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Bryostatin 1, a potential anti-Alzheimer drug, is effective at subnanomolar concentrations. Measurement 
is complicated by the formation of low m/z degradation products and the formation of adducts with var-
ious cations, which make accurate quantitation difficult. Adduct formation caused the sample matrix or 
mobile phase to partition bryostatin 1 into products of different mass. Degradation of the 927 [M+Na]' ion 
to a 869 m/z product was strongly influenced by ionization conditions. We validated a bryostatin 1 assay 
in biological tissues using capillary column HPLC with nanospray ionization (NSI) in a triple-quadrupole 
mass spectrometer in selected reaction monitoring (SRM) mode. Adduct formation was controlled by 
adding 1 mM acetic acid and 0.1 mM sodium acetate to the HPLC buffer, maximizing the formation of the 
IM+Nar ion. Efficient removal of contaminating cholesterol from the sample during solvent extraction 
was also critical.The increased sensitivity provided by NSI and capillary-bore columns and the elimination 
of signal partitioning due to adduct formation and degradation in the ionization source enabled a detec-
tion limit of 1 x 10-18  niol of bryostatin 1 and a LLOQof 3 x 10-18  mol from 1µl of sample. Bryostatin 1 at 
low pmol/l concentrations enabled measurement in brain and other tissues without the use of radioac-
tive labels. Despite bryostatin 1's high molecular weight, considerable brain access was observed, with 
peak brain concentrations exceeding 8% of the peak blood plasma concentrations. Bryostatin 1 readily 
crosses the blood-brain barrier, reaching peak concentrations of 0.2 nM, and specifically activates and 
translocates brain PKCe. 

2013 Elsevier B.V. All rights reserved. 
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1. Introduction 

Bryostatin 1 (Fig. I a ) is a macrocyclic lactone extracted from 
Bugula neritina, a marine bryophyte [1,2]. Bryostatin 1 is the most 
abundant of numerous bryostatins, which are synthesized by bacte-
ria that exist in a symbiotic relationship with the bryophyte [3]. 
Bryostatin 1 is a potent activator of protein kinase C (PKC), par-
ticularly the E and a isozymes, with a Kd of 1.4 nM [4], and binds 
to the Cl a and Clb domains, competing with the natural ligand, 
diacylglycerol [5-7]. 

Earlystudies on bryostatin 1 suggested possible benefits of mod-
erate to high doses, which produce mainly downregulation of PKC, 
as anti-tumor agents [8-10]. However, clinical trials of bryostatin 1, 
both alone and in combination with conventional anti-cancer drugs 
including 1-13-n-arabinofuranosylcytosine [11], cisplatin [12], and 
paclitaxel [13], have so far shown little or no clinical benefit. This 

Abbreviations: LLOQ lower limit of quantitation; PKC, protein kinase C; AD, 
Alzheimer's disease; A13, beta-amyloid peptide: MTBE, methyl [-butyl ether; NSI, 
nanospray ionization. 
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may be attributable to our incomplete understanding of the roles 
of various PKC isozymes in cancer, or to an incomplete understand-
ing of the dynamics of differential activation and downregulation 
of PKC isozymes by bryostatin 1 and other Cla/C1b activators at 
different concentrations. 

Bryostatin 1 also shows some promise as a possible treatment 
for neurodegenerative diseases such as Alzheimer's disease (AD). 
In Tg2576 transgenic mice, used as a model for AD, bryostatin 1 
improves learning in Morris water maze tasks. Activators of PKCE 
such as bryostatin 1 have demonstrated neuroprotective activity in 
animal models of AD [14], depression [15], and stroke [16], and can 
protect or enhance memory in rodents, rabbits, and invertebrates 
[15,17-19]. This memory enhancement is accompanied by increase 
in levels of synaptic proteins and structural changes in synap-
tic morphology [20]. PKCE also reduces A13 levels by activating 
A -degradin enz Imes including endothelin-converting enzyme 
21, I. nibs, PKCE activators may be an effective adjunct to A[3-

reduction therapy. PKCE activators also induce synaptogenesis in 
the CA1 stratum radiatum of the dorsal hippocampus of young 
adult rats [20]. The mechanism of synaptogenesis involves arachi-
donic acid signaling through PKC, triggered by integrin receptors 
and astrocytiefactors [23]. PKCE also mediates the neuroprotec-
tive effects of Apopcholesteroly4], which is a synaptogenic signal 
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Fig. 1. Structures of bryostatin 1 derivatives. 1 Bryostatin 1 sodium adduct 
(monoisotopic mass, 927.44; average molecular weight 928.02), 2 the 869.43 
(monoisotopic m/z) product proposed by Manning et al.121. 

secreted by astrocytes [25]. These results indicate that activation 
of endogenous PKCE protects against synaptic loss and facilitates 
synaptogenesis. 

Before proceeding to clinical trials, it is necessary to obtain 
a clear understanding of the pharmacokinetics of bryostatin 1 
and its time- and concentration-dependent effects on various PKC 
isozymes. Because bryostatin 1 is effective at subnanomolar con-
centrations, these experiments require highly sensitive assays. 
Zhao et al. [26] used a triple, quadrupole mass spectrometer to 
detect bryostatin 1 with a LLOQof 55 pM. Fluorescence derivatiza-
tion methods have also been developed [27]. However, to achieve 
adequate sensitivity for animal experiments and clinical trials of 
bryostatin 1, where sample sizes are limited, even higher levels 
of sensitivity...are required. In this article, we report that control 
of adduct formation and artifactual degradation in the ionization 
source are essential to obtaining accurate quantitative measure-
ments of bryostatin 1 in biological samples. 

2. Materials and methods 

Materials-Bryostatin 1 was obtained from Tocris Bioscience 
(R&D Systems, Minneapolis, MN, USA). Acetonitrile was obtained 
from ThermoFisher. Paclitaxel, MTBE, and other chemicals were 
obtained from Sigma-Aldrich.  

2.1. Enzyme assays 

Protein kinase C assay-Cells were scraped in 0.2 ml homog-
enization buffer (20 mM Tris-HCI, pH 7.4, 50 mM NaF, 1 µg/m1 
leupeptin, and 0.1 mM PMSF) and homogenized by sonication in 
a Marsonix microprobe sonicator (5 s, 10 W). To measure PKC, 
10 p.I of cell homogenate or purified PKC isozyme was incubated 
for 15 min at 37 °C in the presence of 101.LM histones, 4.89 mM 
CaCl2, 1.2 µg/µl phosphatidyl-L-serine, 0.18 Rg/µ11,2-dioctanoyl-
sn-glycerol, 10 mM MgCl2, 20 mM HEPES (pH 7.4), 0.8 mM EDTA, 
4 mM EGTA, 4% glycerol, 8µg/ml aprotinin, 8µg/ml leupeptin, 
and 2 mM benzamidine. 0.51.1tity32 PIATP was added and 32 P-
phosphoprotein formation was measured by adsorption onto 
phosphocellulose as described previously [28]. 

For measurements of activation by bryostatin 1 and similar com-
pounds, PKC activity was measured in the absence of diacylglycerol 
and phosphatidylserine, as described by Kanno et al. [29], and PKC8, 
E, and a were measured in the absence of added EGTA and CaC12, as 
described by Kanno et al. [29]. Low concentrations of Ca2+ are used 
because high Ca2+  interacts with the PKC phosphatidylserine bind-
ing site and prevents activation. For measurements of bryostatin 1 
activation, 1,2-diacylglycerol was omitted unless otherwise stated. 

PKC isozyme translocation-Activation and translocation of PKC 
were measured by western blotting after subcellular fractionation 
into cytosol and particulate fractions. Homogenates were cen-
trifuged at 100,000 x g for 20 min and cytosolic and particulate 
fractions were separated on 4-20% Tris-glycine SDS polyacryl-
amide gels, blotted onto nitrocellulose, and probed with isozyme 
specific antibodies. The blots were photographed in a GE Image-
Quant at 16 bits/pixel and analyzed by vertical strip densitometry 
using (mai Unix software. 

2.2. Sample preparation and bryostatin 1 measurement 

Bryostatin 1 extraction from tissue-Tissue samples were soni-
cated in 2 vol. of homogenization buffer (30 s, 10W), and 0.1-0.5 ml 
homogenate  was extracted 2x with 0.3 ml methyl t-butyl ether 
(MTBE) and methanol as described below for extraction from blood 
plasma. 

Bryostatin 1 Extraction from blood plasma-Blood plasma was 
extracted using a modification of the MTBE-methanol method of 
Matyash et al. [30]. Methanol (100 pi) and MTBE (300 p.1) were 
added to 100 p.1 EDTA-treated blood plasma  ..,in a 1.5-m1 polypropyl-
ene centrifuge tube. The sample was vortexed and centrifuged for 
10 min at 15,000 x g. The upper phase was transferred to a new 1.5-
ml polypropylene centrifuge tube, 300 pi MTBE were added, the 
sample was vortexed and centrifuged again, and the upper phase 
was combined with the first extraction. The sample was evaporated 
to dryness by evaporation under nitrogen in a water bath at 50 'C. 
The sample was then redissolved in 0.1 ml ethanol and vortexed. 
The ethanol was evaporated to dryness and the sample was redis-
solved in 0.1 ml 50% acetonitrile in water, centrifuged for 1 min at 
11,000 x g, and transferred to a glass-insert mass spectrometry vial. 
Samples were stored at -20 °C until use, warmed in a 37 °C water 

	

bath, and vortexed before loading onto the autosampler, which was 	
0^  maintained at 25 °C. _.....-- pic- 5 net,fe--,4,1  ) 

Sample quantities- For serum samples, 100 p.I serum was used. --4,..4., 

	

For brain samples, 0.5 ml of 1-->3 homogenate, containing approx- 	1,-f e  

	

L.imately 166 p.g protein, was used. The MTBE/methanol extracts of 	Al.,./- ,,  

	

samples and standards were dissolved in 100 p.1 of 50% acetonitrile 	• 
in water and the entire sample was transferred to an autosam-
pler vial containing a 0.2 ml glass insert and Teflon screw-cap. A 
1.0111 aliquot was injected for all samples. Quantitation results are 
reported either as mol measured in the 1 ill that was injected onto 
the LCMS instrument, or as mol/liter or mol/kg of original tissue, as 
appropriate, except where noted. 



T.J. Nelson et al. /J. Chromatogr. B 944 (2014) 55-62 

A liwic-cv".  6,v  
.7,V)1"' 57 

Internal standards-Paclitaxel was used as an internal standard. 
Aliquots (1 µI) of 1 I.LM paclitaxel in ethanol were added to 100 
sample (homogenate, blood plasma, or bryostatin 1 standards), for 
a concentration of 10 nM paclitaxel. 

Normal-phase high-pressure liquid chromatography-Bryostatin 
1 was injected into a normal-phase 3 p,m silica 4.6 mm x 150 mm 
HPLC column (Alltech Econosphere 70179) equilibrated with hex-
ane/ethyl acetate (40:60) and eluted at 1 ml/min. This method was 
used because bryostatin 1 eluted more rapidly in normal phase LC 
than RP-HPLC (5.3 min vs. >30 min). Bryostatin 1 was detected by 
absorbance at 262 nm. 

Thermal stability of bryostatin 1-Bryostatin 1 (10µg) was 
incubated in 200 pi ethyl acetate in a Reacti-Vial in a temperature-
controlled oven held at 100-190'C, then cooled and diluted and 
measured by normal-phase HPLC. 
—UV exposure-Bryostatin 1 (10µg) was incubated in 1 ml 100% 
ethanol in a quartz cuvette with no catalyst and exposed to a 7-watt 
longwave (365 nm) and mid-UV (305 nm) UV lamp for 18 hat room 
temperature. 

Liquid Chromatography-Mass Spectrometry-Samples (1 p..1) 
were injected into a Dionex NCP-3200RS Nano LC system using an 
Acclaim Pepmap 100 180 p.m x 5 cm C18 3µm capillary column, 
100 A particle size (Thermo 161278) using a flow rate of 1.5 µl/min. 
Lipids were eluted using a gradient of 80% solvent A (1 mM acetic 
acid + 0.1 mM sodium acetate in water) and 20% solvent B (1 mM 
acetic acid in acetonitrile) for 10 min, followed by a linear gradient 
of 20-80% B from 10 to 20 min, and then maintaining 80% B 
from 20 to 45 min. Under these conditions bryostatin 1 eluted at 
29.40 min and paclitaxel eluted at 21.23 min. Bryostatin 1 tended 
to adsorb onto glass and plastic surfaces, and frequent washings 
of Th-e-injection needle were required. After every 50 samples, 
the column was washed with 100% acetone to elute built-up 
cholesterol, and the cholesterol peak at m/z 369.65 was monitored 
until it reached baseline. 

The sample was passed from the column into a Nanospray Flex 
Ion ESI source and analyzed in a Thermo TSQ Quantum XLS triple 
quadrupole mass spectrometer. The settings were: Spray voltage 
2000 V, capillary temperature 300'C, capillary offset 35 V, tube 
lens offset 168 V, polarity positive. Bryostatin 1 was analyzed in 
SRM mode measuring the 927.44-.357.32 transition (width 0.01) 
using CID= 1.8 mTorr and collision energy 55 V. Paclitaxel was used 
as an internal standard, measuring the 876.83->308.39 transition 
(width= 0.01), CID 1.8 mTorr, and collision energy 40 V. SRM chro-
matograms were smoothed by 11-point Gaussian convolution and 
peak areas, baseline subtraction, and internal standard corrections 
were performed using custom Unix software. To ensure consistent 
nano-ESI spray quality, the spray was continuously illuminated by 
a 5-mW 532 nm semiconductor laser attached to the Flexion source 
and monitored with a video camera. 

Rapid LCMS-Rapid LCMS was performed as described above 
except that the flow rate was increased to 3 µl/min and the gradi-
ent was run from 20% to 90%B from 0 to 1 min, followed by isocratic 
90% B from 1 to 10 min. 

Cholesterol measurement-Cholesterol was measured by direct 
infusion of an ethanol solution at 2 RI/min into a Thermo TSQ 
triple quadrupole mass spectrometer using an APPI source. The 
predominant peak was the [M-OH]* ion (m/z = 369.65). The follow-
ing settings were used: vaporizer temperature 200'C, sheath gas 
20 ml/min, auxiliary gas pressure 0, capillary temperature 150 =C, 
capillary offset 35 V, tube lens offset 69 V, polarity positive, dis-
charge current 3. 

2.3. Animal treatment 

Animal treatment-Male C57BL/6 M mice (15-20g, Charles 
River) were acclimatized for 7-8 days in a non-enriched  

environment, three mice pe cage. Bryostatin 1 was dissolved in 
DMSO, diluted into 0.9% sali e, and injected into the tail vein at 
doses between  5 and 40 pg/m2. After a fixed period, the mice were 
anesthetized with CO2 and the brain was frozen on dry ice. Blood 
was mixed with 0.2 ml 1 mM EDTA in PBS, centrifuged at 100 x g 
for 30 min, and plasma was frozen on dry ice. In some experiments, 
blood lymphocyte fractions were collected using Ficoll-Paque Plus 
reagent using the procedure recommended by the manufacturer. 
All animal procedures were approved by the institutional IACUC. 

Validation-Validation was performed according to the criteria 
in the FDA document Guidance forindustry: Bioanalytical method 
validation (2001). 

3. Results 

3.1. Mass spectrometer settings 

Preliminary tests showed that despite bryostatin l's low polar-
ity, nanospray-ESI (NSI) gave a higher sensitivity for bryostatin 1 
than APCI or APPI. The 905.44 m/z1M+Hr arent ion of bryostatin 1 
is difficult to detect bec.37F57-yostatin 1 forms higTi affinity adducts 
with sodium. Zhao et al. [26] reportec—Ta niaTg-crf-8•69:5-fofibcon 
tand-valiated a LCMS assay based on the 869.5-> 123.0 fragmen-
tation using selected reaction monitoring (SRM). A FT-ICR study 
[31 ] found evidence suggesting that the 869 peak is a 869.4299 
(monoisotopic mass) ion resulting from the loss of the 7-acetate 
group from the bryostatin 1-sodium adduct (Fig. lb). An alternative 
reaction, dehydration of apo-bryostatin 1, yielding [M-2H2O+H]*, 
would produce a very similar mass (869.4323). Infusion of bryo-
statin 1 into an LTQ ion-trap mass spectrometer produced only the 
927.44 [M-FNa]+ and 943.41 peaks, while a triple quadrupole instru-
ment also showed an 869 m/z peak. Thus, it was first necessary to 
identify the conditions under which the 869 and 927 m/z peaks are 
produced in order to rule out the possibility of the smaller peak 
being a contaminant or degradation product. 

Syringe infusions of bryostatin 1 gave >95% [M+Na]' (927.44) 
and small amounts of the m/z 943.41 product,Vh7CFshowed a 
mass and isotope intensity pattern consistent with a bryostatin 
1 IM+Kr ion [32] (Fig. 2). A ketone hydrolysis product of the Na 
adduct with a similar mass (943.43) has also been observed [31]. 
Total ion chromatograms of bryostatin 1 eluted from a C18 column, 
using gradients of H20-*acetonitrile, gave a combination of 927 
and 869 m/z peaks. The ratios of these two peaks, whether eluted 
from columns or infused directly into the mass spectrometer, varied 
considerably depending on the source of bryostatin 1. For example, 
infusion of bryostatin 1 obtained from the National Cancer Insti-
ty_te exhibited a predominant peak at 869, while the 927 peak was 
predominant in bryostatin 1 obtained from commercial suppliers. 
Passing commercial bryostatin 1 standards through a C18 HPLC col-
umn shifted the ratio toward the 869 peak. These effects resulted 
in highly inaccurate tsults that were strongly dependent on the  
sam le matrix and buffer composition. The 869 m/z peak was also 
increase w en e sample was analyzed in an APPI source. 

To test whether the 869 m/z peak could be a photodegradation 
or hydrolysis product, we exposed a sample of bryostatin 1 to short-
wave UV as described in Section 2. The 869 peak could not be 
produced by pretreatment of bryostatin 1 with UV light or NaOH, or 
by adjustment of the capillary temperature, source offset voltages, 
or tuning parameters. However, increasing the ESI spray voltage 
to produce an asymmetric or uneven spray was found to shift the 
ratio in favor of the 869 peak. It was found that simply adjusting 
the spray off center, which also produced an asymmetric spray, 
completely eliminated the 927 peak and shifted the mass to 869 
(Fig. 2, center and lower panels). Visualization of the spray with a 
laser during analysis was therefore essential in obtaining consistent 
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Fig. 2. Mass spectra of bryostatin 1 solution in ethanol in NSI spray with (A) normal 
spray, (B) spray offset vertically by 1 mm, and (C) spray offset by 2 mm. Offset-
ting the spray greatly increased the size of the 869 m/z peak at the expense of the 
927 m/z peak. Increasing the spray voltage above 2350 V had the same effect. Average 
molecular weights are shown. 

results. These results stIggest that the 869 peak is not a photo ' - 
tion product, but a fragmentation product forme in the ESL source 
under unfavorable spray conditions. The matrix effects suggest that 
cation complexation may protect bryostatin 1 from degradation. 

3.2. Adduct formation 

It is evident that this partitioning of the signal among different 
masses depending on matrix composition would seriously impair 
the reliability of quantitation. Quantitation of the anticancer drug 
paclitaxel is plagued by similar issues, and adduct formation splits 
the paclitaxel signal into Na*, 	I-If, and NH4' adducts with dif- 
ferent masses [33-35]. Reproducibility is reportedly enhanced by 
the addition of octylamine to the LC buffers. Therefore, we tested a 
variety of solvent additives to identify optimal conditions for quan-
titation of bryostatin 1 in biological tissues. The results are shown in 
Table 1. Octylamine, tetramethylethylenediamine (TEMED), dode-
cylamine, and n-propylamine were found to form adducts with 
bryostatin 1. By contrast, pyridine did not form an adduct but 
increased the size of the 869 degradation product peak to 33% of 
the total, and ethanolamine abolished all bryostatin 1 peaks. How-
ever, no additive was completely effective in displacing sodium 
from bryostatin 1. Acidification of bryostatin 1 solutions with HCI 
resulted in degradation. The [M+H]* ion was not observed under 
any conditions. 

The bryostatin 1-Na' adduct could also be disrupted by incu-
bating with 15-crown-5 (Fig. 3). A 5-fold excess was required, 
indicating that bryostatin 1 binds Na* with high affinity. Bryostatin 
1 was partially shifted to numerous lower m/z peaks (m/z 450-600, 
not shown) in the presence of 15-crown-5, suggesting that cation 

Table 1 
Adduct formation between bryostatin 1 and amines. In all cases, except for 
ethanolamine and pyridine, the total peak height (927 peak + expected peak) was 
not affected. For ethanolamine, no bryostatin 1 peaks were detected. For pyridine, 
the 927 peak was shifted to 869. 

Additive 
	

Expected m/z 	Relative signal at 
expected m/z (%) 

Ammonium carbonate (10 mM) 
n-propylamine 
Ethanolamine 
Pyridine 
1,2-diaminopropane 
Triethylamine 
TEMED (tetramethylenediamine) 
2-diethylaminopyridine 
Tri-n-butylamine 
Octylamine 
Dodecylamine 
Trioctylamine 

Amines were added to bryostatin 1 dissolved in 50% acetonitrile at a concentration 
of 1% (v/v), except for ammonium carbonate, which was added at 10 mM; ND, not 
detected. 

complexation may be important for stability. Addition of 1 mM 
potassium acetate to bryostatin 1 resulted in r completely displac-
ing Na" from bryostatin 1, leaving only the 943.41 m/z bryostatin 
1-r adduct in the expected isotopic ratios (Fig. 3). 

No peaks were observed for free bryostatin 1 or bryostatin 1 
adducts in negative ion mode using standard buffers. However, 
addition of bases such as pyridine, 2-(dimethylamino)pyridine, 
octylamine, and 1,2-diaminopropane allowed the detection of the 
m/z 903.44 FM-HI-  parent ion in negative ion mode, but the signal 
was always 100-300 x lower than the bryostatin 1 signal in positive 
ion mode. 

3.3. LC conditions 

As reported for paclitaxel [35], addition of acetic acid also 
increased the sensitivity for bryostatin 1. In the case of bryo-
statin 1, acetic acid increased the signal by 5.25-fold. Therefore, 
we used a gradient of 80% buffer A (1 mM acetic acid + 0.1 mM 
sodium acetate in water) to 80% buffer B (1 mM acetic acid in 
acetonitrile) to improve sensitivity by maximizing the Na+ adduct 
[36]. Under these conditions, formation of the 869 peak was sup-
pressed to less than 2% of the total, reproducible quantitation was 

i• 
Bryostatin Bryostatln Bryostatln 

+ 15-crown-5 - - 	+ K acetate 

. 	- IL. 	is 	_._ a. 	 k 
Fig. 3. Disruption of bryostatin 1-sodium adduct. Left: bryostatin 1 (2 p,M) in 
ethanol alone. Center: bryostatin 1 incubated with 15-crown-5 (10 p,M) for 72 hat 
room temperature. Chelation of Na+ by crown ethers reduced the bryostatin 1 signal. 
Right: Bryostatin-K+ adduct formed immediately after addition of 1 mM potassium 
acetate to bryostatin 1 in ethanol. 
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Table 2 
LS-nanospray ESI-MS/MS parameters for quantitation of bryostatin 1. 

Parameter 
	 Paclitaxel 	 Bryostatin 1 

Retention time (min) 
	

21.23 
	

29.42 
SRM transition (m/z) 
	

876.83-.308.39 
	

927.44-,357.32 
Width (m/z) 
	

0.010 
	

0.010 
CID (mTorr) 
	

1.8 
	

1.8 
CE (V) 
	

40 
	

55 

obtained, and syringe infusion signals finally matched the signals 
from C18 columns. Accordingly, we used selected reaction moni-
toring (SRM) of the 927.44-*357.32 transition in all experiments. 
The 876.83-+308.39 transition of paclitaxel was used as an inter-
nal standard. Paclitax _more polar than bryostatin 1 (tR  
21.23 vs. 29.42 min, Table 2), and is ideal as an internal standard 
because its MW and polarity are similar to brycitliri 1. A SRM chro-
matogram of bryostatin 1 extracted from mouse brain is shown in 
Fig. 4. 

3.4. Extraction 

For preclinical measurements, an important consideration is the 
ability to separate bryostatin 1 from uriesterified cholesterol which 
exists in brain at a 5 x 108-fold excess (58 mM [37] vs. 0.1 nM). 
These high levels of cholesterol in brain would preclude the use of 
-nano- and capillary-columns because of cholesterol's limited solu-
bility in the chromatography buffer. Large quantities of cholesterol 
would precipitate in the 50% acetonitrile solution or in the column 
itself, mandating the use of more dilute samples and larger diam-
eter columns. This is not a problem for blood plasma, but could 
severely affect sensitivity with tissue samples. Therefore, several 
different extraction techniques were compared. Table 3 shows that 
toluene/ethanol, acetonitrile/1 -chlorobutane, and MTBE/methanol 
were the most effective solvents for bryostatin 1, while other 
extraction solvents, including pure MTBE, chloroform/methanol, 
hexane, and ethyl acetate, were less efficient. A single extraction 
with MTBE/methanol was as efficient as two extractions. If two 
extractions are performed, methanol can be omitted during the 
second extraction to reduce aqueous carry-over, but methanol 
was essential during the first extraction. The low solubility of 

tR, Min 

Fig. 4. Top: SRM chromatogram of bryostatin 1 extracted from mouse brain 6 h 
after injection with bryostatin 1 at a dose of 15 µg/m2. The brain concentration is. 
0.247 nM. This represents 411 amol of bryostatin 1. Bottom: Lack of interference 
from sample matrix in control samples extracted from bovine, rat, human, or rabbit 
serum or rat brain, mouse brain, or rat liver. 

Table 3 
Extraction efficiency of various solvents. 

Solvent 
	

Efficiency for 	Efficiency for 
bryostatin 1 	cholesterol 

MTBE only (1 extraction) 
	

7.4 ± 0.8 
	

ND 
MTBE/methanol 3:1 (1 extraction) 

	
103.9 ± 3.2 
	

ND 
MTBE only (2 extractions) 

	
34.6 ± 7.5 
	

0.75 ± 0.11 
MTBE/methanol 3:1 (2 extractions) 

	
97.7 ± 6.3 
	

1.3 1 0.3 
ACN/1 -chlorobutanol 1:1 

	
102.2 ± 4.1 
	

2.1 ± 0.8 
Toluene/ethanol 3:1 
	

109.9 ± 12.7 
	

3.4 1 1.3 
Ethyl acetate 
	

33.0 ± 3.1 
	

1.1 ±0.34 
Ethyl acetate/hexane 3:1 
	

34.2 ± 3.0 
	

0.77 ± 0.07 
Hexane 	 6.0 ± 2.0 

	
ND 

Chloroform/methanol 2:1 
	

19.0 ± 2.1 
	

0.56 ± 0.05 

Bryostatin 1 (2 pmol) and cholesterol (0.5 µmop were extracted 2x from 0.1 ml 
serum samples using 0.3 ml of the indicated solvent. Bryostatin 1 was measured by 
LCMS/NSI. Cholesterol was measured by infusion and APPI. Numbers are mean ± SD 
of 3 determinations. ND, not determined. 

cholesterol in 50% acetonitrile/water solutions (<1 p,M) was instru-
mental in reducing cholesterol to manageable levels. 

3.5. Validation 

The LLOQ using nanospray and a 50 mm x 180 pLm (i.d.) column, 
with 1 µI injection, was 3 amol, corresponding to a concentration 
in the autosampler of 3 pM (Fig. S1). The increase in sensitivity 
provided by NSI and capillary-bore columns permits bryostatin 1 
measurements from small quantities of plasma or brain tissue. The 
highest two samples in Fig. S1 contain only 3 repetitions instead 
of 12 due to sample limitations. At these concentrations, the signal 
approached the saturation point of the detector's ADC (2.59 x 108  
counts). The chromatographic peak also became highly asymmet-
rical when measuring quantities >10 pmol. The sensitivity was 
critically dependent on the efficiency of the chromatography step. 
Shortening the analysis time using isocratic 90% acetonitrile and a 
flow rate of 3 µI/min resulted in a shorter retention time (4.5 vs. 
28 min) but also greater noise and no significant reduction in peak 
width. This raised the LLOQ of a 1 pi sample to 40 amol and the I 
limit of detectability to 10 amol, giving a minimum measurable 
concentration in the 100µl sample vials of 40 pM (not shown). 

Supplementary material related to this article can be found, 
in the online version, at http://dx.doi.org/10.1016/j.jchromb. 
2013.11.020. 

The coefficients of variation for intra-batch and inter-batch pre-
cision for bryostatin 1 extracted from blood serum were within 15% 
(Table 4). Mean values were within 15% of expected values for all 
concentrations between 3 x 10-18  and 3 x 10-12  mol per injection. 

Previous researchers found that bryostatin 1 is stable for over 
three weeks at 50°C in daylight or 30 weeks at -20 °C [24,38] 
but had a tendency to adsorb onto polyvinyl chloride) [39]. We 
found that-bryostatin 1 in glass or polypropylene ene tubes remains 
in solution indefinitely when dissolved in ethanol. However, bryo-
statin 1 was lost when heated to dryness in glass tubes or allowed 
to 	orate to dryness overni vn glass containers. Therefore, 

Table 4 
Accuracy, precision, and recovery of bryostatin 1 extraction from blood serum by 
MTBE/methanol. 

Concentration (p,M) Quantity (fmol) RSD (%) Precision 

Intra-batch Inter-batch 

0.002 2 1.68 101.6 107.0 
0.02 20 2.99 101.7 97.3 
0.2 200 2.99 103.4 105.4 

RSD, relative standard deviation expressed as percent of mean value. Inter-batch 
precision is based on 3 different experiments. Intra-batch precision is based on 3 
concentrations and 6 samples each. 
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Table 5 
Stability of bryostatin 1. 
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Short-term stability 2 h 8h 24h 

Stock RT high 100.0 ± 4.6 104.0 ± 3.1 88.3 ± 1.3 

Stock RT low 100.0 ± 2.3 107.6 ± 2.5 81.5 ± 1.9 
Short term RT high 100.0 ± 4.4 108.0 ± 11.3 92.7 ± 1.8 

Short term RT low 101.0 ± 3.0 105.2 ± 5.5 99.8 ± 4.4 

Long-term stability Od 1d 2d 4d 7d 

Autosampler RT high 100.0 ± 1.7 94.8 ± 15 103.1 ± 8.6 99.2 ± 2.6 97.8 ± 15 
Autosampler RT low 102.0 ± 3.0 99.8 ± 5.1 110.1 ± 4.7 111.8 ± 9.9 86.6 ± 10.5 

Long-term stability id 3d 7d 21d 

-80'C high 103.3 ± 10.5 87.5 ± 7.4 84.1 ± 8.6 85.2 ± 7.6 
-80 °C low 94.1 ± 4.0 98.0 ± 6.6 120.5 ± 6.2 89.9 ± 6.4 

Multiple Freeze-thaw high 100.8 ± 1.1 
Multiple Freeze-thaw low 106.5 ± 0.8 

Stability testing was done as prescribed in FDA Guidance documents. Numbers are mean recovery ± SD for 3-5 determinations. High concentration, 100 nM; low concentration, 
10 nM except stock solution, high concentration = 10 p..M, low concentration = 100 nM. Multiple freeze-thaw samples were freeze-thawed 3 x from -80 °C to room temperature. 

all operations involving evaporation were carried out in polypro-
pylene tubes. Bryostatin 1 is stable to base, with no degradation 
observed after 5 min boiling in concentrated pyridine or 10% 4-
dimethylaminopyridine in ethanol. Treatment with 1% methanolic 
KOH for 10 s at room temperature did not cause noticeable degra-
dation or dissociation of the Na+ adduct. Bryostatin 1 was rapidly 
degraded under acidic conditions (0.2 M HCI, room temperature, 
1 min). 

To determine the thermal stability of bryostatin, we incubated 
samples at various temperature's and times in an oxygen-free 
environment, and then measured the remaining bryostatin by 
normal-phase HPLC. Bryostatin 1 was found to be rapidly degraded 
at temperatures exceeding 170 °C; its t1/2  was 10 min at 180 =C 
and 5 min at 190 'C. Since bryostatin 1's melting point is reported 
to be 230-235 oC; this precludes analysis of bryostatin 1 by  
gas chromatography or GCMS. Bryostatin 1 stability results are 
titeven-i•R-T-tbte-5-.ecovery and interference results are shown 
in Table 6. Recovery showed no dependence on species or tis-
sue. Bovine serum, rat serum, rabbit serum, human serum, and 
rat brain had no effect on recovery. Other drugs potentially 
preseiritTATiffErmer pa-bents, measured at 1 x and 10x therapeu-
tic concentrations, including captopril (therapeutic concentration, 
50µM), acetaminophen (150 µM), memantine (1 µM), donepezil 
(1µM), galantamine (1 µM), and tacrine (1 µM) also produced no 
detectable interference either with bryostatin or paclitaxel (Fig. S2). 
Extraction from several sources of control blood plasma, as well 
as rat brain, mouse brain, and rat liver, showed no interference 
from any sample matrix tested, only noise peaks at levels below 
the detection limit (Fig. 4, lower panel). 

Supplementary material related to this article can be found, 
in the online version, at http://dx.doLorg/10.1016/j.jchromb. 
2013.11.020. 

Table 6 
Recovery and interference. 

Bryostatin 1 only 100.0 ± 2.1 
+ Bovine serum 107.5 ± 2.1 
+ Rat serum 99.0 ± 4.2 
+ Rabbit serum 104.7 ± 18.3 
+ Human serum 93.3 ± 6.8 
+ Rat brain 98.0 ± 12.6 

Recovery testing was done as prescribed in FDA guidelines. Numbers are mean 
recovery ± SD for 3-5 determinations. Bryostatin =1 fmol; serum = 100 p.,1; rat brain 
homogenate = 100 

3.6. In vivo pharmacokinetics and pharmacodynamics of 
bryostatin 1 

To test the ability of the method to obtain meaningful phar-
macokinetic data in a preclinical experiment, we conducted PK/PD 
experiments in mice to determine the plasma concentrations nec-
essary to activate PKCE. Bryostatin 1 was injected into the tail 
vein of C57BL/6N mice at 10 and 15 µg/m2  (equivalent to 3.50 	Ait. 
and 5.25 µg/kg), and bryostatin 1 levels were determined as a 
function of time (Fig. 5). The half-lives of bryostatin 1 in blood c.-034,  
plasma and brain, estimated using Marquardt least squares analy-
sis, were estimated at 3.5 ± 0.6 (mean + SD) and >10 h, respectively. 
The brain concentrations at the two different doses were not sig-
nificantly different, suggesting that brain uptake is saturated at 
doses of 10 µg/m2. The maximum brain concentration that could be 
achieved by any dose was 0.20 nM. Peak brain concentrations were 
15.3% and 8.1% of the peak plasma concentrations. At 4 h, the brain 
concentrations at 10 and 15 µg/m2  were 42% and 30% of the respec-
tive plasma concentrations. This is in general agreement with the 
results of Zohar et al. [40] and Zhang et al. [41], where peak brain 

itpare vi,11.1-6k CA  a< 

Fig. 5. Time course of bryostatin 1 concentration in mouse brain and blood plasma 
after injection of bryostatin 1 (10 or 15 p.g/m2  in lateral tail vein). In the lower panel G,,--arm  
the brain data are re-plotted on a different scale for clarity. ;Pra,si) 

r- 	c 	.01 • 
141 
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plasma concentrations. 
Brain PKCe activation, as expected, was biphasic, peaking at 0.5 h 

and 1cTivi3deTri11111-1 tOward resting levels, even though bryostatin 
I levels continued to increase (Fig. 6). This is consistent with the 
short-lived activation of PKC observed previously with bryostatin. 
No downregulation below starting values was observed. The brain 
bryostatin 1 concentration at 0.5 h was 0.029 nM. 

The effect of bryostatin 1 on brain PKC translocation (an indica-
tor of enzymatic activation) was also biphasic, with maximal effects 
observed at 30-120 min and doses between 5 and 10 p.g/m2  (Fig. 6). 
In contrast to in vitro measurements with purified PKC isozymes, 
for which bryostatin 1 activates the a and s isoforms equally [42], in 
mouse brain translocation was only observed for PKca. The pref-
erence ors er trasalTcrbrerCobserved by other researchers 
[43,7]. 

4. Discussion 

The ring structure of bryostatin 1 closely resembles that of 
crown ethers, raising the possibility that in addition to activat-
ing PKC, bryostatin I may also play a biological role in regulating 
the concentrations of sodium, potassium, or other cations such as 
Fe3+ [31,44]. Bryostatin 1 has a much higher affinity for sodium 
than paclitaxel, and addition of primary amines was not effective 
in displacing metal cations from bryostatin 1 under our condi-
tions. Addition of sodium acetate to the buffer is therefore essential 
in suppressing the formation of different cation adducts in ratios 
dependent on the composition of the sample matrix, which would 
cause unacceptable variability in quantitation. Precise control of 
the electrospray conditions is also essential in preventing bryo-
statin 1 from partitioning between the 927 and 869 m/z species. 
Efficient removal of contaminating cholesterol from the sample is 
also critical in allowing bryostatin 1 to be extracted in a volume 
small enough to enable the use of narrow-bore columns and small 
sample volumes. This in turn permits the detection of bryostatin 
1 at pmo1/1 concentrations, enabling measurement of bryostatin 
1 in brain and other tissues for the first time without the use of 
radioactive labels. 

With low flow rates, injecting small amounts of sodium acetate 
through a nanospray source does not cause problems, provided 
that the inlet is washed periodically with water. However, at 
larger flow rates, it may be desirable to avoid sodium-containing 
buffers. Although we saw no signal with ammonium-containing 
buffers under our conditions, one commercial laboratory reported 
that bryostatin 1-NH4+ adducts were detectable in a Sciex API-
4000 triple quadrupole mass spectrometer using a Turbo-ionspray 
source when the source temperature is kept below 250 °C, the cone 

voltage is reduced, and high concentrations (2-10 mM) ammonium 
acetate or ammonium formate are used (Dale Schoener, Intertek, 
personal communication). Thus, for instruments using higher flow 
rates, ammonium-containing buffers may be preferable to sodium. 

In mouse brain, bryostatin 1 specifically activates PKCE: how-
ever, its therapeutic window of efficacy is remarkably narrow due 
to PKC downregulation at high doses. Despite its high molecular 
weight, considerable brain access was observed, with peak brain 
concentrations exceecp.,1 8% of the peak blood plasmaconcen-
tr-a-ti. O onsur results emonstrate that bryostatin I anoWdoses 
crosses the blood-brain barrier and activates and translocates brain 
PKC. At higher doses, activation is not observed due to downregu-
lation, but no doses were found at which downregulation reduces 
PKC activity in brain to below normal levels. 
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