L T

/

D\

CrossMark
& click for updates

Hyperpolarization-activated, cyclic nucleotide-gated
cation channels in Aplysia: Contribution to

classical conditioning

Qizong Yang®', Pavlo Kuzyk®', Igor Antonov?, Caleb J. Bostwick™<, Andrea B. Kohn®, Leonid L. Moroz®<?,

and Robert D. Hawkins®9-2

“Department of Neuroscience, Columbia University, New York, NY 10032; bWhitney Laboratory for Marine Biosciences, University of Florida, St. Augustine,
FL 32080; “Department of Neuroscience, University of Florida, Gainesville, FL 32610; and 9Division of Neurobiology and Behavior, New York State Psychiatric

Institute, New York, NY 10032

Edited by John H. Byrne, University of Texas Medical School at Houston, Houston, TX, and accepted by the Editorial Board November 18, 2015 (received for

review January 29, 2015)

Hyperpolarization-activated, cyclic nucleotide-gated cation (HCN)
channels are critical regulators of neuronal excitability, but less is
known about their possible roles in synaptic plasticity and memory
circuits. Here, we characterized the HCN gene organization,
channel properties, distribution, and involvement in associative
and nonassociative forms of learning in Aplysia californica.
Aplysia has only one HCN gene, which codes for a channel that
has many similarities to the mammalian HCN channel. The cloned
acHCN gene was expressed in Xenopus oocytes, which displayed a
hyperpolarization-induced inward current that was enhanced by
cGMP as well as cAMP. Similarly to its homologs in other animals,
acHCN is permeable to K* and Na* ions, and is selectively blocked
by Cs* and ZD7288. We found that acHCN is predominantly
expressed in inter- and motor neurons, including LFS siphon motor
neurons, and therefore tested whether HCN channels are involved
in simple forms of learning of the siphon-withdrawal reflex in a
semiintact preparation. ZD7288 (100 uM) significantly reduced an
associative form of learning (classical conditioning) but had no
effect on two nonassociative forms of learning (intermediate-term
sensitization and unpaired training) or baseline responses. The
HCN current is enhanced by nitric oxide (NO), which may explain
the postsynaptic role of NO during conditioning. HCN current in
turn enhances the NMDA-like current in the motor neurons, sug-
gesting that HCN channels contribute to conditioning through
this pathway.

HCN channels | learning and memory | NMDA | nitric oxide | Aplysia

Hyperpolarization-activated, cyclic nucleotide-gated (HCN),
cation nonselective ion channels generate hyperpolariza-
tion-activated inward currents (I;) and thus tend to stabilize
membrane potential (1-3). In addition, binding of cyclic nucle-
otides (cCAMP and cGMP) to the C-terminal cyclic nucleotide
binding domain (CNBD) enhances I}, and thus couples mem-
brane excitability with intracellular signaling pathways (2, 4).
HCN channels are widely important for numerous systemic
functions such as hormonal regulation, heart contractility, epi-
lepsy, pain, central pattern generation, sensory perception (4-15),
and learning and memory (16-24).

However, in previous studies it has been difficult to relate the
cellular effects of HCN channels directly to their behavioral
effects, because of the immense complexity of the mammalian
brain. We have therefore investigated the role of HCN chan-
nels in Aplysia, which has a numerically simpler nervous system
(25). We first identified and characterized an HCN gene in
Aplysia, and showed that it codes for a channel that has many
similarities to the mammalian HCN channel. We found that the
Aplysia HCN channel is predominantly expressed in motor
neurons including LFS neurons in the siphon withdrawal reflex
circuit (26, 27). We therefore investigated simple forms of
learning of that reflex in a semiintact preparation (28-30) and
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found that HCN current is involved in classical conditioning
and enhances the NMDA-like current in the motor neurons.
These results provide a direct connection between HCN
channels and behavioral learning and suggest a postsynaptic
mechanism of that effect. HCN current in turn is enhanced by
nitric oxide (NO), a transmitter of facilitatory interneurons,
and thus may contribute to the postsynaptic role of NO during
conditioning.

Results

The acHCN, 626 aa [GenBank: AY924397.3; NCBI RefSeq (Na-
tional Center for Biotechnology Information Reference Sequence):
NM_001204707.1 (LOC100533424)], contains all canonical se-
quence features attributed to the HCN family (Fig. 1 and SI Ap-
pendix, Fig. S2), including six conserved transmembrane segments
with the voltage sensor and pore region as well as a C linker to the
intracellular cyclic nucleotide binding domain (CNBD), suggesting
overall similarities in their properties with HCN homologs across
other species studied (4, 31). There are also several predicted
phosphorylation sites consistent with findings in mammals.
However, we found a few amino acid differences in the CNBD
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Fig. 1. Organization and membrane topology of Aplysia HCN channels. The
acHCN contains canonical sequence features attributed to the HCN family
including six conserved transmembrane segments with the voltage sensor
and pore region as well as a C linker to the intracellular cyclic nucleotide
binding domain (CNBD).

region between acHCN and their homologs in vertebrates
(SI Appendix, Table S1). These results suggest some difference
in cyclic nucleotide dependence, which was confirmed by ex-
pression analysis in Xenopus oocytes (see below).

HCN Channels Expressed in Xenopus Oocytes Share Overall Similarity
to Their Vertebrate Homologs. To characterize the biophysical
and pharmacological properties of Aplysia HCN channels, we
expressed acHCN in Xenopus laevis oocytes (Fig. 2 and SI Appen-
dix, Figs. S3-S9). The heterologous expression of acHCN resulted
in the appearance of a hyperpolarization-activated inward current
(In) that was absent in vehicle-injected control oocytes. acHCN-
mediated I, had slightly slower kinetics compared with its vertebrate
homologs but a similar voltage dependence (half-maximum activa-
tion, V3, = —83.8 + 0.8 mV with a slope factor 7.2 + 0.7, n = 4; the
reversal potential was —25.8 + 1.1 mV, n = 17) and relative per-
meability to Na* and K* ions determined as 0.4 (see details in
SI Appendix). The time course of activation (t) was strongly de-
pendent on the voltage step with 7 value ranging from 6,229 +
584 ms at —80 mV to 2,330 + 156 ms at =110 mV (n = 18). The
acHCN-mediated currents were blocked by Cs* ions (Fig. 2 4
and B) and, importantly, by ZD7288 [4-(N-ethyl-N-phenyl-
amino)-1,2-dimethyl-6-(methylamono) pyridinum chloride]
(Fig. 2 C and D and SI Appendix, Fig. S9), a selective inhibitor of
these channels in insects and mammals (32). Inhibition of the
acHCN channel by ZD7288 was concentration dependent with a
K;iof 4.7 + 1.5 uM (n = 4). Applying 100 pM ZD7288 decreased
I, by 83.9 + 2.4% (n = 4), but did not change the voltage of
half-maximal activation (V;,, = —83.8 + 0.8 mV in control vs.
—83.9 + 3.7 mV in the presence of ZD7288). Furthermore,
acHCN currents were increased in the presence of soluble ana-
logs of both cAMP and cGMP (Fig. 2 E-H).

However, the Aplysia channels appear to have two differences
compared with mammals (4, 6, 8, 31). First, in Aplysia the gating of
the acHCN channels by cyclic nucleotides was associated pri-
marily with an increase in /,, amplitude rather than in a volt-
age-dependence shift (e.g., a positive shift of 2.2 mV in the
presence of 1 mM 8-Br-cAMP and 1.5 mV in the presence of
8-Br-cGMP; n = 4 in each test). Mammalian HCN1 channels
undergo a similar cAMP- or cGMP-mediated shift of +2-5 mV,
but HCN2 and HCN4 channels respond with a greater shift of
+15-20 mV (32-35).

Second, acHCN-mediated I}, was more sensitive to cGMP than
cAMP (Fig. 2 E-H and SI Appendix, Fig. S8). Both cAMP and
cGMP shift the activation curve of the mammalian HCN
channels, but they can require a higher cGMP concentration
(~10-fold or more) to achieve the effects seen with cAMP (31).
However, some mammalian HCN channel types also display high
sensitivity to cGMP (23, 36). Both the cAMP and cGMP/NO
signal transduction pathways contribute to sensitization and
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classical conditioning of the siphon-withdrawal reflex (25, 29, 37,
38), suggesting that they might have HCN as one of their targets
in relevant neurons during those forms of learning. Based on our
results, one might expect the cGMP/NO pathway to play a rel-
atively broader role in Aplysia than in mammals, consistent with
a broad range of functions of nitrergic (NO releasing) neurons in
molluscs (e.g., refs. 39-41). However, both pathways contribute
to learning in both types of animals (25, 42).

Widespread Expression of HCN Channels in the Aplysia CNS. Both in
situ hybridization and transcriptome profiling were used to char-
acterize and quantify HCN expression in the CNS and peripheral
tissues. The CNS has the highest level of HCN expression (Fig. 3B).
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Fig. 2. Biophysical and pharmacological properties of the Aplysia HCN
channel expressed in Xenopus laevis oocytes. (A and B) Inhibition of the
acHCN channel by low concentrations of Cs*. (A) I, current traces generated
upon hyperpolarization from =30 mV to =110 mV in media with 2 mM Cs*
(red) or following washout (blue) were superimposed on the current trace
generated under the same conditions in media without cesium (black). (B) I/V
relationships for acHCN-mediated /, in control conditions (black), in the
presence of 2 mM Cs™ (red) or following washout (blue). The currents were
normalized to the current value at =110 mV under the control conditions.
Applying 2 mM Cs* decreased Iy, amplitude by 79.9 + 2.7%, n = 4. (C and D)
Applying 100 pM ZD7288 decreased the amplitude of /,, by 83.9 + 2.4%; n =
4. (E and F) Applying 1 mM 8-Br-cAMP increased /,, amplitude by 18.0 +
0.7%; n = 4. (G and H) Applying 1 mM 8-Br-cGMP increased /,, amplitude by
35.7 + 20.3%; n = 4.
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Fig. 3.
situ hybridization labeling of HCN mRNAs in the central ganglia. The red
circle indicates the general location of neurons involved in the siphon-
withdrawal reflex (LE, LFS, L29). (B and C) Quantification of HCN expression
using RNA-seq data for peripheral tissues and individual identified neurons.
See schematic diagram of the distribution of HCN channels in S/ Appendix,
Fig. S10.

Expression of transcripts encoding HCN channels in Aplysia. (A) In

Although the majority of Aplysia neurons express HCN mRNAs,
the most prominent expression was found in several groups of
buccal and pedal motor neurons as well as in a population of in-
terneurons associated with both feeding (e.g., the metacerebral
cells) and defensive circuits, with lower expression in mechano-
sensory neurons. The greatest overall expression level was found in
the pedal ganglia including serotonergic neurons controlling loco-
motion. [llustrative examples are shown in Fig. 34, and SI Ap-
pendix, Fig. S10 shows a schematic HCN expression map of the
entire CNS. All HCN-expressing neurons show spontaneous
electrical activity (SI Appendix, Figs. S11-S13) (26, 27). ZD7288
reduced that activity in neurons expressing HCN but not in other
neurons, supporting the specificity of the inhibitor in Aplysia.

In situ hybridization labeling was correlated with quantitative
RNA-seq measurements. When we performed direct single-cell
transcriptome profiling of several identified neurons, we also con-
firmed highly differential expression of HCN channels across
the CNS with one of the highest levels in LFS motor neurons of the
siphon-withdrawal circuit (Fig. 3C).

HCN Channels Contribute to Behavioral Conditioning but Not
Intermediate-Term Sensitization, Unpaired Training, or Baseline
Responses. The finding that HCN channels are highly expressed
in LFS siphon motor neurons suggested that they might play a
role in simple forms of learning of the siphon withdrawal reflex.
We therefore investigated intermediate-term sensitization and
classical conditioning in a semiintact preparation (Fig. 4 A and B)
in which the reflex is mediated in part by monosynaptic excitatory
postsynaptic potentials (EPSPs) from LE siphon sensory neurons
to LFS siphon motor neurons in the abdominal ganglion (30).
Sensitization is due in part to presynaptic facilitation of those
EPSPs by PKA (43, 44) and conditioning to activity-dependent
facilitation of the EPSPs (28), which involves two mechanisms that
interact (29): activity-dependent enhancement of the facilitation
due to Ca** priming of adenylyl cyclase and greater production of
cAMP and activation of PKA in the sensory neurons (43-51), and
Hebbian potentiation due to Ca®* influx through NMDA-like
receptor channels in the motor neurons (52-55).

A train of four shocks to the tail produced behavioral sensi-
tization lasting about 1 h, which was not significantly affected by
bathing the ganglion in ZD7288 (100 pM) [F[1,9] = 0.13, not
significant (NS)] (Fig. 4C). To examine the effect of ZD7288 on
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classical conditioning, we compared changes in the withdrawal
reflex in groups that received either paired or unpaired training
with a siphon tap conditioned stimulus (CS) and a tail shock
unconditioned stimulus (US), while the abdominal ganglion was
bathed in either normal seawater (control) or ZD7288 (Fig. 4D).
The response to the CS was tested before, during, and 45 min after
training, which is in an intermediate-term time range roughly
similar to the sensitization. In the control group, paired training
produced an increase in the response to the CS compared with
either the pretest or unpaired training (F[1,44] = 25.10, P < 0.001
for the effect of pairing overall and P < 0.01 at each test), dem-
onstrating classical conditioning. ZD7288 (100 uM) did not have
significant effects on the amplitude of the initial siphon with-
drawal in response to either the siphon tap CS or tail shock US.
ZD7288 also did not have a significant effect on the change in
response to the CS following unpaired training (F[1,44] = 1.48, NS
overall and at each test), which is a nonassociative protocol that
produces results intermediate between training with the CS alone
(habituation) or US alone (sensitization), and can be thought of as
a combination of the two (56, 57). However, ZD7288 significantly
reduced the difference between paired and unpaired training, or
conditioning (average = 23% of control, F[1,44] = 7.26, P < 0.01
for the interaction of drug and pairing overall and P < 0.05 one-
tail at each test). This effect began at the first test (T1), 30 min
after the beginning of training, when ZD7288 had no significant
effect on sensitization (Fig. 4C). These results suggest that HCN
channels do not contribute to two nonassociative forms of learning
(intermediate-term sensitization and unpaired training) of the
withdrawal reflex but do contribute to an associative form of
learning (conditioning), although differences in the temporal
patterns of the different types of learning may also be important.

HCN channels can affect membrane potential and resistance,
and thus might act by affecting the excitability and firing of
neurons in the reflex pathway. However, ZD7288 did not have a
significant effect on the baseline-evoked firing of LFS siphon
motor neurons or LE siphon sensory neurons (Fig. 4E) or the
peak amplitude of the baseline monosynaptic LE-LFS EPSP
(Fig. 5B2). These results suggest that HCN channels do not play
an important role in behavioral or cellular responses or trans-
mission in the reflex pathway under baseline conditions, but
rather play a selective role in changes in those properties
during conditioning.

HCN Current Is Expressed in LFS Motor Neurons, Where It Is Enhanced
by Nitric Oxide. Single cell RNAseq revealed HCN transcript in
LFS motor neurons, but very little in LE sensory neurons or L29
interneurons (Fig. 3C). We investigated whether LFS neurons
also express HCN current by intracellular injection of different
magnitudes of hyperpolarizing current, which activates HCN
channels. LFS neurons but not most other neurons in the vicinity
exhibited the slow depolarization or “sag” that is characteristic of
HCN current (Fig. 54). The sag was greater with larger hyper-
polarizing steps (F[3,9] = 18.47, P < 0.001) and was reduced on
average 82% by ZD7288 (F[1,3] = 96.85, P < 0.01), supporting
the idea that LFS neurons express HCN current. In addition, the
sag was enhanced by a donor of nitric oxide [2-(N,N-diethylamino)-
diazenolate-2-oxide (DEA-NO), 10 pM] (¢7[5] = 3.80, P < 0.05),
which can act through cGMP to enhance HCN current in mam-
malian cells (23, 36, 58, 59).

As in Aplysia metacerebral cells and pedal motor neurons (S/
Appendix, Figs. S12 and S13) and some but not all mammalian
neurons that also express HCN channels (23, 60-62), ZD7288
reduced the spontaneous firing of LFS neurons (64.9 + 1.2%, t[4] =
27.79, P < 0.001). However, it did not have a significant effect on
either the resting membrane potential (100.7 + 22%, #[11] =
0.32) or input resistance (98.7 = 1.7%, #[11] = 0.71) of the LFS
neurons. One possible explanation of the reduced firing is that
activation of HCN current during spike afterhyperpolarizations
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Fig. 4. ZD7288 reduces behavioral conditioning but not intermediate-term
sensitization or baseline responding in the siphon-withdrawal preparation.
(A) The preparation. (B) Behavioral protocols. See the text for details. (C7)
Examples of siphon withdrawal before (pretest) and 2.5 min after (posttest)
tail shock (sensitization). (C2) Average results from experiments like the ones
shown in C7 with the abdominal ganglion bathed in normal saline (control,
n = 6) or ZD7288 (n = 5). The amplitude of siphon withdrawal has been
normalized to the average value on the three pretests in each experiment.
The overall average pretest value was 2.3 mm, not significantly different in
experiments with ZD7288. The average response to the tail shock was 5.4
mm. (D7) Examples of siphon withdrawal before (pretest) and 45 min after
(posttest) conditioning. (D2 and D3) Average siphon withdrawal in groups
that received paired or unpaired training with the abdominal ganglion
bathed in either normal seawater (control, n = 5 paired and 8 unpaired),
ZD7288 (n = 6 paired and 8 unpaired), APV (n = 7 paired and 7 unpaired), or
ZD7288 and APV (n = 6 paired and 5 unpaired). Responses have been nor-
malized to the value on the pretest in each experiment. The overall average
pretest value was 3.1 mm and the average response to the first tail shock US
was 6.8 mm, not significantly different in experiments with ZD7288 or APV.
Error bars indicate SEMs, *P < 0.01 for the difference between the paired
and unpaired groups, P < 0.05 and *P < 0.05 one tail for the reduction of
that difference by each drug, and *P < 0.05 one tail for the APV x ZD7288 x
pairing interaction. (D2) Average withdrawal on each test with the ganglion
bathed in seawater or ZD7288. (D3) Average withdrawal overall illustrating
occlusion of APV and ZD7288. (E) ZD7288 does not affect baseline evoked
firing of LFS siphon motor neurons or LE siphon sensory neurons. (E7) Ex-
ample of spikes in an LFS motor neuron and an LE sensory neuron evoked by
a tap to the siphon. (E2 and E3) Average number of evoked spikes in LFS
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may normally contribute to faster repolarization and generation of
subsequent spikes.

HCN Current Enhances NMDA Receptor Current in LFS Neurons
Involved in Conditioning. How might HCN current in LFS neu-
rons contribute selectively to associative learning (conditioning)
but not to two nonassociative forms of learning or baseline re-
sponses, transmission, and membrane properties? One possibility
was suggested by experiments in mammalian hippocampus in
which inhibition of HCN current by ZD7288 reduced the NMDA
component of the EPSP, which is critical for Hebbian or asso-
ciative long-term potentiation (LTP) (23). Sensory-motor neuron
EPSPs in Aplysia have both AMPA-like and NMDA-like
components (29, 63-65), and conditioning involves both pre-
and postsynaptic mechanisms including Hebbian potentiation
induced by activation of an NMDA-like current in the LFS
neurons (29, 66-68).

To examine whether inhibition of HCN current acts by reducing
activation of NMDA-like receptors, we first tested whether the
NMDA receptor antagonist DL-2-amino-5-phosphonovaleric acid
(APV) occludes the effect of the HCN antagonist ZD7288 on
conditioning (Fig. 4D3). APV (10 pM) did not have significant ef-
fects on the amplitude of the initial siphon withdrawal in response
to either the siphon tap CS or tail shock US, or the change in re-
sponse to the CS following unpaired training (F[1,44] = 0.91, NS
overall and at each test). However, APV produced a decrease in the
difference between paired and unpaired training (or conditioning)
roughly similar to the decrease by ZD7288 (average = 20% of
control, F|1,44] = 8.46, P < 0.01 overall and P < 0.05 at each test).
Furthermore, in the presence of APV, ZD7288 produced little
additional decrease (average = 73% of APV, F[1,44] = 0.03, NS
overall and at each test), which was significantly less than the de-
crease by ZD7288 in the absence of APV (F[1,44] =3.23, P <0.05
one tail for the APV x ZD7288 X pairing interaction overall).

We next examined whether inhibition of HCN current also
reduces the NMDA-like current in LFS neurons. We fired a
single action potential in an LE neuron and measured the late
(50-75 ms after peak) component of the monosynaptic EPSP
in an LFS neuron, which previous experiments suggested is
predominantly NMDA (29) (Fig. 5BI). ZD7288 produced a
small but significant reduction in the late component of the
EPSP (average = 86% of control, F[1,2] = 21.33, P < 0.05)
(Fig. 5B2). To further enrich for the NMDA component we
perfused the ganglion with the AMPA receptor antagonist
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (50 pM), which
partially reduced the peak of the EPSP (average = 59% of
control, F[1,2] = 34.12, P < 0.05) with little effect on the late
component (average = 99%, NS) (Fig. 5B3). When we then added
ZD7288 in the presence of CNQX it reduced the late component
much more (average = 33% of control (F[1,2] = 78.30, P < 0.05).
In addition, although CNQX reduced the peak more than the late
component (F[1,2] = 127.18, P < 0.01 for the peak/late x Con/
CNQX interaction), ZD7288 reduced the late component more
than the peak (F[1,2] = 53.29, P < 0.05), similar to APV (29). The
reduction was not due to homosynaptic depression because there
was no depression with the 15- to 20-min interval between
trials within each drug condition (F[2,4] = 0.63, NS). The
NMDA receptor antagonist APV (10 uM) produced a similar
reduction in the late component of the EPSP in the presence of
CNQX (average = 25% of control, F[1,2] = 107.21, P < 0.01)

neurons and LE neurons with the abdominal ganglion perfused with sea-
water (control, n = 6) or ZD7288 (n = 5) after the third test. The number of
spikes has been normalized to the average value on the three pretests in
each experiment. The overall average pretest value was 15.7 for LFS neurons
and 4.0 for LE neurons, not significantly different in experiments with
ZD7288.
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Fig. 5. ZD7288 reduces HCN current in LFS motor neurons and the NMDA-like
component of the LE-LFS EPSP. (A) Evidence for HCN current in LFS siphon motor
neurons, reduction by ZD7288, and enhancement by DEA-NO. (A7) Example of
hyperpolarization of an LFS neuron by a 6-s constant current injection before
(control) and after perfusing the ganglion with ZD7288. ZD7288 reduced the “sag”
or depolarization from the beginning to the end of the current injection, which is
characteristic of HCN current. (A2) Average results from experiments like the one
shown in AT (n = 4), each with four different amplitudes of current injection. (A3)
The nitric oxide donor DEA-NO enhanced the sag, normalized to the value before
DEA-NO perfusion (control) in each experiment (n = 6). The average control value
was 18.6 mV. (B) ZD7288 did not affect the baseline monosynaptic LE-LFS EPSP,
but reduced the NMDA-like component of the EPSP. (B7) Example of the
monosynaptic LE-LFS EPSP in artificial sea water (ASW) (control) and CNQX. (B2)
Average peak and late (50-75 ms after peak) amplitude of the LE-LFS EPSP in ASW
with the abdominal ganglion perfused with ZD7288 after the second test, normal-
ized to the average value on the pretests in each experiment (n = 3). The average
pretest values were 12.5 (peak) and 5.4 (late) mV. (B3) Average amplitude of the late
component of the EPSP in ASW (control), CNQX, and CNQX + ZD7288, normalized to
the average control value in each experiment (n = 3). There was a significant overall
effect of drug (F12,4] = 54.21, P < 0.01). The average control value was 2.7 mV. (B4)
Similar experiments with ASW (control), CNQX, CNQX + APV, and CNQX + APV +
ZD7288 (n = 3). There was a significant overall effect of drug (F[3,6] = 62.18, P <
0.01). The average control value was 3.6 mV. (C) Hypothetical model of postsynaptic
mechanisms by which HCN channels contribute to classical conditioning of
the siphon-withdrawal reflex. Nitric oxide (NO) released by L29 interneu-
rons acts directly in the LFS motor neurons to stimulate production of
¢GMP and activation of HCN channels, which in turn enhances activation
of NMDA-like channels and Hebbian potentiation at LE-LFS synapses.

(Fig. 5B4). When we then added ZD7288 there was little addi-
tional reduction (average = 80% of APV, F[1,2] = 2.08, NS),
which was significantly less than the reduction by ZD7288 in the
absence of APV (F[1,4] = 8.69, P < 0.05). Moreover, the

1. Accili EA, Proenza C, Baruscotti M, DiFrancesco D (2002) From funny current to HCN
channels: 20 years of excitation. News Physiol Sci 17:32-37.
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magnitudes of the reductions in the late component by ZD7288 and
APV were similar to the analogous reductions in conditioning (Fig.
4D3). These results suggest that inhibition of HCN current sub-
stantially reduces the NMDA-like current in LFS neurons, and are
consistent with the idea that NMDA-like receptors act at least in
part downstream of the HCN channels during conditioning.

Discussion

Although HCN ion channels are known to play important roles
in the excitability, integrative properties, and plasticity of neu-
rons, less is known about their possible roles in behavioral
learning, in part because of the immense complexity of the
mammalian brain. Our results provide evidence for a direct link
between HCN current and learning in the semiintact siphon
withdrawal preparation of Aplysia. In this case the role of HCN
current appears to be similar to its role during LTP at Schaffer
collateral-CA1 synapses in hippocampus (23), presenting an
interesting example of convergent evolution in memory circuits:
HCN enhances NMDA receptor current required for Hebbian
potentiation, which contributes to classical conditioning of the
withdrawal reflex in Aplysia (29, 52-55). In neither preparation
is it known how HCN current enhances NMDA current, but it
might act either by depolarizing the postsynaptic neuron or by a
receptor—receptor interaction. The conditioning also involves
NO, which appears to be released from L29 facilitatory inter-
neurons and acts directly in both the sensory neurons and the
motor neurons to strengthen the synaptic connection between
them (37). Because NO is necessary but not sufficient for PKA-
dependent presynaptic effects, it is hypothesized to gate or
enhance activation of PKA in the sensory neurons, but how it
acts in the motor neurons has not been known.

Our results suggest a plausible mechanism for the postsynaptic
role of NO during conditioning (Fig. 5C). As in hippocampus
(23), NO may stimulate soluble guanylyl cyclase leading to
production of cGMP, activation of HCN current, and en-
hancement of NMDA current. Consistent with that idea, a NO
donor enhances the HCN current in LFS motor neurons, and
the pattern of results with ZD7288 during conditioning
(a partial blockade that becomes larger with additional training)
is similar to the pattern with injection of the NO scavenger oxy-
myoglobin into the motor neuron, but not the sensory neuron (37).
The pattern is also similar with the NMDA receptor antagonist
APV (29). Furthermore, ZD7288 and APV (10 pM) are about
equally effective in blocking both conditioning and the NMDA-like
component of the EPSP, and APV occludes the effect of ZD7288
for both. These results support the idea that NO may act through
the HCN current to gate or enhance the NMDA receptor pathway
in the motor neuron. If so, that effect could be analogous to the
hypothesized role of NO in gating the PKA pathway in the sensory
neuron (37). NO is also thought to act both presynaptically and
postsynaptically in hippocampus, where it may engage additional
molecular mechanisms as well (58, 69, 70).

Materials and Methods

The methods for cloning and sequencing (71), in situ hybridization (40), and
behavior and electrophysiology (28-30, 37, 43) were generally the same as
described previously. See S/ Appendix for details. This research did not need
institutional approval because Aplysia are not covered by the animal use
regulations of Columbia University, New York State Psychiatric Institute, or the NIH.
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