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Fig. 3 CRIP1a modulates agonist-promoted, dynamin-dependent
CB4R cell surface depletion. N18TG2 wild-type (WT) and empty
vector control cells (a, d), CRIP1a XS (b, e) and CRIP1a KD clones
(c, f) were pretreated for 30 min with vehicle or the dynamin inhibitor
dynasore (80 uM), and challenged with the CB41R agonists CP55940
(10 nM) (a—c) or WIN55212-2 (10 nM) (d-f) for the indicated times.
CB4R cell surface density was quantitated using the On-cell-Western
assay, and CB4R surface expression was determined as the ratio of
immunoreactive CB4R to DRAQS5, represented as 100% at time O for
WT. Time course data were compared independently to time O for each

protein synthesis was required. The re-establishment of
CB /R surface density following prolonged CP55940 treat-
ment (60—-120 min) was significantly blocked in the presence
of the protein synthesis inhibitor cycloheximide in WT and
empty vector control cells (Fig. 6a) and CRIP1a KD (Fig. 6¢).
In CP55940-treated CRIP1a XS cells, a significant loss in
CB;R density at the cell surface was observed from 60 to
120 min treatment with cycloheximide (Fig. 6b). This demon-
strates that de novo protein synthesis is required to maintain
levels of CB|R at the plasma membrane, independent of the
degree of agonist-dependent CB R cell surface depletion.

In WIN55212-2-treated WT or control cells (Fig. 6d) or
CRIPla XS cells (Fig. 6e), cycloheximide reduced CBR
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transgenic clone. In (a, ¢, d, f) *p < 0.05, the solid line below untreated
WT, control and CRIP1a KD cells indicates that inclusive data points
significantly differ from time 0 for WT, Control and CRIP1aKD cells
using Student’s t-test. (b and e) No significant differences from time 0
were detected in CRIP1aXS clones in the presence or absence of
dynasore. (a—f) No significant differences from time 0 were detected for
dynasore-treated cells for any of the clones. Data are presented as the
mean + SEM from four independent experiments performed in dupli-
cate.

surface density marginally (not significantly different from
the absence of cycloheximide). However, cycloheximide
abolished CB{R cell surface re-population during 60 to
120 min WINS55212-2 exposure in CRIPla KD cells
(Fig. 6f), demonstrating that in the reduced CRIPla envi-
ronment, the recovery of cell surface CB R required new
protein synthesis. In the described protocol, cycloheximide
added 30 min prior to agonist challenge did not alter basal
(pre-agonist) CBR cell surface levels in WT, control or the
CRIPla transgenic clones (Fig. 6a—f), or total CB;R or
CRIP1la protein expression (data not shown). Of note, the
presence of cycloheximide had no significant effect on the
processes of agonist-mediated cell surface depletion
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Fig. 4 CRIP1a modulates agonist-promoted CB4R loss through a
clathrin-mediated but not caveolin-mediated mechanism. Cells were
pretreated for 30 min with vehicle (DMSQO), 25 uM chlorpromazine
(CPZ, a—c) or 25 uM nystatin (NYS, d-f), and challenged for the
indicated times with CP55940 (10 nM). On-cell-Western analysis of
CB4R cell surface expression was quantitated as described in
Materials and methods. Time courses for individual transgenic
clones were calculated independently by normalizing to time O,
and expressed as 100% for wild type (WT) at time 0. Data are
presented as the mean + SEM calculated from three independent

(1-5 min) or the prolonged period of reduced steady-state
levels (5-30 min) before recovery (Fig. 6a—f).

The CB, antagonist/inverse agonist rimonabant has been
reported to promote and stabilize CBR cell surface expres-
sion postulated in those studies to be because of blocking
non-agonist-driven ‘constitutive’ internalization of CB;Rs
(Rinaldi-Carmona et al. 1998; Leterrier et al. 2004; McDon-
ald et al. 2007). In our studies, treatment of WT and control
cells with rimonabant (10 nM) in the absence of agonists
caused an increase in CB R surface expression over basal
(5 min, WT: 114 £+ 5%), which reached its peak at 15 min
(133 + 6%), before re-establishing the baseline levels at
60 min (106 £ 6%) (Fig. 7a and b). As shown in Fig. 7(a),
an increase in CB|R surface expression resulted following
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experiments performed in ftriplicate. #Indicates a significant differ-
ence p < 0.05 at time point 0 between CRIP1a XS and WT (b, e)
and between WT and CRIP1a KD (c, f) clones. *Indicates time
points within the solid line for WT and control (a), control (b) and
control or CRIP1a KD (c) at which CPZ-treated were significantly
different from non-treated values (p < 0.05) using Student’s ttest.
No significant differences were observed between CPZ-treated and
non-treated values in CRIP1a XS cells (b). No significant differences
were observed between NYS-treated and non-treated values in any
cell clones (d-f).

rimonabant treatment for CRIPla XS (5 min, XS 1:
112 + 5%; XS 5: 113 £ 6%), with maximal CB R surface
expression occurring at 15 min (XS 1: 134 + 5%; XS 5:
127 4+ 8%). CRIPla KD cells (Fig. 7b) also exhibited an
observable increase at 5 min (KD 2C: 126 + 4%; KD 2F:
128 + 5%) and maximal surface expression at 15 min (KD
2C: 142 4+ 5%; KD 2F: 141 + 6%). For all cells that
expressed CRIP1a at all levels, the CB|R surface expression
was re-established to steady-state WT levels after 120 min
treatment with rimonabant. This means that the CRIP1a XS
clones displayed an augmentation (~ 26%) in CB R surface
expression after 120-min exposure to rimonabant compared
with the initial levels in these clones (Fig. 7a), suggesting
that the suppression of steady-state levels of CB;R by
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Fig. 5 CRIP1a modulates CB{R surface recovery during agonist
challenge in an agonist-dependent manner. An extended time course
is shown for CP55940- (a and b) or WIN55212-2 (c and d) mediated
CB1R cell surface levels in N18TG2 wild-type (WT), empty vector
control, CRIP1a XS (a and c¢) and CRIP1a KD (b and d) clones. Cells
were serum-starved for 16 h, pretreated with 1 puM tetrahydrolipstatin
for 2 h, and treated with 10 nM of the CB4R agonist CP55940 or
WIN55212-2 for the indicated times. CB4R cell surface expression
was quantitated using the On-cell-Western assay, and determined as

CRIPla over-expression can be relieved in the presence of
rimonabant.

Discussion

Data presented here show that in the N18TG2 neuronal cell
line, which endogenously expresses both CB|R and CRIPla
at their native stoichiometry, agonist occupancy can reduce a
pool of cell surface CB;Rs within minutes. This pool is
limited to only a fraction (30—40%) of surface CB;Rs, and
reaches a new equilibrium at the cell surface (from 5 min to
30 min) that remains below the pre-agonist cell surface
levels until de novo synthesized receptors appear on the
plasma membrane. Previous studies indicated that both CB R
and CRIPla appeared predominantly in Na/K-ATPase-
containing membranes from the NI8TG2 cells, with a
smaller fraction of both proteins in an NP40-insoluble,
caveolin 1-containing fraction (Blume et al. 2015). The data
herein demonstrate that agonist-stimulated CB R cell surface
depletion occurs via a dynamin-dependent process in a
nystatin-resistant mechanism. The majority of cell surface
loss occurred via a chlorpromazine-sensitive mechanism,
consistent with the majority of agonist-dependent
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the ratio of immune-reactive CB;R to DRAQS5 fluorescence. Time
courses for individual transgenic clones were calculated indepen-
dently by normalizing to time 0, and expressed as 100% for WT at
time 0. Data are presented as the mean + SEM from three
independent experiments performed in triplicate. *p < 0.05, the solid
line indicates significant difference between CRIP1a XS and WT (a,
c) or CRIP1a KD and WT (b, d) at the same time point, using
Student’s t-test.

sequestration or internalization occurring from clathrin-
coated pits. Our studies focused on the ability of the small
associated protein CRIP1a to modulate these processes.
Our data support the premise that over-expression of
CRIP1a can suppress the agonist-driven CB R sequestration
or internalization processes. This finding can have relevant
implications for cells that express CRIPla, because in
GPCRs that undergo internalization and trafficking to distinct
intracellular compartments, deficits in GPCR internalization
can affect signaling pathway selectivity (Drake et al. 2006;
Hanyaloglu and von Zastrow 2008). In many cell types,
GPCRs are directed into the recycling pathway for re-
sensitization and return to the plasma membrane, or to
lysosomes for termination of receptor signaling via degrada-
tion (Drake et al. 2006; Hanyaloglu and von Zastrow 2008).
Mechanisms responsible for agonist-dependent CB;R
internalization have been reported to involve a sequence of
events including the activation of GPCR kinases, and the
subsequent recruitment of B-arrestin2 (Hsieh et al. 1999;
Daigle et al. 2008; Stadel et al. 2011; Nguyen et al. 2012).
CB;Rs have been shown to rapidly internalize following
a short (5 min) exposure to a CB;R agonist in AtT20
cells (Hsieh er al. 1999; Jin et al. 1999), HEK293 cells
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(Leterrier et al. 2004) and hippocampal neurons (Coutts
et al. 2001; Leterrier ef al. 2006). Elegant studies using live
cell total internal reflection fluorescence microscopy have
indicated that agonists can selectively retain CBR-B-arrestin
complexes in clathrin-coated pits at the cell surface prior to
internalization (Flores-Otero et al. 2014; Delgado-Peraza
et al. 2016). CB|R internalization requires dynamin as
evidenced by the impairment of receptor endocytosis in
cultured hippocampal neurons expressing dominant-negative
dynamin isoforms (Leterrier et al. 2006). Hsieh ez al. (1999)
were the first to report clathrin-mediated endocytosis as the
main route for agonist-promoted removal of cell surface
CB Rs. More recent studies demonstrated that agonist-
promoted CB;R internalization can occur via both clathrin
and caveolin pathways, which together were reported to
account for endocytosis of ~ 40% of receptors (Keren and
Sarne 2003; Wu et al. 2008). Our assays are based on an
antibody interaction with the CB;R N-terminus, which
would not be accessible after a coated pit has closed in a
dynamin-dependent mechanism. In addition to CRIPla’s
function to suppress agonist-mediated internalization of
CBRs, a recent disclosure indicated that the Src homology
3-domain growth factor receptor-bound 2-like (endophilin)-
interacting protein 1 can also interact with the CB|R to

—r—r
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Time (mins)

—r—r—r
0123455

HEX values were significantly different from
non-treated using Student’s t-test.

inhibit agonist-driven, clathrin-mediated endocytosis of the
CB;R (Hajkova et al. 2016).

We previously reported that exogenous CRIPla over-
expression could attenuate CB;R down-regulation but not
desensitization (Smith et al. 2015). Prolonged treatment with
cannabinoid agonists leads to CB;R down-regulation in
rodent brains, as evidenced by decreases in CB;R
immunoblotting and [3H]rim0nabant Bhax Vvalues (Sim-
Selley et al. 2006). Delta9-Tetrahydrocannabinol-induced
down-regulation of CBRs was attenuated in the cerebellum
and spinal cord of B-arrestin2 knockout mice relative to WT
littermates (Nguyen et al. 2012). Martini et al. (2007)
reported evidence that binding of GASPI1 to the CB|R
resulted in CB|R trafficking to lysosomes and receptor
degradation during prolonged treatment with WIN55212-2.
Our finding that the re-establishment of cell surface CB;R
levels during extended periods of agonist exposure requires
de novo synthesis is consistent with the degradation, rather
than recycling, of internalized receptors, and is consistent
with the degradation of internalized receptors reported from
studies of AtT20 cells and the striatum of ICR mice (Hsieh
et al. 1999; Sim-Selley et al. 2006).

In agreement with previous work performed in HEK293
and primary cultured neurons (Martini et al. 2007), we
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Fig. 7 CRIP1a levels do not influence inverse agonist-promoted
increase in cell surface CB4R density. The time course for rimona-
bant-mediated changes in CB4R cell surface expression compares
N18TG2 wild-type (WT) and empty vector Control to CRIP1 XS clones
(a), and CRIP1a KD clones (b). Cells were pretreated with 1 uM
tetrahydrolipstatin for 2 h, and then challenged with the CB:R
antagonist rimonabant (10 nM) for the indicated times. Quantification
of CB4R cell surface expression was determined using the On-cell-
Western assay. Each time point was normalized to time O for each
clone, but expressed as 100% for WT at time 0. The mean + SEM
were calculated from four independent experiments performed in
triplicate. No significant differences were observed between WT,
CRIP1a XS, and CRIP1a KD clones at any time point, except time 0
(p < 0.05, Student’s t-test).

discovered that there were agonist-specific differences in the
return of cell surface CB|Rs to steady-state levels: CB|R
surface expression returned to pre-agonist levels following
prolonged treatment with CP55940, but not WIN55212-2.
The failure of WIN55212-2-occupied CB|R to re-establish
pre-agonist steady-state plasma membrane levels could be
overcome if CRIP1a expression was reduced below endoge-
nous levels (Fig. 5d). This suggests that CRIP1a at endoge-
nous levels serves a function to suppress plasma membrane
CB;R. One mechanism is that CRIP1a could increase the rate
of degradation of plasma membrane CB,Rs. This possibility
is unlikely, because: (i) CRIP1a over-expression suppresses
internalization (Fig. 1) which is required as a first step
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leading to degradation; and (ii) CRIP1la over-expression in
the HEK293 cell model reduced CB;R down-regulation
(Smith et al. 2015). Martini et al. (2007) determined that
agonist-promoted down-regulation of CB|R over a similar
time course in HEK293 cells was mediated by the association
of CB;R with GASPI, resulting in targeting the receptor to
the lysosomal degradation pathway.

A more likely mechanism for the suppression of cell
surface CB R levels by CRIP1a over-expression, as well as
the ability of CRIP1a knockdown to rescue CB|R steady-
state levels following prolonged WIN55212-2 treatment, is
that CRIP1a could suppress the trafficking of nascent CB;R
to the plasma membrane. Early studies identified a pool of
CB{Rs in N18TG2 neuronal cells that are localized in the
perinuclear compartment (MclIntosh e al. 1998), potentially
providing a source of receptors that could be translocated to
the plasma membrane. The re-appearance of CB;Rs on the
cell surface after prolonged agonist exposure may be because
of translocation of newly synthesized receptors sequestered
this pool.

The ability of rimonabant to increase CB R cell surface
expression has been attributed to its inverse agonist effects
to block ‘constitutive’ internalization of CB;Rs (Rinaldi-
Carmona et al. 1998; Leterrier et al. 2004; McDonald et al.
2007). We did not observe any significant influence of
CRIPla levels on the rate or extent of the transient increase
in CB|R density at the cell surface by rimonabant (Fig. 7).
The experiments reported herein were conducted by
removal of serum to eliminate variability in exposure to
that source of endocannabinoids, as well as THL to inhibit
diacylglycerol lipase and reduce 2-arachidonoylglycerol (2-
AGQG) levels (Smith et al. 2015). These precautions reduce
‘endocannabinoid tone’ that could activate the CB;R.
Gyombolai et al. (2013) found that clathrin was required
for both exogenous agonist- and non-agonist-stimulated
internalization of CB;R in Neuro2A and HeLa cells,
whereas [-arrestin2 was required only for agonist-driven
but not the ‘constitutive’ internalization of CB;R. Thus,
there may be differences between the agonist-stimulated
versus non-agonist-mediated internalization that allows
CRIPla to regulate agonist-driven events alone. The data
showing that rimonabant could overcome CRIP1a-mediated
suppression of CB|R cell surface steady state (Fig. 7a)
suggest that binding of rimonabant to the CB;R can
preclude or reverse the influence of CRIP1a. Although there
may be complex interpretations of ‘constitutive’ activity
versus ‘constitutive’ internalization in the absence of
exogenous agonists, or ‘endocannabinoid tone’ resulting
in autocrine or paracrine responses, our studies of trans-
genic cells altered in CRIPla expression demonstrate a
CRIP1a regulation of steady-state cell surface CBR in the
N18TG2 neuronal model. Our findings provide a rationale
to investigate the influence of CRIPla on CB;R in more
complex in vivo animal models.

© 2016 International Society for Neurochemistry, J. Neurochem. (2016) 139, 396-407
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Overall, these findings identify a novel function for
CRIPla in regulating agonist-promoted CB;R internaliza-
tion. We propose that CRIP1a serves to fine-tune the extent
of CBR internalization and cell surface expression. Our data
suggest that CRIP1a also functions in the delivery of newly
synthesized CB;Rs. Drug development using CBR agonists
and antagonists has had limited success because of untoward
side effects. The ability of CRIP1a to modulate CBR cell
surface levels in those cell types that express CRIPla
suggests that changes in CRIP1a expression could provide a
mechanism to modulate CB;R abundance on the cell surface,
and offers a potentially promising approach to the develop-
ment of more selective CB;R pharmacotherapies. Future
studies will determine whether CRIP1a has any interactions
with  GASP1 or Src homology 3-domain growth factor
receptor-bound 2-like (endophilin)-interacting protein 1, or
how CRIPla may be involved with the AP-2 complex and
associated adaptor proteins such as B-arrestin, ARF and Rho
G proteins, epsin, amphiphysins and Eps15 (Kelly and Owen
2011; Croise et al. 2014; Paczkowski et al. 2015). Further
investigation is necessary to address issues of differences in
CB;R expression levels particularly between endogenously
expressed versus stably transfected receptors in host cell
models, biased ligand influences, treatment time courses and
other cell regulatory influences.
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