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Activation of cannabinoid CB1 receptors modulates evoked action
potentials in rat retinal ganglion cells
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Abstract: Activation of cannabinoid CB1 receptors (CB1Rs) regulates a variety of physiological functions in the vertebrate retina
through modulating various types of ion channels. The aim of the present study was to investigate the effects of this receptor on cell
excitability of rat retinal ganglion cells (RGCs) in retinal slices using whole-cell patch-clamp techniques. The results showed that
under current-clamped condition perfusing WIN55212-2 (WIN, 5 pmol/L), a CB1R agonist, did not significantly change the spontane-
ous firing frequency and resting membrane potential of RGCs. In the presence of cocktail synaptic blockers, including excitatory post-
synaptic receptor blockers CNQX and D-APYV, and inhibitory receptor blockers bicuculline and strychnine, perfusion of WIN (5 umol/L)
hardly changed the frequencies of evoked action potentials by a series of positive current injection (from +10 to +100 pA). Phase-
plane plot analysis showed that both average threshold voltage for triggering action potential and delay time to reach threshold voltage
were not affected by WIN. However, WIN significantly decreased +d¥/dfmax and —dV/dfmax of action potentials, suggestive of
reduced rising and descending velocities of action potentials. The effects of WIN were reversed by co-application of SR141716, a CBIR
selective antagonist. Moreover, WIN did not influence resting membrane potential of RGCs with synaptic inputs being blocked. These

results suggest that activation of CB1Rs may regulate intrinsic excitability of rat RGCs through modulating evoked action potentials.
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Cannabinoid CBI receptor (CB1R), a G-protein cou-
pled receptor, which is extensively distributed through-
out the central nervous system (CNS) ['3] plays impor-
tant roles in regulating multiple neuronal functions,
including learning and memory, synaptic plasticity,
pain response, and many intracellular signaling path-
ways 8. Growing evidence has demonstrated that
CBI1R signaling is also widely expressed in the verte-
brate retina . CB1Rs and endocannabinoids (eCBs),
including anandamide (AEA) and 2-Arachidonoylglyc-
erol (2-AQ), as well as an eCB degradative enzyme,
fatty acid amide hydrolase (FAAH), were found in a
variety of retinal cell populations and in the inner plex-
iform layer (IPL) [''"15] suggesting that eCBs may regu-
late the functions of retinal neurons and participate in
multiple circuits of visual information processing. For
example, WIN55212-2 (WIN), a CB1R agonist, modu-
lated various types of voltage-gated K* and Ca®* currents
in retinal photoreceptors and bipolar cells (BCs) 13 1517,
Retrograde modulation of glutamate release from cones
by 2-AG was found in goldfish '],

Retinal ganglion cells (RGCs), output neurons of the
retina, receive inhibitory inputs from GABAergic and
glycinergic amacrine cells (ACs) mediated by GABA,,
and glycine receptors and excitatory inputs from BCs
mediated by AMPA receptors 2, CBIRs have been
found in BC, ACs and RGCs [''"131 Activation of
CB1Rs in these cells may modulate RGCs excitability,
thus influencing visual information processing. How-
ever, the effects of CBIR signaling on RGCs are poorly
understood. The only evidence was from the cultured
RGCs that WIN inhibited Ca®* currents in these cells "',
In the present work, we studied the effects of WIN on
RGC excitability using patch-clamp techniques in rat

retinal slices.

1 MATERIALS AND METHODS

All experimental procedures with animals described in
the present work were in accordance with the National
Institutes of Health (NIH) guidelines for the Care and
Use of Laboratory Animals and the guidelines of Fudan
University on the ethical use of animals. During this
study all efforts were made to minimize the number of
animals used and their suffering. Male Sprague-Dawley
rats, aged 21-28 d and obtained from SLAC Laboratory
Animal Co., Ltd (Shanghai, China), were housed under
conditions of a 12 h/12 h light/dark cycle.
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1.1 Preparation of retinal slices

The rats were deeply anesthetized with urethane (25
mg/mL) and sacrificed by decapitation. Eyes were enu-
cleated quickly and immersed in ice-cold artificial cere-
brospinal fluid (ACSF) containing (in mmol/L): 125
NaCl, 3 KCI, 26 NaHCO,, 1.25 NaH,PO,, 2 CaCl,,
1 MgCl,, 15 glucose (pH 7.4), bubbled with 95% O,
and 5% CO,. Retinae were then isolated and sliced ver-
tically in a thickness of 200 um on a Narishige slicer
(ST-20-P, Tokyo, Japan). Slices were transferred to a
holding chamber where they completely submerged in
oxygenated ACSF solution and maintained at 33—34 °C
for 30 min before recording.

1.2 Electrophysiological recordings

Whole-cell current-clamp recordings were performed
using standard techniques 24, Individual slices were
transferred to a perfusing chamber and continuously
superfused with oxygenated ACSF at a rate of 1-2 mL/
min at 33-34 °C. RGCs in retinal slices were identified
by their locations and morphology with the help of an
infrared-differential interference contrast (IR-DIC) vid-
eo microscopy (Olympus, Japan), and further identified
by intracellular injection of Lucifer Yellow. Patch pi-
pettes were made by pulling BF150-86-10 glass (Sutter
Instrument Co., Novato, CA, USA) on a P-97 Flaming/
Brown micropipette puller (Sutter Instrument) and fire
polished (Model MF-830, Narishige, Japan) before re-
cording. The pipette resistance was typically 4-8 MQ
after filled with the internal solution (in mmol/L): 120
potassium D-gluconate, 1 ethylene glycol-bis(B-
aminoethyl ether) N, N, N’, N’-tetraacetic acid
(EGTA), 10 4-(2-Hydroxyethyl)piperazine-1-ethane-
sulfonic acid (HEPES), 4 ATP-Mg, 0.3 GTP-Na, 10
phosphocreatine, 0.1 CaCl,, 1 MgClL, 5 Lucifer Yellow,
pH 7.2 adjusted with KOH and to 280-290 mOsm/L.
Whole-cell membrane potential were recorded from
RGCs by a patch amplifier (Axopatch 700B; Molecular
Devices, Foster City, CA, USA) with Digidata 1440A
data acquisition board and pClamp 10.2 software at a
sampling rate of 10 kHz and a low-pass filter of 1 kHz.

1.3 Drugs and solutions

Bicuculline, D-(-)-2-amino-5-phosphonopentanoic acid
(D-APV) and 6-Cyano-7-nitroquinoxaline-2,3-dione
(CNQX) were purchased from Tocris (Tocris Biosci-
ence, Ellisville, MO, USA) and SR141716 was from
Cayman Chemical (Ann Arbor, MI, USA). All others
were from Sigma Chemical Company (Sigma-Aldrich,
Inc., St. Louis, MO, USA). CNQX, SR141716 and
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WIN were first dissolved in dimethyl sulfoxide
(DMSO) and then diluted in ACSF solution with a final
DMSO concentration less than 0.1%, which has no sig-
nificant effects on membrane response of RGCs. All
other chemicals were prepared in distilled water, stored
at —20°C and freshly diluted to the final concentration
using ACSF solution.

1.4 Data analysis

Data analysis was performed off-line using the Clamp-
fit 10.2 (Molecular Devices, Foster City, CA, USA) and
MATLAB R2011a (MathWorks, USA). For action po-
tential analysis, the temporal derivative dV/d¢ was first
calculated by the equation of the form dV/d«(z,) = (V,.,
V.1 / 2At, and then plotted it against the instanta-
neous membrane potential to yield the phase-plane
plot 5261 The threshold voltage for triggering the first
action potential was determined using a criterion that
the velocity of action potential reaching 20 mV/ms.
Data are presented as mean + SEM. Paired ¢ test was
used for statistical analysis, and a P value < 0.05 was
considered statistically significant.

2 RESULTS

2.1 WIN does not change spontaneous firing and
membrane potential of RGCs

RGCs display spontaneous firing under physiological
condition 7. We first examined whether activation of
CB1Rs may affect spontaneous firing of rat RGCs. As
shown in Fig. 14, perfusion of WIN (5 umol/L) for 10
min did not change the spontaneous firing frequency in
a RGC (upper trace). The average firing frequency
(from 9 to 10 min after WIN application) obtained from
10 cells was (0.88 £ 0.49) Hz, which was not signifi-
cantly different from that before WIN application (0.40
Hz + 0.17 Hz) (P = 0.125, Fig. 1B). At the same time,
WIN also hardly changed resting membrane potential
of the cell (Fig. 14, lower enlarged trace), with the av-
erage being (—56.48 £ 1.09) mV (n =10, P = 0.356 vs
control value of —=56.08 mV= 1.23 mV) (Fig. 1C).

2.2 Effects of WIN on evoked action potentials of
rat RGCs

In order to test whether WIN may directly influence
intrinsic excitability of rat RGC, we perfused cocktail
synaptic blockers, including bicuculline (10 umol/L),
strychnine (10 pmol/L), CNQX (10 umol/L) and D-
APV (50 pumol/L), to obstruct the synaptic inputs, and
then examined the effects of WIN on RGCs. Fig. 24
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Fig. 1. WIN55212-2 (WIN) does not affect spontaneous firing
and resting membrane potential of RGCs in retinal slices with
synaptic inputs being intact. 4: Representative trace recorded
from a RGC, showing that extracellular application of WIN (5
umol/L) did not affect spontaneous firing and resting membrane
potential of the cell. Lower trace is enlarged one to show change
of membrane potential. B, C: Bar charts summarizing the chang-
es of spontaneous firing frequency (B) and membrane potential
(C) of RGCs before and after application of WIN. Data are pre-
sented as mean = SEM, n = 10.

and 2B show membrane responses of a RGC to a series
of 500 ms positive injected currents from +10 pA to
+100 pA in a 10 pA increment before and 10 min after
perfusing 5 umol/L WIN. The range of injected cur-
rents was enough to induce appropriate firing in RGCs.
WIN did not remarkably change firing pattern and fre-
quency of the cell. Fig. 2C shows representative re-
cordings in a +20 pA current injection. Data analysis
revealed that the firing frequency of the cells was in-
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Fig. 2. WIN does not affect firing frequency of evoked action potentials of RGCs with synaptic inputs being blocked. 4, B: Represen-

tative traces obtained from a RGC, showing the effect of WIN (5 umol/L) on firing frequency of evoked action potentials before (4)

and after application of 5 pmol/L WIN (B). A series of positive currents ranging from +10 pA to +100 pA was injected. C: Sample

traces show that 5 pmol/L WIN did not significantly affect firing frequency of action potentials evoked by +20 pA current injection in

a RGC. D: Plot of average firing frequency of evoked action potentials versus different injected currents, showing that WIN did not

change firing frequency of the action potentials at all injected current levels. Data are presented as mean + SEM, n =17.

creased accompanying with increased positive current
injection (Fig. 2D). The average firing frequency was
increased from (5.76 + 1.85) Hz to (67.60 + 3.33) Hz
(n = 17) when the injected current was from +10 pA to
+100 pA in control, while it was from (7.29 + 2.45) Hz
to (65.47 £ 3.33) Hz (n = 17) after WIN application.
There was no significant difference before and after
WIN application at all injected current levels (Fig. 2D).

We analyzed the effects of WIN on individual action
potential evoked by current injection. For simple pur-
pose, we only chose and analyzed the first action poten-
tial in each current injection 2, Fig. 34 shows repre-
sentative phase-plane trajectories of the action
potentials before (control) and after WIN application.
Fig. 3B is an enlarged figure from the square as shown
in Fig. 34, clearly showing unchanged threshold volt-
ages. The average threshold voltage for triggering ac-
tion potential was from (—41.04 £ 2.14) mV to (—43.15 %
2.04) mV as injected currents were increased from +10
pA to +100 pA after WIN application, which were not
significantly different from those of control (from

—41.49 mV+2.10 mV to —43.93 mV+ 2.14 mV, n = 17)
(Fig. 3C). Moreover, the delay time from onset of cur-
rent injection to the threshold voltage for triggering the
first action potential was also unchanged after WIN ap-
plication, with the average being from 169.3 ms + 17.6
ms to 102.3 ms £ 0.9 ms (n = 17) at +10 pA to +100 pA
current injection respectively, comparable to the control
levels (178.8 ms = 11.7 ms to 102.9 ms + 0.8 ms, n =
17)(Fig. 3D).

Although WIN did not influence the threshold volt-
age for triggering action potential and the delay time to
reach threshold voltage, it is clearly shown from phase-
plane plots of the action potentials that WIN may
change the rate of both depolarizing and repolarizing
phases (Fig. 34). Pooled data from 17 cells revealed
that WIN may somewhat modulate maximum rising
phase rate (+dV/dtmax) of the action potentials (Fig.
3E). Specifically, the +dV/dfmax (mV/ms) was signifi-
cantly reduced at +20 pA (179.7 + 12.3 vs 189.1 £ 13.7,
P =0.049), +30 pA (179.1 £10.5 vs 1875+ 128 ,P=
0.043), +50 pA (183.8 = 11.2 vs 193.3 £ 12.7, P =
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Fig. 3. WIN reduces rising and descending phase velocities of
evoked action potential of RGCs. 4: Representative phase-plane
plots of action potentials before (control) and after 5 pmol/L
WIN application. B: Enlarged figure obtained from the square in
A, showing that WIN did not change threshold voltage for trig-
gering the first action potential of a RGC. C: Plots of average
threshold voltage for triggering the first action potential versus
different injected currents, showing that WIN did not change the
threshold voltage at all injected current levels. D: Plots of aver-
age time from onset of current injection to first action potential
versus different injected currents, showing that WIN did not
change the delay time at all injected current levels. E, F: Plots
of average +dV/dmax and —dV/dmax of action potentials ver-
sus different injected currents, showing that WIN reduced +dV/
dmax of action potentials at some injected current levels, and
—dJ/dmax of action potentials at all injected current levels. Data
are presented as mean = SEM, n = 17. "P < 0.05, P < 0.01 and
**P <0.001 vs control.

0.046), +60 pA (179.4 = 12.2 vs 190.7 £ 13.8, P =
0.020) and +100 pA current injection (183.0 = 13.1 vs
192.4 £ 13.8, P = 0.026), respectively. Meanwhile,

Table 1. Changes of maximum rising phase rate (+d//dfmax,
mV/ms) of the action potentials in control and in the presence of
SR141716 and WINS55212-2

Injected Control SR141716+ P value
current (pA) WINS55212-2

10 2102 +£25.1 193.3+33.6 0.297
20 187.4+12.8 186.2 +15.7 0.791
30 187.3+15.5 179.5+14.5 0.364
40 183.5+14.4 183.6+15.3 0.990
50 185.5+15.7 180.5+16.9 0.513
60 182.7+ 14.4 179.0 £ 15.5 0.431
70 186.1+16.9 183.6+17.6 0.754
80 185.6+16.3 182.1+18.4 0.669
90 185.7+17.7 180.4+15.3 0.502
100 180.4 = 15.0 178.3+16.3 0.786

Data are presented as mean = SEM, n=5.

Table 2. Changes of maximum descending phase rate (—dV/dfmax,
mV/ms) of the action potentials in control and in the presence of
SR141716 and WIN55212-2

Injected Control SR141716 P value
current (pA) +WIN55212-2

10 —176.1 £59.4 —161.1+59.1 0.604
20 —159.6 £20.8 —154.6 £22.5 0.243
30 —159.1 £20.6 -152.9+20.9 0.237
40 —156.7 £20.4 -150.7+19.7 0.320
50 —1542+18.9 -152.6 +21.5 0.754
60 -153.9+£19.5 —-1489+19.1 0.462
70 —159.1+£20.5 -152.3+21.4 0.229
80 -1552+19.5 -152.3+21.7 0.621
90 —156.1+£19.9 —149.1 +22.1 0.176
100 —154.8 +20.3 —148.7+20.2 0.299

Data are presented as mean = SEM, n = 5.

WIN remarkably reduced maximum descending phase
rate (—dV/dfmax) of the action potentials at all current
injected levels (n =17, P all <0.01 or 0.001) (Fig. 3F).
In addition, WIN-induced effects on +dV/dtmax of
evoked action potentials were eliminated by co-appli-
cation of SR141716 (300 nmol/L), a CBIR antagonist.
As shown in Table 1 and Table 2, co-applying
SR141716 and WIN for 10 min, +d}/dmax of action
potentials at all current injected levels were comparable
to control.

2.3 WIN does not change resting membrane poten-
tial of RGCs in the absence of synaptic inputs

Finally, we tested the effects of WIN on resting mem-
brane potential of RGCs in the absence of synaptic
inputs. As shown in Fig. 44, after spontaneous firing
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Fig. 4. WIN does not change resting membrane potentials of
RGCs with synaptic inputs being blocked. 4: Representative
trace shows the effect of WIN on resting membrane potential of
a RGC. Lower trace is enhanced one to show change of mem-
brane potential. Note that WIN did not induce changes of mem-
brane potential of the cell. B: Bar chart summarizing the changes
of resting membrane potential of RGCs before and after applica-
tion of WIN. Data are presented as mean + SEM, n=15.

was blocked by perfusing cocktail synaptic blockers,
WIN (5 umol/L) was applied to a RGC in retinal slice.
WIN failed to induce the cell to firing. Enlarged figure
clearly shows that membrane potential of the cell was
not significantly changed 10 min after WIN applica-
tion. Summary data obtained from 5 cells revealed that
the average resting potential was (—61.3 £ 3.9) mV in
the presence of WIN, comparable to that of control
(-60.8 mV +£3.9mV,n=35, P=0.138) (Fig. 4B).

3 DISCUSSION

In the inner retina, BCs, ACs and RGCs form a neu-
ronal circuit that transmits the visual signals and modu-
lates the visual information processing. The excitability
of RGCs is determined by the balance of inhibitory and
excitatory inputs, as well as the intrinsic properties of
the cells. The present results showed that cannabinoid
receptor agonist WIN did not significantly change
spontaneous firing frequency of rat RGCs with synaptic
inputs being intact (Fig. 1), suggesting that WIN may
not influence intrinsic electrophysiological properties
of RGCs under such condition. This was supported by
the fact that WIN had no significant effect on resting
membrane potential of RGCs without synaptic inputs
being blocked by cocktail synaptic blockers (Fig. 1).
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Considering that RGCs receive both inhibitory and ex-
citatory inputs from ACs and BCs ["*?? and activation
of CB1Rs at the terminals of ACs and BCs by WIN in-
hibited spontaneous release of GABA and glutamate 2%,
WIN may simultaneously modulate inhibitory and
excitatory inputs of RGCs, thus not disturbing the bal-
ance of inhibitory and excitatory inputs of the cells.

Although WIN did not affect resting membrane po-
tential of rat RGCs, it remarkably reduced rising and
descending rates of evoked action potentials (Fig. 3).
Previous studies have shown that WIN concentration
dependently inhibited voltage-gated sodium currents
(Iy,) in cultured rat trigeminal ganglion cells via CB1Rs ),
AEA also inhibited /y, in rat dorsal root ganglion neu-
rons, and the effect was not reversed by AM251 and
AM630, suggestive of a direct action of AEA on Na*
channels B%. Na* channels were expressed in rat RGCs
and involved in the generation of rising phase of action
potential ®), WIN-induced reduction of +dV/dfmax of
action potential may be due to its inhibitory effect on
Na" channels. Moreover, cannabinoid-induced suppres-
sion of Ca?' channels may also partially contribute to
WIN-induced reduction of +d}/dfmax of action poten-
tial ('], Descending phase of action potential is contrib-
uted by K* channels B' 34, RGCs expressed multiple
types of voltage-gated K™ channels > 33-¢1 and activa-
tion of cannabinoid receptors by WIN may modulate
various K* currents in photoreceptors and BCs [!* 1517,
WIN-induced reduction of —d}/dfmax of action poten-
tial may be resulted from its inhibition on K channels.
Furthermore, WIN-induced effect on action potential
was mediated by CB1Rs because SR141716 could re-
verse WIN effect. On the other hand, WIN did not
change the resting membrane potential and spontane-
ous firing of RGCs with or without synaptic inputs be-
ing blocked by cocktail synaptic blockers, suggesting
that WIN had no modulating roles on the K* channels,
such as inward rectifying (Kir) and small-conductance
Ca*-activated K* (SK,) channels, as well as hyperpo-
larization-activated cation channels (Z,), which are in-
volved in the generation of resting membrane potential
and after-hyperpolarization potential.

The present work demonstrated that activation of
CB1Rs regulates rat RGC excitability through modulat-
ing rising and descending rates of evoked action poten-
tials of the cells.
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