressed rapidly to focal tonic extension and ?lswimming’ seizures that
lasted for over 6 h.

On the 10th postnatal day, CRH resulted in jaw myoclonus followed by “wet-dog shakes’,
running and ‘swimming’ seizures. By the 16th postnatal day, while jaw-myoclonus was
observed, even the maximal dose tested (300 x 10712 mol) did not elicit motor seizures. Fig.
2 shows the dose-dependent spectrum of CRH-induced behaviors in 5-day-old pups, as
compared those observed in 10- and 16-day-old animals. As evident from the figure, larger
peptide doses were needed to elicit motor seizures in older rats: a dose causing status
epilepticus in a 5-day-old pup resulted only in jaw myoclonus in the 16-day-old pup. Table |
shows the time to onset of jaw myoclonus as a function of CRH dose and of animal age. By
the 18th postnatal day, the 4 animals tested displayed no jaw myoclonus or other epileptic
phenomena during an observation period of 9 h.

Electrocorticographic (ECoG) correlates of CRH-induced behaviors were inconsistent. Most
commonly observed were semi-rhythmic sharp waves and increased beta frequency. Fig. 3
compares the ECoG (as well as cardiac (EKG) and muscle movement (EMG) monitors)
before and after i.c.v. CRH in the 5-day-old rat pup. All ECoG changes were abolished by
pre-administration of a CRH antagonist (Fig. 3C, and see below).

Effect of anticonvulsants and CRH antagonist on CRH-induced behaviors

In the 5-day-old pup, administration of 5 pg of alpha-helical(9-41) CRH 40 min prior to the
administration of a convulsant dose of CRH, eliminated all tonic events, and attenuated
dramatically the jaw myoclonus (Table I1). A larger dose (10 pg) effectively blocked also
the onset of ‘chewing’ induced by 22.5 x 10712 mol CRH. The antagonist alone had no
behavioral or ECoG effects. Phenytoin (20 mg/kg) administered i.p. to 5-day-old infant rats
resulted in no overt behavioral changes. This dose of anticonvulsant, however, eliminated
entirely all the effects of a maximal (300 x 10712 mol) CRH dose given i.c.v. 40 min later
(Table I1).

CRH-induced behaviors are not a result of stress response

The effects of i.c.v. CRH in convulsant doses on plasma corticosterone was assessed in 5-
day-old infant rats. By 15 min after administration, 5/6 animals with verified i.c.v. cannula
placement displayed jaw myoclonus; by 30 min, all (4) animals with i.c.v. placement
manifested jaw myoclonus associated, in two, with tonic extension. As is evident from Fig.
4, corticosterone levels did not change during the first 15 min following i.c.v. CRH
administration, at a time when the pups were displaying jaw myoclonus, forepaw clonus and

Brain Res Dev Brain Res. Author manuscript; available in PMC 2011 August 10.
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some tonic flexion. Corticosterone levels were significantly higher at the 30-min time point,
possibly related to the stress induced by the convulsive phenomena themselves.

DISCUSSION

CRH is an hypothalamic hormone which has convulsant properties in adult rats1:12:25 and
generally activates neurons, both in mammals and in lower species329:36, The role of
endogenous CRH in seizure generation or propagation is unknown. There is some evidence
suggesting a possible role for endogenous CRH in seizure susceptibility or generation in the
immature brain: an age-specific human seizure disorder, massive infantile spasms (MIS), is
refractory to common anticonvulsants, but responds to ACTH or glucocorticoids?-17:30,
ACTH increases plasma glucocorticoids, which have been shown to decrease CRH gene
expression, synthesis and release from the hypothalamus in both humans and rodents?2:32:39,
Thus, the possibility exists that excessive CRH synthesis or activity may be a causal factor
in this type of epilepsy. MIS has been considered to be subcortical in originl-3, but does not
respond to phenytoinl1’.

CRH presumably activates neurons through specific receptors, which are non-randomly
distributed throughout the brainl0. Insel et al. have demonstrated, in the rat brain, a maximal
number of CRH receptors on the fifth postnatal day®. Moreover, studies of the ontogeny of
CRH gene expression suggest that, subsequent to a perinatal hiatus, the peptide’s synthesis
increases dramatically, starting at the end of the first postnatal week®14. Thus, at the end of
the first postnatal week in the rat, both CRH synthesis and receptor number are maximal,
possibly contributing to enhanced convulsive potential of the peptide.

CRH-induced behaviors in the neonatal rat are specific— they are completely abolished by a
67-fold excess of a competitive antagonist. CRH-induced phenomena are probably epileptic,
since they are abolished by phenytoin, an anticonvulsant, in a dose that does not cause
sedation or elimination of normal behaviors. Moreover, the sequence of CRH-induced
behaviors is rather similar to that described following kainic acid administration in rats of
these same ages?, during kindling3, and over a longer time course, in CRH-treated adult
rats1112,

The lack of consistent electrocortical correlates of the dramatic behaviors induced by CRH
during the first postnatal weeks is similar to results reported for kainic acid®, even during
status epilepticus?8. In both cases, a limbic origin of the seizures is likely. The jaw
myoclonus — ‘chewing’ and ‘licking” — are consistent with limbic, specifically amygdala
involvement!3.18 and have been reported with kainic acid administration on the first
postnatal week16. The amygdala has been shown to be the first to develop spikes after CRH
administration to the adult rat1:12, although the hippocampus has been implicated by other
investigators25. The time course (less than 2 min vs 1-3 h), however, suggests that the
underlying activation mechanisms are fundamentally different in the neonatal and adult rat.
In the adult rat, CRH-induced amygdala spikes have been likened to kindling!®. This
mechanism cannot be in effect in infant rats, both because of the rapid onset of CRH-
induced seizures, and because of the difficulty in achieving kindling in such immature
animals1®26,

In conclusion, our data suggest that CRH is a potent convulsant in the infant rat, and that
perturbation of CRH synthesis or activity may have some importance in seizure generation
in the immature brain.

Brain Res Dev Brain Res. Author manuscript; available in PMC 2011 August 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Baram and Schultz

Page 5

Acknowledgments

Supported by NINDS Grant NS10307 (T.Z.B.). We thank O. Carter Snead 111 for continued encouragement, and
S.R. Snodgrass for helpful comments and review of this manuscript.

REFERENCES

1

10

11.

12.

13.

14.

15.

16.

17.

18.

. Aicardi, J. Infantile spasms and related syndromes. In: Aicardi, J., editor. Epilepsy in Children. New

York: Raven Press; 1986. p. 17-38.

. Albala BJ, Moshe SL, Okada R. Kainic acid-induced seizures: a developmental study. Dev. Brain

Res. 1984; 13:139-148.

. Baram TZ, Citron M, Schultz L. CRH in frog retina — quantitative and detailed anatomical

analysis. Soc. Neurosci. 1988 Abs. 19.13.

. Baram TZ, Schultz L. Fetal and maternal plasma corticosterone and ACTH after pharmacological

adrenalectotmy. Life Sci. 1990; 47:485-489. [PubMed: 2169559]

. Baram TZ, Schultz L. The ontogeny of somatostatin gene expression in rat diencephalon. Dev.

Neurosci. in press.

. Baram TZ, Snead OC IIl. The ontogeny of bicuculline-induced seizures in infant rats — behavioral

and electrocortical phenomena. Dev. Brain Res. 1990; 57:291-295. [PubMed: 2073726]

. Ben-Ari Y, Tremblay E, Riche D, Ghilini G, Naquet R. Electrographic, clinical and pathological

alterations following systemic administration of kainic acid, bicuculline or pentetrazole: metabolic
mapping using the deoxyglucose method with special reference to the pathology of epilepsy.
Neuroscience. 1981; 6:1361-1391. [PubMed: 7266871]

. Brown, MR.; Fisher, LA. Regulation of the autonomic nervous system by corticotropin-releasing

factor. In: De Souza, EB.; Nemeroff, CB., editors. Corticotropin-Releasing Factor: Basic and
Clinical Studies of a Neuropeptide. Boca Raton: CRC; 1990. p. 291-298.

. Cherubini E, DeFeo MR, Mecarelli O, Ricci GG. Behavioral and electrographic patterns induced by

systemic administration of kainic acid in developing rats. Dev. Brain Res. 1983; 9:69-77.

. De Souza, EB.; Insel, R. Corticotropin-releasing factor (CRF) receptors in the rat central nervous
system: autoradiographic localization studies. In: De Souza, EB.; Nemeroff, CB., editors.
Corticotropin-Releasing Factor: Basic and Clinical Studies of a Neuropeptide. Boca Raton: CRC;
1990. p. 69-88.

Ehlers, CL. CRF effects on EEG activity: implications for the modulation of normal and abnormal
brain states. In: De Souza, EB.; Nemeroff, CB., editors. Corticotropin-Releasing Factor: Basic and
Clinical Studies of a Neuropeptide. Boca Raton: CRC; 1990. p. 233-248.

Ehlers CL, Henriksen SJ, Wang M, Rivier J, Vale W, Bloom FE. Corticotropin-releasing factor
produces increases in brain excitability and convulsive seizures in rats. Brain Res. 1983; 278:332—
336. [PubMed: 6605787]

Goddard GV, Mclintyre D, Leech CK. A permanent change in brain function resulting from daily
electrical stimulation. Exp. Neurol. 1969; 25:295-330. [PubMed: 4981856]

Grino MW, Young WS |11, Burgundier JM. Ontogeny of the expression of the CRF gene in the
hypothalamic paraventricular nucleus and of the pro-opiomelanocortin gene in rat pituitary.
Endocrinology. 1972; 124:60-68. [PubMed: 2783310]

Gilbert ME, Cain DP. A developmental study of kindling in the rat. Dev. Brain Res. 1982; 2:321—
328.

Holmes GL, Thompson JL. Effects of kainic acid on seizure susceptibility in the developing brain.
Dev. Brain Res. 1988; 39:51-59.

Hrachovy RA, Frost JD, Kellaway R, Zion TE. Double blind study of ACTH vs prednisone
therapy in infantile spasms. J. Pediat. 1983; 103:641-645. [PubMed: 6312008]

Ikonomidou-Turski C, Cavalheiro EA, Turski WA, Bortolotto ZA, Turski L. Convulsant action of
morphine, [d-AIaz,d-Leu5]-enkephaIin and naloxone in the rat amygdala: electroencephalographic,
morphological and behavioural sequelae. Neuroscience. 1987; 20:671-686. [PubMed: 3295587]

Brain Res Dev Brain Res. Author manuscript; available in PMC 2011 August 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Baram and Schultz

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37

38.

39.

Page 6

Insel TR, Battaglia G, Fairbanks DW, De Souza EB. The ontogeny of brain receptors for
corticotropin-releasing factor and the development of their functional association with adenylate
cyclase. J. Neurosci. 1988; 8:4151-4158. [PubMed: 2846796]

Kalin, NH. Behavioral and endocrine studies of corticotropin-releasing hormone in primates. In:
De Souza, EB.; Nemeroff, CB., editors. Corticotropin-Releasing Factor: Basic and Clinical Studies
of a Neuropeptide. Boca Raton: CRC; 1990. p. 275-287.

Koob, GF.; Britton, KT. Behavioral effects of corticotropin-releasing factor. In: De Souza, EB.;
Nemeroff, CB., editors. Corticotropin-Releasing Factor: Basic and Clinical Studies of a
Neuropeptide. Boca Raton: CRC; 1990. p. 253-264.

Kovacs K, Mezey E. Dexamethasone inhibits corticotropin-releasing factor gene expression in the
paraventricular nucleus of the rat. Neuroendocrinology. 1987; 46:365-369. [PubMed: 3499580]
Libbin RM, Person P. Neonatal rat surgery: avoiding maternal cannibalism. Science. 1979; 206:66.
[PubMed: 482926]

Lothman EW, Collins RC. Kainic acid-induced limbic seizures: metabolic, behavioral,
electroencephalographic and neuropathological correlates. Brain Res. 1981; 218:299-318.
[PubMed: 7272738]

Marrosu F, Fratta W, Carcangiu P, Giagheddu M, Gessa GL. Localized epileptiform activity
induced by murine CRF in rats. Epilepsia. 1988; 29:369-373. [PubMed: 3260555]

Moshe, S. The ontogeny of seizures and substantia nigra modulation. In: Kellaway, P.; Noebels,
JL., editors. Problems and Concepts in Developmental Neurophysiology. Baltimore: The Johns
Hopkins Press; 1989. p. 247-261.

Oliverio A, Castellano C, Publisi S, Renzi P. Diurnal variations in electroconvulsive shock induced
seizures: involvement of endogenous opioids. Neurosci. Lett. 1985; 57:237-240. [PubMed:
4041021]

Rivier J, Rivier C, Vale W. Synthetic competitive antagonists of corticotropin-releasing factor:
effect of ACTH secretion in the rat. Science. 1984; 224:889-891. [PubMed: 6326264]

Siggins, GR. Electrophysiology of corticotropin-releasing factor in nervous tissue. In: De Souza,
EB.; Nemeroff, CB., editors. Corticotropin-Releasing Factor: Basic and Clinical Studies of a
Neuropeptide. Boca Raton: CRC; 1990. p. 205-214.

Snead OC IIl. Treatment of infantile spasms. Pediatr. Neurol. 1990; 6:147-150. [PubMed:
2163254]

Snead OC Il1, Stephens IH. Ontogeny of cortical and subcortical electroencephalographic events in
unrestrained neonatal and infant rats. Exp. Neurol. 1983; 82:249-269. [PubMed: 6354741]

Swanson LW, Simmons DM. Differential steroid hormone and neural influences on peptide
mRNA levels in CRH cells of the paraventricular nucleus: a hybridization histochemistry study. J.
Comp. Neurol. 1989; 285:413-435. [PubMed: 2569487]

Swanson LW, Sawchenko PE, Rivier J, Vale WW. Organization of ovine corticotropin-releasing
factor immunoreactive cells and fibers in the rat brain: an immunohistochemical study.
Neuroendocrinology. 1983; 36:165-186. [PubMed: 6601247]

Vale W, Rivier C, Brown MR, Spiess J, Koob G, Swanson L, Bilezikjian L, Bloom F, Rivier J.
Chemical and biological characterization of corticotropin-releasing factor. Rec. Prog. Horm. Res.
1983; 39:245-270. [PubMed: 6314446]

Vale W, Spiess J, Rivier C, Rivier J. Characterization of a 41-residue ovine hypothalamic peptide
that stimulates secretion of corticotropin and -endorphin. Science. 1981; 213:1394-1397.
[PubMed: 6267699]

Valentino RJ, Foote SL, Aston-Jones G. Corticotropin-releasing factor activates neurons of the
locus coeruleus. Brain Res. 1983; 270:363-367. [PubMed: 6603889]

. Vernadakis A, Woodbury DM. Effect of acute and subacute administration of diphenylhydantoin

on electroshock seizure threshold in developing rats. Prog. Brain Res. 1964; 9:174-177.

Vernadakis A, Woodbury DM. The developing animal as a model. Epilepsia. 1969; 10:163-178.
[PubMed: 4308259]
Young WS 11, Mezey E, Seigel RE. Quantitative in situ hybridization histochemistry reveals

increased levels of corticotropin-releasing factor and vasopressin mRNA after adrenalectomy in
rats. Neurosci. Lett. 1986; 70:198-203. [PubMed: 3490635]

Brain Res Dev Brain Res. Author manuscript; available in PMC 2011 August 10.



Baram and Schultz Page 7

Fig. 1.
Photograph of a 5-day-old male rat pup displaying jaw and tongue myoclonus, following
CRH (150 x 10712 mol) administration into the cerebral ventricles.
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Fig. 2.

Age dependence of seizure-inducing doses of CRH. Details of motor phenomena are given
in the text. Numbers in brackets denote number of animals per group.
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Fig. 3.

Electrocorticograms of 5-day-old rat pups, before (A) and 20 minutes after (B)
intracerebroventricular (i.c.v.) administration of 22.5 x 10712 mol CRH. C: 20 min after
CRH administration, in a rat given alpha-helical CRH (10 mcg, i.c.v.) 40 min prior to the
peptide. ECoG, electrocorticogram; EKG, electrocardiogram; EMG, recording from an
electrode placed over angle of jaw, anterior to the ear. Horizontal bars = 1 s. Vertical bars =
50 pv.
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Plasma corticosterone in infant rats subjected to CRH (0.15 nmol, filled circles) or saline
(open circles) injection into the cerebral ventricles (i.c.v.). At the 30 min time-point, CRH-
injected rats have begun having motor phenomena, which were well established by 45 min.
Bars denote standard errors; *P < 0.05.
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Baram and Schultz

TABLE Il

Page 12

Effects of phenytoin and of alpha-helical CRH on CRH-induced seizures in 5-day-old rats

n, number of animals; pmol = 10712 mol.

Drug/ n CRH/ Jaw Motor
dose pmol  myoclonus  seizures
. 8 225 +++ +++
Antagonist 5 ug 2 225 + -
Antagonist 10 pg 3 25 - -
Phenytoin20mg/kg 2 — - -

- 2 300 +++ +++
Phenytoin 20 mg/lkg 4 300 - -
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