RESEARCH

L)

shown that under a depressive-like state, | Check for |
updates |

RESEARCH ARTICLE SUMMARY

NEUROSCIENCE

Brain region-specific action of ketamine

as a rapid antidepressant

Min Chen, Shuangshuang Ma, Hanxiao Liu, Yiyan Dong, Jingxiang Tang, Zheyi Ni, Yi Tan,
Chenchi Duan, Hui Li, Hefeng Huang, Yulong Li, Xiaohua Cao, Christopher J. Lingle,

Yan Yang, Hailan Hu*

INTRODUCTION: The discovery of the antide-
pressant effects of ketamine is arguably the
most important advance in mental health in
decades. Given ketamine’s rapid and potent
antidepressant activity, a great challenge in
neuroscience is to understand its direct brain
target(s), both at the molecular and neural
circuit levels. At the molecular level, ketamine’s
primary target must be a molecule that direct-
ly interacts with ketamine. A strong candidate
that has the highest affinity for ketamine and
has been strongly implicated in ketamine’s anti-
depressant action is the N-methyl-p-aspartate
receptor (NMDAR). At the neural circuit level,
because NMDAR is ubiquitously expressed
in the brain, it was unclear whether ketamine
simultaneously acts on many brain regions or
specifically on one or a few primary site(s) that
sets off its antidepressant signaling cascade.
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RATIONALE: We reasoned that the primary re-
gional target of ketamine should show an im-
mediate response to ketamine. Specifically, if
ketamine’s direct molecular target is NMDAR,
then its direct regional target should be the
one in which systemic ketamine treatment in-
hibits its NMDARSs most rapidly. One clue for
a possible mechanism of brain region selec-
tivity comes from a biophysical property of
ketamine: As a use-dependent NMDAR open-
channel blocker, ketamine may act most po-
tently in a brain region(s) with a high level of
basal activity and consequently more NMDARs
in the open state. In several whole-brain-based
screens in animal models of depression, the
lateral habenula (LHDb), which is known as the
brain’s “anti-reward center,” has stood out as
one of the very few brain regions that show
hyperactivity. Previously, we and others have

Activity: High NMDAR: open
Reservoir pool: Small
Ketamine blockade: Strong

Brain region—-specific action of ketamine. Model illustrating why systemic ketamine specifically blocks
NMDARs in LHb neurons, but not in hippocampal CAL pyramidal neurons, in depressive-like mice. This
regional specificity depends on the use-dependent nature of ketamine as a channel blocker, local neural
activity, and the extrasynaptic reservoir pool size of NMDARs.
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neurons are hyperactive and undergo NMI. ..
dependent burst firing, indicating that the
LHb is a strong candidate for being ketamine’s
primary regional target.

RESULTS: In the present study, using in vitro
slice electrophysiology, we found that a single
systemic injection of ketamine in depressive-
like mice, but not naive mice, specifically blocked
NMDAR currents in LHb neurons, but not in
hippocampal CAl neurons. In vivo tetrode
recording revealed that the basal firing rate
and bursting rate were much higher in LHb
neurons than in CAl neurons. LHb neural
activity was significantly suppressed within
minutes after systemic ketamine treatment,
preceding the increase of serotonin in the
hippocampus. By increasing the intrinsic
activity of CAl neurons or decreasing the
activity of LHb neurons, we were able to
swap their sensitivity to ketamine blockade.
LHD neurons also had a smaller extrasynaptic
NMDAR reservoir pool and thus recovered
more slowly from ketamine blockade. Further-
more, conditional knockout of the NMDAR
subunit NR1 locally in the LHb occluded
ketamine’s antidepressant effects and blocked
the systemic ketamine-induced increase of
serotonin and brain-derived neurotrophic
factor in the hippocampus.

CONCLUSION: Collectively, these results reveal
that ketamine blocks NMDARs in vivo in a
brain region- and depression state-specific
manner. The use-dependent nature of ketamine
as an NMDAR blocker converges with local
brain region properties to distinguish the LHb
as a primary brain target of ketamine action.
Both the ongoing neural activity and the size
of the extrasynaptic NMDAR reservoir pool
contribute to the region-specific effects. There-
fore, we suggest that neurons in different brain
regions may be recruited at different stages,
and that an LHb-NMDAR-dependent event
likely occurs more upstream, in the cascade
of ketamine signaling in vivo. By identifying
the cross-talk from the LHb to the hippocam-
pus and delineating the primary versus sec-
ondary effects, the present work may provide a
more unified understanding of the complex
results from previous studies on the anti-
depressant effects of ketamine and aid in the
design of more precise and efficient treat-
ments for depression.
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Ketamine has been found to have rapid and potent antidepressant activity. However, despite the
ubiquitous brain expression of its molecular target, the N-methyl-p-aspartate receptor (NMDAR), it
was not clear whether there is a selective, primary site for ketamine’s antidepressant action. We
found that ketamine injection in depressive-like mice specifically blocks NMDARs in lateral habenular
(LHb) neurons, but not in hippocampal pyramidal neurons. This regional specificity depended on the
use-dependent nature of ketamine as a channel blocker, local neural activity, and the extrasynaptic
reservoir pool size of NMDARs. Activating hippocampal or inactivating LHb neurons swapped their
ketamine sensitivity. Conditional knockout of NMDARs in the LHb occluded ketamine’s antidepressant
effects and blocked the systemic ketamine-induced elevation of serotonin and brain-derived neurotrophic
factor in the hippocampus. This distinction of the primary versus secondary brain target(s) of ketamine
should help with the design of more precise and efficient antidepressant treatments.

iven ketamine’s rapid and potent anti-

depressant activity and low addiction

liability (I-4), a challenge in neurosci-

ence is to understand its direct brain

target(s) at both the molecular and neu-
ral circuit levels. At the molecular level, a few
key molecules that can mediate ketamine’s
effect have been identified, including brain-
derived neurotrophic factor (BDNF) (5, 6),
AMPAR (7-9), mammalian target of rapamycin
(mTOR) (10), the potassium channel Kcng2
(11), the translation initiation factor 4E-binding
proteins (4E-BPs) (12), Menin (Z3), and microglia-
related inflammatory cytokines (14, 15). How-
ever, because these molecules do not bind to
ketamine, they cannot be its direct target and
are most likely important downstream players
in the signaling pathways. The initiator of the
signaling cascade must be a molecule that
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directly interacts with ketamine. One such
molecule that has been strongly implicated in
ketamine’s antidepressant function is the N-
methyl-p-aspartate receptor NMDAR) (16-26).
At the neural circuit level, we reasoned that
the primary regional target should show an
immediate response to ketamine. Specifically,
if ketamine’s direct molecular target is NMDAR,
then its direct regional target should be the one
in which systemic ketamine treatment most rap-
idly inhibits its NMDARs. Several brain regions
have been heavily studied for ketamine’s anti-
depressant effects. Many studies have focused
on the hippocampus (5, 7, 12, 23, 27, 28) or the
medial prefrontal cortex (mPFC) (10, 29, 30).
Recent work also reveals a new player in ke-
tamine’s antidepressant action, the lateral ha-
benula (LHb), which is known as the brain’s
“anti-reward center” (31-36). Howeyver, it is not
clear whether these different regions all respond
to ketamine at the initial stage or if they are re-
cruited at different stages of ketamine action.
Despite the ubiquitous expression of NMDARsS,
one clue for a possible mechanism for se-
lectivity comes from a biophysical property of
ketamine: As a use-dependent NMDAR blocker
(37, 38), ketamine may act most potently in a
brain region(s) with a high level of basal ac-
tivity and consequently more open NMDARs
(33). Indeed, in several whole-brain-based
screens in multiple animal models of depres-
sion, the LHb has stood out as the only (32, 39)
or one of the very few (40) brain regions show-
ing hyperactivity. Previously, we and others
have shown that LHb neurons are activated
and undergo NMDAR-dependent burst firing
in a depressive-like state (31, 41-43). We thus
set out to investigate the NMDAR responses
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of the LHb and hippocampal neurons in
depressive-like mice after systemic ketamine
administration.

Results

Systemic ketamine injection in depressive-like
mice specifically inhibits NMDAR currents

in LHb but not pyramidal neurons in
hippocampal CAl

We exposed C57BL/6 mice to chronic restraint
stress (CRS), a model used to induce a depressive-
like state, injected mice with either saline or
ketamine [10 mg/kg intraperitoneally (i.p.)],
and then measured NMDAR-mediated syn-
aptic currents in the LHb and hippocampal
CA1 neurons (Fig. 1A). Because most LHb neu-
rons are glutamatergic (44), and neurons co-
expressing GABA biosynthesis enzymes (gadl/
gad2) and vesicular GABA transporter (vgat)
only constitute a very small proportion (<0.8%)
(45, 46), we did not distinguish neuron types
in the LHD (Fig. 1, B to G). In the hippocam-
pus, we focused on the pyramidal (PYR) neu-
rons, which are the major output neurons of
this region and can be distinguished on the
basis of their morphological and electrophys-
iological properties (see the materials and
methods) (Fig. 1, H to M). One hour after ke-
tamine injection, brain slices were prepared,
recovered, and then underwent whole-cell
patch-clamp recording in ketamine-free artifi-
cial cerebrospinal fluid (ACSF) solutions (Fig. 1A).
NMDAR- and AMPAR-mediated excitatory
postsynaptic currents (NMDAR-eEPSCs and
AMPAR-eEPSCs, respectively) were isolated
on the basis of their temporal characteristics
(see the materials and methods) from both
saline- and ketamine-injected mice (Fig. 1, C and
I). In LHb neurons of CRS mice, the ketamine-
injected group showed strongly reduced am-
plitudes of NMDAR-eEPSCs across a range of
stimulation intensities, with the reduction as
large as 74% at 1.5-mA stimulation intensity
(saline, 49.4 + 11.8 pA; ketamine, 12.7 + 2.7 pA;
P =0.002, Mann-Whitney test; Fig. 1, D and F).
This continued blockade of NMDAR-eEPSCs
from brain slices that had been recovered and
recorded for hours in the ketamine-free ACSF
was attributed to the use-dependent trapping of
ketamine in the NMDAR channel (37, 47, 48).
Western blot analysis revealed that the surface
level of NR1, the obligatory subunit of NMDAR,
was unchanged after ketamine treatment in the
habenula (fig. S1C), suggesting that the suppres-
sion of NMDAR-eEPSCs was unlikely to have
been caused by NMDAR endocytosis. The am-
plitude of AMPAR-eEPSCs, despite an insig-
nificant trend to increase, was not different
between the saline- and ketamine-treated groups
(saline, 181.3 + 34.2 pA; ketamine, 243.5 + 48.2 pA;
P =0.36, Mann-Whitney test; Fig. 1E and fig, SIA).
Correspondingly, there was a significant de-
crease in the NMDA/AMPA ratios in LHb neu-
rons of CRS mice after ketamine administration
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Fig. 1. Systemic ketamine injection in depressive-like mice specifically
inhibits NMDAR currents in LHb neurons, but not hippocampal CA1 PYR
neurons. (A) Experimental paradigm. Intraperitoneal injection of ketamine

(10 mg/kg) in CRS mice. (B and H) Schematic of the whole-cell recording of
evoked responses (eEPSCs) in LHb (B) and hippocampal CAl (H) slices. Hippo,
hippocampus. (C and 1) AMPAR-eEPSCs (=70 mV, measured at the peak)

and NMDAR-eEPSCs (+40 mV, measured at 35 ms after stimulation in LHb
neurons and at 60 ms after stimulation in CAl neurons, dotted lines) in LHb
(C) and CAL PYR (I) neurons in presence of PTX. (D and J) Stimulus-response
(input-output) curves of NMDAR-eEPSCs of LHb neurons (D) and CAL PYR

Chen et al., Science 385, eado7010 (2024) 9 August 2024

neurons (J). (E and K) Stimulus-response curves of AMPAR-eEPSCs of LHb
neurons (E) and CAL PYR neurons (K). (F and L) Bar graphs of NMDAR-eEPSCs
of LHb neurons [P = 0.002, Mann-Whitney test (F)] and CAl PYR neurons

[P = 0.73, Mann-Whitney test (L)] recorded at 1.5-mA stimulation intensity.

(G and M) Ratios of NMDAR-eEPSCs and AMPAR-eEPSCs recorded at 1.5-mA
stimulation intensity in LHb neurons [P = 0.002, Mann-Whitney test (G)] and
CAL PYR neurons [P = 0.56, Mann-Whitney test (M)]. n = 33 cells in four

mice in the saline group and n = 30 cells in three mice in the ketamine group
for LHb data; n = 45 cells in five mice in the saline group and n = 36 cells in our mice
in the ketamine group for CAl data in (B) to (M). (N and P) NMDAR-eEPSCs
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(+40 mV, measured at the peak) in LHb neurons (N) and CAl PYR neurons
(P) in the presence of PTX and NBQX in brain slices prepared 1 hour after
intraperitoneal injection of saline or ketamine in CRS mice. (0 and Q) Bar
graphs of NMDAR-eEPSCs of LHb neurons [P = 0.001, Mann-Whitney test (0)]
and CA1 PYR neurons [P = 0.08, Mann-Whitney test (Q)] at 1.5-mA stimulation

(saline, 045 + 0.12; ketamine, 0.09 + 0.02; P =
0.002, Mann-Whitney test; Fig. 1G).

By contrast, ketamine did not reduce the
NMDAR-eEPSCs in the PYR neurons of CAl
brain slices (Fig. 1, H to M). The NMDAR-eEPSCs
(Fig. 1, J and L), AMPAR-eEPSCs (Fig. 1K and
fig. S1B), and the NMDA/AMPA ratios (Fig. 1M)
were indistinguishable between the saline-
and ketamine-treated mice in CA1-PYR neu-
rons. We also pharmacologically isolated the
pure NMDAR currents in the presence of both
the GABA4R blocker picrotoxin (PTX) and the
AMPAR blocker 2,3-dioxo-6-nitro-7-sulfamoyl-
benzo[flquinoxaline (NBQX), and confirmed
that 1 hour after intraperitoneal ketamine in-
jection in CRS mice, NMDAR-eEPSCs were
specifically inhibited in the LHb, but not in
hippocampal CA1 PYR neurons (Fig. 1, N to Q).

Systemic ketamine injection in depressive-like
mice rapidly inhibits the activity of LHb
but not CA1 neurons

To understand the basis of the brain region-
specific ketamine effect, we compared the basal
in vivo neural activity of LHb and hippocam-
pal CAl in depressive-like mice (Fig. 2, A to G,
and fig. S2). Using movable tetrodes, we re-
corded the spontaneous neural activity of 239
LHD neurons and 147 PYR neurons in the CA1
of CRS mice (Fig. 2, D to G; see the materials
and methods for classification of PYR neu-
rons). The spontaneous firing rate (FR) of LHb
neurons was 6.3-fold higher than that of PYR
neurons in hippocampal CA1 (LHb, 5.7 + 0.50 Hz;
CA1, 0.90 + 0.07 Hz; P < 0.0001, Mann-Whitney
test; Fig. 2F). The bursting FR (i.e., the burst-
ing spike number per second) was even higher
in the LHb, 8-fold higher than that in hippo-
campal CAl1 (LHDb, 2.5 + 0.4 Hz; CAl, 0.31 +
0.03 Hz; P < 0.0001, Mann-Whitney test; Fig. 2G).

In the slice experiments shown in Fig. 1,
although neurons were recorded as early as
2 hours after intraperitoneal ketamine injec-
tion, one may still argue that other changes
could have occurred within this time window
to indirectly cause the observed differences.
Therefore, we monitored the change of neural
activity in vivo in CRS mice immediately after
ketamine injection and studied its effects (Fig.
2, H to M). In the LHDb, there was a rapid sup-
pression of both the FR and bursting FR as
soon as 0 to 10 min after ketamine injection
(Fig. 2H and fig. S3, A and B), and this sup-
pression lasted for at least 1 hour (Fig. 2, H to
J). In the CAl, there was no significant change
in either rate within 1 hour after drug injection
(Fig. 2, K to M). In addition, within the LHb,

Chen et al., Science 385, eado7010 (2024)

proportionally more neurons with higher basal
bursting FR were inhibited by ketamine (fig.
S3D). For example, O to 10 min after ketamine
injection, a majority (64.3%, 9/14) of ketamine-
inhibited (bursting FR) neurons had basal
bursting FR higher than 2 Hz (fig. S3D), even
though the latter only constituted 21% (49/239)
of total recorded neurons (fig. S3C).

Systemic ketamine injection inhibits NMDAR
currents and neuronal activity in LHb of
depressive-like mice but not naive mice

Because LHD neural activity is lower in naive
mice (31, 42, 49), we investigated whether ke-
tamine injection would inhibit LHb NMDARSs
in naive mice equally well as in the depressive-
like state (Fig. 3). First, we found significantly
larger NMDAR-eEPSCs in LHb in depressive-
like CRS mice at 1.5-mA stimulation intensity
(CRS, 36.8 + 4.2 pA; naive, 15.9 + 4.0 pA; P <
0.0001, Mann-Whitney test; Fig. 3, A to C)
than in naive mice. A large percentage (62.5%)
of LHb neurons in naive mice showed unde-
tectable NMDAR responses (<10 pA), but this
percentage was significantly lower in CRS mice
(30.1%, P < 0.0001, chi-square test). By contrast,
there was no significant difference in the LHb
AMPAR-eEPSCs (Fig. 3, D and E) between the
naive and depressive-like state. Corresponding-
ly, there were significantly larger NMDA/AMPA
ratios in LHb neurons of depressive-like mice
(CRS, 0.26 + 0.04; naive, 0.10 = 0.02; P = 0.0006,
Mann-Whitney test; Fig. 3F). Western blot
analysis confirmed that membrane NR1 was
up-regulated in the habenula of CRS mice (Fig.
3@). This potentiation of LHb NMDARs after
depression may be explained by a recent study
finding that LHb-NMDAR transmission can
undergo burst-driven long-term potentiation
(50) because depression induces burst firing of
LHb neurons (31). The severity of depressive-
like behaviors, as measured by the immobility
duration in the forced swimming test (FST),
which models behavioral despair or a decrease
in motivated behavior, showed a strong positive
correlation with the amplitude of LHb NMDAR-
eEPSCs (R® = 046, P = 0.004; Fig. 3H).

To test whether ketamine injection inhibits
LHDb-NMDAR currents in naive mice, we intra-
peritoneally injected ketamine or saline, mea-
sured LHb synaptic responses, and found no
significant difference in LHb NMDAR-eEPSCs,
AMPAR-eEPSCs, or NMDA/AMPA ratios be-
tween saline- and ketamine-injected mice (Fig.
3, I to M). In vivo tetrode recording showed
that the overall FR and bursting FR in the LHb
were significantly higher in the CRS mice than

9 August 2024

intensity in brain slices prepared 1 hour after intraperitoneal injection of saline
or ketamine in CRS mice. n = 18 cells in two mice in the saline group and

n =21 cells in two mice in the ketamine group for LHb data; n = 25 cells in three
mice in saline group and n = 28 cells in three mice in the ketamine group for CAL
data in (N) to (Q). *P < 0.05; **P < 0.01; NS, not significant. Error bars indicate SEM.

in the naive mice (Fig. 3, N and O), consistent
with previous reports of LHb hyperactivity un-
der a depressive-like state (31, 42). One hour
after ketamine injection, the bursting activity,
as well as the overall spiking activity, were de-
creased in the LHb of CRS mice, but not of
naive mice (Figs. 2, H to J, and 3, P to R).

Activation of hippocampal CAl
neurons increases ketamine-induced
suppression of NVIDARs

The above results suggest that high local en-
dogenous neural activity may be required for
ketamine to inhibit the NMDARs. To causally
test this hypothesis, we used two strategies to
induce neuronal activation in CA1 PYR neu-
rons and examined the inhibitory effects of
systemic ketamine on their NMDARs. First,
we subjected naive mice to a contextual fear
condition learning paradigm, which elevates
hippocampal neural activity (51, 52). Mice
were foot shocked (five shocks within 5 min)
in a novel context 5 min after intraperitoneal
ketamine injection, and hippocampal brain
slices were obtained 50 min afterward for
whole-cell patch-clamp recording (fig. S4A).
Under this condition, there was a significant
decrease in CA1 NMDAR-eEPSCs in ketamine-
treated mice compared with saline-treated mice
(fig. S4B). However, the CA1 AMPAR-eEPSCs
also showed a decrease in ketamine-treated
mice, which was significant at strong stimu-
lation intensity (fig. S4C). This concomitant
change makes it difficult to dissociate whether
the decreases were caused by a reduction in
presynaptic release (which affects both NMDAR-
eEPSCs and AMPAR-eEPSCs) or by blockade
of both postsynaptic NMDARs and AMPARs.

To clarify the above results, we tested a second
strategy, selectively activating a subpopulation
of CA1 neurons by expressing the chemoge-
netic excitatory hM3D (53). We expressed AAV-
hM3D-mCherry virus in the CAl region and
intraperitoneally injected mice in a novel con-
text with clozapine-N-oxide (CNO), an exoge-
nous ligand for hM3D, 30 min before injection
of saline or ketamine (Fig. 4, A and E, figure
legend, and the materials and methods). CNO
effectively depolarized and induced activa-
tion of mCherry-positive (hM3D") CAl neurons
(Fig. 4, B to D). One hour after saline or keta-
mine injection, hippocampal brain slices were
prepared and whole-cell patch recordings were
performed at the border of the viral injection
site on pairs of mCherry-negative (hM3D")
and hM3D" PYR neurons (Fig. 4, A and E to G).
In ketamine-injected mice, NMDAR-eEPSCs
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Fig. 2. Systemic ketamine injection in depressive-like mice rapidly inhibits

the activity of LHb neurons, but not hippocampal CA1 PYR neurons, in vivo.
(A) Experimental paradigm for in vivo recording after intraperitoneal injection of
saline or ketamine (10 mg/kg) in CRS mice. (B) lllustration of in vivo tetrode
recording. (C) Principal component analysis clustering display of two well-isolated
single units in LHb (yellow and green clusters). (D) Example recording sites stained
with DAPI. White dotted lines demarcate the medial habenula (MHb) and LHb.
White arrows indicate tetrode tracks. Scale bar, 200 um. DG, dentate gyrus. (E) Raster
of sample basal firing of all recorded LHb and CA1 PYR neurons (red indicates
bursting firing). Top right: magnified images of the red square area on the left. Scale
bar, 20 ms. (F and G) Bar graphs illustrating the basal FR (spike number per second)
[P < 0.0001, Mann-Whitney test (F)] and bursting FR (bursting spike number per
second) [P < 0.0001, Mann-Whitney test (G)] in LHb neurons and CAL PYR neurons.
n =239 units in 15 mice in LHb; n = 147 units in 10 mice in CAL (H and K) Delta
firing rate (FRreal time — FRuaseline) in LHb neurons (H) and CA1 PYR neurons (K)
after intraperitoneal injection of saline or ketamine (10 mg/kg) in CRS mice. Bin:
100 s. (I and L) Scatter plots of the FR of recorded LHb neurons (I) and CAl PYR

Chen et al., Science 385, eado7010 (2024) 9 August 2024

neurons (L) at baseline state plotted against FR at 50 to 60 min after intraperitoneal
injection of ketamine. Green, gray, and orange dots indicate neurons showing
significant inhibition, no change, and significant increase of FR, respectively. Pie
graphs show the percentage of inhibited (green), excited (orange), and unchanged
(gray) units. Bar graphs show the FR in LHb neurons [P < 0.0001, Wilcoxon
matched-pairs test (1)] and CA1 PYR neurons [P = 0.43, Wilcoxon matched-pairs test
(L)] in CRS mice at 50 to 60 min after intraperitoneal injection of ketamine. (J and
M) Scatter plots of the bursting FR of recorded LHb neurons (J) and CAl PYR
neurons (M) at baseline state plotted against bursting FR at 50 to 60 min after
intraperitoneal injection of ketamine. Pie graphs show the percentage of inhibited
(green), excited (orange), and unchanged (gray) units. Bar graphs illustrate the
bursting FR in LHb neurons [P < 0.0001, Wilcoxon matched-pairs test (J)] and CAL
PYR neurons [P = 0.47, Wilcoxon matched-pairs test (M)] in CRS mice at 50 to
60 min after intraperitoneal injection of ketamine. (H) to (M), n = 114 cells in 14 mice
in saline group and n =125 cells in 14 mice in the ketamine group in LHb; n = 59 cells
in eight mice in the saline group and n = 88 cells in eight mice in the ketamine
group in CAL *P < 0.05; ****P < 0,0001; NS, not significant. Error bars indicate SEM.
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Fig. 3. Systemic ketamine injection inhibits NMDAR currents and neuronal
activity in LHb of depressive-like, but not naive mice. (A) AMPAR-eEPSCs
(=70 mV, measured at the peak) and NMDAR-eEPSCs (+40 mV, measured

at 35 ms after stimulation, dotted lines) in the presence of PTX in LHb
neurons in naive or CRS mice. (B) Stimulus-response curves of NMDAR-eEPSCs
of LHb neurons in naive or CRS mice. (C) Bar graphs of NMDAR-eEPSCs

(P < 0.0001, Mann-Whitney test) of LHb neurons at 1.5-mA stimulation intensity
in naive or CRS mice. (D) Stimulus-response curves of AMPAR-eEPSCs of

LHb neurons in naive or CRS mice. (E) Bar graphs of AMPAR-eEPSCs (P = 0.92,
Mann-Whitney test) of LHb neurons at 1.5-mA stimulation intensity in naive

Chen et al., Science 385, eado7010 (2024) 9 August 2024

or CRS mice. (F) Bar graphs of ratios of NMDAR-eEPSCs and AMPAR-eEPSCs
(P = 0.0006, Mann-Whitney test) of LHb neurons at 1.5-mA stimulation
intensity in naive or CRS mice. (G) Western blot analysis showing up-regulation
of NR1 protein in the membrane fraction of the habenula of CRS mice (P = 0.02,
n =6, 6). Tubulin was used as a loading control. (H) Correlation between
averaged NMDAR-eEPSCs of recorded LHb neurons and immobile duration in
FST (R? = 0.46, black line; P = 0.004, linear regression test). Green indicates
naive mice (n = 6); black indicates CRS mice (n = 10). NMDAR-eEPSCs are
averaged by all recorded LHb neurons in one animal. In (A) to (F) and (H),

n = 48 cells in six naive mice and 93 cells in 10 CRS mice. (I and K) Stimulus-
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response curves of NMDAR-eEPSCs (1) and AMPAR-eEPSCs (K) of LHb neurons
in brain slices prepared 1 hour after intraperitoneal injection of saline or
ketamine (10 mg/kg) in naive mice. (J, L, and M) Bar graphs of NMDAR-eEPSCs
[P = 0.28, Mann-Whitney test (J)] and AMPAR-eEPSCs [P = 0.84, Mann-Whitney
test (L)], ratios of NMDAR-eEPSCs and AMPAR-eEPSCs [P = 0.31, Mann-Whitney
test (M)] of LHb neurons at 1.5-mA stimulation intensity in brain slices prepared

1 hour after intraperitoneal injection of saline or ketamine in naive mice. In (I)

to (M), n = 24 cells in three mice in the saline group and n = 22 cells in two mice in
the ketamine group. (N and 0) Bar graphs illustrating the FR [P < 0.0001,
Mann-Whitney test (N)] and bursting FR [P < 0.0001, Mann-Whitney test (0)] of
LHb neurons in naive or CRS mice. n = 108 cells in six mice in the naive group and
n =114 cells in 14 mice in the CRS group. (P) Delta firing rate (FRea time — FRbaseline)

showed a significantly smaller amplitude in
hM3D" neurons (P = 0.003, Wilcoxon matched-
pairs test; Fig. 4H), whereas in saline-injected
mice, hM3D" and hM3D™ CAl neurons showed
a similar amplitude of NMDAR-eEPSCs (P =
0.20, Wilcoxon matched-pairs test; Fig. 4I). By
contrast, AMPAR-eEPSCs were indistinguish-
able between hM3D" and hM3D™ neurons in
both saline- and ketamine-injected mice (Fig. 4,
Hand I).

Inhibition of LHb neurons protects their
NMDARs from blockade by systemic ketamine

We next tested the inverse conclusion, that is,
whether inhibition of LHb neuronal activity
protects their NMDARs from blockade by ke-
tamine (Fig. 4, J to Q). We used optogenetics
to selectively inhibit populations of LHb neu-
rons by expressing the inhibitory opsin eNpHR
(54) in the LHDb of CRS mice (Fig. 4J). AAV-
eNpHR3.0-mCherry virus was expressed in
the LHb, and constant yellow light (589 nm)
was delivered through an optic fiber imme-
diately after intraperitoneal saline or ketamine
injection (Fig. 4, J and M). Yellow light caused
a significant hyperpolarized membrane poten-
tial [note that the normal resting membrane
potential of LHb neurons is close to -50 to
-60 mV (31, 55)] and a reduction in the firing
of LHb neurons expressing the eNpHR (Fig. 4,
K and L). Because ketamine’s half-life is 13 min
and its brain concentration drops to 2.1 uM by
30 min after intraperitoneal injection (48), we
inhibited the LHb with light for 30 min (Fig.
4M). One hour after saline or ketamine injec-
tion and 30 min after light inhibition, LHb
brain slices were prepared and whole-cell patch
recordings were performed on pairs of neurons
that were mCherry negative (eNpHR") and
positive (eNpHR") (Fig. 4, M to O). In ketamine-
injected mice, NMDAR-eEPSCs were signif-
icantly larger in eNpHR" neurons (P = 0.004,
Wilcoxon matched-pairs test; Fig. 4P), whereas
in saline-injected CRS mice, eNpHR" and eNpHR™
LHDb neurons showed a similar amplitude of
NMDAR-eEPSCs (P = 0.63, Wilcoxon matched-
pairs test; Fig. 4Q). By contrast, AMPAR-eEPSCs
were indistinguishable between eNpHR" and
eNpHR™ neurons in both saline- and ketamine-
injected mice (Fig. 4, P and Q).
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Reservoir pool size of NMDARs and recovery
rate from ketamine blockade also contribute

to brain region specificity

In addition to the difference in local neural
activity under the depressive state, we observed
another interesting difference between the
NMDAR responses of CA1-PYR and LHb neu-
rons: In response to ketamine blockade and
washout, their recovery rates were different
(Fig. 5A). In LHb and hippocampal brain slices,
we pharmacologically isolated and continu-
ously monitored the NMDAR-eEPSCs at 70 mV
in the absence of magnesium while washing
ketamine in and out (Fig. 5A). After a 5-min
stable baseline recording, ketamine was per-
fused at a treatment-relevant dosage (10 uM)
into the recording ACSF and then washed out
after 10 min (Fig. 5A). Consistent with the
property of a use-dependent blocker, ketamine
gradually blocked NMDAR-eEPSCs, because
each recording stimulus opened a portion of
NMDARs. At the end of the 10-min blockade
(60 stimuli), NMDAR-eEPSCs were reduced
similarly in the two brain regions, by 64.5 +
5.5% in the CAI1-PYR neurons (n = 9 cells) and
by 72.7 £ 4.6% in the LHb neurons (n = 9 cells)
(Fig. 5A). However, in the 50 min after Keta-
mine washout, the recovery of NMDAR-eEPSCs
showed a marked difference in the two re-
gions: Whereas CA1 NMDAR-eEPSCs quickly
recovered (n = 9; P = 0.01, paired ¢ test; Fig. 5A),
LHb NMDAR-eEPSCs showed persistent block-
ade (n = 9; P = 0.25, paired  test; Fig. 5A). Even
when a higher concentration of ketamine (1 mM)
was used to achieve a complete blockade, there
was still considerable recovery in CA1-PYR neu-
rons (n = 9; P = 0.02, Wilcoxon matched-pairs
test; Fig. 5A). The recovery of NMDAR-eEPSCs
from use-dependent blockade in the CA1-PYR
neurons has been attributed to lateral move-
ment of NMDARs and replacement of blocked
synaptic NMDARs by unblocked extrasynaptic
NMDARSs (56, 57) (Fig. 5B). To confirm that
lateral exchange indeed accounts for the quick
recovery of NMDAR-eEPSCs in the CAl neu-
rons, we repeated the ketamine wash-in and
washout experiment in Fig. 5A but replaced
the electrical stimulation (synaptic activity-
induced block) with 20 uM NMDA in perfusion
(agonist-induced block) to open all surface
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in LHb neurons after intraperitoneal injection of saline or ketamine (10 mg/kg) in
naive mice. Bin: 100 s. (Q and R) Scatter plots of the FR (Q) and bursting FR (R)
of recorded LHb neurons at the baseline state plotted against FR or bursting FR
at 50 to 60 min after intraperitoneal injection of ketamine. Green, gray, and orange
dots indicate neurons showing significant inhibition, no change, and significant
increase of FR or bursting FR, respectively. Pie graphs show the percentage of
inhibited (green), excited (orange), and unchanged (gray) units. Bar graphs show
the FR [P = 0.20, Wilcoxon matched-pairs test (Q)] or bursting FR [P = 0.36,
Wilcoxon matched-pairs test (R)] of LHb neurons in naive mice 50 to 60 min after
intraperitoneal injection of ketamine. In (P) to (R), n = 108 cells in six mice in the
saline group and n = 106 cells in six mice in the ketamine group. *P < 0.05; **P < 0.01;
*#*p < 0.001; ****P < 0.0001; NS, not significant. Error bars indicate SEM.

NMDARs (Fig. 5, C and D). Under these con-
ditions, NMDAR-eEPSCs in CA1-PYR neurons
did not recover after ketamine washout (n = 5;
P > 0.99, Wilcoxon matched-pairs test, Fig.
5C). Therefore, when extrasynaptic NMDARs
are also blocked, NMDAR responses in CA1-PYR
neurons cannot recover.

To explain the difference of ketamine re-
covery after washout, we compared the size of
the reservoir pool and the synaptic proportion
of NMDARs of CAl and LHb neurons of CRS
mice. We sequentially recorded the synap-
tically maximal NMDAR-eEPSCs and total,
NMDA perfusion-induced currents in the same
LHb or CA1 neurons. After whole-cell patch-
ing of a neuron, we first pharmacologically
isolated its synaptic NMDAR currents and
obtained the maximal NMDAR-eEPSCs by
gradually increasing the stimulation inten-
sity. We then used a 3-min perfusion of 20 uM
NMDA agonist to activate all surface NMDARs
to obtain its total (including both synaptic and
extrasynaptic) NMDAR currents (Fig. 5E). The
total NMDAR responses were ~8.4: times larger
in CA1-PYR neurons than in LHb neurons (CA1,
1696 + 206 pA; LHb, 201 + 72 pA; P < 0.0001,
Mann-Whitney test; Fig. 5F). Therefore, the
synaptic proportion of NMDARs, estimated
as maximal NMDAR-eEPSCs divided by total
NMDAR currents, was significantly larger in
the LHbD than in the CA1-PYR neurons (CA1,
16.7 + 3.2%; LHb, 62.8 + 8.3%; P = 0.001,
Mann-Whitney test; Fig. 5G).

Local knockout of NR1 in LHb is sufficient
to be antidepressant and occludes ketamine’s
antidepressant effects

If blockade of LHb NMDAR is critical for
ketamine’s behavioral effects, then removal of
NMDARs in the LHb should have an anti-
depressant effect and occlude that of keta-
mine. We generated local knockout of NR1 in
an LHb-specific manner (Fig. 6A). AAV-eGFP-
Cre or AAV-eGFP virus was bilaterally injected
into the LHb of NR1 fl/fl mice (58) to generate
LHb-specific conditional knockout (LHb-NR1-
cKO) or control mice, respectively (Fig. 6B).
Two weeks after viral expression, mice were
subjected to CRS and then tested for depressive-
like behaviors using the FST and the sucrose
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(M) Experimental paradigm. (N) Schematic of stimulation electrode placement and
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(0) Patch-clamp recording of a pair of transfected eNpHR* and neighboring untransfected
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eNpHR eEPSCs (pA)

eNpHR™ LHb neurons under transmitted and fluorescent light microscopy. Dotted lines
indicate the patch pipettes. Scale bar, 10 um. (P and Q) Left: example traces of evoked
EPSCs in recorded eNpHR™ and eNpHR™ LHb neuron pairs. Scale bar, 10 ms, 100 pA.
Right: scatter plots of NMDAR-eEPSCs [P = 0.004, Wilcoxon matched-pairs test
(P); P = 0.63, Wilcoxon matched-pairs test (Q)] and AMPAR-eEPSCs [P = 0.73, Wilcoxon
matched-pairs test (P); P = 0.63, Wilcoxon matched-pairs test (Q)] recorded at 1.5-mA
stimulation intensity in recorded eNpHR" and eNpHR™ LHb neuron pairs after
intraperitoneal injection of saline (Q) or ketamine (P). n = 26 cell pairs in seven mice
in the saline group and n = 26 cell pairs in seven mice in the ketamine group. Red
dots indicate the averaged values of all recorded cells, and solid black dots indicate the
example cells. **P < 0.0L, ***P < 0.001; NS, not significant. Error bars indicate SEM.
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Fig. 5. Reservoir pool size of NMDARs and recovery rate from ketamine
blockade also contribute to brain region specificity. (A) NMDAR-eEPSCs
(normalized by baseline) during incubation and washout of 10 uM or 1 mM
ketamine in LHb or CA1 PYR neurons. Right: bar graphs showing NMDAR-eEPSCs
at the end of the 10-min perfusion period and at 50 to 60 min after perfusion
(LHb group: P = 0.25, paired t test; CA1 10 uM group: P = 0.0, paired t test; CAl
1 mM group: P = 0.02, Wilcoxon matched-pairs test). n = 9. (B and D) Schematics
illustrating how synaptic blockade [(B) for conditions in (A)] and agonist-induced
blockade [(D) for conditions in (C)] of NMDARs by ketamine are affected

by lateral movement of NMDARs in and out of synapse. Black circles represent
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0 f

closed NMDAR NMDAR blocked by ketamine

synaptic sites. Blue circles represent the area where NMDARs can be opened by
corresponding treatment [synaptic stimulation in (A) or agonist perfusion in (C)].
Red dots represent ketamine. (C) NMDAR-eEPSCs (normalized by baseline)
during incubation and washout of ketamine (1 mM) and NMDA (20 uM) in CAl
PYR neurons (n = 5). Right: bar graphs showing NMDAR-eEPSCs at the end of
the 5-min perfusion period and at 50 to 60 min after perfusion (P > 0.99,
Wilcoxon matched-pairs test). n = 5. (E) Experimental paradigm for slice
recording to estimate the proportion of synaptic NMDAR-eEPSCs in total NMDAR
currents. (F and G) Bar graphs illustrating the total NMDAR currents [P <
0.0001, Mann-Whitney test (F)] and estimated proportion of synaptic NMDAR
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[P = 0.001, Mann-Whitney test (G)] of LHb and CAl PYR neurons. Estimated
proportion of synaptic NMDAR is calculated as maximal NMDAR-eEPSCs divided
by the total NMDAR currents. n = 20 in the LHb group and n = 14 cells in the
CA1 group. (H) Schematic model illustrating why systemic ketamine has a
stronger and more sustained blockade of NMDARs in the LHb, but not hippocampal
CAl PYR neurons, under a depressive state. The high basal activity allows LHb
neurons for ketamine’s open-channel blockade, and the small reservoir pool and the
trapping effect are responsible for a slow recovery of NMDAR transmission. By

preference test (SPT), which model behavioral
despair and anhedonia, respectively (Fig. 6,
C and D). Compared with the control eGFP-
expressing mice, LHb-NR1-cKO mice showed
less depressive-like behavior in both the FST
(P = 0.0002, unpaired ¢ test; Fig. 6D) and SPT
(P = 0.002, Mann-Whitney test; Fig. 6D), sug-
gesting that NR1 cKO in the LHb prevents
depressive-like behaviors.

Because depressive-like behaviors induced
by CRS can last to 3 weeks (59), we were able
to also test whether LHb-NR1-cKO is capable
of reversing depressive-like behaviors. To do
this, AAV-eGFP-Cre or AAV-eGFP virus was in-
jected into the LHb of NR1 fl/fl mice after they
had gone through CRS induction (Fig. 6, E
and F). Two weeks after viral injection, the
LHb-NR1-cKO mice showed reduced depressive-
like behaviors in both the FST (P = 0.004, Mann-
Whitney test; Fig. 6F) and SPT (P = 0.005,
unpaired ¢ test; Fig. 6F) compared with the
eGFP-expressing control mice, suggesting that
NRI1 cKO in the LHb can reverse depressive-
like behaviors after they have been induced.
Using the same protocol shown in Fig. 6E, if
we injected ketamine or saline before the
behavioral test (Fig. 6G), then the ketamine
group did not show any further decrease of
depressive-behaviors than the saline group
(Fig. 6H), suggesting that ketamine’s anti-
depressant effects had been occluded by NR1
cKO in the LHb.

Local knockout of NR1 in LHb reduces
systemic ketamine-induced changes
in the hippocampus

LHb-NR1-cKO mice also provided us with an
opportunity to investigate how ketamine’s ac-
tion in the LHb may affect other brain regions.
In addition to inhibiting LHb bursting, sys-
temic ketamine injection also induced a de-
layed (24 hours after but not 30 min after
injection of ketamine) up-regulation of BDNF
in the hippocampus (7) (fig. S5). We investi-
gated whether there was any change in this
ketamine-induced effect in the hippocampus
when NR1 was locally knocked out in the LHb
(Fig. 6, I to K). Western blots were performed
to measure the level of hippocampal BDNF
24 hours after ketamine injection. In control
mice, consistent with previous reports (7, 60, 6I),
there was an elevated level of BDNF (Fig. 6, I
and J). This elevation was no longer signifi-
cant in LHb-NR1-cKO mice (Fig. 6, I and K).
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We next investigated the mechanism by
which ketamine’s action in the LHb may affect
hippocampal BDNF. Hippocampal BDNF has
been shown to be regulated by serotonin (5-HT)
(62, 63). Because the LHb can inhibit 5-HT
neurons (64, 65), lesioning the LHb increases
the levels of 5-HT (66), as well as BDNF in the
hippocampus (67). We monitored the level of
5-HT in the hippocampus in control and LHb-
NR1-cKO mice after ketamine treatment. A
GRAB5-HT sensor (68) was expressed in the
dorsal hippocampus of CRS mice (fig. S6A).
After systemic ketamine injection, consistent
with previous reports (69-7I), there was a
marked increase in the 5-HT signal in control
mice (fig. S6, B to D). However, such an in-
crease was absent in the LHb-NR1-cKO mice
(fig. S6, E to G). In terms of temporal dynam-
ics, the ketamine-induced increase in hippo-
campal 5-HT signal lagged behind the decrease
in LHD firing. After ketamine treatment, while
the increase of 5-HT signal became significant
at 6 min, the suppression of LHb firing rate
was significant as soon as 1 min after injection
(fig. S6H).

Discussion

We found that in depressive-like animals, keta-
mine selectively inhibits NMDAR responses
in LHb neurons, but not in hippocampal CAl-
PYR neurons. Compared with CAI1-PYR neu-
rons, LHb neurons have much higher intrinsic
activity in the depressive-like state and a much
smaller extrasynaptic reservoir pool of NMDARs.
By increasing the intrinsic activity of CA1 neu-
rons or decreasing the activity of LHb neu-
rons, we were able to swap the sensitivity of
their NMDAR responses to ketamine block-
ade. Behaviorally, conditional knockout of the
NMDAR obligatory subunit NR1 in the LHb
occludes ketamine’s antidepressant effects and
blocks the ketamine-induced increase in 5-HT
and BDNF in the hippocampus. On the basis
of the above results, we propose the following
model for ketamine’s brain region-specific ac-
tion (Fig. 6L). In the depressive-like state, be-
cause of the difference in basal activity in vivo,
NMDARs in the LHb and hippocampus are
in different open or closed states. Because ke-
tamine is an open-channel blocker, when it is
transiently elevated by intraperitoneal injec-
tion, it preferentially blocks open NMDARs
in the LHD or other regions with similar prop-
erties. Blockade of the NMDAR-dependent LHb
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contrast, in hippocampal CAl neurons, which are not as active under a
depressive-like state, the available pool of open NMDARs for ketamine blockade
is small to start with. After this small pool is inhibited, the large, extrasynaptic
reservoir pool of NMDARs quickly exchanges with the blocked ones through
lateral movement, resulting in a rapid recovery of NMDAR transmission.

Circles represent synaptic areas where NMDARs can bind to synaptically
released glutamate. *P < 0.05; ***P < 0.001; ****P < 0.0001; NS, not
significant. Error bars indicate SEM.

bursts can then lead to disinhibition of the down-
stream aminergic neurons (33, 64, 72). Through
their widespread projections, aminergic neurons
can have global effects in many brain regions.
In particular, by blocking LHb-NMDARSs, keta-
mine disinhibits the release of 5-HT, which
can lead to increased BDNF in the hippocam-
pus (62, 63).

Considering the region specificity of keta-
mine, in addition to its high basal activity, we
also emphasize a distinguished feature of LHb
neurons: their small reservoir of extrasynaptic
NMDARSs (Fig. 5). While the high basal ac-
tivity shifts the LHb NMDARs to an open state,
making them susceptible to ketamine block-
ade, the small NMDAR reservoir pool and the
trapping effect (47, 48, 73) are responsible
for the slow recovery of NMDAR transmis-
sion (Fig. 5, A and H). In the hippocampus,
which is not as active under the depressive-
like state, the pool of open NMDARs available
for ketamine blockade is small to start with.
After this small pool is inhibited, the large extra-
synaptic reservoir pool of unblocked NMDARs
quickly exchanges with the blocked NMDARs
through lateral movement (56, 57) (Fig. 5H).
Given the short half-life of unbound ketamine
in tissue, this rapid replacement potentially
leads to the recovery of NMDAR transmis-
sion in regions such as the CA1 (Fig. 5A). The
significance of such replacement is directly
demonstrated by activating all surface re-
ceptors with applied NMDA. When ketamine
subsequently blocks all activated NMDARs, a
prolonged inhibition of NMDA responses can
then be achieved in the CA1 region (Fig. 5C). By
contrast, for the LHb region, where the pool of
extrasynaptic NMDAR is nearly 10-fold smaller
than that in CA1 (Fig. 5, F and G), it is likely that
there is an insufficient reserve for replacement.
As a result, ketamine blockade in the LHb re-
gion is stronger and more sustained (Fig. 5H).

By describing the inherently embedded dif-
ference in their properties and delineating a
temporal sequence in their responses to keta-
mine, we suggest that neurons in different brain
regions may be recruited at different stages,
and that an LHb-NMDAR-dependent event
likely occurs more upstream in the cascade of
ketamine signaling in vivo. Therefore, we are
not arguing that the LHD is the exclusive sole
target of ketamine. The primary targets of ke-
tamine should also include other brain regions
or neuron types that have similar properties as
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Fig. 6. Local knockout of NR1 in LHb
is sufficient to have an antidepressant
effect and occludes ketamine’s anti-
depressant effects. (A) Left: schematics
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two sides of the LHb. Scale bars, 100 um.
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the LHb neurons. Ketamine is likely to act on
multiple brain regions and multiple molecular
partners, but it will be important to under-
stand the difference in the timing of their en-
rollment. Overall, these primary/direct and
secondary/indirect changes in different brain
areas may work in concert to execute the full
spectrum of ketamine’s long-term effects.
One prediction from the behavior state-
dependent action of ketamine is that it should
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have fewer effects on nondepressed individ-
uals, whose LHb is much less active. Indeed,
in a double-blind, placebo-controlled trial, ke-
tamine administrated at a subanesthetic dos-
age only had mood-elevating effects in major
depressive disorder patients, not in healthy
controls (74). Another interesting clinical im-
plication from the model is that cognitive
activity should be avoided during and shortly
after ketamine treatment to reduce the poten-
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) Burst
) firing
Primary target(s)

tial side effects caused by ketamine blockade
of NMDARSs in cognitive brain regions. In sum-
mary, our study delineates a mechanistic basis
for why a pharmacologically important com-
pound, ketamine, has differential effects on dif-
ferent brain loci or under different behavioral
states in vivo. The combination of use-dependent
block, activity levels, and receptor reserves as
a mechanism for region-specific action on a
ubiquitously expressed receptor may inspire
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new ways of thinking about region-specific is-
sues in neuropathology and neuropharmacol-
ogy. Distinction of the primary versus secondary
target(s) of ketamine should help in the design
of more precise and efficient treatments for
depression.

Materials and methods
Animals

Male adult (8 to 16 weeks old) C57BL/6 (SLAC
or Shanghai Jihui) and homozygous NMDA-
receptorlgeyno (NR1 fI/fl; B6.129S4-Grint™% )
mice were used. Mice were group housed four
per cage and subjected to a 12-hour light-dark
cycle (lights on from 7:00 am. to 7:00 p.m.)
with free access to food and water. All animal
studies and experimental procedures were ap-
proved by the Animal Care and Use Committee
of the animal facility at Zhejiang University.

CRS

Mice were subjected to CRS by placing them in
50-ml conical tubes with holes for air flow
for 2 to 6 hours per day for 14: consecutive days
(48, 75).

Systemic drug delivery

All drugs were dissolved in 0.9% saline and
administered intraperitoneally. The dosage
of ketamine (Gutian Pharma Co. or Beikang
Pharma Co.) was 10 mg/kg. The ketamine used
in this study was a mixture of R- and S-ketamine.
One hour after drug injection, animals were
subjected to behavioral tests or sacrificed for
in vitro electrophysiology recordings. For mice
expressing hM3D(Gq) (563, 76) in CAl, CNO
(Sigma) was administered intraperitoneally at
a dosage of 1 mg/kg 30 min before saline or
ketamine injection.

Viral vectors

AAV2/1-hSyn-HI-eGFP-Cre (1:5 dilution, 0.1 ul
bilateral into LHb, University of Pennsylvania
vector core), AAV2/8-hSyn-eGFP (titer: 1.28 x
10" v.g,/ml, 1:5 dilution, 0.1 ul bilateral into LHb,
Taitool), AAV2/9-hSyn-hM3D(Gq)-mCherry-
WPRE-pA (titer: 2.15 x 10" v.g./ml, 1:10 dilu-
tion, 0.2 ul bilateral into CAl, Taitool), AAV2/
9-hSyn-eNpHR 3.0-mCherry (titer: 9.56 x 10"
v.g./ml, 1:5 dilution, 0.1 ul unilateral into LHb,
Taitool), and AAV2/9-hSyn-5-HT2h (titer:
7.48 x 10" v.g./ml, 1:5 dilution, 0.2 pl unilat-
eral into dorsal hippocampus, Vigen Biosci-
ences) were aliquoted and stored at -80°C
until use.

Surgery

Mice were deeply anesthetized with 1% sodium
pentobarbital (100 mg/kg body weight; Sigma)
and secured in a stereotactic frame (RWD
Instruments). The virus was injected into the
LHD (0.1 ul) (AP, -1.72 mm from bregma; ML,
+0.47 mm; DV, -2.62 mm from the dura) or
hippocampal CA1 (0.2 ul) [AP, —-1.90 mm from
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bregma; ML, +1.20 mm; DV, —1.20 mm from the
dura for AAV2/9-hSyn-hM3D(Gq)-mCherry-
WPRE-pA virus and AP, —2.30 mm from bregma,;
ML, +2.30 mm; DV, -2.0 mm from the dura
for AAV2/9-hSyn-5-HT2h virus] using a pulled
glass capillary with a pressure microinjector
(Picospritzer I1I; Parker) at a rate of 0.1 ul/min.
The injection needle was withdrawn 10 min
after the end of the injection. After surgery,
mice were allowed to recover from anesthesia
on a heating pad. For optic fiber implantation,
a 200-um fiber-optic cannula was placed 200 to
400 um above the center of viral injection site
and cemented onto the skull using dental ce-
ment. To verify the virus injection sites and optic
fiber or tetrodes sites, mice were sacrificed after
all experiments. Brain sections were cut at a
thickness of 60 um (Leica CM1950) and counter-
stained with 4/,6-diamidino-2-phenylindole
(DAPI) or Hoechst. Fluorescent images were
acquired using the Olympus MVX10 micro-
scope and VSI120 virtual microscopy slide
scanning system. Only data from mice with
correct injection sites were included.

FST

The FST was used to model behavioral despair,
as previously described (77). Mice were placed
individually in a cylinder (12 cm diameter, 25 cm
height) filled with water (23° to 25°C) and swam
for 6 min under normal light conditions (30 to
35 lux). The water depth was set to ensure that
animals could not touch the bottom with their
tails or hind limbs. Animal behaviors were re-
corded from the side, and the immobile dura-
tion during the 2- to 6-min period was counted
offline by an observer blinded to the animal
treatment. Immobile duration was defined as
the time when animals remained floating or
motionless except for the movements neces-
sary to keep their balance in the water.

SPT

The SPT was used to model anhedonia, as de-
scribed in previous studies (48, 78). Mice were
single housed and habituated with two bottles
of water for 2 days, followed by two bottles of
2% sucrose for 2 days. Next, animals were wa-
ter deprived for 24 hours and then exposed
to one bottle of 2% sucrose and one bottle of
water for 2 hours during the dark phase. The
positions of the bottles were switched 1 hour
after test started. The total consumption of
each fluid was measured, and sucrose pref-
erence was defined as the average of sucrose
consumption ratios during the first and sec-
ond hours. The sucrose consumption ratio
was calculated by dividing the total consump-
tion of sucrose by the total consumption of
both water and sucrose.

Western blot analysis

The habenular membrane fraction for NR1
detection (43) and the hippocampal total pro-
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tein for BDNF detection (79) were extracted
as previously described. Animals were anes-
thetized with isoflurane, and habenular tis-
sue was quickly dissected from the brain and
homogenized in lysis buffer [2 M sucrose
(Sigma); 1 M HEPES, pH 7.4 (Sigma); pro-
tease inhibitor cocktail tablets (Roche); and
phosphatase inhibitor cocktail tablets (Roche)]
on ice. The hippocampal tissue was dissected
and homogenized in radioimmunoprecipitation
assay buffer (Solarbio) on ice. After measure-
ment of the protein concentration using the
bicinchoninic acid assay, 10 to 20 ug of habe-
nular membrane fraction protein for each lane
was separated on a 10% SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) gel and 40 pg
of hippocampal total protein for each lane
was separated on a 4 to 20% SDS-PAGE gel,
and both were transferred for Western blot
analysis. Mouse anti-GluN1 (1:2000; Millipore),
rabbit anti-BDNF (1:1500; Abcam), rabbit anti-
o-tubulin (1:3000; Affinity Biosciences), and
mouse anti-GAPDH-HRP (1:5000; Aksomics)
antibodies were used, along with high-sensitivity
ECL reagent (Cytiva). All bands were analyzed
using ImageJ software.

Foot-shock protocol

For the foot-shock protocol shown in fig. S4,
five foot shocks of 1.0- to 1.5-mA intensity and
3-s duration were randomly delivered within
5 min after saline or ketamine administra-
tion in a fear conditioning chamber (Coulbourn
Instruments).

Optogenetic light delivery and protocols

For mice expressing eNpHR 3.0 (54, 80) in LHb,
a589-nm yellow light laser (Inper) was delivered
immediately after saline or ketamine injection
for 30 min. The light intensity was set at 5 mW.

Brain slice preparation

Mice were anesthetized with 1% sodium pen-
tobarbital (100 mg/kg body weight; Sigma)
and then perfused with 20 ml of ice-cold ar-
tificial cerebrospinal fluid (ACSF) oxygenated
with 95% O, + 5% CO, and containing the fol-
lowing (in mM): 125 NaCl, 2.5 KCl, 25 NaHCOs3,
1.25 NaH,PO,, 1 MgCl,, 2 CaCl,, and 25 glucose,
with 1 mM pyruvate added. The brain was re-
moved as quickly as possible after decapitation
and put into chilled and oxygenated ACSF.
Sagittal slices containing the LHb or dorsal
hippocampal CAl were sliced into 300-um
sections in cold ACSF using the Leica VT1200S
vibratome and then transferred to ACSF at
32°C for incubation and recovery. ACSF was
continuously gassed with 95% O, and 5%
CO,. Slices were allowed to recover for at
least 1 hour before recording.

In vitro electrophysiological recordings

Whole-cell patch-clamp recordings were ob-
tained using pipettes with a typical resistance
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of 3 to 7 MQ (3 to 5 MQ for hippocampal neu-
rons; 4 to 7 MQ for LHb neurons). For re-
cording neuronal activity under current-clamp
conditions, the pipettes were filled with in-
ternal solution containing the following (in
mM): 105 K-gluconate, 30 KCl, 4 Mg-ATP,
0.3 Na-GTP, 0.3 EGTA, 10 HEPES, and 10 Na-
phosphocreatine, with pH adjusted to 7.25 to
7.30. For evoked EPSCs and NMDA-induced
current recording under voltage-clamp con-
ditions, the pipettes were filled with internal
solution containing the following (in mM):
115 CsMeSO3, 20 CsCl, 10 HEPES, 2.5 MgCl,,
4 Na-ATP, 04 Na-GTP, 10 Na-phosphocreatine,
0.6 EGTA, and 5 QX-314, with pH adjusted to
7.25 to 7.30. The external ACSF solution con-
tained the following (in mM): 125 NaCl, 2.5 KCl,
25 NaHCO3, 1.25 NaH,PO,, 1 MgCl,, 2 CaCl,, and
25 glucose. Cells were visualized using infra-
red optics on an upright microscope (BX51WT;
Olympus), and electrophysiology was performed
using a MultiClamp 700B amplifier controlled
by a DigiData 1550 digitizer and pCLAMP10
software (Axon Instruments). The series re-
sistance and capacitance were compensated
automatically after a stable gigaseal was formed,
and recordings were typically conducted 3 to
10 min after break-in.

Voltage-clamp recordings of eEPSCs were
obtained at -70 mV or +40 mV by stimulating
the input stria medullaris fiber in sagittal LHb
slices or Schaffer collaterals in sagittal CA1l
slices. A modified extracellular ACSF solution
containing the GABA4R blocker PTX (100 uM;
Tocris Bioscience) was used. A bipolar stim-
ulating electrode was placed ~200 um from
the recorded cell bodies. For the LHb, the neu-
ron types were not distinguished because most
in that region are glutamatergic neurons (44).
For the CA1, we selectively recorded PYR neu-
rons on the basis of their positional, morpho-
logical, and electrophysiological properties
(81, 82). In CAl, the PYR neurons are located in
the PYR layer, and the interneurons are main-
ly in the stratum radiatum. Moreover, the in-
put resistance of CA1 PYR neurons (~100 MQ)
is smaller than CAI interneurons (~350 MQ)
(81). Therefore, we selectively recorded neu-
rons with small input resistance in the PYR
layer of the hippocampus. Stimulation pulse
(0.25 to 1.50 mA for 0.2 ms in 0.25-mA steps)
were delivered every 6 to 10 s. The cell was
initially held at -70 mV to record AMPAR-
eEPSCs, which were determined by the peak
current amplitude at -70 mV. Subsequently, the
cell was held at +40 mV to record a combina-
tion of AMPAR-eEPSCs and the slower NMDAR-
mediated eEPSCs. To isolate the NMDAR-eEPSCs
at +40 mV, we selected a time point after stim-
ulation onset when AMPAR-eEPSCs had decayed
to the baseline. LHb synapses are known to
largely express GluR2-lacking AMPARSs (calcium-
permeable AMPARSs) (41, 42) that deactivate
much faster and exhibit stronger inward recti-
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fication than the PYR GluR2-containing AMPARs
(83). The time point was chosen to be 35 ms for
LHDb neurons (84, 85) and 60 ms for CA1 PYR
neurons (86, 87). More than three traces were
averaged at each stimulation intensity and
holding potential. NMDA/AMPA ratios were
determined by dividing the NMDAR-eEPSCs
by the AMPAR-eEPSCs at 1.5-mA stimulation
intensity.

The pure NMDAR-eEPSCs were recorded
at +40 mV using a pharmacological isolation
method with NBQX to block AMPARs and
PTX to block GABA,Rs in the recording ACSF.
The NMDAR-eEPSCs were calculated by mea-
suring the peak amplitude in this recording
condition.

For the paired recording shown in Fig. 4, the
border area of the viral injection site was se-
lected to increase the likehood of having both
fluorescently positive and negative neurons
adjacent to each other for sequential whole-
cell patch recording. The order of patching
fluorescently positive and negative neurons
was randomized. For the experiment in Fig. 4E,
note that mice are placed in a novel cage to pro-
vide more presynaptic inputs to hippocampal
neurons, because NMDAR opening requires
both postsynaptic depolarization and presynap-
tic glutamate release.

To validate optogenetic and chemogenetic
manipulations, LHb or CAl neurons were re-
corded under current-clamp conditions (I =
0 pA). The spontaneous and current injection-
induced activities of LHb neurons were re-
corded while yellow light laser (589 nm, 5 mW,
constant) was turned on and off. Photostimu-
lation induced robust hyperpolarization and
almost entirely silenced LHb neurons. The
resting membrane potential and the current-
voltage relationship (500-ms current pulses
from O to 140 pA in 10-pA steps) of hippocam-
pal CAl neurons were recorded before and
after perfusion with 5 uM CNO (Sigma). The
minimal currents required to induce an action
potential were calculated.

For pharmacological washout recordings
of NMDAR-eEPSCs, NMDAR-eEPSCs were
recorded under voltage-clamp conditions at
-70 mV in sagittal LHb or CAl slices using a
modified extracellular ACSF solution with NBQX
(10 uM; Sigma) and PTX (100 uM; Tocris Bio-
science). Recordings were made in ACSF with-
out added Mg?* to reduce the Mg>* blockade
of NMDARs. The stimulation intensity (0.1 to
0.3 ms at 0.1 to 5 mA) was adjusted for each cell
to produce adequate responses. LHb neurons
with an NMDAR-eEPSC <10 pA were excluded
from the washout experiments. Stimulation
pulses were delivered every 10 s. After a 5-min
stable baseline recording, 10 uM or 1 mM ke-
tamine was added to the recording ACSF and
then washed out 10 min later to monitor the
recovery of NMDAR-eEPSCs over the next
50 min. NMDAR-eEPSCs were normalized by
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the baseline before drug application. To fully
block the NMDAR in hippocampal CA1 neurons,
20 uM NMDA (Sigma) was perfused together
with 1 mM ketamine for 5 min. The normal-
ized NMDAR-eEPSCs at the end of drug per-
fusion (at 10 min in Fig. 5A or at 5 min in Fig. 5C)
were calculated to show the degrees of drug
blockade, and the averaged normalized NMDAR-
eEPSCs at 50 to 60 min were calculated to show
the degrees of response recovery (Fig. 5).

To compare the sizes of the NMDAR reser-
voir pool and to quantify the proportion of
synaptic NMDAR-eEPSCs in the total NMDAR
currents of LHb and CA1 neurons, we recorded
the maximal NMDAR-eEPSCs and total NMDAR
currents in the same cell. First, we recorded
the NMDAR-eEPSCs of LHb neurons and CA1
neurons under voltage-clamp conditions at
-70 mV in a modified ACSF with NBQX (10 uM;
Sigma) and PTX (100 uM; Tocris Bioscience)
and zero Mg>*. We then gradually increased
the stimulation intensity until reaching the
maximal responses, which we calculated as the
synaptic NMDAR-eEPSCs. Next, we recorded
the NMDA-induced currents (3 min of 20 uM
NMDA perfusion) in the same neuron as the total
NMDAR currents. The proportion of synap-
tic NMDAR-eEPSCs in total NMDAR currents
was calculated as maximal NMDAR-eEPSCs
divided by NMDA-induced currents. Because
of the desensitization of NMDARs and the
presence of NMDARSs tonically activated by
ambient glutamate, the NMDA-induced cur-
rents could be underestimated. Therefore,
the proportions sometimes exceeded 100%
in LHb neurons, which were uniformly calcu-
lated as 100%.

In vivo electrophysiology

For in vivo single-unit recording experiments,
a custom-made screw-driven microdrive con-
sisting of a 4 x 4 platiniridium alloy wire [size
0 (0.0007"), Platinum 10; California Fine Wire
Company] tetrode was implanted into the uni-
lateral LHb (AP, -1.72 mm; ML, 0.47 mm; DV,
-2.50 mm from the brain surface) or CA1 (AP,
-1.90 mm; ML, 1.20 mm; DV, -1.10 mm from
the brain surface) in mice. Four wires wounded
into one strand were used as a unit, and each
wire represented one channel. Silver wires were
attached to two screws on the skull as ground.
The microdrive was secured to the skull with
dental cement. After >1 week of recovery,
mice were allowed to adapt to the recording
headstage for 30 min before recording. Spon-
taneous spiking activity was recorded by a neural
recording system (Plexon Inc.) and digitized at
40 kHz with a gain of 1000x. Spontaneous spik-
ing signals were band-pass filtered between
300 and 6000 Hz. The common average refer-
ence was assigned as a digital reference. The
amplitude threshold for spike capture was ad-
justed for each unit according to the signal-to-
noise ratio. Spontaneous spiking signals of the
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mice were recorded for 10 min after habitua-
tion in their home cages as the baseline. Spik-
ing signals were then continuously recorded
for 1 hour after saline or ketamine treatment
(10 mg/kg, i.p.) with the head stage unremoved.
The tetrodes were lowered in steps of 62.5 pm
in LHb, 31.2 um in CA1 after each recording
session, followed by at least a 3-day recovery.
If mice received a second ketamine injec-
tion, an interval of at least 3 to 7 days was
introduced before the next recording ses-
sion. The CRS animals that showed high im-
mobile duration (>120 s) and naive animals
that showed low immobile duration (<120 s) in
the FST were used in the in vivo recordings.
The positions of the tetrodes were verified at
the end of all experiments, and only data
from mice with correctly positioned tetrodes
were used.

Spike sorting

All waveforms recorded from each tetrode were
imported into Offline Sorter V3/4 (Plexon
Inc.). Single units were manually identified
by threshold crossing and principal compo-
nent analysis. Spikes with an interspike in-
terval less than the refractory period (1.0 ms)
were excluded. Cross-correlograms were plotted
to ensure that no cell was discriminated more
than once on overlapping tetrodes. Because
most LHb neurons are glutamatergic (44),
they were not subdivided in our study. Hip-
pocampal CA1 neurons were further divided
into three cell types on the basis of their spike
width and spontaneous firing frequency
(88-90). Neurons with a spike width larger
than 400 us were identified as putative PYR
neurons, whereas neurons with a spike width
shorter than 400 us and firing frequency
higher than 8 Hz were identified as fast-spiking
putative interneurons (also known as putative
parvalbumin-positive neurons). The remain-
ing neurons were identified as non-fast-spiking
putative interneurons. Only putative PYR neu-
rons with an average basal firing rate of at
least 0.1 Hz were included for analysis in this
study (91).

Data analysis

Data were analyzed using NeuroExplorer 4/5
(Plexon Inc.) and MATLAB. We defined in vivo
bursting as clusters of spikes beginning with
a maximal interspike interval of 20 ms and
ending with a maximal interspike interval of
50 ms. The minimal intraburst interval was
set at 50 ms, and the minimal number of spikes
in a burst was set at 2. FR and bursting FR were
further analyzed using NeuroExplorer 4/5 and
Excel 2013. For the ketamine or saline treat-
ment data, the inhibited or excited units were
statistically analyzed by 2-score transformation
of FR or bursting FR. The postinjection z-score
of each unit was calculated as: & = (2 - p)/o,
where & is the mean of all the 100-s-bin values
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during the postinjection period (i.e., 50 to
60 min after drug injection) and u and o are
the mean and SD of all the 100-s-bin values
during baseline period (i.e., 10 min before drug
injection).

The inhibition or excitation of a unit was iden-
tified when its postinjection s-score of firing rate
was < -1.67 or = 1.67 (P < 0.05) (92), respectively.

RNAscope HiPlex assay

RNAscope HiPlex assays were performed fol-
lowing the manufacturer’s protocol (Advanced
Cell Diagnostics) and as described in a previous
study (93). Brain slices were 15 um thick and
obtained using a slicer (Leica CM1950). The
slices were immersed in phosphate-buffered
saline twice for 10 min each at room tempera-
ture, followed by dehydration with 50%, 70%,
and 100% ethanol. Subsequently, the slices
were immersed in H,O, for 10 min and then
incubated with rabbit anti-GFP (Invitrogen)
at a 1:100 dilution overnight. The slices were
immersed in 4% formalin for 30 min at room
temperature and digested with protease plus
for 30 min at 40°C. After hybridization with
the designed probes Mm-Grinl (Advanced
Cell Diagnostics, catalog no. 431611) for 3 hours
at 40°C, the sections were treated with HiPlex
Amp 1-3 for 30 min at 40°C, followed by treat-
ment with HiPlex Fluoro CI for 15 min at 40°C
and TSA Plus Fluorescein 690-C1 buffer (1:500)
for 30 min at 40°C. HRP blocker was then ap-
plied for 30 min at 40°C. The slices were imaged
using a Nikon Al confocal microscope equipped
with laser lines (405, 488, and 650 nm) and a
10x objective. All images were analyzed using
ImageJ software.

Fiber photometry recording

Fiber photometry experiments were conducted
in accordance with methodologies described
previously (94). Using the fiber photometry
apparatus provided by Thinker Tech Nanjing
Biotech Co., Ltd., a 488-nm laser beam was di-
rected toward the dorsal hippocampus for the
purpose of exciting and capturing the green
fluorescent signals emitted by the 5-HT sensor.
In an effort to mitigate the photobleaching
of the 5-HT sensor, the laser’s intensity was
meticulously adjusted to a minimal level of
20 uW at the optic fiber’s tip, and the sampling
frequency was set at 50 Hz. The experimen-
tal protocol included a baseline recording
period of 15 min, followed by a 1-hour post-
intraperitoneal injection (either saline or keta-
mine at a dosage of 10 mg/kg) recording phase.
Data were analyzed by the codes (OpSignal,
from Thinker Tech Nanjing Biotech Co., Ltd.)
based on MATLAB. The analysis focused on
the fluorescence responses, denoted as AF/F,
calculated by the formula (F - Fy)/F,, where F,
represents the mean baseline fluorescence in-
tensity quantified during a period of 400 s im-
mediately preceding the administration of the
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drug through intraperitoneal injection. Further-
more, the area under the curve was determined
by summing the fluorescence changes observed
between 500 and 3000 s after the intraperi-
toneal injection of either saline or ketamine
(10 mg/kg). The results, including AF/F, are
depicted as heatmaps and as average plots,
with the SEM represented by a shaded area
surrounding the plots.

Statistical analysis

Required sample sizes were estimated on the
basis of our previous experience performing
similar experiments. Mice were randomly as-
signed to treatment groups, and all behavioral
experiments were performed in a blinded man-
ner. Statistical analyses were conducted using
GraphPad Prism software v7/8. Values were
excluded from the analysis if the tetrode sites
were outside of the target brain area accord-
ing to pre-established criteria. All statistical
tests were two-tailed, and significance was
assigned at P < 0.05. Normality and equal var-
iances between group samples were assessed
using the D’Agostino-Pearson omnibus nor-
mality test and Brown-Forsythe tests, respec-
tively. For samples with normality and equal
variance, we used paired or unpaired ¢ test,
and for samples with unequal variance, we
used Mann-Whitney test or Wilcoxon matched-
pairs test. The linear regression test was used
in the appropriate situations. The data shown
in fig. S6H were smoothed with a zero-phase
Gaussian filter, and P values were further cor-
rected for multiple comparisons using the false
discovery rate. Further details are provided in
table S1.
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