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Our results identify a clear physiologic
function for ERB. Estrogen receptors are
known to regulate a number of genes that
affect vascular function (5, 26). Multiple
ERB-regulated gene products may contrib-
ute to the abnormal vascular contraction,
ion channel dysfunction and hypertension
observed in ERBKO animals. Our findings
also support the concept that the transcrip-
tion factor ERB controls expression of
genes critical to normal vascular physiolo-
gy in both males and females. Gene targets
of ERB in relevant target tissues may pro-
vide insights into the pathophysiology and
treatment of hypertension.
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Alternative Splicing and
Neuritic mRNA Translocation
Under Long-Term Neuronal
Hypersensitivity

Eran Meshorer,? Christina Erb," Roi Gazit,2 Lev Pavlovsky,?
Daniela Kaufer,’* Alon Friedman,® David Glick,’
Nissim Ben-Arie,2 Hermona Soreq'}

To explore neuronal mechanisms underlying long-term consequences of stress,
we studied stress-induced changes in the neuritic translocation of acetylcho-
linesterase (AChE) splice variants. Under normal conditions, we found the
synaptic AChE-S mRNA and protein in neurites. Corticosterone, anticholines-
terases, and forced swim, each facilitated a rapid (minutes), yet long-lasting
(weeks), shift from AChE-S to the normally rare AChE-R mRNA, promoted
AChE-R mRNA translocation into neurites, and induced enzyme secretion.
Weeks after stress, electrophysiological measurements in hippocampus slices
displayed apparently normal evoked synaptic responses but extreme hyper-
sensitivity to both anticholinesterases and atropine. Our findings suggest that
neuronal hypersensitivity under stress involves neuritic replacement of AChE-S

with AChE-R.

Traumatic stress is often followed by long-
term pathological changes (/, 2). In humans,
extreme cases of such changes are clinically
recognized as posttraumatic stress disorder
(PTSD) (3). Although the immediate re-
sponse to acute stressful insults has been
extensively studied, the molecular mecha-
nisms leading to the long-term neuronal hy-
persensitivity that is characteristic of PTSD
are yet unknown. Stimulus-induced changes
in alternative splicing have recently emerged
as a major mechanism of neuronal adaptation
to stress, contributing to the versatility and
complexity of the expression patterns of the
human genome (4—6). Another stimulus-in-
duced post-transcriptional process is dendrit-
ic mRNA translocation, which has been de-
scribed for several transcripts (7-/2). Be-
cause psychological, physical, and chemical
stressors all cause neuronal activation and
hyperexcitation, dendritic translocation of
specific target mRNAs may follow.
Acetylcholinesterase (AChE) modulations
provide an appropriate case study for explor-
ing long-term stress effects. Chemical, psy-
chological, and physical stresses all shift
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splicing from the primary mRNA product
that encodes the synaptic membrane AChE-S
multimeric protein to the normally rare
“readthrough” AChE-R transcript, which
yields soluble monomers (/3). We thus ex-
amined neuronal distributions of the two
splice variants, which have characteristic 3’
regions (Fig. 1A). A comprehensive search of
the NCBI GenBank and EST databases re-
vealed several AChE-S mRNAs but only a
single AChE-R mRNA of rodent brain origin
(GenBank accession number X70141), attest-
ing to the scarcity and/or instability of neu-
ronal AChE-R mRNA under normal condi-
tions. To study changes in gene expression at
the subcellular level, we used double-label
fluorescence in situ hybridization (FISH) of
specific AChE mRNA splice variants (/4)
and confocal microscope image analysis.
FISH detection efficiencies likely depend
on probe sequences, but subcellular distribu-
tions can be reliably compared for single
transcripts in different cells and conditions.
Cultured PC12 cells (/5), primary cultures of
mouse cerebellar neurons (/6), and pyrami-
dal neurons in paraffin-embedded sections of
the prefrontal cortex (/7) all displayed a
larger fraction of AChE-S mRNA transcripts
in neuronal processes than of AChE-R
mRNA (Fig. 1, B through D). Also, both cell
types displayed nuclear localization of
AChE-R but not of AChE-S mRNA (Fig. 1,
B and C) (18). To test whether labeling prop-
erties prejudiced this conclusion, we reversed
the fluorophores on the two probes (Fig. 1, B
and C). In paraffin-embedded brain sections
from naive mice, cortical pyramidal neurons
presented dispersed AChE-S mRNA through-
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out the processes, while AChE-R mRNA was
localized to the cell body. In addition, the
perikaryal cytoplasm exhibited punctated
concentrations of AChE-R mRNA alternating
with double-labeled regions, whereas neu-
rites had AChE-S mRNA with foci of both
transcripts (Fig. 1D). The neurite contents of
cultured PC12 cells and developing cerebel-
lar neurons, also known to express ample
AChE (19), and of prefrontal cortex neurons
in vivo were 22 * 3,28 * 4 and 28 * 7%,
respectively, for AChE-S mRNA but only
10 £ 2,7 = 2 and 11 = 6% for AChE-R
mRNA (P < 0.05, two-tailed Student’s z-
test). AChE-S mRNA, thus, preferentially lo-
calized in neurites (except under stress, see
Fig. 1E, below).

The human ACHE gene includes a glu-
cocorticoid response element (GRE) about 17
kb upstream from the transcription initiation
site (Fig. 1A). In humans, a deletion adjacent
to the GRE causes constitutive overexpres-
sion and anti-AChE hypersensitivity (20),
which suggests a physiologically significant
role for glucocorticoids in regulating both
neuronal ACHE gene expression and anticho-
linesterase hypersensitivity. We therefore
compared PC12 cells treated for 6 hours with
corticosterone (10 M, 0.1% ethanol) to con-
trol cells (0.1% ethanol). Twenty-four hours
after treatment, catalytic activity against
acetylthiocholine rose by 25 * 14% (P <
0.05) in PC12 cells. Corticosterone, further,
increased by 30 to 50% the levels of both
splice variants within 24 hours (P < 0.05)
(Fig. 2, A through H). However, the AChE-S
mRNA-labeled area remained essentially un-
changed under control conditions (distance
from nuclear border to limit of mRNA label-
ing = 37 * 13 pum) or corticosterone (34 *
13 pm). In contrast, AChE-R mRNA labeling
extended a smaller distance from the nucleus,
25 = 9 pm under control conditions, increas-
ing to 33 = 17 pm under corticosterone (P <
0.05).

Three-hour incubation of PC12 cells with
1.5 nM EN101, an antisense oligonucleotide
that induces preferential degradation of
AChE-R mRNA (15), affected the selective,
yet limited, suppression of AChE-R mRNA
(30 = 8%, P < 0.05), but left unchanged
AChE-S mRNA levels (Fig. 2, E through H).

An inversely oriented sequence, INV101, af-

fected neither the AChE-R mRNA level nor
its distribution in PC12 cells (21), attesting to
the sequence specificity of the antisense ef-
fect. The labeled area remained unchanged
either with AChE-S or AChE-R cRNA
probes, following EN101 treatment, suggest-
ing full EN101 accessibility to the cell body
(Fig. 2, I and J).

To test whether EN101 is effective simi-
larly in neurites and perikaryal subcellular
sites, we employed cerebellar neurons in pri-
mary culture. DIG labeling of AChE-S
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mRNA was not affected differently by
EN101 and INV101, in either cell body or
neurites. In contrast, ENI101 reduced
AChE-R mRNA labeling in the cell body of
cerebellar neurons in culture, down to almost
50% of its level in INV101-treated controls
(22). This suppression was completely re-
stricted to the perikaryon, with no difference
observed for neuritic AChE-R mRNA in an-
tisense-treated cerebellar neurons.
Cytochemical staining of catalytically ac-
tive AChE (I7) revealed intensified AChE
activity in the cell bodies of corticosterone-

treated cultured cerebellar neurons (Fig. 3, A
and C). This suggested that the overexpressed
AChE mRNA transcripts were translated to
yield active enzyme. Immunocytochemical
staining with an antibody targeted against
recombinant AChE-S (23) presented appar-
ently similar staining patterns in neurites of
control and corticosterone-treated cultured
cerebellar neurons (Fig. 3, B and D). This
indicated that neurites under stress secrete the
hormone-induced soluble AChE-R, with no
increase in the synaptic membrane-associated
AChE-S.
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Fig. 1. Variant-specific subcellular distribution of AChE mRNAs. (A) Alternative splicing. Shown are
the distal enhancer glucocorticoid response element (GRE) and the mouse ACHE gene (top), as well
as AChE-S mRNA (S) and AChE-R mRNA (R). Linkage of exons 2, 3, and 4 is common to both
variants (a). The R transcript includes at its 3’ terminus pseudointron 4 (green) and exon 5; option
b yields the S transcript by connecting exon 4 to 6 (red). (B through E) Localization of the S and
R transcripts in vitro and in vivo. Shown are percentages = SD of FISH signals for the S and R
transcripts (each totaling 100%) in three parts of the perikaryon and two neurite areas of 10 PC12
cells (B), cultured primary cerebellar neurons (C), pyramidal neurons from a paraffin-embedded
slice of the prefrontal cortex (D), and cerebellar neurons from an embedded brain slice of a mouse
that had been stressed for four consecutive days (2X 4 min forced swim), and sacrificed 2 weeks
later (E). In control mice (D), the fraction of AChE-R mRNA in segments 4+5 was 9 * 2% in both
cortical and cerebellar neurons; for poststress mice, it was 24 = 7% (E) (P < 0.05). Note nuclear
labeling of the R transcript in cultured cerebellar neurons (arrowheads) and the punctated pattern
of transcript accumulation in vivo [arrows in (D) and (E)]. Asterisks indicate columns with
significant differences between AChE-S and AChE-R mRNAs (P < 0.05).
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We used FISH detection of the intracel-
lular AChE-R mRNA transcript to assess
the expression levels of this variant in vivo.
Dorsal hippocampus neurons of naive
FVB/N mice express extremely low levels
of AChE-R mRNA under normal condi-
tions (Fig. 3E). Two days following the
stress of surgical implantation of a micro-
dialysis cannula (24), the range of neurite
labeling increased from 2.0 = 0.3 to 5.1 =
1.0 pm from the nucleus (Fig. 3G, P <
0.0005). Injection through the cannula of
the AChE inhibitor neostigmine (125 nmol)
resulted in a more extensive translocation
of AChE-R mRNA within 25 min (to 8.5 =
1.2 pm from the nucleus, Fig. 3I). In neu-
rites of untreated hypersensitive AChE-S
transgenic mice, AChE-R mRNA reached
greater distances from the nucleus (9 * 1
pm) than those of their strain-matched con-
trols (Fig. 3F, P < 0.0005). Sham injection
failed to further increase transport (10 = 1
pm, Fig. 3H), but AChE-R mRNA reached
dendrite distances of 15 * 2 um under

AChE-S mRNA AChE-R mRNA
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Fig. 2. Corticosterone induction and antisense
suppression of AChE mRNA in PC12 cells. Shown
are confocal micrographs (A through F), average
labeling intensities (G and H) and distributions
of distances from the nucleus to the cell border
(tand J) of the S (red) and R (green) transcripts
in PC12 cells (n = 40) under control conditions
[(A) and (B)], or after 3 hours in 10 uM corti-
costerone [(C) and (D)] or 1.5 nM EN101 [(E)
and (F)}. Asterisks indicate columns with signif-
icant differences from controls (P < 0.05). Pan-
els (1) and (J) present the numbers of cells that
contain AChE-S or AChE-R mRNA versus their
maximum distance from the nucleus.
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neostigmine (Fig. 3J), significantly longer
than either similarly treated nontransgenic
animals, or sham injected transgenics (in
both cases P < 0.0005; Fig. 3, K and L).
Reported rates of mRNA dendrite trans-
port range from 10 to 20 pm-hour~! (25) to
300 to 360 pmchour™! (26). In our study,
assuming a constant rate, AChE-R mRNA
traveled a minimum of 8 * 5 pm-hour™!

L
‘u‘
50“’“ Vehicle “ Corticosterone

ﬂﬂ

Ct Sham +Neo Ct Sham +Neo

Distance from nucleus (um)

Fig. 3. Increased AChE-R expression and den-
dritic translocation under hormone, genetic
background, sham injection, and chemical
stressors. (A through D) Shown are primary
cerebellar neurons stained for AChE activity
under vehicle treatment [{A), 0.1% ethanol] or
corticosterone [(C), 10 wM, 6 hours}. (B) and
(D) Higher magnification immunocytochemical
AChE-S labeling. (E through J) Confocal field
images of hlppocampal CA1 neurons from nor-
mal FVB/N mice [(E), (G) and ()] and trans-
genic animals overexpressing human AChE [(F),
(H), and (J)], under control conditions [(E) and
(F)], 2 days following cannula implantation and
perfusion with artificial cerebrospinal fluid [(G)
and (H)], or following injection through this
probe of 125 nmol neostigmine [(1) and (J)]. (K
and L) Neuritic translocation of detectable
AChE-R mRNA labeling (in wm from nucleus)
for 30 neurons from at least two animals in
each group. Significant differences from noted
values are starred (P < 0.0005).

in anticholinesterase-treated FVB/N mice,
which increased to 14 = 7 pmchour™! in
similarly treated hAChE-S transgenic mice
(P < 0.0005). This rate is consistent with
the lower range estimate. The stability of
AChE-R mRNA in the face of an antisense
agent predicted long-lasting poststress neu-
ritic presence of this transcript in vivo. To
test this, we subjected FVB/N mice to 4
consecutive days of forced swim (two
4-min sessions per day). In naive mice,
cerebellar granule neuron processes were
loaded with 28 = 12% of the cellular
AChE-S mRNA but only 9 = 2% of the
AChE-R mRNA content (Fig. 1C). Two
weeks post-stress, a considerably larger
fraction (24 = 7%) of the stress-increased
amount of AChE-R mRNA translocated
into neurites and displayed patches of con-
centrated AChE-R mRNA in both the cell
bodies and processes (Fig. 1E). Thus, both
the absolute levels and the neurite fraction
of AChE-R mRNA increased considerably.

In nontransgenic mice, hippocampal
AChE-R mRNA is generally limited to the
granular layer (17). AChE-R mRNA levels
remained considerably higher than baseline 4
weeks after 4 consecutive days of forced
swim or 3-day exposure to very low diiso-
propylfluorophosphonate (DFP) levels (0.1
mgkg~'-day~!, ip., LD5, = 2.5 mgkg™").
Prestressed or preexposed animals present-
ed high-intensity labeling in the hippocam-
pus CAl region, dentate gyrus, and den-
drite layer (Fig. 4, A through F), predicting
modified composition of neuritic AChE
variants either after stress or low-level ex-
posure to an anticholinesterase.

Released neuronal acetylcholine binds to
both pre- and postsynaptic receptors and is
assumed to serve as a modulatory neurotrans-
mitter and set the response level of the neu-
ronal network to incoming stimuli (27). This
involves electrophysiological mechanisms
that are only partly understood, but depend
on synaptic hydrolysis of acetylcholine by
AChE-S. To test whether the supplementa-
tion of neuritic AChE-S with AChE-R com-
promises the capacity to confront intensified
cholinergic stimuli, we stimulated the CA2/
CA3 region of the stratum oriens, a region
rich in cholinergic fibers, and recorded pop-
ulation field potentials (pfps), which sum the
responses of a large number of neurons, in the
cell body layer of the CA1 region (/7). Re-

~ cording in hippocampus slices (28) was per-

formed 1 month after exposure to stress or in
slices from naive animals. The anticholines-
terase physostigmine induced an increase (42
* 15%, P < 0.05) in the amplitude of the
evoked population spike response of naive
mice (Fig. 4, G and I). This response was
70% reversible following the addition of at-
ropine to the bathing solution, indicating ma-
jor action through muscarinic receptors. In

18 JANUARY 2002 VOL 295 SCIENCE www.sciencemag.org



nonstimulated slices from animals tested 1
month following 4 days of repeated stress,
the mean pfp amplitude was similar to that of
nonstimulated controls. However, exposure
of slices from stressed mice to physostigmine
resulted in a 12-fold larger increase over
baseline in stimulation-evoked population
spike amplitudes than that observed in non-
stressed animals. Atropine administration re-
versibly blocked this response by more than
90%, much more effectively than its capacity
to block field potentials in the control brain
(Fig. 4H versus 4G). The stronger responses
to both stimulators and antagonists following
stress spanned the entire range of stimulus
intensity (Fig. 4, I and J), similar to the
hypersensitivity patterns seen in humans as
PTSD. As in control mice, the evoked pfp
was blocked by the NMDA and AMPA an-
tagonists, aminophosphonopentanoic acid
(APV) and dinitroquinoxalinedione (DNQX),
respectively, attesting to the glutamatergic,
i.e., excitatory, nature of the hypersensitized
synapses. Neuronal hypersensitivity has long
been known to follow stressful experiences
(29), but the mechanisms leading to it re-
mained unknown. Our current findings sug-
gest a role for stimulus-induced AChE-R
overexpression and neuritic translocation in
this phenomenon.

Translocation into neuronal processes pre-
sumably depends on cis-acting elements and/
or secondary structures, primarily within the
3’ untranslated region (26, 30). AChE-R
mRNA includes no known neurite-targeting
motif; its transport into dendrites may thus be
associated with its unique 3’ sequence, or
with the stress-induced accumulation of
many more nascent AChE-R mRNA tran-
scripts. The normally short half-life of
AChE-R mRNA, ~4 hours (31), also appears
to be modified following stress. AChE-R
mRNA includes a long U-rich element in the
3'-UTR (positions 13,020 through 13,007 in
GenBank accession number AF312033),
which may contribute to mRNA destabiliza-
tion through the binding of trans-acting pro-
teins (32). Although the importance of this
element to the stability of AChE-R mRNA
remains to be tested, the differential resis-
tance of neurite AChE-R mRNA to antisense
oligonucleotide-mediated degradation may
reflect low nuclease levels in neurites, espe-
cially of ribonuclease H, which targets DNA-
RNA hybrids. AChE mRNA had been shown
to be stabilized during neuronal differentia-
tion (33); our observations suggest that this
may be due, at least partially, to AChE-R
transcripts being sequestered in neurites.

The weeks-long hypersensitivity of pre-
stressed hippocampus to anticholinesterases
attributes a role to the hippocampus in the
cholinergic component of post-stress sensiti-
zation. The recorded field potentials were
sensitive to both cholinergic and glutamater-
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gic antagonists, suggesting a long-term
change in the interactions between these two
transmitter systems. Cholinergic-glutamater-
gic interactions have been associated with
higher brain functions such as long-term po-
tentiation, memory, and behavior (34), all of
which are affected by stress. The hypersensi-
tization may also reflect an involvement of

neuritic AChE-R in plasticity, due to its ca-
pacity to affect cell-cell and cell-matrix inter-
actions (13).

In conclusion, we find that the stress-
induced increases in cholinergic neurotrans-
mission (35) promote a long-term replace-
ment of synaptic membrane AChE-S protein
by its soluble AChE-R counterpart. The long-
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Fig. 4. Hypersensitivity in hippocampal slices under long-lasting overexpression of AChE-R mRNA.
(A through F) Neuronal overexpression. Shown is a comparison of hippocampal slices from control
mice to those stressed 1 month earlier by forced swim [(A) to (D), Fast Red colorimetry] or
exposure to DFP [0.1 mg kg™, three consecutive daily injections, (E) and (F), ELF fluorimetry]. (G
through J) Cholinergic hypersensitivity. Shown are extracellular recordings (average = SD) on the
CA1 areas of two to four hippocampus slices from each of three mice, in response to stratum oriens
stimulation of slices from controls [(G) and (1)] or 1 month following consecutive daily stress
sessions [(H) and (J)]. Above treatment descriptions are shown representative voltage traces.
Stimulations (20 s each) were delivered using a bipolar electrode (10 pm insulated tungsten wires,
200 wm apart) placed in the Schaffer collaterals. Applied drug concentrations were: physostigmine,
10 wM; atropine, 10 wM; APV, 50 wM; DNQX, 20 uM.
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term hypersensitization to repeated stimuli
shown by cholinergic brain tracts may be due
to this substitution.
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Dynamics and Constancy in
Cortical Spatiotemporal Patterns
of Orientation Processing

Dahlia Sharon* and Amiram Grinvald

How does the high selectivity to stimulus orientation emerge in the visual
cortex? Thalamic feedforward-dominated models of orientation selectivity
predict constant selectivity during the visual response, whereas intracortical
recurrent models predict dynamic improvement in selectivity. We imaged the
cat visual cortex with voltage-sensitive dyes to measure orientation-tuning
dynamics of a large neuronal population. Tuning-curve width did not narrow
after response onset, whereas the difference between preferred and orthogonal
responses {modulation depth) first increased, then declined. We identified a
suppression of the evoked responses, referred to as the evoked deceleration-
acceleration (DA) notch, which was larger for the orthogonal response. Fur-
thermore, peak selectivity of the tuning curves was contemporaneous with the
evoked DA notch. These findings suggest that in the cat brain, sustained visual
cortical processing does not narrow orientation tuning; rather, intracortical
interactions may amplify modulation depth and suppress the orthogonal re-
sponse relatively more than the preferred. Thus, feedforward models and re-
current models of orientation selectivity must be combined.

Visual cortical neurons are highly selective
for the orientation of stimuli presented within
their receptive field (1), a property not shared
by their thalamic inputs (2). How orientation
selectivity arises in the cortex is still debated.
Previous experiments (3—/0) have suggested
mechanisms that include feedforward (thal-
amically dominated) (I, //) and recurrent
(intracortically dominated) (12—15) models.
The input impinging on orientation-selective
neurons has constant selectivity in feedfor-
ward models, whereas recurrent models pre-
dict improvement in selectivity during the
visual response. Although single-unit meth-
odologies excel at determining the properties
of individual neurons, these properties are
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highly variable, making it extraordinarily dif-
ficult to obtain large samples on which to
base estimates of neuronal population behav-
ior. In optical imaging with voltage-sensitive
dyes (16), the recorded signal accurately rep-
resents membrane-potential changes at the
neuronal population level (7, 18), emphasiz-
ing synaptic potentials in the dendritic tufts of
cortical neurons from superficial and deep
layers. Recently, this method has been im-
proved substantially, enabling in vivo imag-
ing of cortical neuronal population activity
with millisecond temporal resolution and spa-
tial resolution of 50 to 100 wm (/9). We there-
fore used optical imaging to explore the dynam-
ics of orientation selectivity (9, 20-22).

We imaged the responses of area 18 in the
cat visual cortex to high-contrast square-
wave gratings of six different orientations
(23). We examined the recording period start-
ing 50 ms before stimulus onset and lasting
300 ms (thus avoiding late intrinsic signal
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