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Endocannabinoids play an important role in a diverse range of neurophysiological processes including neural development,
neuroimmune function, synaptic plasticity, pain, reward and affective state. This breadth of influence and evidence for altered
endocannabinoid signalling in a variety of neuropathologies has fuelled interest in the accurate quantification of these lipids in
brain tissue. Established methods for endocannabinoid quantification primarily employ solvent-based lipid extraction with
further sample purification by solid phase extraction. In recent years in vivo microdialysis methods have also been developed
for endocannabinoid sampling from the brain interstitial space. However, considerable variability in estimates of endocannab-
inoid content has led to debate regarding the physiological range of concentrations present in various brain regions. This paper
provides a critical review of factors that influence the quantification of brain endocannabinoid content as determined by lipid
extraction from bulk tissue and by in vivo microdialysis. A variety of methodological issues are discussed including analytical
approaches, endocannabinoid extraction and purification, post-mortem changes in brain endocannabinoid content, cellular
reactions to microdialysis probe implantation and caveats related to lipid sampling from the extracellular space. The application
of these methods for estimating brain endocannabinoid content and the effects of endocannabinoid clearance inhibition are
discussed. The benefits, limitations and pitfalls associated with each approach are emphasized, with an eye toward the
appropriate interpretation of data gathered by each method.

British Journal of Pharmacology (2010) 160, 423-442; doi:10.1111/j.1476-5381.2010.00787 .x
This article is part of a themed issue on Cannabinoids. To view the editorial for
http://dx.doi.org/10.1111/j.1476-5381.2010.00831.x

this themed issue visit

Keywords: anandamide; 2-arachidonoylglycerol; FAAH; MAGL; brain; microdialysis; extracellular; LC-MS; GC-MS; quantitative
analysis

Abbreviations: 2-AG, 2-arachidonoylglycerol; AEA, anandamide, N-arachidonoyl-ethanolamine; 3-CD, B-cyclodextrin; CB,,
cannabinoid-1 receptor; CB,, cannabinoid-2 receptor; eCB, endocannabinoid; FAAH, fatty acid amide hydro-
lase; GABA, gamma aminobutyric acid; GC-MS, gas chromatography — mass spectrometry; HP-3-CD, hydroxy-
propyl-B-cyclodextrin; LC-MS, liquid chromatography — mass spectrometry; MAGL, monoacylglycerol lipase;
MRM, multiple reaction monitoring; MS, mass spectrometry; NA-DA, N-arachidonoyl-dopamine; NAE, N-acyl-
ethanolamine; NAPE, N-acyl phosphatidylethanolamine; OEA, oleoylethanolamide; PAG, periaqueductal grey;
PEA, palmitoylethanolamide; PES, polyethylsulfone; SIM, selected ion monitoring; SPE, solid phase extraction;

TTX, tetrodotoxin

In the early 1990s two arachidonic acid derivatives were iden-
tified as endogenous cannabinoid receptor ligands. The first
endocannabinoid (eCB) to be discovered was anandamide
(N-arachidonoyl-ethanolamine; AEA) (Devane etal., 1992)
and within 2 years a second endogenous metabolite,
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2-arachidonoylglycerol (2-AG), was shown to function as sig-
nalling molecule at CB, and CB, receptors (Mechoulam et al.,
1995; Sugiura et al., 1995). Both of these lipids retain an
arachidonoyl moiety that imparts a significant amount of
their bioactivity. Other endogenous molecules have been
identified that exert cannabinoid-like effects including
2-arachidonyl-glycerol ether (noladin ether) (Hanus
etal.,, 2001), N-arachidonoyl-dopamine (NA-DA) (Bisogno
et al., 2000; Huang et al., 2002), virodhamine (Porter et al.,
2002), N-homo-y-linolenoylethanolamine (HEA) and
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N-docosatetraenoylethanolamine (DEA) (Hanus et al., 1993;
Pertwee et al., 1994). However, the presence of many of these
lipids in intact tissue has been a matter of debate and their
pharmacological activity and metabolism have not yet been
thoroughly characterized. Bioactive eCB congeners such
including palmitoylethanolamide (PEA) (Re et al., 2007) and
oleoylethanolamide (OEA) (Rodriguez de Fonseca et al., 2001)
have also been identified, although these moieties do not
interact with cannabinoid receptors. Accordingly, AEA and
2-AG are still considered the primary endogenous mediators
of cannabinoid signalling.

Since their discovery, eCBs have been implicated in the
regulation of a range of physiological processes including
neural development (Fride, 2008), immune function (Pandey
et al., 2009; Stella, 2009), metabolism and energy homeostasis
(Viveros et al., 2008), synaptic plasticity and learning (Heifets
and Castillo, 2009), pain (Guindon and Hohmann, 2009),
motivation and reward (Solinas et al., 2008) and emotional
state (Lutz, 2009). Substantial evidence implicates eCB
involvement in the aetiology of drug addiction (Lopez-
Moreno et al., 2008; Parolaro and Rubino, 2008), as well as
numerous models of neurodegenerative disease. The involve-
ment of the eCB system in these various functions has been
determined through the use of physiological, pharmacologi-
cal and behavioural approaches. In many instances, the evi-
dence for an eCB mechanism is indirect and the identity of
the signalling molecule(s) is not known with certainty.
Accordingly, there has been substantial interest in the
quantification of eCB content in a variety of biological
matrices.

For nearly two decades, brain eCB content has been prima-
rily quantified by lipid extraction and purification from bulk
tissue, with subsequent analysis by liquid or gas chromatog-
raphy coupled with mass spectrometry (MS). Several excellent
articles have been written on this topic (Hardison et al., 2006;
Kingsley and Marnett, 2007; 2009; Richardson et al., 2007;
Muccioli and Stella, 2008). However, the considerable vari-
ability in estimates of brain AEA and 2-AG content has led to
debate regarding the physiological range of eCB concentra-
tions in various regions, and this issue has not been critically
addressed in the literature. In the past 10 years an alternate
approach for estimating brain eCB content has been devel-
oped that employs in vivo microdialysis for the sampling of
interstitial eCBs from awake, behaving animals. Presently,
nine publications have utilized in vivo microdialysis to
monitor interstitial eCB levels in rodent brain, yet sparse
discussion of the benefits and limitations of this procedure
exists in the literature.

This paper provides a critical review of factors that influ-
ence the quantification of brain eCB content as determined
by lipid extraction from bulk tissue and by in vivo microdi-
alysis. A focus is placed on the quantification of AEA and
2-AG in rat brain as supported by the majority of the present
literature. The intent is not to provide a comprehensive cata-
loguing of all studies that have quantified brain eCB content,
and as such the authors apologize if specific studies in a given
area are not cited or discussed. All drug and target nomencla-
ture contained in this review conforms to the British Journal
of Pharmacology Guide to Receptors and Channels (Alex-
ander et al., 2008).
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Analysis of eCB content in bulk brain tissue

Analytical methods

The quantitative analysis of eCBs and related lipids from
biological matrices nearly always utilizes chromatographic
separation, largely due to the complex nature of tissue matri-
ces even after lipid extraction and purification (see below).
eCBs and related lipids do not typically possess electroactive,
native fluorescent or UV absorbing functional groups. Chemi-
cal derivatization of AEA and 2-AG allows for spectrophoto-
metric detection with an on-column sensitivity in the
femtomole range (Arai et al., 2000; Yagen and Burstein, 2000;
Wang et al., 2001). However, derivatization approaches can
label a number of other sample constituents that absorb UV
light or fluoresce at similar detection wavelengths, placing a
substantial burden on the efficient separation of eCBs from
other confounding analytes. For these reasons, most
approaches for quantitative eCB analysis rely on mass spec-
trometric detection coupled with either gas chromatography
(GC-MS) or liquid chromatography (LC-MS). These tech-
niques offer excellent sensitivity (typically low picomole
on-column) while providing a high degree of selectivity that
results from combining chromatographic and mass-to-charge
separation. Moreover, hydrophobic eCB molecules readily
solubilize in organic solvents well suited for mass spectral
analysis.

Both GC and LC separations each have distinct advantages
for eCB analyses. A typical GC separation proceeds more
quickly and yields greater separation than LC separations,
with a single analysis typically running less than 15 min.
Chemical ionization single quadruple mass spectrometers
achieve detection limits as low as 10 fmol (Hardison et al.,
2006), sufficient for measuring AEA and 2-AG for a number of
tissues. Additionally, GC-MS instrumentation typically costs
less than comparable LC-MS. The initial experiments charac-
terizing the presence of eCBs in biological tissues were per-
formed using GC-MS techniques (Devane etal, 1992;
Mechoulam et al., 1995). This work confirmed the presence of
AEA in the porcine brain and 2-AG in the canine gut. Subse-
quent experiments employed GC-MS to confirm the presence
of 2-AG in rat brain (Stella et al., 1997) and more recent
methods have been developed for analysis of a broader range
of eCBs and N-acyl-ethanolamines including 2-AG, palmitoyl
(PEA), oleoyl (OEA) and stearoyl ethanolamide (Schmid et al.,
1995; Giuffrida and Piomelli, 1998; Schmid et al., 2000).

The vast majority of tissue eCB analyses have been per-
formed using LC-MS. These approaches provide on-column
limits of detection in the fmol range without the necessity of
chemical derivatization. Many laboratories have successfully
utilized single quadrupole instruments run in selected ion
monitoring (SIM) mode to measure eCBs; however, the
increased selectivity afforded by tandem mass spectrometers
has increased their popularity for eCB analysis. These instru-
ments can select an ion of interest, fragment it and then
monitor one of the fragmentation products. This process,
known as multiple reaction monitoring (MRM), enhances
sensitivity by dramatically reducing background noise from
tissue samples and subsequently increasing the signal to noise
ratio. Several ionization strategies have been employed for
LC-MS including protonation, adduction of metal cations



such as sodium or silver and coordination with an ammo-
nium cation.

Sample extraction and purification

Preparation for tissue eCB analysis typically consists of sample
homogenization in an organic solvent followed by a lipid
extraction. The classic methods for extracting total lipid
content from tissue samples were described in the late 1950s
by Folch (Folch et al., 1957) and Bligh and Dyer (Bligh and
Dyer, 1959), and these methods are still widely used today
(Williams et al., 2007). However, the relative abundance of
eCBs and related lipids in brain tissue is quite low compared
with the content of other lipid species in extracted samples.
High levels of these other matrix constituents can cause ion
suppression and/or create an interfering signal in the MS that
compromises quantification. Thus, despite the high degree of
specificity afforded by GC-MS and LC-MS analyses, optimiza-
tion of lipid extractions for eCBs is critical and it is often
necessary to further purify the samples using solid phase
extraction (SPE) or HPLC.

Several studies have optimized extraction conditions for
eCBs. The Hillard group has developed one of the most
straightforward approaches in which tissue is sonicated in
acetonitrile followed by protein precipitation at -10°C for
several hours in the same solvent resulting in suitably clean
samples without need for additional purification (Patel et al.,
2003; Patel et al., 2005). Other groups have determined that
extractions employing ethyl acetate/hexane solutions or
methanol are typically more efficient for eCB extraction as
compared with chloroform/methanol solutions, and repeated
solvent extractions have been found to be necessary to fully
recover eCBs from brain tissue (Richardson et al., 2007; Tan
et al., 2009). Subsequent SPE procedures can further purify
samples to improve the specificity and sensitivity of the MS
analysis. Chloroform/methanol mixtures are commonly used
to elute eCBs from silica SPE columns; however, these mix-
tures often elute other lipid species along with the analytes of
interest. Recently, Muccioli and Stella tested several solvent
systems that effectively elute eCBs from silica and determined
that ethyl acetate/acetone mixtures provide superior eCB
purification from contaminants when compared with
chloroform/methanol mixtures (Muccioli and Stella, 2008).
Additionally, Richardson et al. observed that supplementa-
tion of TEA and TFA to the SPE solvents improves eCB recov-
ery, and noted that the solvent wused for sample
reconstitution prior to LC-MS analysis also impacts eCB levels
(Richardson et al., 2007). Alternate strategies have included
reversed-phase SPE approaches (Bazinet efal., 2005; Brad-
shaw et al., 2006; Opitz et al., 2007) and polymyxin B resins
(Wang et al., 2000; Wang et al., 2001) for eCB retention and
sample cleanup. Sample purification can also be performed
by HPLC fractionation (Kirkham etal., 2002), but this
approach is typically not employed due to its laborious and
time-consuming nature.

It is worth noting that some experimental conditions
favour recovery of specific eCBs over others (Richardson et al.,
2007; Muccioli and Stella, 2008). Moreover, exposure of brain
extracts to either acidic or basic conditions can significantly
enhance the appearance of AEA (Kempe etal., 1996; Yang
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etal.,, 1999), and silica-catalysed deuterium exchange from
radiolabelled internal standards has been described that may
result in substantial overestimations of endogenous eCB
content (Hardison ef al., 2006). Thus, although general pro-
cedures for lipid extraction have been employed for decades it
is clear that a number of methodological factors have a large
impact on the extraction and purification of eCBs from bio-
logical matrices, and this in turn can result in substantial
variance in between-study estimates of tissue eCB content.

Post-mortem accumulation

One confound in tissue analyses is the potential for post-
mortem eCB changes following killing of the experimental
animal. An unavoidable delay exists between killing and the
time when brain tissue of interest is ‘fixed’ by flash freezing.
This post-mortem time ranges from seconds to minutes,
depending on the tissue handling and dissection procedures
required. Post-mortal ischemia following decapitation
induces rapid increases in unesterified arachidonoyl lipid
species, including ethanolamides (Cenedella etal., 1975;
Marion and Wolfe, 1979; Natarajan et al., 1986). Indeed,
robust post-mortem increases in brain eCB content have been
reported in rat, mouse, sheep, cow and pig brain tissue, with
significant AEA increases occurring steadily from 5 h onward
(Schmid et al., 1995; Kempe et al., 1996; Maccarrone et al.,
2001; Patel et al., 2005). Rapid post-mortem increases in rat
brain tissue 2-AG content have also been observed, with a
fivefold increase observed within 30 s of decapitation (Sugiura
etal., 2001).

Although it has been suggested that the post-mortem
increase in 2-AG occurs more rapidly than for AEA in rodent
brain, this has not been conclusively established. Only one
report simultaneously evaluated the effect of post-mortem
interval on both AEA and 2-AG content in the same brain
tissue samples (Patel et al., 2005). In this experiment, mouse
brain AEA content substantially increased at post-mortem
intervals >5 h, while brain 2-AG content was not altered at
these times. The shortest post-mortem interval evaluated by
Patel et al. was 30 min, and while a statistical comparison of
changes in eCB content at this time was not reported, AEA
levels appeared unchanged while 2-AG content was
decreased. In comparison, Sugiura et al. reported a fivefold
increase in rat brain 2-AG content that is evident 30-60 s after
decapitation, with decreases from this elevated level apparent
2-5 min after euthanasia (Sugiura et al., 2001). Evaluations
were not performed at times >5 min, and as such the duration
of post-mortem elevations in brain 2-AG is not known.
Experiments by Bazinet et al. suggest a comparable increase in
rat brain AEA occurs during the first 5 min post-mortem
(Bazinet et al., 2005). Here, anaesthetized rats were exposed to
head-focused microwave irradiation to disable enzyme func-
tion, a well-established approach for limiting post-mortal bio-
synthesis of lipid species in rodent brain (Cenedella et al.,
1975; Farias et al., 2008; Golovko and Murphy, 2008). In the
study by Bazinet et al. brain AEA content was twofold to
fivefold higher in tissue that was irradiated 5 min post-
mortem compared with tissue irradiated just prior to decapi-
tation, suggesting a rapid post-mortal AEA increase. However,
the stability of eCBs and related compounds during micro-
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wave irradiation has not been evaluated, suggesting the neces-
sity of further investigation of these changes.

Using tissue from a human brain obtained less than 1h
post-mortem, Felder et al. observed a progressive increase in
AEA content in adjacent cerebellar samples left at room
temperature for 2-24 h (Felder etal.,, 1996). Similarly,
Palkovits et al. observed a progressive increase in AEA from
microdissected brain regions removed 1-6 h after death and
in neurosurgical samples subjected to 0-6 h intervals between
their removal and freezing (Palkovits et al., 2008). Tissue AEA
content increased up to sevenfold in select brain regions
during this time, with increased levels in the neurosurgical
samples generally occurring at >1 h. In sharp contrast, brain
2-AG content significantly declined within the first 1-2 h
following death or surgical removal of tissue. It is unclear
whether this represents a decline from a rapid (<1 min)
increase in 2-AG formation that has been reported in the
rodent literature (Sugiura ef al., 2001).

Collectively these findings demonstrate that substantial
changes in eCB content occur over time in the post-mortem
brain. It is not known whether euthanasia itself alters brain
eCB content, although it is anticipated that the means for
killing would have a large influence on brain eCB content
either through pharmacological interactions (anaesthesia
overdose) or stress. Regardless, the findings reviewed above
underscore the import of the post-mortem sample handling
interval in analyses of brain tissue AEA and 2-AG content.

Endocannabinoid levels in naive rat brain tissue

Numerous research groups have reported brain tissue levels of
eCBs based on some combination of the strategies outlined
above. Analyses of whole rat brain estimate 2-AG content to
be approximately 1000-fold higher than AEA content
(nmol-g' vs. pmol-g, respectively), although there is a fair
degree of variance between studies in estimated levels of each
eCB (see Table 1). Several studies suggest that eCB content
varies across different brain regions, with threefold to fivefold
differences in content reported in studies designed for
regional comparisons. However, measures of eCB content in
specific brain regions can vary by twofold to threefold in
different reports from the same research group (Gonzalez
et al., 2002a; 2004b). Moreover, the pattern of regional differ-
ences in eCB content is not always consistent from one study
to another. For example, 2-AG content has been estimated to
be either sixfold higher (Vigano etal.,, 2003) or threefold
lower (Gonzalez etal.,, 2004a) in hippocampus versus
cerebellum.

Several factors likely contribute to the variability in brain
tissue eCB estimates between studies. As reviewed above, the
parameters for lipid extraction and purification can have a
large impact of eCB recovery, as can the post-mortem han-
dling of tissue prior to extraction. In addition, eCB estimates
made by GC-MS may vary from estimates made by LC-MS as
a result of the derivatization required for GC analyses. For
example, N-acyl phosphatidylethanolamine (NAPE) is present
in brain tissue in much greater levels than is AEA, and some
derivatization approaches can produce a derivatized NAPE
complex that is indistinguishable from derivatized AEA (Yang
etal., 1999). Insufficient selectivity may also be problematic

British Journal of Pharmacology (2010) 160 423-442

when using single quadrupole MS instruments, and this may
underlie differences in eCB levels estimated by SIM versus
MRM (LC-MS/MS) analyses. In addition to these sample han-
dling and analytical issues, it is well known that stress, diet,
gender and circadian cycle all have an impact on brain eCB
content (Patel et al., 2004; Valenti etal., 2004; Hohmann
et al., 2005; Bradshaw et al., 2006; Bortolato et al., 2007), and
it is likely that strain differences in brain eCB content also
exist. Thus, a number of factors likely contribute to the
varying estimates of brain eCB content reported in the
literature.

To provide a more comprehensive picture of regional dif-
ferences in eCB levels, we compiled data from 30 publications
in which both AEA and 2-AG were quantified in multiple
brain regions of experimentally naive rats. From these papers
we identified six brain regions for which there are at least
eight published estimates of AEA and 2-AG content: cerebel-
lum, midbrain, hypothalamus, striatum, hippocampus and
cortex (Figure 1). Each data point in this figure represents the
average value of AEA and 2-AG content reported in an indi-
vidual study derived from the analysis of tissue samples from
4-10 separate animals. The collective AEA and 2-AG levels
were calculated for each brain region based on these studies,
and the mean and standard error are represented as ovals in
the scatter plot. Thus, the ovals representing each brain
region are derived from at least 32 (often more than 80)
separate tissue samples. As exemplified in Figure 1, a great
deal of variability exists between studies in estimating
regional AEA and 2-AG content, as would be anticipated
based on the discussion above. Nonetheless, it is interesting
that regional differences in AEA appear greater than those of
2-AG. For example, the hippocampus and striatum contain
markedly higher AEA levels than the other four regions (cer-
ebellum, cortex, hypothalamus and midbrain) or whole brain.
In contrast, the 2-AG content does not differ substantially
between the six regions, with the average measure of each
region falling within from the estimate of whole brain. This
suggests a comparatively greater regional variance in brain
AEA content.

Overall, the variability in quantitative measures of brain
tissue eCB levels highlights the difficulty in assigning ‘hard’
numbers as definitions of eCB content. Certainly the unam-
biguous identification of AEA, 2-AG and other related lipids in
brain tissue has been of great importance, and the compari-
son of relative levels of different eCB moieties and possible
regional differences in their expression has provided insight
into the neurobiology eCB signalling. However, for the
reasons discussed above it is appropriate to be cautious when
considering quantitative measures of tissue eCB levels, par-
ticularly measures obtained in separate experiments. In this
context, quantitative assessment of relative changes in tissue
eCB content can be highly informative. However, the assess-
ment of relative change requires inclusion of control subjects
in each experiment, with identical sample processing for both
the experimental and control groups. This comparative
approach allows reliance on the considerable precision of
mass spectrometric techniques while reducing the influence
of the somewhat more limited accuracy associated with the
analysis of total tissue eCB content. As described below, this
approach has been used to evaluate alterations in brain eCB
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Table 1 Regional brain tissue eCB levels in experimentally naive rats
Region AEAT (pmol-g™') 2-AG" (nmol-g”') Citations (n) Footnote
Whole brain 19 (11-28) 12 (3-37) 4 1
Hindbrain (rhombencephalon)
Brainstem 52 (22-87) 9 (2-14) 4 2
Cerebellum 19 (8-35) 9 (2-20) 9 3
Pons medulla 13 21 1 4
Medulla 45 11 1 5
RVM 62 3 1 6
Midbrain (mesencephalon) 27 (11-47) 12 (4-24) 8 7
Dorsal raphe 57 (56-57) 6 (6-6) 2 8
Periaqueductal grey 43 (8-72) 9 (2-21) 3 9
Ventral mesencephalom 10 19 1 10
Ventral tegmental area 68 8 1 11
Interbrain (diencephalon) 16 (10-21) 5(2-8) 4 12
Hypothalamus 24 (9-46) 15 (3-30) 8 13
MB hypothalamus 60 5 1 14
Pituitary 12 12 1 15
Anterior pituitary 50 11 1 16
Thalamus 20 (13-30) 11 (6-18) 4 17
Cerebrum (telencephalon)
Amygdala 43 (25-53) 13 (2-27) 3 18
Striatum 41 (17-76) 8 (1-18) 10 19
Caudate putamen 42 (17-72) 6 (1-14) 6 20
Nucleus accumbens 31 (15-65) 11 (2-23) 4 21
Globus pallidus 87 (17-198) 6 (1-11) 3 22
Substantia nigra 35 (22-49) 16 (12-19) 2 23
SNr 214 1 1 24
Cortex 20 (13-39) 10 (1-35) 8 25
Frontal cortex 15 (5-25) 17 (11-22) 2 26
Prefrontal cortex 26 (17-38) 7 (1-12) 5 27
mPFC 29 5 1 28
ACC 25 3 1 29
Entorhinal cortex 55 12 1 30
Occipital cortex 17 19 1 31
Hippocampus 44 (12-84) 10 (1-40) 11 32
Dorsal hippocampus 47 7 1 33
Ventral hippocampus 51 11 1 34
Limbic structures 34 (21-54) 8 (4-12) 6 35

eCB levels in brain tissue from experimentally naive rats expressed as average literature value, with the range in parenthesis. When necessary, some values were
calculated by measurement of reported graphs.

'(Stella et al., 1997; Kathuria et al., 2003; de Lago et al., 2005; Artmann et al., 2008); 2(Bisogno et al., 1999; Gonzalez et al., 2004a; Cabranes et al., 2005; Bortolato
et al., 2007); 3(Bisogno et al., 1999; Di Marzo et al., 2000; Kirkham et al., 2002; Vigano et al., 2003; Gonzalez et al., 2004a; Cabranes et al., 2005; Bradshaw et al.,
2006; Bortolato et al., 2007; Richardson et al., 2007); “(Richardson et al., 2007); >(Bisogno et al., 1999); 5(Petrosino et al., 2007); ’(Bisogno et al., 1999; Gonzalez
et al., 2002b; 2004a; Vigano et al., 2003; Cabranes et al., 2005; Bradshaw et al., 2006; Bortolato et al., 2007; Richardson et al., 2007); &(Lastres-Becker et al., 2001;
Petrosino et al., 2007); °(Hohmann et al., 2005; Maione et al., 2006; Petrosino et al., 2007); '°(Palazzo et al., 2006); "'(Seillier et al., 2009); 2(Bisogno et al., 1999;
Gonzalez et al., 2004a; Cabranes et al., 2005; Bortolato et al., 2007); '*(Gonzalez et al., 2000; Kirkham et al., 2002; Vigano et al., 2003; Patel et al., 2004; Bradshaw
et al., 2006; Richardson et al., 2007; Rubio et al., 2007; Soria-Gomez et al., 2007); '*(Matias et al., 2008); '*(Bradshaw et al., 2006); '*(Gonzalez et al., 2000);
7(Gonzalez et al., 2002b; Bradshaw et al., 2006; Richardson et al., 2007; Seillier et al., 2009); '®(Richardson et al., 2007; Malinen et al., 2009; Seillier et al., 2009);
19(Stella et al., 1997; Bisogno et al., 1999; Di Marzo et al., 2000; Gonzalez et al., 2002b; Vigano et al., 2003; Valenti et al., 2004; Bradshaw et al., 2006; Hardison
et al., 2006; Bortolato et al., 2007; Richardson et al., 2007); ?°(Ferrer et al., 2003; Gonzalez et al., 2004a; Cabranes et al., 2005; Rubio et al., 2007; Malinen et al.,
2009; Seillier et al., 2009); 2'(Valenti et al., 2004; Soria-Gomez et al., 2007; Malinen et al., 2009; Seillier et al., 2009); ?2(Di Marzo et al., 2000; Ferrer et al., 2003;
Seillier et al., 2009); 2*(Ferrer et al., 2003; Seillier et al., 2009); 2(Di Marzo et al., 2000); #*(Bisogno et al., 1999; Di Marzo et al., 2000; Ferrer et al., 2003; Vigano
et al., 2003; Gonzalez et al., 2004a; Cabranes et al., 2005; Palazzo et al., 2006; Bortolato et al., 2007); ?5(Richardson et al., 2007; Williams et al., 2007); ’(Stella
et al., 1997; Gonzalez et al., 2002b; Valenti et al., 2004; Rubio et al., 2007; Malinen et al., 2009); 2-3%(Seillier et al., 2009); 3'(Hohmann et al., 2005); 3?(Bisogno
et al., 1999; Di Marzo et al., 2000; Gonzalez et al., 2002b; 2004a; Vigano et al., 2003; Valenti et al., 2004; Cabranes et al., 2005; Bradshaw et al., 2006; Bortolato
et al., 2007; Richardson et al., 2007; Malinen et al., 2009); 333%(Seillier et al., 2009); 33(Bisogno et al., 1999; Kirkham et al., 2002; Vigano et al., 2003; Gonzalez
et al., 2004a; Cabranes et al., 2005; Bortolato et al., 2007).

2-AG, 2-arachidonoylglycerol; AEA, anandamide, N-arachidonoyl-ethanolamine; eCB, endocannabinoid.

content resulting from eCB clearance inhibition or in the
context of animal models of disease.

Effect of eCB biosynthesis and clearance inhibition on brain

eCB content

Endogenous cannabinoid levels in brain appear to be tightly
controlled by enzymatic biosynthesis and degradation in vivo.

A number of different pathways have been implicated in
ethanolamine formation, but the specific enzymes respon-
sible for AEA biosynthesis have not been conclusively identi-
fied. To date, three main enzymatic routes for AEA formation
from NAPE have been characterized: (i) hydrolysis by a
NAPE-specific phospholipase D (NAPE-PLD); (ii) sequential
phospholipase A/B activity of ABHD4, followed by a metal-
dependent phosphodiesterase; and (iii) sequential phospholi-
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Figure 1 Comparison of published estimates of brain tissue

endocannabinoid content in six brain regions of drug-naive rats. Data
are compiled from 30 publications in which both AEA (anandamide,
N-arachidonoyl-ethanolamine) and 2-arachidonoylglycerol (2-AG)
were quantified in tissue samples from multiple brain regions, as well
as whole brain for comparison. Each small data point represents the
average value of AEA and 2-AG content reported in an individual
study, with average values from at least eight publications presented
for each brain region. The mean and standard error of the collective
AEA and 2-AG measures are represented as large ovals.

pase C (PLC) and phosphatase activity. 2-AG formation has
been primarily attributed to diacylglycerol lipase (DAGL)
activity on diacylglycerol. Two DAGL genes, DAGLa and
DAGLSB, have been identified and shown to generate monoa-
cylglycerols; however, a number of studies specifically impli-
cated DAGLo as the enzyme responsible for 2-AG biosynthesis
in vivo. Because each lipid signalling molecule may be gener-
ated via multiple pathways the development of biosynthetic
inhibitors has been a substantial challenge and presently
there are no reasonably selective inhibitors of eCB biosynthe-
sis. Some compounds such as tetrahydrolipstatin (THL, also
named Orlistat) and RHC80267 can inhibit DAGLo and effec-
tively reduce 2-AG synthesis in cell culture systems (Bisogno
et al., 2003; 2006). However, in addition to their effects on
DAGLa these compounds also inhibit a number of other
serine hydrolases (Hoover et al., 2008), and therefore do not
exhibit sufficient selectivity for studies employing systemic
administration.

The hydrolytic clearance of AEA is principally done by fatty
acid amide hydrolase (FAAH), whereas the hydrolytic clear-
ance of 2-AG appears to be primarily mediated by monoacylg-
lycerol lipase (MAGL) (Cravatt etal., 1996; Lambert and
Fowler, 2005; Blankman et al., 2007). Inhibition of these clear-
ance mechanisms produces dramatic increases in brain tissue
eCB content and a variety of cannabinoid receptor-dependent
behavioural phenotypes (Kathuria etal., 2003; Lichtman
et al., 2004b; Long et al., 2009). A number of research groups
have developed small molecules targeting FAAH; of these
molecules, URB597 has been the most studied. Administra-
tion of URB597 (0.3 mg-kg™, i.p.) reduces FAAH activity by
over 90% and produces a twofold to fourfold increase in rat
and mouse brain AEA content without altering tissue levels of
2-AG (Kathuria et al., 2003; Fegley et al., 2005; Gobbi et al.,
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200S5; Bortolato et al., 2006). URB597-induced increases in
AEA content have been observed in multiple brain regions,
although the magnitude of the effect appears to differ
between regions (Gobbi et al., 2005; Bortolato et al., 2007).
Other reportedly more selective FAAH inhibitors, such as
OL-135 (Lichtman et al., 2004a) and JNJ-1661010 (Karbarz
et al., 2009) increase brain AEA levels to a similar degree as
URBS597, however, the recently developed FAAH inhibitor
PF-3845 causes a more than 10-fold increase in mouse brain
AEA content at doses that do no alter brain 2-AG content
(Ahn et al., 2009). FAAH (-/-) mice display 50-100-fold reduc-
tions in AEA hydrolysis and greater than 10-fold elevations in
brain levels of many fatty acid amides including AEA, with no
concurrent alteration in brain 2-AG levels (Cravatt et al.,
2001; Fegley et al., 2005; Osei-Hyiaman et al., 2005).

Preliminary work evaluating the effect of MAGL inhibition
was performed using URB602. Although its low potency limits
the use of this inhibitor systemically (Hohmann et al., 2005),
when administered regionally by microinjection (Hohmann
et al., 2005) or used ex vivo on rat brain slices (King et al.,
2007) URB602 selectively raises 2-AG levels. Recently, JZ1.184
has been developed as a potent and selective inhibitor of
MAGL (Long et al., 2009). Systemic administration of JZL184
(4-40 mg-kg!, i.p.) results in greater than 10-fold increase in
2-AG in the mouse brain, without any significant effects on
AEA below 40 mg-kg'. While JZL184 (16 mgkg', ip.)
increases 2-AG levels in a number of organs, the magnitude of
2-AG changes varies significantly between these tissues (Long
et al., 2009). Simultaneous inhibition of FAAH and MAGL, by
either combined treatment with PF-3845 and JZ1L184 or using
the dual inhibitor JZL19S5, raises both AEA and 2-AG in the
brain (Long et al., 2009). Interestingly, this work determined
that dual inhibition, but neither FAAH nor MAGL alone,
produced THC-like responses, and suggest that both eCBs
play an important role in CB, signalling in vivo.

Sampling of brain eCBs by in vivo microdialysis

In vivo brain microdialysis has received widespread applica-
tion as a neurochemical sampling technique since its devel-
opment in the early 1970s. The idea of microdialysis is to
mimic the passive function of a capillary blood vessel by
implanting a small semi-permeable dialysis membrane in
tissue and perfusing the sealed system with an artificial CSF
solution. Molecules present in the extracellular space sur-
rounding the membrane diffuse into the probe as a result of
the concentration gradient, and the dialysate concentration
of these substances can subsequently be quantified. There are
many benefits afforded by microdialysis sampling. The closed
nature of the probe results in minimal tissue disturbance
during sample collection (i.e. once post-implantation equilib-
rium of the tissue is established), and the membrane acts as a
filter against large molecules thereby minimizing enzymatic
degradation of sample constituents and reducing the need for
sample cleanup prior to analysis. Analytes are collected from
the extracellular space and as such dialysate concentrations of
neuroactive substances may provide a better index of ‘signal-
ling competent’ levels than is provided by whole tissue analy-
ses. Microdialysis allows sampling from discrete brain regions,



and experiments are typically performed in conscious, freely
moving animals. Because samples may be collected for several
hours it is possible to temporally correlate changes in dialy-
sate analyte concentration with specific behavioural or phar-
macological events.

Most brain microdialysis studies focus on small, polar neu-
rotransmitters such as the monoamines, acetylcholine and
neuroactive amino acids that readily diffuse into the dialysis
probe from the extracellular space. However, the aqueous
environment within the dialysis probe minimizes diffusion of
lipophilic eCBs, resulting in very low collection efficiencies
and subsequent eCB concentrations. This obstacle has pre-
vented broad application of microdialysis to the analysis of
extracellular eCBs. However, several advances in this tech-
nique have been made to allow reliable detection of several
eCBs in microdialysates collected from rodent brain. The fol-
lowing sections will review several important factors affecting
the sampling of extracellular eCBs.

Factors influencing microdialysis recovery of eCBs

Perfusate flowrate. In general, the absolute recovery of an
analyte (e.g. the mass of analyte collected per unit time) is
directly proportional to the perfusate flow rate (Wages et al.,
1986). Based on this relationship the first report of eCB
microdialysis in rodent brain employed a fast perfusate flow-
rate (10 uL-min™") and long collection intervals (30 min) as a
means for maximizing eCB recovery (Giuffrida et al., 1999).
Under these conditions baseline dialysate AEA, PEA and OEA
levels were quantifiable by GC-MS (0.7-1.5 pmol per sample),
although levels dropped below the limits of quantitation
when slower perfusate flow rates or shorter collection inter-
vals were employed. Although this work demonstrated the
utility of maximizing eCB collection using fast perfusate flow-
rates it is worth noting that disturbance of extracellular equi-
librium is positively correlated with perfusate flowrate
(Dykstra et al., 1992). As such, fast flow rates cause greater
neurochemical disruptions in a larger volume of tissue than
do slower flow rates. It is advisable to minimize the perfusate
flowrate, ideally to <1 pL-min™ if possible. However, this
results in very small sample volumes (typically <10 pL) that
place substantial strain on the analytical method.

Membrane composition. Microdialysis probes are available
with a wide variety of semi-permeable membranes including
regenerated cellulose, polyacrylonitrile, polycarbonate,
polysulfone and cuprophan. Membranes made of these mate-
rials can differ in wall thickness, pore geometry and electro-
static charge, and these factors can exert large effects on
analyte recovery (Maidment and Evans, 1991). Among these
types of membrane materials we and others have found that
polyethylsulfone (PES) provides the highest in vitro recovery
and best temporal correlation between dialysate eCB content
and changes in external eCB concentration, possibly due to
reduced eCB adsorption to this type of membrane as has been
observed by others (Bequet et al., 2007). Each type of mem-
brane is typically available with various molecular weight
cut-off ratings ranging from 6-40 kDa. Because all presently
identified eCBs and related lipids are relatively small (<1 kDa)
it is anticipated that any of these ratings would be suitable for
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eCB sampling. However, as discussed in a later section it is
possible that eCBs associate with carrier proteins or other
‘chaperone’ moieties in the brain interstitial space and the
sampling efficiency of these complexes may be poor with low
molecular weight cut-off membranes. However, caution is
warranted in the use of high cut-off membranes that are
prone to ultrafiltration (e.g. physical passage of the aCSF
perfusate across the membrane) as this process can compro-
mise analyte sampling efficiency. Indeed, we find the in vitro
eCB sampling efficiency of 35 kDa PES membranes is approxi-
mately 50% less than that obtained with 15 kDa PES mem-
branes, and this relative difference in sampling efficiency is
sensitive to the perfusate flow rate (e.g. internal probe pres-
sure), suggesting the reduced efficiency of the 35 kDa mem-
brane is related to ultrafiltration. In addition to adversely
affecting sampling efficiency, ultrafiltration can induce physi-
cal disruption of the tissue adjacent to the probe membrane.

Perfusate composition. Another factor strongly influencing
eCB collection by microdialysis is the poor solubility of lipid
eCBs in the polar perfusate within the probe, and this severely
limits the microdialysis recovery of eCBs. One approach for
increasing eCB recovery is the inclusion of B-cyclodextrin
(B-CD) in the perfusate (Walker et al., 1999). Cyclodextrins
possess a hydrophilic outer surface and hydrophobic central
cavity that is able to form inclusion complexes with non-
polar molecules (Schneiderman and Stalcup, 2000) that
greatly improve the aqueous solubility of hydrophobic moi-
eties (Uekama ef al., 1998). In addition, eCB-3-CD complexes
effectively lower the concentration of free eCB at the inner
membrane surface, thereby creating a greater concentration
gradient into the probe and increasing eCB recovery through
‘facilitated diffusion’ (Khramov and Stenken, 1999). Perfusate
B-CD may also reduce eCB adsorption to the probe membrane
and tubing materials (Bequet et al., 2007). As a result of these
effects, perfusate f-CDs produce a more than 10-fold increase
in the sampling efficiency of eCBs (Walker et al., 1999) greatly
facilitating the quantification of these analytes from in vivo
microdialysis samples. Accordingly, most in vivo eCB microdi-
alysis studies have employed perfusate -CD (Walker et al.,
1999; Bequet et al., 2007; Caille et al., 2007; Ferrer et al., 2007;
Alvarez-Jaimes et al., 2009a,b; Long et al., 2009; Orio et al.,
2009; Villanueva et al., 2009).

One caveat with the use of perfusate B-CD is the possible
delivery of the B-CD to the tissue immediately surrounding
the dialysis probe. Although CDs themselves are not toxic and
have been widely used in pharmaceutical and food prepara-
tions (Uekama et al., 1998), these compounds can extract
cholesterol from plasma membranes (Ohvo and Slotte, 1996)
resulting in a disruption of lipid raft integrity (Ohvo and
Slotte, 1996; Bari etal., 2005; Maccarrone etal., 2009).
Because this may increase 2-AG synthesis it is conceivable
that inclusion of B-CD in microdialysis perfusates results in
artificially high interstitial 2-AG levels. However, several
observations suggest that this is not the case under standard
microdialysis conditions.

First, most studies of lipid raft integrity employ methyl-3-
cyclodextrin (MCD) for extraction of membrane cholesterol
(Bari et al., 2005; Maccarrone et al., 2009) as the methylated
form is efficacious for cholesterol extraction (Klein et al.,
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Figure 2 Effect of perfusate hydroxy-propyl-B-cyclodextrin (HP-3-
CD) content on dialysate endocannabinoid (eCB) levels. (A) Evalua-
tion of in vitro eCB sampling efficiency. Dialysis probes (n = 6) were
suspended in a medium containing 200 nM AEA (anandamide,
N-arachidonoyl-ethanolamine) and 2-arachidonoylglycerol (2-AG),
and dialysates were collected with aCSF perfusates containing 0-30%
HP-B-CD. (B) Effect of perfusate HP-B-CD (0-30%) on eCB content in
dialysates collected from the rat nucleus accumbens (n = 6). In both
experiments dialysate AEA and 2-AG levels were below limits of
quantification (n.d.) in samples collected without perfusate HP-B-CD.
Inclusion of 10% HP-B-CD in the perfusate significantly enhanced
dialysate eCB recovery, and higher HP-B-CD perfusate levels did not
further improve dialysate eCB content collected either in vitro or
in vivo.

1995; Rodal et al., 1999). In contrast, microdialysis studies
utilize hydroxy-propyl--CD (HP-B-CD) and this form is much
less efficacious at extracting membrane cholesterol (Klein
et al., 1995; Abulrob et al., 2005). Second, the efficiency of CD
delivery via reverse dialysis is likely less than 2% under con-
ditions employed in most studies (Khramov and Stenken,
1999). Thus, despite the use relatively high perfusate HP-3-CD
concentrations (1-20 mM) the HP-B-CD concentration at the
outer surface of the dialysis membrane is likely substantially
less than that employed for cholesterol extraction in in vitro
brain slices (Maccarrone et al., 2009). Moreover, the HP-3-CD
concentration likely drops precipitously at short distances
from the dialysis membrane (Dykstra et al., 1992). Third, were
HP-B-CD delivery from the dialysis probe sufficient to disrupt
lipid raft integrity, the concentration-dependent enhance-
ment on eCB recovery in dialysate would likely differ between
in vitro and in vivo experiments. However, as shown in
Figure 2 dialysate eCB levels are relatively constant with per-
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fusate HP-B-CD concentrations ranging from 10-30% regard-
less of whether the dialysis collections are performed from an
in vitro eCB solution or rat brain tissue. Lastly, given the
important influence of CB; receptors on amino acid and
monoamine release in the nucleus accumbens (Hoffman and
Lupica, 2001; Schoffelmeer et al., 2006; Sperlagh et al., 2009)
it would be expected that an HP-B-CD-induced alteration in
interstitial eCB levels would affect dialysate levels of these
neurotransmitters collected in vivo. However, in vivo dialysate
levels of gamma aminobutyric acid (GABA), glutamate,
dopamine and serotonin are unaltered by perfusion with an
HP-B-CD solution (L.H. Parsons et al., unpubl. obs.). Collec-
tively these findings suggest that HP-3-CD-induced enhance-
ment of dialysate eCB content observed in vivo results from
increased eCB collection efficiency and not from an artificial
stimulation of eCB formation induced by compromised lipid
raft integrity.

Cellular reactions to dialysis probe implantation. The tissue
damage caused by microdialysis probe implantation causes a
massive transient increase in the extracellular concentration
of neurotransmitters and other intracellular neurochemicals,
and a period of time must elapse before a post-implantation
extracellular equilibrium is established. Although some
studies indicate that the blood-brain barrier integrity is unaf-
fected by dialysis probe implantation (Tossman and Unger-
stedt, 1986; Benveniste et al., 1987; Hascup et al., 2009), other
reports describe a transient opening of the BBB that is ame-
liorated a few hours after probe implantation (Dykstra et al.,
1992). For these reasons collection of brain microdialysis
samples typically does not commence until several hours
(>6 h) after probe implantation.

However, as the post-implantation time progresses the mag-
nitude of various tissue reactions to the probe increases. Early
studies described minimal tissue changes within 1-2 days
following implantation, although areas of oedema and astro-
cyte hypertrophy were evident 3 days post implantation and
a growing presence of connective tissue (collagen) were
observed near the probe tract 14-60 days post implantation
(Benveniste and Diemer, 1987). More recent studies have
shown that astrocyte density is unaltered within the first
24 h, but progressively increases 3-7 days after probe implan-
tation (Hascup etal.,, 2009). Post-implantation changes in
microglial density follow the same pattern (Grabb et al., 1998;
Hascup et al., 2009) with microglial cytokine production near
the dialysis probe tract progressively increasing 48 h after
probe implantation (Woodroofe et al., 1991). Although light
and electron microscopy show evidence of gliosis, oedema,
axonal damage and neuronal degeneration up to 400 um
from the probe 40 h after implantation, these effects are not
observed in the first 24 h (Clapp-Lilly et al., 1999). The rela-
tive magnitude and time course of these tissue disruptions
may be dependent on the type of membrane material that is
implanted (Collias and Manuelidis, 1957; Stensas and Stensas,
1976; Benveniste and Diemer, 1987).

Overall these findings suggest a somewhat limited time
window for optimal sampling of interstitial eCBs by microdi-
alysis. Increased eCB formation following brain tissue trauma
is well documented (Panikashvili et al., 2001; Mechoulam
et al., 2002; Mechoulam and Shohami, 2007), and while most



of this evidence was gathered using models of closed head
injury it is likely that tissue trauma induced by probe implan-
tation also results in acute increases in eCB production.
Indeed, dialysate AEA and 2-AG levels are relatively high
immediately following probe implantation and decrease to
stable equilibrated levels within 2-3 h post implantation
(L.H. Parsons, unpubl. obs.). In contrast, at longer post-
implantation (>24 h) times dialysate eCB levels may be
progressively influenced by an increased presence of
astrocytes and microglia (Walter et al., 2004; Witting et al.,
2004). Accordingly, it is generally recommended that brain
eCBs should be sampled 6-24 h after microdialysis probe
implantation.

Relationship between dialysate and extracellular eCB concentra-
tions. Within the CNS eCB signalling appears to occur in a
retrograde manner with post-synaptically derived eCBs tra-
versing the extracellular space to interact with CB, receptors
on the presynaptic terminal. The best lines of evidence sup-
porting this action are eCB-dependent long-term synaptic
depression (eLTD) and eCB-dependent depolarization-
induced suppression of inhibition or excitation (DSI and DSE
respectively) (Alger, 2002; Wilson and Nicoll, 2002; Gerde-
man and Lovinger, 2003; Heifets and Castillo, 2009).
However, it has been unclear how lipophilic eCBs overcome
the diffusional barrier of the aqueous extracellular fluid to
move from the post-synaptic site of synthesis to the presyn-
aptic membrane for signalling.

Several mechanisms for frans-synaptic eCB transport have
been theorized. For example, eCBs could incorporate into
exosomes (microvesicles of endosomal origin) that neurons
actively secrete into the extracellular space upon stimulation
(Faure et al., 2006). Exosomes mirror the composition of lipid
rafts, containing high levels of cholesterol, flotillin-1 and
glycosylphosphatidylinositol-anchored proteins (de Gassart
et al., 2003; Wubbolts et al., 2003); thus, exosomes potentially
involved in eCB transport could originate directly from lipid
rafts. An alternative mechanism involves eCB binding to
carrier proteins that facilitate eCB diffusion between cells
(Bojesen and Hansen, 2003; Makriyannis et al., 2005a,b).
Although no extracellular binding protein for eCBs has been
identified, it is known that eCBs can bind to bovine serum
albumin with nanomolar affinity (Bojesen and Hansen, 2003)
and to fatty acid binding proteins (FABPs) present in brain
(e.g. FABPS and FABP7). These FABPs have recently been
shown to facilitate intracellular AEA diffusion through
aqueous cytosol (Kaczocha etal., 2009), although it is
unknown whether these or similar FABPs are present in the
extracellular space.

The possibility of these types of ‘chaperone’ mechanisms
for intercellular eCB transport has substantial implications for
microdialysis eCB measures as it is likely that eCB—chaperone
complexes are sufficiently large to limit diffusion across a
microdialysis membrane. Accordingly, the in vivo eCB sam-
pling efficiency may be considerably lower than estimates
obtained in vitro [which are typically <10%; (Giuffrida et al.,
1999; Walker et al., 1999; Bequet et al., 2007)]. As such, inter-
stitial eCB concentrations are likely much higher than might
be predicted from eCB levels quantified in brain microdialy-
sates, although the exact relationship between dialysate and
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extracellular levels is not known. Based on these consider-
ations, however, it is clearly inappropriate to utilize in vitro
recovery conversions for estimation of extracellular eCB
concentrations.

Endocannabinoid signalling may also occur through auto-
crine mechanisms. CB, receptors appear to be localized within
lipid rafts (Bari et al., 2005; Maccarrone et al., 2009) along
with biosynthetic enzymes for AEA and 2-AG, and AEA and
2-AG molecules themselves (Rimmerman et al., 2008; Maccar-
rone et al., 2009). Based on this co-localization it is possible
that AEA and 2-AG interact with CB, receptors through lateral
movement within lipid rafts. A physiological example of this
action is self-induced slow long-lasting inhibition (SSI)
observed in cortical interneurons and pyramidal cells follow-
ing a burst of action potentials (Bacci et al., 2004; Marinelli
et al., 2008; 2009). This form of eCB signalling would occur
without eCB transfer through the extracellular space, and as
such would not be accounted for by microdialysis measures.

Analytical considerations. There is no need to subject microdi-
alysates to extraction procedures prior to LC-MS analysis
because dialysates do not contain particulates or tissue matter.
However, dialysate samples contain high concentrations of
salts and B-CD that both cause ion suppression and reduce MS
sensitivity. Accordingly, samples should be ‘cleaned’ prior to
MS analysis by a reverse phase SPE, performed either offline
using disposable columns or online using an automated SPE,
prior to LC separation. For automated SPE, dialysate samples
are first injected onto a reversed-phase pre-column equili-
brated with a low organic mobile phase to retain lipophilic
eCBs while eluting salts and B-CD to waste; following sample
cleanup, increased organic content in the mobile phase deliv-
ers the eCBs to the analytical column for separation and
ultimate elution to the MS analyser.

Brain dialysate samples contain very low eCB concentra-
tions, typically in the low nanomolar range. Moreover, flow-
rate constraints and the need for reasonable sampling
intervals result in quite small sample volumes (5-30 uL).
Accordingly the total amount of eCB delivered to an LC-MS
system is typically in the attomole to femtomole range. Dialy-
sate analyses therefore require careful optimization of the
analytical method to obtain maximal sensitivity. Downscal-
ing of the LC dimensions (Legido-Quigley et al., 2002; Roy
etal.,, 2003) and miniaturization of the ESI process using
micro- or nanospray substantially improves the limit of detec-
tion by enhancing ionization efficiency (Oosterkamp et al.,
1998; Roy etal., 2003), resulting in fivefold to S50-fold
improvements in sensitivity (Lanckmans et al., 2006). Addi-
tional sensitivity can be gained through the optimization of
the my/z used for SIM of each analyte, and this is best per-
formed for each mass spectrometer used to account for
between-instrument differences in ion focusing. Similar opti-
mization of the parameters used for MRM analysis by
LC-MS/MS can provide even greater sensitivity by reducing
background noise and increasing selectivity (Baseski et al.,
2005).

Temporal resolution. The eCB content in an individual dialy-
sate sample reflects the average extracellular eCB level near the
probe over the collection period. Brief, transient eCB changes
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can thus be diluted over the course of the sampling period
and thus the sampling interval should be minimized. Unfor-
tunately, low dialysate eCB concentrations often necessitate
relatively long collection times to provide sufficient eCB mass
for detection. Published limits of quantitation for microdialy-
sate AEA and 2-AG range from 50-440 amol for LC-MS analy-
ses employing SIM (Walker et al., 1999; Caille et al., 2007;
Ferrer et al., 2007; Alvarez-Jaimes et al., 2009a,b; Long et al.,
2009; Orio etal., 2009; Villanueva etal., 2009) and
30-300 amol for LC-MS/MS measures using MRM (Bequet
et al., 2007). Baseline dialysate levels from these reports range
from 18-123 amol-uL! for AEA and 106-657 amol-uL'for
2-AG. Thus, several minutes of sample collection are typically
required to provide sufficient analyte for detection (10-
30 min collections in the references cited above). Although
future technical improvements in microdialysis and analyti-
cal instrumentation are anticipated, sub-minute temporal
resolution is unlikely using this technique. This highlights a
general shortcoming of microdialysis when compared with
other neurochemical approaches such as voltammetric analy-
ses or electrophysiological recordings of cell activity.

2-AG/AEA*
2.4
5.5
2.0
3.2
7.9

2-AG

Not determined

Not determined

5.3 nM per 1.1 fmol
Not determined

5.6 nM per 1.1 fmol
8.5 nM per 1.7 fmol
10.3 nM per 2.1 fmol
3.2 nM per 0.64 fmol
4.4 nM per 0.88 fmol

AEA-

5 nM per 1.5 pmol
0.19 nM per 2.8 fmo
2.2 nM per 0.44 fmo
2.0 nM per 0.40 fmo
0.12 nM per 3.7 fmo
2.8 nM per 0.56 fmo
1.4 nM per 0.28 fmo
2.3 nM per 0.46 fmo
1.0 nM per 0.2 fmol
0.56 nM per 0.11 fmol

Implications  of  factors  influencing eCB  recovery by
microdialysis. As described above the eCB sampling effi-
ciency by microdialysis is quite low and the eCB concentra-
tions in brain microdialysates are influenced by a number of
factors including the perfusate flowrate, size and composition
of the dialysis membrane and the composition of the perfu-
sion fluid. These factors must be considered when interpret-
ing or comparing microdialysis data across literature reports.
More importantly, while microdialysates provide a viable
index of eCB levels in the brain interstitial space, the exact
relationship between dialysate and extracellular eCB concen-
trations is not known (although interstitial eCB levels are
likely to be much higher than levels quantified in dialysates).
Thus, microdialysis is likely not a viable means for obtaining
quantitative estimates of brain eCB content. Rather, microdi-
alysis provides a reasonable approach for evaluating relative
changes in interstitial eCB content, particularly for the tem-
poral profiling of eCB content related to pharmacological or
behavioural manipulations.

Method
LC-MS/MS

LC-MS
LC-MS
LC-MS
LC-MS
LC-MS
LC-MS
LC-MS
LC-MS

GC-MS

Region
DStr
AG
NAcc
NAcc

HTh
NAcc
PFC
NAcc
OA
NAcc

Species
Rat
Mouse

Rat
Rat
Rat
Rat
Rat

at
Rat

at

’
’
’
’
’

Flowrate; sampling
interval
1 uL-min~'; 15-30 min

10 uL-min'; 30 min
0.6 uL-min~'; 10 min

0.6 uL-min~"; 10 min
1 uL-min~'; 30 min
0.6 uL-min™;

0.6 puL-min~

0.6 uL-min”';

0.6 uL-min-

0.6 uL-min’';

Applications of in vivo brain eCB microdialysis
Baseline dialysate eCB content. At the present time there are
nine published reports of in vivo brain microdialysis in rats
(Giuffrida et al., 1999; Walker et al., 1999; Bequet et al., 2007;
Caille et al., 2007; Ferrer et al., 2007; Alvarez-Jaimes et al.,
2009a,b; Orio et al., 2009; Villanueva et al., 2009), one report
of dialysis in mice (Long et al., 2009) and one report of dialy-
sis eCB measures in humans (Schabitz et al., 2002). The rat
studies were performed by four independent research groups,
each using slight methodological variations for collection and
analysis and each targeting different brain regions. Despite
these methodological differences, baseline dialysate eCB
levels are remarkably consistent across studies, with both AEA
and 2-AG levels in the low nanomolar range (see Table 2).
Lipid extracts of rat whole brain estimate 2-AG content to
be approximately 1000-fold higher than AEA (nmol-g' vs.
pmol-g™, respectively; see Table 1). However, microdialysate

2 mm
3 mm
2 mm
T mm
T mm

Membrane
(type/cut-off/length)
15 kDa, 2 mm
15 kDa, 2 mm
6 kDa, 2 mm

PC, 20 kDa, 4 mm
RC, 40 kDa, 2 mm

PES
PES
PES
PES
PES
PES
PES
PES

Giuffrida et al. (1999)
Walker et al. (1999)
Caille et al. (2007)
Ferrer et al. (2007)

Bequet et al. (2007)
Alvarez-Jaimes et al. (2009b)

Alvarez-Jaimes et al. (2009a)

Orio et al. (2009)
Villanueva et al. (2009)

Long et al. (2009)

Reference

Table 2 Summary of in vivo microdialysis publications
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2-AG, 2-arachidonoylglycerol; AEA, anandamide, N-arachidonoyl-ethanolamine; eCB, endocannabinoid; GC-MS, gas chromatography — mass spectrometry; LC-MS, liquid chromatography — mass spectrometry.

Region: DStr, dorsal striatum; PAG, periaqueductal grey; NAcc, nucleus accumbens; HTh, hypothalamus; PFC, prefrontal cortex; POA, preoptic area of the thalamus.

Dialysate eCB content listed as concentration (nM) and amount per sample (pmol or fmol).

<Ratio of 2-AG to AEA concentration in the dialysate sample.
Membrane: PC, polycarbonate; RC, regenerated cellulose; PES, polyethylsulfone.




2-AG levels are less than 10-fold higher than AEA in several
different brain structures (Bequet efal., 2007; Caille et al.,
2007; Alvarez-Jaimes et al., 2009a,b). Although the microdi-
alysis sampling efficiency for 2-AG is lower than that for AEA
(see Figure 2), this is likely insufficient to account for the large
discrepancy in 2-AG/AEA ratio between dialysis and tissue
measures. Alternatively, it is possible that a relatively large
proportion of the tissue 2-AG content is not accessible for
microdialysis sampling due to associations with binding pro-
teins, lipid rafts (Rimmerman et al., 2008; Maccarrone et al.,
2009) or intracellular localization. While such associations
might preclude 2-AG sampling by microdialysis, these dis-
tinct ‘pools’ of 2-AG would be fully accounted for in extrac-
tions from bulk tissue. However, this scenario would require a
preferential partitioning of 2-AG versus AEA into these inac-
cessible ‘pools’ and there is limited data to support this
hypothesis (Rimmerman et al., 2008). More evidence suggests
that post-mortal mechanisms increase 2-AG much more
rapidly (<1 min) than AEA (>5 h) (Sugiura et al., 2001; Patel
et al., 2005), and this may help explain why 2-AG/AEA ratio
measured bulk tissue are much higher than in vivo
microdialysates.

To investigate this possibility we characterized the effect
of euthanasia on dialysate eCB levels. A group of six experi-
mentally naive rats were each implanted with a unilateral
microdialysis probe into the nucleus accumbens following
previously described methods (Caille etal.,, 2007; Ferrer
et al., 2007; Alvarez-Jaimes et al., 2009b). Baseline dialysates
were collected for 90 min during which time the animal was
undisturbed in their homecage. Baseline AEA and 2-AG
levels were 1.0 = 0.2 and 4.7 = 0.9 nM respectively. Subse-
quently the animals were killed by filling the homecage
with CO, vapour. Death was achieved within 1 min of CO,
delivery, and this approach did not require any animal han-
dling or disturbance. As shown in Figure 3 dialysate 2-AG
levels were significantly increased by 200% within the first
10 min of death, and reached a stable plateau of approxi-
mately 600% of baseline for the subsequent 40 min of sam-
pling. In contrast, there was a subtle decrease in dialysate
AEA levels within the first 20 min post-mortem with a sub-
sequent return to baseline levels for the remaining period of
collection. These data are consistent with previous evidence
for a rapid post-mortem increase in brain 2-AG content
(Sugiura et al., 2001), although the duration of this increase
differs from previous evidence of relative decreases in brain
2-AG 30 min post-mortem (Patel et al., 2005). While further
studies are warranted, these findings suggest that selective
post-mortem increases in 2-AG contribute to the much
higher 2-AG/AEA ratio observed in bulk brain tissue extracts
versus in vivo microdialysates.

Effect of neuronal depolarization on dialysate eCB content. AEA
and 2-AG are believed to be synthesized on an ‘as needed’
basis and are released from neurons in a nonvesicular manner
in response to depolarization-induced elevations in Ca*" (Di
Marzo et al., 1994; Cadas et al., 1996; Di Marzo et al., 1996;
Stella et al., 1997; Stella and Piomelli, 2001). To test whether
eCB release is enhanced by increased neuronal activity, two
microdialysis studies have evaluated the effect of neuronal
depolarization on dialysate eCB levels (Giuffrida et al., 1999;
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Figure 3 Effect of euthanasia on in vivo microdialysate endocannab-
inoid levels. Microdialysis samples were collected from the nucleus
accumbens of naive Wistar rats (n = 6) at 10 min intervals starting 90
min prior to euthanasia by CO, narcosis (induced at time zero) until
60 min post-mortem. (A) Dialysate 2-arachidonoylglycerol (2-AG)
levels were stable over the 90 min pre-euthanasia baseline period
(repeated measures ANOVA, Fs4s = 0.578, not significant), but were
significantly increased during the 60 min post-mortem sampling
period (Fs30 = 32.635, P < 0.0001). (B) AEA (anandamide,
N-arachidonoyl-ethanolamine) levels measured in these same
samples were also stable during the baseline period (Fs 45 = 1.824, not
significant) and were not significantly altered during the 60 min
post-mortem period (Fs 30 = 1.367, not significant). The double aster-
isks denote P < 0.01 versus pre-euthanasia baseline at individual
post-mortem time points as determined by Fisher’s post hoc compari-
sons following ANOVA. See text for additional details.

Bequet et al., 2007). Giuffrida et al. observed that localized
perfusion with an aCSF solution containing 60 mM KCI sig-
nificantly increased AEA content in dialysates collected from
the rat dorsal striatum without a concomitant increase in
dialysate 2-AG levels. The effect of high K* on dialysate AEA
levels was prevented by co-perfusion with the Na‘-channel
blocker tetrodotoxin (TTX) and by removal of perfusate Ca**
ions (Giuffrida efal., 1999) confirming that the observed
increase in dialysate AEA resulted from enhanced neuronal
activity. Bequet et al. observed subtle increases in dialysate
AEA and 2-AG during perfusion of the anterior hypothalamus
with 60 mM KCI, with more robust increases in both eCBs
during perfusion with 90 mM KCl (Giuffrida et al., 1999;
Bequet et al., 2007). Substantially greater increases in dialysate
AEA and 2-AG levels were observed when a combination of
high K" and high Ca* was employed (Bequet et al., 2007),
consistent with similar effects observed in vitro (Di et al., 2005;
Ohno-Shosaku et al., 2005). In contrast to the stimulatory
effect of depolarization on dialysate 2-AG and/or AEA levels,
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dialysate OEA and PEA levels were not affected by any of these
ionic manipulations (Giuffrida etal., 1999; Bequet etal.,
2007) suggesting that formation of these related lipids is not
sensitive to changes in neural activity. The relative magnitude
of depolarization-induced increases in dialysate 2-AG and/or
AEA content (<75% increase from baseline; (Giuffrida et al.,
1999; Bequet et al., 2007) was substantially lower than typi-
cally observed with dialysate monoamine or acetylcholine
levels (300-1000% increase from baseline) (Maysinger et al.,
1988; Westerink et al., 1988; Herrera-Marschitz et al., 1990;
1992; 1996). This may be related to the much lower microdi-
alysis sampling efficiency for eCBs versus the more polar
neurotransmitters. However, on demand synthesis of eCB
would likely cause slow and subtle changes in their synaptic
levels when compared with the dramatic transient changes
that follow the massive depolarization-induced release of
vesicular neurotransmitter stores.

Perfusion with TTX or with Ca*-free perfusates dramati-
cally reduces baseline dialysate monoamine and acetylcholine
levels, and this has been used as evidence that neurotransmit-
ters in dialysates arise from neuronal sources (Maysinger et al.,
1988; Westerink et al., 1988; Herrera-Marschitz et al., 1990;
1992; 1996). In this regard it is interesting that TTX perfusion
induced a modest, non-significant reduction in dialysate eCB
levels, while delivery of a Ca**-free perfusate induced a slight,
non-significant increase in dialysate eCBs (Giuffrida et al.,
1999). A similar profile is observed with dialysate amino acids
such as glutamate and GABA, and from this it has been
suggested that baseline dialysate amino acid levels arise from
non-neuronal sources (likely glia) (Herrera-Marschitz et al.,
1996; Timmerman and Westerink, 1997). Thus, a similar con-
clusion may be warranted for eCBs, given that astrocytes and
microglia can also produce these molecules (Walter et al.,
2004; Witting et al., 2004). It should be noted that the eCB
experiments by Giuffrida et al. employed lower perfusate TTX
concentrations than has traditionally been used in experi-
ments with monoamines and acetylcholine (10-500 uM)
(Osborne et al., 1990; Keefe etal., 1992; Herrera-Marschitz
etal., 1996), and the Ca*-free perfusate used for the eCB
evaluations was not supplemented with EGTA or Mg?* that are
important for demonstrating Ca*-dependent reductions in
dialysate neurotransmitter levels (Herrera-Marschitz et al.,
1992; 1996; You et al., 1994a,b). Further work is needed to
elucidate the relative contributions of neurons and glia to
basal dialysate eCB levels.

Effect of eCB clearance inhibition on dialysate eCB content. En-
dogenous cannabinoid levels in brain are tightly controlled
by enzymatic biosynthesis and degradation in vivo. The
hydrolytic clearance of AEA is principally mediated by FAAH
while the hydrolytic clearance of 2-AG appears to be primarily
mediated by MAGL (Cravatt et al., 1996; Lambert and Fowler,
2005; Blankman et al., 2007). Inhibition of these clearance
mechanisms produces dramatic increases in brain tissue eCB
content and a variety of cannabinoid receptor-dependent
behavioural phenotypes (Cravatt et al., 2001; Kathuria et al.,
2003; Lichtman et al., 2004b; Long et al., 2009). Several recent
microdialysis experiments have evaluated the consequences
of FAAH and MAGL inhibition on interstitial AEA and 2-AG
levels in the rodent brain.
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Figure 4 Effect of systemic URB597 administration on AEA (anan-
damide, N-arachidonoyl-ethanolamine) and 2-arachidonoylglycerol
(2-AG) levels in microdialysates collected from rat nucleus accum-
bens. Baseline dialysate AEA levels were 1.7 = 0.6 nM in animals in
the URB597 group (n=7) and 1.9 * 0.8 nM in animals in the vehicle
(VEH) group (n = 6). Baseline dialysate 2-AG levels were 10.2 = 1.0
and 9.4 = 1.2 nM in these groups respectively. (A) Administration of
0.3 mg-kg™' URB597 (arrow, time 0 min) induced a significant
increase in dialysate AEA levels observable 60 min after administra-
tion that persisted for over 2 h. (B) Group comparison of URB597
effect as determined by the area under the curve (AUC). (C and D)
Levels of 2-AG measured in these same dialysate samples were not
significantly altered by either URB597 or vehicle administration. The
asterisk denotes P < 0.05 between URB and VEH groups, as deter-
mined by Fisher’s post hoc evaluations following ANOVA (A and C) or
by ANOVA of group AUC values (B and D).

Bequet et al. evaluated the effect of the FAAH inhibitor
URBS97 on dialysate AEA and 2-AG collected from the rat
hypothalamus (Bequet et al., 2007). Systemic administration
of 0.5 mgkg' URB597 increased dialysate AEA levels by
approximately 80% without altering 2-AG levels. We have
obtained similar results with dialysates collected from the rat
nucleus accumbens (L.H. Parsons etal., unpubl. obs.). As
shown in Figure 4, 0.3 mg-kg™ URB597 significantly increased
dialysate AEA levels without altering 2-AG content in these
same samples. Although we observed a more modest AEA
increase than reported by Bequet efal., it is notable that
baseline dialysate AEA levels were approximately 10-fold
lower in the Bequet study (0.1 vs. 1.7 nM respectively). As
such, the absolute change in dialysate AEA following URB597
treatment was actually greater in the nucleus accumbens
(approximately 0.5 nM) as compared with the hypothalamus
(approximately 0.1 nM). These results may reflect regional
variances in baseline extracellular AEA concentration,
although differences in perfusate flowrate (1 vs. 0.6 uL-min")
is likely a greater contributing factor in these different base-
line dialysate AEA levels. Together, these findings demon-
strate that pharmacological inhibition of FAAH activity by



URBS97 induces a subtle but selective enhancement in dialy-
sate AEA content.

In comparison with these microdialysis studies, similar
URBS597 doses induce substantially greater increases in AEA
levels measured from bulk brain tissue (Cravatt et al., 2001;
Kathuria et al., 2003; Lichtman et al., 2004b). As such, these
results highlight a distinction between the effects of FAAH
inhibition on interstitial AEA levels versus total brain tissue
content. These URB597 doses also produce significant behav-
ioural effects in a variety of paradigms. However, most studies
observe behavioural effects of this FAAH inhibitor in the
context of a stressor such as forced swimming, pain or bright
light (Kathuria et al., 2003; Lichtman ef al., 2004b; Gobbi et al.,
2005; Hohmann et al., 2005) while behavioural effects of eCB
clearance inhibition are less evident under non-stressed con-
ditions (Haller et al., 2004; Bortolato et al., 2006; Naidu et al.,
2007; Moreira et al., 2008). This ‘state dependent’ difference in
the behavioural effects of eCB clearance inhibition may result
from stress-related increases in neuronal activity that increases
eCB production, and therefore the behavioural effects of
URB597 may reflect a potentiation or prolongation of
stimulus-induced AEA formation rather than an accumulation
tonically produced AEA. From this, we theorized that URB597-
induced alterations in dialysate AEA levels may be enhanced
by manipulations that increase eCB production.

To evaluate this possibility we performed a microdialysis
study to characterize the effect of FAAH inhibition on dialy-
sate eCB levels during increased neuronal activity (e.g. depo-
larization; Figure 5). As previously observed, perfusion of
vehicle-treated rats with a high potassium/calcium solution
induced a subtle but significant increase in dialysate AEA. This
effect was significantly enhanced in URBS597-pretreated
animals, and these elevated AEA levels persisted well after
removal of the high potassium/calcium solution reflecting
reduced clearance of interstitial AEA in URBS97 treated
animals. Similar to the results described above (Figure 4) there
was a modest increase in dialysate AEA levels during the
60 min period between the systemic administration of the
FAAH inhibitor and the induction of depolarization
(Figure 5A, time —-60-0 min) although this effect did not reach
statistical significance. While dialysate 2-AG levels also
increased in response to high potassium/calcium solution,
URBS597 pretreatment had no significant effect on 2-AG
clearance.

The effects of the MAGL inhibitor JZL184 on interstitial eCB
levels have been evaluated using microdialysis in C57BL/6
mice (Long et al., 2009). As shown in Figure 6, dialysate 2-AG
levels were significantly increased in vehicle-treated mice
during and after the high K*/Ca* solution pulse, and this
effect was substantially more pronounced in mice treated
with JZL184. The effect of depolarization on dialysate 2-AG in
JZ1.184-treated mice was blocked by co-perfusion with TTX,
confirming that high K*/Ca* perfusates increase dialysate eCB
levels in an impulse-dependent manner. As expected, JZL184
did not alter dialysate AEA levels. Surprisingly, neither did the
high K*/Ca® pulse, which could be attributed the smaller area
of active dialysis membrane in this experiment compared
with those used in rats. Regardless, these data provide in vivo
evidence that JZL184 selectively modulate interstitial levels of
2-AG in mouse brain without affecting interstitial AEA.
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Figure 5 Effect of the fatty acid amide hydrolase inhibitor URB597
on depolarization-induced increases in dialysate AEA (anandamide,
N-arachidonoyl-ethanolamine) and 2-arachidonoylglycerol (2-AG)
levels in the rat nucleus accumbens. Baseline dialysate AEA levels were
1.9 £ 0.4 nM in animals in the URB597 group (n = 7) and 2.1 =
0.9 nM in animals in the vehicle (VEH) group (n = 6). Baseline
dialysate 2-AG levels were 9.4 * 1.1 and 8.3 = 1.5 nM respectively.
URB597 (0.3 mg-kg™, i.p.) or saline were administered 60 min prior
to delivery of high KCI (90 mM) and CaCl, (10 mM) perfusate for
45 min. (A) High K*/Ca? solution (shaded bar) induced a subtle,
transient increase in dialysate AEA that was more pronounced in rats
pretreated with URB597. (B) Group comparison of URB597 effect as
determined by the area under the curve (AUC). (C and D) High
K*/Ca?* solution induced a similar transient change in dialysate 2-AG
levels; URB597 pretreatment had no effect on this profile. The asterisk
denotes P < 0.05 between URB and VEH groups, as determined by
Fisher’s post hoc evaluations following ANOVA (A and C) or by ANOVA
of group AUC values (B and D).

Genetic deletion of FAAH is reported to result in >10-fold
elevations of many fatty acid amides including AEA in bulk
brain tissue (Cravatt et al., 2001; Gobbi et al., 2005), although
fivefold increases in brain tissue AEA content have also been
observed in FAAH (-/-) mice (Patel etal., 2005). When
assessed by microdialysis, baseline AEA levels are twofold
higher in the frontal cortex of FAAH (-/-) mice (1.58 =
0.1 nM; n =9) as compared with levels in wild types (0.82 =
0.1 nM; n = 9) (L.H. Parsons etal., unpubl. obs.). Similar
differences in AEA levels are also evident in dialysates from
the nucleus accumbens of FAAH (—/-) and wild-type mice
(0.88 = 0.2nM and 0.49 = 0.1 nM, respectively; n =
7/genotype). As expected there was no genotypic difference
2-AG levels in nucleus accumbens dialysates (FAAH (—/-), 5.6
+ 5 nM; wild type, 5.1 = 0.8 nM), but surprisingly FAAH (-/-)
mice had significantly higher 2-AG levels in cortical dialysates
(13.3 = 1.9 nM) as compared with wild types (8.9 += 0.7 nM).
Although uncommon, 2-AG hydrolysis by FAAH has been
reported in vitro (Goparaju et al., 1998) and the present data
suggest that some 2-AG clearance in regions including the
frontal cortex may rely on FAAH activity.

Collectively, these in vivo microdialysis data suggest that
interstitial eCBs do not robustly accumulate following acute
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Figure 6 Effect of the monoacylglycerol lipase inhibitor JZL184 on
dialysate AEA (anandamide, N-arachidonoyl-ethanolamine) and
2-arachidonoylglycerol (2-AG) levels in the nucleus accumbens of
C57BL/6 mice. JZL184 (10 mg-kg™, i.p.) or saline were administered
60 min prior to a 90 min perfusion of high concentrations of KCl
(150 mM) and CaCl, (10 mM). High K*/Ca*" solution (shaded bar)
did not significantly alter dialysate AEA levels, as determined (A) by
temporal analysis or (B) by area under the curve (AUC) comparison of
the experimental groups. Baseline dialysate AEA levels were 0.54 *
0.1 nM for the JZL184 group (n = 8), 0.55 = 0.1 nM for the JZL184
+ TTX (tetrodotoxin) group (n = 6) and 0.58 = 0.08 nM for the
vehicle (VEH) group (n = 6). (C and D) Depolarization subtly
increased dialysate 2-AG levels in vehicle-treated mice, and |ZL184
pretreatment substantially enhanced this effect. Co-perfusion with
TTX blocked the effects of high K*/Ca?" and JZL184, confirming that
dialysate 2-AG increases in an impulse-dependent manner. The aster-
isk denotes P < 0.05 between JZL and VEH groups, as determined by
Fisher’s post hoc evaluations following ANOVA (A and C) or by ANOVA
of group AUC values (B and D). Baseline dialysate 2-AG levels were
4.6 = 0.7 nM for the JZL184 group, 4.4 = 0.3 nM for the JZL184 +
TTX group and 4.2 = 0.4 nM for the vehicle group.

FAAH or MAGL inhibition in undisturbed animals, although
the influence of these clearance mechanisms is clearly evident
following stimulation of eCB formation. In contrast, genetic
deletion of FAAH causes significant elevations of interstitial
AEA even under quiescent behavioural conditions, suggesting
that pharmacologically induced clearance inhibition is tran-
sient or incomplete. Moreover, the effects of clearance inhi-
bition are typically more pronounced in measures of total
brain tissue eCB content as compared with in vivo microdialy-
sis. While this may result from technical methodological
issues, it also raises the possibility that distinct, regulated
pools of eCBs exist in brain that are differentially accessed by
microdialysis and bulk tissue analyses.

Summary and concluding remarks

Substantial advances have been made in methods for the
quantitative analysis of brain eCB content. The initial identi-
fication of AEA and 2-AG in brain tissue was made using MS,
and LC-MS and GC-MS approaches continue to be the pre-
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dominant methods employed today, albeit with substantial
refinements. Analysis of eCB content in bulk brain tissue
offers a number of advantages. It provides an index of total
tissue eCB content that is minimally influenced by eCB asso-
ciations with membrane lipid rafts, binding proteins or other
‘chaperone’ mechanisms. Moreover, bulk tissue measure-
ments can efficiently map regional eCB differences and iden-
tify spatially targeted responses to pharmacological or
physiological challenge. Furthermore, analysis of relatively
large samples provides sufficient analyte mass to enable dis-
covery and characterization of novel eCB molecules. There are
also several caveats associated with bulk tissue analyses. Tissue
samples are likely influenced by rapid post-mortem changes
in eCB production, and sample eCB content is heavily influ-
enced by the extraction and purification procedures
employed. The variability introduced by these extraction pro-
cedures complicates interpretation of data between studies,
and necessitates inclusion of control subjects in evaluations
of relative changes in eCB content associated with pharma-
cological challenge or pathologic state. This approach is not
well suited for temporal analyses, and cannot easily differen-
tiate distinct subcellular eCB pools.

Microdialysis offers an alternate approach by sampling
interstitial eCBs from the brains of conscious animals, thereby
avoiding complications that arise post-mortem. Multiple
samples are collected within a single experiment, and this
provides a within-animal baseline reference and allows for
temporal profiling of relative changes in interstitial eCB levels
following pharmacologic, physiological or behavioural chal-
lenge. In general microdialysates do not require extraction or
purification and can be directly analysed by LC-MS, and
samples can be split for the analysis of multiple analytes (e.g.
eCB and amino acid content in individual samples). Microdi-
alysis is also associated with a number of disadvantages, such
as the need for stereotaxic surgical preparation and special-
ized equipment (liquid swivels, perfusion pumps, etc.). Cellu-
lar reactions to probe implantation may confound eCB
measures obtained at substantial post-implantation times
(>24 h). The relationship between dialysate eCB content and
actual interstitial eCB levels is not characterized, and is com-
plicated by potential chaperone mechanisms for eCB diffu-
sion (e.g. binding proteins, exosomes, etc.) and microdialysis
measures likely do not index autocrine eCB signalling. Inef-
ficient eCB sampling results in very low analyte concentra-
tions in small sample volumes, placing substantial burden
on the analytical technique and resulting in poor temporal
resolution.

Although differences in effect magnitude exist between
tissue and microdialysis eCB measures, both approaches have
demonstrated higher levels of 2-AG versus AEA in various
brain regions, and both approaches have been used to dem-
onstrate the selective influence of MAGL and FAAH activity
on brain 2-AG and AEA content respectively. Moreover, these
approaches have provided similar evidence that drugs of
abuse can alter brain eCB content in a drug-specific manner.
These consistent observations provide some amount of cross-
method validation.

Conservatism is warranted when interpreting quantitative
eCB measures made either by extraction from bulk tissue or
by in vivo microdialysis due to the large number of factors



influencing both methods. While both of these approaches
can provide a reasonable index of relative changes in brain
eCB content, it is likely that neither method provides an
accurate measure of eCB concentrations at cannabinoid
receptors.

Most quantitative eCB studies in brain have focused on AEA
and 2-AG, and frequently only one of these moieties has been
analysed. Because of growing evidence for interactions
between these eCBs (Di Marzo and Maccarrone, 2008; Mac-
carrone et al., 2008), the simultaneous analysis of both eCBs
will be important in future studies. Moreover, little is known
about the content and function of other putative eCBs (e.g.
HEA, DEA, virodhamine, noladin ether and NA-DA), and even
less is known about the metabolism and function of other
arachidonoyl conjugates of amino acids and other monoam-
ine neurotransmitters that have been detected in brain tissue.
Thus a major challenge is the development of reliable and
sensitive methods for the quantitation of a broad range of
eCBs and related entourage compounds from individual
samples. Availability of these methods will be of substantial
importance for characterizing the role eCB signalling in
normal and abnormal physiological function.
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