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Abstract Ras-related C3 botulinum toxin substrate 1

(Rac1), a member of the Rho GTPase family which plays

important roles in dendritic spine morphology and plastic-

ity, is a key regulator of cytoskeletal reorganization in

dendrites and spines. Here, we investigated whether and

how Rac1 modulates synaptic transmission in mouse

retinal ganglion cells (RGCs) using selective conditional

knockout of Rac1 (Rac1-cKO). Rac1-cKO significantly

reduced the frequency of AMPA receptor-mediated minia-

ture excitatory postsynaptic currents, while glycine/

GABAA receptor-mediated miniature inhibitory postsynap-

tic currents were not affected. Although the total GluA1

protein level was increased in Rac1-cKO mice, its expres-

sion in the membrane component was unchanged. Rac1-

cKO did not affect spine-like branch density in single

dendrites, but significantly reduced the dendritic complex-

ity, which resulted in a decrease in the total number of

dendritic spine-like branches. These results suggest that

Rac1 selectively affects excitatory synaptic transmission in

RGCs by modulating dendritic complexity.

Keywords Rac1 � Retinal ganglion cell � Excitatory
synaptic transmission � Dendrite � Dendritic spine

Introduction

Ras-related C3 botulinum toxin substrate 1 (Rac1), a

member of the Rho GTPase family, is a low-molecular-

weight guanine nucleotide-binding protein that functions as

a binary switch by cycling between an active GTP-bound

form and an inactive GDP-bound form [1, 2]. The activity

of Rac1 is positively regulated by guanine nucleotide

exchange factors (GEFs) and negatively regulated by

GTPase-activated proteins [3, 4], and is inhibited by

guanine nucleotide dissociation inhibitors [1, 5, 6]. Rac1

and its effector and regulatory proteins constitute a

complex signaling network which regulates a variety of

neuronal functions such as cytoskeletal dynamics, axon

growth and guidance, cell survival, dendritic arborization,

spine morphogenesis, excitatory synapse formation, and

synaptic plasticity [1–3, 7–12].

Rac1 is widely expressed in mouse retinal cells includ-

ing photoreceptors, horizontal cells, amacrine cells, retinal

ganglion cells (RGCs), and Müller cells [13]. Increasing

evidence has suggested that Rac1 is involved in retinal

diseases. For example, overexpression of the dedicator of

cytokinesis 3, a GEF for Rac1, prevents RGC degeneration

in the glaucomatous retina by suppressing the glutamate

neurotoxicity and oxidative stress mediated by N-methyl-

D-aspartate receptor subunit NR2B [14]. Selective activa-

tion of distinct Rac1-dependent pathways improves RGC

survival and prevents the degeneration of RGC dendrites in

an optic nerve-crush mouse model [15]. In addition,

activation of Rac1 induces reactive oxygen species pro-

duction and then stimulates p65 nuclear factor-jB phos-

phorylation, thus increasing tumor necrosis factor-a release

from retinal microglial cells [16]. Rac1 is activated in the

streptozotocin-induced rat model of diabetes, and this may

mediate diabetes-induced damage and/or alterations to the
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blood-retinal barrier by increasing the vascular permeabil-

ity of the retina [17].

RGCs, the only output neurons of the retina, integrate

and process excitatory signals from bipolar cells and

inhibitory signals from amacrine cells [18–21]. Any factors

that affect the synaptic transmission of RGCs may

modulate the processing of visual information. Although

Rac1 has been shown to be involved in some retinal

diseases, whether and how Rac1 modulates the synaptic

transmission of RGCs is still largely unknown. In this

study, by crossing Chat-cre mice with Rac1-floxed mice to

obtain selective RGC conditional Rac1-knockout (Rac1-

cKO) mice, we characterized the effects of Rac1 on the

synaptic transmission of RGCs and the possible underlying

mechanisms.

Materials and Methods

Animals

All experimental procedures were performed in accordance

with the National Institutes of Health Guide for the Care

and Use of Laboratory Animals and the Fudan University

guidelines on the ethical use of animals, and were approved

by the animal care committee of Institutes of Brain Science

at Fudan University. C57BL/6 mice were obtained from

SLAC Laboratory Animal Co., Ltd (Shanghai, China) and

Rac1flox/? mice from The Jackson Laboratory (Bar Harbor,

ME, USA). Tg(Chat-cre)GM24Gsat mice (Chat-cre?/-)

were a generous gift from Dr. Min-Min Luo at the

National Institute of Biological Sciences (Beijing, China).

All animals were housed under a 12-h light/dark cycle,

with standard food and water provided ad libitum.

Generation and Gene Identification of Rac1-cKO

Mice

Rac1-cKO mice were generated by crossing Rac1flox/flox

mice with Chat-cre?/– mice. The genotypes of Chat-cre?/–

mice, Rac1flox/flox mice, and Rac1-cKO mice were deter-

mined by polymerase chain reaction (PCR) using Premix

Taq (TaKaRa, Japan) and the following primers:

Rac1flox/flox forward, 50-TCCAATCTGTGCTGCCCATC-
30, and Rac1flox/flox reverse, 5’ -GATGCTTCTAGGGGT-

GAGCC-30; Chat forward, 50-GGTCTCCTTGTGGAG
TGGGAGT-30, and Chat reverse, 50-CGGCAAACGG
ACAGAAGCATT-30. The Rac1 amplification protocol

was as follows: 94�C/3 min (1 cycle); 94�C/30 s, followed

by 65�C/1 min, followed by 72�C/1 min (35 cycles); and

72�C/2 min (1 cycle). The Cre? amplification protocol was

as follows: 94�C/5 min (1 cycle); 94�C/15 s, followed by

65�C/30 s, followed by 72�C/40 s (40 cycles); and 72�C/5

min (1 cycle). The PCR DNA products were then analyzed

by 2% agarose gel electrophoresis.

Immunohistochemistry

Immunohistochemistry was performed as previously

described [22, 23]. Briefly, each retina was vertically cut

at 14 lm on a freezing microtome (Leica, Nussloch,

Germany). The sections were blocked with 5% normal

donkey serum and 1% bovine serum in phosphate-buffered

saline (PBS) with 0.4% Triton X-100 at room temperature

for 2 h. Then the sections were incubated with the

following primary antibodies overnight at 4�C: monoclonal

mouse anti-Rac1 (1:500 dilution; Abcam, Cambridge, MA,

USA), monoclonal goat anti-Brn-3a (1:400; Santa Cruz

Biotechnology, Santa Cruz, CA, USA), and polyclonal

rabbit anti-Cre recombinase (1:1,000; Abcam). Binding

sites of the primary antibodies were visualized by incuba-

tion with Cy3/Alexa Fluor 488/Alexa Fluor 647-conjugated

donkey anti-rabbit, anti-mouse, or anti-goat IgG (1:400;

Sigma-Aldrich, St. Louis, MO, USA) for 2 h at room

temperature. The sections were photographed with a Leica

SP2 confocal laser-scanning microscope. To avoid recon-

struction stacking artifacts, double-labeled cells were

precisely evaluated by sequential scanning on single-layer

optical sections at intervals of 1.0 lm.

Hematoxylin and Eosin (H&E) Staining

H&E staining was performed as previously described [24].

Briefly, retinas embedded in paraffin were cut at 5 lm and

stained with H&E (Sigma-Aldrich). The sections were

photographed using an Olympus BX51 microscope under

bright-field at 409 magnification.

Western Blot Analysis

Western blots were analyzed as we previously described

[22, 23, 25]. Briefly, for whole-cell protein extraction,

retinas were homogenized in RIPA lysis buffer supple-

mented with protease and phosphatase inhibitor cocktails

(Roche Applied Science, Mannheim, Germany). For retinal

plasma membrane protein extraction, we followed the

protocol provided with the Plasma Membrane Protein

Extraction Kit (BioVision, Milpitas, CA, USA). The

concentration of total proteins was measured using a

standard bicinchoninic acid assay kit (Pierce Biotechnol-

ogy, Rockford, IL, USA). The extracted whole protein

samples (1.0 lg/lL, 10 lL) and membrane protein samples

(1.0 lg/lL, 20 lL) were resolved on 8%, 10%, and 15%

SDS-PAGE according to the molecular weight of the target

proteins using the Mini-Protean 3 Electrophoresis System

(Bio-Rad, Hercules, CA), and then electroblotted onto
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polyvinylidene fluoride membranes (Immobilon-P, Milli-

pore, Danvers, MA, USA) using the Mini Trans-Blot

Electrophoretic Transfer System (Bio-Rad, Hercules, CA,

USA). After blocking in 5% non-fat milk at room

temperature for 2 h, the membranes were incubated

overnight at 4�C with the following primary antibodies:

polyclonal mouse anti-GluN1 (1:1000; BD Pharmingen,

Franklin Lakes, NJ), polyclonal rabbit anti-GluN2A

(1:200; Alomone Labs, Jerusalem, Israel), polyclonal

rabbit anti-GluN2B (1:200; Alomone Labs), polyclonal

rabbit anti-GluA1 (1:200; Alomone Labs), monoclonal

rabbit anti-mGluR1 (1:1000; Cell Signaling Technology,

Danvers, MA), monoclonal rabbit anti-mGluR5 (1:500;

Abcam), polyclonal rabbit anti-glycine receptor alpha1?al-

pha2 (1:1000; Abcam), and polyclonal rabbit anti-GABAA

receptor alpha1 (GABRA1) (1:1000; Abcam). After wash-

ing in Tris-buffered saline-Tween 20, the membranes were

incubated with horseradish-peroxidase-conjugated donkey

anti-mouse or donkey anti-rabbit IgG (1:5000; Jackson

Jackson Immuno-Research Laboratories, Wes Grove, PA)

for 1 h at room temperature. The blots were then incubated

with enhanced chemiluminescent reagent (ThermoFisher

Scientific, Rockford, IL) and imaged with a digital imager

(FluorChem E System, ProteinSimple, San Jose, CA). For

sequential immunoblotting, the blots were washed with

Tris-buffered saline, stripped with Restore Western Blot

Stripping Buffer (ThermoFisher Scientific, Rockford, IL),

and re-blocked and incubated with primary antibodies if

necessary.

Retinal Slice Preparation

Retinal slices were made following our previously-de-

scribed procedure [22, 26, 27]. Briefly, after deep anes-

thesia and euthanasia, the retinas were carefully removed

and embedded in low-melting-point agarose (4% in

artificial cerebral spinal fluid [ACSF]). Slices (200 lm)

were cut on a vibratome (Leica, VT1000s, Nussloch,

Germany) and transferred to a holding chamber where they

were completely submerged in ACSF containing (in

mmol/L) 125 NaCl, 2.5 KCl, 25 NaHCO3, 1.25 NaH2PO4,

2.5 CaCl2, 1 MgCl2, and 10 glucose (pH 7.4), bubbled

continuously with 95% O2 and 5% CO2, and maintained at

room temperature (21�C–23�C) for at least 30 min before

recording.

Preparation of Isolated RGCs

Retinal neurons were dissociated using enzymatic and

mechanical methods as previously described [28, 29] with

minor modifications. Briefly, the retinas were incubated in

oxygenated Hank’s solution containing (in mmol/L) 137

NaCl, 0.5 NaHCO3, 1 NaH2PO4, 3 KCl, 2 CaCl2, 1

MgSO4, 20 HEPES, 16 glucose, 1 sodium pyruvate, pH 7.4

adjusted with CsOH, 310 mOsm/L, and then digested in

Hank’s solution containing 1.6 U/mL papain (Calbiochem,

San Diego, CA, USA), and supplemented with 0.2 mg/mL

L-cysteine for 30 min at 35�C. Fire-polished Pasteur

pipettes were used to mechanically dissociate retinal

neurons.

Electrophysiological Recordings

Whole-cell voltage-clamp recordings were made as

described in our previous studies [22, 27, 29]. All

experiments were done at room temperature. Patch pipettes

were made by pulling BF150-86-10 glass (Sutter Instru-

ment Co., Novato, CA) on a P-97 Flaming/Brown

micropipette puller (Sutter Instrument Co.), then fire-

polishing (Model MF-830, Narishige, Tokyo, Japan).

Whole-cell membrane currents were recorded from RGCs

using a patch amplifier (Axopatch700B; Molecular

Devices, San Jose, CA) with a Digidata 1440A data

acquisition board and pClamp 10.2 software (Molecular

Devices). Fast capacitance was fully cancelled and cell

capacitance was cancelled as much as possible by the

amplifier circuits. Seventy percent of the series resistance

of the recording electrode was compensated. Analog

signals were sampled at 10 kHz, filtered at 1 kHz and

stored for further analyses. The access resistance was

monitored during recordings and if the change in resistance

was C20%, the cell was discarded. Only one cell was

recorded in each retinal slice.

For recordings, individual slices were transferred to a

chamber that was continuously superfused with oxygenated

ACSF at 1 mL/min–2 mL/min. RGCs were identified by

their location and morphology with the assistance of

infrared-differential interference contrast video microscopy

(BX51WI, Olympus, Tokyo, Japan), and were further

identified by intracellular injection of Alexa Fluor 488. To

record evoked excitatory postsynaptic currents (eEPSCs),

test stimuli were delivered at 0.05 Hz through a patch

pipette filled with ACSF placed on the inner nuclear layer

(INL) or inner plexiform layer (IPL), locations correspond-

ing to the dendritic fields of the recorded RGCs. RGCs

were voltage-clamped at –70 mV to ?40 mV (adjusted

liquid junction potential). a-Amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor (AMPAR)-mediated cur-

rent amplitudes were measured as the maximum current at

–70 mV, and N-methyl-D-aspartic acid receptor

(NMDAR)-mediated current amplitudes were measured at

50 ms after the peak amplitude at ?40 mV. The resistance

of recording electrodes was typically 4 MX–8 MX after

filling with the internal solution. To record miniature

EPSCs (mEPSCs) and eEPSCs, the internal solution

consisted of (in mmol/L): 120 CsMeSO3, 5 NaCl, 2
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EGTA, 10 HEPES, 2 ATP-Mg, 0.2 GTP-Na, 10 tetraethy-

lammonium chloride (TEA-Cl), 3 QX-314, 5 Alexa Fluor

488, pH 7.2 adjusted with CsOH, 280–290 mOsm/L. To

record miniature inhibitory postsynaptic currents

(mIPSCs), the internal solution consisted of (in mmol/L):

150 CsCl, 0.1 CaCl2, 1 EGTA, 10 HEPES, 4 ATP-Mg, 0.4

GTP-Na, 1 MgCl2, 5 Alexa Fluor 488, pH 7.2 adjusted with

CsOH, 280–290 mOsm/L.

For recordings in dissociated RGCs, the cells were

superfused continuously with extracellular solution con-

taining (in mmol/L): 115 NaCl, 2.5 KCl, 10 BaCl2, 5 CsCl,

15 HEPES, 15 TEA-Cl, 10 glucose, and 0.5 lmol/L

tetrodotoxin (TTX) adjusted to pH 7.4 with NaOH and

osmolality to 300–310 mOsm/L with sucrose. Patch

pipettes had resistance of 3-6 MX when filled with the

following internal solutions. For whole-cell AMPA cur-

rents, the internal solution consisted of (in mmol/L) 120

CsMeSO3, 5 NaCl, 2 EGTA, 10 HEPES, 2 ATP-Mg, 0.2

GTP-Na, 10 TEA-Cl, and QX-314 3, pH 7.2 adjusted with

CsOH, 280–290 mOsm/L. For glycine currents, the internal

solution consisted of (in mmol/L) 150 CsCl, 0.1 CaCl2, 1

MgCl2, 10 HEPES, 1 EGTA, 0.4 GTP-Na, 4 ATP-Mg, pH

7.2 adjusted with CsOH, 280–290 mOsm/L.

CN04 Administration

From postnatal day 8 (P8) onwards, Rac1-cKO mice

received intraperitoneal injections of 20 lL of 5 lg/mL

CN04 (Cytoskeleton Inc., Denver, CO, USA), an activator

of Rho family GTPases, once daily until P17. CN04

was dissolved in 0.9% saline, and Rac1-cKO mice receiv-

ing injections of an equal volume of 0.9% saline served as

controls.

Dendritic Morphological Analyses

The dendrite and dendritic spine-like branch densities of

RGCs were analyzed in whole flat-mounted retinas. The

retinas were mounted with the ganglion cell layer (GCL)

upturned and RGCs were chosen using an infrared-

differential interference contrast video microscope

(BX51WI, Olympus). Lucifer Yellow (Sigma-Aldrich)

was injected into cells as previously reported [30], with

modifications. Briefly, a micropipette filled with a saturated

solution of Lucifer Yellow was inserted into the soma of a

selected RGC. Current pulses (3.3 Hz, 200 ms duration, 5

lA) were delivered for at least 3 min to facilitate dye entry

into the cell. Three to five RGCs were injected in a single

retina. After the injections, the retina was incubated

overnight in 4% paraformaldehyde in PBS (pH 7.4), and

then incubated with polyclonal rabbit anti-Lucifer Yellow

(1:1000 dilution, ThermoFisher Scientific) at 4�C for 2

days. Binding sites of the primary antibody were visualized

by incubation with Alexa Fluor 488-conjugated donkey

anti-rabbit IgG (1:400; Sigma-Aldrich) at 4�C overnight.

Z-stack images of RGCs were acquired using an FV1000

confocal laser scanning microscope with a 409 objective

(Olympus) at intervals of 1 lm to capture dendritic images

and with a 1009 oil-immersion objective to capture

dendritic spine-like branch images [31, 32]. The images

were analyzed with a FluoView laser scanning confocal

microscope (Olympus), Imaris software (Bitplane, Zurich,

Switzerland), and Xuv Stitch software (Bitplane).

Statistical Analysis

mEPSC, mIPSC, and eEPSC data are represented as the

median and range (maximum, minimum), while the other

data are expressed as the mean ± SEM. Western blot data

were analyzed using GraphPad Prism software (version

5.0; GraphPad Software, La Jolla, CA). Images of RGCs

were analyzed using Imaris software (Bitplane). Electro-

physiological data were analyzed using Mini-Analysis

(Synaptosoft, Leonia, NJ), SigmaPlot (version 10.0, Systat

Software Inc., San Jose, CA), and Igor 4.0 (WaveMetrics,

Tigard, OR).

Comparisons between two groups used Student’s t-test,

and multiple comparisons were made using one-way

analysis of variance and Bonferroni’s post hoc test. Before

using the t-test or one-way analysis of variance, the data

were analyzed using the Kolmogorov-Smirnov test or

Brown-Forsythe test to evaluate the normality or homo-

geneity of variance [33]. P\ 0.05 was considered signif-

icant. In electrophysiological experiments, unless

otherwise stated, ‘‘n’’ represents the number of RGCs.

Only one cell was recorded in each retinal slice or Petri

dish, and only one or two slices or Petri dishes obtained

from the same mouse were used for recordings. In the other

experiments, ‘‘n’’ represents the number of mice used in

each group.

Results

Rac1 Modulates Synaptic Transmission in RGCs

Genotype screening by PCR showed a single 242-bp band

in Rac1-cKO mice, while wild-type Rac1?/? mice showed

a 115-bp band (Fig. S1A). The results of genotype

screening of Chat-cre?/– mice are shown in Fig. S1B.

The Rac1 protein expression levels in whole retinal

extracts from Rac1-cKO mice were assessed using Western

blot and were found to be significantly reduced to 76.8% ±

5.5% of the C57BL/6 controls (n = 6, P = 0.002) (Fig. S1C,

D). We further investigated whether Rac1-cKO mainly

occurs in RGCs. Choline acetyltransferase (ChAT), a rate-

123

676 Neurosci. Bull. August, 2019, 35(4):673–687



limiting enzyme in the process of acetylcholine synthesis,

is a definitive marker for cholinergic neurons [34].

However, it has been reported that in ChAT-cre/Gsat mice,

the Cre recombinase is ectopically expressed in the GCL

and the INL, where RGCs and their dendrites are localized

[35]. In vertical retinal slices, Chat-cre recombinase was

predominantly expressed in Brn-3a (brain-specific home-

obox/POU domain protein 3A)-positive RGCs and the IPL

(Fig. S1E). Double immunofluorescence labeling showed

that Rac1 was abundantly expressed in the GCL and the

IPL, and double-labeled with Brn-3a in control mice

(Fig. S1F, f1–f4). Together, these results indicated that

Rac1 expression in RGCs and the IPL was lower in Rac1-

cKO mice (Fig. S1F, f5–f8), suggesting that Rac1 expres-

sion was primarily reduced in the RGCs.

We examined the effect of Rac knockout on retinal

morphology using H&E staining of vertical sections and

found no significant difference in morphology among the

control, Rca1-cKO, and Chat-cre?/– mice in both the nasal

and temporal retina (Fig. S1G). These results suggested

that conditional deletion of Rac1 in RGCs has no

significant influence on retinal structure.

Since the electrophysiological recordings were done

from P17 to P21, we determined whether the endogenous

Rac1 was already eliminated in RGCs at P17 using

immunofluorescence triple-labeling. As shown in Fig. 1A,

Rac1 was no longer detectable in the Brns-3a-positive

RGCs expressing Cre recombinase, suggesting that the

endogenous Rac1 is already lost at P17.

We then determined whether conditional deletion of

Rac1 affects synaptic transmission in RGCs. First,

mEPSCs were recorded in vertical retinal slices, with

inhibitory GABAA and glycine receptors blocked by

bicuculline (10 lmol/L) and strychnine (10 lmol/L),

respectively. In addition, the fast Na? channel blocker

tetrodotoxin (TTX; 500 nmol/L) was added to the perfu-

sion solution to block action potential-mediated synaptic

activity. Under these conditions, perfusion with ACSF

containing the non-NMDAR antagonist CNQX (10 lmol/

L) completely eliminated the mEPSCs, suggesting that

mEPSCs are mediated by non-NMDARs (data not shown).

Recordings in control and Rac1-cKO retinas showed that

the frequency of mEPSCs in an RGC was significantly

lower in the Rac1-cKO retina (Fig. 1B). On average, the

median mEPSC frequency of RGCs in Rac1-cKO mice was

3.16 Hz (15.06 Hz, 1.34 Hz; n = 10, P = 0.002),

significantly lower than the control value of 16.35 Hz

(28.95 Hz, 3.68 Hz; n = 11) (Fig. 1C). However, condi-

tional deletion of Rac1 in RGCs did not significantly

change the amplitude of mEPSCs, the median being 9.75

pA (13.75 pA, 6.69 pA; n =10, P = 0.630), comparable to

the control value of 8.50 pA (15.13 pA, 4.52 pA; n = 11)

(Fig. 1D). Moreover, conditional deletion of Rac1 in RGCs

had no effect on the kinetics of mEPSCs [rise-time, 2.60

ms (3.18 ms, 1.40 ms) (Rac1-cKO) vs 2.47 ms (3.30 ms,

1.58 ms) (control), P = 0.953; decay time, 9.80 ms (12.31

ms, 4.70 ms) (Rac1-cKO) vs 9.85 ms (18.85 ms, 5.54 ms)

(control), P = 0.446] (Fig. 1E, F).

To test whether the above changes of mEPSCs in the

RGCs of Rac1-cKO mice can be rescued by activating

pathways parallel to Rac1, we gave CN04, an activator of

Rho family GTPases, to Rac1-cKO mice. Intraperitoneal

CN04 administration significantly rescued the decreased

frequency of mEPSCs, with a median frequency of 7.71 Hz

(15.42 Hz, 8.12 Hz; n = 13, P = 0.033 vs untreated Rac1-

cKO mice). But the frequency was still lower than that of

control wild-type mice (P = 0.021) (Fig. 1B, C). In

addition, CN04 slightly increased the amplitude of

mEPSCs, with a median of 12.48 pA (18.69 pA, 8.12

pA; n = 13, P = 0.031 vs untreated Rac1-cKO mice)

(Fig. 1D). However, CN04 did not significantly change the

kinetics of mEPSCs [rise-time, 2.40 ms (3.68 ms, 1.61 ms),

P = 0.972 vs control and P = 0.970 vs untreated Rac1-cKO

mice; decay time, 7.10 ms (12.97 ms, 5.16 ms), P = 0.054

vs control and P = 0.192 vs untreated Rac1-cKO mice]

(Fig. 1E, F).

The reduction in the frequency of mEPSCs in Rac1-cKO

mice suggested that either the presynaptic glutamate

release probability is changed or postsynaptic mechanisms

is involved. Since the conditional deletion of Rac1

principally occurred in RGCs, we speculated that postsy-

naptic mechanisms were involved. To test this, we

recorded eEPSCs at holding potentials of ?40 and –70

mV in RGCs in retinal slices from control and Rac1-cKO

mice (Fig. 1G). The ratio of NMDA/AMPA current

amplitude (?40 mV/–70 mV) was higher [0.99 (2.54,

0.04; n = 8, P = 0.013)] in Rac1-cKO RGCs than in

controls [0.22 (0.93, 0.08; n = 9) (Fig. 1H). Furthermore,

we compared the AMPAR-mediated currents in RGCs

acutely isolated from control and Rac1-cKO mice. In these

RGCs, most processes were destroyed during the isolation

process, so the currents were mainly mediated by AMPARs

in the somata. Current recordings in RGCs from control

and Rac1-cKO mice (Fig. 1I) showed no significant

difference in the amplitude induced by 100 lmol/L AMPA,

with a mean current density of 24.1 ± 5.1 pA/pF (n = 10)

for control mice and 25.6 ± 3.5 pA/pF (n = 9, P = 0.813)

for Rac1-cKO mice (Fig. 1J). These results suggested that

conditional deletion of Rac1 in RGCs does not change

AMPARs in the somata of RGCs.

We then examined the effect of conditional deletion of

Rac1 on glycine receptor-mediated mIPSCs in RGCs by

blocking excitatory receptors with CNQX (10 lmol/L) and

D-APV (50 lmol/L), and blocking GABAA receptors with

bicuculline (10 lmol/L). In addition, the fast Na? channel

blocker TTX (500 nmol/L) was added to the perfusion
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solution to block action potential-mediated synaptic activ-

ity. Conditional deletion of Rac1 in RGCs had no

significant effect on glycine receptor-mediated mIPSCs

(Fig. 2A). On average, the median frequency [0.12 Hz

(4.64 Hz, 0.04 Hz), n = 12, P = 0.164] and amplitude

[16.38 pA (55.23 pA, 5.85 pA), n = 12, P = 0.680] in Rac1-

cKO mice did not differ from controls [frequency, 0.85 Hz

(8.15 Hz, 0.03 Hz), n = 10; amplitude, 21.94 pA (53.70 pA,

17.18 pA), n = 10] (Fig. 2B, C). Conditional deletion of

Rac1 also did not change the kinetics of glycine receptors,

with a median rise time of 4.05 ms (5.37 ms, 3.08 ms; n =

12, P = 0.081) and decay time of 26.80 ms (44.06 ms,

10.11 ms; n = 12, P = 0.852), both of which were similar to

the control [rise time, 3.17 ms (6.88 ms, 2.36 ms), n = 10;

decay time, 20.20 ms (32.38 ms, 11.96 ms), n = 10]

(Fig. 2D, E). Similarly, conditional deletion of Rac1 had

no significant effect on GABAA receptor-mediated mIPSCs

(Fig. 2F). When we recorded GABAA receptor-mediated

mIPSCs, excitatory synaptic transmission was blocked by

CNQX (10 lmol/L) and D-APV (50 lmol/L), and glycine

Fig. 1 Conditional knockout of Rac1 modulates excitatory synaptic

transmission of RGCs. A Triple immunofluorescence labeling show-

ing the expression of Brn-3a (a1), DAPI (a2), and Rac1 (a3) in a

retinal slice from a control mouse at P17 (a4: merged image of a1, a2,
and a3). Triple immunofluorescence labeling showing the expression

of Brn-3a (a5), Cre recombinase (a6), and Rac1 (a7) in a retinal slice

from an Rac1-cKO mouse at P17 (a8: merged image of a5, a6, and
a7). Arrows indicate RGCs lacking Rac1 expression. Scale bars, 10

lm. B Representative recordings of mEPSCs in RGCs from control,

Rac1-cKO, and Rac1-cKO?CN04 retinal slices. C–F Summary data

showing that conditional deletion of Rac1 in RGCs reduced the

frequency (C), but not the amplitude (D) and kinetics (E, F) of

mEPSCs. CN04 administration partially rescued the decreased

frequency of mEPSCs in RGCs from Rac1-cKO mice (n = 11-13;

**P \ 0.01 vs control, #P \ 0.05 vs Rac1-cKO). G Representative

recordings showing the changes in amplitude of eEPSCs from RGCs

in retinal slices at holding potentials of ?40 mV and –70 mV in

control and Rac1-cKO mice. H Summary data showing the average

ratios of the current amplitudes at ?40 mV and –70 mV in RGCs

from control (n = 9) and Rac1-cKO (n = 8) mice (*P \ 0.05 vs

control). I Representative recordings from two RGCs acutely isolated

from control and Rac1-cKO mice, showing no significant difference

in the currents induced by AMPA (100 lmol/L). J Summary data

showing the average AMPA current densities in RGCs acutely

isolated from control (n = 10) and Rac1-cKO (n = 9) mice. The

distribution of data in each cell was indicated as scattered circles and

the data are expressed as medians and interquartile ranges.
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receptors were blocked by strychnine (10 lmol/L). TTX

(500 nmol/L) was also applied to block fast Na? channels.

The median frequency in Rac1-cKO mice [0.77 Hz (3.76

Hz, 0.35 Hz), n = 6, P = 0.280] was comparable to the

control [1.60 Hz (7.33 Hz, 0.11 Hz), n = 11] (Fig. 2G).

Although the median amplitude in RGCs from Rac1-cKO

mice [20.56 pA (29.53 pA, 13.31 pA), n = 6, P = 0.005]

was higher than the control value [13.28 pA (17.73 pA,

7.07 pA; n = 11)] (Fig. 2H), the median rise time [3.12 ms

(3.41 ms, 2.41 ms; n = 6, P = 0.550)] and decay time [25.89

ms (31.07 ms, 24.62 ms; n = 6, P = 0.140)] did not

significantly differ from those in controls [rise time, 2.82

ms (4.32 ms, 2.64 ms), n = 11; decay time, 25.10 ms (29.96

ms, 14.95 ms), n = 11] (Fig. 2I, J). These results suggested

that conditional deletion of Rac1 in RGCs had no

significant influence on the inhibitory synaptic transmission

of RGCs.

Expression of Excitatory and Inhibitory Synaptic

Receptor Subunits in RGCs of Rac1-cKO Mice

We then determined whether there are differences in

synaptic receptor expression between Rac1-cKO mice and

control mice at P70. Expression of the GluA1 subunit of

AMPARs was higher in Rac1-cKO mice (Fig. 3A), the

average protein level being 135.9% ± 14.9% of control

(n = 6, P = 0.042) (Fig. 3B), while the protein level of the

GluA2 subunit was unchanged (95.3% ± 4.0% of control;

n = 6, P = 0.284) (Fig. 3C, D). Because conditional

deletion of Rac1 caused a decrease in mEPSC frequency

(Fig. 1B), and mEPSCs are mediated by AMPARs, the

higher expression of GluA1 may not involve functional

AMPARs. To test this possibility, we assessed the levels of

the cytoplasmic (c-GluA1) and membrane (m-GluA1)

components using Western blot analysis. The c-GluA1

level (206.1% ± 3.5% of control, n = 6, P = 0.031), but not

the m-GluA1 level (100.2% ± 13.3% of the control, n = 6,

P = 0.991), was significantly higher in Rac1-cKO mice

than in controls, suggesting that functional AMPARs do

Fig. 2 Conditional knockout of Rac1 does not affect glycine and

GABAA receptor-mediated inhibitory synaptic transmission in RGCs.

A Representative recordings of glycine receptor-mediated mIPSCs in

RGCs from control and Rac1-cKO retinal slices. B–E Summary data

showing the frequency (B), amplitude (C), rise-time (D), and decay

time (E) of mIPSCs in RGCs from control (n = 12) and Rac1-cKO

(n = 10) mice. F Representative recordings of GABAA receptor-

mediated mIPSCs in RGCs from control and Rac1-cKO retinal slices.

G–J Summary data showing the frequency (G), amplitude (H), rise

time (I), and decay time (J) of GABAA-receptor-mediated mIPSCs in

RGCs from control (n = 11) and Rac1-cKO (n = 6) mice. **P\ 0.01

vs control. The distribution of data in each cell was indicated as

scattered circles and the data are expressed as medians and

interquartile ranges.
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not increase due to conditional deletion of Rac1 (Fig. 3E–

H).

In addition, we determined the expression of mGluR

Group I (mGluR I), including mGluR1 and mGluR5, by

Western blot analysis. The mGluR1 protein level in Rac1-

cKO retinas was significantly lower (71.3% ± 4.8% of

control, n = 6, P\ 0.001), while the mGluR5 protein level

was significantly higher (110.2% ± 4.1% of control, n = 6,

P = 0.032) (Fig. 4A, B).

We also assessed the expression levels of the GluN1,

GluN2A, and GluN2B subunits of NMDARs. Conditional

deletion of Rac1 induced an increase in the expression

levels of all three subunits (Fig. 4C), the average protein

levels increasing to 132.0% ± 12.2% (n = 6, P = 0.033),

124.1% ± 8.9% (n = 7, P = 0.020), and 123.4% ± 9.0% of

control levels (n = 7, P = 0.022), respectively (Fig. 4D).

Consistent with the electrophysiological results, the

expression levels of the inhibitory synaptic GABAA, and

glycine receptors were not significantly different (Fig. 5A,

C). The protein levels of GABRA1 and glycine receptors in

Rac1-cKO retinas were 127.2% ± 22.7% (n = 6, P = 0.249)

and 105.7% ± 9.2% of control (n = 8, P = 0.541),

respectively (Fig. 5B, D).

Having shown that the frequency of mEPSCs and

expression of GluA1 were changed in Rac1-cKO retinas in

mice at P17–P21 and P70, respectively, we determined

whether the expression of GluA1 changed developmentally

from postnatal week 2 (2W) to month 3 (3M). As shown in

Fig. 6A, the GluA1 protein levels in both control and

Rac1-cKO retinas from 1M to 3M did not differ from that

at 2W. On average, the protein levels at 1M, 2M, and 3M in

Rac1-cKO retinas were 108.5% ± 7.4% (n = 6, P[ 0.05),

95.9% ± 9.9% (n = 6, P[ 0.05), and 105.2% ± 8.5% of

that at 2W (n = 6, P [ 0.05), respectively (Fig. 6B),

Fig. 3 Protein levels of GluA1 and GluA2 subunits of AMPARs in

retinal extracts from Rac1-cKO, Chat-cre?/–, and control mice. A, C
Representative immunoblots of GluA1 (A) and GluA2 (C) protein

levels. B, D Cumulative data showing the average densitometry of

immunoreactive bands of GluA1 (B), GluA2 (D) expression. E, G
Representative immunoblots showing the GluA1 protein levels of the

cytoplasmic component (c-GluA1) (E) and membrane component (m-

GluA1) (G). F, H Cumulative data showing the average densitometry

of immunoreactive bands of c-GluA1 (F) and m-GluA1 (H) protein

levels. All data are normalized to control. n = 6 for all groups.

*P\ 0.05 vs control.

Fig. 4 Protein levels of mGluR1/5 and NMDAR subunits in retinal

extracts from Rac1-cKO, Chat-cre?/–, and control mice. A Represen-

tative immunoblots showing the mGluR1 and mGluR5 protein levels.

B Bar charts summarizing the average densitometry of immunoreac-

tive bands of mGluR1 and mGluR5 expression. C Representative

immunoblots showing the GluN1, GluN2A, and GluN2B protein

levels. D Bar charts summarizing the average densitometry of

immunoreactive bands of GluN1, GluN2A, and GluN2B expression.

All the data are normalized to control. n = 6–7. *P \ 0.05,

***P\ 0.001 vs control.
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suggesting that the development of GluA1 protein in RGCs

was completed by 2W.

Rac1 Modulates the Dendritic Integrity of RGCs

Previous studies have demonstrated that Rac1 plays an

important role in modulating the morphology of dendrites

and spines [36–42]. Having shown that the frequency of

mEPSCs was reduced in RGCs from Rac1-cKO mice, we

used intracellular injection of Lucifer Yellow to determine

whether Rac1 conditional knockout alters their dendrites

and dendritic spine-like branches. RGCs were identified by

the presence of an axon projecting to the optic disc. Any

cells lacking an axon, even though they might possess the

dendritic characteristics of typical RGCs, were not

included in the analyses [32]. In total, 21 RGCs from 15

control mice (P17–P21) were randomly chosen for the

analyses; these included all subtypes of RGCs (Table 1) in

the classification by Sun et al. [43]. As the dendritic

morphology of RGCs may have been altered by Rac1

conditional knockout, the 23 RGCs from 11 Rac1-cKO

mice (P17–P21) were not identified by subtype. Represen-

tative RGC images from control and Rac1-cKO mice are

shown in Fig. 7A. The dendritic field area of each dendrite

was calculated by multiplying its length by its average

width. Total dendritic field area (TDFA) was the sum of all

dendrites measured. Rac1 conditional knockout signifi-

cantly reduced the TDFA to 10,155 ± 1,509 lm2 (n = 23,

P = 0.019) from the control value of 14,714 ± 1,036 lm2

(n = 21) (Fig. 7B). In addition, the total dendritic length of

RGCs from Rac1-cKO mice was also decreased to 2,195 ±

240 lm (n = 23, P = 0.007) from the control value of 3,065

± 186 lm (n = 21) (Fig. 7C). To provide a physiological

measure, we analyzed the differences in membrane capac-

itance using capacitance compensation during mEPSC

recordings from RGCs in Rac1-cKO and control mice.

Conditional deletion of Rac1 indeed induced a decrease in

the membrane capacitance of RGCs (control, 34.2 ± 3.2

pF, n = 15; Rac1-cKO, 25.2 ± 2.7 pF, n = 12, P = 0.049).

Fig. 5 No change in GABRA1 and glycine receptor protein levels in

Rac1-cKO retinas. A, C Representative immunoblots showing the

GABRA1 (A) and glycine receptor (GlyR) (C) expression in control,

Rac1-cKO, and Chat-cre?/– retinal extracts. B, D Bar charts

summarizing the average densitometry of immunoreactive bands of

GABRA1 (B) and GlyR (D) expression in control, Rac1-cKO, and

Chat-cre?/– retinal extracts. All the data are normalized to control. n =

6–8.

Fig. 6 Protein levels of GluA1 in extracts from Rac1-cKO, Chat-

cre?/–, and control retinas during the postnatal period from 2 weeks

(2W) to 3 months (3M). A Representative immunoblots showing the

GluA1 protein levels at different postnatal times (2W, 1M, 2M, 3M).

B Bar charts summarizing the average densitometry of immunoreac-

tive bands of GluA1 expression at different postnatal times. All the

data are normalized to 2W. n = 6 for all groups.

Table 1 Percentages of different types of RGCs for dendritic

analysis in retinas from C57BL/6 mice (n = 21).

RGA RGB RGC RGD Unclassified

4/21(19%) 6/21(28.6%) 9/21(42.9%) 1/21(4.8%) 1/21(4.8%)
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We then analyzed the dendritic changes using Sholl

analysis, which is widely used to quantify and graphically

represent the characteristic morphology of dendritic arbors

[44–50]. This analysis involved counting the numbers of

intersections of dendrites with rings of increasing radii, in

increments of 10 lm, centered on the soma of an RGC. The

Sholl profile was obtained by plotting the number of

intersections versus the radial distance from the soma

[46, 51]. The dendritic complexity in Rac1-cKO mice was

reduced at 50 lm from the soma (average number of

intersections, 17.7 ± 1.7 (n = 23, P = 0.84), and a

significant reduction was observed at 100 lm (control, 16.9

± 1.5, n = 21; Rac1-cKO, 10.3 ± 2.0, n = 23; P = 0.012) to

200 lm (control, 0.71 ± 0.44, n = 21; Rac1-cKO, 0.04 ±

0.04, n = 23; P = 0.12) compared to the control (Fig. 7D).

We further determined differences in the density of

dendritic spine-like branches of RGCs in Rac1-cKO mice.

In each cell, two secondary dendrites with a length C40 lm
and two tertiary dendrites were chosen, and the total

number of spine-like branches was counted (Fig. 7E). The

average number of dendritic spine-like branches in 38

RGCs from Rac1-cKO mice was 0.06 ± 0.008/lm, similar

to that in control mice (0.05 ± 0.007/lm, n = 21, P =

0.463) (Fig. 7F). These results suggested that even though

the density of dendritic spine-like branches did not change,

the total number of dendritic spine-like branches was lower

in Rac1-cKO mice because of the reduced dendritic

complexity of RGCs.

Discussion

Rac1 Selectively Modulates Excitatory Synaptic

Transmission in RGCs

The Cre-LoxP recombination system is a powerful in vivo

tool for gene deletion, overexpression, and ectopic expres-

sion in cells and tissues [52, 53]. Previous studies have

reported that in ChAT-cre/Gsat mice, ChAT-Cre recombi-

nase is ectopically expressed in RGCs, but not in cholin-

ergic amacrine cells [35]. By crossing ChAT-cre/Gsat mice

with Rac1flox/flox mice, we obtained Rac1-cKO mice and

found that Rac1 knockout predominantly occurred in

RGCs, and this was supported by Western blot and

immunohistochemical analysis (Fig. S1). It should be

noted that Rac1-cKO did not significantly influence retinal

structure (Fig. S1G). This is different from some retinal

diseases such as glaucoma in which the retinal IPL

decreases in thickness due to RGC death [54]. We

speculated that a partial decrease in the dendritic integrity

of RGCs was not enough to change the thickness of the IPL

since the reduced complexity of the dendritic tree was

observed at 100–200 lm from the RGC soma (Fig. 7).

A major finding of this study was that conditional

knockout of Rac1 selectively reduced excitatory synaptic

transmission in RGCs, and this was supported by the

Fig. 7 Conditional deletion of Rac1 in RGCs reduces dendritic

integrity. A Representative images of RGCs stained by Lucifer

Yellow from control (a1) and Rac1-cKO mice (a2). Scale bar, 10 lm.

B, C Quantitation of total dendritic field area (TDFA) (B) and total

dendritic length (TDL) (C) of RGCs in control and Rac1-cKO mice

(n = 21 for control and 23 for Rac1-cKO groups). D Sholl analysis of

dendritic integrity of RGCs in control and Rac1-cKO mice (n = 21 for

control and 23 for Rac1-cKO groups). E Representative images of

dendritic spine-like branches of RGCs in control (e1) and Rac1-cKO

(e2) mice. Scale bar, 10 lm. F Dendritic spine-like branch density of

RGCs in control and Rac1-cKO mice (n = 21 for control and 38 for

Rac1-cKO groups). *P\ 0.05, **P\ 0.01, ***P\ 0.001 vs control.
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following findings. First, in Rac1-cKO mice, the frequency

of mEPSCs was significantly decreased, but the amplitude

and kinetics were not affected, suggesting that Rac1

knockout does not change the function of AMPARs and/

or kainate receptors. In addition, it should be noted that

CN04 administration partially rescued the decrease in

mEPSC frequency and slightly increased the amplitude of

mEPSCs (Fig. 2). This may have resulted from the

activation of RhoA and Cdc42, because CN04 is not a

specific Rac1 activator [55, 56]. Furthermore, it is possible

that CN04 also increased the activity of presynaptic

neurons which have an intact Rac1 pathway. Second, in

Rac1-cKO mice, the ratio of NMDA/AMPA current

amplitudes was increased (Fig. 2G, H), but the amplitudes

of AMPAR-mediated currents recorded in the somata of

dissociated RGCs were unchanged (Fig. 1I, J), suggesting

that the changes in APMARs occur at postsynaptic sites,

but not in the somata. Third, conditional knockout of Rac1

had no significant effect on mIPSCs (Fig. 2A–J), and in

acutely isolated RGCs from Rac1-cKO mice, the glycine-

induced current densities were similar to those of control

mice (Fig. 2K, L).

Rac1 Modulates the Dendritic Integrity of RGCs

The mEPSCs recorded in RGCs are mediated by AMPARs

[27]. Conditional deletion of Rac1 in RGCs reduced the

frequency of mEPSCs, suggesting that the presynaptic

glutamate release probability and/or postsynaptic mecha-

nisms are involved. Based on the finding that in Rac1-cKO

mice, conditional deletion of Rac1 predominantly occurred

in RGCs, it is possible that retrograde signaling initiated by

postsynaptic molecules eventually modulated presynaptic

properties. Indeed, in a previous study [27], we found that

endocannabinoid (eCB) released from RGCs retrogradely

regulates neurotransmitter release from presynaptic neu-

rons by activating CB1 receptors. To the best of our

knowledge, eCB is the only known retrograde signal in the

inner retina, although we cannot exclude other molecules.

However, the synthesis and release of eCB requires strong

depolarization of RGCs, and eCB modulates both excita-

tory and inhibitory synaptic transmission in RGCs [27]. In

the present study, we found that Rac1-cKO only affected

excitatory synaptic transmission. Therefore, we speculated

that eCB may not be involved in the Rac1-cKO induced

changes. Nevertheless, we plan to explore whether other

retrograde molecules may be involved in future studies. On

the other hand, postsynaptic mechanisms may be involved.

However, Western blot analysis showed that the total

GluA1 protein level was increased in Rac1-cKO mice

(Fig. 3). Even though we demonstrated that the increased

expression of GluA1 was in the cytoplasmic component (c-

GluA1), the m-GluA1 level was still comparable to control

mice, indicating that the total number of functional

AMPARs in the membrane was not reduced. We found

that the dendritic field and length of RGCs were reduced in

Rac1-cKO mice, indicating a decrease in dendritic com-

plexity, which resulted in a reduction in the total number of

dendritic spine-like branches, thus contributing to the

reduced mEPSC frequency. It should be noted that

conditional deletion of Rac1 did not change the levels of

m-GluA1. We speculate that the change in m-GluA1 levels

in RGCs may have been undetectable because the protein

sample was obtained from whole retinal homogenates.

Indeed, the changes in protein expression in the whole

extract cannot directly reflect changes in RGCs. It would

be better to isolate pure RGCs, and then run Western blots.

However, the synaptic receptors are expressed on the

dendrites; it is difficult to obtain a complete RGC,

including its soma and dendrites, from the retina. In the

present study, Rac1 deletion mainly occurred in RGCs.

Therefore, we speculate that the changes in synaptic

receptor protein expression largely reflected changes in

RGCs. Furthermore, our results showed that the c-GluA1

level in Rac1-cKO mice was significantly increased. Based

on the fact that Rac1 is one of the major regulators of the

actin cytoskeleton, we speculate that Rac1-cKO may affect

the trafficking of GluA1, thus resulting in its accumulation

in the cytoplasm.

It has been reported that m-GluR I is expressed widely

in retinal cells [28, 57–59]. We have previously demon-

strated that RGCs mainly express the mGluR1 subtype,

while Müller cells principally express the m-GluR5

subtype [28, 60]. Under physiological conditions, the

endogenous release of glutamate from bipolar cells con-

stantly modulates RGC firing by activating m-GluR I. The

m-GluR I agonist, DHPG, increases RGC excitability and

causes depolarization by inhibiting inwardly-rectifying K?

channels (Kir) and hyperpolarization-activated cation

channels [28]. Conditional knockout of Rac1 in RGCs

significantly reduced m-GluR1 protein levels (Fig. 4),

which may have decreased RGC excitability and resulted

in hyperpolarization of the membrane potential. Whether

the changes of m-GluR1 in Rac1-cKO mice modulates the

synaptic transmission of RGCs remains to be explored. It is

of interest that expression of the m-GluR5 subunit was

increased due to conditional knockout of Rac1. Because

this subunit is mainly expressed in Müller cells and is

involved in Müller cell gliosis in rats with experimental

glaucoma [60], its effect remains to be addressed in future

studies.

Previous studies have shown that the small GTPases,

including RhoA, Rac1, and Cdc42, are key regulators of

cytoskeletal reorganization in dendrites and spines, and

play important roles in dendritic spine morphology and

plasticity [61–69]. Consistent with our results, the
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expression of dominant-negative mutants of Rac1 cause a

marked reduction in the number of primary dendrites in

non-pyramidal neurons [42], while the expression of the

constitutively active form of Rac1 to enhance Rac1 activity

selectively increases dendritic branch additions and retrac-

tions in single optic tectal neurons of albino Xenopus

tadpoles [70] and causes dendrite hyperproliferation in

Xenopus RGCs [40]. In addition, abnormalities in dendrites

and dendritic spines are associated with several psychiatric

and neurological diseases. The effects of the small

GTPases on dendrites could be mediated by modulating

NMDARs. For example, inactivation of RhoA, but not

Rac1 and Cdc42, in rat hippocampal neurons results in a

rundown of somatodendritic NMDARs, which is mediated

by its action on F-actin [65]. Overexpression of a non-

kinase phorbol ester receptor, alpha1-chimerin, inhibits the

formation of new spines and removes existing spines in

cultured hippocampal neurons, and this is mediated by

local inactivation of Rac1, indicating that a basal inhibition

of Rac1 maintains the number of spines at a submaximal

level. In addition, the effect of alpha1-chimerin is mediated

by an interaction with the synaptic NR2A subunit of

NMDARs [69]. In this study, we found that conditional

knockout of Rac1 in RGCs increased the expression levels

of the GluN1, GluN2A, and GluN2B subunits of NMDARs

(Fig. 4), but did not change the dendritic spine-like branch

density of RGCs. This phenomenon may be caused by

conditional knockout of Rac1; meanwhile RhoA and

Cdc42 may have compensated for the Rac1 deficiency-

induced change in dendritic spine-like branches.

In the present study, we found an increased ratio of

NMDA/AMPA EPSCs in the RGCs of Rac1-cKO mice.

This may be a result of the changes in percentages of

NMDA/AMPA receptors in each synapse although the total

number of synapses was reduced, as evidenced by the

decreased mEPSC frequency. It should be noted that a

reduction of overall dendritic length would lead to a

reduction of NMDA EPSCs. However, our results showed

that the expression of NMDAR subunits in whole retinal

extracts was slightly increased in Rac1-cKO mice (Fig. 4).

The reasons for this discrepancy may be two-fold. The first

is that the expression of functional NMDARs in RGCs may

indeed be increased. In addition, the number of AMPARs

in each synapse was not changed, as evidenced by the

unchanged mEPSC amplitude. So, the ratio of NMDA/

AMPA EPSCs was increased. However, it is inappropriate

to compare the differences in NMDA and/or AMPA

current amplitudes in different cells by recording eEPSCs

because the intensity of stimulation and the location of

stimulating electrodes were different. Furthermore, func-

tional NMDARs are only expressed on the dendrites and

dendritic spine-like branches in RGCs [71, 72], and we

could not obtain dendritic samples to analyze the change in

these receptors because of technical limitations. Another

possible explanation is that Rac1 deletion may change the

function of NMDARs in RGCs. Previous studies have

reported that there is an interaction between Rac1 and

NMDAR which affects spine morphogenesis and functions

[2, 61, 73]. For example, in primary cultured neurons,

inhibition of the activity of Rac1 and its main effector p21-

activated kinase mediates the inhibitory effects of

NMDARs containing GluN3 subunits on spine morpho-

genesis [61]. The Rac-specific GEF Tiam1 (T-lymphoma

invasion and metastasis 1) seems likely to link NMDARs

to affect spine development by activating particular Rac1-

dependent signaling pathways that control actin cytoskele-

tal remodeling and protein synthesis [2]. Whether and how

Rac1 deletion modulates the functions of dendritic

NMDARs need to be characterized in future studies.

RGCs can be divided into many subtypes according to

different classification criteria, mostly based on their

physiological and morphological features [43, 74, 75]. In

this study, the Lucifer Yellow-filled RGCs from control

mice were morphologically classified according to the

criteria of Sun et al. [43]. Our results showed that all five

subtypes were present, and the percentage of RGCs in each

subtype was similar to those of Sun et al. [43], suggesting

that the RGCs used for our morphological analyses were

randomly selected, and that potential bias was avoided. It

should be noted that Rac1-cKO RGCs were not morpho-

logically classified because the dendritic architecture of

these cells may have been compromised [32].

In this study, the electrophysiological recordings were

performed on RGCs in P17–P21 mice, while Western blot

analysis was conducted using P70 mice. This raised the

possibility that changes in mEPSCs/eEPSCs and GluA1

expression levels resulted from physiological development,

and not from conditional knockout of Rac1. However, our

results clearly showed that the GluA1 protein levels did not

change during the postnatal period from 2W to 3M,

demonstrating that it was the Rac1 deficiency that induced

the changes of excitatory synaptic transmission in RGCs.

In addition, we found that Rac1s were completely deleted

at P17 (Fig. 1A), and the development of GluA1 protein in

RGCs was completed by 2W (Fig. 6). These results suggest

that the Rac1-cKO-induced changes in GluA1 expression

in RGCs were finished before 2W. It is therefore reason-

able to deduce that the changes in expression of both

c-GluA1 and m-GluA1 occurred before 2W.

Unlike the excitatory synapses formed by dendritic

spines, inhibitory synapses are formed directly by presy-

naptic terminals on dendritic membranes. It is notable that

although conditional knockout of Rac1 reduced the den-

dritic complexity of RGCs, the inhibitory synaptic trans-

mission was not affected, as evidenced by unchanged

mIPSCs and glycine/GABAA receptor protein levels
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(Figs. 2, 5). We speculate that conditional knockout of

Rac1 may have induced dynamic structural reorganization

of inhibitory synapses although mechanisms whose details

remain to be explored.

Taken together, we have demonstrated that conditional

deficiency of Rac1 in RGCs selectively attenuated excita-

tory synaptic transmission, which was mediated by reduced

dendritic complexity and a reduced number of dendritic

spine-like branches. In some retinal diseases, such as

glaucoma, some subtypes of RGCs undergo significant

changes in dendritic structure [76–78]. The selective

activation of distinct Rac1-dependent pathways could

improve survival and prevent dendrite degeneration of

RGCs after optic nerve injury, suggesting that Rac1 may be

a potential therapeutic target to counteract neuronal

degenerative processes in the retina [15].
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