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Abstract

It has been suggested that cannabimimetic drugs could be of interest in the treatment of several nervous disorders. Thus, it is
important to analyse the distribution and properties of cannabinoid (CB) receptors directly in human brain. As postmortem
human tissue is subjected to the effects of several biological variables, we have analyzed by autoradiography the influence of age,
postmortem delay and freezing storage period (at —25 °C) on two parameters corresponding to cannabinoid CB; receptors in
human frontal cortex: receptor density and degree of activation of G-proteins ([*°SJGTPYS assays). A significant decrease in the
amount of both receptor density and agonist-stimulated G-protein activity was observed with age, revealing a mean reduction of
about 10% per decade. In contrast, no significant correlations were found with postmortem delay either for CB, receptors density
or functionality. Finally, both parameters (receptor density and [>>SJGTPyS response) were significantly reduced with freezing sto-
rage period at —25 °C in frontal cortical layers. Non-linear analysis of these data yielded values between 12 and 24 months of
storage for a 50% reduction. In conclusion, when studying CB; receptor properties in human brain samples, a careful analysis

(and matching) for variables such as age and freezing storage period has to be carried out.

© 2003 Published by Elsevier Ltd.
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1. Introduction

Preparations of Cannabis sativa, such as marijuana
and hashish, have been used for medicinal and rec-
reational purposes for at least 4000 years, and now-
adays cannabis derivatives are still among the most
commonly used illegal drugs in the US (Adams and
Martin, 1996). The major psychoactive constituent of
C. sativa preparations, A’-tetrahydrocannabinol (A°-
THC), as well as other natural and synthetic com-
pounds with cannabimimetic activity are known to
bind to and activate at least two G-protein-coupled
receptors, named CB; and CB, (Matsuda et al., 1990;
Munro et al., 1993). Most of the central nervous sys-
tem (CNS) effects of cannabinoid (CB) agonist are
mediated by the CB,; receptor, which is highly expres-
sed in the human brain (Glass et al., 1997). Several stu-
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dies suggest that biochemical and functional alterations
of CB; cannabinoid receptor may be implicated in the
pathophysiology of distinct neurological and psychi-
atric disorders, such as Parkinson’s disease (Lastres-
Becker et al., 2001), Huntington chorea (Richfield and
Herkenham, 1994; Lastres-Becker et al., 2002), Alzhei-
mer’s disease (Westlake et al., 1994; Fernandez-Ruiz
et al., 2002), schizophrenia (Dean et al., 2001; Ujike
et al., 2002) or major depression (Mato et al., 2001).
Thus, the possibility exists for a therapeutic use of CB
compounds in these disorders. Furthermore, clinical
studies with cannabimimetic drugs have been carried
out for the treatment of chronic pain (Campbell et al.,
2001), spasticity (Consroe et al., 1997), Tourette’s syn-
drome (Muller-Vahl et al., 2003), migraine (Russo,
1998) and epilepsy (Cunha et al., 1980) among other
neurological indications. On the other hand, the poss-
ible relationship between the chronic abuse of cannabis
and the increased risk for schizophrenic symptoms is a
matter of important debate (Zammit et al., 2002).
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Because of this, the detailed knowledge of the proper-
ties and distribution of CB receptors in the human
brain has become of increasing interest.

In order to demonstrate that a disease process results
in modifications in receptor density and/or functionality
in human brain, it is necessary to control the possible
influence of variables which are thought to alter these
parameters. In this context, neurochemical postmortem
studies carried out in postmortem tissue present several
methodological problems, including the influence of age,
the delay between death and tissue dissection and sto-
rage (postmortem delay, PD) and several factors related
to sample storage prior to assay, such as duration and
temperature (freezing storage period, FSP). The respon-
siveness to many neurotransmitters is known to be
modified during senescence, and some of these altera-
tions have been consistently associated with reduced
receptor and /or G-protein densities (Dewey et al., 1990;
Young et al., 1991; Sastre and Garcia-Sevilla, 1994;
Arranz et al., 1993; Li et al., 1996). In contrast, several
studies suggest that human brain neurotransmitter
receptors are remarkably resistant to long PD at 4 °C
(Westlake et al., 1994; Pazos and Palacios, 1989; Rodri-
guez-Puertas et al., 1996). In the same way, Gonzalez-
Maeso et al. (2002) have recently reported no influence
of PD at this temperature on basal or agonist-stimulated
[**S]IGTPyS binding in human brain. With respect to
CB; cannabinoid receptors, several studies indicate that
the protein and messenger RNA level are disminished in
aged rat and human brain (Westlake et al., 1994;
Romero et al., 1998). Romero et al. (1998) have also
shown a loss of CB agonist-stimulated [*°SJGTPyS bind-
ing in the brain of aged rats, but this issue has still to be
analyzed in postmortem human brain. On the other
hand, the influence of PD on the properties of CB recep-
tors in the human species has not yet been analyzed.
Finally, long FSP are common in biochemical and mor-
phological studies of neuropsychiatric disorders in post-
mortem human brain, due to the time necessary to
collect a reasonable number of cerebral samples. Fur-
thermore, autoradiographic studies in human brain
usually require keeping the tissue blocks stored at —25
°C after the first sectioning process (Kontur et al., 1994;
Rodriguez-Puertas et al., 1996), in order to avoid tissue
artifacts due to a repeated freezing—thawing process.
Nevertheless, data about FSP effects on neuro-
transmitter receptor levels and functionality are still
scarce. Rodriguez-Puertas et al. (1996) have shown a
significant decrease of muscarinic receptor density
related to the storage of the human brain samples at
—25 °C, but there is no information about FSP effects
on CB; receptor levels and G-protein coupling ability in
postmortem human brain.

The purpose of this study was to examine the influ-
ence of aging, PD and FSP on CB; receptor density
and functionality in a large number of postmortem
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human samples from patients who had died without
evidence of neuropsychiatric disorders. In order to gain
a high level of anatomical resolution, the study was
carried out by means of autoradiographic techniques.

2. Materials and methods
2.1. Subject selection and brain samples

Human brains were obtained from 31 subjects (18 men
and 13 female, age = 22-74 years; PD at 4 °C = 0-66 h;
FSP at —25 °C for [PH]JCP55940 autoradiography =
2-91 months; FSP at —25 °C for [*>S|GTPyS
autoradiography = 0-89 months) without any record of
neurological or psychiatric disorders and who had
mainly died by sudden accidents (n= 18). Other causes of
death included neoplasia (n= 10), myocardial infarction
(n=2) and asphyxia (n=1). These subjects showed a
negative test on the toxicological screening for psycho-
tropic drugs and alcohol.

The brains were obtained and removed at the
Department of Pathology, University Hospital ‘“Mar-
qués de Valdecilla”. The procedures for obtention and
handling were approved by the Ethical Research Com-
mittee of this Institution. Blocks containing the frontal
cortex (Brodmann area 9) were promptly dissected and
stored at —25 “C. Consecutive tissue sections were cut
at —25 °C using a microtome-cryostat, mounted on
gelatinized slides, and stored at —25 “C until assayed.

2.2. Cannabinoid receptor autoradiography

CB receptor autoradiography in postmortem human
brain was carried out by the incubation of consecutive
15 pm-thick sections in the presence of the CB agonist
[*H]CP55940 (Dupont/NEN; specific activity 125 Ci/
mmol). The incubation procedure was based on the
method described by Glass et al. (1997) with modifica-
tions (Mato et al., 2001). Sections were incubated for
2 h at 37 °C with 3 nM [PHJCP55940 in a 50 mM Tris—
HCI buffer (pH 7.4) containing 5% BSA. Non-specific
binding was determined in the presence of 10 puM
WINS55212-2 (RBI, Natick, MA, USA). Following the
incubation, the sections were washed twice for 2 h at
4 °C each, in a 50 mM Tris—HCI buffer (pH 7.4) with
1% BSA, and dipped briefly in distilled water. Finally,
the sections were dried on a cold air-stream.

Autoradiograms were generated by apposing the
labelled tissues to tritium-sensitive films ([*H]-Hyper-
film, Amersham, Buckinghamshire, UK) together with
*H polymer standards (Amersham microscales). The
films were developed after a 15 day exposure at 4 “C.
After the scanning of the films, the autoradiograms
were analyzed as described by Unnerstall et al. (1982),
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using a computerized image analysis system (NIH-
IMAGE program, Bethesda, MA, USA).

2.3. [*’S]GTPyS autoradiography

[**SIGTPYS (Dupont/NEN; specific activity 125 Ci/
mmol) binding to human brain slices was performed
according to the protocol described by Sim et al.
(1996), with several modifications (Rodriguez-Puertas
et al., 2000). Twenty micrometer-thick sections were
preincubated for 30 min at 25 °C in a buffer containing
50 mM Tris-HCI, 0.2 mM EGTA, 3 mM MgCl,, 100
mM NaCl, 1 mM DTT, 2 mM GDP, 0.5% BSA
(pH 7.7) and then incubated for 120 min in the same
buffer containing 0.04 nM [*S]GTPyS. Non-specific
binding of the radioligand was determined by isotope
dilution in the presence of 10 uM GTPyS. The CB ago-
nist-stimulated binding was measured under the same
conditions in the presence of 100 uM WINS55212-2.
The specificity of the CB; receptor-mediated stimu-
lation was verified by coincubation with 10 puM
SR141716A (kindly supplied by Sanofi Reserche, Mon-
tpellier, France). After the incubation, the slides were
washed twice for 15 min at 4 °C each in cold 50 mM
Tris—-HCI1 buffer (pH = 7.4), and dried on cold air-
stream. The sections were then exposed to B radiation-
sensitive films (Hyperfilm p-max, Amersham, UK)
together with '*C polymer standards (Amersham
microscales) for 48 h at 4 °C.

2.4. Data analysis

Autoradiographic data correspond to the mean of
duplicate different measures for each case. CB receptor
autoradiographic densities were corrected for the spe-
cific activity of [PH]JCP55940 at the calibration date,
and presented as B (binding density) in fmol/mg tissue
equivalent (fmol/mg t.e.). [*>S]|GTPyS binding data
were also corrected for the specific activity of the radi-
oligand at the calibration date, and the decay factor of
3S. Basal values are presented in nCi/g tissue equiva-
lent (nCi/g t.e.) and CB agonist-stimulation data are
presented as percentage of WINS5212-2 effect over
basal values ([agonist — basal] x 100/basal).

The possible association between CB receptor density
and age, postmortem delay or FSP was evaluated by
partial correlation analysis (SPSS 4.0"), and Pearson’s
coeflicients (r) were obtained. Linear and non-linear (one
phase exponential decay) regressions were calculated
(GraphPad Prism 3.0 for Windows, GraphPad Software,
San Diego, CA, USA) between [PHJCP55940 autoradio-
graphic densities and age or FSP by the method of least
squares, and Pearson’s coefficients for simple correlation
were obtained. The FSP values associated with a 50%
decline in CB receptor density (FSPs,) were calculated
by both analysis methods. The comparison between
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analysis models was made by the extra sum of squares
principle (Snedecor F-test).

In the same way, partial correlation analysis was per-
formed to evaluate the possible association between
basal or WIN55212-2-stimulated [>°S]GTPyS autoradio-
graphic data, and age, PD or FSP. Lineal and non-linear
regressions between basal or CB agonist-stimulation per-
centages and age or FSP were calculated and FSPs
values obtained. The level of significance was chosen as
p< 0.05.

3. Results
3.1. Age

Partial correlation analysis showed a significant
decrease of CB receptor density in human frontal cor-
tex with age (p< 0.01) (Table 1). Nevertheless, linear
regression analysis including all the subjects resulted in
no significant variations of [PH]JCP55940 autoradio-
graphic densities related to age (Fig. 1A). In contrast,
when the same analysis was carried out including only
the subjects with FSP below 40 months (n= 18), signifi-
cant regression lines were obtained for all the layers of
the human frontal cortex (r = —0.49 to —0.59; p<
0.05). With this linear decay model, 8-10% decreases of
CB receptor density per decade relative to the stimu-
lated binding at birth time were calculated.

On the other hand, basal [*>’SJGTPYS binding levels
in postmortem human cortex were negatively and sig-
nificantly correlated with age (p< 0.01) (Table 1,
Fig. 1B). With the linear decay model, the percentage
of decrease of basal [*>S]JGTPyS binding values per
decade was 9-11% relative to the stimulated binding at
birth time. In contrast, through the range of age ana-
lyzed in this study, no significant variations were found
in the percentages of WINS55212-2-induced-stimulation
[**SIGTPyS binding (Table 1, Fig. 1C).

3.2. Postmortem delay

CB receptor density in human cortex did not signifi-
cantly correlate with postmortem delay (Table 1). In
the same way, neither basal nor WINS55212-2-stimu-
lated [*>SJGTPyS binding levels showed a correlation
with postmortem delay within the range of values ana-
lyzed in the present study (Table 1).

3.3. Freezing storage period

CB receptor densities decreased significantly with
FSP in all the layers of the human frontal cortex
(»< 0.0001) (Table 1, Fig. 2). FSPs, values of 32-34
months were obtained with the linear regression model.
In a marked contrast, the fitting of the data to a one
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Fig. 1. Effect of age (range 22-73 years), left, and FSP at —25 °C (range 2-91 months for [°’H]CP55,940 autoradiography and 0-89 months for
[**SIGTPyS autoradiography), right, on cannabinoid receptor density (A, D) and basal (B, E) or WIN55212-2-stimulated [**SJGTPyS autoradio-
graphic levels (C, F) in the layer IV of human frontal cortex. Individual values (m) and significant regression lines are shown. The comparison
between the linear and non-linear regression models resulted in a better fitting of CB; receptor density and WINS55,212-2-stimulation values to

FSP through the one phase exponential decay model.

phase exponential decay model yielded relative lower
FSPs, values, ranging from 14 to 17 months of storage
at —25 °C (Table 2, Fig. 1D). The comparison between
both analysis methods resulted in a better fitting of CB
receptor density—FSP values relationship to the non-

linear regression model (p< 0.001).
On the other hand, basal [>’S]GTPYS levels showed a

negative correlation with FSP (Table 1, Fig. 3). Fitting
of the data to the linear regression model yielded FSPs,
values of 56-68 months (Table 2, Fig. 1E). In the same
way, FSP significantly decreased WINS55,212-2-induced
stimulation of [*>SJGTPyS binding in human frontal
cortex (Table 1, Fig. 3), FSPs, values of 35-47 months
being obtained (Table 2). In the latter case, the compari-
son between linear and one phase exponential decay
analysis models resulted in a better fitting to the expo-
nential decay model in the layers IV-VI of the frontal
cortex (p< 0.05). Again, the non-linear regression model

NP: NEUROPHARMACOLOGY - ELSEVIER

yielded relative lower FSPsy values for these layers
(12-18 months) (Table 2, Fig. 1F).

4. Discussion

Cannabinoid CB; receptors have been implicated in
the pathophysiology of several neurological and psy-
chiatric syndromes, including spasticity, pain, epilepsy
and pychiatric disorders (see Introduction), suggesting
a possible role for cannabimimetic drugs in their treat-
ment (Consroe et al., 1997; Russo, 1998; Campbell
et al., 2001; Croxford, 2003). However, most of the
information on the characteristics of brain CB recep-
tors comes from studies performed on animal models.
In this regard, studies carried out on human tissue
samples would be of special interest from both the
clinical and the pharmacological point of view. Never-
theless, the results of these studies are subjected to the
influence of a series of variables, such as age, PD and

26-11-03 09:14:57 3B2 VER: 7.51¢/W MoDEL: 5 NP2210

291

292

293

294

295

296

300

301

302

303

304

305

306



307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

6 S. Mato, A. Pazos | Neuropharmacology XX (2003) XXX-XXX

Fig. 2. Autoradiographic images corresponding to cannabinoid
receptors in postmortem human frontal cortex. (A, B) case with a
short FSP at —25 °C (2 months); (C, D) case with a long FSP at
—25 °C (41 months). (A, C) total [PHJCP55940 binding; (B, D)
[*H]CP55940 binding in the presence of 100 uM WINS55,212-2. Note
the clear decrease in [PH]JCP55940 labelling with increasing FSP.
Scale bar = 5 mm.

the time in which the tissue remains stored. In this con-
text, to our knowledge, this is the first autoradio-
graphic study assessing in detail the influence of age,
PD and FSP at —25 “C on CB receptor expression and
functional coupling to G-proteins in the human frontal
cortex.

Our partial correlation analysis suggests a loss of CB
receptors in human frontal cortex with normal aging.
This observation confirms and extends previous find-
ings, indicating reduced densities of these receptors in
the brain of aged rats (Berrendero et al., 1998; Romero
et al., 1998) and humans (Westlake et al., 1994). This
negative influence of aging on central receptors has
been previously shown for several neurotransmitter
receptors in animal models (Nyakas et al., 1997, Wenk
and Barnes, 2000) as well as in human brain (Meana
et al., 1992; Sastre and Garcia-Sevilla, 1994; Wang
et al., 1998), and probably indicates that physiological
senescence results in a general loss of brain receptor
proteins. Age-related CB, receptor reduction could the-
oretically be explained as a consequence of neuronal
degeneration, as it has been also proposed for the
decline in CB; receptors in the basal ganglia of aged
rats (Mann et al., 1983; Romero et al., 1998).

In a similar way, our data indicate that basal G-
protein activity in human frontal cortex, measured as
[*>*SIGTPyS autoradiographic levels in the absence of
agonist, progressively decreases with the age of the sub-
ject. Similar results have recently been reported in
membranes by Gonzalez-Maeso et al. (2002). Taking
into account that inhibition of adenylyl cyclase activity
is one of the main mechanisms of cellular transduction

NP: NEUROPHARMACOLOGY - ELSEVIER

for the endocannabinoid system, our results could be in
line with previous observations related to an age-
related decline in the basal levels of this enzyme in
human brain (Cowburn et al., 1992; Ozawa et al.,
1999). With respect to G-protein subunits, significant
reductions of Gy, /2- and Gys-proteins, as well as non-
significant reductions in G,,-proteins, have been repor-
ted to occur in human frontal cortex with senescence
(Sastre and Garcia-Sevilla, 1994; Ozawa et al., 1999;
Sastre et al., 2001; Gonzalez-Maeso et al., 2002). On
the contrary, other authors have reported no age-
related changes on G2 (Li et al, 1996) or Gy s-
proteins (Young et al., 1991) in the same region. These
discrepancies might reflect differences in the type of
antibody used, the distribution and range of the age of
the subjects included, or even the possible influence
of uncontrolled variables, as may be the case of FSP.
In any case, taken together these data seem to indicate
a negative influence of brain aging on G, ,-protein
expression. As basal [*>S]JGTPyS binding in postmor-
tem human brain samples mainly involves the activity
of the G/, subtype (Gonzalez-Maeso et al., 2000),
an age-related decrease of G,;/o-protein levels might
very well contribute to the described decline in basal
[**S]GTPYS in human frontal cortex.

In contrast, we have found no significant modifica-
tions of CB agonist-stimulated [*>SJGTPyS binding in
postmortem human frontal cortex with increasing age.
Gonzalez-Maeso et al. (2002) have recently reported
that the effects of aging on the response of agonists of
different systems in this functional assay depend on the
receptor analyzed. They have shown a decrease in the
potencies of the a,-adrenoceptor agonist UK 14304 and
the 5-HT; 4 agonist 8-OH-DPAT to activate G-proteins
in the frontal cortex of aged subjects, without changes
in the efficacies of both agonists. On the contrary, an
increase in the potency and efficacy of the p-opioid
receptor agonist DAMGO to stimulate [*>S]JGTPyS
binding has been reported in the same study (Gonzalez-
Maeso et al., 2002). The absence of a significant influence
of age on the CB agonist WIN55,212-2 efficacy to acti-
vate G-proteins does not correlate with the decline in
CB; receptor expression observed in the same subjects.
Moreover, previous reports have shown a decrease of
WIN'55,212-2 ability to stimulate [*>S]JGTPyS binding in
rat brain sections with increasing age (Romero et al.,
1998). In this regard, it should be taken into account
that, due to the limited availability of tissue, our studies
are restricted to cortical membranes, while it has been
suggested that the age-dependent decline in CB; func-
tionality could be a region-selective process (Wang et al.,
2003). In addition, the apparent lack of concordance
between our data and those obtained in the rat may be
due to several facts. First of all, the age-related decline in
CB agonist efficacy reported by Romero et al. (1998)
only resulted statistically significant in those brain areas
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Fig. 3. Autoradiographic images corresponding to [*>S]JGTPyS bind-
ing postmortem human frontal cortex. (A, B) case with a short FSP
at —25 °C (<1 month); (C, D) case with a long FSP at —25 °C
(39 months). (A, C) basal [3SS]GTPyS binding; (B, D) WINS55,212-2
(100 uM)-stimulated [*S]JGTPyS binding. Note the slight reduction in
basal [*>SJGTPyS binding and the clear decrease in WIN55,212-2-sti-
mulated [**S]JGTPyS binding with increasing FSP. Scale bar = 5 mm.

with a marked loss of CB receptors, such as the sub-
stantia nigra. On the other hand, we have not assessed
the possible modifications of G-protein levels in our
brain tissues as a function of age. Therefore, it is possible
that the decrease in the density of CB receptors in the
human cortex with increasing is not marked enough to
induce a significant reduction of the CB agonist efficacy
in the [*>S]GTPyS assay. It has been also suggested that
CB receptors of the CB; subtype can sequester G;/,-pro-
teins from a common pool, preventing other Gj/,-cou-
pled receptors from transducing their biological signals
(Vasquez and Lewis, 1999). As a result, CB agonist abil-
ity to activate G-proteins might be less sensitive to a
possible age-related decline in the receptor and/or in the
G;/o-protein levels than that corresponding to other neu-
rotransmitter receptors in the human brain. It is note-
worthy that WINS55,212-2 has been reported to bind to a
non-CB; receptor in rodents (Breivogel et al., 2001;
Hajos et al., 2001). The possibility exists that the stimu-
lation of G-protein activity induced by this compound
could be partially dependent on this component. How-
ever, the existence and properties of this atypical site in
human brain remain to be clarified.

On the other hand, autolysis of the tissue due to the
postmortem delay and to the freezing storage process
should be expected to alter neurotransmitter receptors,
affecting agonist binding and G-protein activation
(Perry and Perry, 1983; Whitehouse et al., 1984; Paul
et al., 1997; Palego et al., 1998). Both the temperature
and the duration of the tissue storage period before
and after the freezing of the samples are considered key
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factors in the tissue degradation processes (Whitehouse
et al., 1984; Rodriguez-Puertas et al., 1996). Our results
indicate that the PD within the range analyzed in this
study (066 h at 4 °C) does not significantly affect
either CB receptor density or CB agonist activation of
G-proteins in human frontal cortex. In a similar way,
we have found no correlation between basal G-protein
activity and the PD of the human brain samples. This
lack of influence of long PDs at 4 “C on neuro-
transmitter receptor labelling in human brain tissue
stored at 4 °C has been previously reported for other
receptors (Rodriguez-Puertas et al., 1996). In fact,
using a rat model of human autopsy process, White-
house et al. (1984) only found a slight but statistically
significant PD-related reduction in muscarinic receptor
agonist binding when the tissue was stored at room
temperature (22 °C). No alterations were observed
when samples were kept at refrigeration temperature
(4 °C). The absence of correlation between basal G-
protein activity and PD at 4 °C has been suggested in
previous studies in membranes (Palego et al., 1999;
Gonzalez-Maeso et al., 2002), and it is consistent with
the lack of significant effects of this parameter on both
neurotransmitter receptor densities and G,-proteins
immunoreactivity (Young et al., 1991; Escriba et al.,
1994; Sastre and Garcia-Sevilla, 1994; Dowlasatsi et al.,
1999). A possible limitation of this study is due to the
fact that brain endocannabinoid levels rapidly increase
with postmortem delay (Felder et al. 1996; Sugiura
et al., 2001). This could result in changes in CB1 recep-
tor occupancy by endogenous ligands, which in turn
might influence receptor density measurements.
Although this possibility cannot be totally ruled out, it
is minimized by the evidence of a rapid inactivation in
the brain by reuptake and enzymatic hydrolysis (Giuf-
frida et al., 2001). Finally, the absence of PD-related
alterations on CB agonist-induced activation of G-pro-
teins reported in this study is in good agreement with
the results obtained in membranes for other systems
(Gonzalez-Maeso et al., 2002).

Taking into account that the collection of human
postmortem samples demands very long periods of
time, it is necessary to assay sections from the same
tissue block in different autoradiographic experiments
with long intervals in between. Although brain samples
are first kept at —70 °C, they are brought to —25 °C
when being sectioned. Tissue sections (and blocks) are
then kept at —25 °C, as re-storage at —70 °C could
result in artifacts linked to dramatic changes in tem-
perature, which would impair the histological quality
of the tissue. Our results indicate a marked influence of
the storage of brain samples at —25 °C on CB receptor
density and G-protein coupling ability, as well as on
basal G-protein activity in human frontal cortex. This
negative effect of FSP on neurotransmitter receptor
expression has been previously reported for muscarinic
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receptors in the human brain (Rodriguez-Puertas et al.,
1996). One of the interesting findings in this study is
that the rate of CB1 receptor density loss as a function
of FSP results notably higher when calculated from an
exponential model. In fact, whereas Rodriguez-Puertas
et al. (1996) reported FSP5, values about 50-60
months for muscarinic receptors expression decrease in
postmortem human frontal cortex, our results demon-
strate that the storage of the brain samples at —25 °C
for 17 months already induces a 50% decline of CB
receptor labelling in the same brain area. As there is no
evidence suggesting that CB1 receptors are especially
sensitive to the effects of tissue storage, these data indi-
cate that the negative influence of this parameter on
neurotransmitter receptor density in human brain
could be even more marked than what it has been pro-
posed (Rodriguez-Puertas et al., 1996). In a similar
way, the FSP-related decrease of CB agonist ability to
activate G-proteins in cortical sections from the same
subjects also tends to fit better to a one phase exponen-
tial decay model. Furthermore, the fact that the FSP5,
values obtained for the decline of CB1 receptors, with
the one phase exponential decay model, are quite close
to those calculated with the same model for the
decrease in CB-induced activation of G-proteins,
strongly suggests that the FSP-related loss of CBI
functionality reflects the negative effect of this para-
meter on CB1 receptor expression. However, the poss-
ible influence of other regulatory proteins, including
RGSs and RAMPs (Sexton et al., 2001; Zhong and
Neubig, 2001), on CBI1 receptor coupling cannot be
fully discarded.

The decrease in basal G-protein activity associated
to FSP fits better to a linear regression decay model,
which yields higher FSP5, values than those calculated
for the CBI1 receptor labelling and G-protein coupling
(14-20 vs 55-65 months of storage at —25 “C). These
results suggest that basal activity of Gj/,-proteins in
postmortem human brain is less sensitive to FSP nega-
tive effects than neurotransmitter receptors themselves.
This is not surprising, as the real significance of this
parameter is not fully clarified at the present time. Stu-
dies carried out in several GPCR-transfected cell lines
strongly suggest that the majority of this binding
component corresponds to G-proteins activated by pre-
coupled receptors (Newman-Tancredi et al., 1997,
Audinot et al., 2001). Thus, the constitutive activity of
the family of Gj/,-dependent receptors would be the
main responsible for the basal G-protein activity.
Therefore, the degree of FSP-dependent decline in the
basal activity of G-proteins would depend on the rela-
tive influence of multiple types of receptors. In any
case, the information about the consequences derived
from the maintenance of the brain samples at —25 °C
for long storage periods of time is still scarce. Although
it could be assumed that the negative effect of sample

NP: NEUROPHARMACOLOGY - ELSEVIER

storage on neurotransmitter receptor labelling in
human brain (Rodriguez-Puertas et al., 1996) is only
evident at —25 °C and is not relevant when the tissue is
stored at lower temperatures (Perry and Perry, 1983), it
must be taken into account that Gonzalez-Maeso et al.
(2002) have recently shown a weak negative correlation
between basal [>°SJGTPyS binding values in human
frontal cortex membranes and FSP, in samples stored
at —70 °C.

In conclusion, our results indicate that factors such
as the age and the storage period should be taken into
account when analyzing CB receptor properties in
human brain samples. They also reinforce the impor-
tance of a thorough matching of pathological and con-
trol cases in terms of these variables in order to allow a
correct interpretation of the possible role of CB neuro-
transmission in different neuropsychiatric disorders.

Acknowledgements

S.M. was a recipient of a Basque Country Govern-
ment predoctoral fellowship. We wish to thank the staff
members of the Service of Pathological Anatomy of the
“Marqués de Valdecilla” Hospital, Santander for their
cooperation. We also wish to thank Ms. Josefa Castillo
and Ms. Lourdes Lanza for the technical assistance.
This study was partially supported by the Foundation
“Marqués de Valdecilla” and the Ministry of Science
and Technology.

References

Adams, 1., Martin, B., 1996. Cannabis: pharmacology and toxicology
in animals and humans. Addiction 91, 1585-1614.

Arranz, B., Eriksson, A., Mellerup, E., Plenge, P., Marcusson, J.,
1993. Effect of aging in human and cortical pre- and postsynaptic
serotonin binding sites. Brain Research 620, 163-166.

Audinot, V., Newman-Tancredi, A., Millan, M.J., 2001. Constitutive
activity at serotonin 5-HT;p receptors: detection by homologous
GTP’S versus [*S]-GTP’S binding isotherms. Neuropharma-
cology 40, 57-64.

Berrendero, F., Romero, J., Garcia-Gil, L., Suarez, 1., De la Cruz, P.,
Ramos, J.A., Fernandez-Ruiz, J.J., 1998. Changes in cannabinoid
receptor binding and mRNA levels in several brain regions of
aged rats. Biochimica et Biophysica Acta 1407, 205-214.

Breivogel, C.S., Griffin, G., Di Marzo, V., Martin, B.R., 2001. Evi-
dence for a new G protein-coupled cannabinoid receptor in
mouse brain. Molecular Pharmacology 60, 155-163.

Campbell, F.A., Tramer, M.R., Carroll, D., Reynolds, D.J., Moore,
R.A., McQuay, H.J., 2001. Are cannabinoids an effective and safe
treatment option in the management of pain? A qualitative sys-
tematic review. British Medical Journal 323, 13-16.

Consroe, P., Musty, R., Rein, J., Tillery, W., Pertwee, R., 1997. The
perceived effects of smoked cannabis of patients with multiple
sclerosis. European Neurology 38, 44-48.

Cowburn, R.F., O’Neill, C., David, R., Alafuzoff, I., Winblad, B.,
Fowler, C.J., 1992. Adenylyl cylase activity in postmortem human
brain: evidence of altered G-protein mediation in Alzheimer’s dis-
ease. Journal of Neurochemistry 58, 1409-1419.

26-11-03 09:15:05 3B2 VER: 7.51¢/W MoDEL: 5 NP2210

538

539

540

541

542

543

544

545

546

547

548

549

550

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566
567
568
569
570
571
572
573
574
575
576
571
578
579
580
581
582
583
584
585
586
587
588
589
590
591



593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659

10 S. Mato, A. Pazos | Neuropharmacology XX (2003) XXX-XXX

Croxford, J.L., 2003. Therapeutic potential of cannabinoids in CNS
disease. CNS Drugs 17, 179-202.

Cunha, J., Carlini, E., Pereira, A., Ramos, O., Pimentel, C.,
Gagliardi, R., Sanvito, W., Lander, N., Mechoulam, R., 1980.
Chronic administration of cannabidiol to healthy volunteers and
epileptic patients. Pharmacology 21, 175-185.

Dean, B., Sundram, S., Bradbury, R., Scarr, E., Copolov, D., 2001.
Studies on [PH]CP55940 binding in the human central nervous
system: regional specific changes in density of cannabinoid-1
receptors associated with schizophrenia and cannabis use. Neu-
roscience 103, 9-15.

Dewey, S.L., Volkow, N.D., Logan, J., MacGregor, R.R., Fowler,
J.S., Schyler, D.J., Bendriem, B., 1990. Age-related decreases in
muscarinic cholinergic receptor binding in the human brain mea-
sured with positron emission tomography. Journal of Neu-
roscience Research 27, 569-575.

Dowlasatsi, D., MacQueen, G.M., Wang, J.-F., Reiach, J.S., Young,
L.T., 1999. G protein-coupled cyclic AMP signaling in postmor-
tem brain of subjects with mood disorders: effects of diagnosis,
suicide, and treatment at the time of death. Journal of Neu-
rochemistry 73, 1121-1126.

Escriba, P.V., Sastre, M., Garcia-Sevilla, J.A., 1994. Increased den-
sity of guanine nucleotide-binding proteins in the postmortem
brains of heroin addicts. Archives of General Psychiatry 51, 494
501.

Felder, C.C., Nielsen, A., Briley, E.M., Palkovits, M., Priller, J.,
Axelrod, J., Nguyen, D.N., Richardson, J.M., Riggin, R.M.,
Koppel, G.A., Paul, S.M., Becker, G.W., 1996. Isolation and
measurement of the endogenous cannabinoid receptor agonist,
anadamide, in brain and peripheral tissues of human and rat.
FEBS Letters 393, 231-235.

Fernandez-Ruiz, J.J., Lastres-Becker, 1., Cabranes, A., Gonzalez, S.,
Ramos, J.A., 2002. Endocannabinoids and basal ganglia function-
ality. Prostaglandins, Leukotrienes and Essential Fatty Acids 66,
257-267.

Giuffrida, A., Beltramo, M., Piomelli, D., 2001. Mechanisms of endo-
cannabinoid inactivation: biochemistry and pharmacology. The
Journal of Pharmacology and Experimental Therapeutics 298, 7-14.

Glass, M., Dragunow, M., Faull, R., 1997. Cannabinoid receptors in
the human brain: a detailed anatomical and quantitative auto-
radiographic study in the fetal, neonatal and adult human brain.
Neuroscience 77, 299-318.

Gonzalez-Maeso, J., Rodriguez-Puertas, R., Gabilondo, A.M.,
Meana, J.J., 2000. Characterization of receptor-mediated
[**SIGTPyS binding to cortical membranes from postmortem
human brain. European Journal of Pharmacology 390, 25-36.

Gonzalez-Maeso, J., Torre, 1., Rodriguez-Puertas, R., Garcia-Sevilla,
J.A., Guimén, J., Meana, J.J., 2002. Effects of age, postmortem
delay and storage time on receptor-mediated activation of G-
proteins in human brain. Neuropsychopharmacology 26, 468-478.

Kontur, P.J., al Tikriti, M., Innis, R.B., Roth, R.H., 1994. Postmor-
tem stability of monoamines, their metabolites, and receptor bind-
ing in rat brain regions. Journal of Neurochemistry 52, 282-290.

Hajos, N., Ledent, C., Freund, T.F., 2001. Novel cannabinoid-sensi-
tive receptor mediates inhibition of glutamatergic transmission in
the hippocampus. Neuroscience 106, 1-4.

Lastres-Becker, 1., Cebeira, M., De Ceballos, M.L., Zeng, B.Y.,
Jenner, P., Ramos, J.A., Fernandez-Ruiz, J.J., 2001. Increased
cannabinoid CB, receptor binding and activation of GTP-binding
proteins in the basal ganglia of patients with Parkinsons’s syn-
drome and of MPTP-treated marmosets. European Journal of
Neuroscience 14, 1827-1832.

Lastres-Becker, 1., Berrendero, F., Lucas, J.J., Martin-Aparicio, E.,
Yamamoto, A., Ramos, J.A., Fernandez-Ruiz, J.J., 2002. Loss of
mRNA levels, binding and activation of GTP-binding proteins for
cannabinoid CB; receptors in the basal ganglia of a transgenic
model of Huntington’s disease. Brain Research 929, 236-242.

NP: NEUROPHARMACOLOGY - ELSEVIER

Li, X., Greenwood, A.F., Powers, R., Jope, R.S., 1996. Effects of
postmortem interval, age and Alzheimer’s disease on G-proteins in
human brain. Neurobiology of Aging 17, 115-122.

Mann, D.M.A., Yates, P.O., Hawks, J., 1983. Pathology of the
human locus coeruleus. Clinical Neuropathology 2, 1-7.

Mato, S., Rodriguez-Puertas, R., Gonzalez-Maeso, J., Meana, J.,
Sallés, J., Pazos, A., 2001. Cannabinoid receptors in postmortem
human brain: a radiometric and transductional study in major
depression. British Journal of Pharmacology 134, 161.

Matsuda, L., Lolait, S., Brownstein, M., Young, A., Bonner, T.,
1990. Structure of a cannabinoid receptor and functional
expression of the cloned cDNA. Nature 346, 561-564.

Meana, J.J., Barturen, F., Garro, M.A., Garcia-Sevilla, J.A., Fontan,
A., Arranz, J.J., 1992. Decreased density of presynaptic a2-adre-
noceptors in postmortem brains of patients with Alzheimer’s dis-
ease. Journal of Neurochemistry 58, 1896-1904.

Muller-Vahl, K.R., Schneider, U., Prevedel, H., Theloe, K., Kolbe, H.,
Daldrup, T., Emrich, H.M., 2003. Delta 9-tetrahydrocannabinol
(THC) is effective in the treatment of tics Tourette syndrome:
a 6-week randomized trial. Journal of Clinical Psychiatry 6,
459-465.

Munro, S., Thomas, K., Abu-Shaar, M., 1993. Molecular characteriza-
tion of a peripheral receptor for cannabinoids. Nature 365, 61-65.

Newman-Tancredi, A., Conte, C., Chaput, C., Spedding, M., Millan,
M.J., 1997. Inhibition of the constitutive activity of human 5-
HT, A receptors by the inverse agonist, spiperone but not the neu-
tral antagonist, WAY 100,635. British Journal of Pharmacology
120, 737-739.

Nyakas, C., Oosterink, B., Keijser, J., Felszeghy, K., De Jong, G.,
Fork, J., Luiten, P., 1997. Selective decline of 5-HT1A receptor
binding in rat cortex, hippocampus and cholinergic basal fore-
brain nuclei during aging. Jounal of Chemical Neuroanatomy 13,
53-61.

Ozawa, H., Ukai, W., Kornhuber, J., Yamaguchi, T., Froelich, L.,
Ikeda, H., Saito, T., Riederer, P., 1999. Postnatal ontogeny of
GTP binding protein in the human frontal cortex. Life Sciences
62, 2315-2323.

Paul, D., Gauthier, C.A., Minor, L.D., Gonzales, G.R., 1997. The
effects of postmortem delay on mu, delta and kappa opioid recep-
tor subtypes in rat brain and guinea pig cerebellum evaluated by
radioligand receptor binding. Life Sciences 61, 1993-1998.

Pazos, A., Palacios, J.M., 1989. Neurotransmitter receptor mapping
in human post mortem brain by autoradiography. In: Shariff,
N.A., Lewis, M.E. (Eds.), Brain Imaging Techniques and
Applications. Ellis Horwood, Chichester, pp. 110-129.

Perry, E.K., Perry, E.H., 1983. Human brain neurochemistry. Some
postmortem problems. 1983. Life Sciences 33, 1733-1743.

Richfield, E.K., Herkenham, M., 1994. Selective vulnerability in
Huntington’s disease: preferential loss of cannabinoid receptors in
lateral globus pallidus. Annals of Neurology 36, 577-584.

Romero, J., Berrendero, F., Garcia-Gil, L., De la Cruz, P., Ramos,
J.A., Fernandez-Ruiz, J.J., 1998. Loss of cannabinoid receptor
binding and messenger RNA levels and cannabinoid agonist-sti-
mulated [**S]guanylyl-5'-O-(thio)-triphosphate binding in the
basal ganglia of aged rats. Neuroscience 84, 1075-1083.

Rodriguez-Puertas, R., Pascual, J., Pazos, A., 1996. Effects of freez-
ing storage time on the density of muscarinic receptors in the
human postmortem brain: an autoradiographic study in control
and Alzheimer’s disease. Brain Research 728, 65-71.

Rodriguez-Puertas, R., Gonzalez-Maeso, J., Meana, J., Pazos, A.,
2000. Autoradiography of receptor activated G-proteins in posz-
mortem human brain. Neuroscience 96, 169—-180.

Russo, E., 1998. Cannabis for migraine treatment: the once and
future prescription? An historical and scientific review. Pain 76,
3-8.

Sastre, M., Garcia-Sevilla, J.A., 1994. Density of alpha-2 adrenocep-
tors and Gi proteins in the human brain: ratio of high-affinity

26-11-03 09:15:07 3B2 VER: 7.51¢/W MoODEL: 5 NP2210

660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726



727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756

S. Mato, A. Pazos | Neuropharmacology XX (2003) XXX-XXX 11

agonist sites to antagonist sites and efect of age. Journal of Phar-
macolgy and Experimental Therapeutics 269, 1062-1072.

Sastre, M., Guimoén, J., Garcia-Sevilla, J.A., 2001. Relationship
between B- and o2-adrenoceptors and G coupling proteins in the
human brain: effects of age and suicide. Brain Research 898,
242-255.

Sexton, P.M., Albiston, A., Morfis, M., Tilakaratne, N., 2001.
Receptor activity modifying proteins. Cellular Signalling 13,
73-83.

Sim, L., Hampson, R., Deadwylwe, S., Childers, S., 1996. Effects of
chronic treatment with delta(9)-tetrahydrocannabinol on cannabi-
noid-stimulated [**S]JGTPyS autoradiography in rat brain. Journal
of Neuroscience 16, 8057-8066.

Sugiura, T., Yoshinaga, N., Waku, K., 2001. Rapid generation of
2-arachidonoylglycerol, an endogenous cannabinoid receptor
ligand, in rat brain after decapitation. Neuroscience Letters 297,
175-178.

Ujike, H., Takaki, M., Nakata, K., Tanaka, Y., Takeda, T.,
Kodama, M., Fujiwara, Y., Sakai, A., Kuroda, S., 2002. CNRI1,
central cannabinoid receptor gene, associated with susceptibility
to hebephrenic schizophrenia. Molecular Psychiatry 7, 515-518.

Unnerstall, J.R., Niehoff, D.L., Kuhar, M.J., Palacios, J.M., 1982.
Quantitative receptor autoradiography using [*Hlultrafilm: appli-
cation to multiple benzodiazepine receptors. Journal of Neu-
roscience Methods 6, 59-73.

Vasquez, C., Lewis, D.L., 1999. The CB,; cannabinoid receptor can
sequester G-proteins, making them unavailable to couple to other
receptors. Journal of Neuroscience 19, 9271-9280.

Wang, Y., Chan, G., Holden, J., Dobko, T., Mak, E., Schulzer, M.,
Huser, J., Snow, B., Ruth, Y., Clane, C., Stoessl, A., 1998. Age-

NP: NEUROPHARMACOLOGY - ELSEVIER

dependent decline of dopamine D, receptors in the human brain:
a PET study. Synapse 30, 56-61.

Wang, L., Liu, J., Harvey-White, J., Zimmer, A., Kunos, G., 2003.
Endocannabinoid signaling via cannabinoid receptor 1 is involved
in ethanol preference and its age-dependent decline in mice. Pro-
ceedings of the National Academy of Sciences USA 100, 1393—
1398.

Wenk, G., Barnes, C., 2000. Regional changes in the hippocampal
density of AMPA and NMDA receptors across the lifespan of the
rat. Brain Research 885, 1-5.

Westlake, T.M., Howlett, A.C., Bonner, T.I., Matsuda, L.A.,
Herkenham, M., 1994. Cannabinoid receptor binding and messen-
ger RNA expression in human brain: an in vitro receptor auto-
radiography and in situ hybridization histochemistry study of
normal aged and Alzheimer’s brains. Neuroscience 63, 637-652.

Whitehouse, P.J., Lynch, D., Kuhar, M.J., 1984. Effects of postmor-
tem delay and temperature on neurotransmitter receptor binding
in a rat model of the human autopsy process. Journal of Neu-
rochemistry 43, 553-559.

Young, L.T., Warsh, J.J., Li, P.P., Siu, K.P., Becker, L., Glibert, J.,
Hornykiewicz, O., Kish, S.J., 1991. Maturational and aging effects
on guanine nucleotide binding protein immunoreactivity in
human brain. Developmental Brain Research 61, 243-248.

Zammit, S., Allebeck, P., Andreasson, S., Lundberg, 1., Lewis, G.,
2002. Self reported cannabis use as a risk factor for schizophrenia
in Swedish conscripts of 1969: historical cohort study. British
Medical Journal 325, 1199.

Zhong, H., Neubig, R.R., 2001. Regulator of G protein signaling
proteins: novel multifunctional drug targets. Journal of Pharma-
cology and Experimental Therapeutics 297, 837-845.

26-11-03 09:15:11 3B2 VER: 7.51¢/W MoDEL: 5 NP2210

757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780

782
783
784
785
786



	Influence of age, postmortem delay and freezing storage period on cannabinoid receptor density and functionality in human brain
	Introduction
	Materials and methods
	Subject selection and brain samples
	Cannabinoid receptor autoradiography
	[35S]GTPgammaS autoradiography
	Data analysis

	Results
	Age
	Postmortem delay
	Freezing storage period

	Discussion
	Acknowledgements
	References


