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FIG. 2. Regulation of arg3.1 mRNA levels in the hippocampus,
cortex, and Rat-6 fibroblasts. (A) Autoradiograph of Northern blot
analysis of RNA extracted from hippocampus. Five micrograms of
total RNA was loaded per lane. The blot was hybridized to a probe
specific for arg3.1. Hybridization to a probe specific for GAPDH was
used as a loading control (24). Lane MK, RNA isolated 4 hr after
animals received the NMDA receptor blocker MK-801. Lane 0, RNA
of saline-injected control animals. Numbers above the lanes indicate
time in hours after the onset of PTZ-induced seizures at which RNA
was isolated. Lane C/P, RNA isolated 4 hr after the onset of seizure
in the presence of CHX. The positions of arg3.1 and GAPDH RNAs
are indicated. (B) Quantification of hippocampus Northern blots given
in bar diagrams. Error bars indicate SEMs (n = 3). Abbreviations are
as in A. (C) Regulation of arg3.1 mRNA levels in the cortex.
Autoradiograph of Northern blot analysis of RNA extracted from
cortex. RNA amounts, probes, and abbreviations are as in A. (D)
Quantification of cortex Northern blots given in bar diagrams (n = 3).
(E) Regulation of arg3.1 mRNA levels in Rat-6 fibroblasts. Autora-
diograph of Northern blot analysis of RNA extracted from Rat-6
fibroblasts. Total RNA from quiescent or serum-stimulated Rat-6
fibroblasts was used. Numbers above the lanes indicate time in hours
after serum stimulation. RNA amounts and probes are as in A. (F)
Quantification of Rat-6 fibroblast Northern blots given in bar diagrams
(n = 3). Abbreviations are as in E.

Uninduced expression was high in layers II, III, IV, and VI of
the occipital, parietal, and temporal cortex. Regions with
lower but detectable levels of expression included the CAl
field of the hippocampus, the caudate putamen, and the
reticular thalamic nuclei (Fig. 3 B and C). Hybridization to
areas of white matter, the cerebellum, and the dentate gyrus
was essentially the same as in the sense control (Fig. 3 A-C).
Seizure activity induced mRNAs for arg3.1 in several areas of
the brain. Strong hybridization signals were observed after 1 hr
of postictal recovery in the neocortex, the piriform cortex, and
amygdala. Strongest induction was seen in the granule cell

layer of the dentate gyrus of the hippocampal formation (Fig.
3F). Levels of transcripts were decreased to basal levels 4 hr
after seizure in all neocortical layers, except for layer II. By
contrast, at the same time, mRNAs for arg3.1 were maximally
increased in the dentate gyrus and were still elevated in the
piriform cortex (Fig. 3 G and H). Light microscopic analysis of
emulsion autoradiographs suggests a purely neuronal expres-
sion of arg3.1; e.g., staining of cell bodies was evident in the
stratum pyramidale of the hippocampus proper, whereas no
somata were stained in laminae containing glial cells and
scarcely scattered interneurons (Fig. 3D) (30). Seizure activity
resulted in a dramatic increase in the density of silver grains in
the dentate gyrus. Most remarkably, we found arg3.1 mRNA
transcripts localized to the dendrites of the granule cells in the
stratum moleculare (Fig. 3I). Dark-field emulsion photomi-
crographs at higher magnifications show that the hybridization
signals for arg3.1 in the molecular layer were not associated
with Nissl-stained somata but were uniformly distributed,
providing evidence for the unusual localization of arg3.1
mRNA to the granule cell dendrites (Fig. 3 E and J).

Finally, we examined long-term potentiation of synaptic
transmission in the hippocampus, a primary experimental
model for investigating the synaptic basis of learning and
memory in vertebrates (31). To evoke LTP in granule cells, we
delivered three bursts of high-frequency trains to the perforant
path in freely moving rats. The high-frequency stimulation
caused LTP and a marked increase in the level of arg3.1
mRNA in the soma and dendrites of the ipsilateral granule
cells 1 hr after the treatment (Fig. 4 C). Four hours after
induction of LTP, the number of transcripts returned to basal
levels (Fig. 4D). Delivery of the same number of stimulus
pulses at low frequency, which did not evoke LTP, also did not
alter the mRNA levels of arg3.1 (Fig. 4 A and B).

DISCUSSION
We cloned the IEG arg3.1. Our studies provide evidence of
expression and regulation of arg3.1 mRNA in the brain, where
synaptic activity markedly increased mRNA levels in discrete
populations of neurons. Basal expression of arg3.1 RNA was
high in cortical areas, particularly in the visual cortex. In
cortex, NMDA receptors make a major contribution to normal
excitatory synaptic transmission (32-34). As was previously
shown for the transcription factor zif268 (35, 36), we found that
blocking the NMDA receptor led to a marked reduction in the
basal level of expression of arg3.1 mRNA in cortex. We suggest
that the high constitutive expression of arg3.1 in cortex is
driven by naturally occurring activation of the NMDA recep-
tor-e.g., by visual experience. Markers for arg3.1 may there-
fore prove to be useful for monitoring synaptic activity in
cortical neurons. After seizures arg3.1 mRNA was rapidly
induced in cortex and hippocampus. In cortical layers, induc-
tion was transient and transcript levels were down-regulated to
basal levels 4 hr after the onset of seizures. By contrast, at this
time the number of transcripts was strongly elevated in the
dentate gyrus. Induction in cortex and hippocampus was
markedly increased in the presence of CHX, as is typical of
IEGs (12, 22, 29). We cannot determine from these experi-
ments whether the observed induction of mRNA is due to
transcriptional activation or modulation of mRNA stability.
The 3'-noncoding region of arg3.1 contains a single AUUUA
motif at position 2999, believed to be a signal for rapid mRNA
turnover (37). The apparent differences in the temporal ex-
pression of arg3.1 after seizure induction in cortex and hip-
pocampus might be due to differential transcriptional shutoff
mechanisms. Alternatively, they might reflect different prop-
agation of epileptic discharges with postictal depression of
synaptic activity in cortex (38). In line with the latter argument,
we saw a solely transient induction of arg3.1 transcripts in the
hippocampus during LTP. The induction ofLTP and of arg3.1
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FIG. 3. Spatiotemporal expression of arg3.1 mRNA in brain after seizure. Coronal (A, B, F, and G) and sagittal sections (C, D, H, I, and J)
were assayed for arg3.1 mRNA using in situ hybridization with sense (A) and antisense probes (B-J). (B-D) Control animals. (F) Animal 1 hr after
seizure. (G-J and E) Animals 4 hr after seizure. (A-C and F-H) Autoradiographs. (D, I, and J) Dark-field emulsion photomicrographs. (E)
Bright-field photomicrograph corresponding to J. Hybridization in the molecular layer is uniformly distributed and not associated with Nissl-stained
somata (arrows). Am, amygdaloid complex; CA1, CAl field of the hippocampus; Cb, cerebellum; CPu, caudate putamen; DG, dentate gyrus; GL,
granular layer; ML, molecular layer; Pir, piriform cortex; Rt, reticular thalamic nucleus; diamond demarcates boundary between temporal and
perirhinal cortex; black arrowheads indicate boundaries of occipital cortex; white arrowheads show the borders of the CAl subfield; arrows point
to somata in the molecular layer.

mRNA was correlated and spatially confined to the granule
cells of the ipsilateral dentate gyrus. Most strikingly, after LTP
and seizure activity, we observed strong hybridization signals
in the stratum moleculare of the dentate gyrus. The staining
pattern suggests that arg3.1 mRNA is localized to the dendrites
of the granule cells. To date only a few mRNAs have been
identified to be prominent in the dendritic laminae (39). To
our knowledge, arg3.1 represents the first example of a gene
whose mRNA occurs in the dendrites and that is regulated by
synaptic activity.

Several IEGs in the brain encode transcription factors (12,
40). The localization of arg3.1 mRNA to the dendrites of
neurons suggests that arg3.1 is a member of a family of IEGs
that have other functions. Recently tissue plasminogen acti-
vator, cyclooxygenase (Cox-2), and a ras-related gene (rheb)
were reported to be rapidly regulated by seizures and LTP-
inducing stimuli (16, 18, 20). These genes represent early
effector genes that might quickly promote changes in the
activated neurons. arg3.1 might be distantly related to brain
a-spectrin (27). Spectrin is the major constituent of the
cytoskeletal network underlying the plasma membrane (28).

A

C

The mammalian brain contains at least two isoforms of
spectrin, one located primarily in the axons and the other in the
cell bodies and dendrites (41, 42). The processing of brain
spectrin by calcium-dependent proteases at the postsynaptic
membrane has been postulated to be one of the central
molecular mechanisms underlying LTP (43, 44). The similarity
between arg3.1 and spectrin has to be considered speculative
at present. A conclusive determination of the identity of arg3.1
has to await further analysis.

arg3.1 mRNA is expressed at low levels in nonneuronal cells.
Expression is virtually undetectable in quiescent fibroblasts but
is strongly induced by growth factors. The finding that arg3.1
mRNA is serum inducible suggests a role for arg3.1 in phe-
nomena of growth. In the brain, stimuli that evoke seizures or
LTP are capable of inducing structural changes (1, 45-47). A
hallmark of long-term memory and LTP is the requirement for
transcription and translation (6, 7, 9, 48). However, LTP is
spatially restricted to the postsynaptic dendrites directly op-
posed to the terminals of the activated fibers, whereas tran-
scriptional changes take place in the nucleus of the cell. How
synaptic activity-induced transcription can rearrange the com-
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FIG. 4. Induction of LTP and arg3.1 mRNA in the hippocampal granule cell neurons in freely moving rats. Coronal sections were assayed for
arg3.1 mRNA using in situ hybridization with antisense probe. Representative autoradiographs are shown. (A) One hour after unilateral application
of low-frequency stimulus pulses. (B) Four hours after unilateral application of low-frequency stimulus pulses. (C) One hour after unilateral
application of high-frequency stimulus pulses. (D) Four hours after unilateral application of high-frequency stimulus pulses. (Inisets) Evidence that
high-frequency stimulation evokes LTP in freely moving rats, whereas low frequency stimulation does not. Shown are superimposed field potentials
before and 1 hr or 4 hr after low- or high-frequency stimulation. (Scale bar in A = 5 mV/2 ms.)
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plex molecular architecture of the activated synaptic sites
distant to the nucleus is not known. Recent experiments
demonstrate that protein synthesis takes place within dendrites
where it can be stimulated by NMDA receptor-dependent
afferent synaptic activity (49, 50). The differential localization
of arg3.1 mRNA to dendrites offers the potential for the local
synthesis of the protein at activated postsynaptic sites and may
underlie synapse-specific modifications during long-term neu-
ronal plasticity.
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