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Abstract

Enzastaurin is a Protein Kinase C-β selective inhibitor that was developed to treat cancers.

Protein Kinase C-β is an important enzyme for a variety of neuronal functions; in particular,

previous rodent studies have reported deficits in spatial and fear-conditioned learning and

memory with lower levels of Protein Kinase C-β. Due to Enzastaurin’s mechanism of action,

the present study investigated the consequences of Enzastaurin exposure on learning and

memory in 12-month-old Fischer-344 male rats. Rats were treated daily with subcutaneous

injections of either vehicle or Enzastaurin, and behaviorally tested using the spatial reference

memory Morris Water Maze. Rats treated with Enzastaurin exhibited decreased overnight

retention and poorer performance on the latter testing day, indicating a mild, but significant,

memory impairment. There were no differences during the probe trial indicating that all ani-

mals were able to spatially localize the platform to the proper quadrant by the end of testing.

RNA isolated from the hippocampus was analyzed using Next Generation Sequencing (Illu-

mina). No statistically significant transcriptional differences were noted. Our findings suggest

that acute Enzastaurin treatment can impair hippocampal-based learning and memory per-

formance, with no effects on transcription in the hippocampus. We propose that care should

be taken in future clinical trials that utilize Protein Kinase C-ß inhibitors, to monitor for possi-

ble cognitive effects, future research should examine if these effects are fully reversible.

Introduction

Enzastaurin (ENZ) is a Protein Kinase Cβ (PKCβ)-selective inhibitor (Graff 2005) that has

undergone human clinical trials as a treatment for various types of difficult to treat chemother-

apy-resistant tumors (Ghobrial 2012, Nwankwo 2013). While ENZ treatment was found not to

be efficacious in this context [1], it is important to determine the effects of PKC-ß inhibitors,

due to the fact that activation of PKC is known to contribute to tumor cell survival, tumor cell

proliferation, and decreased patient survival; therefore, this pathway will continue to be an ave-

nue of research for cancer treatment.

PLOS ONE | https://doi.org/10.1371/journal.pone.0198256 June 5, 2018 1 / 11

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Willeman MN, Mennenga SE, Siniard AL,

Corneveaux JJ, De Both M, Hewitt LT, et al. (2018)

The PKC-β selective inhibitor, Enzastaurin, impairs

memory in middle-aged rats. PLoS ONE 13(6):

e0198256. https://doi.org/10.1371/journal.

pone.0198256

Editor: Alexandra Kavushansky, Technion Israel

Institute of Technology, ISRAEL

Received: January 3, 2018

Accepted: May 16, 2018

Published: June 5, 2018

Copyright: © 2018 Willeman et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: Sequencing data has

been submitted to the NIH public repository (GEO),

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE113327 Series record GSE113327.

Funding: This work was supported in part by NIH-

NINDS grant R01-NS059873 (awarded to MJH)

(https://www.ninds.nih.gov/) and the State of

Arizona DHS (grants awarded to MJH and HAB-N)

(http://www.azdhs.gov/). The funders had no role

in study design, data collection and analysis,

https://doi.org/10.1371/journal.pone.0198256
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0198256&domain=pdf&date_stamp=2018-06-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0198256&domain=pdf&date_stamp=2018-06-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0198256&domain=pdf&date_stamp=2018-06-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0198256&domain=pdf&date_stamp=2018-06-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0198256&domain=pdf&date_stamp=2018-06-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0198256&domain=pdf&date_stamp=2018-06-05
https://doi.org/10.1371/journal.pone.0198256
https://doi.org/10.1371/journal.pone.0198256
http://creativecommons.org/licenses/by/4.0/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE113327
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE113327
https://www.ninds.nih.gov/
http://www.azdhs.gov/


PKC-β has shown relationships with learning and memory. PKC-β knock-out mice have

been tested on a fear-conditioning paradigm, and were found to have significant deficits in

fear conditioning, both in cued and contextual tests. These results were limited to long-term

testing, as freezing responses were robust in short-term memory testing [2]. Decreased levels

of endogenous PKC-β have been associated with impaired spatial learning and memory in

young rats; Colombo (1997) [3] reported that hippocampal PKC-β was correlated with spatial

memory, with a higher level of PKC-β in young rats related to better spatial memory. In this

report, aged rats exhibited impairment in spatial learning and memory relative to young rats;

however, there were no differences in hippocampal PKC-β levels between young and aged

rats. Others have shown that aged mice had a 3-fold decrease in both hypothalamic and corti-

cal PKC-β [4], along with other misregulations of proteins involved in neuronal signaling and

in age-related phenotypes and diseases.

It is biologically feasible that PKC-β could impact cognition. Specifically, PKC-βmay lead to

memory impairments via direct effects on long-term potentiation (LTP) mechanisms. PKC-ß has

been associated with LTP through phosphorylation of neurogranin, which is thought to play a

role in calcium homeostasis, a process that is crucial for LTP [5], and neuromodulin, which is

involved in neurite growth and neurotransmitter release in the hippocampus [6]. PKC-ß’s effects

on cognition may also be related to long-term depression (LTD) and PKC-ß’s effects on the apoE

and/or cholinergic pathways. Calcium homeostasis is deregulated with aging [7], and activation

of the amyloidogenic pathway alters calcium signaling pathways involved in cognition, resulting

in increased intracellular calcium levels that are conducive to long-term depression (LTD) mech-

anisms, which have the potential to mitigate LTP and learning [8]. Lower PKC-β activity in the

cerebral cortex is also associated with deficiency in apolipoprotein E (apoE) [9]. ApoE deficiency

has been shown to decrease cholinergic levels and impair memory [10], and ApoE-deficient mice

often serve as a model for cholinergic impairment-induced memory deficits.

While these findings implicate PKC-β as a critical enzyme in learning and memory func-

tion, few studies [11] have tested the effect of PKC-β inhibitors on learning or memory tasks.

In this study we evaluated a PKC-β inhibitor previously utilized in the human clinic to explore

the effects of direct PKC-β inhibition on spatial learning and memory in middle-aged rats. We

also evaluated RNA expression after behavioral testing to assess transcriptional changes in the

hippocampus, an area intimately involved with spatial learning and memory.

Methods

Subjects

Middle-aged (12 months) virgin male Fischer-344 rats born and raised at the National Institute

on Aging colony at Harlan Laboratories (Indianapolis, IN) were used. The rats were bred for

research purposes, and were pair housed at Arizona State University, had exposure to food and

water ad-lib, and were maintained on a 12-h light/dark cycle at 23˚C. Experimental procedures

were approved by the Arizona State University Institutional Animal Care and Use Committee

and adhered to Guidelines for the Care and Use of Laboratory Animals and NIH standards.

Treatments

Rats were randomly divided into two treatment groups, receiving either vehicle (n = 10) or

ENZ (n = 8). Rats received either daily subcutaneous injections of ENZ (25mg/kg; 0.4mL)

(Selleck Chemicals, Houston, TX) suspended in polyethylene glycol (PEG, Sigma-Aldrich,

St. Louis, MO) or vehicle (100% PEG) for three days concurrent to behavioral testing. Injec-

tions started the first day of behavioral testing. Maze testing commenced 30–45 minutes after

injection. Animals were sacrificed immediately after the probe trial on day 3 of testing.
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Apparatus

Spatial reference memory was tested using the Morris maze (MM) task [12,13]. The maze con-

sisted of a round tub (188 cm in diameter) filled with room temperature water tinted with

black non-toxic paint. Rats were placed in the maze from one of four locations (North, South,

East, or West) and had 60 sec to locate the platform, which remained in a fixed location in the

Northeast (NE) quadrant. After 15 sec on the platform, the rat was placed into a heated cage

until the next trial. Animals were tested in two squads, with nine rats in each squad, counter-

balanced for drug treatment. The first trial was completed for each rat in the group, then the

second, etc., as done previously [14,15]. Rats received six trials/day for three days, with a 15

min delay given between trials three and four [16]. A video camera recorded each rat and a

tracking system (Ethovision XT 5.1, Noldus) analyzed each rat’s path. The dependent variable

was swim distance (cm). Unless otherwise noted, two-tailed tests were used, and alpha was set

at 0.05. Data were analyzed with a repeated measures ANOVA with Treatment as the between

variable and Days (days 1–3), and Trials (trials 1–6) as the within variables.

Since we have shown that some treatments can impact retention of the platform location

overnight in older rats [17–19], we assessed the effects of ENZ on overnight retention by com-

paring swim distance from the last test trial on the first day (trial six on day one) to the first

test trial the next day (trial one on day two), and for the overnight interval from day two to

three (from trial six on day two to trial one on day three).

To assess platform localization, a probe trial was given on trial seven of the last day of test-

ing, whereby the platform was removed from the maze. For the probe, percent of total swim

distance (cm) traveled in the target NE quadrant (i.e., quadrant that contained the platform) as

compared to the opposite Southwest (SW) quadrant was the dependent measure [14,20]. Addi-

tional dependent variables included the frequency of crossing into the platform zone, the NE

quadrant, and the SW quadrant.

Next generation mRNA sequencing and analysis

In order to create a genome-wide transcriptional profile of the tissue, RNA sequencing was

performed on the hippocampus of the animals. Next Generation RNA Sequencing (RNA-Seq)

was used in order to analyze transcriptional differences across the genome of the rats in the

study. Immediately after the probe trial on day 3 of testing, animals were anesthetized with iso-

fluorane gas and decapitated using a guillotine, and brains were rapidly dissected and frozen.

Dissected tissues were stored in pre-weighed microcentrifuge tubes at -70˚C until analysis.

Dissection of the CA1/CA2 region of the hippocampus (plates 39–42) was according to plate

designations in Paxinos and Watson (1998). The brain was cut in the coronal plane to obtain

access to the ventral CA1/CA2 region of the hippocampus. The dentate gyrus and the alveus

were excluded. RNA was isolated from the left hippocampal region of each animal using TRI-

zol1 Reagent (Invitrogen) and then purified with the RNeasy Kit (Qiagen) using a modified

version of the RNeasy Trizol procedure. Rather than precipitating with 0.5mL isopropanol per

1mL Trizol, 1 volume of 70% ethanol was used. After precipitation, the RNeasy protocol was

used. However, rather than using 700ul of RW1, half the volume was used, and DNase was

used after this step. After the DNase step, another 350ul of RW1 was used, and the rest of the

protocol was followed as originally written.

Concentration of the RNA was determined using Ribogreen (Invitrogen). Quality of RNA

was assessed with 2100 Bioanalyzer (Agilent Technologies) and RINs were all above 8.3.1ug of

total RNA for each sample was prepared for sequencing using the TruSeq RNA Sample Prepa-

ration Kit (Illumina Inc), following the manufacturers protocol. The final sample library was

validated on the 2100 Bioanalyzer (Agilent Technologies), quantified using qPCR (7900HT,
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Applied Biosystems; KAPA Biosystems), and sequenced by 100bp paired-end sequencing on a

HiSeq2000 (Illumina Inc.).

An average of 8.1 million reads were dedicated to each sample. Reads were trimmed of

adapter sequences (AlienTrimmer, 0.3.2), aligned to the rn5 reference genome (STAR, 2.4.0a)

which is the genome of Rattus norvegicus sequenced by the Rat Genome Sequencing Consor-

tium, and quantified at the gene level (featureCounts, 1.4.4). Principal components analysis

(PCA) identified two samples that were significant outliers and were removed prior to analysis.

Differential expression (DESeq2) was conducted at the group level (ENZ treated vs. vehicle

treated) using the Wald test. To account for the parallelized assessment of multiple hypotheses,

corrected p-values were calculated using the Benjamini-Hochberg false discovery rate procedure.

Results

Morris Maze

Fig 1 shows the mean distance to platform scores ± SE for each treatment group across the

three days of MM testing, collapsed across trials. There was no main effect of Treatment col-

lapsed across all days and trials (main effect p> 0.10). However, while there was a null Treat-

ment x Day interaction, likely due to the similar performance of the groups on days 1 and 2,

there were divergent scores on day 3. In fact, a post hoc ANOVA showed that the ENZ group

had a higher mean distance score on day 3, indicating poorer performance on this lattermost

testing day [F(1,16) = 4.54; p< 0.05]. As shown in Fig 2, the ENZ group also showed deficits

in overnight retention leading to this last day, with an increase in swim distance across the

Fig 1. ENZ treatment results in a modest impairment on the Morris Water Maze task of hippocampal-dependent reference memory. ENZ treatment increased the

total swim distance only on Day 3 of testing, indicating an impairment in learning and memory. However, there was no significant difference in total swim distance for

either Day 1 or 2.

https://doi.org/10.1371/journal.pone.0198256.g001
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second overnight interval (day two to day three) [F(1,7) = 3.69; p < 0.05, one tailed], while the

Vehicle group maintained performance across this overnight interval [F(1,9) = 0.28; p = 0.61].

Further analyses showed that the ENZ group exhibited poorer performance than the Vehicle

group on the first trial of day 3, which was the second overnight retention trial [F(1,16) = 5.13;

p< 0.05].

For the probe trial, there was a Quadrant main effect, with a greater percent swim distance

in the NE (target), versus the SW (opposite), quadrant [F(1, 16) = 109.81; p<0.0001] (Fig 3).

The absence of a Treatment main effect or Treatment x Quadrant interaction for the probe

trial indicated that ENZ did not impact the ability to localize the target quadrant differently

Fig 2. ENZ treatment impairs overnight retention in the Morris Water Maze. ENZ treatment led to increased swim distance on the first trial of the final testing day, in

comparison to the final trial on the previous day. This is indicative of an absence of overnight retention. Comparatively, vehicle treatment led to similar performance for

the two trials, indicating that overnight retention was maintained.

https://doi.org/10.1371/journal.pone.0198256.g002

Fig 3. ENZ treated and control groups demonstrate similar performance in the Morris Water Maze probe trial.

During the probe trial, both ENZ-treated and vehicle-treated groups swam for a significantly higher percentage of

distance in the quadrant that included the platform during previous testing days in comparison to the opposite quadrant.

This indicates that ENZ treatment did not decrease the ability to locate the quadrant in which the platform should be.

https://doi.org/10.1371/journal.pone.0198256.g003
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than that of the animals receiving vehicle. There were no group differences for platform loca-

tion crossings on the probe trial.

Next Generation mRNA sequencing

RNA sequencing of the hippocampus (CA1/CA2 sub-regions), extracted immediately from

animals following the probe trial, showed no significant differences in the expression of tran-

scripts following false discovery rate correction. The top 5 genes based on un-corrected p-

value are listed in Table 1. In the current experimental design, given the study size (n = 7 per

group), Fig 4 shows that we had the power to detect different effect sizes, the median variance

observed across all genes and samples, and the specified false discovery rate (0.05/25000).

Coefficient of variation (CV) was calculated from the data by dropping genes with median

(counts) < 5, and taking the median CV across all genes. As a proxy for average normalized

counts, median normalized counts were found across each gene, and the median of the gene-

medians was used. Based on our power calculations we were 80% powered to detect a fold

change of approximately 1.6.

Discussion

PKCβ’s role in learning and memory, and related brain effects, remain largely unknown. The

present study examined the effects of ENZ, a selective PKC-ß inhibitor, on learning and mem-

ory, as well as transcriptional effects in the hippocampus in male rats in order to address this

concern. To our knowledge, this is the first report evaluating the cognitive consequences of

ENZ treatment. Here, we show that daily treatment with ENZ in middle-aged male rats

resulted in impaired performance on two measures of spatial reference memory, as evaluated

on the MM. Specifically, ENZ-treated animals showed a greater distance traveled at the end of

maze testing, on the last day of testing, indicating poorer spatial reference memory. There was

also a greater increased distance over the last overnight interval, demonstrating poorer spatial

memory retention, compared to Vehicle-treated counterparts. The probe trial, whereby the

platform was removed, showed no differences between groups in percent swim distance in the

previously platformed quadrant versus the opposite quadrant. Thus, by the end of testing all

groups were able to localize the spatial position of the platform within the given trial time. Of

note, drug administration in the current study was acute and was initiated only when behav-

ioral testing started. Thus, it is unknown whether inhibition of PKC-β over a long-term period

would continue to impair spatial memory retention, and whether effects are reversible with

treatment discontinuation. These questions are important in determining whether chronically

lower levels of PKC-β in patients lead to poor memory retention, and whether treatment to

increase PKC-β levels would improve memory retention. Equally important is whether PKC-β

Table 1. The “top 5” hits.

gene ensemblID baseMean log2FoldChange lfcSE stat pvalue padj

Jak3 ENSRNOG00000018669 83.30357485 -0.498088696 0.156648305 -3.179662212 0.0014 0.999

Hba2 ENSRNOG00000047321 425.4349624 0.323115949 0.104336314 3.096869509 0.0019 0.999

Chpf2 ENSRNOG00000010466 359.9593506 -0.202950886 0.066339508 -3.059276324 0.0022 0.999

Serping1 ENSRNOG00000007457 32.22528476 -0.65845592 0.215354286 -3.057547315 0.0022 0.999

Mavs ENSRNOG00000025295 126.3450306 0.282988815 0.094113608 3.006885193 0.0026 0.999

No significant transcriptional changes were found using the gene expression level using a Wald test.

https://doi.org/10.1371/journal.pone.0198256.t001
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inhibition has an impact on other cognitive domains, such as non-spatial cognition and work-

ing memory.

Our findings correspond with work showing that the PKC-βI isozyme inhibitor Go 6976

impairs inhibitory avoidance learning in rats [11]; effects of these compounds on other forms of

learning and memory are, as of yet, unknown. Of note, other changes in PKC family levels have

also been implicated in altered cognition. Variability in the gene encoding PKCα (PRKCA) was

associated with changes in memory capacity [21], and PRKCA genotype is important in deter-

mining how episodic memories are retrieved [22]. Huprine X, an anticholinesterastic drug, has

been shown to improve learning and memory in aged mice, with an observed increase in PKCα
in brain tissue post-sacrifice [23]. Blood brain barrier (BBB) disruption can lead to inflamma-

tion and other neuronal changes that could affect learning and memory mechanisms, and inhi-

bition of PKCβ has been considered a therapeutic approach for patients with disturbed BBB

[24]. Further, Enzastaurin itself has been shown to decrease BBB leakiness in leptin receptor

Fig 4. Power analysis. Given our study design and post hoc calculations of variance, this plot shows our power to detect different effect sizes.

https://doi.org/10.1371/journal.pone.0198256.g004
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deficient mice, and return hippocampal function to normal [25]. This provides further evidence

that the PKC family plays an important role in learning and memory mechanisms.

For the transcripts analyzed here using the rn5 reference genome, as sequenced by the Rat

Genome Sequencing Consortium, there were no significant differences in the transcriptional

expression levels between the ENZ-treated and control groups. One interpretation of this null

finding is that the consequences of ENZ on memory may be due to non-genomic impacts on

learning and memory. This result is in line with the findings of Paratcha et al., (2000) that

another PKCβ inhibitor impaired fast (e.g., non-genomic) mechanisms underlying inhibitory

avoidance learning. In the present study, we observed modest changes in spatial reference mem-

ory after just 2 days of drug administration and behavioral testing. Future studies will be needed

to determine whether effects of ENZ persist, and continue with extended chronic treatment.

Given that our study exposed rats to ENZ acutely, for only three days, there may not have been

enough time for long-term, or genomic, effects to become evident. Liu, et al. (2015) [26] found

that with long-term treatment of another selective PKCβ inhibitor, roboxistaurin, Caveolin-3

expression decreased. Long-term treatment with ENZ may also lead to similar changes. Caveo-

lin-3, along with other caveolin isoforms, may regulate neuroinflammatory responses as sug-

gested in a study that found increased lesions after traumatic brain injury in Caveolin knock-

out mice. [27]. While our data do not indicate a change in Caveolin-3 expression with short-

term ENZ treatment, it is important to determine whether long-term treatment would result in

changes. There are many other possible explanations for our lack of observed gene expression

changes. We profiled hippocampal-dependent memory and selected the hippocampus for RNA

profiling. It is possible that another brain region is involved in the behavior effects we observe

and may demonstrate gene expression changes. It also could be possible that the effects of ENZ

are cell-type specific and our hippocampal homogenate RNA sequencing approach failed to

identify these changes due to a signal to noise complicated by cellular transcriptomes that were

largely not altered by ENZ treatment. Lastly, it is possible that the effects on transcription were

subtle enough that a larger study size was needed to detect them.

Of note, all of the animals utilized in this study were males, thus the results presented here

may not apply to the aging female. Interestingly, Cordey et al. (2003) [28] reported that estra-

diol activates PKC in several cell types, and is neuroprotective against amyloid-β toxicity in

vitro. How the many types of female aging trajectories, including variations in reproductive

senescence and subsequent hormone therapies, impact PKC function and cognition through-

out aging remains largely unknown.

Finally, it is important to note that we utilized a single dosing strategy in this study, aiming

to use a low efficacious dose to be as selective as possible (e.g. to avoid potential off target

effects of higher drug concentrations). The dose used in the current study was much lower

than many prior publications testing ENZ; doses in the range of 30mg/kg to 100mg/kg have

been used before in mouse models, and in some instances these doses were administered two

or three times daily [29–32]. The ENZ dose selected in the current study was based on previous

publications whereby an efficacious physiological effect was observed at a comparably low dos-

age (1.25mg per day or ~25mg/kg in a mouse [24]; 2 doses of 15mg/kg per day [33], 50mg/kg

per day [25]). A different dosing approach may yield different cognitive and transcriptional

effects and relationships.

The current study testing ENZ, a PKC-β inhibitor, supports accumulating evidence that the

PKC-β pathway can regulate learning and memory. Moreover, the presented data are impor-

tant because they indicate drugs that inhibit PKCβ may negatively impact brain functioning.

More investigation into how the PKC family is involved in the neural processes of learning

and memory is needed, especially as many of the same mechanisms involved in tumor growth

may be necessary for neuron growth and adaptation, such as LTP and LTD. The behavioral
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breadth and permanence of the mnemonic effects, as well as the underlying brain mechanisms,

are important next steps to consider as systematic scientific evaluations.

Acknowledgments

This work was supported in part by NIH-NINDS grant R01-NS059873 (awarded to MJH) and

the State of Arizona DHS (grants awarded to MJH and HAB-N).

Author Contributions

Conceptualization: Heather A. Bimonte-Nelson.

Data curation: Jason J. Corneveaux, Matt De Both, Matthew J. Huentelman.

Formal analysis: Mari N. Willeman, Sarah E. Mennenga, Matt De Both, Lauren T. Hewitt,

Candy W. S. Tsang, Jason Caselli, B. Blair Braden, Heather A. Bimonte-Nelson.

Funding acquisition: Heather A. Bimonte-Nelson, Matthew J. Huentelman.

Investigation: Mari N. Willeman, Sarah E. Mennenga, Lauren T. Hewitt, Candy W. S. Tsang,

B. Blair Braden, Matthew J. Huentelman.

Methodology: Mari N. Willeman, Ashley L. Siniard, Heather A. Bimonte-Nelson, Matthew J.

Huentelman.

Project administration: Heather A. Bimonte-Nelson, Matthew J. Huentelman.

Resources: Heather A. Bimonte-Nelson, Matthew J. Huentelman.

Supervision: Heather A. Bimonte-Nelson, Matthew J. Huentelman.

Validation: Mari N. Willeman, Heather A. Bimonte-Nelson.

Visualization: Sarah E. Mennenga, Heather A. Bimonte-Nelson.

Writing – original draft: Mari N. Willeman, Sarah E. Mennenga, Heather A. Bimonte-Nel-

son, Matthew J. Huentelman.

Writing – review & editing: Mari N. Willeman, Ashley L. Siniard, Matt De Both, Heather A.

Bimonte-Nelson, Matthew J. Huentelman.

References
1. Bourhill T, Narendran A, Johnston RN. Enzastaurin: A lesson in drug development. Crit Rev Oncol

Hematol [Internet]. 2017; 112:72–9. Available from: https://doi.org/10.1016/j.critrevonc.2017.02.003

PMID: 28325267

2. Weeber EJ, Atkins CM, Selcher JC, Varga a W, Mirnikjoo B, Paylor R, et al. A role for the beta isoform

of protein kinase C in fear conditioning. J Neurosci. 2000; 20(16):5906–14. PMID: 10934237

3. Colombo PJ. Spatial memory is related to hippocampal subcellular concentrations of calcium-depen-

dent protein kinase C isoforms in young and aged rats. Proc Natl Acad Sci [Internet]. 1997 Dec 9 [cited

2012 Feb 4]; 94(25):14195–9. Available from: http://www.pnas.org/cgi/content/abstract/94/25/14195

PMID: 9391176

4. Jiang CH, Tsien JZ, Schultz PG, Hu Y. The effects of aging on gene expression in the hypothalamus

and cortex of mice. Proc Natl Acad Sci U S A [Internet]. 2001 Feb 13 [cited 2012 Jan 9]; 98(4):1930–4.

Available from: http://www.pnas.org/cgi/content/abstract/98/4/1930 PMID: 11172053

5. Dı́ez-Guerra FJ. Neurogranin, a link between calcium/calmodulin and protein kinase C signaling in syn-

aptic plasticity. IUBMB Life. 2010; 62(8):597–606. https://doi.org/10.1002/iub.357 PMID: 20665622

6. Pasinelli P, Ramakers GM, Urban IJ, Hens JJ, Oestreicher a B, de Graan PN, et al. Long-term potentia-

tion and synaptic protein phosphorylation. Behav Brain Res [Internet]. 1995 Jan 23; 66(1–2):53–9.

Available from: http://www.ncbi.nlm.nih.gov/pubmed/7755899 PMID: 7755899

Enzastaurin impairs memory in middle-aged rats

PLOS ONE | https://doi.org/10.1371/journal.pone.0198256 June 5, 2018 9 / 11

https://doi.org/10.1016/j.critrevonc.2017.02.003
http://www.ncbi.nlm.nih.gov/pubmed/28325267
http://www.ncbi.nlm.nih.gov/pubmed/10934237
http://www.pnas.org/cgi/content/abstract/94/25/14195
http://www.ncbi.nlm.nih.gov/pubmed/9391176
http://www.pnas.org/cgi/content/abstract/98/4/1930
http://www.ncbi.nlm.nih.gov/pubmed/11172053
https://doi.org/10.1002/iub.357
http://www.ncbi.nlm.nih.gov/pubmed/20665622
http://www.ncbi.nlm.nih.gov/pubmed/7755899
http://www.ncbi.nlm.nih.gov/pubmed/7755899
https://doi.org/10.1371/journal.pone.0198256


7. Nikoletopoulou V, Tavernarakis N. Calcium homeostasis in aging neurons. Front Genet. 2012; 3

(OCT):1–17.

8. Berridge MJ. Calcium signalling and Alzheimer’s disease. Neurochem Res. 2011; 36(7):1149–56.

https://doi.org/10.1007/s11064-010-0371-4 PMID: 21184278

9. Hung MC, Hayase K, Yoshida R, Sato M, Imaizumi K. Cerebral protein kinase C and its mRNA level in

apolipoprotein E-deficient mice. Life Sci [Internet]. 2001 Aug 10; 69(12):1419–27. Available from: http://

www.ncbi.nlm.nih.gov/pubmed/11531165 PMID: 11531165

10. Poirier J, Delislet M, Quirion R, Aubertt I, Farlow M, Lahiri D, et al. Apolipoprotein E4 allele as a predictor

of cholinergic deficits and treatment outcome in Alzheimer disease. 1995; 92(December):12260–4.

11. Paratcha G, Furman M, Bevilaqua L, Cammarota M, Vianna M, de Stein ML, et al. Involvement of hippo-

campal PKCbetaI isoform in the early phase of memory formation of an inhibitory avoidance learning.

Brain Res [Internet]. 2000 Feb 14; 855(2):199–205. Available from: http://www.ncbi.nlm.nih.gov/

pubmed/10677591 PMID: 10677591

12. Morris RGM, Garrud P, Rawlins JNP, O’Keefe J. Place navigation impaired in rats with hippocampal

lesions. Nature [Internet]. 1982 Jun 24; 297(5868):681–3. Available from: https://doi.org/10.1038/

297681a0 PMID: 7088155

13. Morris RGM. The watermaze. In: The Maze Book: Theories, Practice, and Protocols for Testing Rodent

Cognition. 2015. p. 73–92.

14. Stavnezer AJ, Hyde L a, Bimonte H a, Armstrong CM, Denenberg VH. Differential learning strategies in

spatial and nonspatial versions of the Morris water maze in the C57BL/6J inbred mouse strain. Behav

Brain Res [Internet]. 2002 Jul 18; 133(2):261–70. Available from: http://www.ncbi.nlm.nih.gov/pubmed/

12110459 PMID: 12110459

15. Engler-Chiurazzi E, Tsang C, Nonnenmacher S, Liang WS, Corneveaux JJ, Prokai L, et al. Tonic Pre-

marin dose-dependently enhances memory, affects neurotrophin protein levels and alters gene expres-

sion in middle-aged rats. Neurobiol Aging [Internet]. 2011 Apr [cited 2012 May 25]; 32(4):680–97.

Available from: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3016463&tool=

pmcentrez&rendertype=abstract https://doi.org/10.1016/j.neurobiolaging.2009.09.005 PMID:

19883953

16. Markham J a., Pych JC, Juraska JM. Ovarian Hormone Replacement to Aged Ovariectomized Female

Rats Benefits Acquisition of the Morris Water Maze. Horm Behav [Internet]. 2002 Nov [cited 2012 May

25]; 42(3):284–93. Available from: http://linkinghub.elsevier.com/retrieve/pii/S0018506X02918192

PMID: 12460588

17. Talboom JS, Williams BJ, Baxley ER, West SG, Bimonte-Nelson H a. Higher levels of estradiol replace-

ment correlate with better spatial memory in surgically menopausal young and middle-aged rats. Neuro-

biol Learn Mem [Internet]. 2008 Jul [cited 2012 May 25]; 90(1):155–63. Available from: http://www.

pubmedcentral.nih.gov/articlerender.fcgi?artid=2453224&tool=pmcentrez&rendertype=abstract

https://doi.org/10.1016/j.nlm.2008.04.002 PMID: 18485753

18. Acosta JI, Mayer L, Talboom JS, Tsang CWS, Smith CJ, Enders CK, et al. Transitional versus surgical

menopause in a rodent model: etiology of ovarian hormone loss impacts memory and the acetylcholine

system. Endocrinology [Internet]. 2009 Sep 1 [cited 2012 May 25]; 150(9):4248–59. Available from:

http://endo.endojournals.org/cgi/content/abstract/150/9/4248 https://doi.org/10.1210/en.2008-1802

PMID: 19470706

19. Braden BB, Talboom JS, Crain ID, Simard AR, Lukas RJ, Prokai L, et al. Medorxyprogesterone acetate

impairs memory and alters the GABAergic system in aged surgically menopausal rats. 2010; 3(1):1–19.

20. Bimonte-Nelson HA. The Morris Maze Protocol for Rodents. In: The Maze Book: Theories, Practice,

and Protocols for Testing Rodent Cognition. 2015. p. 441–9.

21. de Quervain DJ-F, Kolassa I-T, Ackermann S, Aerni a., Boesiger P, Demougin P, et al. PKC is geneti-

cally linked to memory capacity in healthy subjects and to risk for posttraumatic stress disorder in geno-

cide survivors. Proc Natl Acad Sci. 2012; 109(22):8746–51. https://doi.org/10.1073/pnas.1200857109

PMID: 22586106

22. MacLeod CA, Donaldson DI. PRKCA polymorphism changes the neural basis of episodic remembering

in healthy individuals. PLoS One. 2014; 9(5):1–8.

23. Ratia M, Gim??nez-Llort L, Camps P, Mu??oz-Torrero D, Clos M V., Badia a. Behavioural effects and

regulation of PKC?? and MAPK by huprine X in middle aged mice. Pharmacol Biochem Behav [Inter-

net]. 2010; 95(4):485–93. Available from: https://doi.org/10.1016/j.pbb.2010.03.013 PMID: 20363245

24. Lanz T V., Becker S, Osswald M, Bittner S, Schuhmann MK, Opitz CA, et al. Protein kinase Cβ as a

therapeutic target stabilizing blood–brain barrier disruption in experimental autoimmune encephalomy-

elitis. Proc Natl Acad Sci [Internet]. 2013; 110(36):14735–40. Available from: http://www.pnas.org/

lookup/doi/10.1073/pnas.1302569110 PMID: 23959874

Enzastaurin impairs memory in middle-aged rats

PLOS ONE | https://doi.org/10.1371/journal.pone.0198256 June 5, 2018 10 / 11

https://doi.org/10.1007/s11064-010-0371-4
http://www.ncbi.nlm.nih.gov/pubmed/21184278
http://www.ncbi.nlm.nih.gov/pubmed/11531165
http://www.ncbi.nlm.nih.gov/pubmed/11531165
http://www.ncbi.nlm.nih.gov/pubmed/11531165
http://www.ncbi.nlm.nih.gov/pubmed/10677591
http://www.ncbi.nlm.nih.gov/pubmed/10677591
http://www.ncbi.nlm.nih.gov/pubmed/10677591
https://doi.org/10.1038/297681a0
https://doi.org/10.1038/297681a0
http://www.ncbi.nlm.nih.gov/pubmed/7088155
http://www.ncbi.nlm.nih.gov/pubmed/12110459
http://www.ncbi.nlm.nih.gov/pubmed/12110459
http://www.ncbi.nlm.nih.gov/pubmed/12110459
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3016463&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3016463&tool=pmcentrez&rendertype=abstract
https://doi.org/10.1016/j.neurobiolaging.2009.09.005
http://www.ncbi.nlm.nih.gov/pubmed/19883953
http://linkinghub.elsevier.com/retrieve/pii/S0018506X02918192
http://www.ncbi.nlm.nih.gov/pubmed/12460588
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2453224&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2453224&tool=pmcentrez&rendertype=abstract
https://doi.org/10.1016/j.nlm.2008.04.002
http://www.ncbi.nlm.nih.gov/pubmed/18485753
http://endo.endojournals.org/cgi/content/abstract/150/9/4248
https://doi.org/10.1210/en.2008-1802
http://www.ncbi.nlm.nih.gov/pubmed/19470706
https://doi.org/10.1073/pnas.1200857109
http://www.ncbi.nlm.nih.gov/pubmed/22586106
https://doi.org/10.1016/j.pbb.2010.03.013
http://www.ncbi.nlm.nih.gov/pubmed/20363245
http://www.pnas.org/lookup/doi/10.1073/pnas.1302569110
http://www.pnas.org/lookup/doi/10.1073/pnas.1302569110
http://www.ncbi.nlm.nih.gov/pubmed/23959874
https://doi.org/10.1371/journal.pone.0198256


25. Stranahan AM, Hao S, Dey A, Yu X, Baban B. Blood-brain barrier breakdown promotes macrophage

infiltration and cognitive impairment in leptin receptor-deficient mice. J Cereb Blood Flow Metab [Inter-

net]. 2016; Available from: http://jcb.sagepub.com/lookup/doi/10.1177/0271678X16642233

26. Liu Y, Jin J, Qiao S, Lei S, Liao S, Ge Z-D, et al. Inhibition of PKCβ2 overexpression ameliorates myo-

cardial ischaemia/reperfusion injury in diabetic rats via restoring caveolin-3/Akt signaling. Clin Sci [Inter-

net]. 2015 May 21; 129(4):331 LP-344. Available from: http://www.clinsci.org/content/129/4/331.

abstract https://doi.org/10.1042/CS20140789 PMID: 25849791

27. Niesman IR, Schilling JM, Shapiro L a, Kellerhals SE, Bonds J a, Kleschevnikov AM, et al. Traumatic

brain injury enhances neuroinflammation and lesion volume in caveolin deficient mice. J Neuroinflam-

mation [Internet]. 2014; 11(1):39. Available from: http://www.pubmedcentral.nih.gov/articlerender.fcgi?

artid=3975903&tool=pmcentrez&rendertype=abstract

28. Cordey M, Gundimeda U, Gopalakrishna R, Pike CJ. Estrogen activates protein kinase C in neurons:

Role in neuroprotection. J Neurochem. 2003; 84(6):1340–8. PMID: 12614334

29. Willey CD, Xiao D, Tu T, Kim KW, Moretti L, Niermann K, et al. ENZASTAURIN (LY317615), A PRO-

TEIN KINASE C BETA SELECTIVE INHIBITOR, ENHANCES ANTI-ANGIOGENIC EFFECT OF RADI-

ATION. 2010; 77(5):1518–26.

30. Jian W, Yamashita H, Levitt JM, Lerner SP. Enzastaurin shows preclinical antitumor activity against

human transitional cell carcinoma and enhances the activity of gemcitabine. 2009; 8(July):1772–9.

31. Podar K, Raab MS, Zhang J, Mcmillin D, Breitkreutz I, Tai Y, et al. Targeting PKC in multiple myeloma:

in vitro and in vivo effects of the novel, orally available small-molecule inhibitor enzastaurin LY317615.

HCl). 2007; 109(4):1–2.

32. Moreau A, Jia X, Ngo HT, Leleu X, Sullivan GO, Alsayed Y, et al. Protein kinase C inhibitor enzastaurin

induces in vitro and in vivo antitumor activity in Waldenstro ¨ m macroglobulinemia. Animals. 2007; 109

(11):4964–72.

33. Doyle JJ, Doyle AJ, Wilson NK, Habashi JP, Bedja D, Whitworth RE, et al. A deleterious gene-by-envi-

ronment interaction imposed by calcium channel blockers in Marfan syndrome. Elife. 2015; 4(OCTO-

BER2015):1–18.

Enzastaurin impairs memory in middle-aged rats

PLOS ONE | https://doi.org/10.1371/journal.pone.0198256 June 5, 2018 11 / 11

http://jcb.sagepub.com/lookup/doi/10.1177/0271678X16642233
http://www.clinsci.org/content/129/4/331.abstract
http://www.clinsci.org/content/129/4/331.abstract
https://doi.org/10.1042/CS20140789
http://www.ncbi.nlm.nih.gov/pubmed/25849791
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3975903&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3975903&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/12614334
https://doi.org/10.1371/journal.pone.0198256

