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The role of the cyclic nucleotide-gated (CNG) chan-
nel CNGA3 is well established in cone photoreceptors
and guanylyl cyclase-D-expressing olfactory neurons.
To assess a potential function of CNGA3 in the mouse
amygdala and hippocampus, we examined synaptic plas-
ticity and performed a comparative analysis of spatial
learning, fear conditioning and step-down avoidance in
wild-type mice and CNGA3 null mutants (CNGA3~/").
CNGA3~/~ mice showed normal basal synaptic transmis-
sion in the amygdala and the hippocampus. However,
cornu Ammonis (CA1) hippocampal long-term potenti-
ation (LTP) induced by a strong tetanus was signifi-
cantly enhanced in CNGA3~/~ mice as compared with
their wild-type littermates. Unlike in the hippocampus,
LTP was not significantly altered in the amygdala of
CNGA3~/~ mice. Enhanced hippocampal LTP did not
coincide with changes in hippocampus-dependent learn-
ing, as both wild-type and mutant mice showed a similar
performance in water maze tasks and contextual fear
conditioning, except for a trend toward higher step-
down latencies in a passive avoidance task. In contrast,
CNGA3~/~ mice showed markedly reduced freezing to
the conditioned tone in the amygdala-dependent cued
fear conditioning task. In conclusion, our study adds a
new entry on the list of physiological functions of the
CNGAS3 channel. Despite the dissociation between phys-
iological and behavioral parameters, our data describe
a so far unrecognized role of CNGA3 in modulation
of hippocampal plasticity and amydgala-dependent fear
memory.
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Cyclic nucleotide-gated (CNG) channels open in response
to binding of cyclic adenosine monophosphate (cAMP) and
cyclic guanosine monophosphate (cGMP). When activated,
these channels pass a mixed Na*/Ca?* inward current caus-
ing depolarization of the plasma membrane and an increase
in the cytosolic Ca?* concentration (Biel & Michalakis 2009;
Craven & Zagotta 2006; Kaupp & Seifert 2002). Cyclic
nucleotide-gated channels play a key role in the signal trans-
duction pathways of photoreceptors and olfactory sensory
neurons (Biel & Michalakis 2007; Craven & Zagotta 2006;
Kaupp & Seifert 2002). In contrast, it is not clear whether
or not these channels have functions in other types of neu-
rons. So far, only a few reports postulated a role of CNG
channels in the brain. The olfactory CNG channel (CNGA2)
was hypothesized to modulate neurotransmission between
olfactory nerve fibers and their target neurons in the olfactory
bulb (Murphy & Isaacson 2003). In addition, a study in hip-
pocampal pyramidal neurons suggested that CNG channels
contribute to the generation of plateau potentials induced by
muscarinic receptor activation (Kuzmiski & MacVicar 2001).
Finally, analysis of mice lacking the CNGA2 subunit showed
an impairment of long-term potentiation (LTP) in the Schaffer
collateral pathway, indicating that this channel may sup-
port the induction of hippocampal CA1 LTP (Parent et al.
1998). To date, no report exists on potential central ner-
vous system (CNS) functions of the cone photoreceptor type
channel CNGA3. Loss of CNGAS function is known to result
in total color blindness in humans (Kohl et al. 1998) and mice
(Biel et al. 1999). CNGAS3 is also important for the genera-
tion of sensory responses in guanylyl cyclase-D (GC-D) type
non-canonical olfactory neurons (Leinders-Zufall et al. 2007;
Munger et al. 2009). The goal of the present study was to
identify potential functions of CNGA3 in the amygdala and
hippocampus by examining its expression, synaptic plasticity
and related behavioral paradigms in wild-type (WT) mice and
CNGA3 null mutants (CNGA3~/7).

Materials and methods

Animals

The generation of CNGA3~/~ mice has been described previously
(Biel et al. 1999). Mice with pure genetic background were obtained
by backcrossing the original CNGA3~/~ mice of mixed C57BL/6N x
129Sv genetic background for 10 or more generations to C57BL/6N
(Charles River, Sulzfeld, Germany) or 129Sv (129S2/SvHsd; Harlan
Winkelmann, Borchen, Germany) background, respectively. If not
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stated otherwise, CNGA3 mutants and litter-matched control mice
(CNGA3t/*) of C57BL/6N genetic background were used for
experiments. Test animals were derived from heterozygous breeding
pairs, which yielded equivalent numbers of mutant and WT mice.
All experiments conform to the German animal protection laws.
Behavioral procedures were approved by the Committee on Animal
Health and Care.

Semiquantitative RT-PCR

Hippocampi were dissected from freshly isolated brains. Basolat-
eral amygdala complexes (BLACs) were isolated from shock-frozen
brains as described previously (Marsicano et al. 2002). Subsequently,
mRNA was isolated using oligo (dT)-DynaBeads (Invitrogen, Karl-
sruhe, Germany). Oligo-dT-primed first-strand cDNA was synthesized
with Superscript || H™ reverse transcriptase (Invitrogen). Equal
amounts of cDNA (representing about 16 mg of hippocampus or
800 ug of amygdala tissue) were used to amplify (30 cycles for
hippocampus, 35 cycles for BLAC) CNG-specific transcripts. The
housekeeping gene hypoxanthine phosphoribosyltransferase (HPRT)
served as an internal standard and was amplified by 22 cycles. Equal
amounts of individual polymerase chain reactions (PCRs) were sep-
arated on 5% polyacrylamide gels. Amplicons were stained with
ethidium bromide and analyzed densitometrically on a Gel Doc 2000
System using the QuANTITY ONE software v 4.2.3 (Biorad, Munich,
Germany). For every reaction, the intensity of a CNG channel ampli-
con was normalized to the intensity of the HPRT amplicon obtained
from the same cDNA. The specificity of the amplicons was verified
by restriction analysis and sequencing. The primer sequences are
available on request.

Western blot

Amygdala and hippocampal tissues were dissected from vibratome
sections and snap-frozen in liquid nitrogen. Brain and retinal tissue
samples were homogenized on dry ice using a mortar and pestle,
boiled in lysis buffer [2% sodium dodecyl sulphate (SDS), 50 mwm
Tris] for 10 min and centrifuged (15 min at 16 000 g) to remove cell
debris. Equal amounts of protein were separated using 7% sodium
dodecy! sulphate—polyacrylamide gel electrophoresis (SDS—-PAGE)
followed by Western blot analysis according to standard procedures.
The affinity-purified anti-CNGA3 antibody (Biel et al. 1999) was used
at 1:3000 dilution.

Immunohistochemistry

Twelve-um-thick coronal cryosections of shock-frozen mouse brains
were fixed in 1% paraformaldehyde for 10 min. The sections were
incubated for 16 h at 4°C with phosphate-buffered saline (PBS)
containing affinity-purified anti-CNGA3 antibody (Biel et al. 1999)
at 1:3000 dilution, 5% Chemiblocker (CB, Millipore, Schwalbach,
Germany) and 0.3% Triton-X-100. Endogenous peroxidase activity
was quenched using 3% H;O, in methanol. Secondary detection
was performed for 1 h with horseradish peroxidase-labeled donkey
anti-rabbit antibody (Jackson Immunoresearch, Newmarket, UK) in
PBS/2% CB followed by tyramide signal amplification (TSA) plus Cy3
system (Cy3-TSA 1:200, 7 min; Perkin Elmer, Rodgau, Germany). Cell
nuclei were stained with Hoechst 33342 (Invitrogen). The slides were
coverslipped with Fluoromount-G mounting medium (Beckmann-
Coulter, Krefeld, Germany) and examined on a Zeiss confocal laser
scanning microscope (LSM 510 Meta, Zeiss, Oberkochen, Germany).

Behavioral analysis

Mice were housed singly for at least 2 weeks before starting the
experiments and kept under an inverse 12-h light/dark cycle (lights
off at 0800 h).

Fear conditioning

Three- to 6-month-old CNGA3~/~ male mice and litter-matched
controls were transferred from their home cages into conditioning
chambers (illumination: 0.6 lux) with shock floors (MED Associates,
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St Albans, VT, USA). Three minutes later, a 20-second tone (9 kHz,
sine waves, 80 dB) was presented that coterminated with an electric
footshock (2 seconds, 0.7 mA). Mice were returned to their home
cages 1 min after the tone ended. The next day, mice were
re-exposed to the conditioning context for 3 min without tone
presentation. Four hours after testing contextual fear, mice were
placed into a neutral context (Plexiglass cylinder differing from the
conditioning chamber in shape, material, bedding and odor of the
cleaning solution; Kamprath & Wotjak 2004; illumination: 0.3 lux),
and a 180-second tone (9 kHz, sine waves, 80 dB) was presented
after a control period of 3 min. Freezing was defined and scored
essentially as described before (Kamprath & Wotjak 2004). Freezing
behavior was defined as the absence of all movements, except for
respiration, and served as a correlate of conditioned fear. All sessions
were videotaped and analyzed off-line by means of customized
software. We assessed the duration of freezing episodes displayed
in the conditioning chamber and the neutral environment before tone
presentation (intensity and specificity of contextual fear memory)
and during tone presentation (cued memory) 24 h after conditioning.
Data were normalized to the total length of the respective observation
period.

Sensitization

To assess the role of sensitization (i.e. non-associative changes in
fear responsiveness; Kamprath & Wotjak 2004), another batch of
animals was placed into the conditioning chamber and received an
unsignaled footshock (0.7 mA, 2 seconds) after 198 seconds. Mice
were returned to their home cages after additional 60 seconds.
Foreground contextual fear was assessed by placing the animals
back to the conditioning context for 3 min 24 h later, followed by
measurement of sensitized fear by exposure to a 3-min tone in the
test context another 4 h later (see above).

Acoustic startle responses

Naive mice were placed into one out of seven identical startle set-
ups, consisting of a non-restrictive Plexiglass cylinder (inner diameter
4 cm, length 8 cm) mounted onto a plastic platform, each housed in
a sound-attenuated chamber (SR-LAB, San Diego Instruments SDI,
San Diego, CA, USA). The cylinder movement was detected by a
piezoelectric element mounted under each platform and the voltage
output of the piezo was amplified and then digitized (sampling
rate: 1 kHz) by a computer interface (I/O-board provided by SDI).
The startle amplitude was defined as the peak voltage output
within the first 50 milliseconds after stimulus onset and quantified
by means of sr-LAB software. Before startle measurements, we
calibrated response sensitivities for each chamber to assure identical
output levels. Startle stimuli and background noise were delivered
through a high-frequency speaker placed 20 cm above each cage.
The startle stimuli consisted of white noise bursts of 20-millisecond
duration and 75, 90, 105 or 115 dB(A) intensity (INT) presented in a
constant background noise of 50 dB(A). Intensity was measured
using an audiometer (Radio Shack, 33-2055; RadioShack, Fort
Worth, TX, USA). On control trials, only background noise was
present. After an acclimation period of 5-min duration, 10 control
trials and 20 startle stimuli of each intensity were presented in
pseudorandom order in each test session. The interstimulus interval
was 15 seconds averaged (13-17 seconds, pseudorandomized).
Plexiglass cylinders were cleaned thoroughly with soap water after
each trial. Experiments were performed in the dark (0 lux) with red
light in the experimental room. Acoustic startle responses (ASRs) to
a given stimulus intensity were averaged separately for each mouse.

Prepulse facilitation/inhibition

Mice were again tested in the startle apparatus 24 h after completion
of the ASR measurements. This time, ASRs were elicited using
stimuli (ASRS) of 115 dB(A) intensity with a duration of 20
milliseconds at a background noise level of 50 dB(A). Each test
session consisted of a 5-min acclimation period followed by 20 ASRS
for habituation to the ASR-eliciting stimulus. Another 22 ASRS, 210
prepulse (PP) condition trials and 18 PP control trials were arranged
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in a pseudorandomised order, where no stimulus condition was
presented repeatedly more than once. Intertrial interval (ITl) was
15 seconds averaged, ranging from 13 to 17 seconds; 15 different
PP conditions were presented, each for 14 times. Three different
PP intensities were used [65, 65 or 75 dB(A)] with an interpulse
interval (IPIl, prepulse onset to stimulus onset) of 5, 10, 25, 50 or
100 milliseconds. The PP duration was 10 milliseconds unless the
IPI'was 5 milliseconds.

On PP control trials only the PP was presented. Each of the
three intensities was presented six times. Prepulse inhibition (PPI)
and prepulse facilitation (PPF) of each mouse (/) were expressed as
percent change of the ASR (AASR) calculated as follows:

<¥) .100%

1

AASR; =

where PS; is the averaged response preceded by a PP and S;
the averaged response without PP for each mouse, respectively.
Responses per IPI and PP intensity were averaged for each mouse.

Discriminatory water maze

Four weeks after fear conditioning, mice were habituated to the
water and tested in a discriminatory water maze task (Arns et al.
1999; Moosmang et al. 2005). In this task, animals had to learn to
discriminate between two visible platforms (10 cm in diameter) that
were placed in a circular swimming pool (80 cm in diameter, 30 cm
high, white plastic) filled with water (22 £+ 1°C, made opaque-white
using non-toxic water dye) up to a depth of 20 cm. One platform
was stable and kept in a fixed position (correct choice); the other
platform changed position from trial to trial in a pseudorandom order
and sank when a mouse climbed onto it (incorrect choice). The test
was conducted at 1.0 £+ 0.1 lux in order to ensure that the vision
is totally conferred by the rod photoreceptor system, which is not
impaired in CNGA3~/~ mice (Biel etal. 1999). Distal spatial cues
were provided by the lab environment and sparely illuminated. Trials
were terminated either if the mouse climbed onto one of the two
platforms or if 30 seconds had elapsed. In case of wrong decisions
or omissions, mice were placed on the ‘correct’ platform, where
all animals remained for 10 seconds before they were returned to
their home cages. Platforms were cleaned thoroughly between all
trials to remove potential proximal cues (e.g. urine). Learning was
assessed during initial five training sessions (days 1-5). Each session
included 10 trials separated by 2—4-min intermissions. From day 6
on, the fixed platform was moved to a different place, and mice were
trained for the new platform position in another four training sessions
(days 6-9; relearning). The number of correct choices (expressed as
the percentage of the total number of choices per session) and the
escape latencies were used to assess memory performance.

Morris water maze

Different batches of mice were habituated to the water the day before
the experiment. On days 1-3, animals had to learn to locate a stable
platform (10 cm in diameter, 0.5 cm below the water level) that was
placed in a circular swimming pool (120 cm in diameter, 70 cm high,
white plastic) filled with water (22 + 1°C, made opaque-white using
non-toxic water dye) up to a depth of 30 cm. The test was conducted
at 0.4 + 0.1 lux in order to ensure that the vision is totally conferred
by the rod photoreceptor system. An infrared illumination box (TSE,
Bad Homburg, Germany) was placed under the water maze. The
VideoMot2 system (TSE) equipped with an infrared camera was used
for data acquisition and analysis. Distal spatial cues (a black circle,
a rectangle and a triangle) were positioned at the maze walls. Trials
were terminated either if the mouse climbed onto the platform or if
120 seconds had elapsed. In case of omissions, mice were placed
on the platform, where all animals remained for 10 seconds before
they were returned to their home cages. The platform was cleaned
thoroughly between all trials to remove potential proximal cues (e.g.
urine). Spatial learning was assessed during initial three training
sessions (days 1-3). The escape latencies were used to assess
memory performance. Each session included six trials separated by
15-min intermissions. On day 4, the fixed platform was removed and
reference memory was assessed in a single probe trial (1 min).
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Forced swim test

Mice were placed into glass cylinders (height: 25 cm, diameter:
17.5 cm) that were filled with 25°C (£1°C) warm water to a height of
12 cm. The behavior of the animals was videotaped over the course
of the 6-min exposure. This procedure was repeated the next day.
The time the mice spent floating was analyzed off-line and normalized
for the respective observation period.

Step-down avoidance learning

Three weeks after the Morris water maze, mice were placed onto
a platform (2.5 x 10 x 10 cm®) and received a scrambled electric
foot shock (0.7 mA) when they stepped off the platform onto a metal
grid. Mice were returned to their home cages immediately after the
foot shock. Passive avoidance memory was tested by placing the
mice back onto the platform 24 h later and measuring step-down
latencies (four paws criterion) in three consecutive trials. Trials were
terminated after 5 min in cases of failure to step down; a step-
down latency of 301 seconds was ascribed to the trial. The mean
of the three trials served as a measure of memory performance
(Murgatroyd et al. 2009).

Field potential recordings in the CA1 region of the

hippocampus and the amygdala

Field excitatory postsynaptic potentials (fEPSPs) in the CA1 region of
transverse hippocampal slices (400 um thick) from CNGA3*/* and
CNGA3~/~ mice (3—-4 months of age) were recorded as described
(Kleppisch et al. 1999). Briefly, Schaffer collaterals of hippocampal
slices kept in a submersion type recording chamber perfused
(1-2 mi/min) with artificial cerebrospinal fluid (ACSF) (Kleppisch
etal. 1999) were stimulated by square pulses (0.066 Hz, 100 us)
delivered via a monopolar tungsten electrode. Postsynaptic signals
were recorded using glass pipettes filled with NaCl (3 mwm) located in
the CA1 region and an AXOCLAMP 2B amplifier (Axon Instruments,
Foster City, CA, USA). puLse software (HEKA, Lambrecht, Germany)
was utilized to control stimulation and data acquisition via an ITC-
16 computer interface (HEKA). To induce LTP in the CA1 region, a
weak tetanus (50 Hz lasting 1 second) and a strong tetanus (3 x 30
pulses at 100 Hz with a pause of 5 seconds) were applied with
1-h intermission. Long-term depression (LTD) was induced using
a paired-pulse stimulation (900 pulse pairs at 1 Hz, 50-millisecond
interstimulus interval) adapted from Kemp and Bashir (1997).
The fEPSP slope was used to assess the strength of synaptic
transmission. For all recordings, the stimulus intensity was adjusted
to elicit approximately 40-50% of the maximal fEPSP amplitude. The
same intensity was used during tetanus. Long-term potentiation and
LTD were expressed as percentage of the fEPSP during the baseline
recording.

Field potentials (FPs) in the lateral and basolateral amygdala
(LA and BLA, respectively) were evoked by square pulse stimuli
(0.066 Hz, 10-20V, 50 us) delivered via bipolar tungsten electrodes.
The stimulation electrodes were positioned on the border between
the LA and the external capsule. Field potentials were recorded
using glass microelectrodes (1-2 M) filled with ACSF as described
previously (Rammes et al. 2000) in the LA or the BLA. The stimulus
intensities were adjusted to produce an FP of about 50% of the
maximum amplitude. Low frequency stimulation (LFS, 900 pulses
at 1 Hz) and high frequency stimulation (HFS, 2 x 50 Hz/1 second,
10-second interstimulus interval) were applied to induce LTD and
LTP, respectively, at the same stimulus intensity. The amplitude of
FPs was calculated as (a + b)/2, where (a) is the voltage difference
between the sharp negative onset and the negative peak and
(b) is the voltage difference between the negative peak and the
succeeding positive peak. Four consecutive FPs were averaged into
one response. Therefore, each dot in the graph represents the
normalized amplitude of one averaged trace and is equal to 1 min.

Statistics

All data are presented as mean =+ standard error of the mean
(SEM). Data were analyzed by paired and unpaired t-test or
analysis of variances (ANOvAs) as indicated in the text. Post hoc
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analyses were performed by Newman-Keuls test, if appropriate.
Long-term potentiation data were log-transformed before analysis
to ensure normal distribution of the data. Statistical significance
was accepted if P < 0.05. All electrophysiological and behavioral
experiments were performed and analyzed blindly to the animals’
genotype.

Results

Expression of CNGA3 in mouse amygdala

and hippocampus

All native CNG channels contain one type of principal A
subunit (CNGA1-3) and corresponding modulatory subunits
(CNGA4 and/or CNGB1 and B3). We analyzed the relative
expression levels of the three A subunits in the amyg-
dala and the hippocampus of WT and CNGA3~/~ mice
using a semiquantitative reverse transcriptase-PCR (RT-PCR)
approach. The CNGA3 subunit was the most abundantly
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Figure 1: Expression of CNGA3 in mouse
amygdala and hippocampus. (A) Semiquantita-
tive RT-PCR analysis of expression levels of CNG
channel subunits (A1T-A3) in the amygdala and
hippocampus of CNGA3*/* (white bars, n=3)
and CNGA3~/~ mice (black bars, n=3). The
HPRT gene was used as an internal standard
to normalize data obtained from individual ampli-
fication reactions (see Materials and Methods).
(A) Western blot of homogenates from mouse
retina, amygdala (amy) and hippocampus (hippo)
probed with anti-CNGAS3. The arrow indicates the
expected size of 70 kD. (C—K) Immunolocalization
of the CNGAS protein (green) in the hippocampus
(C—H) and the amygdala (I-K) of wild-type (C, D,
F, G,l and J) or CNGA3~/~ (E, H AND K) mice. Cell
nuclei were stained with Hoechst 33342 (gray) in
D, E, G, H, J and K. Scale bar is 100 um. 3V, third
ventricle; cc, corpus callosum; ec, external cap-
sule; hc, hippocampal commissure; rad, stratum
radiatum; slm, stratum lacunosum moleculare;
S0, stratum oriens; sp, stratum pyramidale.

expressed A subunit in both brain regions analyzed. As
expected, no signal was detected in the knockout (KO) sam-
ples (Fig. 1A). Deletion of CNGAS3 did neither significantly
alter the expression levels of other CNG channel subunits
nor affect the gross brain anatomy (not shown). In addition,
we studied the expression of CNGAS3 using an anti-CNGA3
antibody that was previously shown to specifically detect
CNGAS in the mouse retina (Biel et al. 1999; Michalakis et al.
2005). Western blot analysis identified very low amounts of
CNGAB3 protein in amygdala and hippocampus of WT mice
(Fig. 1B). We further characterized the localization of CNGA3
protein by immunohistochemistry (Fig. 1C-K). Using tyra-
mide signal amplification, we found weak CNGAS3-specific
labeling in sections from WT mice (Fig. 1C,D,F,G,I,J) that
was absent in CNGA3~/~ mice (Fig. 1E,H,K). The labeling
was found in neuronal fibers of the external and internal
capsules (Fig. 1C), the hippocampal commissure and the
corpus callosum (Fig. 1D,G,J). In addition, we observed very
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Figure 2: CNGA3~/~ mice show normal basal synaptic transmission. Hippocampal or amygdala slices were prepared from adult
CNGA3H/* (0) and CNGA3~/~ (e) mice. (A) Input—output relation (left) and paired-pulse facilitation (right) of CNGA3*/* and CNGA3~/~
mice. Field excitatory postsynaptic potentials were recorded in the CA1 region of the hippocampus after stimulation of the Schaffer
collaterals. Representative fEPSPs elicited by pulse pairs with interstimulus intervals of 25, 50, 75, 125 and 225 milliseconds are
superimposed in the corresponding insets. Scale: 50 milliseconds, 0.5 mV. (B) Input—output relation of CNGA3*/* and CNGA3~/~
mice. Field potentials were recorded in the lateral amygdala after stimulation of the external capsule. Sample size is given in brackets
with the first number indicating the number of slices and the second the number of animals analyzed.

weak labeling in the stratum oriens, stratum moleculare and
stratum lacunosum moleculare of the hippocampus, as well
as within the LA and BLA.

Mice lacking CNGA3 exhibit normal basic
characteristics of synaptic transmission

Given the presence of CNGA3 in mouse hippocampus and
amygdala, we wondered whether or not this ion channel
is a regulator of synaptic transmission in these brain
regions. To test for a potential universal defect of synaptic
transmission because of the deletion of the CNGA3 gene,
we evaluated the dependency of the fEPSP slope in the
CA1 region of the hippocampus or the FP amplitude in
the BLA on the stimulus intensity (input—output relation,
IOR) of WT and CNGA3~/~ mice. In the CA1 region of the
hippocampus, we also measured paired-pulse facilitation. As
none of these parameters were notably different between
the two genotypes (Fig. 2), we conclude that basal synaptic
transmission was not altered in the hippocampus and the
amygdala of CNGA3~/~ mice.

Deletion of the CNGA3 gene results in specific
enhancement of LTP in the CA1 region

To evaluate the role of CNGAS in synaptic plasticity, we
next examined LTP in the CA1 region in response to
a weak (60 Hz) and a strong (100 Hz) tetanus applied
consecutively with 1-h pause. Initially, we used litter-matched
WT and CNGA3~/~ mice derived from a C57BL/6N genetic
background. Sixty minutes following the weak tetanus,
the fEPSP slope amounted to 123.6 + 6.5% (WT) and
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141.0 & 7.3% (CNGA3~/7). To analyze the data by two-way
ANOVA (genotype, time) for repeated measures (time), we
averaged and log-transformed every five consecutive data
points after LTP induction. Analysis showed a significant main
effect of genotype (Fi 29 = 5.9, P = 0.021), but no significant
factorial interactions (Fig. 3A). After the additional strong
tetanus, the difference in LTP between CNGA3~/~ mice
(176.6 £ 11.7%) and their WT littermate controls (145.8 +
7.6%) further increased significantly (genotype: Fi 9 =
4.5, P =0.042; Fig. 3A). To substantiate these findings and
to exclude a possible effect of the genetic background,
we repeated these experiments using WT and CNGA3~/~
mice with a pure 129Sv background (Fig. 3B). Long-
term potentiation was not statistically significantly different
between the two genotypes following the first 50-Hz tetanus
(WT: 117.3 4+ 3.6%; CNGA3~/~: 122.1 + 4.7%; genotype:
F121 =0.2, P=0.670). However, following the subsequent
100-Hz tetanus, LTP in CNGA3~/~ mice was higher than
in the WT controls (1565.2 + 55% and 133.6 + 8.0%,
respectively; genotype: Fi 21 = 4.2, P = 0.05; Fig. 3B).

We next examined LTP in the LA (Fig.3C) and BLA
(Fig. 3D) of WT and CNGA3~/~ littermates. A strong
tetanus (5 x 100 Hz/1 second, 10-second interstimulus inter-
val) induced LTP in both regions and genotypes. How-
ever, unlike in the hippocampus, LTP in the amygdala
was not statistically different between control and mutant
mice in the LA (genotype: Fi25 =2.05, P =0.164; geno-
type x interval: Fi7 275 = 0.855, P = 0.586; Fig. 3C) and
BLA (genotype: Fi 22 = 1.628, P = 0.215; genotype x inter-
val: Fg19s = 0.629, P =0.771; Fig. 3D). Long-term depres-
sion was similar for CNGA3~/~ and CNGA3*/* mice both
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Figure 3: CNGA3~/~ mice show increased LTP in the hippocampus, but normal LTP in the amygdala. Hippocampal or amygdala
slices were prepared from adult CNGA3*/* (0) and CNGA3~/~ (e) mice. Sample size is given in brackets with the first number
indicating the number of slices and the second the number of animals analyzed. (A and B) Hippocampal LTP in slices from litter-
matched CNGA3*/* and CNGA3~/~ mice with a C57BL/6N (A) or 129Sv (B) genetic background. Field excitatory postsynaptic potentials
were recorded in the CA1 region of the hippocampus after stimulation of the Schaffer collaterals. Long-term potentiation was induced
by a 50-Hz tetanus (at time 0 min). An additional 100-Hz tetanus was applied 60 min after the 50-Hz tetanus. (C and D) Amygdala LTP
in slices from litter-matched CNGA3*/* and CNGA3~/~ mice with a C57BL/6N genetic background. Field potentials were recorded
(C) in the lateral amygdala after stimulation of the external capsule or (D) in the basolateral amygdala after stimulation of the lateral
amygdala. Long-term potentiation was induced by a 50-Hz tetanus (at time 0 min). Data represent the mean + SEM. Representative
fEPSPs or FPs recorded at times indicated (a and b) are illustrated in the corresponding inset. Scale bars in (A) and (B): 10 milliseconds,

0.5 mV; in (C) and (D): 5 milliseconds, 0.2 mV.

within hippocampus (genotype: F; 16 = 0.055, P = 0.818;
genotype x interval: Fg128 = 0.838, P = 0.571; Fig. 4A) and
amygdala (genotype: F1g = 0.343, P = 0.574; genotype x
interval: Fgea = 0.203, P = 0.989; Fig. 4B). Consequently,
the deletion of the CNGA3 gene results in a hippocampus-
specific increase in LTP following a strong tetanus.

Normal spatial learning in CNGA3~/~ mice

We next tested whether the enhancement of LTP in CNGA3
KO mice has any effects on hippocampus-dependent spatial
learning. To countervail the functional impairment of daylight
vision in CNGA3~/~ mice (Biel et al. 1999), we designed a
spatial learning test under low light conditions (see Materi-
als and methods). In the two platform discriminatory water
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maze test (2P water maze), experimental animals showed a
decrease in escape latencies over the course of the five train-
ing sessions (factor time: fg176 = 57.9, P < 0.0001), reach-
ing an asymptotic level during the reversal trials (Fig. bA).
There was a significant difference between the two geno-
types (F122 = 8.1, P =0.009) but no significant genotype x
time interaction, indicating that CNGA3~/~ took somewhat
longer to reach one of the two platforms, compared with
WT controls. The slightly longer latency times of CNGA3~/~
mice observed at days 3 and 4 cannot be explained by the
differences in stress coping behavior, as both genotypes
showed a similar behavioral performance in the forced swim
test [2-way ANOVA (genotype, day) for repeated measures:
genotype: F118 =0.324, P =0.576; day: F118=46.2,P <
0.001; genotype x day: Fi18 = 0.106, P = 0.748; Fig. 5C].
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Figure 4: CNGA3~/~ mice show normal hippocampal and amygdala LTD. Hippocampal or amygdala slices were prepared from
adult CNGA3*/* (©) and CNGA3~/~ (®) mice. (A) Hippocampal LTD in slices from litter-matched CNGA3*/* and CNGA3~/~ mice
with a 129Sv genetic background. Field excitatory postsynaptic potentials were recorded in the CA1 region of the hippocampus after
stimulation of the Schaffer collaterals. Long-term depression was induced by a 1-Hz paired-pulse protocol (900 pulse pairs) starting at
time 0. (B) Amygdala LTD in slices from litter-matched CNGA3*/+ and CNGA3~/~ mice with a C57BL/6N genetic background. Field
potentials were recorded in the basolateral amygdala after stimulation of the lateral amygdala. Long-term depression was induced by
a 1-Hz paired-pulse protocol (900 pulse pairs) starting at time 0. Data represent the mean + SEM. Representative fEPSPs recorded at
times indicated (a and b) are illustrated in the corresponding inset. Scale bars in (A) and (B): 10 milliseconds, 0.5 mV.

With respect to spatial learning in the 2P water maze,
both CNGA3*/* and CNGA3~/~ mice developed a clear
preference for the fixed platform position over the course
of the five training trials as indicated by the high
number of correct choices (day: fa,88 = 20.1, P < 0.0001;
Fig. bB) with no differences between the genotypes (geno-
type: F120 =0.331, P=0.571; genotype x day: Fags =
0.130, P = 0.971). After platform reversal, there was a signif-
icant decrease in the number of correct choices compared to
day 5 in either genotype (P < 0.0001). With ongoing training,
however, mice again developed a spatial preference for the
new platform position (F366 = 18.9, P < 0.0001; Fig. 5B) to a
same extentin both genotypes (genotype: F1 22 = 0.724, P =
0.404; genotype x day: F366 = 0.220, P = 0.882).

We used another batch of mice to perform the classical
Morris water maze under low light conditions (Fig. 5D—F).
Confirming the results from the 2P water maze, mice
from either genotype readily learned to locate the hidden
platform (genotype: F117 =0.492, P =0.493; day: Fy34 =
30.0, P < 0.0001; genotype x day: Fp34 = 0.653, P = 0.527;
Fig. 5D). In the subsequent probe trial, both genotypes
selectively searched in the former target quadrant (genotype:
F117 =1.13, P = 0.303; quadrant: F351 = 62.9, P < 0.0001;
genotype x quadrant: Fzs1 = 0.716, P = 0.547; target >;
Q1, Q2, Q4, P < 0.001; Fig. 5E-Q).

Increased step-down avoidance in CNGA3~/~ mice

In the step-down avoidance test, CNGA3~/~ mice showed
an increase in the latency 24 h after learning, compared
with WT controls, which approached statistical significance
(tig = 2.1, P=0.052; Fig. 5H). However, if we compared
the development of step-down latencies from the training
day (KO: 21.3 4+ 6.1 seconds; WT: 10.3 + 2.0 seconds)
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to the test day, a two-way ANOVA showed significant
main effects of genotype (Fi 16 =5.01, P =0.040) and
day (F116 = 59.8, P < 0.0001), but no significant genotype
x day interaction (F 16 = 3.56, P =0.077), indicating that
CNGA3~/~ mice might be generally slower in stepping down
from the platform.

Intact contextual and sensitized fear but impaired
auditory-cued fear memory in CNGA3~/~ mice

To further characterize the role of CNGA3 in hippocampus-
and amygdala-dependent behavior, we performed fear
conditioning experiments with litter-matched CNGA3*/*
and CNGA3~/~ mice. Contextual fear memory depends
both on the amygdala and the hippocampus (Anagnostaras
etal. 1999), whereas the formation of auditory-cued
fear memory is primarily amygdala dependent (LeDoux
2000). We tested the ability of WT and CNGA3~/~
mice to associate either the context or the auditory
stimulus (tone) with an aversive stimulus (electric shock).
Mice of both genotypes froze significantly more in the
conditioning context than in a neutral environment without
tone presentation (context: Fq 22 =62.03, P < 0.0001). In
agreement with the finding that CNGA3 null mutants
performed normally in the hippocampus-dependent water
maze test, we failed to observe significant differences in
contextual fear conditioning between the two genotypes
(genotype: Fy 22 =0.03, P =0.857;, genotype x context:
F122 =0.07, P =0.798; Fig. 6A). Assessment of auditory-
cued fear in the neutral environment showed that CNGA3*/+
and CNGA3~/~ mice showed increased freezing during the
3-min phase when the tone was presented compared to
preceding 3 min without presentation of the tone (tone:
P < 0.0001). However, freezing to the tone was significantly
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Figure 5: Spatial learning and inhibitory avoidance in CNGA3~/~ mice. (A and B) Two platform discriminatory water maze (2P
water maze). (A) Escape latencies and (B) the number of correct choices in a discriminatory water maze task of CNGA3~/~ mice
and CNGA3*/* littermate controls. Animals had to discriminate between two visible platforms, one remained in a fixed position from
days 1 to 5 and days 6 to 9 (correct platform), and the other changed its position between two consecutive trials (incorrect platform).
Data were merged per training session (10 trials) and animal (A) or normalized to the total number of choices (B). The position of
the correct platform (bold) was changed between days 5 and 6, as indicated by the insets in (B). (C) Forced swimming test. Animals
were forced to swim for 6 min on two consecutive days (d1, d2), and the time the mice spent floating was measured and normalized
to the observation period. (D—G) Morris water maze — hidden platform task. (D) Escape latencies of CNGA3~/~ mice and CNGA3*/*
littermate controls. Animals had to locate a hidden platform on days 1-3. Data were merged per training session (six trials) and
animal. (E) Probe trial. The hidden platform was removed on day 4 to assess reference memory during a 1-min probe trial. (F and G)
Representative swim path of a CNGA3*/* mouse (F) and a littermate CNGA3~/~ mouse (G) during the probe trial. Q, quadrant; T,
target quadrant. (H) Step-down avoidance. Step-down latencies of CNGA3~/~ mice and CNGA3*/* littermates 24 h after training. Data
are presented as mean + SEM, the number of animals in brackets.

reduced in CNGA3~/~ mice compared with WT littermate 2004), followed by exposure to the neutral tone 24 h
controls (genotype: Fip =11.7, P =0.002; genotype x later. In addition, we tested the ASRs of the KO mice.

tone: Fi 29 =12.2, P =0.002; Fig. 6B). The time—course of
the freezing response analyzed in 60-second intervals further
showed that these genotype differences were evident right
from the onset of the tone and not because of differences in
the grade of extinction of the freezing response during acute
tone presentation (genotype: Fi 22 = 12.4, P = 0.002; time:
F44 = 19.3, P < 0.0001; genotype x time: Fp44 = 0.9, P =
0.438; Fig. 6C).

It is feasible that the impairment of auditory-cued
fear memory observed in CNGA3~/~ mice results from
more general defects such as altered processing of the
auditory stimulus/foot shock or changes of the emotional
state. Therefore, we additionally performed a sensitization
test in which the foot shock was presented without
the tone on the conditioning day (Kamprath & Wotjak
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Wild-type and KO mice showed similar sensitized fear
to the neutral tone (genotype: Fi15 = 0.428, P = 0.521;
tone: Fy18 =26.7, P < 0.0001; genotype x tone: Fi g8 =
2.71, P =0.117; Fig. 6D). Also foreground contextual fear
(as assessed upon re-exposure to the conditioning context)
showed the same intensity and specificity (as assessed
by comparing freezing in the conditioning context and
freezing before tone presentation in the test context)
in the two genotypes (genotype: Fi 15 =2.00, P =0.173;
context: F118 =57.0, P <0.0001; genotype x context:
F118 =0.32, P = 0.581).

Although the similarities in sensitized fear speak against
genotype differences in tone and shock perception, we
additionally measured in other animals’ ASRs to stimuli of
increasing intensity and their modulation by PPs. We failed

Genes, Brain and Behavior (2011) 10: 137-148
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Figure 6: Intact contextual but impaired auditory-cued fear memory in CNGA3~/~ mice. (A) Both CNGA3~/~ and CNGA3*/+
mice were re-exposed to the conditioning context and to the auditory stimulus in a neutral context at the day following auditory-cued
fear conditioning. CNGA3~/~ and CNGA3*/* mice showed the same freezing response to the conditioning context without tone
presentation (background contextual memory). (B) CNGA3~/~ mice froze significantly less to the tone in a neutral context than
wild-type littermate controls (auditory-cued memory). (C) Analysis of the freezing response to the tone in 1-min bins showed that the
differences in auditory-cued memory between CNGA3*/* (o) and CNGA3~/~ (e) mice were persistent over the course of the 3-min
tone presentation. (D) CNGA3*/+ and CNGA3~/~ mice showed a similar freezing response to the conditioning context and a 3-min
tone the day after a single, unsignaled shock (sensitization). (E and F) Naive CNGA3*/+ and CNGA3~/~ mice showed similar acoustic
startle responses. (E) Input-output relation of the startle responses. (F) Prepulse facilitation (PPF) or PPI of the startle response to a
65-dB prepulse presented at different interpulse interval. Data are presented as mean + SEM; BG, background noise.

to observe differences in ASR (genotype: Fi 16 = 0.303, P =
0.590; intensity: Faes = 36.2, P < 0.0001; genotype x inten-
sity: Fapes = 0.488, P = 0.744; Fig. 6E). In addition, mice
showed the same PP facilitation and PPl with a PP inten-

Discussion

It has been shown that nitric oxide (NO)/cGMP signaling can
support synaptic plasticity and consolidation of memory via

sity of 65dB and interpulse intervals smaller or greater
than 25 milliseconds (genotype: F1 16 = 0.0, P = 0.983; inter-
pulse interval: Fsp4 = 23.6, P < 0.0001; genotype x inter-
pulse interval: F464 = 0.287, P =0.885; Fig. 6F). Results
with PP intensities of 55 and 75 dB showed essentially
the same findings and are omitted for the sake of clarity and
brevity.

Together, these findings support a modulatory role of
CNGAS channels for the formation of the tone-shock
association in the amygdala.

Genes, Brain and Behavior (2011) 10: 137-148

stimulation of the cGMP-dependent protein kinase | (cGKI)
(Feil & Kleppisch 2008; Kleppisch et al. 2003; Ota et al. 2008;
Paul et al. 2008). In the present study, we report expression
of the cone-type CNGA3 channel in mouse amygdala and
hippocampus. Although the level of expression was found to
be very low, the observed localization of CNGA3 in neuronal
fibers suggests a role of this ion channel in synaptic function.
Cyclic nucleotide-gated channels represent alternative tar-
gets for regulation by cGMP and may, thus, also contribute to
the regulation of fear memory formation and related synaptic
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plasticity. Heteromeric CNG channels containing the CNGA3
subunit are ideally suited to control these functions as they
are activated by low micromolar concentrations of cGMP, do
not inactivate and are highly permeable for calcium ions (Biel
et al. 1994; Frings et al. 1995). Here, we show that CNGA3-
containing channels are critically involved in the regulation of
synaptic plasticity in the hippocampus. It is well established
that LTP in the CA1 region of the hippocampus is triggered by
postsynaptic Ca?t entry mediated principally by N-methyl-D-
aspartate (NMDA) receptors (Lynch 2004; Malenka & Nicoll
1999). One could, therefore, assume that CNGA3 channels
expressed postsynaptically in hippocampal pyramidal cells
might support the induction of LTP. Contrary to this expec-
tation, mice lacking the CNGA3 channel showed enhanced
LTP following strong tetanic stimulation, implying that one
of the biological functions of the CNGA3 channel in hip-
pocampal neurons is to constrain LTP from a maximum.
A possible explanation could be that distinct Ca?* sources
in a neuron may by tuned to a specific signaling pathway
with different, even opposite, effects on the induction and
maintenance of LTP (Futatsugi etal. 1999; Nagase et al.
2003). Alternatively, the functional effect of a channel pro-
tein might be determined by its selective localization to pre-
or postsynaptic structures. For example, CNGA3 channels
may affect transmitter release by controlling the membrane
potential of presynaptic terminals. In line with this view,
Murphy and Isaacson (2003) reported that transmission at
synapses between olfactory sensory neurons and olfactory
bulb neurons is controlled by a CNG channel. Strongly acti-
vated, CNG channel-mediated currents may cause marked
depolarization of presynaptic fibers resulting in inactivation
of voltage-dependent Na™ channels and, thus, suppression
of action potential propagation into nerve terminals of olfac-
tory sensory neurons. It may be possible that CNGAS serves
a similar inhibitory role in afferent fibers of Schaffer collat-
eral synapses. In support of this hypothesis, we observed
localization of the CNGA3 protein in presynaptic fibers.
Synaptic plasticity is thought to provide a cellular substrate
for learning and memory (Martin et al. 2000). Therefore, the
question arises as to whether enhanced hippocampal LTP
in CNGA3~/~ mice is paralleled by superior learning and
memory similar to mice overexpressing the NR2B subunit
of the NMDA receptor (Tang etal. 1999). Owing to the
loss of CNGAZ in the retina, CNGA3~/~ mice have impaired
daylight vision, but have normal rod photoreceptor-mediated
vision (Biel etal. 1999). We, therefore, tested CNGA3™/~
mice for their spatial learning in water maze tests at dim
light conditions that favor rod photoreceptor-mediated vision.
Under these conditions, CNGA3~/~ mice showed intact
spatial learning and memory that was indistinguishable from
the performance of CNGA3*/* littermate controls in both
water maze paradigms (2P water maze and hidden platform
Morris water maze). The fact that animals of either genotype
displayed a significant drop in their searching accuracy after
reversal of the platform position at day 6 of the 2P water maze
and developed the same preference for the target quadrant
in the probe trial of the Morris water maze indicates that mice
from both groups oriented themselves along distal landmarks
for locating the correct platform. This allocentric navigation
requires a structurally and functionally intact hippocampal
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formation (Arns etal. 1999; D'Hooge & De Deyn 20071;
Lipp & Wolfer 1998). The difference in the escape latencies
between CNGA3~/~ and CNGA3*/* mice at days 3 and
4 of the 2P water maze seems to be of minor biological
significance, in particular, as the latencies do not affect
the spatial preference scores and reach similar asymptotic
levels toward the end of the 2P water maze test. Moreover,
the difference in escape latencies does not reflect enhanced
stress susceptibility in CNGA3~/~ mice, as their performance
in the forced swimming task was comparable to CNGA3*/+
mice.

We additionally tested the CNGA3~/~ mice for contextual
fear memory, a task that also critically depends on an
intact hippocampal formation (Anagnostaras etal. 1999;
Gerlai 1998; Kim & Fanselow 1992), but not exclusively
depends on vision. There was no significant difference
between CNGA3~/~ and CNGA3*/* mice in contextual fear
memory, neither following the background (conditioning) nor
the foreground protocol (sensitization). These data further
support our previous conclusion of normal hippocampus-
dependent learning in CNGA3~/~ mice.

There is an increasing number of studies documenting
a dissociation between alterations in CA1 LTP and spatial
navigation, e.g. in the water maze. Specifically, enhanced
LTP can correlate with improved or normal and even impaired
spatial learning (Dean etal. 2009; Futatsugi etal. 1999;
Hoeffer et al. 2008; Jun et al. 1998; Kaksonen et al. 2002;
Kim etal. 2009; Migaud etal. 1998; Rutten etal. 2008;
Tang et al. 1999). Furthermore, Reisel et al. (2002) showed
that impaired CA1 LTP might be associated with deficits
in spatial working memory rather than spatial reference
memory. Therefore, we cannot exclude the possibility
that moderate changes in hippocampus-dependent learning
of CNGA3~/~ mice remained undetected by our learning
paradigms (associated with fear, stress and/or high physical
demand). We therefore tested the KO mice in the
more simple, less demanding step-down avoidance test.
Interestingly, CNGA3~/~ mice showed longer step-down
latencies compared with CNGA3*/* mice, which may reflect
superior hippocampus-dependent learning (Murgatroyd et al.
2009). However, we cannot preclude that CNGA3~/~ mice
are generally inhibited in stepping down from the platform
as indicated by the lack of a significant day x genotype
interaction. Future studies will have to address potential
genotype differences in locomotor activity or innate anxiety
in more detail.

To evaluate the role of CNGA3 for behavior related to
the amygdala, we examined the performance of CNGA3~/~
mice and their WT littermates in Pavlovian fear conditioning
(Rodrigues etal. 2004). In contrast to the preserved
contextual fear memory, CNGA3~/~ mice showed a specific
deficit in amygdala-dependent learning, as they froze less
to the tone in a neutral environment at the day following
conditioning, compared with CNGA3*/* control mice. The
time—course of the freezing response implies that the
reduced fear memory does not result from differences in
acute adaptation to the tone over the course of the 3-min
presentation. Moreover, it seems to be related specifically to
deficits in the tone-shock association rather than to a priori
differences between the WT and CNGA3 null mutants in
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pain perception or basic processing of auditory signals. Each
of those factors would be expected to affect the reaction
to the tone following sensitization as well (Kamprath &
Wotjak 2004). Contrary to this assumption, the corresponding
responses were similar in CNGA3~/~ and CNGA3*/* mice.
In agreement with normal acute pain perception, CNGA3~/~
mice showed intact immediate responses to acute noxious
thermal and mechanical stimulation (unpublished data). The
lack of genotype differences in processing of acoustic stimuli
could be confirmed by measuring ASRs.

A selective impairment in the auditory-cued component
but no alterations in the contextual component of fear con-
ditioning were also observed in mice lacking the muscarinic
acetylcholine receptor M1 (Miyakawa et al. 2001), but also
in cGKl-deficient mice (Paul et al. 2008). The latter implies
the presence of distinct cGMP-dependent pathways that
support the formation of fear memory in the amygdala. The
lack of impairment in contextual fear memory in CNGA3~/~
mice may also result from differential effects of CNGA3 at
hippocampal and amygdala level (e.g. improved hippocampal
function may counterbalance decreased amygdala function
to produce a normal contextual fear response). The deficit in
auditory-cued fear memory in cGKl-deficient mice is accom-
panied by a marked reduction of LTP in the LA (Paul et al.
2008). As we did not observe any significant effect of the
deletion of CNGAS3 on synaptic plasticity in the LA or the
BLA, the exact mechanism of how CNGA3 modulates the
tone-shock association is still unclear.

In conclusion, our study adds a new entry to the list of
physiological functions of the CNGA3 channel. While this
channel was so far considered to be specifically important
for cone-mediated vision and odor detection in a subset of
olfactory neurons, we show here that CNGAS is also involved
in the modulation of hippocampal plasticity and the amydgala-
dependent consolidation of fear memory. Mutations in
CNGAS3 account for more than 20% of all cases with autoso-
mal recessive achromatopsia (Kohl et al. 2005; Michaelides
et al. 2004). It would be interesting to test whether achromat
patients with loss-of-function mutations in CNGA3 also show
alterations in formation of aversive memories.
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