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A B S T R A C T   

Ca2+/calmodulin-dependent protein kinase II alpha (CaMKIIα) is a potential target for acute neuroprotection due 
to its key role in physiological and pathological glutamate signaling. The hub domain organizes the CaMKII 
holoenzyme into large oligomers, and additional functional effects on holoenzyme activation have lately 
emerged. We recently reported that compounds related to the proposed neuromodulator γ-hydroxybutyrate 
(GHB) selectively bind to the CaMKIIα hub domain and increase hub thermal stabilization, which is believed to 
have functional consequences and to mediate neuroprotection. However, the detailed molecular mechanism is 
unknown. In this study, we functionally characterize the novel and brain permeable GHB analog (E)-2-(5-hy-
droxy-2-phenyl-5,7,8,9-tetrahydro-6H-benzo[7]annulen-6-ylidene)acetic acid (Ph-HTBA). Administration of a 
single dose of Ph-HTBA at a clinically relevant time point (3–6 h after photothrombotic stroke) promotes neu-
roprotection with a superior effect at low doses compared to the smaller GHB analog 3-hydroxycyclopent-1-ene-
carboxylic acid (HOCPCA). In contrast to HOCPCA, Ph-HTBA reduces Ca2+-stimulated CaMKIIα Thr286 
autophosphorylation in primary cortical neurons and substrate phosphorylation of recombinant CaMKIIα, 
potentially contributing to its neuroprotective effect. Supported by previous in silico docking studies, we suggest 
that Ph-HTBA makes distinct molecular interactions with the hub cavity, which may contribute to its differential 
functional profile and superior neuroprotective effect compared to HOCPCA. Together, this highlights Ph-HTBA 
as a promising tool to study hub functionality, but also as a good candidate for clinical development.   

1. Introduction 

Stroke remains a leading cause of death and disability each year with 
increasing incidences [1]. The only pharmacological treatment 
currently approved is tissue-type plasminogen activator (tPA, alteplase), 
which achieves restoration of blood flow. Yet, tPA has a limited treat-
ment window (4.5 h) and is only effective in 5–10 % of patients [2], 
leaving the majority of patients with permanent disabilities. Targeting 
underlying cell death mechanisms to protect brain cells after ischemia 
has been pursued with limited success [3,4], yet, some positive results of 

a recent Phase III trial (ESCAPE NA-1) highlight that neuroprotection 
could still be plausible [5]. 

Ischemic cell death is associated with over-stimulation of glutamate 
receptors resulting in intracellular Ca2+ overload and therefore, 
impairment of Ca2+-dependent pathways (excitotoxicity) [6,7]. Cal-
cium/calmodulin (Ca2+/CaM)-dependent protein kinase II alpha 
(CaMKIIα) has a major role in decoding Ca2+ signals downstream of 
glutamate receptors [8–11] and has therefore emerged as a potential 
candidate for neuroprotective therapies [9–12]. Of the four genes that 
encode the CaMKII protein, CaMKIIα and CaMKIIβ are highly expressed 
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in neurons with central roles in learning and memory [13–15]. CaMKII 
forms large multimeric holoenzymes made up of 12–14 subunits, each 
containing a kinase domain, a regulatory segment, a linker and a central 
organizing accessory (hub) domain [16]. Upon intracellular Ca2+ in-
crease, each subunit is separately activated by Ca2+/CaM binding to its 
regulatory segment, which enables inter-subunit autophosphorylation 
of the central residue Thr286. Thr286 autophosphorylation results in 
Ca2+/CaM-independent (autonomous) activity [17–19] and holoenzyme 
translocation from the cytosol to the postsynaptic density, which posi-
tions the enzyme in proximity of numerous substrates critically involved 
not only in synaptic plasticity, but also in ischemic cell death [12,20,21]. 
In fact, excitotoxicity and concomitant Ca2+ overload has a dramatic 
impact on CaMKIIα regulation, and leads to sustained elevation of 
Thr286 autophosphorylation, postsynaptic density association as well as 
autonomous and Ca2+/CaM-stimulated activity for hours after the injury 
[8,9,22,23]. However, the exact contribution of CaMKII to ischemic cell 
death remains unclear, and conflicting reports about its role in pro-
moting either cell death or survival exist (reviewed in [12]) [10,24,25]. 
Convincingly, acute CaMKII inhibition after stroke by the peptide 
tatCN21 showed substantial neuroprotection in mice [9,10], indicating 
that CaMKII activity mediates ischemic cell death early after the insult. 
Yet, tatCN21 lacks CaMKII subtype selectivity and affects learning in 
mice [26], complicating its pharmacological use. 

We recently revealed that CaMKIIα is the high-affinity binding site 
for γ-hydroxybutyrate (GHB), a metabolite of γ-aminobutyric acid 
(GABA) and proposed neuromodulator [8,27]. Intriguingly, we mapped 
the binding site for GHB and its structurally related analogs (collectively 
referred to as GHB ligands) to a deep cavity of the CaMKIIα hub domain, 
making GHB ligands the first pharmacological tools targeting this 
domain [8,28,29]. The primary role of the hub domain is to assemble the 
holoenzyme into functional oligomers [16,30]. However, the hub 
domain has also been described to be involved in allosteric modulation 
of enzyme activity by directly interacting with its kinase domains [31] 
and to mediate activation triggered subunit exchange in vitro [32,33], 
highlighting the hub domain as an interesting pharmaceutical target. To 
this end, we reported that treatment with either GHB itself or the 
brain-permeable GHB analog 3-hydroxycyclopent-1-enecarboxylic acid 
(HOCPCA) affords substantial neuroprotection after photothrombotic 
stroke (PTS) in mice [8]. While the neuroprotective effect of GHB itself 
has also been previously reported by others [34,35], this could poten-
tially be explained by its hypothermic effect mediated by weak partial 
agonism at GABAB receptors [36]. By contrast, the conformationally 
restricted GHB analog HOCPCA completely lacks affinity for GABAB 
receptors and is instead endowed with both improved affinity (Ki 110 
nM), and an unprecedented selectivity for the CaMKIIα hub domain [8, 
37]. The selectivity has been clearly demonstrated using tritiated 
HOCPCA, highly suitable for autoradiography studies [38], by a com-
plete lack of binding to brain tissue from Camk2a-/- mice [8]. We 
therefore hypothesize that GHB analogs mediate neuroprotection by 
binding to the CaMKIIα hub domain, although the underlying mecha-
nisms remain elusive. Interestingly, we showed that GHB ligands 
including HOCPCA increase stabilization of the CaMKIIα hub domain in 
a thermal shift assay, suggesting a potential effect on holoenzyme 
functionality via alteration of the oligomeric state [8]. However, 
HOCPCA did not affect CaMKIIα functionality under basal conditions 
such as in assays of substrate phosphorylation or Thr286 autophos-
phorylation in vitro [8]. 

While several structural classes of GHB analogs have been described 
since 1990 [8,37,39,40], their development has been restricted to af-
finity relationships at the native GHB binding site [27] and in some cases 
pharmacophore models [41,42]. With the identification of the CaMKIIα 
hub domain as the specific binding target and the availability of the first 
crystal structure with a GHB ligand (5-hydroxydiclofenac, 5-HDC; PDB: 
7REC) bound [8], rational development of ligands has become feasible. 
Recently, this has permitted reassessment of the scaffold of the selective 
GHB analog (E)-2-(5-hydroxy-5,7,8,9-tetrahydro-6H-benzo[7] 

annulen-6-ylidene) acetic acid (NCS-382) [40], and we presented a se-
ries of analogs with increased affinity [29]. One of these, 
(E)-2-(5-hydroxy-2-phenyl-5,7,8,9-tetrahydro-6H-benzo[7]annule-
n-6-ylidene)acetic acid (Ph-HTBA) showed interesting biophysical 
properties as well as mid nanomolar affinity (Ki 78 nM) in competing for 
the hub binding site [29]. Compared to NCS-382, Ph-HTBA has a phenyl 
substituent reaching into the upper part of the hydrophobic binding 
cavity, likely resulting in a binding mode distinct from HOCPCA and 
NCS-382. In this regard it is interesting to note that although Ph-HTBA 
competitively inhibits both [3H]NCS-382 and [3H]HOCPCA radioligand 
binding to native cortical membranes, it does so with slightly increased 
sensitivity for [3H]NCS-382 [29]. These findings highlight that subtle 
differences in molecular interactions (e.g., hydrogen bond interactions) 
in the binding pockets of the different ligands exist. Furthermore, 
compared to HOCPCA, Ph-HTBA has a favorable kinetic profile with a 
slow dissociation rate (kd 0.03 s-1) along with an extensive effect on 
thermal stability (DTm 19ºC) of the CaMKIIα hub domain [29]. Finally, 
backed by experimental evidence, modelling infers that binding of 
Ph-HTBA is accompanied by a substantial conformational change of the 
residue Trp403 located at the edge of the binding cavity, which is not 
seen for HOCPCA [8,29]. Based on these differential structural and 
biophysical characteristics, we chose Ph-HTBA for the current study. In 
addition, Ph-HTBA has an excellent pharmacokinetic profile in mice (Kp, 

uu 0.85, Papp>150 nm with little efflux), highlighting Ph-HTBA as a good 
candidate for in vivo studies [29,43]. 

Here we present the results aimed at further consolidating the hy-
pothesis that binding to the CaMKIIα hub domain elicits neuroprotection 
in vivo, underscoring CaMKIIα as a therapeutically relevant target post- 
stroke. To this end, we first confirm the absence of GABAB receptor ef-
fects mediated by Ph-HTBA in vitro and in vivo. Next, we demonstrate 
acute neuroprotective effects of Ph-HTBA in a model of PTS. Moreover, 
to explore the mechanism by which hub binding of Ph-HTBA potentially 
induces neuroprotection, functional effects on CaMKIIα via Thr286 
autophosphorylation in cultured cortical neurons and substrate phos-
phorylation of recombinant CaMKIIα are evaluated. Finally, we provide 
a discussion of the obtained results and stipulate on the mechanism-of- 
action compared to the first reported neuroprotective CaMKIIα hub 
ligand, HOCPCA. 

2. Results 

2.1. Ph-HTBA is not a GABAB receptor agonist 

Ph-HTBA is structurally derived from GHB (Fig. 1A), which has 
previously been shown to bind to GABAB receptors with low affinity (Ki 
230 μM) [37]. As GABAB effects could contribute to potential neuro-
protective effects [44], we initially set out to evaluate binding in-
teractions of Ph-HTBA with GABAB receptors in vitro (binding affinity). 
As seen for the parent compound NCS-382 [45], Ph-HTBA did not 
displace [3H]GABA binding to rat cortical homogenates. This is in 
contrast to GHB and the known GABAB receptor agonist (R)-baclofen 
(Fig. 1B). To further emphasize that Ph-HTBA does not target GABAB 
receptors in vivo, we tested Ph-HTBA for effects on locomotor activity 
and core body temperature in mice using a dose 2–10x higher than the 
dose desired for subsequent neuroprotective studies, i.e., 100 mg/kg 
(intraperitoneal (i.p.)). Whereas GHB has been previously shown to 
decrease locomotor activity and to induce hypothermia in mice [36], no 
effects were seen after i.p. administration of Ph-HTBA (Fig. 1C-E). 

2.2. Ph-HTBA is neuroprotective after PTS 

We recently reported that HOCPCA is neuroprotective when 
administered systemically 3–12 h after stroke at a dose of 90 or 175 mg/ 
kg [8]. Although HOCPCA and Ph-HTBA clearly compete for the same 
binding site in the CaMKIIa hub [29], we were intrigued by Ph-HTBA’s 
extended binding mode and increased structural effects compared to 
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HOCPCA in relation to potentially improved efficacy, and thus set out to 
study Ph-HTBA for its neuroprotective effect in vivo. We chose the 
model of PTS in male C57BL/6 mice to evaluate effects on infarct size 
and motor function, similar to our prior studies with HOCPCA [8]. This 
model mimics certain stroke patients in the sense that it presents with 
permanent damage and occlusion of small arteries, however, it is 
characterized by limited reperfusion [46,47]. Despite similar affinities 
for CaMKIIα, we reasoned that in vivo target engagement of Ph-HTBA 
might be increased compared to HOCPCA due to Ph-HTBA’s slow 
dissociation rate and pronounced brain penetration [29]. For this study, 
we chose to treat mice i.p. with either 50 or 10 mg/kg of Ph-HTBA or 
vehicle at 3 h post-PTS (Fig. 2A). At this timepoint we previously 
showed evidence of CaMKIIα dysregulation by means of elevated 
Thr286 autophosphorylation [8]. The infarct volume was analyzed 7 
days post-PTS by cresyl violet staining and showed that both doses of 
Ph-HTBA decreased infarct volumes by 33 % and 52 %, respectively 
(vehicle (5.1 ± 2.1 mm3) versus 50 mg/kg Ph-HTBA (3.4 ± 1.9 mm3, 
P = 0.1578) or 10 mg/kg Ph-HTBA (2.4 ± 1.7 mm3, P = 0.0263); 
Fig. 2B). 

Next, we evaluated functional outcome 7 days post-PTS by behav-
ioral assessment of forelimb function on the grid-walking task and 
asymmetry in forelimb use in the cylinder task. In accordance with our 
previous reports [8,48], PTS induced an increase in foot-faults on the 
grid-walking task (Fig. 2C) and increased asymmetry in spontaneous 
forelimb use in the cylinder task (Fig. 2D). Treatment with both 50 and 

10 mg/kg Ph-HTBA significantly improved functional outcome after 
PTS compared to vehicle by decreasing the number of foot-faults 
(P = 0.0002 for 50 mg/kg, P < 0.0001 for 10 mg/kg; Fig. 2C) and by 
reducing forelimb asymmetry (P < 0.0001 for 50 mg/kg, P < 0.0001 for 
10 mg/kg; Fig. 2D). 

To test at a suprapharmacological level, we also evaluated a dose of 
175 mg/kg Ph-HTBA (maximum solubility), to see if enhanced neuro-
protection can be achieved. Treatment with this dose led to expected 
reductions in infarct volume at both 3 and 6 h by 38 % or 47 %, 
respectively (vehicle (5.5 ± 1.7 mm3) versus 175 mg/kg Ph-HTBA at 
3 h (3.4 ± 1.3 mm3, P = 0.0111) or 175 mg/kg Ph-HTBA at 6 h (2.9 
± 1.1 mm3, P = 0.0041); Suppl. Fig. 1A). This was accompanied by 
improvements in forelimb function on the grid-walking task (P = 0.0445 
for 3 h, P = 0.0119 for 6 h; Suppl. Fig. 1B) and forelimb asymmetry in 
the cylinder task (P = 0.0015 for 3 h, P = 0.0251 for 6 h; Suppl. 
Fig. 1C). Collectively, this shows that similar neuroprotective effects 
were achieved with 175 mg/kg Ph-HTBA compared to its lower doses. 

2.3. Ph-HTBA binding to the CaMKIIα hub domain allosterically affects 
kinase activity 

Supported by structural evidence, the hub domain of CaMKIIα has 
been found to interact directly with the kinase domain, thereby deter-
mining CaM sensitivity of the holoenzyme. In other words, the hub 
domain confers a proposed allosteric effect on kinase activity [31]. 

Fig. 1. Ph-HTBA does not interact with GABAB receptors in vitro or in vivo. (A) Chemical structures of reference compounds GHB, HOCPCA, NCS-382 and the novel 
analog Ph-HTBA; (R)-baclofen for reference. (B) Ph-HTBA does not displace the fraction of [3H]GABA binding reflecting GABAB receptors in rat cortical homogenates. 
This is in contrast to GHB and the GABAB receptor agonist (R)-baclofen (One-way ANOVA, post hoc Dunnett’s test, data are pooled (n = 6) and shown as mean ± SD). 
(C, D) Locomotor activity in mice after i.p. injection of 100 mg/kg Ph-HTBA or vehicle control (mean ± SD, n = 8). (E) Core body temperature of mice after i.p. 
injection of 100 mg/kg Ph-HTBA, vehicle control or 275 mg/kg GHB (dotted line: data from [8]; means ± SD, n = 8, two-way ANOVA with time and treatment as 
factors, post hoc Dunnett’s test). 
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Based on substantial effects of Ph-HTBA on hub stabilization accompa-
nied by a conformational change detectable in a “Trp403 flip” upon 
binding to the hub site [29], we hypothesized that Ph-HTBA may affect 
CaMKIIα activation properties. We initially explored this idea by testing 
the effect of Ph-HTBA on Thr286 autophosphorylation in cultured pri-
mary cortical neurons as this represents a native cellular environment 
and expression pattern for CaMKII. We incubated neurons for 1 h with 
100 mM Ph-HTBA or 20 mM of the CaM inhibitor KN93 [49] as a pos-
itive control, and analyzed the extent of pThr286 normalized to total 
CaMKIIα expression by Western blot analysis. To ensure sufficient 
intracellular levels of compound, we chose a concentration of ~ 
1000-fold Ki for Ph-HTBA [29], i.e., 100 mM. Whereas KN93 signifi-
cantly reduced Thr286 autophosphorylation at basal conditions as ex-
pected, Ph-HTBA was ineffective and showed substantial variation 
(Fig. 3A). We next examined a condition resembling better the scenario 
under excitotoxicity, i.e., increased Ca2+ levels, and tested whether an 
effect of Ph-HTBA requires CaMKIIα activation by Ca2+/CaM. We thus 
incubated cortical neurons with 100 mM Ca2+ alone or together with 
100 mM Ph-HTBA for 1 h and examined pThr286 levels. Convincingly, 
Ph-HTBA reduced Ca2+-stimulated Thr286 autophosphorylation signif-
icantly (Fig. 3B). 

Considering that the conformational changes induced by Ph-HTBA 
might physically affect kinase interaction, as proposed by Stratton and 
colleagues [31], we also tested the ability of Ph-HTBA to inhibit sub-
strate phosphorylation directly. For this purpose, we took advantage of 
an engineered kinase assay based on a synthetic peptide substrate con-
jugated to a Sox fluorescent sensor, which enables real-time detection of 
kinase activity (PhosphoSens® kinase assay; further details in methods 
Section 5.1.5). As we previously observed that Ph-HTBA interfered with 
fluorescence signals in biophysical assays [29], we first set out to vali-
date that Ph-HTBA does not interfere with the PhosphoSens assay by 
examining its effect on background fluorescence in the absence of 
enzyme. To this end, 100 μM Ph-HTBA was found to disturb baseline 
fluorescence (Suppl. Fig. 3A), while no interference was observed for 

10 μM Ph-HTBA (representative graph in Fig. 4A). Consequently, we 
used 10 μM Ph-HTBA for the initial characterization of the effect of 
Ph-HTBA on substrate phosphorylation of CaMKIIα. Using recombinant 
full-length CaMKIIα and a fixed concentration of Ca2+/CaM (300 nM), 
we observed that 10 μM Ph-HTBA was able to reduce Vmax by 25 % (Vmax 
135.5 ± 12 RFU/min for CaMKIIα and 101.9 ± 11 RFU/min for 
CaMKIIα + Ph-HTBA) whereas Km was not significantly changed (Km 
4.01 ± 0.7 RFU/min for CaMKIIα and 3.67 ± 0.9 RFU/min for CaMKIIα 
+ Ph-HTBA), thus indicating non-competitive inhibition of CaMKIIα by 
Ph-HTBA (Fig. 4B). This is similar to the known CaMKIIα inhibitor CN21 
(Vmax 114.8 ± 7 RFU/min and Km 1.48 ± 0.45 RFU/min for CaMKIIα; 
84.9 ± 6 RFU/min and Km 1.13 ± 0.32 RFU/min for CaMKIIα + 1 nM 
CN21; Suppl. Fig. 2). As the interference with background fluorescence 
at high concentrations of Ph-HTBA possibly obstructs the accurate 
determination of IC50 values in this assay, we turned to the ADP-Glo 
assay, which is based on the end-point quantification of ADP by lumi-
nescence. Here, Ph-HTBA inhibited the phosphorylation of the substrate 
syntide-II in a concentration-dependent manner with an IC50 value of 
291 μM (Suppl. Fig. 3B). 

3. Discussion 

In this study we show that the novel GHB analog Ph-HTBA, which is 
derived from the semi-rigid bicyclic NCS-382 scaffold, is neuro-
protective when administered as a single dose acutely after PTS in mice. 
Ph-HTBA targets the CaMKIIα hub domain, and we show here that Ph- 
HTBA decreases enzyme activation in an apparent non-competitive 
manner, supporting an allosteric effect mediated by the hub domain. 
Furthermore, Ph-HTBA shows a reduction in Ca2+-stimulated Thr286 
autophosphorylation in primary cortical neurons in support of a 
CaMKIIα-mediated activity in neuroprotection. 

Fig. 2. Neuroprotective effect of 50 and 10 mg/kg Ph-HTBA after PTS. (A) Schematic illustration of experimental timeline. Mice were treated i.p. with Ph-HTBA or 
vehicle 3 h after stroke and infarct size and behavioral outcomes were assessed 7 days post stroke. (B) Quantification of stroke volumes (left) and representative cresyl 
violet stainings (right) (One-way ANOVA, post hoc Dunnett’s test). (C, D) Motor function assessed by (C) grid-walking task and (D) cylinder task (pre-op: pre- 
operation; two-way ANOVA (time, treatment), post hoc Dunnett’s test). Box plots (boxes, 25–75 %; whiskers, minimum and maximum; lines, median). 
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3.1. CaMKIIα hub modulation by Ph-HTBA is neuroprotective in vivo 

We recently reported that HOCPCA, a selective GHB analog, medi-
ates neuroprotection in vivo via the CaMKIIα hub domain, thereby 
representing a novel strategy for neuroprotection targeting CaMKIIα [8]. 
Here, we extend these studies to the structurally related Ph-HTBA, thus 
further validating the CaMKIIα hub domain as a therapeutically relevant 
target for neuroprotection. Specifically, 175, 50 and 10 mg/kg Ph-HTBA 
could significantly improve motor function after stroke. Of note, 
whereas 175 and 10 mg/kg also significantly reduced infarct size, this 
was not seen for 50 mg/kg. This lack of a dose-dependent effect on 
infarct size, which is only seen for Ph-HTBA’s effect on infarct size and 
not motor function, possibly relates to a different extent of biological 
variation in the different cohorts of mice. Overall, Ph-HTBA showed 
strong neuroprotective effects in vivo with a similar therapeutic window 
(3–6 h) and efficacy as HOCPCA [8]. The substantial neuroprotective 
effects of both Ph-HTBA and HOCPCA when given several hours after 
the infarct indicates a clinically relevant treatment window. Interest-
ingly, Ph-HTBA was more effective at lower doses, suggesting increased 
target engagement in vivo. As such, strong protective effects were ach-
ieved with 10 mg/kg Ph-HTBA, but not with 17.5 mg/kg HOCPCA [8], 
despite similar affinities for CaMKIIα [29,37]. This should further be 
seen in the light that Ph-HTBA has a molecular weight 2.3x higher than 

HOCPCA, underscoring its superior in vivo efficacy. Although the 
HOCPCA data were obtained in a previous study, i.e., not using the exact 
same cohort of mice, it was done in the same laboratory by the same 
experimenters. Whilst not a direct comparison, given the reproducible 
nature of the stroke we believe the data to be real in that Ph-HTBA is 
more efficacious, however, follow-up studies will be undertaken as 
additional drug analogues are generated. Furthermore, it has been 
proposed that the neuroprotective effect of GHB itself is additionally 
mediated by GABAB receptors [34,35,44], hence we validated that 
Ph-HTBA does not activate these receptors in vitro and in vivo. Instead, 
Ph-HTBA’s efficacy is likely a result of distinct functional effects upon 
binding to CaMKIIα (see Section 3.2) and/or improved ligand charac-
teristics. As such, the slow dissociation rate and substantial brain/cell 
penetration of Ph-HTBA might lead to increased target engagement in 
vivo [29]. Particularly, whereas the transport of HOCPCA across mem-
branes solely depends on monocarboxylate transporter 1 (MCT1)-me-
diated transport [50], we recently showed that NCS-382, the parent 
compound of Ph-HTBA, is transported by both MCT transporters and 
additional mechanisms, most likely passive diffusion [51]. Due to the 
close structural resemblance of Ph-HTBA with NCS-382, and the 
increased lipophilicity of Ph-HTBA with an additional aromatic ring, it is 
likely that the transport of Ph-HTBA across membranes follows a similar 
mechanism as its parent compound and likely with an even larger 

Fig. 3. Ph-HTBA affects Ca2+-stimulated CaMKIIα Thr286 autophosphorylation in vitro. (A,B) Thr286 autophosphorylation normalized to total CaMKIIα assessed by 
Western blot analysis in cultured cortical neurons stimulated with (A) 100 mM Ph-HTBA or 20 mM KN93 under basal conditions or (B) during Ca2+-stimulation 
(100 mM) for 1 h (Days in vitro: 18–20; number in bar diagrams represents number of experiments/individual cultures; One-way ANOVA, post hoc Dunnett’s test; 
Box plots (boxes, 25–75 %; whiskers, minimum and maximum; lines, median); (left) Quantification of mean band intensities; (right) Representative Western blot 
images with GAPDH as loading control. 
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component of passive diffusion. 
Post-insult CaMKII inhibition by CN-peptides, such as tatCN21, has 

been shown to be neuroprotective [9,10]. However, while CN-peptides 
inhibit all CaMKII subtypes non-selectively by interacting with the ki-
nase domain [52], Ph-HTBA is likely only targeting the alpha form of 
CaMKII as it competes with highly subtype-selective radioligands for 
binding to the CaMKIIα hub domain [8]. This points to a lower risk of 
unwanted side effects as the four CaMKII genes are widely expressed, 
with at least one CaMKII subtype in most cell types throughout the body 
[53]. 

3.2. Speculations on the mechanistic basis for CaMKIIα-mediated 
neuroprotection by Ph-HTBA 

In this study, we show that Ph-HTBA functionally affects CaMKIIα by 
modulating Ca2+/CaM-dependent enzyme activation. Specifically, Ph- 
HTBA reduces Ca2+-stimulated Thr286 autophosphorylation and sub-
strate phosphorylation. Interestingly, these effects were not seen for the 
structurally simplified analog HOCPCA (see Fig. 1A) [8]. Differential 
functional effects of Ph-HTBA and HOCPCA may arise from distinct 
molecular interactions with CaMKIIα, however, involving the same 
binding site in the hub domain. This is supported by radioligand binding 
assays showing that Ph-HTBA fully competes with [3H]HOCPCA for 
binding to native cortical membranes [29]. Additionally, we recently 

verified the selectivity of [3H]HOCPCA and [3H]NCS-382, the tritiated 
parent compound of Ph-HTBA, by demonstrating the complete absence 
of binding to brain tissue from Camk2a-/- mice, while binding to 
Camk2a+/+, Camk2b-/- as well as Camk2b+/+ mouse brain tissue is pre-
served [8]. 

Intriguingly, both Ph-HTBA and HOCPCA maintain essential polar 
interactions with core residues deep in the binding pocket (i.e., Arg453, 
Arg469, Tyr369, His395 and Glu381), which is mediated by the phar-
macophoric key elements of GHB ligands. Although HOCPCA does not 
appear to affect substrate or Thr286 autophosphorylation, its substantial 
neuroprotective effect suggests that these interactions are crucial for the 
functional effects of both Ph-HTBA and HOCPCA [8]. In support of this, 
both ligands are able to increase thermal stability of the hub domain in 
vitro [8,29], indicating stabilization of CaMKII’s oligomeric state. 
Intriguingly, solvation of charged core residues deep within the binding 
cavity for GHB ligands has been suggested to enable structural flexibility 
of the hub domain by readily accommodating changes in shape [30,54]. 
Consequently, charge neutralization caused by GHB ligands might 
induce structural changes and possibly contribute to their effect on 
oligomer stabilization via conformational fluctuations. The oligomeric 
assembly infers important functional characteristics of the holoenzyme, 
for instance it enables cooperative binding of Ca2+/CaM, inter-subunit 
autophosphorylation and potentially activation-triggered subunit ex-
change [32,55,56]. Alterations in the oligomeric state induced by GHB 
ligands are thus envisioned to affect holoenzyme functionality, yet the 
exact mechanism how this contributes to neuroprotection requires 
further studies. 

The molecular volume and lipophilic side chain of Ph-HTBA enables 
molecular (hydrophobic) interactions within the binding pocket addi-
tional to the core residues, which might explain why we only detect 
direct functional effects on holoenzyme activation by Ph-HTBA and not 
HOCPCA. Compared to HOCPCA, the phenyl substituent of Ph-HTBA 
enables hydrophobic interactions with aromatic residues (e.g., 
Tyr398) that are part of the helix αD of the hub domain, which has been 
suggested to be involved in lateral stabilization of the oligomeric com-
plex [54]. Consequently, a higher number of interactions between 
Ph-HTBA and the hub cavity might underlie its superior stabilization 
effect (ΔTm 19ºC for 160 μM Ph-HTBA [29] and 15ºC for 500 μM 
HOCPCA [8]) and might simultaneously have increased functional 
consequences. 

Moreover, the increased molecular size of Ph-HTBA, compared to 
HOCPCA, and its extension into the upper part of the binding pocket 
leads to the displacement of Trp403, which has been shown experi-
mentally and supported by docking studies [29], i.e., confirming a lack 
of space for the ligand and Trp403 inside the cavity at the same time. In 
contrast, the smaller ligand HOCPCA does not induce detectable Trp403 
movement [8]. Intriguingly, Trp403 was recently identified as part of a 
loop unique to CaMKIIα mediating kinase docking onto the hub domain 
and thereby allosterically influencing the activation properties of the 
holoenzyme [31]. Consequently, a conformational change or larger 
fluctuations in this region upon Ph-HTBA binding might alter kinase-hub 
interactions and thereby contribute to the effect of Ph-HTBA on holo-
enzyme activation, as shown in the effect of Ph-HTBA on decreasing 
Ca2+-dependent Thr286 and substrate phosphorylation. Intriguingly, 
these effects could contribute additionally to Ph-HTBA’s neuro-
protective effect as post-insult CaMKII inhibition has previously been 
shown to mediate neuroprotection, and increased pThr286 autophos-
phorylation was suggested to govern cell death mechanisms [9,10]. 

Of note, in this study we could show that Ph-HTBA inhibits substrate 
phosphorylation of CaMKIIα with two different assays formats, i.e., the 
continuous PhosphoSens assay with a synthetic Sox-conjugated sub-
strate and the end-point assay ADP-Glo using syntide-II as substrate. In 
contrast, HOCPCA was previously only tested in the ADP-Glo assay 
showing no effect [8]. To completely rule out effects of HOCPCA on 
substrate phosphorylation, the compound should thus also be tested in 
the PhosphoSens assay as differential substrates and/or measurement 

Fig. 4. Ph-HTBA affects Ca2+-stimulated kinase activity in vitro. (A) Initial 
testing showing no fluorescence interference of 10 μM Ph-HTBA per se in the 
PhosphoSens® kinase assay in absence of CaMKIIα. Representative graph for 
20 μM substrate. (B) PhosphoSens® kinase assay measuring activity of recom-
binant CaMKIIα against a synthetic Sox-conjugated substrate employing 10 μM 
Ph-HTBA, 300 nM CaM, 1 mM ATP and 1 mM Ca2+ (data are pooled and 
depicted as % of CaMKIIα (n = 6, means ± SEM); Relative fluorescence unit 
(RFU); Individual Student’s t-tests for each substrate concentration, 
* P < 0.05, ** P < 0.01). 
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modes of the two assays might affect outcomes. Yet, the fact that 
HOCPCA does not apparently affect Ca2+-stimulated Thr286 autophos-
phorylation in primary cortical neurons surely indicates differential ef-
fects on kinase activation between Ph-HTBA and HOCPCA [8]. 

4. Conclusion 

Taken together, we present that the novel GHB analog Ph-HTBA, 
devoid of GABAB receptor agonism, displays a distinct functional pro-
file in comparison to the smaller ligand HOCPCA. First, Ph-HTBA shows 
superior neuroprotective effects at lower doses relative to HOCPCA. 
Second, Ph-HTBA functionally affects CaMKIIα activation by reducing 
Ca2+-stimulated Thr286 autophosphorylation and substrate phosphor-
ylation, while HOCPCA does not affect holoenzyme activation. These 
differences might be mediated by distinct molecular interactions within 
the hub binding pocket. Although overlapping effects on charged resi-
dues in the core part of the binding site are seen, the increased molecular 
volume of Ph-HTBA compared to HOCPCA enables the formation of 
additional molecular interactions with the binding site, which may in 
turn underlie its augmented oligomer stabilization effect and/or direct 
effects on holoenzyme activation. Notably, it is also likely that the slow 
dissociation rate, mid nanomolar affinity and pronounced cellular and 
brain penetration of Ph-HTBA contribute to its superior neuroprotective 
properties. This highlights Ph-HTBA both as an important tool to further 
study functional effects of pharmacological modulation of the CaMKIIα 
hub domain, but also as a promising candidate for further clinical 
development. 

5. Materials and methods 

5.1. In vitro experiments 

5.1.1. Materials 
GHB γ-hydroxybutyrate) sodium salt, (R)-baclofen, isoguvacine and 

KN93 were purchased from Sigma-Aldrich St. Louis, MO, USA). CN21 
was obtained from Genscript Biotech (Leiden, the Netherlands). Ph- 
HTBA ((E)-2-(5-hydroxy-2-phenyl-5,7,8,9-tetrahydro-6H-benzo [7] 
annulen-6-ylidene)acetic acid) sodium salt was synthesized as previ-
ously described and assessed to have a purity of > 99 % [29]. [3H]GABA 
(27.6 Ci/mmol) was obtained from Perkin Elmer Life and Analytical 
Sciences (Boston, MA, USA). 

The following primary and secondary antibodies were used: CaMKIIα 
(#NB100–1983, RRID:AB_10001339; mouse monoclonal IgG, clone 
6g9, Novus Biologicals; lot #1011; validated in [8]), phospho-CaMKII 
(Thr286) (#AP12716b, RRID:AB_10820669; rabbit monoclonal IgG, 
clone D21E4, Cell Signaling Technology; lot #5; validated in [8]; the 
antibody recognizes both pThr286 of CaMKIIα and pThr287 of 
CaMKIIβ), GAPDH (#NB300–221, RRID:AB_10077627; mouse mono-
clonal IgG, clone 1D4, Novus Biologicals; lot #19105-G4cc-C5cc;), 
HRP-goat anti-rabbit (#P0448, RRID:AB_2617138; polyclonal, Agilent; 
lot #20053537), Goat anti-mouse Alexa Fluor Plus 647 (#A32728, 
RRID:AB_2633277; polyclonal IgG, Invitrogen; lot #WB316325). 

5.1.2. Membrane preparations and [3H]GABA binding assay for GABAB 
receptors 

The [3H]GABA binding assay was performed as previously described 
[37]. In brief, the assay was performed with cortical P2 
synaptosomally-enriched membranes prepared from adult male Sprague 
Dawley rats obtained from commercially breeders (Janvier, France). On 
the day of the experiment, membrane preparations were quickly thawed 
and washed 4 times by suspension in 40 volumes of ice-cold 50 mM 
Tris-HCl buffer (pH 7.4) by using an UltraTurrax homogenizer, followed 
by centrifugation at 48,000 g for 10 min at 4 ◦C. The final pellet was 
resuspended in incubation buffer (50 mM Tris-HCl buffer, 2.5 mM 
CaCl2, pH 7.4). Protein concentrations were determined using the 
Bradford method (Bio-Rad, Hercules, CA, USA). For [3H]GABA binding 

to GABAB receptors specifically, membranes (200 μM protein/aliquot) 
resuspended in incubation buffer were incubated with 5 nM [3H]GABA, 
40 μM isoguvacine (for saturation of GABAA receptors), and test com-
pounds (0.1 mM and 1 mM GHB, 0.1 mM and 1 mM Ph-HTBA, 0.1 mM 
baclofen) at 25 ◦C for 45 min in a total volume of 1 ml. Reactions were 
terminated by rapid filtration through Whatman GF/C filters (Whatman 
Schleicher and Schuell, Keene, NH) using a cell harvester (Brandell 
M-48R). Next, filters were washed three times in 3 ml ice-cold buffer, 
3 ml of Opti-fluor scintillation fluid (PerkinElmer Life and Analytical 
Sciences) was added and filter-bound radioactivity (disintegrations per 
minute, DPM) was counted using a Packard Tri-carb 2100 liquid scin-
tillation counter. Binding levels are stated as percentage of the total 
binding set to 100 % which corresponds to DPM values in buffer with 
radioligand alone. 

5.1.3. Culturing of cortical neurons 
Primary cortical neuron cultures were prepared as previously 

described [8]. Briefly, cortex was isolated from brains of E16–18 em-
bryos originating from time-mated female C57BL6/JRj female mice 
(Janvier, France). Tissue from approximately 6 to 9 embryos per female 
mouse were collected and dissociated via MACS® Neural Tissue Disso-
ciation Kit (#130–094–802, Miltenyi Biotec) according to the manu-
facture’s description. Neurons were isolated using validated antibodies 
with MACS® Neuronal isolation Kit (#130–115–389, Miltenyi Biotec) 
and plated in poly-D-lysine-coated 24-well plates at a density of 
approximately 400,000 cells/well. Cultures were maintained in Neuro-
basal™-A Medium (#10888022, Invitrogen) supplemented with 2 % 
B-27™ (#17504044, Invitrogen), 1 % GlutaMAX™ (#35050038, Invi-
trogen) and 1 % penicillin-streptomycin (#15140122, Invitrogen) at 
37 ◦C and 5 % CO2, by exchanging half of the media. 

5.1.4. Determination of pThr286 autophosphorylation by western blotting 
Thr286 autophosphorylation of cortical neuronal cultures was 

measured by western blot analysis. At 16–20 days in vitro, neuronal 
cultures were incubated for 1 h (37 ◦C, 5 % CO2) with compounds 
diluted in assay buffer (HBSS supplemented with 20 mM HEPES, pH 
7.4). Stimulation by 5 mM Ca2+ and inhibition by 20 μM KN93 was 
included as assay controls. Subsequently, neurons were harvested in 
150 ml ice-cold RIPA buffer (#R0278, Sigma-Aldrich) supplemented 
with protease inhibitors (#11873580001, Sigma-Aldrich) and phos-
phatase inhibitor cocktail 2 and 3 (#P5726, #P0044, Sigma-Aldrich) 
and stored at − 80 ◦C until further use. Protein concentrations were 
determined using Pierce BCA Protein Assay (#23227, Thermo Fisher) 
according to manufactures description and western blot samples were 
prepared by mixing 4x Fluorescent Compatible Sample Buffer 
(#LC2570, Invitrogen), 100 mM DTT and harvested neurons to a final 
concentration of 1 mg/ml. Samples were heated (10 min at 37 ◦C), 
sonicated and centrifuged (2 min at 4 ◦C, 15,000 rpm), and 10 mg were 
loaded on 4–20 % Mini-PROTEAN® TGX™ gels (#4561096, Bio-Rad) 
with iBright™ Prestained Protein Ladder (#LC5612, Invitrogen). 
Following SDS-PAGE using a Tris/glycine/SDS running buffer, proteins 
were transferred to low-fluorescence PVDF membranes (#22860, Invi-
trogen) via the Trans-Blot® Turbo™ system (#1704272, Biorad). 
Membranes were probed with primary antibodies targeting CaMKIIα 
(1:1000, overnight at 4 ◦C), CaMKIIα-pThr286 (1:1000, overnight at 
4 ◦C) and GAPDH (1:10,000, 1 h at room temperature) and species- 
specific secondary antibodies; anti-mouse Alexa Fluor Plus 647 
1:2000, 1 h at room temperature) and anti-rabbit HRP (1:1000, 1 h at 
room temperature). Images were captured on the iBright FL1500 im-
aging system (Invitrogen) and quantified using Image Studio Lite v. 5.2. 
Total CaMKIIα signals were normalized to GAPDH and pThr286- 
CaMKIIα were normalized to total CaMKIIα. 

5.1.5. PhosphoSens assay 
CaMKIIα substrate phosphorylation was measured with the Phos-

phoSens assay kit (AssayQuant, Marlboro, MA, USA) using the Sox- 
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based substrate AQT0425 and purified CaMKIIα full-length protein with 
a C-terminal 6xHis-tag (#PR4586C, Thermo Fisher). AQT0425 is based 
on the CaMKII substrate Human M-phase inducer phosphatase 3 isoform 
c (CDC25c). Experiments were performed in 384-well white poly-
propylene plates (#784075, Greiner) with a working volume of 20 μl 
according to the manufacturer’s protocol. Reactions were performed at 
25 ◦C with the following reaction components: 300 nM calmodulin 
(#P1431, Sigma-Aldrich), 1 mM ATP and 1 mM CaCl2, 10 mM MgCl2, 
0.01 % Brij-35, 1 % glycerol, 0.2 mg/ml BSA and 1 mM DTT in 50 mM 
HEPES pH 7.5. For determination of Km and Vmax, 1 nM CaMKIIα and 
0.5–20 μM AQT0425 were used in presence of 10 μM Ph-HTBA, 0.1 % 
DMSO control or 1 nM CN21. Progress curves were followed using an 
EnSpire® Multimode Plate Reader (PerkinElmer) measuring (λex 
360 nm/λem 485 nm) every 45 s for 90 min at 25 ◦C. Kinase reactions 
without enzyme were used to determine background fluorescence and 
were subtracted from measurements to obtain relative fluorescence 
units (RFU). The initial reaction velocity was calculated by fitting a 
straight line (y = mx + c) over the course of the measured time series. A 
slope (m) proportional to the kinetic rate of the reaction (RFU/min) was 
obtained for each substrate concentration. RFU/min across a series of 
substrate concentrations were fit to the Michaelis-Menten equitation, 
where V is enzyme velocity (i.e., RFU/min), Vmax is maximum velocity, S 
is substrate concentration and Km substrate concentration that yield a 
half-maximal velocity: 

V =
RFU
min

=
Vmax ∗ [S]
(Km + [S])

The data from each individual experiment was normalized to the 
CaMKIIα in presence of 0.1 % DMSO at 13 μM AQT0425 for that 
experiment. Curves are pooled data (means ± SEM) of at least six in-
dependent experiments for Ph-HTBA. 

5.2. In vivo experiments 

5.2.1. Study design and power analysis 
Ethical permission for the locomotor and drug-induced hypothermia 

experiments were granted by the Danish Animal Experiments Inspec-
torate (permission 2017–15–0201–01248), and all animal procedures 
were performed in compliance with Directive 2010/63/EU of the Eu-
ropean Parliament and of the Council, and with Danish Law and Order 
regulating animal experiments (LBK no. 253, 08/03/2013 and BEK no. 
88, 30/01/2013). All in vivo stroke studies were granted by the Uni-
versity of Otago Animal Ethics Committee and were performed after the 
Guide for Care and Use of Laboratory Animals (NIH Publication No. 
85–23, 1996). All procedures are reported according to the ARRIVE 
(Animal Research: Reporting In Vivo Experiments) guidelines. 

Group sizes were determined by power analysis based on our pre-
vious behavioral experiments [57]. Six animals per group are required 
to achieve > 80 % power (86 % calculated), using the following pa-
rameters: a= 0.05; with an effect size= 1.5 and based on the assumption 
that variance was about 25 %. It should be noted that more conservative 
effect sizes were used for such experiments, as it is harder to assess re-
covery over time between groups than looking at the effects of drug 
treatments on stroke size. All animals were randomly assigned to 
treatment groups and all assessments were carried out by observers 
blinded to the treatment group. 

5.2.2. Compound administration 
The sodium salt of Ph-HTBA was dissolved in 20 % polyethylene 

glycol 400 (PEG 400, Sigma Aldrich), 10 % (w/v) (2-hydroxypropyl)- 
β-cyclodextrin (HP-β-CD, Sigma Aldrich) in sterile saline (0.9 %). Ph- 
HTBA was administered i.p. as 10 mg/ml and 10 ml of solution per 
gram mouse body weight, and vehicle groups received a corresponding 
volume of 20 % PEG 400, 10 % (w/v) HP-β-CD in sterile saline. 

5.2.3. Locomotor activity 
For measurement of sedative effects of Ph-HTBA, male mice (C57BL/ 

6JRj, Janvier, 8 weeks, n = 8) were subjected to the locomotor activity 
test. Mice were allowed to acclimatize to the procedure room 1 h prior to 
testing. Mice were tested using transparent type III H cages (L x W x H: 
42.5 × 26.5 × 18 cm) on a white background with dim lights (50–100 
lux). Trials were recorded by a camera mounted above the arenas 
coupled to a computer with EthoVision XT (Noldus) technology. Mice 
were treated with Ph-HTBA or vehicle 15 min prior to the test, and 
recording was started immediately after placing the animals in the 
arenas, and movement was recorded for 45 min in 5-min time bins and 
measured as distance travelled. 

5.2.4. Temperature recording 
For measurement of drug-induced hypothermia, male mice (C57BL/ 

6JRj, Janvier, 8 weeks, n = 8) were habituated with i.p. injections (0.9 
% saline) for 4 days prior to the experiment to minimize stress. On the 
day of the experiment, mice were allowed to acclimatize undisturbed in 
a quiet room (22–23 ◦C). Mice were i.p. injected with either Ph-HTBA or 
vehicle, and core body temperature was measured rectally with a ther-
mometer (Harvard Apparatus, Edenbridge, UK) via a lubricated therm-
istor probe (1.6 mm diameter OD probe; Harvard Apparatus) at various 
time points after injection as previously described [8]. 

5.2.5. Photothrombotic stroke surgery 
Mice (male C57BL/6 J, 23–28 g, 2.5–3 months) for the stroke studies 

were obtained from the Biomedical Research Facility, University of 
Otago, New Zealand, and photothrombotic stroke surgery was per-
formed as previously described [8,57]. Mice were group-housed (2–5 
mice/cage) under standard conditions in individually ventilated cages 
(IVC: Tecniplast): 21 ± 2 ◦C and humidity of 50 ± 10 %, on a reverse 
12 h light/dark cycle (white lights off from 07:00–19:00) with ad libi-
tum access to food and water. 

Mice were anesthetized with isoflurane (4 % induction, 2–2.5 % 
maintenance in O2) and placed in a stereotactic frame (9000RR-B-U, 
KOPF; CA, USA). Body temperature was kept at 37 ◦C using a heating 
pad throughout the procedure. Buprenorphine hydrochloride (0.1 ml of 
a 0.5 mg/kg solution, Temgesic®) was administered subcutaneously for 
post-surgical pain management. The skin was sterilized, and the skull 
was exposed and cleared of connective tissue. A cold light source 
(KL1500 LCD, Zeiss, Auckland, New Zealand) attached to a 40x objec-
tive providing a 2-mm diameter illumination was positioned 1.5 mm 
lateral from bregma. 5 min prior to illumination, 0.2 ml of Rose Bengal 
(Sigma-Aldrich, Auckland, New Zealand; 10 mg/ml in saline) was 
administered i.p. Next, the brain was illuminated for 15 min (3300 K 
color temperature). The skin was glued, and animals were returned to a 
cage on a heating pad during the wake-up phase. Mice were treated at 3 
or 6 h post-stoke with Ph-HTBA or vehicle. No mice were excluded from 
the study and no deaths were reported. 

5.2.6. Infarct size assessment 
Infarct size measurements were performed 7 days post-stroke and 

performed as previously described [8,57]. To this end, animals were 
anaesthetized i.p. pentobarbital (100 mg/kg), transcardially perfused 
with 4 % paraformaldehyde and brains extracted. Brains were cut on a 
sliding microtome attached with a freezing stage (− 21 ◦C, Leica, Model 
1300) into 40 mm coronal sections. Infarct size was determined histo-
logical using cresyl violet staining with investigators blinded to treat-
ment groups. To calculate the total infarct volume, we summed the 
infarcted area of each sequential section and multiplied by the interval 
thickness between the sections. 

5.2.7. Behavioral assessment 
Motor function was tested by the grid-walking and cylinder tasks as 

previously described [8,57]. Baseline performance levels were assessed 
one week prior to surgery. Mice were then tested one week post-stroke at 
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approximately the same time each day at the end of their dark cycle. 
Observers scoring the behaviors were blinded to the treatment group. 

5.2.8. Data analysis 
Data was analyzed in GraphPad Prism (v.9), and details of data 

presentation and specific statistical tests are described in the figure 
legends. Statistical significance was accepted at p < 0.05. 
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