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SUMMARY

Compelling evidence suggests that a single sub-anesthetic dose of (R,S)-ketamine
exerts rapid and robust antidepressant effects. However, the cellular mecha-
nisms underlying the antidepressant effects of (R,S)-ketamine remain unclear.
Here, we show that (S)-ketamine reduced dendritic but not somatic hyperpolar-
ization-activated current I, of dorsal CA1 neurons in unstressed rats, whereas
(S)-ketamine decreased both somatic and dendritic I, in chronic unpredictable
stress (CUS) rats. The reduction of I, by (S)-ketamine was independent of
NMDA receptors, barium-sensitive conductances, and cAMP-dependent
signaling pathways in both unstressed and CUS groups. (S)-ketamine pretreat-
ment before the onset of depression prevented CUS-induced behavioral pheno-
types and neuropathological changes of dorsal CA1 neurons. Finally, in vivo infu-
sion of thapsigargin-induced anxiogenic- and anhedonic-like behaviors and
upregulation of functional I,, but these were reversed by (S)-ketamine. Our re-
sults suggest that (S)-ketamine reduces or prevents I;, from being increased
following CUS, which contributes to the rapid antidepressant effects and resil-
iency to CUS.

INTRODUCTION

Depression is a life-threatening mental illness with a prevalence rate of about 4.7% worldwide (Ferrari et al.,
2013; Bostwick and Pankratz, 2000). Current monoaminergic antidepressants show limited effects such
as delayed onset and partial efficacy, leading to an increase in risk of suicidal behavior. Unlike monoamin-
ergic antidepressants, a single sub-anesthetic dose of (R,S)-ketamine, an NMDA receptor antagonist, has
been shown to have rapid and sustained antidepressant effects in treatment-resistant depression (TRD)
(Berman et al., 2000; Zarate et al., 2006a). However, the mechanism underlying the antidepressant
effect of (R,S)-ketamine remains unclear. Although there has been controversy over (R,S)-ketamine’s
NMDA receptor-dependent or NMDA receptor-independent antidepressant effect (Preskorn et al,,
2008; Lodge and Mercier, 2015; Zarate et al., 2006b; Zanos et al., 2016; Suzuki et al., 2017), the antidepres-
sant effectis, in general, associated with (1) increases in brain-derived neurotrophic factor (BDNF)-mamma-
lian target of rapamycin (mTOR) signaling pathway, (2) a decrease in eukaryotic elongation factor 2 (eEF2)
kinase, and (3) increases in synaptogenesis, spine density, and a-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid (AMPA) receptor expression (Li et al., 2010; Autry et al., 2011; Maeng et al., 2008).

Hyperpolarization-activated cyclic nucleotide-gated nonselective cation (HCN) channels are highly ex-
pressed in the hippocampus, cortex, and cerebellum (Monteggia et al., 2000). HCN1 is the main isoform
of HCN channels (HCN1-HCN4) and is highly expressed in the hippocampal CA1 region with a gradient

of increasing channel expression along the somatodendritic axis (Lorincz et al., 2002; Magee, 1998). 'Center for Learning and
Memory and Department of

Neuroscience, University of
properties of neurons (e.g., resting membrane potential, input resistance [Ri,], resonance frequency [fg], Texas at Austin, 1 University

neuronal excitability, and synaptic integration; Narayanan and Johnston, 2007; Kim et al., 2012; Magee, %f;ig;sztoﬁéfmoo' Austin,
1999). We previously showed that knockdown of the HCN1 subunit in the dorsal CA1 region of the hippo- SLond Co’ et

n
campus, which corresponds to the posterior hippocampus in humans, produces anxiolytic- and antidepres-

HCN channels are active at the resting membrane potential, which contributes to the intrinsic membrane

. . . . . . . . *Correspondence:
sant-like behaviors in unstressed rats (Kim et al., 2012). These changes in behaviors are associated with an ck\'mS@Sugusta.edu
increase in neuronal excitability, an enhancement of BDNF-mTOR signaling, an increase in synaptic exci- https://doi. org/10.1016/].isci.
tation, and an increase in dorsal hippocampal activity (Kim et al., 2012). We also recently reported that 2020.101239

) o
oo iScience 23, 101239, June 26, 2020 © 2020 The Author(s). 1

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:ckim5@augusta.edu
https://doi.org/10.1016/j.isci.2020.101239
https://doi.org/10.1016/j.isci.2020.101239
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2020.101239&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress

OPEN ACCESS

HCN1 protein expression and |, are increased in the perisomatic region of dorsal hippocampal CA1
following chronic, but not acute stress (Kim et al., 2018). Areduction of HCN1 protein expression in the dor-
sal CA1 region before the onset of CUS produces resiliency to CUS (Kim et al., 2018). Furthermore, in vivo
block of the sarcoplasmic/endoplasmic reticulum Ca?*-ATPase (SERCA) pumps in dorsal CA1 region pro-
duces anxiogenic-like behaviors in the open field test and upregulation of functional I, similar to that
observed in rats following CUS (Kim et al., 2018).

It has been reported that (S)-ketamine, the S enantiomer of (R,S)-ketamine, inhibits HCN1-mediated I, via a
hyperpolarization shift in voltage dependence of activation and a reduction of total I, conductance in
layer 5 cortical pyramidal neurons in unstressed conditions (Chen et al., 2009). Moreover, the US Food
and Drug Administration (FDA)-approved intranasal (S)-ketamine shows a rapid antidepressant effect
among patients with TRD and decreases suicide ideation in major depression (Canuso et al., 2018). Given
that knockdown of HCN1 and treatment with (R,S)-ketamine activate similar downstream signaling
pathways (e.g., increased BDNF-mTOR signaling) and produce similar behavioral outcomes (e.g., anxio-
lytic- and antidepressant-like behaviors) (Kim et al., 2012; Autry et al., 2011; Li et al., 2010), we sought
to investigate whether (1) (S)-ketamine changes I, in the dorsal CA1 neurons and (2) (S)-ketamine pretreat-
ment before the onset of depression exerts resiliency to CUS.

In this study, we found that S-ketamine reduced dendritic but not somatic I, in normal or unstressed
conditions. Using the CUS model of depression, however, we found that (S)-ketamine reduced not only
dendritic but also the CUS-induced upregulation of somatic I, (Kim et al., 2018). The (S)-ketamine-induced
reduction in ,, was due to a decrease in maximal h current and a hyperpolarizing shift to the h channel
activation curve. The observed (S)-ketamine-induced reduction in I,-sensitive electrophysiological
measurements (i.e., higher input resistance, R;,, and lower resonance frequency, f, see Methods) was in-
dependent of NMDA receptors, barium-sensitive conductances (e.g., inwardly rectifying K channels), and
cAMP-dependent signaling pathways in both unstressed and CUS groups. We show that (S)-ketamine
pretreatment before the onset of CUS prevented the CUS-induced abnormal behaviors (i.e., anxiogenic-
and depressive-like behaviors) and neuropathological changes (i.e., upregulation of somatic |, and
a decrease in neuronal excitability). Finally, in vivo infusion of thapsigargin (TG) followed by infusion of
(S)-ketamine showed that TG-induced changes in behaviors (e.g., anxiogenic- and anhedonic-like behav-
iors) and upregulation of functional I, (e.g., decreased R;, and increased fg) were reversed by (S)-ketamine.

RESULTS

Changes in Dendritic but Not Somatic I, following (S)-Ketamine Application in Unstressed
Conditions

Asingle sub-anesthetic dose of (R,S)-ketamine (0.5 mg/kg intravenous [i.v.] infusion for 40 min) exerts rapid
and sustained antidepressant effects in major depressive disorder (Berman et al., 2000). Given the similar
downstream signaling pathways (e.g., increased BDNF-mTOR signaling) and behavioral outputs (e.g., anxi-
olytic- and antidepressant-like behaviors) between a reduction of HCN1 protein expression (Kim et al.,
2012) and (R,S)-ketamine treatment (Autry et al., 2017; Li et al., 2010), our goal was to investigate whether
(S)-ketamine had effects on I, in dorsal CA1 neurons. We focused on dorsal neurons because (1) knockdown
of HCN1 in the ventral CA1 region has no anxiolytic- or antidepressant-like effects and (2) there are no
changes in I-sensitive electrophysiological measurements (e.g., R;, and fg) of ventral CA1 neurons
following CUS (Kim et al., 2018). It is known that (S)-ketamine inhibits HCN1 channels, resulting in a hyper-
polarization shift in voltage dependence of activation and a reduction of total I, conductance in layer 5
cortical pyramidal neurons in unstressed conditions and human embryonic kidney (HEK) 293 cells express-
ing homomeric mouse HCN1 channels (Chen et al., 2009). A key feature of HCN1 channels is a distance-
dependent increase in protein expression (Lorincz et al., 2002) (Figure STA) and |,-sensitive measurements
(i.e., lower R;, and higher fg, Figure S1B) along the somatodendritic axis of CA1 pyramidal neurons. ZD7288,
an HCN channel blocker, reduced I,-sensitive measurements (i.e., it increased R;, and removed fg Fig-
ure S1C). We performed whole-cell current-clamp recordings at the soma (Figures TA-1E) and dendrite
(Figures 1F=1J), where HCN channels are heavily expressed, and all experiments were done in the presence
of glutamatergic synaptic blockers (D-AP5 and DNQX). Somatic Ry, (Figures 1B-1D) and fg (Figures 1B, 1C,
and 1E) were not significantly altered following bath application of (S)-ketamine (Figure S2). On the other
hand, (S)-ketamine significantly increased dendritic R;,, and decreased dendritic fr consistent with a reduc-
tion of I, (Figures 1G=1J). In keeping with the known somatodendritic gradient of I, (Magee, 1998), there
was also a correlation between a change (%) in ,,-sensitive measurements (i.e., R;, and fg) and the distance
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Figure 1. Changes in Dendritic but Not Somatic I,-Sensitive Electrophysiological Measurements within 10-20 Min
Following (S)-Ketamine Application

(A and F) Schematic of the somato-apical trunk depicting the somatic (A) and the dendritic (F) recordings.

(B and G) Representative voltage traces from -65 mV in response to a sinusoidal current injection of constant amplitude
and linearly spanning 0-15 Hz in 15 sec.

(C and H) The profile of impedance amplitude for voltage traces in (B and G). Vertical lines indicate the resonance
frequencies. Somatic fz was not significanlty altered following (S)-ketamine application (C), whereas (S)-ketamine
significantly reduced dendritic fg (H).

(D and E) Somatic (D) R, and (E) fr at —65 mV were not altered following (S)-ketamine application.

(land J) Dendritic () Ri, and (J) fr at —65 mV were significantly changed following (S)-ketamine application. ***p < 0.001 by
Wilcoxon matched-pairs signed rank test.

(K'and L) Changes in (K) Rin (%) and (L) f (%) at =60 mV were distance dependent along the somatodendritic axis of

dorsal CA1 neurons following (S)-ketamine application. p < 0.0001 by linear regression analysis. Data are expressed as
mean + SEM.
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Figure 2. Changes in Dendritic I,-Sensitive Measures by (S)-Ketamine Were Independent of a Barium-Sensitive Conductance and cAMP-
Dependent Signaling

(A) Time courses of changes in Vy,, Ri,, and fr during (S)-ketamine wash-in experiment in the dorsal CA1 neurons (green: V,,,, orange: fg, and black: R;,).
(B) Representative voltage traces and current injections at different membrane potentials (ranging from —60 mV to —75 mV; —5 mV interval).

(C) The profile of impedance amplitude for voltage traces in (B).

(D) Dendritic R;, and fg were significantly changed at depolarized membrane potentials following (S)-ketamine application. *p < 0.05, **p < 0.01 by two-way
ANOVA with Sidark’s multiple comparisons test.

(E) Dendritic R;, and fr were significantly changed at depolarized membrane potentials in the presence of barium chloride (25 pM) following (S)-ketamine
application. *p < 0.05, **p < 0.01, ***p < 0.001 by two-way ANOVA with Sidark’s multiple comparisons test.

(F) Bath application of (S)-ketamine increased dendritic R;,, and decreased dendritic fz at depolarized membrane potentials in the presence of 8-bromo-
cAMP (100 pM). **p < 0.01, ***p < 0.001 by two-way ANOVA with Sidark’s multiple comparisons test.

(G) The effects of (S)-ketamine were occluded by ZD7288 (10 uM) in the dorsal CA1 neurons. Subsequent bath application of (S)-ketamine (50 uM) had no
further effects on dendritic R;, and fg. ***p < 0.001 (baseline versus ZD7288) and ###p < 0.001 (baseline versus ZD7288+(S)-ket) by two-way ANOVA with
Sidark’s multiple comparisons test. Data are expressed as mean + SEM.

from the soma to dendrite (Figures 1K and 1L). We also examined whether the effects of (S)-ketamine on
dendritic I,-sensitive measurements were dose dependent in dorsal CA1 neurons. We used four different
concentrations of (S)-ketamine (1, 10, 50, and 100 uM) and measured changes in dendritic R;, and f at
—60 mV. Changes in l,-sensitive measurements at —60 mV were significantly affected by bath application
of either 50 or 100 uM of (S)-ketamine compared with baseline (Figure S3). There was no significant differ-
ence between 50 and 100 pM (S)-ketamine (Figure S3). We, therefore, used 50 uM for all our experiments.

The (S)-Ketamine Effect on Dendritic I, Was Independent of Barium-Sensitive Conductances
and cAMP-Dependent Signaling

Given the voltage dependence of HCN channels, we measured dendritic R;, and f at different membrane
potentials (ranging from —40 mV to —75 mV, —5 mV interval) before and after bath application of (S)-keta-
mine. Vi, Rin, and fr were monitored during (S)-ketamine wash-in in dorsal CA1 neurons (Figure 2A).
We consistently observed reduced dendritic I,-sensitive measurements (i.e., increased R;, and decreased
fr) within 10-20 min (Figure 2A). Dorsal CA1 neurons showed increased dendritic R;, and decreased den-
dritic fz at depolarized membrane potentials (Figures 2B-2D) following bath application of (S)-ketamine.
We have previously found that a G protein-coupled inwardly rectifying potassium (GIRK) conductance,
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in part, contributes to intrinsic membrane properties (e.g., Ri» and resting membrane potential) of dorsal
CA1 neurons (Kim and Johnston, 2015). We, therefore, examined whether the increased Ry, following (S)-
ketamine application was due to a change in GIRK conductance. Low concentrations of Ba?* (25-50 uM)
block inwardly rectifying K™ channels such as GIRK and IRK (Kim and Johnston, 2015; Malik and Johnston,
2017). Dendritic I,-sensitive measurements were significantly reduced (i.e., increased R;, and decreased f)
at depolarized membrane potentials in the presence of Ba?* (25 pM) following bath application of (S)-ke-
tamine (Figure 2E), suggesting that its effects were independent of a barium-sensitive conductance (e.g.,
IRK and GIRK conductances). It has been reported that acute (R,S)-ketamine treatment (10 uM for 15 min) on
C6 glioma cells or primary astrocytes increased translocation of G, from lipid rafts to nonrafts after 24 h,
suggesting cAMP-dependent antidepressant action of (R,S)-ketamine (Wray et al., 2018). Because HCN
channels have a cyclic nucleotide-binding domain (Wang et al., 2001), we further explored whether the
(S)-ketamine-induced reduction of dendritic /,,-sensitive measurements was dependent on cAMP-depen-
dent signaling. 8-bromo-cyclic AMP (cAMP) is a membrane-permeable activator of cAMP-dependent pro-
tein kinase. Because we did not observe any changes in intrinsic membrane properties (e.g., Vi, Rin, and fg)
of dorsal CA1 neurons following bath application of 8-bromo-cAMP (100 uM) (Figure S4), as a control for 8-
bromo-cAMP, we examined whether the applied 8-bromo-cAMP was having the known physiological ef-
fects on active properties of dorsal CA1 neurons. It has been reported that back-propagating action poten-
tial (bAP) amplitude, which decreases with distance from the soma due to an increased density of A-type K*
channels, is increased by protein kinase A activation (Hoffman and Johnston, 1998). We, therefore,
measured bAPs elicited by antidromic extracellular stimulation in the stratum oriens at the soma, proximal
dendrites (~220 um from the soma), and distal dendrites (~320 um from the soma) (Figures S5A and S5B).
Consistent with the report by Hoffman and Johnston (1998) we observed increased bAP amplitude at
—65 mV in the distal dendrites of dorsal CA1 neurons following 8-bromo-cAMP, indicating 8-bromo-
cAMP-induced physiological effects on dorsal CA1 neurons (Figures S5A and S5B). Bath application of
(S)-ketamine led to increased dendritic R;,, and decreased dendritic f at depolarized membrane potentials
in the presence of 8-bromo-cAMP (Figures 2F, S5C, and S5D), suggesting that the (S)-ketamine-induced
decrease in |-sensitive measurements was independent of the cAMP-dependent signaling. Last, we asked
whether block of I, occluded the (S)-ketamine-dependent reduction of dendritic ,,-sensitive measurements
in the dorsal CA1 neurons. We performed successive ZD7288 and (S)-ketamine wash-in experiments and
measured dendritic R, and f; at resting membrane potential (RMP) and at different membrane potentials.
Vi, Rin, and fr at RMP were monitored during bath application of ZD7288 (10 uM, 4-5 min) and (S)-ketamine
(50 uM) (Figure S6A). Bath application of ZD7288 significantly increased R;, and abolished fg at RMP (Fig-
ures S6B, S6C, S6E, and S6F) and at different membrane potentials (Figure 2G). Subsequent addition of (S)-
ketamine had no further effect on V,,,, Ri, and fg at RMP (Figures S6B-S6F) and at different membrane po-
tentials (Figure 2G) in the dorsal CA1 neurons, suggesting that ZD7288 occluded the effect of (S)-ketamine.
These results suggested that (S)-ketamine reduced dendritic but not somatic I-sensitive measurements
independent of NMDA receptors, barium-sensitive conductances, and cAMP-dependent signaling.

The Effect of (S)-Ketamine on Voltage-Dependent Gating of h Channel and the Amplitude of h
Current

We have thus far demonstrated that (S)-ketamine decreased dendritic but not somatic I-sensitive electro-
physiological measurements at depolarized membrane potentials (Figure 2). To measure directly the effect
of (S)-ketamine on I, we performed cell-attached patch-clamp recordings from the soma and dendrites of
dorsal CA1 neurons in the presence of D-AP5 and DNQX with or without the prior treatment for 30 min of
(S)-ketamine (50 uM). We determined voltage-dependent gating of h channel and the amplitude of h cur-
rent with 500-ms hyperpolarizing voltage steps ranging from —40to —170 mV in =10 mV increments from a
holding potential of —30 mV (Figures 3A and 3H). Given that somatic I, was too small to determine the
conductance-voltage (G-V) relationship from the peak of the tail current, we constructed a steady-state
G-V relationship from the steady-state h current in response to each voltage step (Figure 3B). With the so-
lutions used (see Methods) the reversal potential of |, was experimentally determined from dendritic re-
cordings (E, = —10 mV; data not shown). At the soma, we found that the V;,, of the h channel activation
curve (Figures 3B and 3C), the slope factor (Figures 3B and 3D), and the maximal I, at =170 mV (Figures
3E and 3F) were not significantly different between artificial cerebrospinal fluid (ACSF)-treated and (S)-ke-
tamine-treated groups. Steady-state I, amplitude at different membrane potentials (i.e., I-V curve) was also
not different between ACSF-treated and (S)-ketamine-treated groups (Figure 3G), consistent with no
measurable effects of (S)-ketamine on current-clamp somatic I,-sensitive measurements (Figure 1). Den-
drites had much larger |, currents, allowing us to determine the voltage dependence of activation from
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Figure 3. (S)-Ketamine Changed Voltage-Dependent Gating of h Channel and the Amplitude of h Current in the Dendrites of Dorsal CA1 Neurons
(A and H) Somatic (A) or dendritic (H; ~270 um from the soma) h current was measured using cell-attached patches from dorsal CA1 neurons after ACSF-
treated or (S)-ketamine-treated (50 uM, 30 min) slices with 500-ms hyperpolarizing voltage steps ranging from —40 mV to —170 mV in —10 mV increments
from a holding potential of =30 mV. Insets in (H): tail currents are enlarged from the dashed box. Vertical dashed lines indicate the location for determining
the peak tail current.

(B) The voltage dependence of activation for h channel was determined from the somatic steady-state G-V relationship. The activation curve was fitted a
Boltzmann function with the following values: ACSF treatment Vq,, = —=116.8 mV, k = —10.07 mV; (S)-ketamine treatment Vy,, = =119.2 mV, k = —=9.6 mV.

(C and D) The half-activation voltage (V4,,; C) and slope factor (D) were not significantly different between ACSF-treated and (S)-ketamine-treated groups.
(E) Representative maximal h current traces in response to a 500-ms hyperpolarizing voltage step (—170 mV).

(F) Maximal somatic h current at —170 mV was not different between ACSF-treated and (S)-ketamine-treated groups.

(G) There was no difference in the I-V curve between ACSF-treated and (S)-ketamine-treated groups.

(I) The voltage dependence of activation for h channel was determined from tail currents. The activation curve was fitted with a Boltzmann function with the
following values: ACSF treatment Vq,, = —108.2 mV, k = =15 mV; (S)-ketamine pretreatment Vq,, = —=120.5 mV, k = —13.4 mV.
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Figure 3. Continued

(J and K) (J) The half-activation voltage of h channel (V1,,) with (S)-ketamine treatment was significantly shifted to the left by around —12 mV, whereas the
slope factor (K) was not different compared with those from ACSF-treated group. *p < 0.05 by Mann-Whitney test.

(L) Representative maximal h current traces in response to a 500-ms hyperpolarizing voltage step (—170 mV).

(M) Maximal dendritic h current at —170 mV was significantly decreased in (S)-ketamine-treated group compared with those from ACSF-treated group. **p <
0.01 by Mann-Whitney test.

(N) Steady-state I, amplitude at different membrane potentials was significantly decreased in (S)-ketamine-treated group compared with those from ACSF-
treated group. *p < 0.05 by two-way ANOVA with Sidark’'s multiple comparisons test. Traces in (A) and (E) were digitally filtered at 1 kHz for clarity. Data are
expressed as mean + SEM.

the normalized peak tail current (lii1/ liail max)- At ~270 um from the soma, we observed that the V4,, of the h
channel activation curve with (S)-ketamine treatment was significantly shifted to the left by around =12 mV
(Figures 3l and 3J) (V4,2 of ACSF: —108.2 mV versus V4, of (S)-ket: —120.5 mV), whereas the slope factor was
not different (Figures 3| and 3K) compared with those from ACSF-treated group. Furthermore, maximal
dendritic |, at =170 mV was significantly decreased in the (S)-ketamine-treated group compared with those
from the ACSF-treated group (Figures 3L and 3M) (Max I, of ACSF: —7.36 pA versus Max I, of (S)-ket:
—5.09 pA). In addition, steady-state I, amplitude at different membrane potentials was significantly
decreased in the (S)-ketamine-treated group compared with those from the ACSF-treated group (Fig-
ure 3N). Thus, both current-clamp measurements of I,-sensitive properties (Figures 1 and 2) and direct re-
cordings of Iy (Figure 3) indicate that the effects of (S)-ketamine occur in the dendrite but not in the somain
unstressed conditions. We then asked whether (S)-ketamine reduced I, of dorsal CA1 neurons from the
CUS model of depression.

(S)-Ketamine Reduced Somatic and Dendritic I,-Related Properties in the CUS Model of
Depression

Rats exposed to CUS for 2-3 weeks (Figure 4A) showed decreased locomotor activity (Figures 4B and 4C)
and center square entries (Figures 4B and 4D) in the open field test and decreased sucrose preference (Fig-
ure 4E) in a two-bottle choice test, consistent with previous work (Kim et al., 2018). We then examined
whether (S)-ketamine exerted rapid and sustained antidepressant effects in the CUS model of depression.
Unstressed and CUS rats were split into four groups: (1) unstressed rats injected with saline 1 h before
forced swim test (FST), (2) unstressed rats injected with (S)-ketamine (15 mg/kg intraperitoneal [i.p.] injec-
tion) 1 h before FST, (3) CUS rats injected with saline 24 h before FST, and (4) CUS rats injected with (S)-ke-
tamine (15 mg/kgi.p. injection) 24 h before FST. CUS-exposed rats displayed an increase in passive activity
(i.e., behavioral despair) that was reversed 1 h (Figures 4F) and 24 h (Figure 4G) after (S)-ketamine treatment
in the FST, indicating the rapid and sustained antidepressant effects of (S)-ketamine. After the behavioral
tests, acute dorsal hippocampal slices from saline-treated unstressed or CUS rats were prepared. Consis-
tent with previous work (Kim et al., 2018), dorsal CA1 neurons from CUS-treated rats showed decreased
somatic R;, and increased somatic fg (Figure S7A) at different membrane potentials compared with those
from the unstressed rats. Given that chronic stress has been shown to produce hypoactive neuronal
excitability of dorsal CA1 neurons (Kim et al., 2018), we tested whether there was a change in neuronal
excitability in the CUS model of depression. The number of action potential (APs) at the RMP in response
to depolarizing current steps (30-400 pA for 750 ms) was significantly decreased in dorsal CA1 neurons
from CUS-treated group compared with those from the unstressed group (Figure S7B).

We previously reported that the expression of the HCN1 subunit of HCN channels and |,, were upregulated
in the soma, but not in the dendrite of dorsal CA1 neurons following CUS (Kim et al., 2018). Given that
(S)-ketamine reduced dendritic but not somatic recordings consistent with the influence of |, on dorsal
CA1 neurons in unstressed conditions (Figure 1), we next examined whether (S)-ketamine reduced somatic
and/or dendritic |,-sensitive properties in the CUS model of depression. R;, and f; at different membrane
potentials were determined using whole-cell current-clamp recordings at the soma (Figures 5A-5C) and
dendrite (Figures 5D-5F). Consistent with the results shown in Figure 1, (S)-ketamine did not affect somatic
I,-sensitive measurements in unstressed rats (Figure 5B). However, (S)-ketamine reduced the CUS-induced
upregulation of somatic l,-sensitive measurements (i.e., increased R;, and decreased fg) at depolarized
membrane potentials (Figure 5C). Dendritic |,-sensitive measurements were significantly reduced at
depolarized membrane potentials in both unstressed (Figure 5E) and CUS (Figure 5F) groups. Consistent
with the effect of (S)-ketamine on somatic R;,, the number of APs elicited by depolarizing current steps
was increased by (S)-ketamine in post-CUS but not unstressed CA1 neurons (Figures 5G-5J).

iScience 23, 101239, June 26, 2020 7




¢? CellPress iScience
OPEN ACCESS

A Behaviroal tests
f l
AN S D
cus Sucrose Preference Test Oé ng@ Q%bzzﬁ Electrophysiology
r d \O N
Rat age
(weeks) 6-7 9-10 11-12
Days -2-101 — — 14 19 20 21 22 23 24 38
Two water bottles Sucrose 1 hr after 24 hr after
(habituation) Vs. (S)-ket or sal (S)-ket or sal
water (acute effect) (sustained effect)
B c *kk b *% E
% 2000 10 Q
Unstress & % = X
g 1500 =< 87 - Qo
= n g6 - 8o
g 1000 sS4 55
8 500 28 ] == 32
cus _g 0 8 0 . T g‘j
= Unstress CUS Unstress CUS Unstress CUS
(n=15) (n=12) (n=15) (n=12) (n=15) (n=12)
F Acute effect G Sustained effect
(FST 1hr after (S)-ket) (FST 24hr after (S)-ket)
* *kk *k%k *k%k
for ’ *kk ” iy *k%k
8 250 8 250
Q
8 0l —— ¢ o0 _l—%
> > 2
2 150 4 o.e % Z 150 { eee s
|5} 2 - |5} ——
< 100 =i . %_ < 1004 s . %
g 04 . . 7 50 75 .
(2] e
S o0l : . : & o0l . : :
Sal (S)-ket Sal (S)-ket Sal (S)-ket Sal (S)-ket
(n=7) (n=8) (n=6) (n=6) (n=7) (n=8) (n=6) (n=6)
Unstress Cus Unstress Cus

Figure 4. Rapid and Sustained Antidepressant-like Effects of (S)-Ketamine in the CUS Model of Depression

(A) Timeline of CUS, behavioral tests, and electrophysiology.

(B-D) (B) Representative video tracking images during the last 5 min of open field test of age-matched individual rats—
unstressed versus CUS groups. CUS-treated rats showed decreases in total distance (C) and center square entries (D)
compared with those from unstressed group. **p < 0.01 and ***p < 0.001 by Mann-Whitney test.

(E) CUS-treated rats showed decreased sucrose preference. ***p < 0.001 by Mann-Whitney test.

(F) Passive activity was significantly decreased 1 h after (S)-ketamine treatment (15 mg/kg, i.p. injection) in either
unstressed or CUS groups (i.e., acute effects). *p < 0.05 and ***p < 0.001 by one-way ANOVA with Tukey multiple
comparisons test.

(G) Passive activity was significantly decreased 24 h after (S)-ketamine treatment in either unstressed or CUS groups (i.e.,
sustained effects). ***p < 0.001 by one-way ANOVA with Tukey multiple comparisons test. Data are expressed as mean +
SEM.

Because the (S)-ketamine-induced reduction in dendritic ,-sensitive properties was independent of
barium-sensitive conductances and cAMP-dependent signaling in unstressed conditions (Figure 2), we
next examined whether the same was true for the somatic effects observed following CUS. V., R, and
f were monitored during baseline, application of 25 uM Ba?*, and addition of 50 uM (S)-ketamine appli-
cation (with 25 pM Ba®*) in dorsal CA1 neurons (Figure S8). 25 uM Ba’* significantly depolarized the mem-
brane potential (Figure S9A) and increased Ri,, (Figure S9B), with no change in fg (Figure S9C) in dorsal CA1
neurons of both unstressed and CUS groups. Somatic lp-sensitive measurements (i.e., R, and fg) were not
altered at different membrane potentials in the presence of Ba®* following (S)-ketamine application in the
dorsal CA1 neurons of unstressed group (Figures 5K, S9D, and S9E). On the other hand, the CUS-induced
upregulation of somatic ,-sensitive measurements was significantly changed at depolarized membrane
potentials in the presence of Ba?* following (S)-ketamine application in the dorsal CA1 neurons of CUS
group (Figures 5L, S9F, and S9G). We next examined whether the effect of (S)-ketamine on CUS-induced

8 iScience 23, 101239, June 26, 2020



iScience ¢? CelPress
OPEN ACCESS
A B Unstress ¢ CuUS
-o- Baseline (n=8) -o- Baseline (n=11)
-= (S)ket (50 uM) (n=8) -= (S)ket (50 uM) (n=11)
80 6 80 xkx O
g 60 / a4 g 60 ARy X
Soma < 40 e’ \ € 40 NS
3 2 £ 2
& 20 x 20
-75-70-65-60 -75-70-65-60 -75-70-65-60 -75-70-65-60
mV mV mV
D E F

-o- Baseline (n=8)
-=- (S)ket (50 uM) (n=8)
~270 ym 80

-e- Baseline (n=8)
= (S)ket (50 pM) (n=8)
80

6 6
* o= *% = N *k
g 60 Fa xun G 60 wxna T 4 L\:*
<40 - e ,/: al
& 20 2 @ 20 2
0 0 0

0 —
-75-70-65-60 -75-70-65-60 -75-70-65-60 -75-70-65-60
mV mV mV mV
G Unstress ! CuUs J
. — Baseline (n=8) . — Baseline (n=14)
Baseline — (S)ket (n=8) Baseline — (S)ket (n=14)
o 25 a 25
Z20 220 ok
69mv S w15 67 mv % 15
(Syket & 0 10 (S)ket E 1
o

< |_ % 5 53 L
200 ms 6 0 00 ms
-68 mV # 0 100200300400 -68 mV

Current injection (pA) 270 pAJ_\—

K Soma

Unstress

-e- Baseline (BaCl,) (n=6)
-=- (S)-ketamine (BaCl,) (n=6)

N
# of APs
o o

0 100200300400
Current injection (pA)

Cus

-e- Baseline (BaCl,) (n=7)
-= (S)-ketamine (BaCl,) (n=7)

120 6 120 6
g v / ¥4 g 80 w Ha *

o~ 40 2 40 / 2
0 0 +————— 0 0+
-75-70-65-60 -75-70-65-60 -75-70-65-60 -75-70-65-60

mV mV mV mV
Soma
M Unstress N Ccus

-e- Baseline (8-bromo-cAMP) (n=6)
-=- (S)-ketamine (8-bromo-cAMP) (n=6)

-o- Baseline (8-bromo-cAMP) (n=6)
-=- (S)-ketamine (8-bromo-cAMP) (n=6)

100 6 100 6
c 80 ~ c 80 —_
2 60 ,/l/é/! i 4 \;\‘ 2 60 * i 4 N*
0:5 40 WX 2 n:E 40 "%ﬁ x 2
20 20
-75-70-65-60 -75-70-65-60 -75-70-65-60 -75-70-65-60
mV mV mV mV

iScience 23, 101239, June 26, 2020

9



¢? CellPress

OPEN ACCESS

Figure 5. (S)-Ketamine Altered Somatic and Dendritic |,-Sensitive Measures in the Dorsal CA1 Neurons of CUS
Group

(A and D) Schematic of the somato-apical trunk depicting the somatic (A) and the dendritic (D) recordings.

(B) Somatic Ry, and fg at different membrane potentials were not changed following (S)-ketamine application in
unstressed group.

(C) (S)-ketamine increased somatic R;, and decreased fr at depolarized membrane potentials in CUS group. *p < 0.05,
**p < 0.01, ***p < 0.001 by two-way ANOVA with Sidark’s multiple comparisons test.

(E and F) Dendritic R;, and fg at depolarized membrane potentials were significantly changed following (S)-ketamine
application in unstressed (E) and CUS (F) groups. *p < 0.05, **p < 0.01, ***p < 0.001 by two-way ANOVA with Sidark’s
multiple comparisons test.

(G and I) Representative voltage responses at RMP with somatically injecting (270 pA; 750 ms) depolarizing current before
(black) and after (red) (S)-ketamine treatment.

(H) The number of action potentials was not changed following (S)-ketamine application in dorsal CA1 neurons of
unstressed group.

(J) A CUS-induced reduction of neuronal excitability was significantly increased following (S)-ketamine application in the
dorsal CA1 neurons. **p < 0.01 by two-way ANOVA with Sidark’s multiple comparisons test.

(K'and M) In unstressed group, somatic R;, and fz were not significantly altered at different membrane potentials in the
presence of barium chloride (K, 25 uM) or 8-bromo-cAMP (M, 100 pM) following (S)-ketamine application.

(L and N) In CUS group, CUS-induced upregulation of somatic l,-sensitive measurements were significantly changed at
depolarized membrane potentials in the presence of barium chloride (L, 25 pM) or 8-bromo-cAMP (N, 100 uM) following
(S)-ketamine application. *p < 0.05, **p < 0.01 by two-way ANOVA with Sidark’s multiple comparisons test. Data are
expressed as mean + SEM.

somatic |, was affected by 8-bromo-cAMP treatment (100 pM) in the dorsal CA1 neurons of CUS group. V,,,
Rin, and fr were monitored during baseline (100 uM 8-bromo-cAMP) and addition of 50 uM (S)-ketamine
application (with 100 uM 8-bromo-cAMP) in the dorsal CA1 neurons (Figure S10). In the unstressed group,
somatic lp-sensitive measurements were not changed at different membrane potentials in the presence of
8-bromo-cAMP following (S)-ketamine application (Figures 5M, ST11A, and S11B). However, CUS-induced
somatic l-sensitive measurements were significantly changed at depolarized membrane potentials in
the presence of 8-bromo-cAMP following (S)-ketamine application (Figures 5N, S11C, and S11D). These re-
sults suggest that the effects of (S)-ketamine on the CUS-induced upregulation of somatic |, were indepen-
dent of barium-sensitive conductances and cAMP-dependent signaling.

Direct Measurements Showed that (S)-Ketamine Reduced Somatic and Dendritic I}, in the CUS
Model of Depression

We next examined the somatic effect of (S)-ketamine on voltage-dependent gating of h channel and the
amplitude of h current in the CUS model of depression. We performed cell-attached patch-clamp record-
ings from the CUS-soma of dorsal CA1 neurons in the presence of D-AP5 and DNQX with or without
(S)-ketamine treatment (50 pM, 30 min). Consistent with the results showing decreased somatic R,
increased somatic fz, and decreased in the number of APs in the dorsal CA1 neurons of the CUS
group, we found that the V4, of the h channel activation curve for CUS group was significantly shifted to
the right by around +29 mV (V4 ,, of unstress-ACSF: —116.8 mV versus V;,, of CUS-ACSF: —88 mV), whereas
the slope factor was not different compared with those from the unstressed group (Figures 6A-6C).
Maximal somatic I,, at —170 mV was significantly increased in the dorsal CA1 neurons of the CUS group
compared with those from unstressed group (Figures 6D and 6E) (Max I, of unstress-ACSF: —0.59 pA versus
Max I, of CUS-ACSF: —3.89 pA). Steady-state I, amplitude at different membrane potentials was signifi-
cantly higher for CUS group than those from unstressed group (Figure 6F). Thus, the CUS-induced
decrease in R;, and increase in fr was mediated by an increased h current and a depolarizing shift to the
h channel activation curve. When CUS-dorsal CA1 neurons were treated with (S)-ketamine (50 pM,
30 min), the V4, of the h channel activation curve was significantly shifted to the left by around —23 mV
(Figures 7A=7C) (V4,2 of ACSF: —88 mV versus Vi, of (S)-ket: —110.9 mV), whereas the slope factor was
not different (Figures 7A, 7B, and 7D) compared with those from the ACSF-treated CUS group. The
CUS-induced increase in maximal somatic I, was significantly decreased in the dorsal CA1 neurons of
the (S)-ketamine-treated CUS group compared with those from the ACSF-treated CUS group (Figures
7E and 7F) (Max I,, of CUS-ACSF: —3.89 pA versus Max |, of CUS-(S)-ketamine: —1.5 pA). Furthermore,
steady-state |, amplitude at different membrane potentials was significantly decreased in (S)-ketamine-
treated group compared with those from ACSF-treated group (Figure 7G). Therefore, (S)-ketamine-
induced reduction of somatic I, was mediated by changes in the activation properties of the channels
in the CUS model of depression.
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Figure 6. Changes in Voltage-Dependent Gating of h Channel and the Amplitude of h Current of Dorsal CA1
Neurons in the CUS Model of Depression

(A) Somatic h current was measured from unstressed group and CUS group of dorsal CA1 neurons with 500-ms
hyperpolarizing voltage steps ranging from —40 mV to —170 mV in —10-mV increments from a holding potential of
—-30mV.

(B) The voltage dependence of activation for h channel was determined from the somatic steady-state gV (ss gV)
relationship. The activation curve was fitted a Boltzmann function with the following values: unstressed group V4, =
—-116.8 mV, k = —10.07 mV; CUS group Vq,, = =88.07 mV, k = —=10.2 mV.

(C) The half-activation voltage (V1,2) was significantly shifted to the right by +29 mV, whereas the slope factor was not
different compared with those from unstressed group. *p < 0.05 by Mann-Whitney test.

(D) Representative maximum h current traces in response to a 500-ms hyperpolarizing voltage step (—170 mV).

(E) Maximal somatic h current at —170 mV was significantly higher for CUS group than those of unstressed group. *p < 0.05
by Mann-Whitney test.
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Figure 6. Continued

(F) Steady-state I, amplitude at different membrane potentials was significantly higher for CUS group than those for
unstressed group. *p < 0.05 by two-way ANOVA with Sidark’s multiple comparisons test. Traces in (A) and (D) were
digitally filtered at 1 kHz for clarity. Data are expressed as mean + SEM.

(S)-Ketamine Pretreatment Provided Resiliency to CUS

We have previously shown that lentiviral-mediated reduction of HCN1 subunit of HCN channels in the
dorsal CA1 region before exposure to CUS provides resiliency to CUS (Kim et al., 2018). Therefore, we
next investigated whether (S)-ketamine pretreatment before the onset of the CUS-induced depression
prevented the CUS-dependent behavioral phenotypes and neuropathological changes. Unstressed
and CUS rats were split into two groups, respectively, (1) saline-pretreated unstressed group, (2)
(S)-ketamine-pretreated unstressed group, (3) saline-pretreated CUS group, and (4) (S)-ketamine-pre-
treated CUS group. Rats were administered a single injection of saline or (S)-ketamine (15 mg/kg, i.p. in-
jection) 7 days before the onset of CUS (Figure 8A). After 2-3 weeks of CUS, we performed a series of
behavioral tests such as sucrose preference test, open field test, and FST. In the unstressed group,
there were no significant differences in locomotor activity and center square entries between saline-
and (S)-ketamine-pretreated groups in the open field test (Figures 8B-8D). Saline-pretreated CUS rats
showed decreased locomotor activity and center square entries compared with those from unstressed
group (either saline- or (S)-ketamine-pretreated) (Figures 8B-8D), indicating anxiogenic-like behaviors.
Interestingly, (S)-ketamine pretreatment in the CUS group prevented CUS-induced decreases in locomo-
tor activity and center square entries compared with those from the saline-pretreated CUS group (Figures
8B-8D), suggesting the prevention of the CUS-induced anxiogenic-like behaviors by (S)-ketamine. Saline-
pretreated CUS rats showed decreased sucrose preference (Figure 8E) and increased passive activity (Fig-
ure 8F) compared with those from unstressed group (saline- or (S)-ketamine-pretreated) or (S)-ketamine-
pretreated CUS group, indicating the CUS-induced anhedonia and behavioral despair. On the
other hand, (S)-ketamine pretreatment in the CUS group prevented decreased sucrose preference (Fig-
ure 7E) and increased passive activity time (Figure 8F) compared with those from the saline-pretreated
CUS group, suggesting the prevention of the CUS-induced anhedonia and behavioral despair by (S)-
ketamine.

Following the behavioral tests, whole-cell current-clamp recordings were made from the soma and
dendrite. Somatic R;, and fz at RMP (Figures 9A-9C) and at different membrane potentials (Figure 9D)
were not significantly different between saline- and (S)-ketamine-pretreated unstressed groups.
Dorsal CA1 neurons from the saline-pretreated CUS group had a lower R;, and a higher fz at RMP (Figures
9B and 9C) and at different membrane potentials (Figures S12A and S12B) compared with those
from either the unstressed group (saline- or (S)-ketamine-pretreated) or (S)-ketamine-pretreated
CUS group. Interestingly, (S)-ketamine pretreatment in CUS group prevented the CUS-induced upregu-
lation of somatic l-sensitive measurements at RMP (Figures 9B and 9C) and at different membrane
potentials (Figure 9E). Consistent with a previous work (Kim et al., 2018), there were no significant
differences in dendritic ,-sensitive measurements between groups (Figure S13). These results suggest
that (S)-ketamine pretreatment before the onset of depression prevented the CUS-induced upregulation
of somatic .

(S)-Ketamine Pretreatment Prevented the CUS-Induced Neuropathological Changes

Functional neuroimaging of patients with major depression shows bimodal, abnormal regional metabolic
activities in limbic-cortical areas, including hippocampus, which can be reversed by clinical antidepressant
treatment or chronic electrical stimulation (Mayberg et al., 2000, 2005). Similar observations have been re-
ported in chronic stress-induced animal models of depression, which show increased neuronal excitability
of lateral amygdala neurons (Rosenkranz et al., 2010) and decreased neuronal excitability of dorsal CA1
neurons (Kim et al., 2018). We, therefore, examined whether (S)-ketamine pretreatment before the onset
of the CUS-induced depression prevented the CUS-induced neuropathological changes (i.e., upregulation
of somatic I, and reduced neuronal excitability). There were no significant differences in the number of APs
measured in the dorsal CA1 neurons between the saline-pretreated and (S)-ketamine-pretreated un-
stressed groups (Figures 10A and 10B). However, we consistently observed decreased neuronal excitability
in the saline-pretreated CUS group compared with those from the saline-pretreated unstressed group (Fig-
ure S14). A CUS-induced decrease in neuronal excitability was normalized in the dorsal CA1 neurons of (S)-
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Figure 7. (S)-Ketamine Changed Voltage-Dependent Gating of h Channel and the Amplitude of h Current in the
CUS Model of Depression

(A) Somatic h current was measured with cell-attached patches from ACSF-treated or (S)-ketamine-treated (30 min) dorsal
CA1 neurons with 500-ms hyperpolarizing voltage steps ranging from —40 mV to —170 mV in —10-mV increments from a
holding potential of =30 mV.

(B) The voltage dependence of activation for h channel was determined from the somatic steady-state GV relationship.
The activation curve was fitted with a Boltzmann function with the following values: ACSF treatment V4, = —88.07 mV, k =
—10.2 mV, (S)-ketamine treatment V;,, = —=110.9 mV, k = =9.36 mV.

(C and D) (C) The half-activation voltage of h channel (V4,,) with (S)-ketamine treatment was significantly shifted to the left
by around —23 mV, whereas the slope factor (D) was not different compared with those from ACSF-treated group. *p <
0.05 by Mann-Whitney test.

(E) Representative maximal h current traces in response to a 500-ms hyperpolarizing voltage step (—170 mV).

(F) Maximal somatic h current at —170 mV was significantly different between ACSF-treated and (S)-ketamine-treated CUS
groups.

(G) I-V curve was significantly altered in (S)-ketamine-treated group compared with those from ACSF-treated group.
Traces in (A) and (E) were digitally filtered at 1 kHz for clarity. *p < 0.05 by two-way ANOVA with Sidark’s multiple
comparisons test. Data are expressed as mean + SEM.

ketamine-pretreated CUS group (Figures 10A and 10C). There were no significant differences in AP prop-
erties at RMP such as amplitude, peak, half-width, max dv/dt, and threshold (Figure S15). These results sug-
gest that (S)-ketamine pretreatment before the onset of depression is sufficient to prevent the CUS-
induced neuropathological changes such as the upregulation of I-sensitive measures and decrease in
neuronal excitability.
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Figure 8. (S)-Ketamine Pretreatment Provided Resiliency to CUS

(A) Timeline of CUS, behavioral tests, and electrophysiology.

(B) Representative video tracking images during the last 5 min of open field test of age-matched individual rats—
unstressed (sal- or (S)-ket-pretreated) versus CUS (sal- or (S)-ket-pretreated) rats.

(Cand D) (S)-ketamine-pretreated CUS rats showed increases in total distance (C) and center square entries (D) compared
with those from unstressed (sal- or (S)-ket-pretreated) or saline-pretreated CUS group. *p < 0.05, **p < 0.01, ***p < 0.001
by one-way ANOVA with Tukey multiple comparisons test.

(E and F) (S)-ketamine-pretreated CUS rats showed increased sucrose preference (E) and decreased passive activity time
(F) compared with those from unstressed (sal- or (S)-ket-pretreated) or saline-pretreated CUS group. *p < 0.05, ***p <
0.001 by one-way ANOVA with Tukey multiple comparisons test. Data are expressed as mean + SEM.

Thapsigargin-Induced Anxiogenic- and Anhedonic-like Behaviors Were Reversed by (S)-
Ketamine in the Dorsal CA1 Region

We previously reported that in vivo block of the SERCA pumps in CA1 region leads to anxiogenic-like
behaviors in the open field test and upregulation of functional I, similar to that observed in rats following
CUS (Kim et al., 2018). To test whether (S)-ketamine’s antidepressant effects are via the ,/HCN1 channels,
we performed in vivo infusion of TG, an irreversible inhibitor of the SERCA pumps, followed by infusion of
(S)-ketamine. The specific doses of D-AP5 (25 uM) and (S)-ketamine (50 uM) used in in vivo study were
chosen based on the results from in vitro experiments. To reduce the contribution of NMDA receptor
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Figure 9. (S)-Ketamine Pretreatment Altered CUS-Induced Upregulation of Somatic I,-Sensitive Measures

(A) Schematic of the somato-apical trunk depicting the somatic recordings.

(B and C) Dorsal CA1 neurons of (S)-ketamine-pretreated CUS group showed increased Ry, (B) and decreased f (C) at RMP
compared with those from saline-pretreated CUS group. *p < 0.05, ***p < 0.001 by one-way ANOVA with Tukey multiple
comparisons test.

(D) There were no different somatic R, and fg between saline- and (S)-ketamine-pretreated unstressed groups at different
membrane potentials (ranging from —60 to =75 mV, interval: =5 mV).

(E) Dorsal CA1 neurons of (S)-ketamine-pretreated CUS group showed increased R;, and decreased fg at different
membrane potentials compared with those from saline-pretreated CUS group. *p < 0.05 by two-way ANOVA with
Sidark’s multiple comparisons test. Data are expressed as mean + SEM.

in behavioral tests, TG (1 uM) or (S)-ketamine (50 uM) was dissolved with D-AP5 (25 uM). Rats were bilat-
erally cannulated into the dorsal CA1 region (Figures 11C) and were housed individually. After a minimum
5-day recovery period, rats were divided into five groups: (1) saline, (2) D-AP5, (3) (S)-ketamine (with D-
AP5), (4) TG (with D-AP5), and (5) TG (with D-AP5) followed by (S)-ketamine (with D-AP5) (Figures 11A).
It has been reported that 10 pM D-AP5, a competitive NMDA receptor antagonist, is sufficient to block
NMDA receptor-mediated currents (Benveniste and Mayer, 1991). Behaviorally, NMDA receptor dysfunc-
tion by intrahippocampal infusion of cerebrospinal fluid from anti-NMDA receptor encephalitis shows no
changes in locomotor activity or anxiety-related behavior (Kersten et al., 2019). Consistently, rats bilater-
ally infused with 25 uM D-AP5 showed no changes in locomotor activity or anxiety level (Figures 11B-11E)
compared with those from the saline-infused group. Consistent with a previous result (Kim et al., 2018),
rats bilaterally infused with 1 pM TG (with D-AP5) showed decreased locomotor activity (Figures 11B
and 11D) and center square entries (Figures 11B and 11E) indicating anxiogenic-like behavior compared
with those from saline-infused group. Rats bilaterally infused with 50 uM (S)-ketamine (with D-AP5)
showed increased center square entries (Figures 11B and 11E) indicating anxiolytic-like behavior
compared with those from D-AP5 (25 uM)-infused group. Interestingly, 1 uM TG (with D-AP5) followed
by 50 pM (S)-ketamine (with D-AP5) in the dorsal CA1 region increased center square entries compared
with those from the TG-infused group, suggesting that TG-induced anxiogenic-like behavior was
reversed by (S)-ketamine. Because cannulated rats were not suitable for an FST, we performed a sucrose
preference test following the open field test (Figures 11F and 11G). TG-infused rats showed decreased
sucrose preference during 13-h dark cycle compared with those from saline- or D-AP5- or (S)-keta-
mine-infused group (Figures 11G) without a change in total fluid intake (Figures 11F), indicating anhe-
donic-like behavior. Surprisingly, rats infused with TG followed by (S)-ketamine showed increased sucrose
preference compared with those from TG-infused group (Figure 11G), indicating antidepressant-like
effect of (S)-ketamine.
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Figure 10. (S)-Ketamine Pretreatment Prevented the CUS-Induced Decrease in Neuronal Excitability

(A) Representative voltage responses with depolarizing current step (270 pA; 750 ms) at RMP.

(B) The number of action potentials was not different between saline- and (S)-ketamine-pretreated unstressed groups.
(C) Dorsal CA1 neurons of (S)-ketamine-pretreated CUS group showed increased action potential firing at RMP. **p <
0.01, ***p < 0.001 by two-way ANOVA with Sidark’s multiple comparisons test. Data are expressed as mean + SEM.

Thapsigargin-Induced Upregulation of Functional |, Was Reversed by (S)-Ketamine in the
Dorsal CA1 Region

Given that in vivo block of the SERCA pumps in dorsal CA1 region/neurons produces an anxiogenic-like
behavior and upregulation of functional I, (Kim et al., 2018), we hypothesized that in vivo infusion of TG
followed by infusion of (S)-ketamine might alter functional I,. Dorsal hippocampal slices were prepared
immediately after a 10-min open field test (Figure 12A). Functional |, (e.g., RMP, R;,, fz, and # of APs)
was determined using whole-cell current-clamp recordings at the soma in the presence of glutamatergic
synaptic blockers (i.e., D-AP5 and DNQX). There were no differences in somatic RMP between groups (Fig-
ures S16A and S16C). Functional |,, at RMP was decreased (i.e., increased R;, and decreased fg) in the dorsal
CA1 neurons of the (S)-ketamine-infused group, whereas increased (i.e., decreased Ry, and increased fg) in
the dorsal CA1 neurons of TG-infused group compared with those from the saline- or D-AP5-infused group
(Figures S16A-S16E). TG-induced upregulation of functional |, at RMP was decreased in the dorsal CA1
neurons of TG+(S)-ketamine group (Figures ST6A-S16E). Dorsal CA1 neurons of (S)-ketamine-infused
group showed significantly increased Ry, (Figure 12B) and decreased fg (Figure 12C) at different membrane
potentials (ranging from —65 mV to —75 mV, interval =5 mV) compared with those from either saline- or
D-AP5-infused group, indicating a decrease in functional I,. Consistent with a previous result (Kim et al.,
2018), dorsal CA1 neurons of TG-infused group showed decreased Ry, (Figure 12B) and increased fr (Fig-
ure 12C) at different membrane potentials compared with those from either saline- or D-AP5-infused
group, indicating upregulation of functional I. Interestingly, dorsal CA1 neurons of TG+(S)-ketamine
group showed increased Ry, (Figure 12B) and decreased fr (Figure 12C) at different membrane potentials
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Figure 11. Thapsigargin-Induced Anxiogenic- and Anhedonic-like Behaviors Were Reversed by (S)-Ketamine

(A) Timeline of thapsigargin and (S)-ketamine experiment.

(B) Representative video tracking during the 10 min of open field test of age-matched individual rats with saline, D-AP5
(25 uM), (S)-ketamine (50 uM) with D-AP5 (25 uM), thapsigargin (1 uM) with D-AP5 (25 uM), or infusion of thapsigargin (with
D-AP5) followed by infusion of (S)-ketamine (with D-AP5).

(C) Representative coronal sections of the brains display the location of the infusion needle track within the dorsal
hippocampus of CA1.
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Figure 11. Continued

(D) Total distance during a 10-min open field test. In vivo infusion of TG decreased locomotor activity. *p < 0.05, **p < 0.01
by one-way ANOVA with Tukey multiple comparisons test.

(E) (S)-ketamine increased center square entries, whereas TG decreased center square entries compared with those from
either saline- or D-AP5-infused group. TG-induced anxiogenic-like behavior was reversed by (S)-ketamine. *p < 0.05,
***n < 0.001 by one-way ANOVA with Tukey multiple comparisons test.

(F) There were no significant differences in total fluid intake between groups.

(G) TG-injected rats showed decreased sucrose preference compared with those from saline- or D-AP5- or (S)-ketamine-
infused group. TG-induced anhedonic-like behavior was reversed by (S)-ketamine.

*p < 0.05, **p < 0.01 by one-way ANOVA with Tukey multiple comparisons test. Data are expressed as mean + SEM.

compared with those from TG-infused group indicating the reversal of the effects of TG by (S)-ketamine.
The number of AP firings elicited by depolarizing current steps was significantly increased in the dorsal
CA1 neurons of (S)-ketamine-infused group compared with those from either saline- or D-AP5-infused
group (Figures 12D and 12E) indicating an increase in neuronal excitability. Consistent with TG-induced
decrease in R;,, the number of APs was significantly decreased in the dorsal CA1 neurons of TG-infused
group compared with those from either saline- or D-AP5-infused group (Figures 12D and 12E) indicating
a decrease in neuronal excitability. Dorsal CA1 neurons of TG+(S)-ketamine group showed increased
neuronal excitability compared with those from the TG-infused group (Figures 12D and 12E), suggesting
that TG-induced hypoexcitability was reversed by (S)-ketamine.

DISCUSSION

We found that (S)-ketamine reduced dendritic I, in unstressed conditions, whereas it decreased both
somatic and dendritic I in the CUS model of depression. The (S)-ketamine-induced change in Ip-sensitive
parameters was consistent with the reduction in h current and a hyperpolarizing shift to the h channel acti-
vation curve. (S)-ketamine also reversed the CUS-induced decreases in neuronal excitability. (S)-ketamine
pretreatment before the onset of depression prevented the CUS-induced abnormal behaviors (i.e., anxio-
genic- and depressive-like behaviors) and neuropathological changes (i.e., upregulation of somatic |, and a
decrease in neuronal excitability). Finally, in vivo infusion of TG-induced anxiogenic- and anhedonic-like
behaviors and upregulation of functional I, were reversed by (S)-ketamine.

In humans a single sub-anesthetic dose of (R,S)-ketamine (0.5 mg/kg, i.v. injection for 40 min) has been
shown to have rapid (hours) and sustained (days to a week) antidepressant effects in TRD (Berman et al.,
2000; Zarate et al., 2006a). Recently, Canuso et al., reported efficacy and safety of FDA-approved intranasal
(S)-ketamine in TRD and antisuicidal effects in major depression (Canuso et al., 2018). In addition,
continued treatment with intranasal (S)-ketamine plus an oral antidepressant had a significantly delayed
time to relapse (i.e., sustained effect) among patients with TRD compared with placebo nasal spray plus
an oral antidepressant treatment for 16 weeks (Daly et al., 2019). In preclinical studies, a single sub-anes-
thetic dose of (R,S)-ketamine (10-15 mg/kg i.p.) produces rapid and sustained antidepressant-like effects in
the FST (Autry et al., 2011; Li et al., 2010). Consistent with (R,S)-ketamine’s antidepressant effects, we also
observed that a single sub-anesthetic dose of (S)-ketamine (15 mg/kg i.p.) produced rapid (1 h after (S)-ket
treatment) and sustained (24 h after (S)-ket treatment) antidepressant effects in the FST. In spite of the
compelling clinical and preclinical evidence supporting (R,S)-ketamine’s rapid and robust antidepressant
effects on depression, the cellular mechanisms underlying its antidepressant actions are still under debate.
Because (R,S)-ketamine is a noncompetitive NMDA receptor antagonist (Anis et al., 1983), the prevailing
hypothesis for (R,S)-ketamine’s antidepressant effects is through blockade of NMDA receptors. However,
it has been reported that antidepressant-relevant concentrations of (2R,6R)-hydroxynorketamine (HNK;
less than 10 uM), one of ketamine’s metabolites, exert acute antidepressant-like effects in the social defeat
model of depression in an NMDA receptor-independent manner (Zanos et al., 2016; Lumsden et al., 2019).
In contrast, Suzuki et al., reported that 50 uM (R,S)-ketamine or (2R,6R)-HNK blocks synaptic NMDA recep-
tors (Suzuki et al., 2017). Furthermore, rapid antidepressant effects of (R,S)-ketamine are mediated by the
opioid receptor activation, although the sample size (n = 7) of (R,S)-ketamine-responsive patients with TRD
is small (Williams et al., 2018). Despite the controversy over the role of NMDA receptors in the antidepres-
sant action of (R,S)-ketamine (Preskorn et al., 2008; Lodge and Mercier, 2015; Zarate et al., 2006b; Zanos
et al., 2016; Suzuki et al., 2017; Williams et al., 2018), the antidepressant effect is generally associated
with increased BDNF/mTOR signaling, a decrease in eEF2 kinase, and synaptic AMPA receptors (Li
et al., 2010; Autry et al., 2011; Maeng et al., 2008).
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Figure 12. TG-Induced Upregulation of Functional I, Was Reversed by (S)-Ketamine

(A) Timeline of thapsigargin and (S)-ketamine experiment.

(B and C) Dorsal CA1 neurons of (S)-ketamine-infused group showed increased Ry, (B) and decreased fr (C) at different
membrane potentials (ranging from —65 mV to —75 mV; —5 mV interval) compared with those from saline- or D-AP5-
infused group. Dorsal CA1 neurons of TG-infused group showed decreased Ri, (B) and increased f (C) at different
membrane potentials compared with those from saline- or D-AP5-infused group. Dorsal CA1 neurons of TG+(S)-
ketamine-infused group showed that TG-induced upregulation of functional I, was reversed by (S)-ketamine.

*p < 0.05 (sal or D-AP5 versus (S)-ket) and #p < 0.05 (sal or D-AP5 versus TG) by two-way ANOVA with Sidark’s multiple
comparisons test.

(D) Representative voltage responses with depolarizing current step (240 pA; 750 ms) at RMP.

(E) Dorsal CA1 neurons of (S)-ketamine-infused group showed increased action potential firing at RMP, whereas
decreased at RMP in the dorsal CA1 neurons of TG-infused group compared with those from saline- or D-AP5-infused
group. Dorsal CA1 neurons of TG+(S)-ketamine-infused group showed increased neuronal excitability compared with
those from TG-infused group. *p < 0.05, **p < 0.01 (sal or D-AP5 versus (S)-ket) and #p < 0.05 (sal or D-AP5 versus TG) by
two-way ANOVA with Sidark’s multiple comparisons test. Data are expressed as mean + SEM.

We have previously reported that a lentiviral small hairpin RNA-mediated reduction of the HCN1 subunit
of h-channels (and I,) in the dorsal CA1 region/neurons leads to an increase in neuronal excitability, upre-
gulation of BDNF/phosphorylation of mTOR protein expression, and an increase in excitatory synaptic
transmission (i.e., field excitatory postsynaptic potential slope), which contributes to antidepressant- and
anxiolytic-like behaviors in unstressed conditions (Kim et al., 2012). Given that a single sub-anesthetic
dose of (R,S)-ketamine in the rodent produces similar downstream signaling pathways (e.g., increased
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BDNF-mTOR signaling) and behavioral outcomes (antidepressant-like behaviors) (Li et al., 2010; Autry
etal, 2011; Zanos et al., 2016), it is possible that (R,S)-ketamine-mediated antidepressant effects are asso-
ciated with a reduction of I,. Rats exposed to CUS for 2-3 weeks show anxiogenic-like (e.g., decreased lo-
comotor activity and center square entries in the open field test) and depressive-like (e.g., decreased su-
crose preference in a two-bottle choice test and increased passive activity in the FST) behaviors (Kim et al.,
2018). Because CUS-treated rats showed decreased locomotor activity in the open field test, a correlation
between locomotor activity and anxiety level is suggested. For example, a low dose of diazepam (1 mg/kg
i.p.), an anxiolytic drug, increases locomotor activity and center square entries in the open field test, which
can be interpreted as increased locomotion caused by decreased anxiety (Kim et al., 2012). Although CUS-
treated rats showed increased anxiety, which might be caused by decreased exploration or increased
innate fear response to a novel environment, there might be a limitation to this interpretation. In our pre-
vious report, somatic |, and the expression of the HCN1 protein are upregulated in the dorsal CA1 neurons/
region following CUS but not acute stress (Kim et al., 2018). This upregulation of somatic I, is associated
with chronic stress-induced elevated intracellular calcium levels (Narayanan et al., 2010; Kim et al., 2018).
There is also a strong correlation between the time course of the increase in somatic I,, and the develop-
ment of the depression-like symptoms (Kim et al., 2018). These results suggest a possible link between
HCN channels and depression (Kim et al., 2018; Kim and Johnston, 2018). The important question was
whether (S)-ketamine reduced the CUS-induced upregulation of I, of dorsal CA1 neurons in the CUS
model of depression.

Chen et al. reported that (S)-ketamine reduces HCN1 but not HCN2 subunit-mediated I, via a hyperpola-
rizing shift in voltage dependence of activation in layer 5 cortical pyramidal neurons (V4,,: ~ =10 mV) and in
HEK 293 cells expressing homomeric mouse HCN1 channels (Vq,2: ~ —15 mV) with somatic recordings in
unstressed conditions (Chen et al., 2009). We initially attempted to reproduce this (S)-ketamine reduction
in somatic l-sensitive electrophysiological measurements (i.e., R;, and fg) of dorsal CA1 neurons. However,
we did not observe any changes in somatic I,-sensitive measurements despite using four different concen-
trations of (S)-ketamine (20, 40, 80, 160 uM) in dorsal or ventral CA1 neurons with or without NMDA receptor
blockers (Figure S2). Consistent with these negative results, we did not see any somatic changes in |,-sen-
sitive measurements following 50 pM (S)-ketamine in the presence of glutamatergic synaptic blockers
(D-AP5 and DNQX). Given that HCN channels are heavily expressed in dendrites of CA1 neurons (Magee,
1998), we, therefore, measured I,-sensitive measurements in dendrites in the presence of D-AP5 (25 or
50 uM) and DNQX. Indeed, (S)-ketamine reduced dendritic I-sensitive measurements (i.e., increased R;,
and decreased fg) at depolarized membrane potentials within 10-20 min. Consistent with this result, a
reduction of Iy-sensitive measurements by (S)-ketamine was distance-dependent along the somatoden-
dritic axis of dorsal CA1 neurons. Given a very low expression of HCN1 channels (therefore ) in the
perisomatic region of dorsal CA1 neurons in unstressed conditions, it is possible that the lack of effects
of (S)-ketamine on somatic |, might be due to a very low expression of HCN1 channels at the soma and
the difficulty of measuring I, in cell-attached patches. It is also possible that heteromeric somatic h channel
in unstressed conditions are composed predominantly of HCN2 subunits, which are insensitive to (S)-keta-
mine (Wang et al., 2001), but shift to predominantly HCN1-containing h channel after CUS. Further exper-
iments will be needed to address these and other possibilities.

GIRK conductance in the dorsal CA1 neurons contributes to intrinsic membrane properties including
Rin (Kim and Johnston, 2015). We found that the increased R;, by (S)-ketamine was independent of
barium-sensitive conductances (GIRK and IRK) in both unstressed and CUS groups. HCN channels are
also regulated by binding of cAMP to the cyclic nucleotide-binding domain, which results in a subunit
specific generation of a depolarizing shift of the I, voltage activation curve (Wang et al., 2001). Recently,
Wray et al. showed that treatment of Cé glioma cells or primary astrocytes with (R,S)-ketamine (10 uM
for 15 min) increases cAMP-dependent BDNF protein expression after 24 h (Wray et al., 2018). We, there-
fore, examined whether cAMP-dependent signaling was involved in the regulation of Iy by (S)-ketamine.
8-Bromo-cAMP is an activator of cAMP-dependent protein kinase. The (S)-ketamine-induced reduction
in dendritic I in unstressed group or CUS-induced upregulation of somatic |, was independent of
cAMP-dependent signaling. We also examined the possibility that (S)-ketamine could further change Iy,
-sensitive measurements (e.g., R;,) after blockade of I, by ZD7288. However, successive ZD7288 and (S)-ke-
tamine wash-in experiment with dendrite recordings revealed that the ZD7288-induced change in R;,
was not further altered by addition of (S)-ketamine treatment, suggesting an occlusion effect with
(S)-ketamine.
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Cell-attached patch-clamp recordings showed that (S)-ketamine treatment led to changes in voltage-
dependence of h channel (i.e., a hyperpolarizing shift to the h channel activation curve) and the amplitude
of h current (i.e., decreased maximal h current) in dendrites but not soma in the unstressed group. Consis-
tent with previous results (Kim et al., 2018), somatic but not dendritic I,-sensitive measurements of dorsal
CA1 neurons were upregulated in the CUS model of depression. Cell-attached patch-clamp recordings at
the soma revealed that the V4, of the h channel activation curve for CUS group was significantly shifted to
the right around +29 mV compared with those from unstressed group. Maximal |, at =170 mV for CUS
group was around - 3.89 pA, whereas maximal I, for unstressed group was around —0.59 pA. Whole-cell
current-clamp recordings revealed that (S)-ketamine significantly reduced the CUS-induced upregulation
of somatic I-sensitive measurements of dorsal CA1 neurons at depolarized membrane potentials,
whereas no changes in the unstressed group were observed. We also confirmed that (S)-ketamine treat-
ment for CUS group led to a hyperpolarizing shift to the h channel activation curve around - 23 mV and
a decrease in h current around —2.4 pA compared with those from ACSF-treated CUS group. (S)-ketamine
also reduced dendritic l,-sensitive measurements of dorsal CA1 neurons in both unstressed and CUS
groups.

It has been reported that a single sub-anesthetic dose of (R,S)-ketamine pretreatment before the onset of
stress prevents either chronic stress-induced depression-like behaviors (Brachman et al., 2016) or acute
stress (e.g., inescapable tail shock)-induced fear responses or anxiety (Amat et al., 2016, Mcgowan et al.,
2017). Consistent with these reports, we also observed that a single sub-anesthetic dose of (S)-ketamine
pretreatment 1 week before the onset of CUS prevented the CUS-induced anxiogenic- and depressive-
like behaviors. We have reported that a reduction of HCN1 protein expression in the dorsal CA1 region
before the onset of CUS provides resiliency to the depression-like symptoms (Kim et al., 2018). In addition,
knockdown of HCN1 protein expression or neuropeptide Y-induced reduction of I, into basolateral
amygdala is sufficient to exert resiliency to stress in rats (Silveira Villarroel et al., 2018). Interestingly, the sa-
line-pretreated CUS group showed upregulation of somatic Iy, whereas no changes in the (S)-ketamine-
pretreated CUS group were observed.

Functional neuroimaging of patients with major depression has shown bimodal, abnormal regional meta-
bolic activities in different regions of limbic-cortical areas (Mayberg et al., 2000, 2005). Given a positive cor-
relation between brain energy metabolism and neuronal excitability, abnormal change in neuronal excit-
ability (e.g., a number of APs at RMP) has been reported following chronic stress (Kim et al., 2018;
Rosenkranz et al., 2010). Dorsal CA1 neurons from CUS group had a lower R, and a high fz compared
with those from unstressed group. As expected, neuronal excitability was significantly reduced in the dorsal
CA1 neurons following CUS. This decrease in neuronal excitability was reversed by bath application of (S)-
ketamine within 10-20 min. Furthermore, (S)-ketamine pretreatment before the onset of depression pre-
vented CUS-induced decrease in neuronal excitability. Therefore, (S)-ketamine-induced changes in
intrinsic membrane properties may contribute to the changes in behaviors (i.e., anxiolytic- and antidepres-
sant-like behaviors).

Recently, Lumsden et al. reported that (2R,6R)-HNK, at the dose of 10 mg/kg (i.p), exerts antidepressant-
like effects associated with increased mature BDNF and phosphorylation of mTOR protein expression
(Lumsden et al., 2019). This antidepressant-relevant concentration of (2R,6R)-HNK (at dose of 10 mg/kg,
i.p.) generates around 8 pM ketamine metabolite in the serum, whole brain, and ventral hippocampus
(Lumsden et al., 2019). Given that the antidepressant-relevant concentrations of (R,S)-ketamine are ranging
from 3to 30 mg/kg (i.p.) inrodent (Kim et al., 2012; Lumsden et al., 2019; Autry et al., 2011; lijima et al., 2012;
Koike et al., 2013), their concentrations in the brain might be higher than estimated (e.g., more than 10 uM
of (R,S)-ketamine and its metabolite). Similarly, Fava et al., reported that even higher concentration of (R,S)-
ketamine (i.e., 1 mg/kg i.v. for 40 min) exerts antidepressant effects in TRD, whereas lower doses of (R,S)-
ketamine (0.1 and 0.2 mg/kg i.v. for 40 min) do not exert clinically meaningful antidepressant effects (Fava
et al., 2018). Consistent with dose-dependent effects of (R,S)-ketamine, we found that a reduction of den-
dritic I,-sensitive measurements by (S)-ketamine was dose dependent in the dorsal CA1 neurons.

It has been reported that patients with depression showed an elevated basal intracellular Ca®* concentra-
tion in platelets and lymphocytes (Kerr et al., 1992; Karst et al., 2000). In our previous reports (Narayanan
et al., 2010; Kim et al., 2018), in vitro or in vivo block of the SERCA pumps in CA1 neurons increases peri-
somatic Iy. Furthermore, in vivo infusion of TG produces anxiogenic-like behavior, similar to that observed
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in CUS model of depression (Kim et al., 2018). In this study, TG and (S)-ketamine were dissolved with D-AP5
to reduce the contribution of NMDA receptors in our in vivo study. We observed not only decreased center
square entries in the open field test (i.e., anxiogenic-like behavior) but also decreased sucrose preference
in the two-bottle choice test (i.e., anhedonic-like behavior) from in vivo TG-infused group. TG-induced
changes in behaviors were reversed by (S)-ketamine. Whole-cell current-clamp recordings after a 10-min
open field test revealed that dorsal CA1 neurons of (1) TG-infused group showed increased functional I,
(i.e., decreased Ri, and increased fg), (2) (S)-ketamine-infused group showed decreased functional Iy (i.e.,
increased R;, and decreased fg), and (3) TG+(S)-ketamine-infused group showed decreased functional I.
Consistent with changes in R;, from TG- or (S)-ketamine- or TG+(S)-ketamine-infused group, we observed
similar changes in neuronal excitability from these groups. These behavioral and electrophysiological
results suggest that (S)-ketamine’s antidepressant effects are through a reduction of HCN1 channels,
and therefore I, in the dorsal CA1 region/neurons.

In summary, we found that (S)-ketamine reduced dendritic but not somatic I, in an NMDA receptor-inde-
pendent manner in unstressed conditions. (S)-ketamine normalized the CUS-induced neuropathological
changes, which resulted in reduced somatic I, and increased neuronal excitability. A single dose of (S)-ke-
tamine pretreatment before the onset of depression prevented the CUS-induced neuropathological
changes. Finally, in vivo infusion of TG-induced anxiogenic- and anhedonic-like behaviors and upregula-
tion of functional I, were reversed by (S)-ketamine. To our knowledge, this is the first report that (1) (S)-ke-
tamine reduced the CUS-induced upregulation of somatic Iy, (2) (S)-ketamine pretreatment before
the onset of depression prevented the CUS-induced neuropathological changes such as upregulation of
somatic I, and (3) antidepressant effects of (S)-ketamine are through a reduction of HCN1/I,. Our findings
suggest that the NMDA receptor-independent cellular mechanisms of (S)-ketamine reported here may
underlie some of (S)-ketamine’s antidepressant actions and resiliency to chronic stress.

Limitations of the Study

In this study, we systematically investigated the effects of (S)-ketamine on I,. Further investigation is
required, however, into whether a change in |,, by pretreatment of (S)-ketamine is due to direct or indirect
effects on Iy. We only used male rats in this study.
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Figure S1. Distance-dependent increases in Iy-sensitive electrophysiological
measurements of dorsal CA1 region/neurons, Related to Figure 1. (A) HCN1 protein
expression is a distance-dependent increase along the somatodendritic axis of dorsal
CA1 region. (B) Dendritic region of CA1 neurons had a lower Rj, and a higher fg
compared to somatic region of CA1 neurons. ***p<0.001 by two-way ANOVA with
Sidark’s multiple comparisons test. (C) ZD7288 (10 uM), a HCN channel blocker,
increased dendritic Ri, and removed dendritic fx compared to baseline. ***p<0.001 by
two-way ANOVA with Sidark’s multiple comparisons test. Data are expressed as mean +
SEM.
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Figure S2. No changes in somatic /y-sensitive measurements following four different

concentrations of (S)-ketamine in dorsal or ventral CA1 neurons with or without AP5 (50
pUM), Related to Figure 1. (A) 20 uyM (S)-ketamine. (B) 40 yM (S)-ketamine. (C) 80 uM
(S)-ketamine. (D) 160 uM (S)-ketamine. (E) 160 uM (S)-ketamine in the presence of AP5
(50 pM). (F) 40 uM (S)-ketamine in the ventral CA1 neurons. Data are expressed as

mean + SEM.
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Figure S3. Dose-dependent effects of (S)-ketamine on dendritic /,-sensitive measures of
dorsal CA1 neurons, Related to Figure 1. (A-C) Dendritic Ry, and fzx at multiple
membrane potentials with different concentration of (S)-ketamine (1, 10, 50, and 100

pUM). *p<0.05 by Wilcoxon matched-pairs signed rank test. Data are expressed as mean
+ SEM.



D-AP5 / DNQX/ 8-bromo-cAMP (100 pM)
D-AP5 and DNQX

o
N
>

&
Q

100 — 10

(zH) %

— el x25R xR ) aas!

R, (MQ)

8
6
2
0

o IIII]TIIIITII]TIITIIITI]IIIIIIIII]TIII]TITI[IITITIII[IIIII

BAPA% 0000050 000000 %0 0 e @Y @R Qe tpeen

V., (mV)
&
|

-75 IIN||III|{IIII||II|IlllI[IITlllIl||Il\Illlll]llllllTll[lIIll
0 10 20 30 40 50 60

Figure S4. Time courses of Vp,,, Rin, and fr in the presence of D-AP5 and DNQX following

8-bromo-cAMP application with dendrite recordings, Related to Figure 2.
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Figure S5. The effects of (S)-ketamine on dendritic /,-sensitive electrophysiological
measurements are independent of cAMP-dependent signaling, Related to Figure 2. (A)
Representative voltage traces and antidromic stimulation at -65 mV. (B) Increased back-
propagating action potentials (bAPs) amplitude at -65 mV in the distal dendrites of dorsal
CA1 neurons following 8-bromo-cAMP (100 uM). (C) Representative voltage traces and
current injections at different membrane potentials. (D) The profile of impedance
amplitude for voltage traces in (C). Vertical lines indicate the resonance frequencies.

Data are expressed as mean + SEM.



e 108D ZD7288 .
A @ase" 1,017' sketamine  Sketamine
Y shesef D-APS/DNOX shone - 10
g a0 - " 6%
g —u — -’—-h- g W A N ~h"-ﬂ- 4 E
‘rl 40+ "v--o-nl"‘ 2 ~
0 ll'l]l'lllllll]IIII]III1]TIIIIIIIIIII 0
60 < - “
E TJ0 - — - -
> g0] T e et S
llll[lllllllll['llll"ll[lilllllll]ll
0 20 40 60
Time (min)
B ZD7288 (10 pM)
Baseline ZD7288 (10 uM)  s-ketamine (50 uM)
\ i
-69mV ¥ -TTmV o “TTmVs,
o e
Injected \ ‘ € '
(50 pA) ‘i- oL
4 sec
C g 120 D 52y o
= 100 s
80 z 62
'§ 60 = * O\ .
£ = 40 > 12 \<.
S 0 4 8 12 e
W2 g e®
Frequency (Hz) gﬁé 19"‘ 1,0"1@09’
9’*0\
E F L 2
% 1 25
=1 x 44,
3 f % 3
ﬁ w2
g— 50 ° £ 1
" 0 <0
€ 02 o o $© 108° 0 o
@o® 191 19" o @ 191 19
X® &

Figure S6. Occlusion effects of (S)-ketamine following ZD7288 application in the dorsal
CA1 neurons, Related to Figure 2. (A) Time courses of changes in dendritic Vp,, Ri,, and
fr during successive ZD7288 (10 uyM) and (S)-ketamine application in the dorsal CA1
neurons. (B) Representative voltage traces and current injections at resting membrane
potential. (C) The profile of impedance amplitude for voltage traces in (B). (D-F) ZD7288
hyperpolarized V., (D), increased R, (E), and removed fxz (F). Addition of (S)-ketamine
had no further effects on dendritic /-sensitive electrophysiological measurements (e.g.
Vm, Rin, and fr) at RMP. **p<0.01 and ***p<0.001 by One-way ANOVA with Tukey. Data

are expressed as mean + SEM.



A — Unstress (n=8)

— CUS (n=11)
80+ - 5 k%
. **
a o0’ x F N 4 1 *
3;40- / :'5; *
m 20_ 3‘
0 T T T T 2 T T T T 1
-75 -70 -65 -60 -75 -70 -65 -60
mV mV
B Unstress
-o- Unstress
-68 mV *k*k
= Z 15.
CUS E p
L @© * %
/HLV 200ms & 101 *k
< *
-67 mV 5 91
#*
270 pA T — 0 1
750 ms 0 100 200 300 400

Current injection (pA)

Figure S7. CUS-induced decrease in neuronal excitability, Related to Figure 5. (A)
Dorsal CA1 neurons of CUS group showed a lower R, and a high fr at different
membrane potentials compared with those from unstressed group. *p<0.05, **p<0.01,
***p<0.001 by two-way ANOVA with Sidark’s multiple comparisons test. (B)
Representative voltage responses with depolarizing current step (270 pA; 750 ms) at
RMP. Action potential firing was significantly decreased in the dorsal CA1 neurons of
CUS group compared with those from unstressed group. *p<0.05, **p<0.01, ***p<0.001

by two-way ANOVA with Sidark’s multiple comparisons test. Data are expressed as
mean £ SEM.
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Figure S8. Time courses of changes in V,, Ri,, and fg in the presence of D-AP5 and

DNQX during successive BaCl, and (S)-ketamine applications in unstress (A) and CUS
groups (B), Related to Figure 5.
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Figure S9. The effects of (S)-ketamine on CUS-induced upregulation of somatic /-

sensitive electrophysiological measurements were independent of barium-sensitive

conductance, Related to Figure 5. (A-C) A low concentration of barium (25 pM)

depolarized RMP (A) and increased R, (B), whereas fz (C) was not altered in the dorsal

CA1 neurons of unstressed and CUS groups. *p<0.05, **p<0.01 by Wilcoxon matched-

pairs signed rank test. (D and F) Representative voltage traces and current injections at

different membrane potentials in unstressed (D) and CUS (F) groups. (E and G) The

profile of impedance amplitude for voltage traces in (D and F respectively). Vertical lines

indicate the resonance frequencies. Data are expressed as mean + SEM.
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Figure S11. The effects of (S)-ketamine on CUS-induced upregulation of /,-sensitive

electrophysiological measurements were independent of cAMP-dependent signaling,
Related to Figure 5. (A and C) Representative voltage traces and current injections at

different membrane potentials in unstressed (A) and CUS (C) groups. (B and D) The

profile of impedance amplitude for voltage traces in (A and C respectively). Vertical lines

indicate the resonance frequencies. Data are expressed as mean + SEM.
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Figure S12. Dorsal CA1 neurons from the saline-pretreated CUS group showed a lower
Rin (A) and a high fr (B) at different membrane potentials compared with those from
unstressed group, Related to Figure 9. *p<0.05, **p<0.01, ***p<0.001 by two-way

ANOVA with Sidark’s multiple comparisons test. Data are expressed as mean + SEM.
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Figure S13. There were no changes in dendritic /,-sensitive electrophysiological
measurements between groups (unstressed vs. CUS groups; saline- vs. (S)-ketamine-
pretreated groups), Related to Figure 9. (A and C) Representative voltage traces and
current injections at RMP. (B and D) The profile of impedance amplitude for voltage
traces in (A and C). Vertical lines indicate the resonance frequencies. (E) Schematic of
the somato-apical trunk depicting the dendritic recordings. There were no different
dendritic Rj, and fz between groups at RMP (F and G) and at different membrane

potentials (H and ). Data are expressed as mean + SEM.
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Figure S14. Saline-pretreated CUS group showed decreased neuronal excitability,
Related to Figure 10. Action potential firing was significantly lowered in the dorsal CA1
neurons of saline-pretreated CUS group compared with those from unstressed group.
*p<0.05, **p<0.01, ***p<0.001 by two-way ANOVA with Sidark’s multiple comparisons

test. Data are expressed as mean + SEM.
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Figure S15. Action potential firing properties in (S)-ketamine-pretreated in unstressed
and CUS groups, Related to Figure 10. (A) Representative traces and current injections
at RMP. (B — G) V,, (B), amplitude (C), peak (D), half-width (E), max dv/dt (F), and
threshold (G) were not different between unstressed (sal- or (S)-ket-pretreated) and

CUS (sal- or (S)-ket-pretreated) groups. Data are expressed as mean + SEM.
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Figure S16. In vivo infusion of TG-induced upregulation of functional /, was reversed by
(S)-ketamine in dorsal CA1 region, Related to Figure 12. (A) Representative voltage
traces and current injections at RMP. (B) The profile of impedance amplitude for voltage
traces in (A). Vertical lines indicate the resonance frequencies. (C) There were no
significant differences in RMP between groups. (D and E) Dorsal CA1 neurons of (S)-
ketamine-infused group showed decreased functional /,, whereas increased functional I,
from TG-infused group. Dorsal CA1 neurons of TG+(S)-ketamine-infused group showed
decreased functional /. *p<0.05 and ***p<0.001 by One-way ANOVA with Tukey. Data

are expressed as mean + SEM.



Transparent Methods

Animals

Male Sprague-Dawley rats (CUS procedures: 7- to 9-week old rats, behavioral and
electrophysiological tests: 9-to-14-week old rats) were used in this study. Rats housed 2-
3 per cage except for CUS-treated rats on a 12 hr light schedule (on 7:00 A.M. off 7:00
P.M.) with ad libitum access to water and food. All procedures involving animals were
approved by the University of Texas at Austin Institutional Animal Care and Use
Committee (IACUC).

Drugs

ZD7288 were purchased from Abcam Inc. D-APV, DNQX, and 8-bromo-cAMP were
purchased from Tocris. S-ketamine was obtained from Sigma-Aldrich Co. Barium
chloride was purchased from Fisher Scientific.

Chronic unpredictable stress (CUS) procedures

CUS procedure was carried out as previously described'® *’. Rats were housed 2-3 per
cage throughout the experiment except when they were subjected to single housing,
overcrowding, or behavioral testing. In chronic unpredictable stress, mild stressors were
randomly administered once or twice daily at variable times of the day. Rats exposed to
stress were kept in the procedure room for at least 1-2 hr until odor from the stress
procedure disappeared. The body weight of the rats was measured during the CUS
procedure. CUS rats were kept under stress procedure until electrophysiological
recordings were done.

Behavioral tests

Sucrose preference test, open field test, and forced swim test were performed as
previously described'” "°.

- Sucrose preference test. After the sequential application of a variety of mild stressors



for 2 to 3 weeks, CUS-treated and handled control rats habituated to two water bottles
for 2 days in their home cages. After the 2-day habituation, CUS-treated and handled
control rats were housed in single cages to test for sucrose preference (1% sucrose).
The positions of bottles were counterbalanced across the left or right side of the testing
cages. Water intake and 1% sucrose intake were measured during a 12 hr dark-cycle.
Sucrose preference was determined as the ratio of sucrose to total water consumption.

- Open field test. Each rat was randomly assigned and placed into the center of the
field. Animals in the open field arena were recorded for 6 min using a CCD camera. After
each testing session, the apparatus was cleaned with 70% EtOH to remove any odors
deposited by previous animals. Total travelled distance and center square entries were
measured using a custom written program. A line crossing was defined when the body
center crosses a line.

- Forced swim test. Each rat was placed in a transparent Plexiglas cylinder (80 cm tall
x 30 cm in diameter) filled with water (23-24 °C) to a depth of 45 cm. Water in the tank
was changed after each trial. For pretest session (day 1), rats without any drug
treatments were placed in the water for 15 min. Rats were placed in the water again for
a 6 min (test session) 24 hr after the pretest session. The behaviors in the forced swim
test were recorded by a video cameras positioned on the top of the water tank. Passive
activity was defined as floating and making only those movements necessary to keep
the nose above the water. Behaviors from the forced swim test was quantified using a
custom written program that used a time sampling technique to rate the predominant

behavior over a 5-sec interval as previously described *®.

Dorsal CA1 cannulation and infusion.
Dorsal CA1 cannulation and infusion were performed as previously described'®. Male

Sprague-Dawley rats weighing 200-225 g were anesthetized by an intraperitoneal



injection of a mixture of ketamine/xylazine (90/10 mg ml™; 0.1 ml per 100 g rat
intraperitoneally). A stainless steel guide cannula (22 gauge; P1 Technologies, Roanoke,
VA, USA) was bilaterally implanted 1 mm above the dorsal CA1 region (AP: — 3.8 mm,
ML: £ 2.5 mm, DV: - 1.4 mm) and secured with screws in the skull and dental acrylic
cement. After stereotaxic implantation, a dummy cannula (P1 Technologies) was
inserted into each guide cannula to maintain patency. Rats received food soaked with
Baytril (0.3 ml; Bayer, Shawnee Mission, KS, USA), an antibiotic as prophylaxis against
infection as well as triple antibiotic ointment (Select Medical Product) applied around the
surgery areas. After a minimum 5-day recovery period, rats were divided into five groups:
1) saline, 2) D-AP5 (25 uM), 3) (S)-ketamine (50 uM) with D-AP5 (25 uM), 4) TG (1 pM)
with D-AP5 (25 yuM), and 5) subsequent infusion of TG (1 yM) with D-AP5 and (S)-
ketamine (50 yM) with D-AP5 (25 pM). All infusions (1 ul per side for 5 min) were
performed in their home cages 40 - 50 min before the open field test. After completion of
the infusion, the injector was left in place for 5 additional min before withdrawal. After a
10-min open field test, either sucrose preference test or acute dorsal hippocampal slice

was performed.

Slice preparation

Rats were briefly exposed to isoflurane gas using soaked cotton pad in a closed plastic
container. Then, rats were anesthetized with a lethal dose of a ketamine/xylazine mixture
(90/10mg/ml; 0.2 - 0.3 ml/100 g rat i.p.) and transcardially perfused with ice-cold artificial
cerebral spinal fluid (aCSF) composed of (in mM): 2.5 KCI, 1.25 NaH,PO,, 25 NaHCOQO;,,
0.5 CaCly, 7 MgCl,, 7 dextrose, 210 sucrose, 1.3 ascorbic acid, and 3 sodium pyruvate,
bubbled with 95% O, - 5% CO,. The brain was removed and hemisected along the
longitudinal fissure. Dorsal hippocampal slices were prepared as previously described®.

300 pm thick hippocampal slices were made in ice-cold aCSF using a vibrating



microtome (Microslicer DTK-Zero1, DSK, Kyoto, Japan). Slices were placed in a holding
chamber containing (in mM) 125 NaCl, 2.5 KCI, 1.25 NaH,PO,, 25 NaHCO;, 2 CaCl,, 2
MgCl,, 12.5 dextrose, 1.3 ascorbic acid, and 3 sodium pyruvate, bubbled with 95% O, -
5% CO,at 35°C for 30 min and then incubated for at least 45 min at room temperature
before used for electrophysiology.

Immunohistochemistry

Immunohistochemistry was carried out as described previously'®. 300 pym thick slices
were further sectioned using a freezing microtome into 40-um thin sections and stored in
cryoprotectant (30% sucrose, 30% ethylene glycol, 1% polyvinyl pyrrolidone, 0.05 M
sodium phosphate buffer). Sections were briefly rinsed in PBS buffer and incubated in
0.1% TritonX-100 for 30 min. Subsequently, slices were blocked in PBS solution
containing 5% normal goat serum, 0.03% TritonX-100 for 1hr, and then incubated in
primary antibody diluted in blocking solution overnight at 4°C. Slices were rinsed in PBS
buffer and then incubated in secondary antibody for 1hr at room temperature. Primary
antibody in this study was the rabbit anti-HCN1 recognizing an epitope in the N-terminals
of rat HCN1 (1:200, Alomone Labs).

Somatic and dendritic whole-cell current-clamp recordings

Whole-cell current-clamp recordings were performed as previously described.'” ' 2
Briefly, hippocampal slices were submerged in a recording chamber continuously
perfused with aCSF containing (in mM) 125 NaCl, 3 KClI, 1.25 NaH,;PO,, 25 NaHCO;, 2
CaCly, 1 MgCl,, and 12.5 dextrose, bubbled with 95% O,- 5% CO, at a rate of 1 ml/min
and 31-33°C. All experiments were done in the presence of glutamatergic synaptic
blockers (D-AP5 25 pM or 50 yuM and DNQX 20 pM). CA1 pyramidal neurons were
visually identified using a microscope (Zeiss Axioskop) fitted with differential interference
contrast optics.*® Patch pipettes for somatic (4-7 MQ) and dendritic recordings (7-8 MQ)

were prepared with capillary glass (external diameter 1.65 mm and internal diameter 1.1



mm, World Precision Instruments) using a Flaming/Brown micropipette puller and filled
with an internal solution containing (in mM) 120 K-gluconate, 20 KCI, 10 HEPES, 4
NaCl, 7 K2-phosphocreatine, 4 Mg-ATP, 0.3 Na-GTP (pH 7.3 with KOH). Whole-cell
current-clamp recordings were performed using a Dagan BVC-700A amplifier (Dagan,
Minneapolis, MN) and custom acquisition software written in IGOR Pro. Electrical signals
were filtered at 5-10 kHz, sampled at 20-40 kHz, and digitized by an ITC-18 interface
(Instructech Corporation, Port Washington, NY). Series resistance was monitored during
each experiment and experiments were discarded if the series resistance exceeded 30
MQ for somatic and dendritic recordings. The “natural” resting membrane potential was
the potential of the soma or dendrite in the absence of any injected current. Liquid
junction potential was not corrected and was estimated to be about -13 mV using the
Patcher’s Power Tools add-on in Igor Pro. All experiments were performed at 31°C —
33°C.

Cell-attached patch clamp recordings

For cell-attached recordings, pipettes contained the following (in mM): 120 KCI, 10
HEPES, 2.0 CaCl,, 1.0 MgCl,, 20 TEA-CI, 0.2 3,4-diaminopyridine, 1 BaCl,, pH 7.3 with
KOH. Membrane currents were recorded using an Axopatch 200B amplifier (Molecular
Devices), analog filtered at 1 kHz, and digitized at 10 kHZ by an ITC-18 interface
connected to a computer running Axograph X. I, was elicited by 500 ms voltage steps
ranging from -40 mV to -170 mV in -10 mV increments from a holding potential of -30
mV. Maximal /|, amplitude was measured by using a hyperpolarizing voltage command to
-170 mV from a holding potential of -30 mV. Linear leakage and capacitive currents were
digitally subtracted by scaling traces at smaller command voltages in which no voltage-
dependent current was activated. Between 350 and 400 individual leak traces were
averaged in order to minimize the addition of noise to the leak subtracted current

waveforms. All experiments were performed at 31°C — 33°C.



Data analysis. Sucrose preference (%) was calculated by dividing the total sucrose
intake by the total fluid intake (plain water + 1% sucrose solution) for 12 hr (during the
dark cycle). Input resistance was measured by the slope of the linear fit of the V-I plot
between +10 and -150 pA current injections. Resonance frequency was measured as
the frequency of the peak impedance using a sinusoidal current injection of constant
amplitude and linearly spanning 0-15 Hz in 15 sec. h current was measured by the
subtraction of the average amplitude of baseline (i.e., 10 ms to 90 ms before the step
voltage) from the average amplitude of h current (i.e., 250 ms to 590 ms). Conductance
was determined by g(h)= W/(V — E;), where V is the membrane potential (i.e., ranging
from -40 to -170 mV) and Ej is the reversal potential for /, (i.e., -10 mV). Normalized
conductance was determined by G=g;/gn max- Normalized G-V relationships were
described assuming a Boltzmann function: G(V)=1/[1+e“",,"¥], where G(V) is the
normalized conductance, V is the membrane potential, V4 is the membrane potential
associated with one-half of the maximal conductance value, and k is the slope factor.

Statistical Analysis. Statistical comparisons were performed using ANOVA (one-factor
or two-factor) followed by Bonferrori post-hoc test, paired t test (Wilcoxon signed-rank

test) or unpaired t test (Mann-Whitney U test) with GraphPad software.
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