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ABSTRACT  Axonal injury increases intracellular Ca**
and cAMP and has been shown to induce gene expression,
which is thought to be a key event for regeneration. Increases
in intracellular Ca** and/or cAMP can alter gene expression
via activation of a family of transcription factors that bind to
and modulate the expression of CRE (Ca?*/cAMP response
element) sequence-containing genes. We have used Aplysia
motor neurons to examine the role of CRE-binding proteins
in axonal regeneration after injury. We report that axonal
injury increases the binding of proteins to a CRE sequence-
containing probe. In addition, Western blot analysis revealed
that the level of ApCREB2, a CRE sequence-binding repres-
sor, was enhanced as a result of axonal injury. The seques-
tration of CRE-binding proteins by microinjection of CRE
sequence-containing plasmids enhanced axon collateral for-
mation (both number and length) as compared with control
plasmid injections. These findings show that Ca2*/cAMP-
mediated gene expression via CRE-binding transcription fac-
tors participates in the regeneration of motor neuron axons.

Regeneration of motor neuron axons in the central nervous
system (CNS) generally is abortive and fails to reestablish
functional connections (1). Both intrinsic genetic programs as
well as environmental factors are thought to regulate regen-
eration in the CNS (2). After axonal injury, the distal segment
undergoes a progressive demise called wallerian or antero-
grade degeneration. The proximal axon initially retracts fol-
lowed by the emergence of axon collaterals. Collateral elab-
oration is thought to be a key event in the navigation of axons
to the proper target during axonal regeneration as well as
during the development of the CNS (3, 4). This process appears
to involve alterations in gene expression and protein synthesis
(5-11). However, the genomic programs that mediate collat-
eral formation are yet to be identified. An understanding of
this process would be of immense help in the development of
therapies to facilitate motor neuron regeneration in humans.

Calcium is an important second messenger that plays a role
in a variety of cellular functions. Axonal injury increases
intracellular calcium concentrations to high levels (12). This
increase in intracellular calcium is thought to result from
calcium influx through both the exposed axon end and calcium
channels. Increased levels of calcium can stimulate various
enzymes including calcium-sensitive adenylyl cyclase [leading
to cAMP-dependent protein kinase A (PKA) activation via
increased intracellular cAMP], calcium/calmodu-
lin-dependent protein kinases (CaMK), protein kinase C
(PKC), mitogen-activated protein kinase (MAPK) and the
protein phosphatase calcineurin (13-17). Stimulation of these
calcium-sensitive enzymes can activate transcription factors
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via phosphorylation or dephosphorylation (18). These acti-
vated transcription factors, in turn, alter the expression of
effector genes. Recent experiments have implicated Ca®*/
cAMP-mediated gene expression, specifically the balance be-
tween CRE (Ca?*/cAMP response element)-binding activa-
tor and repressor functions, as a key event underlying mor-
phological changes in neurons associated with long-term
memory storage (19-26).

Most of the genes that are induced by Ca?*/cAMP contain
one or more CRE (e.g., TGACGTCA) sequences in their
promoter regions (27, 28). A family of transcription factors
have been identified that can bind to the mammalian CRE
sequence (29, 30, 49). These factors can form homo- or
heterodimers with different degrees of activating or repressing
function. Examples of activators are CREB (CRE-binding
protein), CREM 7 (CRE modulator 7), and ATF-1 (activating
transcription factor-1), whereas repressors include ICER (in-
ducible cAMP early repressor) and CREM «, B, and 7. The
activator CREB has been shown to be phosphorylated by PKA,
CaMK, or p90~k (90-kDa protein ribosomal S6 kinase, also
called CREB kinase), which enhances its transcriptional ac-
tivity (17, 29, 31-34). In contrast, repressors lack the transac-
tivation domain allowing them to bind to the CRE sequence
without stimulating the transcriptional machinery (30).

Recently in Aplysia californica, a homolog of the activator
CREB (ApCREBI) and a repressor (ApCREB2) have been
cloned and characterized (21, 35). These factors are constitu-
tively present and have been shown to be phosphorylated in
response to agents that increase intracellular cAMP levels.
However, other Aplysia CREB family members have not yet
been isolated. The large and identifiable neurons of Aplysia
allow manipulations within single neurons to investigate the
molecular basis of cellular and morphological changes. In this
study, we have taken advantage of these properties to examine
the role of CRE-binding proteins in the regeneration of Aplysia
tail motor neuron axons. To accomplish this, we performed
microinjection studies by using CRE-binding sequence-
containing plasmids as transcription factor decoys (TFDs) to
sequester CRE-binding proteins.

EXPERIMENTAL PROCEDURES

Construction of Plasmid DNA. Five copies of an oligonu-
cleotide containing the CRE sequence (5'-GGCCTCCTTG-
GCTGACGTCAGAGAGAGAGTTCTGCA-3') from the rat
somatostatin gene or five copies of an oligonucleotide con-
taining the TRE sequence (5'-GATCCAAGCAATTAT-
GAGTCAGTTTGCCTGCA-3") from the rat stromelysin

Abbreviations: CRE, cAMP response element; CNS, central nervous
system; CREB, CRE-binding protein; TFD, transcription factor de-
coy; EMSA, electrophoretic mobility-shift assay.
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gene were cloned into Bluescript plasmids (Stratagene) and
purified by using standard techniques (36). The DNA was then
dissolved in diethylpyrocarbonate (DEPC)-treated water and
stored at 4°C.

Preparation of Pedal Ganglia Culture. Aplysia californica
(100-250 g) were obtained from Alacrity Marine Biological
(Redondo Beach, CA). Animals were maintained in artificial
sea water (Instant Ocean) at 15°C for at least 5 days before any
experimental manipulation. Animals were anesthetized by
injecting one-third their body weight of cold isotonic MgCl,
(363 mM) into the neck region and kept in artificial sea water
maintained at 0°C for 10 min. The ring ganglion (cerebral
ganglion, right and left pleural and pedal ganglia) was dis-
sected out with the connectives and nerves being cut far away
from the ganglia. The pedal ganglia were desheathed while
submerged in L15 (Leibowitz 15, Sigma) containing 208.5 mM
MgCl, to expose the tail motor neurons. One randomly chosen
pedal ganglion was used as the experimental ganglion and its
symmetrical partner was used as control. The ganglia were
rinsed several times with L15 and rested for 2-3 hr before
microinjection.

Microinjection of Plasmid DNA. Plasmid DNA solutions
were prepared at a concentration of 100 ug/ml in 0.5 M
potassium acetate and 0.05% Fast green. The resulting solu-
tion was centrifuged and used to fill a glass electrode that was
beveled to a resistance of 20 M. A tail motor neuron,
identified by its position on the pedal ganglion, was impaled
with a glass electrode filled with either plasmids or saline. To
confirm that the impaled motor neuron axon is projecting
through the p9 nerve, p9 was stimulated to generate anti-
dromic spikes. A Picospritzer (General Valve, Fairfield, NJ)
was used for microinjection using 5 X 5-msec pressure pulses.
The volume of the injected liquid was estimated to be 50 pl.
This corresponds to approximately 1 X 10° copies of plasmid
DNA injected per neuron. Because Aplysia neurons are highly
polypoidal (37, 38), a large copy number of TFDs was used for
these experiments.

Axonal Crush. Approximately 15 min after the microinjec-
tion of plasmid DNA, the p9 pedal nerves for both the
experimental and its paired control were crushed under a
dissection microscope by using fine forceps (10). The crush
transected the axons but not the surrounding sheath. Although
the removal of ganglia from the animal required transection of
all nerves, the crush was used to provide a standardized injury
paradigm. Moreover, this allowed visualization of the regen-
erating axons within a defined area. After the crush, ganglia
were placed in a medium composed of 1:1 L15 and Aplysia
hemolymph. Ganglia were maintained in a 16°C incubator for
1 week before visualization.

Morphological Visualization of Axons. The injected motor
neurons were identified by the presence of Fast green. The
viability of these neurons was assessed by measuring the input
resistance and generating action potentials. Healthy motor
neurons were injected with rhodamine-dextran to visualize
their axons. The dye was allowed to fill the axons overnight.
The ganglia then were fixed overnight by using 4% parafor-
maldehyde in PBS and visualized by using epifluorescent
illumination (Zeiss Axiophot) with a rhodamine filter set. The
length and number of axon collaterals were determined by the
use of NEUROLUCIDA (MicroBrightField, Colchester, VT) by
an independent observer (39). The NEUROLUCIDA program
works by superimposing a computer screen over the micro-
scopic image. This allows the observer to trace each axon
collateral by marking points along its length and sizing the
mouse-controlled cursor to represent the width of each seg-
ment. A reference point allows the traced image to move
simultaneously with the microscope stage movements. After
the completion of the tracing, each file is analyzed to deter-
mine the number and length of each axon collateral. The blind
code was then broken and groups were averaged for compar-
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ison. A trace of a slide-mounted micron scale was used to
convert from pixel number to microns.

Preparation of Protein Extracts. Protein extracts from pedal
ganglia were prepared as described previously (40). Briefly,
ganglia were homogenized in a buffer containing 50 mM
Tris'HCI (pH 7.8), 10 mM KCIl, 0.2 mM EDTA, 0.5 mM DTT,
and the protease inhibitors phenylmethylsulfonyl fluoride (1
mM), aprotinin (1 pg/ml), leupeptin (10 pg/ml), and benza-
midine (5 mM). Glycerol (final concentration, 10%) was then
added, followed by the addition of KCI (0.4 M final concen-
tration). The mixture was rotated gently for 30 min and
centrifuged at 14,000 X g for 30 min. The supernatant solutions
were removed, dialyzed for 5 hr against ice-cold BC50 (10 mM
Tris, pH 7.9/50 mM KCl1/0.5 mM DTT/0.2 mM EDTA/5%
glycerol) and used for electrophoretic mobility-shift assays
(EMSAs) and Western blots.

EMSAs. EMSAs were carried out by using a radioactively
end-labeled, double-stranded oligonucleotide containing the
CRE sequence (5'-GGCCTCCTTGGCTGACGTCA-
GAGAGAGAGTTCTGCA-3" and its complementary se-
quence) from the rat somatostatin gene as described previ-
ously (40). The specific binding of this CRE sequence-
containing probe to Aplysia CREB-like proteins has been
characterized previously (19, 40, 41). The probe (0.2 ng) was
incubated with equal amounts of protein extracts, as deter-
mined by a MicroBCA assay (Pierce), from control and
experimental samples for 20 min at room temperature in a
buffer containing 10 mM Tris, pH 7.9/5 mM MgCl,/0.5 mM
EDTA/50 mM KCl/5% sucrose/5% glycerol/0.5 mM DTT/
0.3 ug sonicated salmon sperm DNA/0.3 pg poly(dI-dC)(dI-
dC). The oligonucleotides bound to the proteins were sepa-
rated from the free oligonucleotides in a low-ionic-strength 6%
polyacrylamide gel followed by autoradiography. For compe-
tition EMSAS, the cold competitors were added to the reaction
mixture before the addition of protein extracts. A second CRE
sequence-containing oligonucleotide from the c-fos promoter
(5'-GAGTTCCGCCCAGTGACGTAGGAAGTCCATCCT-
GCA-3’) and an oligonucleotide containing a mutated CRE
sequence but the same flanking sequences as the probe
(5'-GGCCTCCTTGGCCTTAAGTGGAGAGAGAGTTC-
TGCA-3') were used in these experiments. For supershift
analysis, protein extracts were preincubated for 15 min with 0.5
pg of either ApCREB1 or ApCREB2 antibodies before the
addition of the probe. Binding was allowed to continue for an
additional 30 min in the absence of any thiol reagent. Quan-
tification of bands for EMSAs was carried out by using a
Bio-Rad model GS-670 imaging densitometer. The integrated
optical densities, minus the background optical density of the
film, for control and experimental samples were compared for
analysis. EMSAs were repeated in at least four independent
experiments.

Western Blots. Western blotting was performed by using the
same protein extracts used for the EMSAs. Equal amounts of
protein extracts were resolved on an 8.5% SDS-polyacrylamide
gel and transferred to an Immobilon-P membrane. A similarly
prepared and loaded gel was stained with Coomassie brilliant
blue to confirm equality of loading. The membrane was
blocked in BSA followed by incubation with primary antibod-
ies to either ApCREB1 or ApCREB?2 (generously provided by
Eric Kandel, Columbia University, Riverdale, NY) at a final
concentration of 0.5 ug/ml for 3 hr. Immunoreactivity was
detected by using an alkaline phosphatase-conjugated second-
ary antibody followed by chemiluminescence (GIBCO) as
described by the vendor. Quantification of immunoreactive
bands was carried out as described for EMSAs. Western blots
were repeated in at least four independent experiments.

Statistical Analysis. A Student’s f test for paired samples was
used to detect differences between control and experimental
groups. Raw optical densities (for EMSAs and Western blots),
collateral counts, or untransformed pixel numbers (for collat-
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eral lengths) were used for this analysis. The differences were
considered significant when P < 0.05. Data are presented as
the mean = SEM.

RESULTS

Axonal Injury of Tail Motor Neurons. Tail motor neurons
were identified visually under a microscope based on the
position of their soma as described previously (42). Fig. 14
shows an example of a tail motor neuron injected with
rhodamine-dextran. The pedal ganglion is visible in this pho-
tograph because of the weak autofluorescence of the cells. The
axon of the injected tail motor neuron can be seen projecting
down the p9 nerve. Crushing the p9 nerve severs the axons
without transecting the nerve (Fig. 1B). Fig. 1C shows that
stimulation of the p9 nerve using an extracellular suction
electrode produced antidromic spikes, which can be recorded
in the tail motor neurons. The crush blocks the generation of
antidromic spikes in response to stimulation of the distal
portion of p9 (Fig. 1D).

Axonal Injury Increases the Binding to a CRE Sequence-
Containing Oligonucleotide. To examine whether axonal in-
jury alters the binding of specific proteins to a CRE sequence-
containing oligonucleotide, EMSAs were performed. It was
difficult to obtain enough nuclear proteins from individual tail
motor neurons; therefore, protein extracts from the entire
pedal ganglion were utilized. Protein extracts (prepared im-
mediately after dissection) from symmetrically located pedal
ganglia were used as controls. As reported previously, Fig. 24
shows that in the presence of an Aplysia pedal ganglia extract
three specifically retarded bands (arrowheads) are detected
(19, 40, 41). The specific binding of the three bands was
assessed by performing competition experiments. Fig. 24
shows that oligonucleotides containing the CRE sequence
from the c-fos promoter (X25 and X100 molar excess) effec-
tively competed for binding. This oligonucleotide contains
different flanking sequences than the CRE sequence-
containing oligonucleotide used as the probe, indicating that
the binding is a result of the presence of the CRE sequence.
Consistent with this, when an oligonucleotide with a mutated
CRE sequence (X25 and X100) but identical flanking se-
quences to the probe was a competitor, no change in binding
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FiG. 1. (A) A representative photomicrograph indicating the lo-
cation of a tail motor neuron in the pedal ganglion. The motor neuron
was injected with rhodamine-dextran, and the photograph was taken
under UV epifluorescent illumination. The pedal ganglion can be seen
in this photograph because of the weak autofluorescence of the
neurons. As reported previously by Walters et al. (42), this tail motor
neuron can be seen sending its axon thorough the p9 nerve. (B) Light
microscope picture of the p9 nerve showing the crush site (arrowhead).
(C) Before nerve crush, antidromic spikes can be recorded in the tail
motor neurons by stimulating p9 with an extracellular electrode. (D)
The crush prevents antidromic spike generation when the distal end of
the nerve is stimulated.
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F1G6.2. Injury increases the levels of CRE-binding proteins. (4) As
reported previously, pedal ganglia extracts give rise to three specifi-
cally retarded bands (arrowheads) when examined by using EMSAs
(40). The specificity of the CRE sequence-containing probe for
CRE-binding proteins was determined by competition EMSAs. The
inclusion of a different, unlabeled CRE sequence-containing oligo-
nucleotide effectively abolished the binding to the CRE probe at both
X25 and X100 molar excess. In contrast, an oligonucleotide containing
a mutated CRE sequence (CREmut) but identical flanking sequences
to the probe did not compete for binding. (B) Picture of a represen-
tative EMSA obtained using protein extracts from control and 3-hr
postinjury pedal ganglia samples. As described in Experimental Pro-
cedures, samples prepared from the uninjured symmetrical pedal
ganglia were used as controls for each injured sample. (C) Summary
figure showing that at 3 hr postinjury, the optical density of retarded
band 1 is increased significantly as compared with the controls. The
data are presented as the mean = SEM. *, P < 0.05. (D) Picture of
a representative EMSA obtained by using protein extracts from
control and 24-hr postinjury pedal ganglia samples. (E) Summary
figure indicating that at 24 hr postinjury, the optical density for the
retarded band 2 is increased significantly as a result of injury. The data
are presented as the mean = SEM. *, P < 0.05.

was observed. Fig. 2B is a picture of a representative EMSA
performed by using protein extracts from control and 3-hr
postinjury ganglia. The summary figure (Fig. 2C) shows the
optical densities of the three bands from control and 3-hr
experimental samples performed in four independent exper-
iments. A significant increase in the optical density of only
retarded band 1 was detected compared with controls (con-
trol = 100 % 7.15% vs. 3-hr injured = 139.5 = 10.3%, P <
0.05). By 24-hr postinjury, only the optical density of retarded
band 2 was significantly elevated (Fig. 2 D and E) (control =
100 = 9.1% vs. 24-hr injured = 131.4 = 2.1%, P < 0.05,n =
4).

We next examined the levels of two Aplysia CRE sequence-
binding proteins, ApCREBI (an activator) and ApCREB2 (a
repressor) by using Western blots and EMSAs. We were
unable to detect any immunoreactivity utilizing three different
antibodies to ApCREBI possibly because of the low abun-
dance of this protein. To establish its presence in the retarded
bands we observed, supershift analysis were performed. Fig.
34 shows that when the protein extracts were preincubated
with ApCREBI antibodies, a new retarded band (arrowhead)
is detected accompanied by a concurrent reduction in the
optical density of retarded band 1. Similar results were ob-
tained for each of the ApCREBI antibodies used. When BSA
was substituted for the pedal extract, no bands were detected
(data not shown). Western blot analysis of ApCREB2 indi-
cated a significant increase in ApCREB2 immunoreactivity as
a result of axonal injury. Fig. 3 B and C shows that the level of
ApCREB?2 is enhanced at 24 hr (control = 100.0 * 2.0% vs.
24-hr injured = 149.0 £ 9.3%, P < 0.05) but not 3 hr (control =
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Fic. 3. (A) Picture of a representative EMSA showing that
ApCREBI is a component of retarded band 1. When preincubated
with an antibody that specifically recognizes ApCREBI, pedal extracts
give rise to a new supershifted band (arrowhead) concurrent with a
reduction in the intensity of retarded band 1. Similar results were
obtained with each of the two different ApCREBI antibodies utilized.
(B) Picture of representative Western blots using an antibody that
recognizes ApCREB2. An increase in ApCREB2 immunoreactivity
can be seen in the 24-hr but not the 3-hr postinjury samples. No specific
immunoreactivity was detected when the primary antibody was elim-
inated from the incubation mixture. (C) Summary figure showing that
axonal injury significantly increases the immunoreactivity of
ApCREB2 by 24 hr postinjury. The data are presented as the mean =
SEM. *, P < 0.05.

99.7 = 7.3% vs. 3-hr injured = 102.0 = 20.6) postinjury.
Unfortunately, this ApCREB2 antibody failed to cause any
supershift when used in EMSAs. However, it is possible that
the increase we detect in retarded band 2 at 24 hr may be
because of the increasing levels of ApCREB?2 as a result of
axonal injury.

CRE Sequence-Containing Plasmids Can Act as TFDs. To
examine the role of CRE-mediated gene expression in morpho-
logical changes associated with axonal regeneration, CRE se-
quence-containing plasmids were injected as TFDs to sequester
CRE-binding proteins. Plasmids were used, instead of double-
stranded oligonucleotides, because of their relatively longer half-
lives inside the cell. The oligonucleotide containing the CRE
sequence that was used as the probe for EMSA studies was
subcloned into a Bluescript plasmid as described in Experimental
Procedures. Before performing TFD experiments, we examined
whether the CRE sequence containing plasmids could compete
for binding to the CRE-binding proteins using competition
EMSA:s. Fig. 4 shows that plasmids lacking the CRE sequence did
not change the intensity of the retarded bands by using either
HeLa (Fig. 44) or Aplysia pedal ganglia (Fig. 4B) extracts at X50
molar excess (equivalent to 0.5 ug of plasmid DNA). At X150
molar excess, a modest nonspecific decrease in binding was
observed most likely because of the vast excess of added plasmid
DNA. In contrast, CRE sequence-containing plasmids competed
effectively for binding at both X50 and X150 molar excess.

Fig. 5 shows representative morphologies of regenerating
axons 1 week after the crush. Fig. 5 4 and B illustrates the
morphology of an axon of a tail motor neuron injected with
vehicle. A few short collaterals can be seen emerging from the
tip of the regenerating axon. The regenerating axon has not yet
crossed the crush site, consistent with our previous studies in
intact animals that showed no recovery of the tail-elicited
tail-siphon withdrawal reflex at this time point (10). Fig. 5 C
and D shows that injection of plasmids lacking the CRE inserts
did not dramatically affect this morphology. Moreover, when
a plasmid containing a TRE sequence was microinjected into
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Fic. 4. CRE sequence-containing plasmids can compete for bind-
ing of proteins. Pictures of representative EMSAs using either HeLa
(A) or Aplysia pedal ganglia (B) extracts are shown. The arrowhead
indicates the migration of the specifically retarded band in 4. Control
plasmids lacking the CRE sequence (pBluescript) do not specifically
compete for binding of proteins to the radioactively labeled CRE
probe. In contrast, CRE sequence-containing plasmids (CRE-pBlue)
effectively compete for binding at both X50 and X150 molar excess.

the regenerating motor neuron, no obvious changes in mor-
phology were observed as compared with controls (Fig. 5 E

F1G. 5. Microinjection of CRE sequence-containing plasmids as
transcription factor decoys alter the morphology of regenerating
motor neuron axons. The morphology of the axons was examined 1
week postinjury. Axons were visualized by injecting neurons with 2%
rhodamine-dextran and photographed under UV epifluorescent illu-
mination. (4 and B) Representative pictures showing the morphology
of the axon of a motor neuron injected with vehicle at two different
magnifications. (C and D) Representative pictures showing the mor-
phology of the axon of a motor neuron injected with the control
plasmid lacking the CRE sequence at two different magnifications. (£
and F) Representative pictures showing the morphology of the axon
of a motor neuron injected with a TRE sequence-containing plasmid
at two different magnifications. (G and H) Representative pictures
showing the morphology of the axon of a motor neuron injected with
the CRE sequence-containing plasmids at two different magnifica-
tions. Numerous collaterals can be seen emerging from the axon.
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and F). This TRE sequence, when used as a probe in EMSA
assays, specifically cross-reacts with proteins present in Aplysia
CNS extracts (data not shown). In contrast to the control
plasmids, microinjection of CRE sequence-containing plas-
mids caused numerous axon collateral formations (Fig. 5G).
Fig. 5SH shows a high-magnification photomicrograph of the
axon shown in Fig. 5G. Similar morphological changes were
detected when either 100 or 235 pg/ml concentrations of CRE
sequence-containing plasmid DNA were injected.
Sequestration of CRE Sequence-Binding Proteins Increases
Both Axon Collateral Number and Length. Two morphological
features (number of collaterals and their lengths) were quan-
tified by using high-resolution microscopy and NEUROLUCIDA.
These morphological features were examined 1 week after the
crush. Representative NEUROLUCIDA traces of regenerating
axons from both control and CRE sequence-containing, plas-
mid-injected motor neurons are shown in Fig. 64 and B.
Because no differences in axonal morphology between control
plasmid- or saline-injected neurons were observed, these con-
trol groups were combined for further analysis. The summary
of the morphological analysis is shown in Fig. 6 C and D. CRE
sequence-containing plasmid injections resulted in a signifi-
cant increase in the number of collaterals [control (n = 15) =
4.5 £ 0.8vs. CRE (n = 10) = 21.2 = 8.7, P < 0.05]. In contrast,
when plasmids containing the TRE sequence were injected, no
change in collateral number was detected [control = 4.5 £ 0.8
vs. TRE (n = 6) = 3.57 £ 1.06, P = 0.301]. Moreover, the
average length of the collaterals also was significantly in-
creased in the CRE sequence-containing, plasmid-injected
neurons [control (n = 15) = 136.5 = 26.5 um vs. CRE (n =
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FiG. 6. Sequestration of CRE-binding proteins causes increased
number and length of axon collaterals in regenerating motor neurons.
Neurolucida traces of regenerating axons from control (4) and CRE
sequence-containing, plasmid-injected (B) neurons. Collaterals can be
seen emerging from the regenerating axon (e.g., open arrowhead). In
the CRE sequence-containing, plasmid-injected cells, collaterals
emerged not only from the tip, but also from the body of the main axon.
Some collaterals (solid arrowhead) emerge from the main axon
outside the shown field of view. (C) Summary figure showing the
average number of collaterals in control and TRE sequence- and CRE
sequence-containing, plasmid-injected neurons. The data are pre-
sented as the mean * SEM. #, P < 0.05. (D) Summary figure showing
the average length of axon collaterals in the control and TRE
sequence- and CRE sequence-containing, plasmid-injected neurons.
The data are presented as the mean = SEM. *, P < 0.05.
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10) = 307.1 = 54.1 um, P < 0.05]. The TRE plasmid-injected
neurons showed no change in collateral length as compared
with controls [control = 136.5 = 26.5 um vs. TRE (n = 6) =
123.0 = 42.8, P = 0.646].

DISCUSSION

Intrinsic genetic programs, possibly influenced by environmental
factors, have been hypothesized to control regeneration in the
mature CNS (2). However, the identities of the genomic programs
that contribute to axonal regeneration remain to be determined.
In this study, we demonstrate that CRE-binding proteins (both
activators and repressors) contribute to axon collateral elabora-
tion in regenerating Aplysia tail motor neurons. Microinjection of
CRE sequence-containing plasmids to sequester CRE-binding
proteins caused robust collateral sprouting of motor neuron
axons. Collateral formation is thought to be an important com-
ponent of axonal regeneration as well as guidance during CNS
development (3, 4, 43). Trophic factors such as nerve growth
factor, brain-derived neurotrophic factor, and neurotrophin-3
(NT)-3 have been shown to induce collateral formation whereas
axonal guidance has been shown to be facilitated by molecules
such as netrins. For example, injection of NT-3 enhances collat-
eral sprouting in the corticospinal tract after axonal injury (44).
Binding of these trophic factors to their plasma membrane
receptors activates the MAPK pathway. MAPK has been shown
to activate p90™k, which, in turn, can stimulate transcription of
CRE sequence-containing genes via CREB phosphorylation (17,
45). We propose that modulation of a genetic program via CREB
and related proteins is of importance for regeneration in the adult
CNS and possibly axonal guidance during development.

The activity of CRE-binding activators and repressors can
be modulated by phosphorylation and/or enhanced expression
(29, 30). To examine the expression of CRE-binding proteins
after axonal injury, we performed EMSAs. We detected
increased levels of CRE-binding proteins at both 3 and 24 hr
postinjury (Fig. 2). At the 3-hr time point, the optical density
of retarded band 1 was significantly increased whereas at the
24-hr time point, the optical density of retarded band 2 was
increased significantly compared with controls (Fig. 2 C and
E). Although not statistically significant, retarded band 3 also
showed a modest increase as a result of axonal injury at the
24-hr time point. These results suggest that the pattern of
expression of CRE-binding proteins changes over time as a
result of injury. To date, only one activator (ApCREB1) and
one repressor (ApCREB2) have been isolated and character-
ized in Aplysia CNS (21). Using antibodies against these
proteins, supershift EMSA analysis was performed to identify
the constituents of the retarded bands. Consistent with our
previously published findings using an antibody raised against
mammalian CREB (41), it was found that ApCREBI is a
component of retarded band 1. Although ApCREB1 was
identified in retarded band 1, and this band was found to be
increased significantly at the 3-hr time point, we were unable
to determine independently whether ApCREBI levels are
indeed changing as a result of axonal injury. The composition
of the other two retarded bands is unknown at present.

It has been hypothesized that the relative activities of
activators to repressors determine the ensuing induction or
repression of CRE sequence-containing target genes and the
subsequent morphological changes (21-23, 26, 46). In Aplysia,
injection of neutralizing antibodies to the repressor ApCREB2
has been reported to facilitate the growth of new synaptic
connections in response to serotonin exposure (21). This
finding suggests that decreased activity of CRE-binding re-
pressors (which would result in an increased relative activity of
activators to repressors) enhances morphological changes. A
recent study showed that decreasing the level of CREB protein
by antisense oligonucleotides blocks spine formation in hip-
pocampal pyramidal neurons in response to estradiol expo-
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sure, further supporting the idea that altering the ratio of
activators to repressors affects neuronal morphology (47). We
demonstrated that injection of CRE sequence-containing plas-
mids caused collateral elaboration (increased number and
length) in regenerating tail motor neuron axons (Figs. 5 and 6).
The biochemical characterizations of ApCREBI1 and
ApCREB?2 indicate that ApCREBLI has a higher affinity for
the CRE sequence as compared with ApCREB2 (21). These
binding affinities were shown to be unaffected by phosphor-
ylation in response to transmitter application. This suggests
that ApCREBI, and perhaps other related activators, is bound
tightly whereas repressors are bound weakly to the promoters
of CRE sequence-containing genes in the motor neurons in
vivo. This may result in preferential sequestration of repressors
over activators. In addition, our Western blot analysis revealed
that the level of ApCREB2 is significantly enhanced as a result
of axonal injury. If repressors such as ApCREB2 are being
synthesized as a result of injury, they could be readily seques-
tered by TFDs before reaching their genomic targets. Al-
though other interpretations are plausible, we suggest that the
CRE sequence-containing TFDs might be sequestering CRE
repressors more effectively than activators in these regener-
ating motor neurons, resulting in enhanced target gene ex-
pression and increased collateral formation.

Recent studies have shown that CRE-binding proteins (both
activators and repressors) participate in long-term memory for-
mation as well as the associated morphological changes (21, 22,
26, 47, 48). For example, in Aplysia sensory neurons, injection of
cAMP or blocking the CRE-binding repressor ApCREB2 in-
creases the number of branch points, varicosities, and synapses
(21, 39). The findings presented in this report are consistent with
a role for CRE-mediated gene expression in morphological
changes and further suggest that the balance between CRE-
binding activator and repressor functions is critical for regener-
ation of motor neuron axons. Specifically, our results indicate that
axonal injury results in increased levels of CRE sequence-binding
repressors, presumably leading to decreased expression of CRE
sequence-containing genes. The reason for suppression of CRE-
mediated gene expression is not clear at present. It would be
interesting to examine whether the sequestration of CRE-binding
proteins induces collateral elaboration in uninjured motor neu-
rons. Unfortunately, it is difficult to assess this effect in our
preparation because the removal of the ganglia transects all the
nerves and most likely injures all motor neurons. Although
technically demanding, a semi-intact or intact preparation could
be used to test this possibly in the future.
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