served in DHFR from bacterial to mamma-
lian enzymes (16, 17); these key amino acids
(* in Fig. 2) are well conserved in the HVS
DHER sequence.

The central role of DHFR in DNA syn-
thesis is demonstrated by its increase in
activity in rapidly dividing cells and the
sensitivity of such cells to folate analogs.
Among the folate-requiring enzymes, TS is
unique in its consumption of 1 mole of
reduced folate for every mole of dTMP
generated. This stoichiometry requires coor-
dinated regulation of the two enzymes. This
has been accomplished in T4 bacteriophage
by overlapping the TS and DHFR genes
(14) and in the protozoan parasite Leishma-
nin by production of a bifunctional TS-
DHEFR polypeptide (20). The DHFR and
TS genes of HVS are located near the
opposite ends of the unique sequence L-
DNA. Both of these regions are consistently
retained in HVS-transformed T-cell lines in
which large segments of the L-DNA central
region are lost (33). The DHFR gene is
apparently not required for immortalization
or replication in vitro by HVS since replica-
tion-competent virus strains have been con-
structed that delete all or part of the DHFR
coding sequences yet retain their ability to
immortalize T cells and to replicate in per-
‘missive monolayer cell lines (34, 35). The
presence of DHFR and TS genes in HVS
and HVA, however, could facilitate virus
reactivation or replication in resting T cells.
The maintenance of TS and DHFR genes
may be particularly important in providing
adequate dTMP pools for viruses such as
HVS and HVA, which have unusually high
A+T content. A possible role for HVS
DHER in persistent infection, latency, and
reactivation from latency can now be investi-
gated by using susceptible New World pri-
mates as host.
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Synaptic Reorganization in the Hippocampus
Induced by Abnormal Functional Activity

THOMAS SUTULA, HE X1A0-X1AN, JOSE CAVAZOS, GRAYSON SCOTT

Abnormal functional activity induces long-lasting physiological alterations in neural
pathways that may play a role in the development of epilepsy. The cellular mechanisms
of these alterations are not well understood. One hypothesis is that abnormal activity
causes structural reorganization of neural pathways and promotes epileptogenesis.
This report provides morphological evidence that synchronous perforant path activa-
tion and kindling of limbic pathways induce axonal growth and synaptic reorganiza-
tion in the hippocampus, in the absence of overt morphological damage. The results
show a previously unrecognized anatomic plasticity associated with synchronous
activity and development of epileptic seizures in neural pathways.

HE HIPPOCAMPUS RECEIVES CON-

verging neocortical, subcortical, lim-

bic, and brainstem inputs via the
perforant pathway to dentate granule cells
that in turn project to CA3 hippocampal
neurons via mossy fiber axons (1). These
pathways undergo synaptic reorganization
in response to lesions (2) and also demon-
strate long-lasting increases in synaptic effi-
cacy in response to certain patterns of affer-
ent activity (3, 4). Repeated activation of
neural pathways can induce seizures and a
permanent epileptic state (kindling) (5). Us-

ing the Timm method to identify hippocam-
pal mossy fibers (6), we observed that syn-
chronous perforant path activation and kin-
dling of limbic pathways induce mossy fiber
sprouting and synaptic reorganization in the
dentate gyrus, in the absence of overt
CA3/CA4 lesions.

The Timm method is a histochemical
technique that stains neural elements con-
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taining heavy metals (6). As a consequence
of the unusually high Zn** content of
mossy fibers relative to surrounding neuro-
pil (7), the trajectory of mossy fiber axons
and the location of their synaptic terminals
can be readily identified at the light and
ultrastructural level with the Timm method.
The mossy fiber pathway projects mainly to
hippocampal pyramidal neurons in CA3/
CA4 (1, 8), but sparse Timm staining may
also be observed in the inner molecular layer
of the dentate gyrus, near the tips of the
supra- and infrapyramidal blades, and the
crest (9, 10).

We examined the pattern of Timm stain-
ing in the hippocampus and dentate gyrus of
rats after synchronous activation and kin-
dling of the perforant path. The normal
pattern of Timm staining was observed in
unstimulated rats implanted with perforant
path electrodes for 3 months (five of five
rats) (Fig. 1A) and in normal rats (six of six
rats). Kindling dramatically altered the pat-
tern of Timm staining in the dentate gyrus.
Eighteen hours after three kindled general-
ized seizures, aberrantly located Timm gran-

Fig. 1. Supragranular Timm stain-
ing and synaptic reorganization in
the dentate gyrus induced by kin-
dling of the perforant path. Anes-
thetized male Sprague-Dawley rats
(250 to 350 g) were implanted
with permanent bipolar electrodes
in the perforant path near the angu-
lar bundle. Two weeks later, the
unrestrained awake animals re-
ceived a 1.0-second train of 62-Hz
biphasic constant-current 1.0-msec
pulses at intensities in the range of
500 to 1100 pA; afterdischarge
and seizures were monitored by
standard techniques (3). Stimula-
tion was delivered twice daily (5
days per week) until three general-
ized seizures were evoked. Rats kin-
dled via the perforant path experi-
enced a generalized seizure (class 5)
after 15.8 + 5.0 afterdischarges.
The rats were then anesthetized and
perfused at least 18 hours after the
last seizure. Adjacent 40-pm hori-
zontal brain sections were obtained
from septal to temporal levels of the
hippocampus and were alternately
stained with the Timm method
(10) and cresyl violet. (A) The nor-
mal pattern of Timm staining in the
dentate gyrus of an unstimulated
rat implanted with a perforant path
clectrode for 3 months. Timm
granules are absent in the supra-
granular dentate gyrus (open ar-
rows). Similar findings were ob-

ules were observed in the supragranular
molecular layer (12 of 13 rats) (Fig. 1B).
Timm granules were distributed throughout
the supragranular layer of the dentate gyrus,
where they are not normally present, includ-
ing the intervening regions between tips of
the supra- and infrapyramidal blades, and
the crest (Fig. 1C). Supragranular Timm
granules were not observed in unstimulated
implanted controls and normal rats, and
therefore the development of aberrantly lo-
cated granules was caused by kindling stim-
ulation and was not related to electrode
placement or staining methods. Kindling
induced aberrantly located supragranular
Timm granules in the dentate gyrus bilater-
ally, but the granules were more prominent
ipsilateral to the stimulation site. The supra-
granular Timm granules were observed as
long as 5 months after the last kindled
seizure, an indication that the effect is long-
lasting. In agreement with numerous previ-
ous studies (5, 11), there was no evidence of
a CA3/CA4 lesion after three kindled, gen-
eralized seizures (Fig. 2, A and B).
Supragranular Timm granules were also

served in four other unstimulated implanted controls and in six of six rats without permanent electrodes.
(B and C) After the kindling procedures, Timm granules were observed in the supragranular layer of the
dentate gyrus in the region between the tips and crest through the full septal-temporal axis of the
hippocampus. The location of the high-power view in (B) is indicated by the asterisk in (C). Arrows
indicate supragranular Timm granules. The larger arrow to the right of the asterisk identifies the crest
area. Abbreviations: h, hilus of the dentate gyrus; SG, stratum granulosum; SM, stratum moleculare.

Magnification: X290 in (A) and (B); X145 in (C).
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observed bilaterally after three generalized
seizures in rats kindled in the olfactory bulb
(six of six rats) and in rats kindled in the
amygdala (six of six rats) (12). Thus, epilep-
tiform activity propagated in the perforant
path is sufficient to induce aberrant supra-
granular Timm granules; direct perforant
path stimulation is not required. Electron
microscopic analysis (13) in four of four
kindled rats demonstrated that the aberrant-
ly located Timm granules were located in
synaptic terminals (Fig. 2C). This finding
suggests that development of supragranular
Timm staining in association with limbic
kindling results from sprouting, axonal
growth, and synaptic reorganization.

The Fink-Heimer method (14) was used
to detect any subtle neuronal or terminal
degeneration that was not apparent in the
cresyl-stained sections and that could poten-
tially cause synaptic reorganization. Degen-
erating neural elements were not observed
in the hippocampus and dentate gyrus after
three generalized seizures in amygdala-kin-
dled rats (five of five). At the ultrastructural
level, terminal degeneration was not ob-
served in the dentate gyrus in eight of eight
rats kindled in the perforant path. If the
sprouting induced by repetitive kindled sei-
zures is due to subtle neuronal loss, it might
be expected that neuronal loss would be
more prominent after additional kindled sei-
zures. However, in a rat that experienced
220 generalized seizures evoked by kindling
of the olfactory bulb, a dense band of supra-
granular Timm granules was observed, but
the neuronal population in CA3/CA4 still
appeared normal.

Morphological evidence of synaptic reor-
ganization was apparent early in the course
of kindling after 5 or 6 days of twice daily
stimulation, before the development of gen-
eralized convulsions. Sprouted supragranu-
lar mossy fiber terminals were observed after
just five to ten afterdischarges evoked by
perforant path stimulation, when the ani-
mals were experiencing only focal seizures
(four of four rats).

Some animals received low-frequency per-
forant path stimulation that failed to evoke
afterdischarges or seizures. Fifteen days of
twice-daily stimulation with 62 1.0-mA bi-
phasic pulses of 1.0-msec duration delivered
at 0.2 Hz also induced supragranular Timm
granules in the dentate gyrus (six of six rats)
(Fig. 2D). However, the supragranular
Timm granules induced by low-frequency
stimulation were fewer and less prominent
than those observed after kindling. Thus,
chronic synchronous activation of the per-
forant path was sufficient to induce sprout-
ing, even in the absence of evoked epilepti-
form activity.

The results demonstrate that synchronous
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functional activity can induce reorganization
of hippocampal pathways in the absence of
overt neuronal loss or degeneration. In the
case of lesion-induced synaptic reorganiza-
tion, neuronal loss in CA3/CA4 results in
degeneration of the commissural-associa-
tional pathway from pyramidal and hilar
neurons of CA4 to the inner molecular layer
of the dentate gyrus (8) and is followed by
sprouting of mossy fiber axons of dentate
granule cells that form morphologically in-
tact, physiologically functional excitatory
synaptic terminals in the denervated zone
(10, 15). Intense perforant path stimulation

that evokes afterdischarges for 24 hours
causes selective loss of Timm stain in the
mossy fiber pathway and loss of CA3/CA4
neurons that receive afferent input from
granule cells (16). Similarly, intense high-
frequency perforant path stimulation (10-
second trains of single stimuli at 20 Hz
every minute for 24 hours) causes degenera-
tion of hilar and pyramidal neurons, includ-
ing somatostatin-staining hilar neurons
(16). These more vigorous stimulation
methods clearly induce neuronal loss; le-
sion-induced sprouting is likely in these
circumstances.

Fig. 2. Perforant path kindling induced synaptic reorganization in the absence of overt morphological
damage. (A) Low-power view of the hippocampus and dentate gyrus from a rat killed 18 hours after the
last of three generalized seizures and stained with cresyl violet. The dentate granule cell layer and the
distribution of pyramidal and hilar neurons appear normal. The arrow indicates the dentate granule cell
layer and the adjacent hilar area. (B) Higher magnification of the hilar region [indicated by the arrow in
(A)] revealed normal appearing hilar neurons. (C) Electron micrograph (13) demonstrates reaction
product (black) located at synaptic clefts and intermixed with synaptic vesicles in axon terminals. The
labeled terminals form synapses with a dendrite (d) cut in cross section. Another dendrite cut in
longitudinal section is also indicated by (d). Note the unstained bouton adjacent to labeled terminals
(arrow), indicating that the reaction is specific for a subset of terminals. (D) Low-frequency stimulation
consisting of 62 pulses of 1.0-msec duration and 1.0-mA intensity delivered at 0.2 Hz twice daily for 15
days also induced synaptic reorganization. A horizontal section of the dentate gyrus from septal
hippocampus demonstrates supragranular Timm granules (arrows). Abbreviations: h, hilus of the
dentate gyrus; SG, stratum granulosum; SM, stratum moleculare. Magnification: (A) x50; (B) x320;

(C) x14,000; and (D) x290.
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In contrast, the kindling methods em-
ployed in this study did not evoke sustained
intense seizure activity and produced no
overt morphological degeneration. We can-
not exclude the possibility that synchronous
perforant path activation and kindling may
have produced subtle neuronal alterations in
CA3/CA4 that were not apparent with the
light and the electron microscopic tech-
niques used in this study. However, the
prominence of sprouting in the absence of
obvious CA3/CA4 neuronal loss, the lack of
evidence of terminal degeneration with ul-
trastructural analysis and with the Fink-
Heimer technique, and the development of
synaptic reorganization after low-frequency
stimulation that failed to evoke epileptiform
activity strongly suggest that abnormal pat-
terns of functional activity alone are suffi-
cient to induce axonal sprouting and synap-
tic reorganization in the hippocampus.

This observation was dependent on the
Timm technique (6), a histochemical meth-
od that stains mossy fiber synaptic terminals
due to their Zn** content (7). In support of
our findings, previous studies have demon-
strated increases in hippocampal and cortical
zinc after amygdala kindling (17). Although
evidence that zinc is released from mossy
fiber synaptic terminals during excitatory
activation (18) raises the possibility that the
abnormal supragranular Timm staining is a
short-term phenomenon caused by zinc
reuptake in terminals where it is not normal-
ly found, this interpretation is unlikely.
Since the supragranular Timm granules per-
sist for at least 5 months after the last
stimulation, the effect is long-lasting and
most likely represents sprouting and synap-
tic reorganization.

Recent evidence indicates that the cellular
oncogene c-fos participates in genetic events
associated with functional activity in neu-
rons (19). Kindling stimulation and brief
seizure activity evoked by Metrazole induce
dramatic increases of c-fos messenger RNA
and c-fos protein in nuclei of dentate granule
cells that give rise to mossy fiber axons (20).
Furthermore, c-fos transcription has been
associated with neurite outgrowth in PC12
pheochromocytoma cells (21). The c-fos
transcription induced by kindling and Met-
razole seizures could be involved in long-
term responses to epileptic activity, such as
the sprouting and axonal growth reported in
this study.

Axonal sprouting and resulting synaptic
reorganization in limbic pathways may con-
tribute to development of kindled seizures.
If the stimulus-induced alterations in con-
nectivity increase excitability, hippocampal
pathways could become progressively sus-
ceptible to epileptiform events. Indeed, the
observation of altered circuitry early in the
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course of kindling, before development of
generalized seizures and, more generally,
after synchronous activation of neural path-
ways, is consistent with the hypothesis that
abnormal activity can induce structural reor-
ganization that promotes epileptogenesis.
Repeated seizure-induced alterations in hip-
pocampal connectivity could also cause neu-
ronal and behavioral dysfunction in chronic
epileptic disorders.

Our observations have been confined to
the hippocampal mossy fiber pathway, but
similar phenomena may occur in other path-
ways of the brain.
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The Fos Complex and Fos-Related Antigens Recognize
Sequence Elements That Contain AP-1 Binding Sites

B. ROBERT FRANZA, JR.,* FRANK J. RAUSCHER III,

StEVEN F. JoserHS, ToM CURRAN

The Fos protein complex and several Fos-related antigens bind directly or indirectly to
a common sequence element that is similar to the consensus binding site for HeLa cell
activator protein 1 (AP-1). This element is present in a negative regulatory sequence in
the differentiation-sensitive adipocyte gene, aP2; in a transcriptional enhancer for the
Gibbon ape leukemia virus; and in a region of the human immunodeficiency virus
(HIV) long terminal repeat partially characterized as a negative regulatory element.
The protein level and binding activity of Fos and Fos-related antigens increase rapidly
after calcium ionophore treatment of a CD4* human lymphoblast cell line, H9. These
data suggest that several proteins may associate with the AP-1 binding site. Moreover,
temporally regulated control of the level of each protein could represent a mechanism
for modulation of these putative mediators of gene expression.

HE PROTO-ONCOGENE C-fos EN-
codes a nuclear phosphoprotein
(Fos) that is associated with chroma-
tin and that displays DNA binding in vitro
(1). Fos is expressed at relatively low levels
in the majority of cell types; however, it can
be rapidly and transiently induced by a great

" variety of extracellular stimuli (2). It has

been proposed that Fos might function as a
nuclear “third messenger” molecule in cou-
pling short-term signals elicited by cell-sur-
face stimulation to long-term alteration in
cellular phenotypes by regulating expression
of specific target genes (3). Indeed, v-fos has
been shown to stimulate transcription of
selected promoters in trans (4). Recently,
evidence was presented that Fos participates
in a nuclear protein complex with a se-
quence element in a control region of the
adipocyte (3T3-F442A) differentiation-sen-
sitive gene, aP2 (5). We noticed consider-
able similarity between the results of oligo-
nucleotide gel retention assays done with
the fat-specific element 2 (FSE2) by Distel
et al. (5) to those of Quinn et al. (6) with an
enhancer element from the Gibbon ape leu-
kemia virus (GALV) long terminal repeat
(LTR). These two oligonucleotides share a
sequence motif within the region (—357 to

B. R. Franza, Jr., Cold Spring Harbor Laboratory, Cold
Spring Harbor, NY 11724.

F. J. Rauscher III and T. Curran, Roche Institute of
Molecular Biology, Hoffmann~La Roche, Inc., Nutley,
NJ 07110.

S. F. Josephs, Laboratory of Tumor Cell Biology, Na-
tional Cancer Institute, National Institutes of Health,
Bethesda, MD 20892. '

*To whom correspondence should be addressed.

—278) of the HIV-LTR that acts as a
negative regulatory element (NRE) (7).
This common sequence element is remark-
ably similar to the consensus binding site
AP-1 (8-10) (see Fig. 1). To investigate a
possible association of Fos with these nucle-
otide sequences we have applied an assay
system that permits direct analysis of cellular
proteins that interact with specific nucleic
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Fig. 1. Sequences of synthetic oligonucleotides
used in DNAP assays. DFSE2 is a two-site itera-
tion of the aP2 gene control element (bases —122
to —98 from transcription start site) as described
by Distel et al. (5). DMFSE2 is a two-site itera-
tion of a mutant of FSE2. The sites of mutation
are —111 and —109. This mutant was designed to
minimally disrupt the AP-1 site of FSE2. DGAL-
VEN is a two-site iteration of the region identi-
fied in the GALV Seato strain LTR as sufficient
for enhancer activity by Quinn et al. (6). HIV
—(357/316) is a single iteration of these bases in
the HIV-LTR as described previously (7). The *
designates bases of significant sequence similarity
to the reported AP-1 consensus (8-10). The
underlined bases indicate the two-base insertion
between the two sequence elements. Oligonucleo-
tides were synthesized, purified, and biotinylated
as described (I1). Under the complementary
strand arrows indicate the 5" to 3" orientation of
the AP-1 related sequences.
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