SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

COGNITION

Hippocampal cAMP regulates HCN channel function
on two time scales with differential effects on

animal behavior

Kyle A. Lyman1'2'31', Ye Han?t, Chengwen Zhou?t, Isabelle Renteria?, Gai-Linn Besingz,

Jonathan E. Kurz?, Dane M. Chetkovich?*

Copyright © 2021
The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim
to original U.S.
Government Works

Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels regulate neuronal excitability and represent
a possible therapeutic target for major depressive disorder (MDD). These channels are regulated by intracellular
cyclic adenosine monophosphate (cCAMP). However, the relationship between cAMP signaling and the influence
of HCN channels on behavior remains opaque. In this study, we investigated the role of hippocampal cAMP signaling
on behavior using chemogenetic technology in mice. Acutely increasing cAMP limited spatial memory and motivated
behavior by increasing HCN function. However, chronically elevated cAMP limited surface trafficking of HCN channels
by disrupting the interaction between HCN and tetratricopeptide repeat-containing Rab8b-interacting protein
(TRIP8b), an auxiliary subunit. Chronically increased cAMP in the dorsal hippocampus was also sufficient to rescue
cognitive deficits induced by chronic stress in mice. These results reveal a behaviorally relevant form of regulation of
HCN channel surface expression that has potential as a therapeutic target for cognitive deficits related to chronic stress.

INTRODUCTION

Major depressive disorder (MDD) represents one of the leading
causes of disability worldwide (1), in part because of the prominent
cognitive dysfunction associated with the disease (2-4). Monoami-
nergic antidepressants (MAs) are the mainstay of therapy and, in
some cases, can be effective in relieving the cognitive manifestations
of MDD (5, 6), although many patients remain refractory to treat-
ment (7). Moreover, MA require weeks of treatment to be efficacious,
and the mechanism of this delay is poorly understood (8-12). Given
these limitations, there is a need for new and synergistic therapies.
Hyperpolarization-activated cyclic nucleotide-gated (HCN) chan-
nels in the dorsal hippocampus have been identified as a potential
therapeutic target for MDD (13-16) and play a role in regulating
cognition (17, 18). These voltage-gated channels are regulated by
intracellular cyclic nucleotides and influence temporal summation
as well as cellular excitability (19, 20). Knockout (21, 22) or knock-
down (23-25) of these channels in dorsal CA1 pyramidal neurons
leads to a reduction in time spent immobile on the tail suspension
and forced swim tasks [described as “antidepressant-like” (23-25)
behavior or “motivated” behavior (26)], raising the possibility that
antagonizing these channels might be an effective therapeutic strat-
egy for treating MDD. Consistent with this hypothesis, knockout of
HCN channels in the basal forebrain has been linked to improved
spatial memory performance (17). Conversely, in a rodent model of
chronic stress, there is greater expression of HCN channels in the
dorsal hippocampus (24), suggesting that these channels may also
be involved in the pathophysiology of the stress-related cogni-
tive changes.
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There are four genes that encode HCN channels (HCN1 to HCN4),
with HCN1 and HCN2 predominant in the hippocampus (27). In
vitro, homomeric HCN2 channels exhibit a large increase in opening
probability in response to cyclic adenosine monophosphate (cAMP)
binding, whereas homomeric HCN1 channels increase by a smaller
amount (if at all) (19). In vivo, HCN1 and HCN2 subunits form
heterotetrametric channels with intermediate properties, and it is
typically not possible to distinguish the contribution of individual
isoforms to the electrophysiologic current, I;,. For this reason, we
use the phrase “HCN channels” in this report to refer to all isoforms
collectively. In CA1 pyramidal neurons, HCN channels are expressed
in a characteristic subcellular distribution, with fewer channels ex-
pressed in the more proximal stratum radiatum (SR) compared
with the distal stratum lacunosum moleculare (SLM) of the apical
dendrite (21, 28, 29). This pattern of expression is essential to the
synapse-specific regulation of temporal summation by HCN channels,
which regulate temporal summation through the temporoammonic
(TA) pathway (synapsing onto the distal SLM) more so than the
proximal Schaffer collaterals (SCs; synapsing onto the SR) (21, 29, 30).
The subcellular distribution of HCN channels is regulated by bind-
ing between pore-forming subunits and an auxiliary subunit named
tetratricopeptide repeat-containing Rab8b-interacting protein
(TRIP8b) (21, 31, 32). TRIP8b-mediated HCN channel trafficking
is responsible for both the surface expression and subcellular local-
ization of HCN channels within CA1 pyramidal neurons (21, 29, 33).
The interaction of TRIP8b with HCN channels in dorsal CA1 is es-
sential for the channel’s role in regulating motivated behavior (34).
TRIP8b knockout (21) and viral rescue of TRIP8b in the dorsal
hippocampus are sufficient to bidirectionally regulate both HCN
channel function and changes in motivated behavior (34).

TRIP8b binds to HCN at two locations (35-37), and loss of either
binding site limits TRIP8b-mediated HCN channel trafficking in vivo
(34). TRIP8b competes with cAMP for binding HCN channels, and
increasing concentrations of cAMP disrupt TRIP8b binding to
HCN in biochemical assays (37-43). In vitro experiments have also
shown that cAMP-mediated disruption of TRIP8b binding impedes
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TRIP8b-mediated HCN surface trafficking (37), although whether
or not this occurs in neurons in vivo remains unclear. This question
is of particular relevance to understanding the mechanism of action
of existing antidepressants, as MA therapies produce substantial
elevations in cAMP in both animal models and human patients
(44-46) and cAMP has also been suggested to play a role in the thera-
peutic mechanism of ketamine (47). In this report, we set out to
understand how cAMP signaling in the hippocampus affects behavior
and whether or not this pathway could rescue the behavioral pheno-
type of animals subjected to a chronic stress model. We found that
acutely increasing cAMP in dCA1 pyramidal neurons increased I,
the current mediated by HCN channels, and limited both motivated
behavior and spatial memory. In contrast, chronically elevated cAMP
limited HCN channel surface trafficking and rescued spatial memory
after chronic stress. These results have implications both for under-
standing the mechanism of action of existing MA and for targeting
the TRIP8b-HCN interaction as a synergistic therapy for the cogni-
tive sequelae of chronic stress.

RESULTS

Human patients with MDD express more HCN1

Previous work investigating the relationship between HCN channels
and MDD demonstrated an increase in hippocampal HCN channels
in animal models (24). To determine whether a similar relationship
is true for human patients, we performed quantitative reverse tran-
scription polymerase chain reaction (QPCR) using postmortem sam-
ples of the CAL1 region of the hippocampus from patients with MDD
and unaffected controls. We noted an increase in HCNI expression
in human CA1 in both male and female patients with MDD (Fig. 1
and table S1). In contrast, we did not observe changes in other genes
whose expression is enriched in the hippocampus [HCN2, PEX5L,
KCND?2 encoding K,4.2 channels (48), and DLG4 encoding PSD95].
Cerebellum samples were also available in a subset of patients, but
no difference in HCNI expression was seen in this region, indicating
that differences could not be attributed to systematic differences in
sample storage or preparation (fig. S1 and table S2).

Acute increases in hippocampal cAMP limit motivated
behavior and spatial memory
MA increases hippocampal cAMP signaling (44, 45), and cAMP in-
creases HCN channel function (19). Given that increasing HCN
channel function limits motivated behavior (34), these observations
raise the possibility that HCN channels could limit the therapeutic
efficacy of MA. To isolate the effect of cAMP from the other path-
ways activated by MA, we used the rM3D(G,;) DREADD (designer
receptors exclusively activated by designer drugs) construct, which
leads to the production of cAMP in the presence of clozapine-N-oxide
(CNO) (49, 50). To confirm that rM3D(G;) increases cCAMP signaling
and augments I, we performed in vitro experiments using human
embryonic kidney (HEK) cells expressing HCN2 and rM3D(Gy).
We observed an increase in HCN channel function in response to
bath application of CNO (fig. S2); hence, we next generated an adeno-
associated virus (AAV) expressing rM3D(G;) regulated by a CaMKII
(calcium/calmodulin-dependent protein kinase II) promoter (re-
ferred to as AAV-DREADD:; fig. S3). Expression of AAV-DREADD
in the dorsal hippocampus of adult male mice led to the production
of cAMP after intraperitoneal injection of CNO (Fig. 2A and table
S$3). Similar to HEK experiments, whole-cell recordings from CA1
pyramidal neurons infected with AAV-DREADD showed an acute
increase in the sag ratio (a current clamp measurement of the cur-
rent mediated by HCN channels) in response to bath application of
CNO (Fig. 2, B and C) that was not observed in uninfected cells
(table S3). These results indicate that AAV-DREADD-mediated
increases in cAMP lead to an increase in HCN channel function.
Previous work has shown that knockdown of HCN reduced im-
mobility time in tests of motivated behavior (23-25); hence, we tested
whether acutely increasing HCN channel function with a rise in
cAMP would alter these behaviors. Toward this end, we bilaterally
injected the dorsal hippocampi of adult male and female mice with
AAV-DREADD. The animals were then administered either intra-
peritoneal saline [normal saline (NS)] or CNO and subjected to the
tail suspension test (TST), forced swim test (FST), or open-field test
(OFT) (Fig. 2, D and E, and table S3). We observed that intraperito-
neal injection of CNO led to more time immobile in TST and FST
without affecting OFT (Fig. 2, D and E,

HCN1 HCN2 PEX5L KCND2 DLG4 and ﬁg. S4). No difference in any of the
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Fig. 1. HCN1 expression is elevated in human patients with MDD compared to unaffected controls. Human
hippocampal tissue was obtained and subdissected to isolate CA1. qPCRs were performed to examine the expression
of the genes listed above in men and women with and without a diagnosis of MDD. For a list of subjects and statistics,

see table S1.*P < 0.05.
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mice and then intraperitoneally injected
either saline or CNO after the training
session of the OLM task (Fig. 2, Fand G).
Mice that received CNO performed worse
on day 2 of the OLM task. These results
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Fig. 2. AAV-DREADD increases hippocampal cAMP and influences behavior. (A) Hippocampal cAMP production in animals injected with hippocampal AAV-DREADD
and intraperitoneal CNO. A 2 x 2 ANOVA showed an interaction between virus (none/AAV-DREADD) and intraperitoneal injection (saline/CNO): Fy 16 =5.0492, P=0.0391,
n=5,5,5,and 5. (B) Representative current clamp recording from a GFP* CA1 pyramidal neuron at a holding potential of =70 mV in the presence or absence of CNO. Quan-
tified in (C) (pre-CNO: 1.24 + 0.02; post-CNO: 1.32 + 0.03; paired t test, tg=—3.26, P=0.017, n=7, N=5). (D) Wild-type male and female mice were bilaterally injected with
AAV-DREADD and received either intraperitoneal CNO or saline (NS) before TST [(D) male NS: 120.2+ 8.3 5, n=9; male CNO: 177.0+£ 10.2 s, n=7; female NS: 137.7+13.6 s,
n=11;female CNO: 187.4+11.5s,n=11; means = SEM] and FST [(E) male NS: 103.5+9.0 s, n=9; male CNO: 143.6 +9.1 s, n =9; female NS: 79.4 + 8.6 s, n = 15; female CNO:
117.6 £ 11.0 s, n=13]. (F) Schematic for the object location memory (OLM) task, adapted from Maroso et al. (18). Either intraperitoneal CNO or intraperitoneal saline was
administered immediately after training. (G) OLM performance from male and female mice bilaterally injected with AAV-DREADD after intraperitoneal saline or CNO is
administered (male NS: 0.08 +0.05, n = 14; male CNO: —0.14 + 0.05, n = 13; female NS: 0.28 + 0.05, n = 15; female CNO: 0.04 + 0.06, n = 14). *P < 0.05 for (D), (E), and (G).

Asterisk denotes main effect of “NS/CNO”; see supplementary tables for details.

indicate that acute increases in hippocampal cAMP increase HCN chan-
nel function and limit both motivated behavior and spatial memory.

Hcn2®® mice reveal that hippocampal cAMP produces
changes in behavior through HCN channels

On the basis of our electrophysiology data showing an increase in
Iy, we reasoned that cAMP binding to HCN channels was involved
in the change in behavior. HCN pore-forming subunits homo- and
heterotetramerize in vivo to produce channels with intermediate
properties, although HCN2 subunits are highly sensitive to cAMP
(51). To isolate the effect of increasing HCN channel function from
the other signaling pathways regulated by cAMP, we generated a
knock-in mouse line expressing a mutant HCN2 subunit that is in-
sensitive to cAMP [HCN2(R591E), Hcn2¥R| (fig. S6). This mutation
has been characterized in vitro and functions similarly to wild-type
channels, with the exception that its gating does not shift in the
presence of cAMP (51, 52). A recent report also investigated the
effects of a series of HCN2 mutations including R591E and found
no difference in heterotetramerization of the mutant channel with
wild-type channels, nor was there a difference in surface expression
of the channel in thalamic nuclei (52).

Lyman et al., Sci. Transl. Med. 13, eabl4580 (2021) 24 November 2021

Hcn2®® animals were born in a Mendelian ratio and were indis-
tinguishable from wild-type littermates by eye. Immunohistochemical
and Western blot analyses of the hippocampus revealed no changes
in HCN1, HCN2, or TRIP8b (Fig. 3, A and B; fig. S7; and table S5),
and immunohistochemistry revealed no difference in HCN2 sub-
cellular distribution (Fig. 3, C and D). Whole-cell recordings from
CA1 pyramidal neurons of Hcn2®® mice revealed reduced sag ratio
(Fig. 3, E and F) and a hyperpolarized Vs, (the membrane potential at
which half of the channels are open) in the presence of 8-Br-cAMP
(8-bromoadenosine-cAMP), a cell-permeable cAMP analog (Fig. 3G)
(38). 8-Br-cAMP had no effect on the membrane resistance of wild-
type cells but increased the membrane resistance of Hcn2®'® cells
and their excitability (Fig. 3, H and I). This change in membrane
resistance (Ry,) was similar to that previously seen in response to
protein kinase A (PKA) activation, leading to removal of K, channels
from the cell surface (48), and indicates that cAMP normally reduces
the membrane resistance (Ry,) by increasing I, and, in parallel, in-
creases Ry, through PKA (48). Given the reduction in I, in Hcn2®R
mice, we next investigated the TA pathway, which is strongly regu-
lated by I, (21, 28, 29). Whole-cell recordings were made from CA1
pyramidal neurons with a bipolar stimulating electrode placed over
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anti-HCN2 antibody. Scale bar, 100 um. (D) Quantification of
HCN2 staining [Hcn2"/*: 881.8 + 24.1 arbitrary units (AU);
Hen2fR: 850.5 +41.1 AU, n=4 and 4]. (E) Representative

current clamp recordings showing response to —100-pA current injection from a —70-mV potential. Note that the y axis is scaled to maximal deflection to facilitate com-
parison (see Materials and Methods). (F) Quantification of sag ratio (ch2+/+: 1.38+0.02; Hen2®R:1.28 + 0.03, n=8and 8, N=5 and 4). (G) Half activation potential for I, in
the presence of 8-Br-cAMP (Hcn2**:—84.3 £ 1.1 mV; Hen2¥®: —94.2 + 1.7 mV, n=8 and 8, N=5 and 4). (H) Membrane resistance at —60 mV in the presence or absence of
8-Br-cAMP (Hcn2™*, pre-8-Br-cAMP: 242.5 +30.2 megohms; Hcn2"*, post-8-Br-cAMP: 242.0 + 19.6 megohms; Hcn2®, pre-8-Br-cAMP: 257.6 + 17.2 megohms; Hcn2%R,
post-8-Br-cAMP: 347.2 + 20.4 megohms; n=8 and 8, N=5 and 4). (I) Action potentials produced in response to current injection in the absence of 8-Br-cAMP (left) or the
presence of 8-Br-cAMP (right). (J) Recording configuration for examining the TA pathway. Whole-cell recording was performed from CA1 cell body (green), whereas bipolar
simulating electrode was placed on the TA pathway (in blue). (K) Representative traces obtained from the configuration in (J) showing temporal summation before and
after application of ZD7288. (L) Quantification of the change in temporal summation (change in EPSP5/EPSP1 with ZD7288 Hen2**:0.97 +£0.34 mV: Hen2®R:0.11 £0.16 mv,
n=4and 7, N=4and 5). *P < 0.05. SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum; SLM, stratum lacunosum moleculare.

the TA pathway (Fig. 3]). To isolate the contribution of HCN channels,
recordings were made before and after application of ZD7288, an
HCN channel antagonist (53). ZD7288 increased temporal summa-
tion in Hen2™™* cells, whereas it did not affect temporal summation
in Hen2®R cells (Fig. 3, Kand L). These results indicate less dendritic
I and greater TA pathway temporal summation in the Hen2®®
animals. Given the reduction in hippocampal I, we sought to test
whether the Hen2®® animals would show more motivated behavior
(15, 16, 21, 24). Consistent with this prediction, we observed that
male and female Hen2®® animals showed reduced immobility time
on TST (Fig. 4A) and FST (Fig. 4B and table S6) without a change in
OFT (fig. S8A and table S7).

We next investigated whether or not cAMP binding to HCN
channels was responsible for the reduction in motivated behavior
that we observed in response to acute increases in cAMP in wild-type
mice (Fig. 2, D to G), so we bilaterally injected the dorsal hippocampi
of male and female Hcn2®® animals with AAV-DREADD. Unlike
in wild-type mice, intraperitoneal injection of CNO in these animals
did not produce a change in TST (Fig. 4C), FST (Fig. 4D), or OFT
(fig. S8B). We also investigated whether or not hippocampal HCN2
channels were responsible for the effect of acute cAMP on spatial
memory. Unlike the wild-type mice, acutely increasing hippocampal

Lyman et al., Sci. Transl. Med. 13, eabl4580 (2021) 24 November 2021

cAMP in male and female Hcn2®® mice had no effect on OLM per-
formance (Fig. 4E). These results indicate that cAMP signaling
through HCN channels is responsible for the acute reduction in
motivated behavior and impaired spatial memory observed in wild-
type animals (Fig. 2, D to F).

Hippocampal HCN channels limit the behavioral response

to antidepressants

On the basis of our observation that acutely increasing cAMP in CA1
limited motivated behavior, we next speculated that HCN channels
in dorsal CA1 might limit the changes in behavior seen with acute
MA administration. To test this hypothesis, we used citalopram, a
selective serotonin reuptake inhibitor (SSRI) that produces an in-
crease in motivated behavior after acute intraperitoneal administration
(Fig. 4F) (54). We bilaterally injected the dorsal hippocampus of
wild-type mice with AAV-DREADD, and after 3 weeks (to allow for
viral expression), the animals received either intraperitoneal saline
or intraperitoneal CNO 40 min before the behavioral assay and
intraperitoneal citalopram 30 min prior (Fig. 4G). Mice receiving
both CNO and citalopram spent more time immobile compared with
saline and citalopram, indicating that acutely increasing hippocampal
cAMP limits the behavioral response to citalopram.
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crease in HCN channel surface trafficking
(34). Thirty minutes before the behavioral
experiment, mice received an intraperito-
neal injection of either saline or citalopram
(Fig. 4H and table S6). Although citalopram
promoted motivated behavior, overexpres-
sion of TRIP8b limited this effect. These

SSRI SSRI
saline CNO

SSRI
AAV-GFP

We next asked whether directly increasing hippocampal HCN
channel expression would have a similar effect. To avoid altering
the composition of HCN1 and HCN2 channels or the subcellular
distribution of the channels (21), we overexpressed the most abun-
dant TRIP8b isoform in the dorsal hippocampus [AAV-TRIP8b;
see Materials and Methods (34)]. We have previously characterized
the effect of AAV-TRIP8b on CA1 HCN channels and shown that
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results indicate that increasing hippocampal
HCN function limits the behavioral re-
sponse to antidepressants.

SSRI
AAV-TRIP8b

Chronically elevated hippocampal cAMP promotes
motivated behavior and spatial memory

On the basis of previous in vitro work showing that cAMP disrupts
the interaction between TRIP8b and HCN (36, 37, 43), we predicted
that chronically elevated cAMP could produce a reduction in sur-
face HCN in vivo. This hypothesis suggests that chronically elevated
cAMP in the hippocampus should have the opposite behavioral
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effect from acutely elevated cAMP, as the TRIP8b-HCN interaction
is disrupted and HCN channels are lost from the cell surface. To test
this hypothesis, we bilaterally injected the dorsal CA1 of wild-type
male mice with AAV-DREADD or an AAV-GFP control virus and
allowed several weeks for the viruses to express before administering
either CNO or saline chronically in the animal’s drinking water for
3 weeks. Two hours before testing, all mice were switched to tap
water to minimize the acute effects of DREADD activation (49). We
noted that the AAV-DREADD-injected animals receiving CNO
in their drinking water spent less time immobile in both the TST
(Fig. 5A) and FST tasks (Fig. 5B and table S8) without a change in
OFT (fig. S9 and table S10). Moreover, a separate cohort of male mice
that were bilaterally injected with AAV-DREADD but received just
24 hours of CNO in the drinking water did not exhibit a change in
motivated behavior (fig. S10 and table S11), indicating that this
change in behavior is specifically the result of chronically elevated
cAMP signaling. We next investigated whether or not spatial memory
would similarly be altered in the chronically elevated cAMP condi-
tion. Wild-type male and female mice were bilaterally injected into
the dCA1 with AAV-DREADD followed by 3 weeks of either saline
or CNO in the drinking water. Consistent with the results for moti-
vated behavior, chronically elevated cAMP improved performance
on the OLM task (Fig. 5C and table S8). Combined, these results
indicate that acute and chronic changes in cAMP have opposing
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effects on behavior through bidirectional regulation of HCN chan-
nel function.

Given the extended time course required for changes in behavior,
we speculated that changes in transcription could be responsible.
cAMP signaling is coupled to transcription through several tran-
scription factors including cAMP response element-binding protein
(CREB) (55-57). We next investigated whether or not CREB over-
expression was sufficient to reproduce these changes in behavior
given that previous work has emphasized a possible role for CREB
signaling in the effects of MA (45, 58). We generated a virus express-
ing a constitutively active form of CREB (59) but saw no difference
in TST, FST, or OFT after expression in the dorsal hippocampus
(fig. S11 and table S12).

Chronically elevated hippocampal cAMP disrupts

the TRIP8b-HCN interaction

To determine the molecular mechanism responsible for the changes
in behavior in response to chronically elevated cAMP, we performed
whole-cell recordings from GFP" cells in male mice injected with
either AAV-DREADD or AAV-GFP and then receiving CNO or
saline in their drinking water for 3 weeks. Somatic recordings re-
vealed no change in membrane potential, membrane resistance,
excitability, or sag ratio (Fig. 5, D and F, and tables S8, S9, and S13).
Although we did not observe a change in the sag ratio measured at
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Fig. 5. Chronically elevated cAMP signaling promotes motivated behavior and spatial memory. (A) Male mice were bilaterally injected with AAV-GFP or AAV-DREADD
into the dorsal CA1 and then received 3 weeks of either saline (NS) or CNO before TST (AAV-GFP/NS: 178.2 + 8.0 s; AAV-GFP/CNO: 167.8 + 5.8 s; AAV-DREADD/NS:
168.6 £ 10.8 s; AAV-DREADD/CNO: 112.3 £7.9 s). An identical setup was used before FST [(B) AAV-GFP/NS: 144.2 +7.0 s; AAV-GFP/CNO: 147 +5.6 s; AAV-DREADD/NS:
155.5+4.3 s; AAV-DREADD/CNO: 99.2 + 8.2 s]. (C) Male and female mice were bilaterally injected with AAV-DREADD into dorsal CA1 and then received either NS or CNO
in their drinking water for 3 weeks before OLM testing (male AAV-DREADD/NS: 0.21 + 0.08; male AAV-DREADD/CNO: 0.42 + 0.07; female AAV-DREADD/NS: 0.08 +0.03;
female AAV-DREADD/CNO: 0.36 + 0.05; n= 15, 13, 14, and 14). (D) Number of action potentials fired in each condition as a function of somatic current injection (AAV-GFP/NS:
n=7; AAV-GFP/CNO: n=11; AAV-DREADD/NS: n = 16; AAV-DREADD/CNO: n = 21; tables S8 and S9). (E) Representative current clamp traces from all four conditions in
response to hyperpolarizing 100-pA current injection. The y axis is scaled as in previous figures. (F) Quantification of somatic sag ratio (AAV-GFP/NS: 1.30 + 0.05; AAV-GFP/
CNO: 1.28 £ 0.02; AAV-DREADD/NS: 1.32 +0.02; AAV-DREADD/CNO: 1.23 + 0.02). (G) Representative current clamp traces obtained during stimulation of the TA pathway.
Note that colors represent the same conditions as in (A), (D), and (E). (H) Quantification of the proportion of stimuli producing action potentials as a function of TA stim-
ulating electrode intensity (see tables S8 and S9 for statistics). For all panels, *P < 0.05. For (H), *P < 0.05 for effect of drinking water, *P < 0.05 for interaction of drinking
water and virus.
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the soma, we reasoned that because most
of the HCN channels that are regulated
by TRIP8b are expressed in the dendrites
(20), they are unlikely to be electrically
accessible using somatic current injec-
tions. Given that dendritic HCN chan-
nels regulate the TA pathway synapsing
onto the distal SLM, we next investigated
the strength of this pathway using a
bipolar stimulating electrode while re-
cording from the soma (as in Fig. 3])
(21, 29, 30). Across the four conditions,
we noted that only cells from mice in the
chronically elevated cAMP condition
(AAV-DREADD with chronic CNO)
produced more action potentials in
response to TA pathway stimulation
(Fig. 5, G and H, and tables S9, §13, and
S14). Stimulating the SC pathway that
synapses onto the more proximal SR [and
is less regulated by HCN channels (29, 30)]
did not reveal a difference (fig. S12 and
tables S15 and S16).

We reasoned that the increase in
strength of the TA pathway could be re-
lated to a loss of HCN channels on the
surface of the dendrites in response to
chronically elevated cAMP (36, 37, 43).
To test this hypothesis, we examined
temporal summation of the TA pathway
in the presence or absence of ZD7288.
Cells from AAV-DREADD-injected mice
that received saline (vehicle) in their
drinking water exhibited a large increase
in TA pathway temporal summation after
bath application of ZD7288, consistent
with a previous report (30) (Fig. 6, A and B,
and table S18). However, cells from mice
that received CNO for 3 weeks showed
little change in TA pathway temporal
summation after application of ZD7288,
indicating that there was little contribu-
tion of dendritic I, to begin with. These
results indicate a loss of surface HCN chan-
nels after chronically elevated cAMP.

We next investigated the mechanism
responsible for the change in HCN chan-
nel surface expression in response to
chronically elevated cAMP. qPCR showed
no difference in the expression of Henl
or Pex5l (the gene encoding TRIP8b;
fig. S13 and table S17), so we investigated
mechanisms of posttranslational regu-
lation. We performed coimmunopre-
cipitation reactions usingan anti-HCN1
antibody and the hippocampi of mice
injected with AAV-DREADD and receiv-
ing either CNO or saline in their drinking
water for 3 weeks (Fig. 6, C and D;
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Fig. 6. Chronically elevated cAMP disrupts the TRIP8b-HCN interaction. (A) Whole-cell recordings from GFP* CA1
pyramidal neurons were performed from mice injected with AAV-DREADD and receiving either saline (left) or CNO
(right) in their drinking water for 3 weeks. Quantification in (B) (temporal summation after ZD7288 — before ZD7288;
AAV-DREADD/NS: 0.36 £0.11; AAV-DREADD/CNO: 0.05+0.07; n=5 and 6). (C) Representative coimmunoprecipitation
reaction was performed using anti-HCN1 antibodies in hippocampal lysate from mice injected with AAV-DREADD
and receiving either saline or CNO in their drinking water. IP, immunoprecipitation; IB, immunoblotting. (D) Quantifi-
cation of the results in (C) (AAV-DREADD/NS: 1.00 £ 0.17; AAV-DREADD/CNQ: 0.58 +0.10; n=12 and 15). (Eand F) A
similar experiment was performed using anti-HCN2 antibodies to immunoprecipitate TRIP8b in complex with HCN2
from mice hippocampi after AAV-DREADD injection and chronic NS or CNO (AAV-DREADD/NS: 1.00+0.15; AAV-DREADD/
CNO: 0.65 £ 0.06; n=9 and 10). (G and H) Using an identical setup to that described for (E) and (F), we examined the
amount of HCN1 bound to HCN2 by immunoprecipitating with an anti-HCN2 antibody (AAV-DREADD/NS: 1.00 + 0.22;
AAV-DREADD/CNO: 1.18 £0.20; n=11 and 10) (see table S18 for statistics). *P < 0.05
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fig. S14; and table S18). We noted that less TRIP8b bound to
HCNI in the hippocampi of mice receiving CNO in their drinking
water compared with mice receiving saline in their drinking water.
To extend these results, we subsequently performed immunopre-
cipitation using an anti-HCN2 antibody. As with the anti-HCNI1
antibody, we immunoprecipitated less TRIP8b from mice receiving
chronically elevated cAMP when using the anti-HCN2 antibody
(Fig. 6, E and F, and fig. S15). To ensure that these results were not
the results of changes in the stoichiometry of HCN subunits, we
also examined HCN1 subunits bound to HCN2 by immunopre-
cipitating with an anti-HCN2 antibody and blotting for HCN1. Here,
we noticed no difference in the HCN1 subunits bound to HCN2
after chronically elevated cAMP treatment (Fig. 6, G and H, and fig.
S§15). These results indicate that chronically elevated cAMP disrupts
the TRIP8b-HCN interaction and ultimately limits surface traffick-
ing of HCN channels.

Hippocampal cAMP signaling rescues spatial memory
deficits after chronic social defeat

Our results outlined above raise the possibility that chronically elevated
cAMP in the hippocampus could improve cognition. To investigate
this possibility, we used the chronic social defeat (CSD) model to
examine the effect of chronic stress on lasting behavioral changes in mice
(60, 61). Social interaction testing after CSD is used to define a group
that is “resilient” to CSD (and continues to interact with an unfamiliar
mice) and a second group that is “susceptible” to CSD (less likely to
interact with an unfamiliar mouse) (60). Previous reports have shown
that CSD leads to deficits in cognition in susceptible mice, includ-
ing impaired spatial memory (62, 63). To test this hypothesis, we
bilaterally injected the dorsal CA1 of male C57Bl/6] mice with
AAV-DREADD. These animals were then subjected to CSD (see
Materials and Methods) followed by social interaction testing to
identify susceptible and resilient mice (Fig. 7, A and B). Half of the
susceptible mice were randomly assigned to receive CNO in their
drinking water for 3 weeks, whereas the remainder of the mice
received saline (vehicle control). Afterward, susceptible mice that
received CNO in their drinking water (chronically elevated cAMP)
performed better in the OLM task compared with susceptible mice
receiving only saline in their drinking water (Fig. 7C and table S19).
Susceptible mice receiving CNO in their drinking water also spent
less time immobile in the FST (Fig. 7D and table S19). These results
establish that chronically elevated cAMP signaling in the dorsal
hippocampus rescues both motivated behavior and spatial memory
after chronic stress.

DISCUSSION

In this study, we identified a form of cAMP-dependent regulation
of HCN channel trafficking that can influence motivated behavior
and spatial memory. Our findings have translational relevance given
that we observed an increase in the expression of HCNI in the CA1
region of patients with MDD, providing human evidence linking
HCN channels to MDD. We also noted that increased hippocampal
HCN channel function in mice was sufficient to limit the behavioral
response to citalopram, an MA. In light of the increased HCN channel
expression in patients with MDD, our results raise the possibility
that the therapeutic effects of MA are initially constrained by the
presence of hippocampal HCN channels. In this framework, the
beneficial effects of MA on motivated behavior and spatial memory

Lyman et al., Sci. Transl. Med. 13, eabl4580 (2021) 24 November 2021

come about in response to chronically elevated cAMP, a result of
chronic MA therapy (44, 45, 64, 65), and this mechanism could be
an explanation for the delayed therapeutic effect of MA (8, 66).
Previous work on the role of cAMP in MDD has emphasized the
CREB signaling pathway (67), which is thought to contribute to the
therapeutic effect of MA in hippocampal regions outside of CA1l
(45, 58). Consistent with this idea, we found that CREB overexpression
in dorsal CA1 was not sufficient to mediate changes in behavior, and
a likely possibility is that MAs exert their effects on behavior through
distinct pathways in various brain regions (45, 58).

To our knowledge, there are no animal models that exhibit the
biphasic change in behavior that we observed in response to cAMP
signaling in dorsal CA1 pyramidal neurons (I, 8, 68). Although acute
increases in cAMP increase HCN channel function and limit both
motivated behavior and spatial memory, chronically elevated cAMP
produced the opposite behavioral changes through a newly discovered
pathway whereby cAMP disrupts HCN surface trafficking (fig. S17).
This is consistent with the improvement in spatial memory noted in
animal models with reduced forebrain expression of HCN1 (17) as
well as other work showing impaired spatial memory with increas-
ing I, in dorsal CA1 (18). TRIP8b binds to HCN channels at two
sites, and one of these binding sites directly competes with cAMP
(36, 37, 43). Our previous in vivo work established that both TRIP8b-
HCN interaction sites are required for dendritic enrichment of HCN
channels (34), and in this report, we provide evidence that elevated
concentrations of cAMP play a role in regulating HCN channel
trafficking in vivo. This form of HCN channel regulation could
serve as a form of homeostasis to match HCN channel function to
cAMP signaling, with transient elevations in cAMP increasing I, but
sustained increases in cAMP limiting the density of HCN channels
at the neuronal membrane. It remains to be seen whether this mech-
anism occurs at physiologic concentrations of cAMP signaling and
whether or not other signaling factors are involved.

Our results with the Hcn2™/® mice lead to several interesting pre-
dictions about the role of HCN1 and HCN?2 in vivo in the hippo-
campus. HCN1 is the predominant subunit in the dorsal hippocampus
(27), although HCN1 and HCN2 are thought to form both homote-
tramers and heterotetramers in vivo (51). However, we noted no
difference in the subcellular distribution of HCN2 on Western blot
or immunohistochemistry in Hen2®® mice. This is unexpected given
that we have previously noted that the R591E mutation is sufficient
to disrupt binding of TRIP8b to HCN2 (37) and observed that loss
of TRIP8b binding to HCN channels leads to loss of the dendritic
enrichment of HCN as well as a reduction in the total quantity of
HCN protein (34, 69). The most likely explanation for the intact
gradient of HCN2 in the Hen2®® mice is that there are relatively few
HCN2 homomers and that TRIP8b binding to the HCN1 subunit of
HCNI1/HCN2(R591E) heterotetramers is sufficient to maintain HCN2
dendritic trafficking (fig. S17). Previous reports have established
that HCNI1 channel opening is minimally affected by cAMP binding,
whereas HCN2 exhibits a large depolarization in Vs in response to
cAMP (70). Given that we noted that Hen2WR pyramidal neurons
are less sensitive to cAMP, this suggests that HCN2 is primarily
responsible for conferring cAMP sensitivity to heterotetramers,
although HCN1 makes up the bulk of I, current.

The excitability of CA1 pyramidal neurons is regulated by many
currents, including K, and I;,. cAMP regulates PKA and leads to
internalization of A-type K channels to increase CA1 excitability
(48) as well as modulates I to reduce excitability. We observed that
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Fig. 7. Chronically elevated cAMP rescues motivated behavior and spatial memory after social defeat. (A) Schematic
of the experimental paradigm, with AAV-DREADD injected (yellow box) into the bilateral dCA1 of male mice before
CSD. After CSD (blue box), susceptible mice were identified on social interaction (SI) testing (pink box), followed by
3 weeks of either saline or CNO in the drinking water (purple box). During behavioral testing (green box), all mice

the delayed therapeutic action. Acute
administration of SSRI is known to
increase hippocampal serotonergic sig-
naling in the rodent, and serotonergic
signaling increases I, in CA1 pyrami-
dal neurons (77, 78). We observed that
increasing hippocampal HCN channel
function (either via TRIP8b overex-
pression or by increasing hippocampal
cAMP signaling) limits the behavioral
response to acute SSRI administra-
tion. These results suggest that the
acute production of cAMP in the dorsal
hippocampus by SSRI may, at least ini-
tially, counteract the desired behavioral
changes that are elicited through other
mechanisms and signaling pathways.
We speculate that compounds that
limit HCN channel function in the
dorsal hippocampus could be used as
antidepressants by specifically treating
the cognitive symptoms associated with
chronic stress (15) based on the obser-
vation that chronically elevated cAMP
was sufficient to rescue spatial memory
and motivated behavior after CSD.
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ward. (B) CSD leads to mice that are defined as either resilient (continue to interact with a novel mouse; gray circles)
or susceptible (interact less with a novel mouse; green circles). Mice that are naive to CSD are labeled “Control” (social
interaction ratio for control: 1.04 £ 0.04; resilient: 1.45 + 0.10; susceptible: 0.67 £ 0.05; n =20, 13, and 21; means + SEM).
(C) Susceptible mice received either saline (NS) or CNO in their drinking water for 3 weeks before OLM testing
(discriminative index for NS: 0.11 £0.07; CNO: 0.31 £ 0.04; n=11 and 10; two-tailed t test, t;g=-2.29, P=0.033).
(D) Susceptible mice that received saline or CNO after CSD were also subjected to forced swim testing (time immobile
for NS: 155.66 + 10.06 s; CNO: 100.13 £ 19.68 s; n =9 and 10; two-tailed t test, t;7 =2.42, P=0.026). *P < 0.05 (see table

S19 for additional details).

bath application of 8-Br-cAMP led to no change in membrane re-
sistance in the wild-type cells, although there was an increase in
both excitability and membrane resistance in the Hcn2®'® cells. This
suggests that, at baseline, there is some degree of balance between
the pathways through which cAMP produces an excitatory or
inhibitory influence on CA1 pyramidal neurons and that loss of
HCN2’s cAMP sensitivity leads to the excitatory pathways [such as
internalization of A-type K channels (48)] playing a larger role.
There is an increasing recognition of the importance of excitatory
neurotransmission in MDD and antidepressant efficacy (1, 71, 72).
In particular, the TA pathway has been shown to be strengthened by
chronic antidepressant treatment and weakened in animal models
relevant to MDD (73, 74). HCN channels play an essential role in
limiting temporal summation through the TA pathway (21, 29, 30);
hence, this synapse is a natural focal point for unifying the burgeoning
literature on the role of hippocampal HCN channels in MDD with
existing theories of MDD and its treatment. Although it is challeng-
ing to extrapolate from animal studies, we suspect that dorsal hippo-
campal HCN channels limit the behavioral effects of MA and may
contribute to the delayed therapeutic effect of MA. Existing theories
for the delayed therapeutic effect of MA have focused on desensiti-
zation of midbrain serotonin receptors (75), although many subtypes of
serotonin receptors are expressed in the hippocampus (76) and the
possibility exists that there are multiple mechanisms responsible for

Lyman et al., Sci. Transl. Med. 13, eabl4580 (2021) 24 November 2021

HCN channels in brain regions out-
side of CA1 have often been shown to
produce opposing effects on behavior
from those reported here (16, 22, 79-81),
and combined with concerns about
limiting HCN channel function in the
heart, it is unlikely that directly target-
ing HCN channels will lead to a clini-
cally useful therapy. However, TRIP8b
is not thought to be expressed in these other regions and cell types
(31, 81), and targeting the TRIP8b-HCN interaction may prove to
be more effective as a therapy while avoiding off-target effects from
antagonizing HCN channels in cells outside of dorsal CA1 (82).

It is important to note that there are several limitations of our
study. First, our human data are from an extremely small sample,
and the limitations associated with the dataset prevent comparing
treatment status and disease severity. Ideally, future work would more
formally test the hypothesis that there are changes in HCN channels
in patients with MDD and would specifically examine changes in
protein expression with a larger sample size. A second limitation is
in our use of DREADD technology to influence cAMP concentrations.
Although we have attempted to control for the influence of CNO
and DREADD expression independent of DREADD activation by
CNO, the possibility remains that there are unanticipated effects of
these manipulations. It would be worthwhile to validate our results
using alternative methods of increasing cAMP, ideally only in the
dendritic compartment of CA1 pyramidal neurons. Similarly, having
a method to rapidly dissociate TRIP8b from HCN and then observe
the effects on behavior would permit a more direct examination of
the role of the TRIP8b-HCN interaction than the one we provide
here. As new molecular tools are developed, it will be interesting to
reexamine the question of how posttranslational modifications in
the hippocampus translate into changes in behavior.
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MATERIALS AND METHODS

Study design

The rationale for this study was to investigate the molecular biology
of HCN channel trafficking and specifically to investigate whether
cAMP influences channel trafficking. All animal subjects were ran-
domized by cage to different experimental conditions using a random
number generator. All experimentalists were blinded to experimental
condition for scoring animal behavior and recording electrophysio-
logical data. For behavioral data, QPCR, Western blotting, coimmuno-
precipitation, and immunohistochemistry, each # represents a distinct
animal or human sample. For electrophysiology, each n represents
one cell and animal number (described with N) is reported either in
the figure caption or in the corresponding supplementary table. The
data that support the findings of this study are available from the
corresponding author upon reasonable request. No unpublished
analysis routines were used in the completion of this study. All
comparisons were planned before beginning experimentation, and
only two-sided comparisons were used (with o = 0.05). No formal
power analyses were conducted before experimentation.

Statistical analysis

All data are presented as means + SEM in figure captions and in
graphs displayed in figures. All data were subjected to tests of normality
(Shapiro-Wilk) and homoscedasticity (Levene’s) as described else-
where (83). Data that did not meet these assumptions were compared
using nonparametric methods: Wilcoxon rank sum test in place of
t tests, Kruskal-Wallis test in place of one-way analysis of variance
(ANOVA), and 2 x 2 ANOVA of an aligned rank transformation of
the data (84) in place of a 2 x 2 ANOVA of the raw data. Otherwise,
ttests and ANOV A analyses were performed as described in the article.

SUPPLEMENTARY MATERIALS
www.science.org/doi/10.1126/scitransimed.abl4580
Materials and Methods

Figs.S1to S17

Tables S1to S20

Data file S1
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Timed modulation

There are currently limited effective therapeutic options for major depressive disorder (MDD). The hyperpolarization-
activated cyclic nucleotide—gated (HCN) channels are cation channels modulated by cyclic adenosine monophosphate
(cAMP). HCNs have been identified as potential target for MDD. Here, Lyman et al. investigated the effects of
modulating brain cAMP on HCN expression and on behavior in rodents. Acute increase in brain CAMP impaired
behavior and spatial memory, whereas chronic cAMP activation in the hippocampus reduced HCN surface trafficking
and rescued stress-induced cognitive impairments. The results suggest that modulating HCN surface expression might
be effective for treating stress-related cognitive impairments.
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