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CaMKIl and CaMKIV mediate distinct prosurvival signaling

pathways in response to depolarization in neurons
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Abstract

By fusing the CaMKI|I inhibitory peptide AIP to GFP, we constructed a specific and effective CaMKI|I
inhibitor, GFP-AIP. Expression of GFP-AIP and/or dominant-inhibitory CaMKIV in cultured
neonatal rat spiral ganglion neurons (SGNs) shows that CaMKII and CaMKIV act additively and in
parallel, to mediate the prosurvival effect of depolarization. Depolarization or expression of
constitutively-active CaMKI|I functionally inactivates Bad, indicating that this is one means by which
CaMKII promotes neuronal survival. CaMKIV, but not CaMKII, requires CREB to promote SGN
survival, consistent with the exclusively nuclear localization of CaMKIV and indicating that the
principal prosurvival function of CaMKIV is activation of CREB. Consistent with this, a
constitutively-active CREB construct that provides a high level of CREB activity promotes SGN
survival, although low levels of CREB activity did not do so. Also, in apoptotic SGNSs, activation of
CREB by depolarization is disabled, presumably as part of a cellular commitment to apoptosis.

Introduction

Neurons are distinctive in that they are electrically active, spiral ganglion (cochlear) neurons
(SGNs) being particularly active. As is the case for neurons generally, membrane electrical
activity or depolarization is an effective survival-promoting stimulus for SGNSs, both in vitro
(Hegarty et al., 1997) and in vivo (Hartshorn et al., 1991; Leake et al., 1991; Leake et al.,
1992; Lousteau, 1987; Lustig etal., 1994; Wong-Riley et al., 1981). The intracellular signaling
that links membrane depolarization to survival has been investigated and multiple signaling
pathways are involved (Hansen et al., 2001; Vaillant et al., 1999), although there may be
variability among neurons with regard to the relative importance of different pathways. A
common element among these intracellular signaling pathways is that they are initiated by
entry of Ca2* ion into the cytosol via voltage-gated Ca2* channels (VGCCs). In experiments
in which neurons are chronically depolarized by elevating extracellular K*, Ca2* entry via L-
type VGCCs is required (Collins and Lile, 1989; Collins et al., 1991; Franklin et al., 1995;
Galli et al., 1995; Gallo et al., 1987; Hegarty et al., 1997; Koike et al., 1989), although entry
through other VGCCs, e.g., N-type, may be more important when neurons are stimulated by
patterned electrical activity (Brosenitsch and Katz, 2001).

CaZ* entry promotes neuronal survival via divergent Ca?*-dependent intracellular signaling
pathways including both Ca2*/calmodulin-dependent protein kinase (CaMK) and cAMP-

dependent protein kinase (PKA) (Bok et al., 2003; Hansen et al., 2003; Hansen et al., 2001).
That CaMK activity promotes neuronal survival is shown by the use of constitutively active
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CaMKII (Hansen et al., 2003) or constitutively active CaMKIV mutants (Hansen et al.,
2003; See et al., 2001). Both promote neuronal survival, indicating that either CaMKII or
CaMKIV activity is sufficient, at least in part. As these kinases are Ca2*-activated, it is likely
that they contribute to the survival-promoting effect of depolarization. This is supported by
studies using CaMK inhibitors. A requirement for CaMKIV in the survival-promoting effect
of depolarization has been shown through the use of a kinase-inactive dominant-negative
mutant (See et al., 2001). Pharmacological inhibitors have been used in depolarization-
dependent survival paradigms to ascertain a requirement for CaMKII (Hack et al., 1993;
Hansen et al., 2003; Ikegami and Koike, 2000; Vaillant et al., 1999) but the agents used are
not selective. The CaMK inhibitor KN-62 and related compounds block CaMKIl and CaMKIV
(Enslen etal., 1994; Tokumitsu et al., 1990); the calmodulin antagonist calmidazolium blocks
activation generally of calmodulin-dependent enzymes (Gietzen et al., 1982; Gietzen et al.,
1981; Louis et al., 1983).

Here we ask whether CaMKII and CaMKIV have distinct roles in mediating promotion of
neuronal survival by depolarization and we probe the requirement for CREB for actions of
CaMKII and CaMKIV. We developed a specific inhibitor of CaMKII, termed GFP-AIP, that
can be expressed in neurons after transfection and can be targeted to different subcellular
locations. By using GFP-AIP in combination with a dominant-negative (kinase null) CaMKIV
mutant, we show here that CaMKII and CaMKIV make independent distinct contributions to
depolarization-dependent neuronal survival.

We further asked about the extent to which CaMKII and CaMKIV recruit transcriptional and
post-translational mechanisms to promote survival. As a representative transcriptional
mechanism, we investigated the cAMP/Ca2* Response Element Binding (CREB) protein.
CaMKs are among those protein kinases capable of phosphorylating CREB on serine-133
(Enslenetal., 1994; Enslen et al., 1995; Matthews et al., 1994; Sun et al., 1994). Others include
PKA (Gonzalez and Montminy, 1989; Sun et al., 1992), Rsk2 (Bohm et al., 1995; Swanson et
al., 1999), MSK1 (Simon et al., 2004). This allows CREB to recruit the co-activator CREB
Binding Protein (CBP) and activate transcription (Cardinaux et al., 2000; Chrivia et al.,
1993; Kwok et al., 1994). In a further step important for transcription, CBP is itself
phosphorylated by CaMKIV in response to depolarization (Impey etal., 2002). CREB has been
shown to mediate the survival-promoting effect of neurotrophins (Bonni et al., 1999; Dawson
and Ginty, 2002; Lonze et al., 2002; Riccio et al., 1999) but not of PKA (Bok et al., 2003). As
arepresentative post-translational modification, we investigated functional inactivation of Bad.
Neurotrophins promote neuronal survival in part by recruiting ERK and Akt protein kinases
that phosphorylate Bad so as to prevent its proapoptotic function.

CaMKII does not promote survival via CREB but is capable of functionally inactivating the
proapoptotic regulator Bad. CaMKIV is primarily nuclear and promotes survival by activating
CREB, although recruitment of CBP by CREB may not be sufficient. Moreover, activation of
CREB by depolarization is disabled in apoptotic cells, which removes a potential block to cell
death.

Generation and testing of GFP-AIP, a selective CaMKII inhibitor

We and others (Hack et al., 1993; Hansen et al., 2001; Ikegami and Koike, 2000; Vaillant et
al., 2002) have previously implicated CaMKII activity in the mechanism by which
depolarization promotes neuronal survival. However, these studies relied on the use of a CaMK
inhibitor KN-62 (Tokumitsu et al., 1990), which also inhibits CaMKIV (Enslen et al., 1994;
Tokumitsu et al., 1990) and possibly other calmodulin-dependent enzymes. Because CaMKIV
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can also function as a prosurvival signal (See et al., 2001), more specific inhibitors are
necessary to determine the relative contribution of CaMKII and CaMKIV to neuronal survival.

Autocamtide-2-related inhibitory peptide (AIP, Ishida et al., 1995) is a non-phosphorylatable
analog of autocamtide-2, a CaMKII specific substrate. AIP is a potent and highly specific
CaMKII inhibitor (Ishida et al., 1995; Ishida et al., 1998; Zou and Cline, 1999) as it binds
specifically to the catalytic domain of CaMKII, but cannot be phosphorylated and released.
AP is typically microinjected into cells but can be expressed from a transgene if fused to an
appropriate stabilizer protein (Zou and Cline, 1999). To generate a fluorescent AlP-based
CaMKII inhibitor we fused an oligonucleotide encoding AIP, separated by a 22 amino acid
linker, to the C-terminus of the green fluorescent protein (GFP) coding sequence to generate
a construct termed GFP-AIP (Figure 1A, see Methods for details). Our previous attempts to
construct an inhibitor by fusing the AIP coding sequence to sequences coding small epitope
tags failed, apparently because the “miniproteins” were not stably expressed (data not shown).
Also, chimeras containing GFP and AIP with shorter linkers were unsuccessful as inhibitors.

To confirm the effectiveness of GFP-AIP as a CaMKII inhibitor in cells, we used a reporter
assay. Because we could not obtain a number of transfected SGNs sufficient for a biochemical
reporter assay, we instead used a neuronal cell line, PC12 cells. A truncated constitutively-
active mutant CaMKII (CaMKI1(1-290)) (Sun et al., 1994), which we have already shown to
be active in promoting SGN survival (Hansen et al., 2003), was cotransfected into PC12 cells
with a Ca2*/cAMP Response Element (CRE)-LacZ reporter. CaMKI11(1-290) induced
increased expression of B-galactosidase (Figure 1B). This action of CaMKII was strongly
inhibited by cotransfection of GFP-AIP (Figure 1B). To confirm the specificity of GFP-AIP,
we performed similar reporter assays using other protein kinases to induce CRE-dependent
transcription. The ability of CaMKIV to induce increased reporter expression was unaffected
by GFP-AIP (Figure 1C). Furthermore, cAMP-dependent protein kinase (PKA), another kinase
that may be recruited by membrane depolarization to promote neuronal survival (Bok et al.,
2003; Hansen et al., 2001; Hanson et al., 1998; Meyer-Franke et al., 1995), was not inhibited
by GFP-AIP (Figure 1C).

CaMKIll is necessary, in part, for the prosurvival effect of depolarization

To determine expression and localization of CaMKI|I, cultured SGNs were immunolabeled
with an antibody detecting CaMKII and with isoform-specific antibodies detecting
CaMKIlla and CaMKIIp. Representive examples are shown in Figures 2A-E. CaMKI|I
immunoreactivity was largely cytoplasmic in most neurons (Figure 2A) but some neurons also
had nuclear CaMKII immunoreactivity, as has been noted previously in, for example,
cerebellar granule neurons (Takeuchi et al., 2002; Takeuchi et al., 1999). The nuclear CaMKI|I
immunoreactivity appears to be attributable mainly to CaMKIlla, which was primarily nuclear
in 25% of SGNs (Figure 2B) but distributed in the cytoplasm and nucleus in 75% of SGNs
(Figure 2C). CaMKIIB immunoreactivity was primarily cytoplasmic (Figures 2D,2E).
Depolarization did not affect CaMKII distribution (data not shown).

We next used GFP-AIP to determine whether CaMKII contributes to the ability of
depolarization to promote neuronal survival. Neonatal rat spiral ganglion neurons (SGNs) were
depolarized in vitro by increasing extracellular [K*] from control 5.4 mM (5K) to 25 mM
(25K), which we have previously shown to be an effective survival-promoting stimulus
(Hansen et al., 2001; Hegarty et al., 1997). Transfection of GFP-AIP (2:3 mixture of GFP-AIP
and GFP plasmids) significantly (P = 0.01) reduced the prosurvival effect of 25K (Figure 2F)
and this was further significantly (P = 0.0003) reduced by increasing the proportion of GFP-
AIP plasmid from 40% to 80% of the total (Figure 2F). However, inhibition of SGN survival
is not complete even using this amount of GFP-AIP. Because we can’t further increase the
level of GFP-AIP in the neurons, we can’t determine whether the incomplete inhibition of
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survival is because CaMKI|I is incompletely inhibited or because CaMKII does not act alone
to promote survival. Nevertheless, we can conclude that, because GFP-AIP reduced the ability
of depolarization to promote SGN survival in a dose-dependent manner, CaMKII activity must
be necessary, at least in part, for the survival-promoting effect of depolarization.

Because CaMKI|I isoforms are detected in both cytoplasm and nucleus, we directed GFP-AIP
to either compartment to determine the extent to which nuclear or cytoplasmic CaMKI| activity
contributes to survival. For this purpose, a oligonucleotide encoding either a nuclear
localization signal (nls) or a nuclear export signal (nes) (Bok et al., 2003) was inserted in the
GFP-AIP sequence. To maintain the inhibitory function of these constructs, the nes was placed
at the NHo-terminal and the nls in the linker between the GFP and AIP sequences. As shown
in Fig. 3A, inclusion of nes and nls targeting signals, respectively, restricts GFP-AIP to the
nucleus or excludes GFP-AIP from the nucleus. A significant decrease in SGN survival in 25K
was detected following expression of either GFP-nls-AlP or GFP-nes-AlP (Fig. 3B) suggesting
that both nuclear and cytoplasmic CaMKII mediate part of the survival-promoting effect of
depolarization.

CaMKIl functionally inactivates the proapoptotic regulator Bad

While, the nuclear role of CaMKII suggests an effect on transcriptional regulation, the
primarily cytoplasmic localization of CaMKII suggests that CaMKII promotes SGN survival
also by phosphorylating, directly or indirectly, cytoplasmic proteins involved in regulation of
apoptosis. The pro-apoptotic regulator Bad has been shown to be phosphorylated by several
prosurvival signals, which thus inactivate the proapoptotic function of Bad (Downward,
1999). The small number of SGNs in the cultures and the presence of non-neuronal cells
preclude assay of Bad phosphorylation in SGNs. We could, however, apply a more direct test
of the ability of CaMKII to functionally inactivate Bad by taking advantage of the ability of
overexpressed wild-type Bad to induce apoptosis in SGNs maintained in culture medium that
marginally promotes survival (Bok et al., 2003). SGNs rapidly undergo cell death in serum-
free 5K culture medium with no trophic additions (Hegarty et al., 1997). Addition of 1% FBS
slowed cell death, allowing the effect of wild-type Bad overexpression to become apparent
(Figures 3,4). This was most apparent 48 h after transfer to the marginal condition. Increasing
the FBS concentration to >5% prevented SGN death regardless of Bad overexpression (not
shown). We could thus use suppression of the Bad-induced increase in SGN apoptosis by
various agents as a measure of the ability of these agents to functionally inactivate Bad
proapoptotic signaling.

Cultures were stained, as in Figure 2, to label the nuclei and neurofilaments. This allowed
identification of the neurons as well as identification of apoptotic cells, which were evident by
their pyknotic nuclei and collapsed neurofilament network. Typical examples are shown in
Figure 4. Transfected cells were identified by cotransfecting GFP, which alone did not cause
increased apoptosis. Nuclear and cytoskeletal condensation were apparent in Bad-transfected
SGNs but uncommon in untransfected cells in the same culture. In contrast, increased apoptosis
was not observed in Bad-transfected SGNs maintained in depolarizing 25K medium,
confirming that depolarization can functionally inactivate Bad. Similarly, increased apoptosis
was not observed in SGNs cotransfected with Bad and CaMKI11(1-290), a truncated
constitutively-active mutant CaMKI|I that we have previously shown to promote SGN survival
(Hansen et al., 2003). Thus, expression of CaMKI1(1-290) prevents apoptosis caused by Bad
overexpression, suggesting that activated CaMKI|I can functionally inactivate Bad.
Cotransfection with wild-type CaMKII had no effect on Bad overexpression-induced
apoptosis.

These data are quantified in Figure 5. Transfection of wild-type Bad increased the percentage
of apoptotic SGNs from ~30% to ~70% for cultures maintained in 5K + 1% FBS. This increase
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in apoptosis was almost entirely reversed by depolarization (25K) or by transfection of
constitutively-active mutant, but not wild-type, CaMKII. Thus, depolarization and CaMKI|I
activity result in functional inactivation of Bad, implying that Bad inactivation is a means by
which depolarization and CaMKII promote SGN survival. While CaMKII mediates at least
part of the survival-promoting effect of depolarization, it is unlikely that CaMKII is the sole
means by which depolarization can functionally inactivate Bad. We have previously shown
(Bok et al., 2003) that PKA overexpression also rescues SGNs from Bad overexpression.

CaMKIV is necessary, in part, for the prosurvival effect of depolarization

Overexpression of a catalytically inactive CaMKIV mutant, CaMKIV/(K75E) has been
previously shown to act as a dominant-inhibitory inhibitor of endogenous CaMKIV (Ahn et
al., 1999; Finkbeiner et al., 1997; Ho et al., 1996; Miranti et al., 1995; Shieh et al., 1998). We
therefore constructed this mutant, as described in Methods, in order to inhibit CaMKIV in
SGNs. SGN survival promoted by depolarization was significantly reduced by transfection of
CaMKIV/(K75E) (Figure 6), indicating that CaMKIV activity is necessary, at least in part, for
the survival-promoting effect of depolarization in SGN. Transfection of a 4:1 mixture of
CaMKIV(K75E) to GFP plasmids strongly and significantly (P = 0.0002) reduced SGN
survival. Halving the amount of CaMKIV/(K75E) plasmid to 40% (2:2:1 mixture of CaMKIV
(K75E) : pcDNA3 empty vector : GFP plasmids) resulted in a reduction in survival nearly as
great as that caused by 80% CaMKIV(K75E) and not significantly different from it (P = 0.15).

The small difference in inhibition of survival between 80% and 40% CaMKIV(K75E) suggests
that inhibition by 80% is complete or nearly so and that the remaining depolarization-dependent
survival is due to signaling other than CaMKIV. This can be accounted for, at least in part, by
CaMKII signaling. As shown in Figure 6, partial inhibition of CaMKIV combined with partial
inhibition of CaMKII — achieved by cotransfection of CaMKIV(K75E) and GFP-AIP —
resulted in inhibition of depolarization-dependent survival significantly greater than that due
to either inhibitor alone at that level, implying that CaMKII and CaMKIV independently
mediate part of the prosurvival effect of depolarization.

CREB is required for CaMKIV, but not CaMKII, prosurvival signaling

CaMKIV immunoreactivity is primarily expressed in neurons in the culture and is primarily
nuclear (Figure 7A). As a nuclear protein kinase, CaMKIV can phosphorylate and activate
CREB, which has been shown to be a prosurvival transcription factor (Bonni et al., 1999;
Finkbeiner, 2000; Riccio et al., 1999). We therefore tested the possibility that CREB mediates
the prosurvival effect of CaMKIV. A dominant negative CREB mutant, CREBm1 (CREB-
Ser133Ala), was used to inhibit CREB function (Struthersetal., 1991). To verify that CREBm1
inhibits the ability of CaMKIV to activate CRE-dependent transcription, we cotransfected the
CRE-LacZ reporter into PC12 cells with a constitutively-active truncated mutant CaMKIV,
CaMKIV(1-313) (ref. Sun et al., 1994), in the presence or absence of CREBm1. As shown in
Figure 7B, the increased reporter expression induced by CaMKIV(1-313) is inhibited by
CREBm1.

Cotransfection of CREBmL1, but not wild-type CREB, with CaMKIV/(1-313), eliminated the
prosurvival effect of CaMKIV(1-313) on SGNs (Figure 7C). This indicates that CaMKIV
requires CREB for its prosurvival effect. In contrast, the survival-promoting effect of
constitutively-active CaMKI1(1-290) was unaffected by CREBm1 (Figure 7C), indicating a
lack of requirement for CREB and consistent with recruitment of cytosolic or other prosurvival
effectors.

Because the ability of depolarization to promote survival appears to depend only in part on
CaMKIV signaling, we would expect that CREBm1 would only partially block the prosurvival
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effect of depolarization. Indeed, SGNs transfected with CREBm1 and maintained in 25K
medium showed reduced survival relative to neurons transfected with wild-type CREB or
empty vector plasmids but survival of CREBm1-transfected SGNs was greater than survival
under nondepolarizing 5K conditions (Figure 7C). This indicates that CREB-mediated
transcription plays a role in depolarization-mediated SGN survival but that other signaling
pathways, which are independent of CREB, also contribute. Presumably, these include CaMKII
and PKA (Bok et al., 2003).

The constitutively-active CREB construct VCREB, but not the constitutively-active
CREBp|epmL, promotes SGN survival

We next determined the extent to which CREB-mediated transcription is sufficient to promote
SGN survival. After phosphorylation by CaMKIV or other kinases on Ser133, CREB is able
to recruit the coactivator CREB Binding Protein (CBP), which activates transcription directly
(Vo and Goodman, 2001). CBP itself can be phosphorylated by CaMKIV, which potentiates
its efficacy as a transactivator (Impey et al., 2002). The sterol-responsive element binding
protein contains an amino acid motif DIEDML that allows it to constitutively recruit CBP;
phosphorylation is not necessary (Cardinaux et al., 2000). In the CREB mutant
CREBpepMmL, this DIEDML motif replaces the corresponding six amino acid sequence
including Ser133 in the CREB transactivation domain and confers the ability to constitutively
recruit CBP (Cardinaux et al., 2000). In VCREB, another constitutively-active CREB
construct, the CREB transactivation domain of CREB is replaced with that of a viral
transcription factor VP16 (Tao et al., 1998). This allows direct transcriptional activation,
bypassing the requirement for CBP.

The relative ability of these constitutively-active CREB constructs to activate CRE-dependent
transcription is shown in Figure 8A. As above, PC12 cells were used for these assays. p-
galactosidase expressed from a CRE-LacZ reporter was induced over six-fold by VCREB.
Induction by CREBpepm Was significantly less, although greater than two-fold. This
difference may be due to the lack of CBP phosphorylation after its recruitment by
CREBpepmL and consequent lack of full activation of the transactivator complex, while
VCREB acts as a strong transactivator independently of CBP.

After confirming that VCREB and CREBpgpm are constitutive activators of CRE-dependent
transcription, we asked whether such transcriptional activation was sufficient to promote SGN
survival. SGNs maintained in 5K were transfected with constitutively-active CREB constructs
or wild-type CREB. Of these, only VCREB enhanced SGN survival; wild-type CREB and
CREBpepme did not (Figure 8B). This shows that CRE-dependent transcription is sufficient
to promote neuronal survival provided that the level is high enough. The level or quality of
transcriptional activation induced by CREBpepmL is apparently insufficient.

CREB activation is disabled during apoptosis

Given the significance of the CaMKIV-CREB pathway in prosurvival signaling, we next asked
whether it was inactivated after withdrawal of trophic support or during the apoptotic process.
SGNs were deprived of trophic support for 24 h to induce apoptosis in a subset of the neurons.
The cultures were then briefly (15 min) exposed to depolarizing (25K) medium to acutely
activate CREB. We used immunocytochemistry to detect phosphorylated CREB (pCREB)
immunofluorescence in individual SGNs, which could additionally be classified as apoptotic
or nonapoptotic by the criteria discussed above. Typical examples are shown in Figure 9A.

Images like those in Figure 9A were used to quantify the acute increase in pCREB
immunofluorescence in apoptotic and nonapoptotic SGNs, as described in Methods. We first
showed that pCREB immunofluorescence was indeed reduced in SGNs deprived of trophic
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support and not exposed to 25K (Figure 9B). Among such neurons, we observed that non-
apoptotic SGNs acutely exposed to 25K exhibited a large increase in pCREB
immunofluorescence (Figure 9C) comparable to that observed in control SGNs exposed to 25K
without prolonged deprivation (Bok et al., 2003). This indicates that even in SGN cultures
deprived of trophic support sufficiently long to initiate cell death, the intracellular signaling
pathway leading to CREB wias still present and available to be activated in those SGNs that
had not yet become apoptotic. In contrast, in those SGNs that had become apoptotic, CREB
could no longer be acutely activated by 15 min exposure to 25K (Figure 9D). Thus, among the
changes in intracellular signaling characteristic of apoptosis, is also a disabling of the CREB
prosurvival pathway. This is consistent with observations of See et al. (2001) that CaMKIV is
degraded in a caspase-dependent manner in cerebellar granule neurons (CGNs) deprived of
trophic support, associated with a loss of pCREB immunofluorescence. It is also consistent
with our observation that readdition of trophic factors to SGNs deprived of trophic support for
24 hfails to rescue them from cell death (D. Fairfield and S.H. Green, unpublished observation).

Discussion

CaMKl

We describe here a novel reagent GFP-AIP, which is a specific and effective CaMKII inhibitor.
We have used it here to verify a requirement for CaMKI|I in prosurvival signaling resulting
from membrane depolarization. Moreover, it is a versatile reagent that may be useful in
investigating CaMKII actions in a variety of physiological contexts. Because this protein can
be restricted to specific intracellular locations by addition of appropriate targeting signals, it
can be used to assess the locus of CaMKII action in cellular regulation. The presence of GFP
(or other fluorescent protein) in the chimera allows confirmation of expression and appropriate
subcellular targeting. By using GFP-AIP and dominant-inhibitory CaMKIV, separately and in
combination, we show that depolarization uses both CaMK pathways, in parallel, to promote
neuronal survival. CaMKIV, but not CaMKII, requires CREB to promote survival, consistent
with the exclusively nuclear localization of CaMKIV.

Because of its primarily cytoplasmic subcellular localization, we suggest that CaMKI|I
functions to promote survival by targeting cytoplasmic effectors. This is underscored, in
particular, by our observation that CaMKII promotes SGN survival, at least in part, by
functionally inactivating Bad. The ability of Bad to move from the cytoplasm, where it is
sequestered by 14-3-3 protein, to the mitochondria, where it can carry out its proapoptotic
function, is regulated by phosphorylation (Downward, 1999). Thus, Bad plays a central role
in the regulation of apoptosis by intracellular signaling, with at least four different protein
kinase systems phosphorylating at least four different sites on Bad — PI-3-OH kinase -protein
kinase B (PKB/Akt) on Ser136 (Datta et al., 1999; del Peso et al., 1997; Fang et al., 1999),
ERK-Rsk on Ser112 (Bonni et al., 1999; Fang et al., 1999; Scheid et al., 1999; Tan et al.,
1999), cAMP-dependent protein kinase (PKA) on Ser 112 and/or Ser155 (Harada et al.,
1999; Lizcano et al., 2000; Virdee et al., 2000), and Cdc2 on Ser128 (Konishi et al., 2002).
Here, we provide evidence that CaMKII also regulates apoptosis by inactivating Bad, but the
mechanism by which this is accomplished is likely to be complex. One phosphorylation site
on Bad, Ser170 (Dramsi et al., 2002), is a potential CaMKI| target, based on the deduced
CaMKII target consensus (White et al., 1998), raising the possibility that CaMKII
phosphorylates Bad directly. However, coexpression of Bad and CaMKI11(1-290) in PC12 cells
(Bok, Li, and Green, unpublished observations) results in Bad hyperphosphorylation, including
phosphorylation of Ser112, which is unlikely to be a CaMKII site. This implies an indirect
pathway for Bad phosphorylation by CaMKII. PKB appears to be recruited by another
calmodulin-dependent kinase, CaMK kinase, to promote survival (Yano et al., 1998) and the
P1-3-OH kinase - PKB pathway has been implicated in the prosurvival effect of depolarization
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in some neurons (Ikegami and Koike, 2000; Vaillant et al., 1999). It is therefore possible that
CaMKII recruits PKB. However, involvement of PKB in promotion of survival by
depolarization appears to be via a pathway distinct from CaMKII (Hansen et al., 2001; Ikegami
and Koike, 2000; Vaillant et al., 1999). Moreover, neither PKB nor ERK signaling appears to
be required for the prosurvival effect of depolarization in SGNs (Hansen et al., 2001). Thus,
the mechanism by which CaMKII inactivates Bad may involve multiple signaling pathways
and may differ among cell types.

In addition to Bad inactivation, targets of CaMKII other than Bad can contribute to its
prosurvival effect. CaMKII suppresses nuclear translocation of histone deacetylase, thereby
promoting neuronal survival (Bolger and Yao, 2005; Linseman et al., 2003). In the nucleus,
the kinesin family motor protein KIF4 releases the prosurvival factor PARP-1 in a CaMKI|I
dependent manner to promote neuronal survival (Midorikawa et al., 2006). Also, CaMKII has
been shown to activate the prosurvival transcriptional regulator NF-xB in T lymphocytes
(Hughes et al., 2001) and in neurons (Meffert et al., 2003). Because dominant-negative CREB
constructs do not reduce the prosurvival effect of CaMKIl, it is unlikely that CREB is the
nuclear target of CaMKI|I.

These studies reveal a prosurvival role for CaMKII, in particular, a role in mediating the
prosurvival effects of membrane depolarization. Very strong depolarization compromises
neuronal survival and this excitotoxic effect may also be mediated, at least in part, by CaMKI|:
inhibition of CaMKII can be protective against excitotoxic insults (Hajimohammadreza et al.,
1995; Takano et al., 2003). Presumably, the degree of CaMKI| activation or signaling pathways
activated in parallel distinguish survival and death outcomes of CaMKI|I activity.

CaMKIV and CREB

We further show that depolarization also promotes survival by recruiting a nuclear pathway
involving CaMKIV and CREB. This is supported by the observations that dominant-inhibitory
CaMKIV and dominant-inhibitory CREB both reduce the ability of depolarization to promote
survival and dominant-inhibitory CREB blocks the ability of CaMKIV to promote survival. If
CaMKIV promotes survival primarily via CREB then we would expect constitutively-active
CREB to be sufficient to promote survival to a degree. Indeed, this is the case for the VP16-
CREB fusion (VCREB) used in thisand in other (Bonni et al., 1999; Riccio et al., 1999) studies.
However, here we also used another constitutively-active CREB mutant, CREBpjgpmL, and
found that it failed to support SGN survival. One explanation for this result is that the level of
transcriptional activation afforded by CREBpepmL is insufficient to promote survival while
the higher level (Figure 8A) afforded by VCREB is sufficient, at least in part.

An alternative possibility is that recruitment of CBP by CREB is necessary but is not sufficient
for promotion of survival via CREB-dependent gene expression. CREBpgpmL While
constitutively recruiting CBP does not promote survival. CaMKIV phosphorylates CREB on
Ser133, allowing it recruit CBP, and, additionally, phosphorylates CBP-Ser301 (Impey et al.,
2002). This can account for observations that, at least in some contexts, recruitment of CBP
by CREB is not sufficient for transcriptional activation by CaMKIV (Chawla et al., 1998;
Hardingham et al., 1999; Hu et al., 1999; Impey et al., 2002). this could also account for our
observations here, given that VCREB, which circumvents the need for CBP, promotes SGN
survival. While potentially interesting, this hypothesis is speculative, in view of studies
showing that, in some contexts, recruitment of CBP by CREB is indeed sufficient for
transcription (Cardinaux et al., 2000; Du et al., 2000). Possibly, CBP phosphorylation by
CaMKIV is necessary for transcription of genes involved in neuronal survival but not in all
other contexts.
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This latter hypothesis could also account for a previous observation that CREB is entirely
dispensable for the survival-promoting action of PKA in SGNs (Bok et al., 2003) even though,
like CaMKIV, PKA phosphorylates CREB on Ser133 in SGNs (Bok et al., 2003). Possibly,
PKA is unable to phosphorylate CBP in a manner that allows transcription of genes required
for neuronal survival. PKA has been reported to phosphorylate CBP on Ser1772 in a manner
important for Pit-1-mediated transcription (Xu et al., 1998) but not for CREB-mediated
transcription (Zanger et al., 1999). This possible distinction between CaMKIV and PKA could
be responsible for the ability of the former but not the latter to promote survival via CREB. A
possible difficulty with this hypothesis is that a CBP N-terminal fragment (1-460) can also
show cAMP responsiveness in some cell types (e.g., PC12 but not F9 or COS) (Swope et al.,
1996), indicating that CBP regulation by PKA is complex and cell type-specific.

CaMKIV/CREB-dependent expression of certain genes has been previously implicated in
neuronal survival. In some neurons this involves up-regulation of BDNF synthesis (Shieh and
Ghosh, 1999; Shieh et al., 1998; Tao et al., 1998), which enables autocrine or paracrine BDNF
support of survival (Acheson et al., 1995; Davies and Wright, 1995; Ghosh et al., 1994).
However, this is unlikely to be the case for SGNs in which BDNF expression, while CREB-
dependent, appears not to be up-regulated by depolarization or by activated CaMKIV (Zha et
al., 2001). Another candidate target gene is the antiapoptotic regulator Bcl-2, expression of
which is CREB-dependent (Wilson et al., 1996) and is up-regulated by neurotrophic or
neuroprotective signaling (Mabuchi et al., 2001; Pugazhenthi et al., 2000; Riccio et al.,
1999).

See et al. (2001) have reported that CaMKIV is degraded in a caspase-dependent manner in
cerebellar granule neurons (CGNs) deprived of trophic support, associated with a loss of
pCREB immunoreactivity. Also, CaMKIV and pCREB immunoreactivity are lost in cortical
neurons in which cell death has been induced by treatment with anti-amyloid precursor protein
antibody (Mbebi et al., 2002), although in this case caspase activity is not required. Here, we
show loss of the CREB activation in apoptotic, but not in nonapoptotic, SGNs after withdrawal
of trophic support. These observations suggest that neuronal apoptosis, induced by at least two
different means, is accompanied by a disabling of a key prosurvival signaling pathway: the
CaMKIV-CREB pathway.

Depolarization recruits at least three signaling systems that independently and additively
promote survival acting in distinct subcellular compartments on distinct substrates

The observation that simultaneous blockade of CaMKII and CaMKIV reduces survival to a
greater degree than blocking either alone suggests that these kinase systems act independently
in parallel to mediate the prosurvival effect of depolarization. We have previously shown (Bok
et al., 2003; Hansen et al., 2001) that depolarization recruits a CAMP-dependent pathway, in
addition to CaMKs, to promote SGN survival. Moreover, PKA acts in the cytoplasm and not
via CREB to promote survival (Bok etal., 2003). Thus, depolarization uses at least three distinct
Ca?*-dependent signaling pathways that act in parallel and in distinct intracellular
compartments to promote SGN survival. CaMKIV acts in the nucleus, via CREB, to prevent
cell death. In parallel with CaMKIV actions in the nucleus to control the amount of apoptotic
regulators, PKA (Bok et al., 2003) and probably also CaMKII, acting in the cytoplasm, prevent
cell death by post-translational modification of apoptotic regulators, e.g., Bad.

Materials and methods

Spiral ganglion neuron culture and transfection

Our basic culture medium consisted of high-glucose (4.5 mg/ml) Dulbecco’s Modified Eagle’s
Medium (DMEM), 0.1 mg/ml penicillin, 0.1 mg/ml streptomycin, N2 supplement, 10 pg/ml
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insulin and is designated herein as ‘5K’ because in it [K*] = 5.4 mM. We also used a
depolarizing medium (25K) in which Na* was replaced with equimolar K* to raise [K*] to 25
mM while maintaining osmolarity. Prior to and during transfection, the cultures were
maintained in 25K to which 5% fetal bovine serum was added (“25K+S”). The DMEM,
antibiotics, and serum were obtained from the University of lowa Diabetes and Endocrinology
Research Core and the other supplements were from Sigma (St. Louis, MO) or Invitrogen
(Carlsbad, CA).

Dissociated cultures of spiral ganglion neurons (SGNs) were prepared from post-natal day 4—
5 rats and maintained by a modification of the methods described previously (Bok et al.,
2003; Hansen et al., 2003). Briefly, rat cochleae were removed from the temporal bone and
placed in ice-cold phosphate buffered saline (PBS). Each spiral ganglion was isolated from the
cochlea by sequential removal of the bony cochlear capsule, the spiral ligament, and the organ
of Corti, leaving the spiral ganglion within the modiolus. These were collected in Hank’s
Balanced Salt Solution (HBSS) on ice, then transferred to Ca2*/Mg?*-free HBSS with 0.1%
trypsin and 0.1% collagenase at 37°C for 20 min to enzymatically dissociate the cells. After
three washes with culture medium, a further mechanical dissociation was performed by
trituration using a mechanical pipettor with 1 ml pipette tips. The dissociated cells were plated
in 25K+S. Neurons were plated in tissue culture dishes (Falcon or Corning, purchased from
Fisher Scientific) or slides (Lab-Tek, Rochester, NY) previously coated sequentially with
polyornithine (Sigma, 0.1 mg/ml in 10 mM borate buffer, pH 8.4) for 1 hr at room temperature
(RT) followed by laminin (Invitrogen, 20 ug/ml in HBSS) overnight at 4°C.

Transfection was performed when the neurons had firmly attached to the substrate, about 6 h
after plating. We used a calcium phosphate-based protocol modified from that of Gabellini et
al. (Bonni et al., 1999; Riccio et al., 1999) as we have previously described (Zha et al., 2001).
Briefly, plasmids of interest were mixed with 1.25 M CaCl, solution and then sterile deionized
water was added to bring the CaCl, concentration to 0.25 M. An equal volume of 2x
depolarizing HEPES buffer (50 mM HEPES + 220 mM NaCl + 1.5 mM Nay,HPO,4 + 60 mM
KCI, pH 7.1) was added slowly and with agitation. The DNA/CaZ*/PO, mixture was left for
20 min at RT to allow precipitates to form and then added to the culture medium (25K+S) on
the cells at a 1:10 (v/v) ratio, the final concentration of DNA being 10 pg/ml, which we
determined to be optimal. After 6 h, the culture medium containing DNA mixture was washed
once with DMEM and replaced with 25K medium. Typically, 10% of the SGNs were
transfected. In some cases multiple plasmids were co-transfected. In experiments performed
using two plasmids that both encode a detectable product, we found that >95% of the
transfected cells expressed both gene products (not shown). Because the transfection efficiency
is highly dependent on the DNA concentration, when transfecting mixtures of different
plasmids the total amount of plasmid was always 10 ug/ml and the ratio of the plasmids varied
as described for each figure.

Immunocytochemistry

After culture for the times indicated, the cells were fixed for 15 min with 4% paraformaldehyde
in PBS, washed with PBS, incubated with blocking buffer (PBS + 2% BSA + 5% normal goat
serum + 0.1% NaNj3) for 1 h at 37°, then with primary antibodies in blocking buffer for 1 h at
37° or overnight at 4°, then with fluorescently-labeled secondary antibodies in blocking buffer
for 1 h at 37°. After washing with PBS, the nuclei were stained with Hoechst 33342 (10 pg/
ml in PBS) for 15 min, washed again with PBS and viewed with a Leica Leitz DMR microscope
equipped for fluorescence optics. The images were captured using a Photometrics CH250
cooled CCD camera with IPLab Spectrum software (Signal Analytics Corp., Vienna, VA). The
images were prepared for publication using Adobe Photoshop and Illustrator.
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The primary antibodies used in this study were rabbit anti-phosphoCREB antibody that
specifically detects CREB phosphorylated at Ser133 (Upstate Biotech, Waltham, MA, 1:1000
dilution), rabbit anti-pan-CaMKII antibody (Transduction Labs, Lexington, KY, 1:200),
mouse anti-CaMKIV antibody (Transduction Labs, 1:200), and mouse or rabbit anti-
neurofilament 200 kDa isoform (NF200) antibody (Sigma, 1:400 dilution) to identify neurons.
Anti-CaMKIlla and anti-CaMKII antibodies were generously provided by Dr. Johannes Hell
(Dept. Pharmacology, University of lowa). Secondary antibodies used were Alexa Fluor® 488
or 568 goat anti-rabbit IgG and Alexa Fluor® 350 or 568 goat anti-mouse IgG antibodies
(Molecular Probes, Eugene, OR, 1:400 dilution).

NIH image on a Macintosh computer or the equivalent Image J software on a Windows
computer was used to quantify phosphoCREB immunofluorescence. In the program, a circular
selection was made just inside the boundary of each neuronal nucleus and the intensity of the
phosphoCREB immunofluorescence determined as the average pixel density within the circle.
Background fluorescence was determined as the average pixel density within a circle of equal
diameter just outside of the nucleus and this background was subtracted from the value obtained
for nuclear fluorescence. The scale used was arbitrary but linear and consistent among all
experiments.

Assay of neuronal survival/apoptosis

For survival assays, replicate wells were prepared for each plasmid or combination of plasmids
transfected. Two wells were fixed 18 h after the start of transfection, by which time expression
of the introduced genes was already apparent, and were used to establish the transfection
efficiency of that combination of plasmids. The remaining wells (in separate multiwell plates)
were washed 3x with PBS and then maintained for 96 h under 5K or 25K condition. The cells
were then fixed, permeabilized, and stained with anti-NF200 antibody, as described above. All
transfected (GFP-expressing) neurons (NF200-positive) in each well were counted to assess
survival. This number was corrected for differing transfection efficiencies among different
combinations of plasmids. To allow for comparison among experiments, the number of SGNs
transfected with GFP only and maintained in 25K was arbitrarily set to 100%, to which relative
survival in other experimental conditions was normalized.

For apoptosis assays, SGNs were cotransfected with combinations of plasmids including wild
type Bad, GFP, and wild type or truncated constitutively active CaMKII. After recovery from
transfection, the cultures were maintained for 48 h in 5K + 1% fetal bovine serum, fixed and
stained with anti-NF200 antibody and Hoechst 33342. SGN apoptosis was established by
nuclear pyknosis and collapse of the cytoskeleton.

Statistically significant differences among conditions are indicated in the figures and figure
legends. Statistical comparisons among the multiple conditions in each experiment were done
with Tukey's Studentized Range (HSD) Test, using SAS System software. Pairwise
comparisons were made using Student’s t-test.

B-galactosidase assay

PC12 cell cultures in 60 mm dishes were transfected with a CRE-LacZ reporter plasmid,
constructed as described below, in combination with plasmids encoding proteins of interest
and/or control GFP (to facilitate identification of transfected cells and to allow a constant
amount of DNA in all transfections). 48 h after transfection the cells were washed with serum-
free culture medium and replated in serum-free medium in 35 mm dishes. To control for small
differences in transfection efficiency among different combinations of plasmids, duplicate
aliquots of transfected cells were separately fixed at the same time that the B-galactosidase
assays were performed (12 after replating in serum-free medium) and the number of transfected
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(GFP-positive) cells counted. The level of p—galactosidase expressed in each condition was
normalized to this number of transfectants.

To assay p—galactosidase activity, the cells in 35 mm dishes were scraped off in 400 pL 0.4%
NP40 in PBS. 200 uL of the cell lysates were mixed with 800 uL of Z-buffer (0.1 M PBS, pH
7.5, 2 MM MgSOy, 10 mM KCI, 40 mM B-mercaptoethanol) and 160 pL of o-Nitrophenyl p-
D-galactopyranoside (4 mg/ml). The mixtures were incubated at 37° until color developed and
the reactions were terminated by addition of 240 uL of 1 M Na,COs3. B-galactosidase activity
was determined by measuring OD4yg.

Expression constructs

Enhanced green fluorescence protein-C1 (EGFP-C1) was purchased from Clontech.
Expression plasmids of wild type and truncated, constitutively active forms of CaMKII and
CaMKIV were from Dr. Rich Maurer and have been described in Sun et al. (Sun et al.,
1994). The wild type BAD expression vector was provided by Dr. Gabriel Nufiez (del Peso et
al., 1997). VCREB and CREBpgpmL Were obtained from Dr. Richard Goodman and are all
under control of the same CMV promoter.

CREBmL1 and wild-type CREB were obtained from Dr. Marc Montminy (Montminy et al.,
1990) and subcloned by us into pcDNAS3 (Invitrogen), so were also under control of the CMV
promoter. GFP-AIP was constructed by inserting oligonucleotides encoding autocamtide-2
related inhibitory peptide (AIP; KKALRRQEAVDAL) into EGFP-C1 vector between
BamHI and Xbal. Oligonucleotides used were 5’-
GCGGGATCCAAGAAGGCCCTGAGGCGCCAGGAGGCCGTGGACGCCCTCTAGAC
GC-3" and 5’-
GCGTCTAGAGGGCGTCCACGGCCTCCTGGCGCCTCAGGGCCTTCTTGGATCCCG
C-3’. This eliminated the Xbal site, facilitating detection of the insert.

To target GFP-AIP to the nucleus or to prevent its entry into the nucleus and restrict it to the
cytoplasm, a nuclear localization signal (nls) or a nuclear export signal (nes) was, respectively
added to the construct as we have described for nls- and nes-containing GFP-PKA (Bok et al.,
2003).

The CRE-LacZ reporter was constructed by inserting oligonucleotides having one copy of CRE
enhancer sequence (TGACGTCA) at BamHI site within the multiple cloning site of the ppgal-
Promoter vector (Clontech). Oligonucleotides used were 5’-
GGCGGATCCAGATCTCTGACGTCAGCTCGAGGGATCCGGC-3’ and 5’-
GCCGGATCCCTCGAGCTGACGTCAGAGATCTGGATCCGCC-3’. A catalytically
inactive CaMKIV mutant, CaMKIV(K75E), was constructed using site-directed mutagenesis
by overlap extension PCR (Ho et al., 1989). The mutated, amplified cDNA replaced the
corresponding region of GFP-tagged wild type CaMKIV between BspEl and Pstl. The primers
used were

Forward #1 5’-TGAGCAAAGACCCCAACGAGAAGC-3’
Reverse #1 5’-CCTGTCCACTGTCTCCTTTAACACTTT-3’,
Forward #2 5’-AAAGTGTTAAAGGAGACAGTGGACAAG-3’
Reverse #2 5’-TGCCTATTTCTCCACCTCCTCGCA-3’.
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Figure 1.

(A) As described in Methods, the CaMKII inhibitor GFP-AIP was constructed by inserting an
oligonucleotide encoding the AIP sequence 3’ to GFP. A CMV promoter (Pcpy) drives
expression of a chimeric protein consisting of GFP fused to AIP by a 22 amino acid linker and
athree amino acid C-terminal sequence. (B) The CaMKII inhibitor GFP-AIP inhibits activation
of a CRE-LacZ reporter by the constitutively-active truncated mutant CaMKII, CaMKI|I
(1-290). PC12 cells were cotransfected with CRE-LacZ reporter and plasmids encoding
proteins of interest. CRE-LacZ constituted 20% (2 ng) of total plasmid, CaMKI1(1-290), if
present, constituted 10% (1 nug), GFP-AIP, if present, constituted 50% (5 png), and the remainder
was GFP. B-galactosidase was assayed as described in Methods and normalized to activity in
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cells transfected with CaMKI1(1-290) + GFP, which was arbitrarily set to 100%. Error bars in
this and all subsequent graphs show standard deviation. (C) GFP-AIP inhibits neither CaMKIV
nor cAMP-dependent protein kinase (PKA). As in B, B—galactosidase activity in PC12 cells
transfected with GFP and activated kinase was arbitrarily assigned a value of 100% and activity
in PC12 cells transfected with GFP-AIP and kinase was normalized to it. CaMKIV/(1-313) is
a truncated constitutively-active mutant CaMKIV construct and GPKA is a GFP-tagged PKA
catalytic subunit. Plasmids used were as in B, with CaMKIV/(1-313) or PKA catalytic subunit
replacing CaMKI1(1-290).
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Figure 2. (A—E) CaMKI|I localization in SGNs

Immunofluorescence was used to detect NF200 and CaMKII in spiral ganglion cultures (48 h
cultures) as described in Methods. Neuronal cytoplasm was labeled with anti-NF200 and all
nuclei in the cultures (neuronal and non-neuronal cells) were labeled with Hoechst 33342. In
each set of images, the positions of neuronal nuclei are indicated by arrowheads, which are at
identical positions in each image in the set. Scale bar = 20 um. (A) A pan-CaMKII antibody
was used to label CaMKII. (B & C) An anti-CaMKIla antibody was used in these two
representative examples of the two different subcellular distributions of CaMKlla that we
observed in cultured SGNs. (D & E) An anti-CaMKIIp antibody was used in these two
representative examples of the observed subcellular distribution of CaMKII. (F) GFP-AIP
inhibits, in a dose-dependent manner, the ability of depolarization to promote SGN survival.
SGNs were maintained for 96 h in either control nondepolarizing (5K) or depolarizing (25K)
medium following transfection with either GFP plasmids alone or a mixture of GFP and GFP-
AIP plasmids. GFP-AIP plasmid constituted 40% (4 pg) or 80% (8 png) of the total, as indicated.
The number of transfected SGNSs surviving at 96 h was determined as described in Methods.
The reduction in SGN survival in 25K was significant (P = 0.01 for 40% GFP-AIP; P =0.0003
for 80% GFP-AIP) relative to GFP only.
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Figure 3. Targeted inhibition of CaMKI|I reveals nuclear and cytoplasmic roles

GFP-AIP was either excluded from the nucleus (A) by addition of a nuclear exclusion signal
(nes) or restricted to the nucleus (B) by addition of a nuclear localization signal (nls). In A and
B, the location of the GFP-AIP is shown by GFP fluorescence. Neuronal cytoplasm was labeled
with anti-NF200 and all nuclei in the cultures (neuronal and non-neuronal cells) were labeled
with Hoechst 33342. In A and B, the positions of the neuronal nucleus is indicated by an
arrowhead, which is at an identical position in each image in the set. Scale bar = 20 um. (C)
Cytoplasmic (nes) or nuclear (nls) GFP-AIP significantly (*P < 0.01) inhibited the ability of
depolarization to promote SGN survival, relative to GFP(**). Cytoplasmic or nuclear GFP-
AIP were not significantly different from each other with respect to survival and were
significantly different (P < 0.0001) from the 5K condition. SGNs were maintained for 96 h in
either control nondepolarizing (5K) or depolarizing (25K) medium following transfection with
GFP, nes-GFP-AIP, or GFP-nls-AlIP plasmids, as in Figure 2F.
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Figure 4. Both depolarization and expression of constitutively-active CaMKII rescue SGNs from
apoptosis caused by Bad overexpression

SGNs were transfected with combinations of expression plasmids including GFP (A-E), Bad
(B-E), constitutively active mutant CaMKI1(1-290) (D) or wild-type CaMKII (wt) (E). In the
combinations, GFP plasmid was 20%; Bad, if present, was 20%; and CaMKI|, if present, was
60% of the total amount of plasmid. Empty vector (o)cDNA3) was used to replace plasmids
not included in a particular combination. Eighteen hours after transfection the cultures were
switched to 5K (A,B,D,E) or 25K (C) culture medium, all containing 1% serum. After a further
48 h the cultures were fixed and stained to detect NF200 and nuclei, as in Figure 2. Transfected
cells were identified by green GFP fluorescence shown in the right panel of each pair of images.
Neurons were identified by NF200 immunoreactivity (red) and nuclei were stained with
Hoechst 33342 (blue), shown in the left image of each pair. Arrows point to neuronal nuclei
and indicate identical positions in each image pair of images. The images were chosen so that
each shows a typical transfected and a typical untransfected neuron adjacent to each other in
the culture. White arrows indicate untransfected neurons in all conditions. Red arrows indicate
transfected neurons that are apoptotic (identified by their condensed nuclei and collapsed
cytoplasm) (B,E). Green arrows indicate transfected nonapoptotic neurons (A,C,D). Scale bar
=20 pum.
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Figure 5. Quantitation of apoptotic SGNs confirms that depolarization or constitutively-active
CaMKII rescue SGNs from apoptosis caused by Bad overexpression

Expression of Bad caused a significant increase in the number of apoptotic SGNSs. This increase,
in turn, was prevented by depolarization or by transfection of constitutively-active (CaMKI|I
(1-290)), but not wild-type (wt), CaMKII. Random fields were selected and all SGNs in the
field scored. Apoptotic SGNs were identified on the basis of pyknotic nuclei and collapsed
cytoplasm in cultures transfected, treated, fixed and stained as in Figure 4. The graph shows
apoptotic SGNs, as a percentage of the total number scored, in each experimental condition.
The culture condition (1% FBS + 5K or 25K) and the plasmids transfected are indicated. GFP
plasmid was 20%; Bad, if present, was 20%; and CaMKI|, if present, was 60% of the total
amount of plasmid; the remainder was empty pcDNA3 vector. Each column shows the mean
and standard deviation of at least three separate experiments, each performed in duplicate. The
total number of SGNs counted is shown above each bar; the number in parentheses is the
number of separate experiments pooled to obtain this number of SGNs. The values marked
with an asterisk are not significantly different from each other but are all significantly different
(P < 0.00002) from values with no asterisk.
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Figure 6. Dominant-inhibitory CaMKI1V, CaMKIV(K75E), inhibits the ability of depolarization to
promote SGN survival

SGNs were maintained for 96 h in either control nondepolarizing (5K) or depolarizing (25K)
medium following transfection with either GFP plasmids alone, a mixture of GFP and CaMKIV
(K75E) plasmids, or a 1:1 mixture of CaMKIV(K75E) and GFP-AIP plasmids. CaMKIV
(K75E) plasmid constituted 40% (4 pg) or 80% (8 pug) of the total, as indicated and GFP-AIP
was 40% (4 ng). The number of transfected SGNs surviving at 96 h was determined as described
in Methods. Values marked with a single asterisk were not significantly different from each
other but were significantly different from conditions marked with no asterisk or double
asterisks. The reduction in SGN survival in 25K was significant (P < 0.00005) for SGNs
transfected with any of the inhibitory constructs, relative to SGNs transfected with GFP only.
The survival of SGNs transfected with a combination of 40% CaMKIV(K75E) and 40% GFP-
AIP was significantly reduced (P < 0.04) relative to 40% CaMKIV/(K75E) alone or 40% GFP-
AIP alone (from Figure 2F, shown in light gray).
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Figure 7.

(A) CaMKIV is primarily nuclear in SGNs. This set of images of a spiral ganglion culture
shows anti-CaMKIV immunofluorescence , anti-NF200 immunofluorescence to label neuronal
cytoplasm, and Hoechst 33342 fluorescence to label the nuclei of all cells. The positions of
neuronal nuclei are indicated with arrowheads, which indicate identical positions in the images
in the set. (B) Dominant-inhibitory CREB, CREBmL1, blocks activation of CRE-dependent
transcription by CaMKIV. PC12 cells were transfected with CRE-LacZ reporter and GFP
(each constituting 20% of the total plasmid), in combination with plasmids encoding CaMKIV
(1-313) and CREBm1, as indicated (each constituting 40% of total plasmid when present). If
necessary, pcDNA3 was added to make the total amount of plasmid 10 pg. B-galactosidase
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was assayed as described in Methods and normalized to activity in cells transfected with
CaMKIV(1-313), which was arbitrarily set to 100%. Error bars show standard deviation. (C)
Dominant-inhibitory CREB inhibits the ability of CaMKIV and of depolarization, but
not of CaMKII, to promote SGN survival. SGNs were maintained for 96 h in either control
nondepolarizing (5K) or depolarizing (25K) medium following transfection. In all cases, GFP
was 20% of the mixture; activated kinase, CaMKIV(1-313) or CaMKI1(1-290), if present,
constituted 40% of the mixture; CREB, wild-type (wt) or dominant-inhibitory (CREBmL1), if
present, constituted 40% of the mixture; the remainder of the plasmid in the mixture was
pcDNAZ3 vector. The number of transfected SGNSs surviving at 96 h was determined as
described in Methods. Relative to wtCREB or empty vector, CREBm1 significantly (*P <
0.001) reduced SGN survival due to CaMKIV(1-313) to the same level as survival in the control
5K condition. Also, CREBmL significantly (*P < 0.01) reduced SGN survival due to
depolarization (25K). However, CREBm1 had no significant effect on SGN survival due to
CaMKI1(1-290).
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Figure 8.

(A) VCRERB is a stronger activator of CRE-dependent transcription than is
CREBpgpmL in PC12 cells. PC12 cells were cotransfected with CRE-LacZ reporter and
GFP (each constituting 20% of total plasmid in mixture) in combination with CREB constructs,
wild-type (wt) CREB, VCREB or CREBpepmL, Which constituted 50% of total plasmid. The
remainder of the plasmid in the mixture was empty pcDNAS3 vector. B-galactosidase was
assayed as described in Methods and normalized to activity in cells transfected with reporter
and empty pcDNA3 vector, which was arbitrarily set to 1. (B) VCREB, but not
CREBpepMmL, promotes SGN survival. SGNs were maintained for 96 h in either control
nondepolarizing (5K) or depolarizing (25K) medium following transfection with either GFP
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plasmids alone or a mixture of GFP and CREB plasmids, wtCREB, VCREB or
CREBpepMmL, as indicated. GFP plasmid constituted 20% (2 pg) of the total; CREB plasmids
constituted 80% of the total, if present, otherwise 80% of the plasmid was pcDNAS3 vector.
The number of transfected SGNs surviving at 96 h was determined as described in Methods.
The increase in SGN survival over 5K was significant only for 25K and for VCREB-transfected
cells (*P < 0.001). The 25K and VCREB transfection conditions were significantly different
from each other (**P < 0.001).
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Figure 9. Depolarization fails to induce CREB phosphorylation in apoptotic SGNs
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SGN cultures were deprived of trophic support by maintenance in serum-free nondepolarizing
medium (5K) for 24 h. (A) The culture was exposed to depolarizing (25K) medium for 15 min.
The cells were fixed and an antibody to phosphorylated CREB (pCREB) was used to detect
pCREB immunofluorescence. NF200 and nuclei were labeled, and apoptotic cells identified,
as in Figure 3. An apoptotic (arrow) and nearby nonapoptotic SGN (arrowhead) are shown.
The apoptotic SGN, evident by its pyknotic nucleus and collapsed cytoplasm shows a reduced
acute increase in pCREB immunofluorescence, relative to the nonapoptotic SGN, in response
to a 15 min exposure to 25K. (B) Quantitation of pPCREB immunofluorescence in nonapoptotic
SGNs deprived of trophic support for 24 h was performed using NIH Image as described in
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Methods. The number of SGNs exhibiting various levels of pPCREB immunofluorescence is
plotted in the histogram. N = the number of SGNs scored. (C) Quantitation of pPCREB
immunofluorescence in nonapoptotic SGNs deprived of trophic support as in B but exposed
to 25K for 15 min . (D) Quantitation of pCREB immunofluorescence in apoptotic SGNs
deprived of trophic support but exposed to 25K for 15 min as in C.
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