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Mapping Patterns of c-fbs Expression in the Central 
Nervous System After Seizure 

A dramatic and specific induction of c-fbs was observed in idenable  neuronal 
populations in vivo after administration of the condsant Metrazole. This effect was 
time- and dose-dependent and was abolished by prior treatment with the anticond- 
sant drugs diazepam or pentobarbital. About 60 minutes after administration of 
Metrazole, c-@ messenger RNA reached a maximum and declined to basal levels after 
180 minutes. A fuaher decrease below that in normal brain was observed before a 
return to basal levels &r 16 hours. While Metrazole still elicited seizures during this 
period, reinduction of c-@ was largely refractory. At 90 minutes, c-fos protein was 
observed in the nuclei of neurons in the dentate gym, and in the pydorm and 
cingulate cortices. Subsequently, c-@ protein appeared throughout the cortex, hippo- 
campus, and limbic system. Thus, seizure activity results in increased c-@ gene 
expression in particular subsets of neurons. 

T HE C ~ O S  GENE IS THE CELLULAR chromatin and exhibits a DNA-binding ac- 
homolog of the oncogene (v-fis) car- tivity in vitro (2, 3). In most cell types, the 
ried by the FBJ and FBR murine basal level of c-fis expression is relatively 

osteogenic sarcoma viruses (1). It encodes a low; however, it can be induced rapidly and 
nuclear protein (Fos) that is associated with transiently by a diverse range of extracellular 

l ime (minute! 

0 
0 lo 0 2  
w h m  

stimuli (4). Although initid observations 
suggested that Fos was associated with mi- 
togenesis, this viewpoint has been chal- 
lenged, since induction of cfos has been 
observed where promotion of differentia- 
tion rather than stimulation of cell division 
occurs. Furthermore, in studying the mech- 
anisms that couple membrane events to c-fis 
activation in PC12 cells, we found that 
agents or conditions that provoke a voltage- 
dependent calcium influx were potent in- 
ducers of czfos (5). Similarly, others have 
found that occupation of the nicotinic ace- 
tylcholine receptor on PC12 cells also elicit- 
ed c-fs induction (6). These studies led us 
to speculate that czfos expression might be 
regulated by neuromodulators in vivo. 
Therefore, we studied czfos expression in 
brains of mice that had been treated with a 
convulsant. The c-fis messenger RNA 
(mRNA) was monitored by Northern trans- 
fer and hybridization, while the subcellular 
and brain regional localization of the czfos 
protein were followed by imrnunocy- 
tochemistry. 

We have used a procedure, Metrazole 

ee. 

Metrazole (m 

0 10 20 30 

Fig. 1. RNA analysis of Metrazole-induced c-fi expression. BALBIc mice 
were injected intraperitoneally with Metrazole [50 mglkg in (A) and (B) at 
the doses indicated in (C)]; the animals were killed by decapitation [at times 
given in (A) and (B), or at 60 minutes in (C)]. The whole brain was removed 
and immediately frozen in liquid nitrogen, and frozen tissues were homoge- 
nized in a 3M LiCl plus 6M urea solution. The homogenates were held 
overnight on ice, and RNA was then extracted by a modification of the LiCl 
and urea procedure (20, 21). After gel electrophoresis and transfer onto 
nitrocellulose filters, RNA's were hybridized withfor and rmHa probes (22). 
(A) T i e  course of C-fw expression. Each animal was injected intraperitone- 
ally with Metrazole (50 mglkg) and killed at the time indicated following 
treatment. Identical filters were probed either for c-for or for c-rmHa mRNA. 
The position of 28s and 18s RNA's are indicated (c-fs filter exposure 4 
hours, c - r e  filter exposure 17  hours). (B) Effect of diazepam on Metra- 
wle-induced c-fm expression. Pairs of animals were injected with Metrazole 
alone (in saline) (50 mgkg), diazepam alone [in dimethyl sulfoxide 
(DMSO)] (10 mglkg), or diazepam (10 mgikg) 5 minutes before adminis- 

tration of Metrazole (50 mgikg). Pairs of control animals injected with either 
a saline plus DMSO solution or with DMSO alone 5 minutes before 
administration of Metrazole (50 mglkg) were treated in parallel. Animals 
were killed 60 minutes after treatment and total RNA was isolated from 
whole brain (see A). Northern analyses for the presence of c-fs mRNA was 
as described for (A) (4-hour film exposure). (C) Effect of pentobarbital on 
Metrazole-induced c-far expression. Pairs of BALBIc mice were injected with 
saline, Metrazole (50 mgikg), sodium pentobarbital (80 mgikg), or sodium 
pentobarbital (80 mglkg) 7 minutes prior to Metrazole (50 mgikg). Animals 
were killed 60 minutes after treatment with Metrazole, and total RNA was 
isolated from whole brain as described in (A). Northern analyses for the 
presence of cIfm mRNA was performed as in (A). (D) Dose response of 
Metrazole-induced c-fs expression. Animals were injected with Metrazole at 
0, 10, 20, 30, 40, or 50 mglkg and killed after 60 minutes. Animals given 
higher doses did not survive the treatment. Identical Northern filters were 
probed either for c-fm or for c-rf la ,  filter was exposed for 17 hours. 

192 SCIENCE, VOL. 237 



- . . - - - . - 
ijection 

Time (minut 

A lo 2" 2" 
Fig. 2. Refractory period of cfm 

M ~ t r a z n l ~  Metrs7nla Mntra~nla mRNA induction (A) Northern 
i~ injc ec analysis of c-fi mRNA under con- 

ditions indicated. (B) Quantitative 
densitometry of data shown in (A). - 1 - - -  Twelve animals were injected with 

r a primary dose (50 mglkg) of Me- 
trazole at 0 minutes; and each was 

- subsequently killed at the time indi- 
o , cated (0, 60, 120, 180, 240, and 

300 minutes) as a control time 

B course (solid bars on diagram 
showing relative RNA levels). At 
120 minutes three animals were 

.:: I given trazole a (50 secondary mgkg) injection and these of Me- ani- 

mals were killed 15, 30, and 60 
o minutes after this second dose 
0 

20 (135, 150, and 180 minutes after 
the primary doses; shaded bars on 

0 diagm) .  A similar secondary time 
0 lo 270 300 course was performed on the three 

remaining animals 240 minutes af- 
ter the primary injection (open bars 

on diagram) such that these animals were killed 255, 270, and 300 minutes after the primary dose. 

120 150 1 
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(pentylenetetrazo1e)-induced seizures, that 
has been used as a screening method for 
detecting anticonvulsant drugs that are 
effective in the treatment of epilepsy (7). 
While the precise mechanism of action of 
Metrazole is unclear the available evidence 
indicates that it interacts with the y-amino- 
butyric acid (GABA) receptor-benzodi- 
azepine receptor-chloride ionophore com- 
plex (8). Inhibition of the GABA receptor 
complex would eliminate the suppressive 
action of GABA and result in increased 
activation of neurons. Approximately 60 
minutes after administration of Metrazole 
(50 mgtkg), we observed a substantial in- 
crease in c-@s mRNA in whole brain (by a 
factor of about 20) (Fig. 1A). The increase 
was detected within 15 minutes and persist- 
ed as long as 180 minutes but had declined 
to below the original values by 240 minutes 
(Fig. 1A). These subbasal levels persisted for 
at least another 4 hours, but returned to 
normal resident values by 16 hours after 
treatment. The time course reported here for 
c-@s induction in vivo is protracted com- 
pared to that in serum-stimulated fibroblasts 
(9) and in PC12 cells treated with nerve 
growth factor (10). Alternatively, this could 
represent successive waves of c-@s mRNA 
induction in distinct neuronal populations 
with peak expression at 30, 60, and 90 min- 
utes after treatment, respectively (Fig. 1A). 

The benzodiazepines are neuropharmaco- 
logical agents that have anticonvdsant prop- 
erties mediated via their agonistic interac- 
tion with the GABA receptor-chloride ion- 

J. I. Morgan and J. L. Hempstead, De amnent of 
Neurosciences, Roche Institute of ~ o l e c J a r  Biology, 
Roche Research Center, Nutl NJ 07110. 
D. R Cohen and T. curran,%e amnent of Molecular 
Oncolop Roche InstitUte of ~ofecular Biology, Rochc 
R-c Center, Nutky, NJ 07110. 

ophore complex (1 I). Although adrninistra- 
tion of a benzodiazepine (diazepam) at an 
anticonvulsant dose had no effect on c-fs 
expression, it abolished completely the in- 
duction by Metrazole (Fig. 1B). The various 
carrier solvents used in our study had no 
effect on either basal or stimulated c-fs 
expression (Fig. 1B). Similarly, administra- 
tion of another distinct anticonvulsant drug, 
sodium pentobarbital (Nembutal), (12) did 
not induce c-fs while it blocked completely 
the effects of Metrazole on c-fs expression 
(Fig. 1C). Taken together, these data imply 
that the induction of c-fis by Metrazole is 
attributable to the seizure-causing activity of 
the drug. 

trazole 

With a dose of Metrazole at 50 mgkg, 
mice had seizures within 1 to 2 minutes and 
then sporadically up to 30 minutes after 
treatment. Subsequently, the mice recovered 
and exhibited no apparent ill effects after 
120 minutes. The maximal effect was ob- 
tained with 50 mgtkg (Fig. 1D). Animals 
did not survive increased doses. Elevation of 
c-far mRNA was seen with 30 mgkg, al- 
though at this dose mice did not usually 
have overt convulsions. At no time after 
administration of any dose of Metrazole 
were alterations in the levels of c-rrrS1" (Fig. 
1, A and D), 18s ribosomal RNA, and c-myc 
transcripts observed (13). 

To determine whether the period of re- 
duced c-fs expression represented a refrac- 
tory phase for c-fs induction, we examined 
the effect of Metrazole on reinduction of c- 
fis mRNA at various times after the initial 
dose of the convulsant. When Metrazole was 
given at either 120 or 240 minutes after a 
primary dose of the drug, the induction was 
markedly attenuated (Fig. 2). The reduction 
in response was more pronounced at 240 
minutes when mRNA levels were below 
basal values, than at 120 minutes when they 
were still above control levels (Fig. 2). 
However, all mice receiving a second dose 
of Metrazole exhibited severe seizures de- 
spite the differences in c-fos induction. 
Therefore. induction of c-fk mRNA is not 
invariably a consequence of seizure. Howev- 
er, during the refractory period examined 
here, c-fos protein levels were elevated 
throughbut ;he brain (see below). At 16 
hours after an initial dose of Metrazole, 
when the c-far protein had returned to basal 

. . ,  , , - r , ,  , ,  . 
c m c m c m c m c m c m  

Fig. 3. Distribution of c-fos expression in Metrazole-treated mice. (A) Animals were injected 
intraperitoneally with Metrazole (50 mglkg) and killed 60 minutes later. Liver, spleen, kidney, thymus, 
lung, heart, pancreas, and whole brain tissues were removed immediately and frozen in liquid nitrogen. 
RNA was prepared and analyzed by gel electm horesis, Northern transfer, and hybridization with a fos 
probe as described in Fig. 1. The PC12 plus Bay+ sample (PC12 pheochmmymma cells induced with 
Ba2+) provides, for comparison, an RNA sample prepared from a population of cells all expressing c$m 
mRNA (17-hour exposure). (B) Four animals were injected intraperitoneally with Metrazole (50 
mglkg) and killed at 60 minutes. Four control animals were treated in parallel with saline. Lung and 
brain tissues were removed from each animal and the brains were dissected into basal brain, brainstem, 
cerebellum, cortex and olfactory bulb regions (23). Tissue samples from the brain regions were pooled 
for RNA isolation. RNA preparation and Northern analyses were performed as in Fig. 1 (4-hour film 
exposure). c, control; m, Metrazole. 
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levels, a second dose induced c-j& as &- 
aently as a single administration (14). Thus, I 
the induction of c-j& is regulated, perhaps, 
by a negative feedback mechanism involving 
the c-j& protein. 

In animals treated with Metrazole for 60 
minutes, c-fi expression was deteaed only 
in brain and lung (Fig. 3A). This finding 
suggested that the induction of c-jw in brain 
was not attributable to a general stress re- 
sponse perhaps mediated by glucocortico- 
steroids. In addition, it was found that brain 
had a readily detectable basal level of c-j& 
expression (Fig. 3B) implying that c-fi may 
play a role in the normal physiology of the 
nervous system. The unexpected finding of 
c-j& induction in lung is intriguing; howev- 
er, its precise cellular origin and si@cance 
are unknown. 

I 
Comparison of c-j& mRNA levds from 

distinct brain regions of control and Metra- 
zole-treated mice (Fig. 3B) showed that, 
although c-j& mRNA rose h r  administra- - 
tion of Metrazole in all brain areas, the 
major increases at 60 minutes occurred in 
basal brain and cortex. This suggested that 
Metrazole not only had d i h n t i a l  e f k t s  
upon C-j& expression throughout the brain 
but also that regions known to be implicated 
in seizures (for example, hippocampus) 
might be targets fbr c-j& induction. 

To localize the c-j& protein in brain we 
performed an immunocytochemical analysis. 
Consistent with the observation of c-j& 
mRNA in untreated mice (Fig. I), an antise- 
rum to the c-fi protein (Fos antiserum) 
stained certain areas in untreated mouse 
brain. In the control mice, Fos-positive neu- 
rons were observed throughout the brain, 
but particularly in the pyriform cortex, ante- 
rior oIfactory nudeus, and the bed nucleus 
of the sma tenninalis. Sporadic cells were 
also stained in the limbic system including in 
the dentate gyrus and hippocampus (Fig. 
4 4 ,  and other regions of the cerebral 
cortex. However, some variability was 
observed among control animals in the 
levels and distribution of Fos immu- 
nostaining. In Metrazole-treated mice, 
both the intensity and the number of 
cells labeled in these regions increased 
dramatically (Fig. 4, A to D). 

The immunostaining for Fos was specific 
by several criteria. (i) The same staining 
pattern was observed with three different 
antisera to Fos but not with an irrelevant 
antiserum. (ii) Prior absorption of the Fos 
antiserum with the synthetic peptide used as 
immunogen completely blocked staining. 
(iii) At higher magnification the Fos antise- 
rum stains nudei (Fig. 4E), which is consist- 
ent with the known nudear location of the 
Fos protein (2). Thus, the immunoreactive 
substance in brain is the c-j& protein. 

Fig. 4. Localization of c-& in mouse brain. (A thro D) A comparison of immuno roxidase 
staining of c f i  in control (A and C) and Metrazole-treat f (B and D) mice. (A) ~ i ~ p o c a m ~ ~ g i o n  of 
control mouse showing sporadic immunoreactivity in dentate gym ( X  125). (6) Equivalent region 
from a mouse receiving Metrazole (50 mg per kilogram of body weight) 3 hours before they were 
killed. All granule cells of the dentate gyrus were Fos-positive at this time ( x  125). (C) Pynfotm cortex 
of a control mouse showing low-level staining ( x  125). (D) An equivalent, heavily labeled, region from 
a mouse treated 90 minutes earlier with Metmole at 50 mgkg ( X  125). There is an absence of staining 
in layer 1 and the gradation of immunoreactivity from layers 2 through 6. (E) A high magnification 
( x  BOO), of the dentate gyrus from a mouse receiving Metrazole (50 mgkg) 90 minutes before being 
killed. Note specific staining of nudei. (F) A cerebral cortical region of a mouse receiving Metrazole (50 
mgkg) 4 hours before they were killed. The section has been immunoperoxidase-stained for c-& and 
counterstained with cresyl viola and fast green ( x  125). Both Fos-positive and Fos-negative nudei are 
present. (0) A cerebral cortical region and a portion of the CA1 layer of hippocampus immunostained 
for Fos from the same mouse reported in (F). Large Fos-positive neurons are apparent at this time. (H) 
A higher power view (x310) of the large neurons seen in (G) after immunostaining for c-& and 
counterstaining with cresyl violet and fast green. Details of perfusion (24) and cryomicrotomy and 
immunostaining (25) have been described. The antiserum to Fos (26) was diluted 1:20 for these 
experiments and bound antibody was detected with an avidin-biotin-peroxidase complex (Vectastain 
bc., Burlingame, California). 
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Flg. 5. Identification of c-fbs-positive cells as neurons by double immunoflu- the neuron-speufic intermediate filaments, neurofilament (Labsystems, Chi- 
ofeMence. To determine the phenotype and incidence of Fos-positive cells a cago). (D) The same section double exposed for c-@ and neurohents. 
double immunofluorescence analysis was performed. (A) Shows all nudei in Agam, c-@ labels only nudei that are always rimmed by staining for 
the pynform cortex of a mouse treated for 90 minutes with Metrazole (50 neurohents. However, some neurofilament-positive cells are Fos-nega- 
mgfkg) labeled with a monoclonal antibody (NUC-1) to nuclei (15). (B) rive. Details of hation, processing and double immunofluorescence are as 
The same section stained for Fos. Antiserum to Fos stains only nuclei and, described (24, 25). Fluorescent secondary antibodies were purchased from 
although some nuclei are heavily labeled, others are weak or negative. (C) Cappel Inc., Gxhranville, Pennsylvania (x310). 
w o r m  cortex from the same animal stained with a monoclonal antibody to 

Immunoperoxidase staining for Fos and a 
cresyl violet counterstain for nuclei indicated 
that not all brain cells react with the antise- 
rum to Fos (compare brown peroxidas* 
stained and violet-stained nuclei in Fig. 4F). 
At later times (4 hours) after seizure, several 
additional layers of the cortex are positive 
(Fig. 4G), including the large pyramids of 
Bea (Fig. 4H). Although the number and 
position of the stained bodies would indi- 
cate them to be neuronal cell nuclei, this was 
confirmed by double-labeling experiments 
(Fig. 5). Analysis of a cortical section from a 
Metrazole-treated mouse using an antibody 
reactive with all nuclei (Fig. 5A) (15) and 
Fos antiserum (Fig. 5B) reveals that the Fos 
antiserum only stains a subset of nudei. 
Interestingly, several nudei, particularly 
those in cortical layer one, do not contain c- 
fi protein (indicated by arrows in Fig. 5, A 
and B). Staining of another region of cortex 
with an antibody to the neuron-specific 

neurofilament protein (Fig. 5C) or antibody 
to the neurofilament protein plus Fos antise- 
rum (Fig. 5D) shows that all Fos-containing 
cells are neurons. Several neurofilament- 
positive cells do not stain with Fos antise- 
rum (indicated by arrows in Fig. 5, C and 
D). 

The time course of appearance of Fos 
immunoreactivity after administration of 
Metrazole was investigated (Fig. 6). In- 
creased staining of the dentate gyrus was 
first evident after 30 minutes and was maxi- 
mal after 60 minutes (Fig. 6). As noted 
above there was an increase in the number 
and intensity of stained neurons in defined 
cortical regions between 60 and 90 minutes. 
Subsequently, staining of M e r  cortical 
layers and regions became evident (Fig. 4, G 
and H, and Fig. 6). By 4 hours after treat- 
ment, essentially all neurons in the cortex 
and limbic system were labeled. Although 
occasional neurons were labeled in the hip- 

pocampus up to 90 minutes, the entire 
structure became Fos-positive by 3 hours. 
At 90 minutes after drug administration, 
immunoreactivity was also observed in the 
amygdala, septum, and olfactory bulb. Fos 
was conspicuously absent from some areas 
of brain at all times examined, notably the 
superior and inferior colliculi, the geniculate 
bodies, central gray, substantia nigra, and 
cerebellar cortex. Thus, after seizure, there 
ensues a successive recruitment of specific 
cohorts of neurons expressing c-5s through- 
out the cerebral cortex and limbic system. 

The c-fi protein may play a part in the 
normal function of the neuron since Fos- 
positive cells are present in untreated mouse 
brain. This study establishes that Metmole- 
induced seizure activity in vivo results in a 
dramatic and rapid alteration of c-fi expres- 
sion. Presently, it is not dear whether this 
stimulation involves membrane depolariza- 
tion and enhanced firing rates, analogous to 
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complete hippocampal formation. Fos-immunostaining fim appears in the dentate gym at 30 minutes ~:~$~A",d,~~~~e~{~&~",Q1,O,"~~ 
after seizure and is maximal between 1 and 2 hours. The hippocampus proper becomes stained with a pended in RNA sample buffer 1 x gel 
slower onset and is maximal between 3 and 4 hours. During this time course, the cerebral cortical layers running buffer ( l x  = 200 mM MOPS, H 7.0,50 
become Fos-positive at different times. In addition, after 4 hours the caudate becomes positive ( ~ 5 0 ) .  mM sodium acetate, 10 mM EDTA), 40% forma- 

mide, and 2.2M formaldehyde. The RNA samples 
were denatured in this b d e r  at 65°C for 5 minutes 
and separated on horizontal 0.8% agarox Is con- 

the situation in PC12 cells in vitro (5),  or (19); a structure shown here to be an early t-g l x  @ - buffer and 2.2M grmalde- 
hyde, usually at 75 ~ % r  3 hours. After electropho- whether it is an indirect effect occurring as a target for Fos induction. Thus, it may be ,is, gek were stained in Ix  

d t  of secondary stimulation of neurons that the expression of Fos in nerve cells containing ethidium bromide (ffd y$f:Zi 

by neurotransmitters or neuromodulators. contributes to neurond plasticity. minutes, then destained twice for 20 minutes in 1 x 
gel running buffer and blotted onto nitrocellulose 

Interestingly, the distribution of Fos-psi- We have demonstrated that expression of a r with 20x SSC (1 x SSC buffer contains 8 .6~  trisodium citrate and 0 . 1 M  NaCI) over- tive neurons after Metrazole-induced sei- czfos can be used as a marker, with single-cell , t. The filters then in 2x SSC and 
zures parallels the density of binding sites of specificity, to follow the temporal and spa- bL at 80°C for 2 ~ O W S  in a vacuum oven. Baked 
the anticonvulsant MK-801 (1 6). This com- rial involvement of certain subsets of neu- Fy'iFz~ a ~ $ ~ ~ O ~ ~ ~  ~~ursS~Ca",42' 
pound is an antagonist of the excitatory rons during and following seizure. The containin 0.75M NaCI, 50 rnM sodium phosphate, 
amino acid transmitter N-methyl-o-aspar- demonstration of these areas of czfos-psi- $ ~ $ ~ 2 u ~ ~ ~ 4 ~ 2 ~ 2 ~ ~ ~ 2  #,Y'ddiG 
tate (17), which is implicated in seizures tive neurons should provide an impetus for ylpyrrolidone, 0.2% bovine serum albumin) 
(18) the e ~ e c ~ p h y ~ ~ o l o g ~ c ~  analysis of these g&?'36 formarride. The ECO R1-Sal I 1.35-kbp 

&a ent of the chimeric@ gene and the 500-bp v- 
Because Fos appears after seizure, it can- same cells in this, and other, paradigms of r P i n s ,  fragment of BS9 (22) were uxd in the 

not be involved in the generation of convul- seizure. Potentidy, the strategy employed gen-tion of ~ck-transited p m h  (specific activi- 
ty 1 x lo9 to 2 x lo9 cpmlp ) Hybridizations sion as emphasized by the fact that reinduc- here can also be used to delineate targets and ,-ed out at 42°C for 15 [ours in a solution 
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