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Search strategy

We searched the PubMed-MEDL INE databases for articles published in any
languaye throughDecember 2006 usng keywords affinity, anandamide, cannabinoid,
endo@nnabinoid, tetrahydrocannabinol, tritiated, 2-arachidonoylglycerol, and 3H (as
in QritiatedQ. In apreviousreview article we demondrated MEDL INE searches
yielded only 33%of theavailable literature (McPartland and Pruitt, 2000) so we
adopied an expandal search strategy: Additiond affinity data were obtained viathe
NIMH Psychoective Drug Screening Program (http://pdgp.cwru.edufodsp.php) Gray
literature was searched with web engines (www.oaster.org/, www.odi.gov/graylit,
www.findaticles.com), Booksin Print (1984-2006), and by hand searching the
reference lists of previousreviews (eg Demuth and Molleman, 2006 Diaz-Laviadaand
Ruiz-Llorente, 2005, Pertwee, 2005) Retrieved articles were screened for suppoting
citations and antecedent sources were retrieved. Findly we contacted world experts
and asked them to contribute any studies of which they were aware (see
Acknowledgments). We contacted investigators of origind studies for clarificationsand
missing daa.

Study selection

Three groupsof reviewers indgpendently consdered studies for indudon, and
resolved disagreements by consenaus. Reviewers were cannabinoid experts, also chosen
by ther initial willingnessto share reprints with the primary author (JM). To be
accepted for andysis, an article met thefollowingindugon criteria:
(1) Thestudyinvestigaed CB; or CB; in human (Homo sapiens Hs) or rat (Rattus
norvegicus Rn). For sengtivity andyses we aso induded studies of mouse (Mus
musculus Mm) and rhesus macaque(Macaca fascicularis, Mf). The meta-andysis was
limited to normal wildtypes, and excluded datafrom cannébinoid receptors with point



mutations cannéabinoid receptor knodkout mice, or people with neurological diseases.
Studies of chimeric condructs were aso excluded, such as NG108-15 cells (fusonsof
Rn C6BV-1 and Mm N18TG2), F-11 cells (fusonsof Rn DRG and Mm N18TG-2), and
hybrd Rn-Mm cDNA sequences (eg, GenBank gi:10719923) unfortunaely this
necessitated the excluson of classic works by Abood, Howlett, Mackie, Mechoulam,
Pertwee, and Sugiura. Studies tha used tissues or cells with unidentified receptors
were also excludel (eg, fetal lungfibroblasts). Lastly, we excluded daafrom animals
tha were previoudy expoed to cannabinoids (eg, chronic use studies), because
receptor affinity and distribution may be affected (daa from control animalsin those
studies, however, were induded).

(2) Studies were limited to the nine mog-commonly tested cannabinoids N-
arachidonoylethanolamine (anandamide, AEA), cannabidiol (CBD), cannabinol
(CBN), CP55940 HU210 SR141716A THC, WIN55212-2, and sn-2 arachidonoyl
glycerol (2-AG). Althoughother cannabinoids have been studied (eg, WH251,
desacetyllevonantradol), they were cited less frequently or in onespecies only, which
made interspecies comparisonsdifficult.

(3) Studies were limited to two aspects of cannabinoid ligand binding:

A. Receptor-ligand affinity. We induded studies tha reported affinity as Kd (the
conaentration of radioligand disassodation) or Ki (the concentration of competitive
displacement), measured in nM units. Kd is measured in a saturation assay tha
determines the conaentration of aligand occupying 50% of receptors at equilibrium. Ki
ismeasured in acompetition assay tha determines the concentration of aligand tha
displaces 50% of afixed conaentration of radioligand; theligand of interest can be
eithe acold isotopeof theradioligand or acompletely different molecule. Kd values
should reasonably agree with Ki values for agiven ligand, allowing for pipeting
inaccuracies and other experimental errors. Fifteen 1Csp studies were also induded
after investigators provided information tha enabled conversion of I Csp to Ki usgngthe
Cheng-Prusoff equaion. We indudel daafrom several studies whose Ki values may
bedightly inaccurate, because ther Cheng-Prusoff calculationswere based upon
[*H]CP55940K d values obtained from theliterature, rather than Kd values measured in
thar laboratory. These studies cited aKd of 690pM (Martin et al., 1999, Pertwee et



a., 200Q Basset al., 2002 Ligresti et a., 2009, or aKd of 690nM (Wiley et al., 1998,
Martin et d., 200Q Marquez et ., 2006). Appaently 690pM was determined in Billy
Martin® lab usng rat whole brain membranes (B. Martin, persond communication,
2006) butthe experiment was not puldished. Severa of the studies cited Compton et
a. (1993, who did notreport this value Compton and colleagues used cortical (not
whole brain) membranes.

B. CB1 receptor distribution. CB; receptors are expressed in uniqgueanaomical
distributions with receptor dengties varyingamongs brain regions CB; distribution
studies were limited to: (i) CB; studies of the brain, excluding spind cord, reting, and
the peaiphaa nervoussystem. (ii) Studes of adult, hedlthy animals. Embryologcal and
developmental studies were too few in number to make interspecies compaisons (iii)
Studies that used radioligand binding, either in situ autoradiographic techniques or
binding to dissected brain regions Studies tha measured CB; distribution usng
immunog/tochemistry (viatagged antibodies), or in situ hybridization of receptor
MRNA (vialabded oligonudeotides) were examined in pog-hocsengtivity studies
(described later). Fundiond radioligand studies were excluded, such as cannainoid-
induced [*S|GTP! S binding and cannabinoid-induced Fosexpression. Fundiond
studies were excluded because they correlated pooilly with autoradiography studies (r =
0.56, (Breivogd et a., 1997) dueto receptor/trangducer amplification factors.

Data extraction

We conduded a progective meta-andysis, where studies were identified and
determined to beeligible before theresults were synthesized. Reviewers used piloted,
standadized data extraction sheets. Supplemental Tables S-1 and S-2 are examples of
completed data extraction sheets. For each receptor-ligand affinity study, extracted
datainduded: the species of CB; or CB, ortholog, ligand Kd and/or Ki, sample
variance, sample size, and methodobgcal factors. Methodobgical factors (covaiates)
were extracted for later use in subgroup anadyses, to test whether they exerted
heterogeneouseffects uponpooled means Methodblogical factors were pre-specified,
chon in advance by a priori hypotheses based uponrecognized methodobgical
diversity amongstudies, and nat undetaken after the results of the studies had been



compiled (pog hocandyses). Methodobgical factors chosen for subgroupandyses
mug belimited in number, to protect agang false postives and daa dredging
(Thompson and Higgins, 2002) We limited subgioup andyses to five methodobgical
factors, listed bdow with a priori rationdes.

1) Affinity assays tha used brain sections(eg Herkenham et a., 199Q Thomes et
al., 1992, versusthe mgjority of affinity studies that used brain homogenaes
centrifugead to yield P2 membrane pdlets (eg Devaneet d., 1988 Comptonet d.,
1993) Investigators have noted differencesin Ki values between brain sectionsand
homogenaes, but the differences have never been measured.

2) Theuse of phenylmethylsulfonyl fluoride (PM SF) or other adjuvants that prevent
the breakdown of AEA by catabolic enzymes. Severa studies measured the Ki of AEA
in brain tissue, with and without PM SF (eg Deutsch and Chin, 1993,Abadji et dl.,
1994,Childers et a., 1994,Smith et a., 1994) Indeed, theKi of AEA in brainsof
FAAH (+/+) mice treated with PMSF (61 nM), nearly equded theKi of AEA in brains
of FAAH (-/-) mice (52 nM), about14-fold less than FAAH (+/+) mice withoutPM SF
(Lichtman et a., 2002. However, theuse of PMSF reportedly madelittle difference in
spleen tissue (Felder et a., 1995 Lin et a., 1998, or in assays usng trandected cells
(Felder et al., 1995)

3) Homogenae assays tha separated free and boundradioligandsby centrifugaion
(eg Devaneet d., 1988 Mechoulam et a., 1995)versusthe mgjority of studies that
used rapid filtration (eg Houdon et a., 1991,Martin et a., 1991). Dispaitiesin Ki
values between these methodshave been noted but never assessed.

4) Differences between Kd values and Ki values dueto theuse of dissmilar
radioligands such as thetritiated agonists [*H]CP55,940, [*H]WIN552122,
[*H]HU243,and [*H]BAY 38-7271.Tritiated inverse agonists, such as[*H]SR141716A
labd two popuktionsof receptors (Kearn et al., 1999), yielding results tha may differ
significantly fromtho<e of tritiated agonists (first reported by Thomes et al., 1992).
[*H]WIN552122 also yields uniquedisplacement curves, possibly dueto divergent
bindingdomains(Thomes et a., 2005. A 25-fold disparity has been reported in Ki
values obtained from [°H]SR141716Aversus[°H]WIN552122 (Petitet et al., 1996)



5) Affinity may vary in naive tissues versus heterologousy expressed systems (eg,
trandected COS, CHO, and HEK cells). A few investigators have made direct
compaisons Felde et a. (1992 compaed theKd of CP55,940at RnCB1 in brain
homogenates (Kd = 2.3 nM) versusRnCB1-tranfected CHO cells (4.0 nM). Felder et
a. (1995 compaed the Kd of CP55940at HSCB2 in CHO cells (7.37 nM) versus AtT
cells (6.94nM). Rheeet d. (1997) compared theKi of THC, CBN, and HU210at
RnCBL1 in brain homogenaes (665, 392 0.1 nM, respectively) versus COS cells (80.3,
211nM, 0.2 nM). Mauler et a. (2002)compared theKi of THC at HSCB1 in brain
homogenates versus unidentified recombinant cells (13.7 vs 153 nM). Thomeset .
(2005)compared theKi of SR14176Aat HSCB1 in cerebdlar hompogenaes versus
CHO cells (3.89vs4.67 nM). Paughet a. (2006)compared the Ki of WIN552122 at
MmCBL1 in brain homogenaes versus CHO cells (4 vs 11 nM). To wit, some naive
tissues may express both CB1 and CB2 receptors (Pertwee, 2005) Chin et al. (1999
compared the Kd of WIN55,212-2 at HSCB1 in CHO cells (21.7 nM) versusHEK293
cells (204 nM).

Whereas mog studies reported oneKd or Ki per ligand, some studies reported ten
or more Kd or Ki results, usudly from different brain regions To prevent over-
weighting of these studies in the meta andysis, we limited extraction to a maximum of
four affinity values per ligand per study. Studies tha presented affinity values as
negaive base-10 logaithms (eg, pKi) were convated to nanomolar (nM) units. If Kd
was reported twice from Scatchard andysis and nonlinear regression andysis, we used
Scatchard data.

For themeta-andysis of CB1 distribution studies, extracted datainduded: the
species of CB1, mean dendty per brain region, and study size. We aso extracted two
methodobgical covariates. 1) theradioligand used in thestudy, and 2) theuse of an
autoradiographic technique (often measured as optical dendties) versusa dissected
brain region technique(directly measured as fmol/ml of tissue). In studies tha reported
nonruniform labding within asingle brain region (eg Glass et a., 1997)divided the
hippo@mpusregioninto five subgrata of CA1, CA2, CA3, andfourlayers of the
subicular complex), we counied the single subdrata with the greatest CB1 densty per
region.



When more than onepublication described theresults of a single experiment, we
extracted data from the publication with the mogs complete information regarding that
experiment. For example, theKi for THC at RnCB; reported by Compton et al. (1993)
40.7 nM, has reappeared in many publications sometimes roundel to 41 nM (eg Wiley
et a., 1998 ,Mahadevan et al., 200Q Wilcox et a., 1988,Martin et al., 1999.
Decisionsregarding data extraction and qudity assessment met consensus before daa
was extracted for synthesis.

Quality assessment and publication bias

Dozensof guiddines and checklists for assessing the qudity of puldished studies
have been formulated, such asthe 22-item CONSORT checklist (Mohea and Olkin,
1995) However, thekey components in these guiddines, such as paient
demographics, blinding of paients andinvestigaors, and dropoutrates, and have little
relevance in our meta-andysis. Therefore, our guiddines for assessing the qudity of
studies extracted in this meta-andysis were theinduson and excluson criteria. On the
other hand, we adgpted the guiddine checklist by Mohe et al. (1999)for qudity
assessment of our own meta-andytic methodolbgy.

Publication bias describes the tendency to publish postive resultsin clinical
research. Thiswas notconsdered relevant in signal transdudion studies. Publication
biasis usudly detected with funné plots, which are scatter plots of effect sizes
(Higginsand Green, 2005) Funné plots could notbe congdructed from owr daa, which
lacked effect sizes. Rosenthad @ fail-safe nunber, another test for publication bias, is
also based uponeffect size.

Data synthesis

Data were synthesized quantitatively or quditatively. Quantitatively, theKi for each
cannabinoid at four receptors (HsCB1, RnCB;, HSCB,, RnCB,) was synthesized twice,
as a pooled mean and as a pooled weighted mean. Because larger studies with less
variance should carry more QveightOin a meta-andysis, theweighted mean adjusted a
study®@ mean Ki by thereciprocal of themean@ variance. Thusthe weighted affinity
(WA) for anindividud study is:



WA = Ki x 1/(standad error of themean)?

where standad error of themean (SE) = standad deviation/ " n,

and where SE = the 95% corfidence interval (uppe limit Blower limit) / 3.92.
Pooled WA = # (WA) / # (1/SE?)

Many affinity studies did not provide sample size or sample variance data, making
it difficult to calculate a weighted mean. In studies tha omitted sample size or sample
variance daa, it is possible to impute missing data by usng the mean sample size and
mean variance calculated from studies that did indudethese daa (Piggot, 1994
Higginsand Green, 2005 Wiebeet a., 2009. However, weighted meanstha use
variance imputationsmug beinterpreted with caution if variance is confounded by
methologic factors tha influence the pooled mean. Thevalidity of aweighted mean
dependsheavily uponthevalidity of itsundelyinglinear modd theory (Boyce et dl.,
2005)

To deerminewheher pooling was statistically approprate, the coefficient of
variation (CV) was determined for each pooled mean. The CV measures data
dispersion of a probability distribution, defined astheratio of the standad deviation to
themean (Reed et al., 2002) CV provides a method of measuringintringc variationin
asample or popuktion, because increasesin variance caused by inareases in meansare
appropriately adjuged in acommon percentagescale. To the CV we applied the
Cochrane Gkew testO(Higginsand Green, 2005) a skewed mean with excessive
heterogenaty wasidentified by aCV $ 1 (standad deviation $ mean). Medical meta-
anayses tha measure effects sizes often assess heterogenaty with the Cochran Q test, a
form of weighted sums-of-squaes. Thusthetotal heterogenaty (Qr) amongn nunmber
of studiesis: Qr = # (U/SE?); (WA; Bpooled WA)?
where (1/SE?); istheinverse variance of theith study, and WA, istheweighted mean
of theith study (i = 1E n).

A large Qr valueindicates significant heterogendty. P values can beobtained by
compaing the Qr with a chi square distributonwith n B1 degrees of freedom This
tests whether theweighted meansfor al of thestudies are equd; a significant result
indicates the heterogendty is greater than expected dueto sampling error (Higginsand
Green, 2005)



Subgroup meta-regression

In the presence of significant heterogendty, we applied arandomeffects modd
(Higginsand Green, 2005) and performed meta-regressonsuponsubgroups
(Thompson and Higgins 2002) Sugroupswere based on methodobgical covariates,
described above (ata ExtractionQsection). Meta-regression optimally employsn $10
observationsper covaiant (Higginsand Green, 2005). This proved difficult or
impossible for some of the methodobgcal covariates, as noted bdow:
1) Brain hompgenates versusbrain sections This comparison utilized CP55%40 daa at
RnCB;, to optimize sample size (i.e., theligand and receptor tha provided the greatest
number of observationsper covaiant).
2) PMSF versusno PMSF in brain tissue utilized AEA data at RnCB;. Theeffects of
PMSF upon2-AG affinity could notbeandyzed because of inaufficient daa. Ditto
PMSF effects upon2-AG affinity in brain or spleen.
3) PMSF versusno PMSF in CB;-trandected cellsutilized AEA daa at HSCB1,
althoughn < 10.
4) PMSF versusno PMSF in CB,-trandected cellsutilized AEA daaat HsCB2,
athoughn < 10.
5) Filtration versus centrifugaion compaisonsutilized CP55940daa at RnCB;,
althougha paudty of centrifugéaion daa necessitated pooling of THC and HU210daa
with the CP55940data at RnCB; for the centrifugaion covariate. Poolingwas
performed by nomalizing THC and HU210data; we used preliminary pooled meansto
make algebraic recalculations For example, thepreliminary pooled meansof CP55940
and THC at RnCB; were 0.92 nM and45.3 nM, respectively. ThusTHC 46 nM at
RnCB; (Devaneet d., 1992)was normalized [46 x (0.92/45.3) = 0.934], and pooled
with CP55940data.
6) Kd versusKi compaisonsutilized CP55940data at RnCB;.
7) Ki measured by different radioligandsutilized CP55940daa at RnCB;, which
provided ample samples of Ki measured by [*H]CP55.940and [*H]SR141716A
Paudty of datafor [*H]WIN552122 and [*H]HU243 was resolved by pooling of



WIN552122 daa (at RnCB;) with CP55940daa, after appropriate nomalization usng
preliminary pooled means, as described above

8) Thecomparison of native tissues versustrangected cells utilized CP55940data at
HsCB;. A scarcity of ndive tissue daawas remedied by pooling of THC and
WIN552122 daa (at HSCB,), after appropriate normalization.

Final synthesis of affinity and distribution data

Meta-regression identified several methodobgical aspects tha contributed to
heterogenaty. Based on these results, we withdrew thefollowing heterogeneousdata:
affinity datareported in studies tha used sectioned brain tissue, AEA daain studies
tha used homogenized brain tissue not treated with PMSF, and Ki datain studies tha
used [®H]SR141716Aas radioligand. To these adjusted meanswe reapplied the CV-
skew test. Persistently skewed meanswere submitted to Grubb@ test, usng an outlier
calculator (GraphPad, www.graphpal.convquickcalcs/Grubbdl.cfm). Studies with data
outliers were ingected for methological flaws, and in some cases were removed from
synthesis, asnoted in Table S-1 and Table S-2. Notably, outliers were frequently
reported as logaithmic trandormationsin theorigind literature, which isacommon
method of dealing with skewed daa. This treatment of poded meanswith large SDsis
also known as Gnodeator andysisOand reduces artifact when cal culating pooled
means (Glasset a., 198]). The CV-skew test sometimes could not be met for sample
sizes of n %3.

Comparisonsof meanswere tested for statistical significance with theMann-
Whitney U or Wilcoxonrank sum test, peformed with SYSTAT 5.2.1 (Systat, Inc,,
Evangon, IL, USA). Althoughou datafit normal distribution Qule of thumbCskew
and kurtogs values (in therange+2 to -2), some data did not meet nommality
assumptionswhen subjected to aformal goodnas-of-fit test (Lilliefors correction of
Kolmogrov-Smirnov test), therefore we used nonparametric tests.

If were-andyzed daa with paametric ANOVA, only onestatistical inference changed
in Table 1-3: theKi of AEA at HSCB; and RnCB; became significantly different (p =
0.004).
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For CB; distribution daa, the studies presented in Supplemental Table S-6 were
synthesized quditatively as scalar trandormationsor as narrative comparisons Scalar
trandormationswere peformed uponevery studytha reported CB; dendty in $2 brain
regions Therelative dendty of each brain region was ranked (arrayed) from highest
valueto lowest value Rank orders fromindividud studies were then aggregated usng
abubble-sort algorithm (Sese and Morishita, 200]). Additiondly, we used narative
comparisonsto describe aspects of CB; distribution tha were nat quantified in origind

studies (eg, receptor paternsin autoradiography images).

Senditivity analysis

A series of andyses were then performed to judgea priori hypotheses and the
robugness of theresults. We began by identifying additiond methodobgical covariates
based uponpog-hocobsrvations Next, thevalidity and numerical precision of our
pooled Ki and Kd values were tested, usng three approaches:
1) Thepooled Ki and Kd values were scalar trangposed into rank orders, and ranked
from highest affinity to lowest affinity. These results were compared to rank orders
derived by amethodindgpendent of arithmetic means For every origind study tha
examined $2 ligandsper receptor, ligandswere ranked from highest to lowest affinity;
individud studies were then aggregated usng a bubble-sort algorithm. Affinity rank
orde derived fromthe bubble-sort algorithm was then compared to arank order
derived fromthe pooled means
2) Pooled Ki and Kd values for Hs and Rn were compared to thefew studies tha made
direct interspecies compaisons 3) Pooled Ki and Kd values for Rn were compared
with pooled Ki and Kd meansfrom Mm studies. Rn and Mm cross-species differences
no doubtexist, buttherodents share similarity ona molecular level DPRNCB; and
MmCB; are 99.8% identical (diverging at oneresidueoutof 473amino acids),
compared to RnCB; and HSCB; differing at 12 resdues plusa codonddetion
(McPartland et al., 2009. RnCB; and MmCB;, are 93.3% identical (McPartland et al.,
2006)

Sengtivity andyses for CB; brain distribution data al so utilized cross-species

compaisons Regiond rank orders for RnCB; were examined for congstency with
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MmCB; rank orders, and HSCB; rank orders were examined for consstency with two
other primates, rhesus macaque (Macaca fascicularis, Mf) and baboon(Papio
hamadryas Ph).
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