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Abstract Rho-associated kinases (ROCKSs) are serine-
threonine protein kinases that act downstream of small
Rho GTPases to regulate the dynamics of the actin
cytoskeleton. Two ROCK isoforms (ROCK1 and ROCK2)
are expressed in the mammalian central nervous system.
Although ROCK activity has been implicated in synapse
formation, whether the distinct ROCK isoforms have
different roles in synapse formation and function in vivo
is not clear. Here, we used a genetic approach to address
this long-standing question. Both Rock1*~ and Rock2™*'~
mice had impaired glutamatergic transmission, reduced
spine density, and fewer excitatory synapses in hippocam-
pal CA1 pyramidal neurons. In addition, both Rockl ™~
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and Rock2™™ mice showed deficits in long-term potenti-
ation at hippocampal CA1l synapses and were impaired in
spatial learning and memory based on the water maze and
contextual fear conditioning tests. However, the spine
morphology of CA1 pyramidal neurons was altered only in
Rock2™~ but not Rockl™~ mice. In this study we
compared the roles of ROCK1 and ROCK2 in synapse
formation and function in vivo for the first time. Our results
provide a better understanding of the functions of distinct
ROCK isoforms in synapse formation and function.

Keywords Rho-associated kinases - Spine - Hippocam-
pus - STP - LTP - Spatial learning and memory

Introduction

The actin cytoskeleton is critical for the regulation of
dendritic spines and synaptic function [1-3], and the Rho-
associated coiled-coil-containing kinases (ROCKSs) are
potent regulators of the actin cytoskeleton. There are two
mammalian ROCK isoforms, ROCK1 and ROCK2; the
full-length proteins share 64% amino-acid similarity and
the kinase domains share 83% identity [4]. ROCKs have
been shown to be crucial for spine formation and synaptic
function [5-8]. However, the roles of ROCKs in synapse
formation and function are controversial. Y-27632, a pan-
ROCK inhibitor, has been reported to increase spine
density and reduce spine width without affecting spine
length in cultured hippocampal neurons [9]. By contrast,
cultured hippocampal neurons from Rock2™~ mice show
normal spine density but increased spine length compared
with control neurons [10]. Therefore, it is challenging to
assign functions to ROCK1 and ROCK?2 based on inhibitor
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studies because the current ROCK inhibitors are not
isoform-specific and likely have off-target effects.

Although ROCKI1 and ROCK2 share downstream
substrates such as myosin phosphatase target subunit 1,
myosin light chain (MLC), and LIM kinases, evidence
from genetic studies suggests that ROCK isoforms have
distinct functions [11-15]. Using Rock1 ™~ and Rock2™"~
mouse embryonic fibroblasts, Shi et al. demonstrated
different roles of ROCK1 and ROCK2 in regulating the
actin cytoskeleton: ROCKI1 destabilizes actin through
MLC phosphorylation, whereas ROCK2 stabilizes actin
via cofilin phosphorylation [16]. These studies suggest that
ROCKI1 and ROCK?2 have distinct functions in vitro.
However, investigation of the roles of ROCK isoforms
in vivo is hampered by developmental defects in Rock1 ™/~
and embryonic lethality in Rock2 ™~ mice [17-19].

Despite the fact that Rockl™~ and Rock2™~ mice
develop normally, in vivo studies on spine formation and
synapse function using these heterozygous models are rare.
Zhou et al. showed that the synapse number, glutamatergic
transmission, and long-term potentiation (LTP) in the
hippocampus are impaired in Rock2™~ mice [10]. How-
ever, whether Rock2*™ mice are also deficient in hip-
pocampus-dependent behaviors remains to be determined,
and studies on spine formation and synaptic function in
Rock1 ™~ mice are lacking.

Therefore, in this study, we investigated the spine
density, morphology, and synaptic function in the hip-
pocampus of Rock1™~ and Rock2™~ mice with the same
genetic background.

Materials and Methods
Animals

The Rock1™~ and Rock2™~ mice were gifted from Dr.
Robert W. Caldwell of Augusta University, Georgia, USA
and maintained on a C57BL/6J genetic background [20].
Mice were housed at 25°C under a 12-h light/dark cycle,
and food and water were available ad libitum. The
genotyping primers for Rockl ™™ mice were as follows:
forward: 5% AGG CAG GGC TAC ACA GAG AA 3;
reverse: 5 ACA GCT GCC ATG GAG AAA AC 3'. The
PCR products for the wild-type (WT) and Rock1™~ alleles
were 918 bp and 544 bp, respectively. The genotyping
primers for Rock2™~ mice were as follows: forward: 5’
GTT TCT CAG CAT TAT GTT GG 3’ and 5 CTG GGT
TGT TTC TCA GAT GA 3/; reverse: 5 CGC TTT CAT
CTG TAA ACC TC 3'. The PCR products for the WT and
Rock2*~ alleles were 1 kb and 800 bp, respectively. To
avoid influence of the hormonal cycle in female mice, all
experiments were performed using 2-3 month-old male
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mice. All experimental procedures were reviewed and
approved by the Institutional Animal Care and Use
Committee of Guangzhou University of Chinese Medicine.

Western Blot

Western blot analysis was performed as described in our
previous studies [21]. Homogenates of cerebral cortex and
hippocampus were prepared in RIPA Buffer (in mmol/L:
50 Tris-HCI1 pH 7.4, 150 NaCl, 2 EDTA, 1 PMSF, 50 NaF,
1 sodium vanadate, 1 DTT, 1% sodium deoxycholate, 1%
SDS, and protease inhibitor cocktail). The homogenates
were resolved on SDS/PAGE gels and transferred to
nitrocellulose membranes, which were incubated in TBS
buffer containing 0.1% Tween-20 and 5% milk for 1 h at
room temperature, then incubated with primary antibody
overnight at 4 °C. After washing, the membranes were
incubated with HRP-conjugated secondary antibody in the
same TBS buffer for 1 h at room temperature. Immunore-
active bands were visualized using enhanced chemilumi-
nescence (Pierce Biotechnology, Waltham, MA). Films
were scanned with an Automatic Gel Imaging Analysis
System (Peiqing Science and Technology, Shanghai,
China) and analyzed with Image] (NIH, Washington,
USA). The following antibodies were used: primary
antibodies against ROCK1 (1:500; Abcam, Shanghai,
China; ab45171), ROCK2 (1:2000; BD Biosciences, San
Diego, CA; 610623), and GAPDH (1:2000; Abcam;
ab8245) and secondary antibodies against mouse (1:3000;
Abcam; ab6728).

Golgi Staining

Golgi staining was performed using a kit following the
manufacturer’s protocol (FD NeuroTechnologies, Colum-
bia, SC). Three independent coronal sections (100 pum)
containing the dorsal hippocampus (Bregma — 1.70 mm to
—2 .46 mm) were imaged per mouse. Spines were counted
on the secondary and tertiary branches of apical dendrites
in the stratum radiatum of the hippocampal CA1 region. A
10-um segment of either secondary or tertiary dendrite
from pyramidal neurons in the CAl region of the
hippocampus was randomly selected in each section. All
segments were observed under a Nikon Eclipse E400
microscope (Tokyo, Japan) by an investigator blind to the
genotype. Spine density was calculated as described by
Gibb and Kolb [22]; spines on secondary dendrites were
visualized using a 100 x oil-immersion lens, and the
number of spines along a 10-um segment was counted to
determine the number of spines/pm.
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Electron Micrograph

The mice were sacrificed and the hippocampus CA1 tissue
was sampled after cardiac perfusion with a mixture of 0.2%
glutaraldehyde and 4% paraformaldehyde. The tissue was
cut into ~ 1 mm? pieces, and fixed in 2.5% glutaraldehyde
at 4 °C for 6 h. After fixing with 1% osmium tetroxide for
1 h and ethanol dehydration, the tissue was embedded in
epoxy resin and prepared for ultrathin sectioning. Ultrathin
sections were examined in an H-7650 transmission electron
microscope (Hitachi, Tokyo, Japan). Excitatory/asymmet-
ric synapses were identified by ultrastructural specializa-
tions, including a postsynaptic density (PSD), a wide
synaptic cleft, and round synaptic vesicles. For each
genotype, a total of 90 images were analyzed. The synapse
density was calculated as the total number of synapses
divided by the total volume of the section. The length and
thickness of PSDs were analyzed using Image] (NIH).

Electrophysiology

Mice were anesthetized with ether and perfused transcar-
dially for 1 min with 4 °C modified artificial cerebrospinal
fluid (ACSF) containing (in mmol/L) 250 glycerol, 2 KCl,
10 MgSO,, 0.2 CaCl,, 1.3 NaH,PO,, 26 NaHCO;, and 10
glucose to protect central nervous system neurons and
maintain functional connectivity in the brain slices. The
mice were then decapitated and brains were quickly
removed and chilled in ice-cold ACSF for an additional 1
min. Transverse hippocampal slices (300 um) were pre-
pared using a Vibroslice (VT 1200S; Leica, Nussloch,
Germany) in ice-cold ACSF. The slices were then incu-
bated in regular ASCF containing (in mmol/L) 126 NaCl, 3
KCl, 1.25 NaH,PO,, 1.0 MgS0Oy,, 2.0 CaCl,, 26 NaHCOj3,
and 10 glucose for 30 min at 34 °C for recovery, and then
at room temperature (25 = 1 °C) for an additional 2-8 h.
All solutions were saturated with 95% 0,/5% CO, (v/v).
Slices were placed in a recording chamber perfused (3
mL/min) with ACSF at 32-34 °C. Whole-cell voltage
clamp recordings were made from hippocampal CAl
pyramidal neurons. Patch electrodes (3—7 MQ) were filled
with a solution containing (in mmol/L) 105 K-gluconate,
30 KCL, 10 HEPES, 10 phosphocreatine, 4 ATP-Mg, GTP-
Na, and 0.3 EGTA, pH 7.35, 285 mOsm. To measure the
miniature excitatory postsynaptic currents (mEPSCs), volt-
age clamp recordings were performed at — 70 mV in the
presence of 1 umol/L TTX and 20 pmol/L bicuculline.
Field excitatory postsynaptic potentials (fEPSPs) were
evoked in the CAl stratum radiatum by stimulating the
Schaffer collaterals with a concentric bipolar electrode
(FHC, ME). The fEPSPs were recorded in the current-
clamp mode with ACSF-filled glass pipettes. Baseline
responses were set at 30% of the maximum response. The

test stimulus consisted of monophasic 0.1-ms pulses of
constant current at 0.05 Hz. The paired-pulse ratio (PPR)
was measured as the percentage change in fEPSP slope by
giving paired pulses at 20, 50, 100, 150, and 200 ms
intervals. The ratio was calculated as the second fEPSP
slope value over the first slope value. LTP was induced by
high-frequency stimulation (HFS: a train of 100 pulses in 1
s). The fEPSP slope values from 10-min baseline recording
prior to HFS were normalized as 100%. Then fEPSPs
evoked by HFS were recorded for 60 min. The slope values
after HFS were formulated as percentage change from
baseline. Two distinct phases were distinguished after HFS,
short-term potentiation (STP) and LTP. The levels of STP
and LTP were determined as the average of the percentage
of slope values during the first 30 min and last 10 min after
HFS, respectively. All recordings were made with a
Multiclamp 700B amplifier and 1550B digitizer (Molecular
Devices, Sunnyvale, CA) and analyzed with Clampfit 10.7
(Molecular Devices).

Behavioral Analysis

All behaviors were recorded by a video analysis system
(Shanghai Jiliang Software Technology Co., Ltd., Shang-
hai, China). The investigators were blind to genotypes.
Behavioral testing was performed between 09:00 and
18:00. All mice were habituated for 3 h in the behavioral
room before starting the tests.

Open Field Test

Mice were placed in a chamber (40 x 40 x 30 cm®) and
their movements monitored. Beam-breaks were converted
to directionally-specific movements and summed at 5-min
intervals over a 30-min period. Ambulatory activity was
measured as the total number of horizontal photobeam
breaks (horizontal activity).

Elevated Plus Maze

A mouse was placed in the center of the elevated maze (50
cm above ground, with two open arms and one enclosed
arm) and allowed to explore for 5 min. The number of
entries into each arm and the time spent in the open arms
were measured.

Light-Dark Box Test

The light-dark box had two equal-sized (12 x 30 x 20
cm3) chambers, one light and one dark. A mouse was
placed in the center of the light chamber and allowed to
explore for 10 min. The times spent in the light and dark
chambers were recorded.
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Morris Water Maze (MWM)

Mice were trained for 5 days with 4 trials/day (2 min/trial,
30 min inter-trial intervals). We used 7 start positions to
ensure that visuospatial memory was used to find the
hidden platform. On the last day (day 5) at the end of the
3rd trial, a 60-s probe trial was run, in which the platform
was removed and the mice were placed into the pool at a
new start position and scored for the number of platform
crossings. On day 6, mice were tested for the ability to find
the visible platform within 60 s. If a mouse had 2 trials of
60 s, it was eliminated from the study.

Contextual Fear Conditioning

The fear conditioning experiments were performed accord-
ing to the original protocol by Paylor et al. [23] with minor
modifications. During the procedure an aversive, uncondi-
tioned stimulus (US, a foot shock), was paired with a
conditioned stimulus (CS, the original testing chamber with
80 dB white noise) to elicit a freezing response. On the first
day, the mice were placed in the testing chamber and
allowed to acclimate for 5 min. On day 2, they were first
allowed to explore the testing chamber for 2 min (pre-US
score). After this exploration, the mice received a 28-s 80
dB white noise following three 2-s, 0.75-mA foot shocks,

which served as the US. Again, the mice were allowed to
explore for 2 min (post-US score). Twenty-four hours later
the animals were returned to the testing chamber to explore
for 5 min in the same context as the previous day (paired-
test score). Ninety minutes later the animals were returned
to the test chamber, but now the grid floor was hidden with
a Plexiglas plate and sawdust to alter the context of the
testing chamber. The animals were observed for 3 min
(unpaired-test score).

Statistics

Data are presented as the mean + SEM. Two-way
ANOVA was used for behavioral analyses, including the
open field test and MWM, and electrophysiological studies,
including input-output (I/O) curve, PPR, and LTP. One-
way ANOVA was used to analyze data from three or more
groups. Student’s 7-test was used to compare data from two
groups. A two-tailed P value < 0.05 was considered
statistically significant. Comparisons were performed using
SPSS (version 21.0) with appropriate inferential methods
as indicated in the figure legends.
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Fig. 1 No compensation for ROCK1 and 2 gene expression in
Rock2*'~ and Rockl1*'~ partial-knockout mice. A Genotyping by
PCR analysis of genomic DNA from Rock1 ™+ and Rock1™~ mice.
B ROCKI1 and ROCK2 protein accumulation in the cortex and
hippocampus (Hippo) of Rockl™~ mice and Rockl™* control
littermates. C Quantitative expression of the two ROCK isoforms in
the cortex and hippocampus of Rock1™" (black bars) and Rock1 ™~
(red bars) mice (n = 3 mice/group; cortex, #(4) = 3.098, P < 0.05;

@ Springer

hippocampus, #(4) = 3.671, P < 0.05, r-test). D Genotyping by PCR
analysis of genomic DNA from Rock2™" and Rock2"'~ mice.
E Levels of ROCK1 and ROCK2 protein in the cortex and
hippocampus of Rock2"'~ mice and control littermates. F Quantita-
tive expression of the two ROCK isoforms in the cortex and
hippocampus of Rock2™* (gray bars) and Rock2 '~ (blue bars) mice
(n = 3 mice/group; hippocampus, #(4) = 3.606, P < 0.05; cortex, #(4) =
5.376, P < 0.05). *P < 0.05 versus control group, f-test.
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Results

Verification of Rockl and Rock2 Heterozygous
Mutant Mice

C57BL/6 mice are commonly used in studies of synaptic
function and behavior. However, null mutations in Rock1
and Rock2 on the C57BL/6 background do not survive to
adulthood [17]. Therefore, we used Rockl and Rock2
heterozygous mutant mice (Fig. 1A, D). Both Rockl ™™~
and Rock2™~ mice had normal viability and body weight
(data not shown) [20]. The levels of ROCKI1 protein in the
hippocampus and cerebral cortex were reduced by about
half in Rock1*"~ but not Rock2™~ mice (Fig. 1B, C). On
the other hand, the levels of ROCK2 protein in the
hippocampus and cerebral cortex were reduced by about

half in Rock2~ but not Rockl™~ mice (Fig. 1E, F).
These results demonstrate the validity of using Rock1 ™~
and Rock2™~ mice to study the functions of these
isoforms.

Abnormal Spine Density and Morphology
in Rock1*~ and Rock2*'~ Mice

Next, we investigated whether spine density and morphol-
ogy are altered in Rockl™~ and Rock2™~ mice. Golgi
staining was used to analyze the spines from the secondary
and tertiary apical dendrites of CA1 pyramidal neurons. As
shown in Fig. 2A-E, the spine density was reduced, but the
spine morphology was normal in Rockl™~ mice. The
spine density was also reduced in Rock2"~ mice, but the
degree of reduction was greater than that in Rock1"~ mice
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Fig. 2 Rockl™~ and Rock2™~ mice showed reduced spine density
in hippocampal CA1l neurons. A Representative dendrites of Golgi-
impregnated pyramidal neurons in the hippocampal CAl stratum
radiatum from Rockl1™~ and Rock2" mice and their control
littermates. B-E Quantitative data showing that spine density (B) in
Rock1™~ mice (red bars) was lower than in Rock1™* mice (black
bars), but that spine length (C), head width (D), and head/neck ratio
(E) were not affected (n = 9 segments from 3 mice/group; spine

density, #(22) = 2.950, P < 0.05, r-test,; spine length, #(22) = 0.545,
P > 0.05, t-test; spine head width, #(118) = 0.938, P = 0.359, ¢ test).
F-J Quantitative data showing reduced spine density (F) and spine
width (H), increased spine length (G) and altered head/neck ratio
J)in Rock2™™ mice (blue bars) compared with Rock2™* mice (gray
bars) (n =9 segments from 3 mice/group; spine density, #(22) = 0.545,
P < 0.05, t-test; spine length, #(22) = 2.780, P < 0.05, t-test; spine
head width, #(118) =2.612; P =0.016, ¢ test). *P < 0.05, **P < 0.01.
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Fig. 3 Rockl™~ and Rock2™~ mice had fewer excitatory synapses
in hippocampal CA1. A Representative EM images in the CA1 region
of control and Rock1™~ mice. B Comparable numbers of excitatory
synapses and PSD length and thickness in the CA1 region of Rock1™*"
mice and their control littermates (n = 90 images from 3 mice/group;
excitatory synaptic density, P = 0.0002, two-tailed Mann-Whitney
test; PSD length, + = 1.091, P = 0.2691, unpaired #-test; PSD
thickness, ¢ = 1.844, P = 0.0668, unpaired #-test). C Representative

(Fig. 2A, B, F). Strikingly, the spine morphology also
changed, as evidenced by the increased spine length and
decreased spine width in Rock2™*~ mice (Fig. 2A, G, H).
Accordingly, the spine head/neck ratio was altered in
Rock2"~ but not Rockl™™ mice (Fig. 2E, J). Taken
together, these results suggest that ROCK1 only regulates
spine density while ROCK2 is crucial for regulating both
the density and morphology of spines in CA1 hippocampal
neurons.

Reduced Excitatory Synapse Density in Rock1*/~
and Rock2™'~ Mice

The majority of excitatory synapses in the rodent brain are
located on dendritic spines. To further investigate whether
the spine deficits in Rock1*'~ and Rock2"™ mice reflect
reduced numbers of synapses, we used transmission
electron microscopy (EM) in the hippocampal CA1 region.
We found fewer excitatory synapses in this region in both
Rockl*™~ and Rock2"~ mice than in their control
littermates (Fig. 3A, C), in agreement with the Golgi
staining. In addition, the Rock2™~ mice showed reduced
PSD length and thickness compared with their control
littermates (Fig. 3C, D), while the Rock1™~ mice
appeared normal (Fig. 3A, B). Taken together, these
results indicated decreased excitatory synaptic density in
both Rock1™~ and Rock2™~ mice, and partial deletion of
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EM images in the CAl region of control and Rock2™~ mice.
D Comparable numbers of excitatory synapses and PSD length and
thickness in the CA1 region in Rock2"~ and their control littermates
(n = 90 images from 3 mice/group; excitatory synaptic density, ¢ =
8.509, P < 0.0001, unpaired ¢ test; PSD length, P < 0.0001, two-tailed
Mann-Whitney test; PSD thickness, ¢ = 3.529, P < 0.0005, unpaired #-
test). **P <0.01.

ROCK?2 isoform alters the structure of excitatory synapses
in the hippocampal CAl region.

Compromised Glutamatergic Transmission
in Rock1*'~ and Rock2™'~ Mice

To determine whether partial deletion of ROCK isoform
affects excitatory synaptic transmission, we first measured
the frequency and amplitude of mEPSCs in CA1 pyramidal
neurons. We found that the frequency but not the amplitude
of mEPSCs was reduced in Rock1™~ mice compared with
that in Rock1 ™" mice (Fig. 4A—C). By contrast, both the
frequency and amplitude of mEPSCs were decreased in
Rock2™~ mice (Fig. 4A, D, E). These results demon-
strated that mutation of Rock2 has a more dramatic effect
on synaptic function than mutation of Rockl, consistent
with the morphological observations. To further assess the
effects of ROCK1 and ROCK2 on basal glutamatergic
transmission, we recorded fEPSPs at the Schaffer collateral
(SC)—CAI synapses. As shown in Fig. 5A and C, the I/O
curves shifted downward in both Rock1*'~ and Rock2™~
mice compared with those of the controls, suggesting
impairment of glutamatergic transmission. The reduction in
glutamatergic transmission in Rockl™~ and Rock2*'~
mice is apparently not due to the alteration of presynaptic
release because the PPRs of the fEPSPs was normal in both
strains of mice (Fig. 5B, D).
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Fig. 4 Rockl™~ and Rock2™~ mice showed decreased synaptic
function in hippocampal CAl. A Representative mEPSC traces.
Black, Rockl”*; red, Rockl1*'—; grey, Rock2™+; blue, Rock2*~.
Horizontal bar, 200 ms; vertical bar, 20 pA. B Cumulative distribu-
tions of mEPSC amplitudes (left) and intervals (right) in Rock1™~
(red) and Rock1™* (black) control neurons. C The frequencies (left),
but not amplitudes (right), of mEPSCs in Rock1™™ mice (red bars),
are reduced compared with those of their Rock1™* (black bars)
littermates (n = 12 cells from 3 mice (both genotypes); t = 4.674, P <

To study the modulation of synaptic plasticity by
ROCK, we determined the levels of STP and LTP at SC—
CAL synapses using an HFS protocol [24-26]. The slope of
fEPSPs in the first 30 min (STP) after HFS was normal in
Rock1"~ preparations, but LTP was significantly attenu-
ated in Rock1™~ mice relative to Rock1™* mice (Fig. 5E,
F). In striking contrast, HFS did not induce the character-
istic STP-LTP sequence in Rock2™~ hippocampal slices;
both STP and LTP were impaired in Rock2™~ mice
relative to Rock2™* mice (Fig. 5G and H). These data
indicate that the activities of both ROCKI1 and 2 are
essential for the generation of LTP induced by high-
frequency electrical stimulation at the SC-CA1 synapse,
and ROCK2, but not ROCKI, is required for STP in
hippocampal slices (Fig. 5G, H).

s

Rock2+/+ Rock2+/- ’ Rock2+/+ Rock2+/-

0.0001 for frequency; t = 0.6223, P = 0.5401 for amplitude; unpaired
t-test. D Cumulative distributions of mEPSC amplitudes (left) and
intervals (right) in Rock2~ (blue) and Rock2™* control (gray)
neurons. E The frequencies (left) and amplitudes (right) of mEPSCs
were lower in Rock2™~ mice (blue bars) than in Rock2™* control
mice (gray bars) (n = 12 cells from 3 mice (both genotypes); t =
3.882, P =0.0008 for frequency; ¢ = 5.009, P < 0.0001 for amplitude;
unpaired r-test). **P < 0.01.

Impaired Hippocampus-Dependent Learning
and Memory in Rockl*” and Rock2* Mice

The above data demonstrated deficits of synapse formation
and plasticity in the hippocampus of Rockl ™~ and
Rock2™~ mice. We next investigated whether hippocam-
pus-dependent learning and memory tasks are also com-
promised. First, we used the MWM test to evaluate
hippocampus-dependent spatial learning and memory in
control and Rock-mutant mice. Both Rockl™~ and
Rock2"~ mice had no visualization problems as they
were able to locate the visible platform in the MWM
(Fig. 6B, F). However, the escape latency to find the
submerged platform was higher in both Rock mutants than
in controls (Fig. 6A, C, G), indicating a compromised
ability to learn. The increased escape latency was not likely
due to defective motility since their locomotion in the open
field was comparable to controls (Fig. S1). In the probe
trial, the number of passes across the platform location and
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Fig. 5 Rockl™~ and Rock2™~ mice showed decreased synaptic
plasticity in hippocampal CA1. A The I/O curves for Rock1™~ mice
(red) are depressed compared with those of their Rock1** littermates
(black). Upper panel, representative traces; lower panel, quantitative
data (7 slices from 3 Rock1*'~ mice and 9 slices from 3 control mice;
group F = 17.820, P = 0.001, repeated measures two-way ANOVA).
B The paired-pulse ratios of Rock1™~ (red) and control mice (black)
did not differ (12 slices from 3 Rockl ™~ mice and 11 slices from 3
control mice; genotype F(1,105) = 0.2626, P = 0.6094, two-way
ANOVA). C The I/O curves for Rock2™~ mice (blue) are depressed
compared with those of their Rock2™" control littermates (gray).
Upper, representative traces; lower, quantitative data (8 slices from 3
Rock2™~ mice and 7 slices from 3 control mice; group F = 4.110,
P = 0.064, repeated measures two-way ANOVA). (D) The paired-
pulse ratios of Rock2*'~ (blue) and control (gray) mice did not differ

the time in the target quadrant was lower in both Rock1 ™"
and Rock2™~ mice than in controls (Fig. 6D, E, H, D).
These results indicated that spatial reference memory is
impaired in both Rock1™~ and Rock2*'~ mice.

Next, we determined whether the downregulation of ROCK1
or 2 affects contextual fear memory, which is also hippocampus-
dependent. The freezing time before and immediately after the
foot shock was indistinguishable between Rock mutant mice
and controls (Fig. 7A). The Rock1™~ and Rock2™ ™ mice also
behaved normally during the unpaired test (Fig. 7C, D).
However, the freezing time during the paired test was
significantly lower for the Rock mutant mice than the controls
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0
Rock2+/+ Rock2+/-

Rock2+/+ Rock2+/-

(6 slices from 3 Rock2™~ mice and 6 slices from 3 control mice;
genotype F(1,50) = 1.299, P = 0.2599, two-way ANOVA). E Nor-
malized fEPSP slopes showing decreased LTP in Rockl™~ mice
(red) compared with their littermate control (black). F Left, STP,
quantitative analysis of data from the first 30 min; right, LTP,
quantitative analysis of data from the last 30 min in Rock1™~ (red)
and Rock1™* (black) mice (6 slices from 3 Rock1™~ mice and 6
slices from 3 control mice; STP, t = 1017, P = 0.24, t-test; LTP, ¢ =
15.93, P < 0.0001). G Rock2™~ mice (blue) had decreased LTP
compared with their littermate control (gray). H Left, STP,
quantitative analysis of data from the first 30 min; right, LTP,
quantitative analysis of data from the last 30 min in Rock2™~ (blue)
and Rock2t* (gray) mice (6 slices from 3 Rock2™~ mice and 8
slices from 3 control mice; STP, ¢+ = 8.534, P < 0.0001; LTP,
t=13.09, P < 0.0001, rtest). *P < 0.05; **P < 0.01.

(Fig. 7C and D), suggesting that contextual fear learning is
impaired in the mutant mice. By contrast, the Rock mutant mice
did not show anxiety-like behavior in the elevated plus-maze
and light-dark box (Fig. S2A, B, D, E) or a depression-like
phenotype in the forced swimming test (Fig. S2C, F).

Discussion
We performed a comparative study of the function of ROCK1

and ROCK?2 in hippocampal spine formation and synaptic
function and have presented data at the molecular (ROCK
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Fig. 6 Impaired spatial learning and memory in both Rock1™~ and
Rock2™~ mice. A Representative images showing the swim paths of
mice during the water maze test. B Quantitative data showing that the
escape latency, or the time it took for mice to swim to the visible
platform in the water maze, did not differ between Rock1*~ mice
(red) and their Rock1™* littermates (black) (#(22) = 0.522, P =
0.607). C Quantitative data showing that the escape latency for the
hidden platform in the water maze was longer for Rockl™~ mice
(red) than for their control littermates (black) (F(1,22) = 17.117, P <
0.001, two-way ANOVA). D, E Quantitative data showing reduced
number of platform crossings and time in the right quadrant for
Rock1™~ mice (red) compared with their control littermates (black)
(n = 12 mice for both groups; platform crossing, #22) = 2.376, P =

expression levels), cellular (spine structure), circuit (synaptic
transmission), and cognitive (behavior) levels. Our major
findings are as follows. First, heterozygotic Rock-mutant mice
specifically decreased the expression levels of either ROCK 1
or ROCK?2, without affecting the other. Second, spine density
was reduced in both Rock1™~ and Rock2™~ mice. However,
excitatory synapses structure was only altered in Rock2 ™~
mice. Third, the mEPSC frequency was reduced in both
Rockl™~ and Rock2™~ mice, but only Rock2™~ mice
showed decreased mEPSC amplitude. Both Rock1"~ and
Rock2™~ mice had impaired LTP induction, but only ROCK2
was essential for the generation of STP. Finally, hippocam-
pus-dependent learning and memory was compromised in
both Rock1™ ™ and Rock2™ ™ mice.

0.027; time in quadrant, #(22) = 4.736, P < 0.001). F Quantitative data
showing that the escape latency for Rock2™'~ mice (blue), or the time
it took to swim to the visible platform, did not differ from that of their
control littermates (gray) (#(22) = 0.810, P = 0.427, t-test). G Quan-
titative data showing increased escape latency for the hidden platform
was higher for Rock2™™ mice (blue) than for their control littermates
(gray) (F(1,22) = 33.025, P <0.001, two-way ANOVA). H, I Quan-
titative data showing a reduced number of platform crossings and
time in the right quadrant for Rock2™~ mice compared with their
control littermates (n = 12 mice for both groups; platform crossing,
#(22) = 3.143, P = 0.005; time in quadrant, #22) = 3.228, P = 0.004).
*P < 0.05; **P < 0.01 versus control group, #-test.

Although ROCKSs have been implicated in spine forma-
tion and synaptic function [27, 28], our study, for the first
time, addressed the distinctive roles of ROCK isoforms in
hippocampal synapse formation and function in vivo. Our
data suggest that ROCK2 is more critical for spine
formation and synaptic function than ROCKI. These
distinct roles of ROCK1 and ROCK2 may be due to their
different subcellular distributions or to their action on
different substrates. For example, Newell-Litwa et al.
showed that ROCK1 and ROCK?2 are strongly expressed in
actomyosin filament bundles along the cell periphery, but
ROCK?2 is additionally localized to actin filaments within
protrusions [29]. Shi et al. demonstrated that ROCKI1
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Fig. 7 Rockl™~ and Rock2™~ mice exhibited deficits in fear
conditioning. A, C Quantitative data showing that both Rock1 ™~
(red) and Rock2™~ mice (blue) had freezing times similar to their
Rock1™* (black) and Rock2t+ (gray) control littermates under pre-
US and post-US conditions (Rockl, pre-US, #(22) = 0.3804,
P =0.7073; post-US, #(22) = 1.615, P = 0.1206; Rock2, pre-US,
1(22) = 0.7541, P = 0.4588; post-US, #22) = 1.318, P = 0.2011,
unpaired ¢ test). B, D Contextual conditioning. Quantitative data
showing that both Rock1*'~ (red) and Rock2*'~ (blue) mice had a
significantly longer freezing time after 24 h of training than their
Rock1** (black) and Rock2™™ (gray) control littermates (n = 12
mice/group; Rockl, unpaired test, #(22) = 0.054, P = 0.818; paired
test, #(22) = 4.804, P = 0.039; Rock?2, unpaired test, #(22) = 0.005, P =
0.946; paired test, #22) = 8.870, P = 0.007; unpaired t-test). *P <
0.05; **P < 0.001.

destabilizes actin through MLC phosphorylation, whereas
ROCK?2 stabilizes actin via cofilin phosphorylation [16].
One previous study reported that spine density is normal
on the basis of analyzing MAP2-positive processes in
cultured Rock2-knockout (Rock2™7) hippocampal neu-
rons [10]. However, in Rock2 ™~ mice, the spine density in
the hippocampal CAl region was lower than in control
mice in our study using Golgi staining in hippocampal
sections (Fig. 2). Meanwhile, Zhou et al. reported that
many of the Rock2-knockout spines appear to be
filopodium-like structures in cultured neurons [10], but
we found no filopodium-like structures in the CAl region
(Fig. 2). We noted that the differences between the two
studies included mice on different genetic backgrounds
(CD1 versus C57/BL), experimental models (in vitro
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versus in vivo), and genetic mutations (homozygous versus
heterozygous). One interpretation of the different synaptic
phenotypes might be the different adaptive or compen-
satory mechanisms between homozygotes and heterozy-
gotes. For example, a previous study showed differences
between heterozygous and homozygous Shank3-deficient
mice, including more perforated synapses in the heterozy-
gous than in the homozygous mice [30].

Consistent with the notion that the frequency of mEPSC
recorded at the soma is positively correlated with the
density of dendritic spines [31, 32], the reduction in the
frequency of mEPSCs in both Rockl™~ and Rock2™~
mice is consistent with the reduced spine density revealed
by Golgi staining and EM studies. Interestingly, Golgi
staining showed increased spine length in Rock2™~ but not
Rock1*~ mice. Moreover, we found a reduction in PSD
length and thickness from EM images in Rock2™~ but not
in Rock1 ™~ mice (Fig. 4). All these results indicated that
ROCK2 but not ROCKI1 is important for the spine
morphology and PSD area of synapses. It has been reported
that longer spines produce smaller EPSCs than shorter ones
[31, 33, 34], and the efficacy of synaptic transmission is
strongly correlated with spine length, spine head width, and
PSD area [31, 35, 36]. Thus, in accord with the structural
changes, Rock2*~ mice showed more severe deficits in
mEPSC frequency and amplitude than Rock1™ ™ mice.

Furthermore, LTP was significantly impaired in both
ROCK isoform partial knockout mice compared with their
control littermates. These findings support the notion that
both ROCK isoforms contribute to hippocampal synaptic
plasticity, consistent with previous studies in which
hippocampal slices were treated with a ROCK inhibitor
[37, 38]. Our study is the first to identify the critical role of
ROCK1 and ROCK2 in LTP induction. In addition,
although both the PPRs of fEPSPs and STP are associated
with presynaptic modulation, PPR correlates better with
changes in the number of transmitter quanta released from
the presynaptic terminal after basic and repeated stimula-
tion [39, 40]. So, the preservation of PPRs in both
Rock1™~ and Rock2"™ mice indicates that the number
of presynaptic vesicles and fractional release is normal.
However, STP is not only associated with increased
fractional release, but also to an increased size of the
releasable pool of vesicles and to Ca®" uptake and release
by mitochondria [41, 42]. As shown in Figure S5F and 5H,
Rock2™~ mice showed deficits in STP while Rockl™*'~
mice did not, suggesting that there were aberrant presy-
naptic changes in Rock2™~ but not in Rockl ™~ mice.
Thus, taken together, these results support the idea that
both ROCK isoforms are involved in excitatory postsy-
naptic transmission and synaptic plasticity, but the ROCK?2
isoform is involved in both presynaptic and postsynaptic
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changes while the ROCKI1 isoform is only involved in
postsynaptic changes.

ROCKSs are widely expressed in several brain regions
including the prefrontal cortex, hippocampus, and dorsal
striatum [43, 44]. In this study, we focused on the functions
of ROCK isoforms in the hippocampus. It remains to be
determined whether ROCK1 and ROCK2 play similar roles
in spine formation and synaptic function in other brain
regions. We used haplo-insufficient mutants to study the
physiological roles of ROCK isoforms in synapse forma-
tion and function. However, the ROCK signaling pathway
is abnormally activated in some brain disorders. For
example, LIM kinase 1 (LIMK1), an important substrate
of ROCKs in the regulation of actin dynamics, is dupli-
cated in some patients with autism and schizophrenia
[45, 46]. Recent studies have also implicated the activation
of LIMK1-cofilin in mouse genetic models of schizophre-
nia [21]. Accordingly, ROCKs are attractive drug targets
for a range of brain disorders [28, 38, 47]. However, a
critical question in ROCK-based treatment is whether
ROCKs play isoform-specific roles in neuronal structure
and function. Our study provides evidence that ROCKs do
in fact have isoform-specific roles.
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