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Low-dose ketamine, an open-channel N-methyl p-aspartate recep-
tor (NMDAR) antagonist, mediates rapid antidepressant effects in
humans that are mimicked in preclinical rodent models. Disinhibition
of pyramidal cells via decreased output of fast-spiking GABAergic
interneurons has been proposed as a key mechanism that triggers
the antidepressant response. Unfortunately, to date, disinhibition
has not been directly demonstrated. Furthermore, whether disinhi-
bition is a common mechanism shared among other antagonists with
rapid antidepressant properties in humans has not been investigated.
Using in vitro electrophysiology in acute slices of dorsal hippocampus
from adult male Sprague-Dawley rats, we examined the immediate
effects of a clinically relevant concentration of ketamine to directly
test the disinhibition hypothesis. As a mechanistic comparison, we
also tested the effects of the glycine site NMDAR partial agonist/
antagonist GLYX-13 (rapastinel), the GIuN2B subunit-selective NMDAR
antagonist Ro 25-6981, and the muscarinic acetylcholine receptor
(mAChR) antagonist scopolamine. Low-dose ketamine, GLYX-13,
and scopolamine reduced inhibitory input onto pyramidal cells
and increased synaptically driven pyramidal cell excitability mea-
sured at the single-cell and population levels. Conversely, Ro 25-
6981 increased the strength of inhibitory transmission and did
not change pyramidal cell excitability. These results show a de-
crease in the inhibition/excitation balance that supports disinhi-
bition as a common mechanism shared among those antagonists
with rapid antidepressant properties. These data suggest that
pyramidal cell disinhibition downstream of NMDAR antagonism
could serve as a possible biomarker for the efficacy of rapid
antidepressant therapy.

excitation/inhibition balance | major depression | disinhibition | GABAergic
transmission | hippocampal networks

etamine, an open-channel N-methyl p-aspartate receptor

(NMDAR) antagonist, has provided a new outlook for treatment-
resistant major depressive disorder (MDD) due to its rapid ben-
eficial effects occurring within 2-3 h following i.v. administration
(1, 2). Unwanted psychoactive side effects and the abuse potential
of ketamine have prompted numerous studies focused on identi-
fying key cellular mechanisms in hippocampus and cortex that are
responsible for ketamine’s antidepressant effects and could serve
as alternate therapeutic targets.

The “disinhibition hypothesis” posits that rapid NMDAR antag-
onism on fast-spiking GABAergic inhibitory interneurons, particu-
larly the parvalbumin basket cells (PV BCs), reduces inhibitory input
onto pyramidal cells, indirectly increasing their excitability (3—
6). This pyramidal cell disinhibition is thought to trigger signaling
pathways that help reestablish synaptic communication in brain
regions negatively impacted in depression, such as hippocampus and
prefrontal cortex (PFC). Published studies from rodent models re-
port that increased phospho-mTOR, BDNF, excitatory transmission
mediated by glutamatergic AMPA receptors (AMPARs), and den-
dritic spine density occur hours after ketamine is metabolized (3—
9). The disinhibition hypothesis receives support from early studies
showing increased action potential (AP) firing of presumed pyra-
midal cells recorded in PFC in vivo within 10 min of i.p. ketamine
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administration concurrent with elevated extracellular glutamate
(10, 11). However, other published reports challenge this view (12—
15), and implicate tonically active NMDARs, such as those con-
taining the GluN2B subunit, on pyramidal cells and decreased eEF2
signaling, all measured within a time frame well after ketamine’s dis-
appearance from brain (13, 16-18). More recent studies suggest that
active ketamine metabolites, specifically (2R, 6R)-hydroxynorketamine
(HNK), help mediate the antidepressant effects of ketamine via
an AMPAR- or NMDAR-dependent mechanism (19, 20). These
metabolites may be responsible for the longer lasting antidepressant
response of ketamine compared with other investigational antide-
pressants, such as the NMDAR partial agonist/antagonist rapastinel
(GLYX-13) (21). Although these cellular mechanisms are not agreed
upon, studies are in consensus that increased BDNF and AMPAR
transmission are important for the antidepressant effects of ketamine
(9, 16-18, 22). The possibility remains that all of these identi-
fied mechanisms work in concert to mediate the antidepressant
effects of ketamine.

The disinhibition hypothesis has yet to be rigorously tested to
provide additional support either for or against this concept. If
disinhibition is a key mechanism, then it should be shared by
other NMDAR antagonists with rapid antidepressant efficacy, as
well by the muscarinic actelycholine receptor (mAChR) sco-
polamine, which has rapid antidepressant responses in both
humans and rodents (23-29). Here, using clinically relevant con-
centrations and a seconds-to-minutes time frame consistent with the
rapid effects occurring in vivo when i.v. ketamine reaches brain, we
tested whether ketamine and other antagonists rapidly shift the
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inhibition/excitation (I/E) balance toward excitation through dis-
inhibition of CA1 pyramidal cells. We report that antagonists with
significant antidepressant efficacy in humans share the ability to
reduce inhibitory input onto pyramidal cells and disinhibit them
within minutes.

Results

Ketamine Reduces Inhibitory and Excitatory Input and Disinhibits CA1
Pyramidal Cells. If NMDARSs on spontaneously active GABAergic
interneurons, such as PV BCs, are an initial target of low-dose
ketamine, then a decrease in spontaneous inhibitory postsynaptic
current (sIPSC) frequency onto pyramidal cells should be observed
during bath application of ketamine. Bath application was used in
an attempt to mimic the rapid distribution through brain during in
vivo i.v. infusion as in humans, and we chose 1 pM ketamine as this
is the estimated concentration reached in human brain during low-
dose iv. administration (30). We performed these experiments
during pharmacological blockade of AMPARs to isolate sIPSCs
originating from spontaneously active interneurons. Consistent with
GABAergic interneurons being a possible target of ketamine, we
observed a significant increase in the sIPSC interevent interval (IEI)
[Fig. 1 A and B; n = 10 cells, Kolmogorov-Smirnov (KS) maximum
vertical deviation (D value) = 0.13, P < 0.0001], reflecting a decrease
in frequency, and a near-significant decrease in sIPSC amplitude
(Fig. 1 4 and B; n = 10 cells, KS D value = 0.05, P = 0.051). The
decrease in SIPSC amplitude is likely a consequence of a bias toward
removing larger amplitude sIPSCs generated by spontaneous APs in
interneurons, such as PV BCs. To determine if this effect of ket-
amine is selective for inhibitory input, we next examined its effect on
spontaneous excitatory postsynaptic currents (SEPSCs). Surprisingly,
we found an increase in the SEPSC IEI (decreased frequency) (Fig. 1
C and D; n = 8 cells, KS D value = 0.07, P < 0.01) and a decrease in
sEPSC amplitude (Fig. 1 C and D; n = 8 cells, KS D value = 0.2141,
P < 0.0001) when cells were held at V = =50 mV [approximate
chloride reversal potential (Eq;-)] to isolate EPSCs (which reverse at
V = 0 mV) from IPSCs, and in no synaptic blockers. However,
because we are estimating E¢;_ at —=50 mV, the true E_ could be
more depolarized in some cells, so sSIPSCs would be recorded as
inward currents. In this case, ketamine could be removing inward
currents that are really GABAergic sIPSCs rather than glutamatergic
sEPSCs, making it appear as if ketamine is decreasing SEPSC fre-
quency. To test if ketamine actually decreases SEPSC frequency, we
recorded sEPSCs in the presence of 100 pM picrotoxin to phar-
macologically isolate them, and found that ketamine had no effect
on sEPSC IEI (Fig. S14; n =5 cells, KS D value = 0.06, P = 0.64).
These data indicate a selective effect of ketamine in decreasing
the frequency of sIPSCs, with no effect on sEPSC frequency.
Furthermore, this finding explains the significant increase in
sEPSC IEI (decreased frequency; Fig. 1 C and D) measured in the
absence of picrotoxin. However, in contrast to the effect on IEI,
ketamine still elicits a significant decrease in SEPSC amplitude in
the presence of picrotoxin (Fig. S1B; n = 5 cells, KS D value =
0.14, P < 0.01). This result is likely due to a fraction of the post-
synaptic NMDARs being open at the holding potential of
—50 mV, allowing for ketamine block, which would not occur when
cells are at their typical resting membrane potential (Vi ~
—60 to —70 mV). Despite these possible caveats, the net circuit ef-
fects of ketamine and other rapid antidepressants can only be
revealed when the circuit is kept intact.

The above findings led us to investigate whether the reduction in
inhibitory input was significant enough to cause disinhibition of py-
ramidal cells. We used whole-cell current-clamp recordings of CA1
pyramidal cells and assessed the effect of ketamine on intrinsically
driven and synaptically driven excitability (Fig. 1E). Using this
approach, we are able to investigate whether ketamine has a direct
effect on the membrane properties of CAl pyramidal cells that
could increase excitability and/or an indirect effect on pyramidal
cell excitability through modulation of synaptic input onto these
cells. A sequence of hyperpolarizing somatic current injections was
used to assess possible effects of ketamine on input resistance. This
was alternated with a depolarizing somatic current injection, which
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elicited APs to measure intrinsically driven excitability. Electrical
stimulation via an electrode placed in CA1l stratum radiatum was
used to activate synaptic drive onto CA1 pyramidal cells, and
stimulation strength was set to elicit a subthreshold excitatory
postsynaptic potential-inhibitory postsynaptic potential (EPSP-
IPSP) sequence in >60% of trials. If ketamine causes disinhi-
bition that is due to a decrease in the strength of inhibitory input
onto pyramidal cells rather than to a direct effect on the membrane
properties of pyramidal cells, then the same electrical synaptic
stimulus strength should increase the probability that synaptic drive
generates APs without changing the AP number elicited by the
depolarizing somatic current injection. In essence, synaptically
generated subthreshold EPSPs should be converted to supra-
threshold EPSPs (i.e., APs) if synaptic inhibition is decreased
by ketamine. Following a stable baseline of recording, 1 pM
ketamine was bath-applied. Consistent with a disinhibition mecha-
nism, ketamine significantly increased the synaptic AP probability
(Fig. 1F; 0~10 min: 0.20 + 0.04, 25-30 min: 0.82 + 0.05; n = 7 cells;
paired ¢ test, P < 0.0001) in the absence of an increase in the
number of APs evoked by direct current injection (Fig. 1H; 0-
10 min: 4.12 + 0.60, 25-30 min: 4.04 + 0.92; n = 7 cells; paired
t test, P = 0.91), AP threshold (Fig. 1H; 0-10 min: —53.78 +
1.82 mV, 25-30 min: —54.21 + 1.45 mV; n = 7 cells; paired ¢ test,
P = 0.67), or decrease in input resistance (Fig. 1H; 0-10 min:
49.05 + 3.67 MQ, 25-30 min: 47.74 + 3.12 MQ; n = 7 cells; paired
t test, P = 0.53). Importantly, the ketamine-induced increase in
synaptic AP probability was not observed in the presence of 100 pM
picrotoxin (Fig. S2; n = 7 cells; paired ¢ test, P = 0.44), indicating
that the effect of ketamine depends on GABAergic transmis-
sion. Furthermore, in control experiments, synaptic AP probability
remained stable over the 30-min recording period (Fig. 1G; 0-
10 min: 0.17 + 0.02, 25-30 min: 0.21 + 0.06; n = 17 cells; paired
t test, P = 0.55), and there were no changes in AP number
generated by direct depolarizing current injection (Fig. 11; 0-
10 min: 6.86 + 0.71, 25-30 min: 6.67 + 0.78; n = 17 cells; paired
t test, P = 0.51), AP threshold (Fig. 1/; 0-10 min: —49.9 +
0.98 mV, 25-30 min: —50.26 + 1.06 mV; n = 17 cells; paired
t test, P = 0.20), or input resistance (Fig. 17; 0-10 min: 45.06 +
3.81 MQ, 25-30 min: 43.52 + 3.76 MQ; n = 17 cells; paired
t test, P = 0.20). These results show that the most immediate
effect of ketamine, at a concentration that mimics what occurs in
humans treated with iv. ketamine, is to enhance pyramidal cell
excitability by reducing synaptic inhibitory input. This allows excit-
atory synaptic input to drive pyramidal cells to fire APs independent
of a change in intrinsic membrane properties.

GLYX-13 Mimics the Effect of Ketamine and Causes Disinhibition. We
reasoned that if disinhibition is a key mechanism in triggering
downstream signaling pathways required for the antidepressant
effects of ketamine, then other NMDAR antagonists known to
mediate an antidepressant response should also cause disinhi-
bition. Thus, we next tested the partial NMDAR agonist/antag-
onist GLYX-13, which blocks NMDAR-mediated current at
1 pM (31). In every measure, GLYX-13 (1 pM) mimicked the
effect of ketamine. In the presence of GLYX-13, the sIPSC IEI
was increased (Fig. 2.4 and B; n = 6 cells, KS D value = 0.15, P <
0.0001) and the sIPSC amplitude was decreased (Fig. 2 4 and B,
n = 6 cells, KS D value = 0.10, P < 0.0001). Similarly, the sEPSC
IEI increased (Fig. 2 C and D; n = 8 cells, KS D value = 0.06, P <
0.01) and sEPSC amplitude decreased (Fig. 2 C and D; n =
8 cells, KS D value = 0.13, P < 0.0001). Most importantly,
GLYX-13 (1 uM) significantly increased synaptic AP probability
(Fig. 2 E and F; 0-10 min: 0.19 + 0.02, 25-30 min: 0.47 + 0.05;
n = 10 cells; paired ¢ test, P < 0.001), while the AP number
produced by direct somatic current injection was not altered
(Fig. 2G; 0-10 min: 5.36 + 0.77, 25-30 min: 545 + 0.92; n =
10 cells; paired ¢ test, P = 0.90), and neither was the AP threshold
(Fig. 2G; 0-10 min: —49.7 + 1.07 mV, 25-30 min: -50.05 +
0.92 mV; n = 10 cells; paired ¢ test, P = 0.36) or input resistance
(Fig. 2G; 0-10 min: 36.82 + 3.92 MQ, 25-30 min: 37.76 + 4.46 MQ;
n = 10 cells; paired # test, P = 0.53). These data indicate that even

Widman and McMahon


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718883115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718883115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718883115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1718883115

w
9,
0
4]
O

100 100
22 22w
&35 o0 53 e
S © =5 @
EE 4 EZ
3 20!/ — Baseline 3 & 20 — Baseline
o -- Ketamine p -- Ketamine
e 0 2 4 6 0 50 100 150 200
\ ,\_J Interevent Interval (s) Peak Amplitude (pA)
Ketamine
D sEPSC
100 100

$2 22w
- = =
% g 60 .g ﬁ 60
EL 4 €2
S a 20 — Baseline 3 o 20 — Baseline
e r ______ | BERER A fr 1| o -- Ketamine p -- Ketamine
o i) 2 4 6 0 25 50 75 100
4 v ’ AN i Interevent Interval (s) Peak Amplitude (pA)
Ketamine
E 2 — Baseline
— Ketamine
2 T’\

A

1uM Ketamine G
F s 7 " 1 1 1 n o LR BN NN ) UBD 1 00RO RORRTIRORY SORSSORESORR ORI uh) 16 IIJI mnn LR RN ]
£ 6F 0w o wm ————— o 14
E 5 1 L) 1 tromum LA N R e E 12
=] 4 " L [N} 1 [N N} Ll W W L =] 13
z 3 mom UL T AR RN RO BRURR CRMRIRR (BB RURIURIR (RR VMR UND (S 0 z 6
% 2 " LI B B I ] " " 110 IEHNBGHNRGHRLE ORBHNRGONR O BRI RO OR % 4
Q 14 L T R Ty ey (&] 2
0 10 20 30 30
Time (Min}
L > 40 o s,
= 1 1.0 2 10 1.0
< E 03 o0 ¢°¢¢ 08 <TE o3 08
L£F 06 B e 275 06 0.6
ag 04 °M¢-¢f-é -------- 0.4 28 01 N 04
279 00 0.2 T i L it 0.2
5\ o ‘0'2. 1uM Kelamme , 0.0 é‘ﬂ. -0.24 . ac_SF . 0.0
0 10 20 30 Q 0 10 20 30 & O
b N ™
Time (Min) e“‘,._, Time (Min) &t
H el v
— Baseline — Baseline | — 0-10 Min — 0-10 Min
— Ketamine — Ketamine 25-30 Min 25-30 Min
_H L——(_—I
5}
12 T 40 = 100 w12 2
o 10 24 - o 80 a 10 2 =
o & 50 28w i B 3 :
S 4 £ 55 R = g4 £ s
= = @ 20 = 4 ~—__ - 7]
a2 o 60 ® 8 2 = o )
0- < -65 &’ 0 0 < é’
& & & & S & & S & &
5 S S SV S S
qf" f'f” 'f) Q' q(?, "b‘ Q 'c)

Fig. 1. Ketamine reduces sIPSCs and sEPSCs and disinhibits pyramidal cells. (A) Representative traces of sIPSCs in baseline conditions and in the presence of
ketamine. (Scale bars: 100 pA and 5 s; Inset, 100 pA and 500 ms.) (B) Cumulative probability of the IEl showing a significant increase in ketamine (P < 0.0001,
n =10, 1,880 baseline events, 1,250 ketamine events), and there is a trend toward decreased peak amplitude of sIPSCs in the presence of ketamine (P = 0.051,
n =10, 1,880 baseline events, 1,250 ketamine events). (C) Representative traces of sEPSCs in baseline and ketamine conditions. (Scale bars: 20 pA and 3 s; Inset,
20 pA and 500 ms.) (D) Cumulative probability of increased IEI (P < 0.01, n = 8, 1,460 baseline events, 1,440 ketamine events) and decreased peak amplitude
(P <0.001, n=38, 1,460 baseline events, 1,440 ketamine events) of sEPSCs in the presence of ketamine. (E) Schematic of whole-cell recordings of CA1 pyramidal
cells where APs were elicited with a depolarizing current step (1) and electrical stimulation of Schaffer collaterals (2). (Scale bars: 20 mV and 100 ms.) (Inset)
Subthreshold EPSP-IPSP sequence from cell 1. The baseline EPSP-IPSP (black) shows a decrease in the IPSP amplitude in the presence of ketamine (red, black
arrow). (Scale bars: 2 mV and 50 ms.) (F) Raster plot (Top) and summary plots (Bottom) showing a significant increase in synaptic AP probability with bath
application of ketamine (*P < 0.001, n = 7). (G) Raster plot (Top) and summary plots (Bottom) demonstrating no significant change in synaptic AP probability
in control cells recorded over 30 min (n = 16). (H) No change in intrinsic properties (AP number generated via direct current injection, AP threshold, or input
resistance) in the presence of ketamine. (Scale bars: 20 mV and 100 ms, 2 mV and 100 ms.) (/) No change in intrinsic properties in control recordings. (Scale
bars: 20 mV and 100 ms, 2 mV and 100 ms.) All values are mean + SEM.
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Fig. 2. GLYX-13 mimics ketamine by decreasing sIPSCs and sEPSCs and disinhibiting pyramidal cells. (A) Representative traces demonstrating a decrease in
sIPSC frequency and amplitude in the presence of GLYX-13. (Scale bars: 100 pA and 5 s; Inset, 100 pA and 500 ms.) (B) Cumulative probability shows a sig-
nificant increase in sIPSC IEl in GLYX-13 (P < 0.0001, n = 6, 2,350 baseline events, 2,175 GLYX-13 events) and a decrease in peak amplitude with bath ap-
plication of GLYX-13 (P < 0.0001, n = 6, 2,350 baseline events, 2,175 GLYX-13 events). (C) Representative traces of sEPSCs in baseline conditions and in the
presence of GLYX-13. (Scale bars: 25 pA and 3 s; Inset, 25 pA and 500 ms.) (D) Cumulative probability of the IEIl increasing (P < 0.01, n = 8, 1,900 baseline
events, 1,700 GLYX-13 events) and peak amplitude of SEPSCs decreasing (P < 0.0001, n = 8, 1,900 baseline events, 1,700 GLYX-13 events) in the presence of
GLYX-13. (E) Schematic of whole-cell recordings of CA1 pyramidal cells where APs were elicited with a depolarizing current step (1) and an electrical
stimulation of CA3 synapses (2). (Scale bars: 20 mV and 100 ms.) (Inset) Subthreshold EPSP-IPSP sequence from cell 2. The baseline EPSP-IPSP (black) shows a
decrease in the IPSP amplitude with bath application of GLYX-13 (red, black arrow). (Scale bars: 2 mV and 50 ms.) (F) Raster plot (Left) and summary plots
(Right) showing a significant increase in synaptic AP probability with bath application of GLYX-13 (*P < 0.001, n = 10). (G) No significant change is observed in
the AP number generated via direct current injection, AP threshold, or input resistance measured in from the depolarizing and hyperpolarizing current steps
(n = 10). (Scale bars: 20 mV and 100 ms, 2 mV and 100 ms.) All values are mean + SEM.
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though GLYX-13 is a mechanistically different NMDAR antagonist
from ketamine, it shares the same circuit effects as ketamine
with a net effect of increased probability that excitatory synaptic
input will drive pyramidal cells to fire APs through a disinhibition
mechanism. Together, these data are consistent with the concept
that disinhibition might be the initial trigger in the rapid antide-
pressant effect of NMDAR antagonists.

Ro 25-6981 Elicits the Opposite Effect of Ketamine and GLYX-13 on
sIPSCs and No Effect on Excitability. Compared with ketamine,
GIuN2B subunit-selective NMDAR antagonists have been much
less effective at relieving depression symptoms in humans and in
preclinical models (32). While some clinical trials have demonstrated
antidepressant efficacy of GluN2B subunit-selective NMDAR an-
tagonists, others report no significant improvement in depressive
symptoms (33, 34). In preclinical studies, a rapid antidepressant-
like effect of GIuN2B subunit-selective NMDAR antagonists has
been observed (8), but this effect is short-lived (17). Thus, if re-
ducing GABAergic input and disinhibiting pyramidal cells is the
initial trigger in the rapid antidepressant effects of NMDAR an-
tagonists, then GIuN2B subunit-selective antagonists should be
less effective at eliciting these effects in accordance with their de-
creased antidepressant efficacy. We tested this concept using the
GluN2B subunit-selective antagonist, Ro 25-6981. Indeed, 1 pM
Ro 25-6981 elicited the opposite effect on sSIPSC frequency and
amplitude. As shown, sIPSC IEI was significantly decreased,
reflecting an increase in frequency, in the presence of Ro 25-6981
(Fig. 3 A and B; n = 6 cells, KS D value = 0.06, P < 0.0001), and
the sIPSC amplitude was significantly increased (Fig. 3 4 and B;
n = 6 cells, KS D value = 0.07, P < 0.0001). Ro 25-6981 had no
significant effect on the sEPSC IEI (Fig. 3 C and D; n = 5 cells, KS
D value = 0.04, P = 0.18) but did decrease sSEPSC amplitude (Fig.
3 C and D; n = 5 cells, KS D value = 0.09, P < 0.0001). As an-
ticipated, Ro 25-6981 fails to increase the probability of synapti-
cally driven APs (Fig. 3 E and F; 0-10 min: 0.23 = 0.03, 25-30 min:
0.34 £ 0.10; n = 10 cells; paired ¢ test, P = 0.25), and there was no
effect on the number of APs elicited by direct somatic depola-
rizing current injection (Fig. 3G; 010 min: 7.07 + 0.53, 25-30 min:
6.62 + 0.62; n = 10 cells; paired ¢ test, P = 0.38), AP threshold
(Fig. 3G; 0-10 min: —51.79 = 1.06 mV, 25-30 min: —51.39 +
1.35 mV; n = 10 cells; paired ¢ test, P = 0.56), or input resistance
(Fig. 3G; 0-10 min: 69.71 + 6.94 MQ, 25-30 min: 70.99 + 5.9 MQ;
n = 10 cells; paired ¢ test, P = 0.63). These results demonstrate
that a GIuN2B subunit-selective NMDAR antagonist does not
mimic the circuit effects of either ketamine or GLYX-13.

Scopolamine Reduces sIPSCs, Increases sEPSC Amplitude, and Disinhibits
Pyramidal Cells. The mAChR antagonist scopolamine elicits a rapid
antidepressant response in humans and in preclinical models sim-
ilar to ketamine (23-29). Therefore, we next asked if scopolamine
shares with ketamine the ability to reduce inhibitory input and elicit
disinhibition of CA1 pyramidal cells. If so, this would strengthen
the concept that disinhibition could be the initial trigger that
stimulates the downstream signaling pathways required for the an-
tidepressant behavioral response. Importantly, similar to ketamine,
the sIPSC IEI was significantly increased in the presence of 100 nM
scopolamine (Fig. 4 A and B; n = 7 cells, KS D value = 0.04, P <
0.05), and sIPSC amplitude was significantly decreased (Fig. 4 4
and B; n =7 cells, KS D value = 0.12, P < 0.0001). Scopolamine had
no effect on SEPSC IEI (Fig. 4 C and D; n =5 cells, KS D value =
0.04, P = 0.29) and increased sEPSC amplitude (Fig. 4 C and D; n =
5 cells, KS D value = 0.09, P < 0.0001). The increase in sEPSC
amplitude in the presence of scopolamine potentially results from
reducing the inhibitory shunt in CA1 dendrites that results from
decreased GABA, receptor (GABAAR) activation. Because
scopolamine does not target NMDARSs like ketamine and GLYX-
13, this indirect effect on SEPSC amplitude can be measured. In
accord with the decrease in sIPSC frequency and amplitude,
100 nM scopolamine significantly increased the synaptically driven
AP probability (Fig. 4 E and F; 0-10 min: 0.15 + 0.02, 25—
30 min: 0.43 + 0.12; n = 13 cells; paired ¢ test, P < 0.05) and,
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similar to ketamine, does this in the absence of a change in APs
elicited by direct somatic depolarizing current injection (Fig.
4G; 0-10 min: 4.59 + 0.78, 25-30 min: 4.45 + 0.86; n = 13 cells;
paired ¢ test, P = 0.65) or a change in AP threshold or input re-
sistance (Fig. 4G; threshold at 0-10 min: —49.05 + 1.46 mV, 25—
30 min: —49.5 + 1.55 mV; n = 13 cells; paired ¢ test, P = 0.25 and
input resistance at 0-10 min: 31.51 + 2.76 MQ, 25-30 min: 30.06 +
249 MQ; n = 13 cells; paired ¢ test, P = 0.18). Ketamine and
scopolamine target completely different neurotransmitter recep-
tors yet share the ability to decrease inhibition, increase syn-
aptically driven excitability, and elicit a rapid antidepressant
behavioral response. This provides support for the idea that dis-
inhibition could be the initial mechanism that leads to activation
of subsequent signaling pathways required for the antidepressant
response.

At the Population Level, Ketamine and Scopolamine, but Not GLYX-13 or
Ro 25-6981, Cause Rapid Excitation of CA1 Pyramidal Cells. The data
above indicate that ketamine, GLYX-13, and scopolamine disin-
hibit pyramidal cells through their effects on hippocampal circuits
as each inhibitor elicited a significant increase in synaptic AP prob-
ability compared with the baseline response before each drug appli-
cation (summarized in Fig. 5). To assess whether the same increase in
synaptic driven excitability can be observed at the level of the pop-
ulation of pyramidal cells, we recorded extracellular population
spikes (PSs) in CAl stratum pyramidale evoked via Schaffer col-
lateral stimulation as above. We chose to measure extracellular
PSs to enable the assessment of AP activity in a population of
neurons, as pyramidal neurons function in vivo in synchro-
nized groups (35, 36). Consistent with the disinhibition hypothesis,
ketamine enhanced the excitability of the CAl pyramidal pop-
ulation measured using coastline burst index (CBI) (Fig. 64,
baseline: 0.99 + 0.001, ketamine: 1.06 + 0.014; n = 6 animals;
paired ¢ test, P < 0.05). The same was true for scopolamine (Fig.
6B; baseline: 1.00 + 0.002, 100 nM scopolamine: 1.03 + 0.01;
n = 10 animals; paired ¢ test, P < 0.05). This effect was dose-
dependent as a lower dose (30 nM) increased synaptically driven
AP probability measured in single cells (Fig. S3B), but this did not
translate to the population (Fig. S3D). Similarly, even though
GLYX-13 significantly increased synaptically driven AP probability
in single-cell recordings (Fig. 2F), this increase in excitability did
not reach statistical significance in the population (Fig. 6C; base-
line: 1.00 + 0.005, GLYX-13: 0.99 + 0.006; n = 12 animals; paired
t test, P = 0.25). Additionally, consistent with our findings at the
single-cell level (Fig. 3F), Ro 25-6981 had no effect on excitability
at the population level (Fig. 6D; baseline: 1.00 = 0.005, Ro 25-
6981: 1.00 + 0.004; n = 8 animals; paired ¢ test, P = 0.07). Im-
portantly, in control experiments, no changes in excitability were
observed when switching between two artificial cerebrospinal fluid
(aCSF) solutions (Fig. 6E; first control solution: 1.00 + 0.002, second
control solution: 1.00 + 0.006; n = 37 animals; paired ¢ test, P = 0.57).

Discussion

Here, we directly tested the disinhibition hypothesis put forth as
a possible mechanism key to ketamine’s antidepressant behav-
ioral response observed hours later (3-6). We find that low-dose
ketamine rapidly decreased synaptic inhibition and increased the
probability of synaptically driven AP generation, with no effect
on intrinsic excitability. Disinhibition was also elicited by the
partial NMDAR agonist GLYX-13 and the mAChR antagonist
scopolamine (Fig. 74), both of which have rapid antidepressant
effects in humans and rodents (1, 2, 8, 13, 16, 17, 21, 23-28, 37).
Given our results, it is tempting to relate the efficacy of pyra-
midal cell disinhibition to the clinical efficacy of these antago-
nists in mediating rapid antidepressant responses in both humans
and rodent models. We observed variable amounts of disinhi-
bition with these antagonists, with ketamine being the most
reliable (summarized in Fig. 5); clinically, there is variable an-
tidepressant efficacy, with ketamine being the most effective
(38). Importantly, the GluN2B subunit-selective NMDAR an-
tagonist Ro 25-6981 increases synaptic inhibition and does not
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Fig. 3. Ro 25-6981 increases sIPSC frequency and amplitude, decreases sEPSC amplitude, and does not significantly alter synaptic AP probability. (A) Rep-
resentative traces showing an increase in sIPSC frequency in the presence of Ro 25-6981. (Scale bars: 100 pA and 5's; Inset, 100 pA and 500 ms.) (B) Cumulative
probability shows a decrease in sIPSC IEl and increase in sIPSC amplitude during bath application of Ro 25-6981 (IEl: P < 0.0001, peak amplitude: P < 0.0001, n =
6, 3,900 baseline events, 4,400 Ro 25-6981 events). (C) Representative traces showing sEPSCs in baseline conditions and in the presence of Ro 25-6981. (Scale
bars: 20 pA and 3 s; Inset, 20 pA and 500 ms.) (D) Cumulative probability shows no change in sEPSC IEI (P = 0.18, n = 5, 1,500 baseline events, 1,300 Ro 25-
6981 events) but a significant decrease in sEPSC peak amplitude (P < 0.0001, n =5, 1,500 baseline events, 1,300 Ro 25-6981 events). (E) Schematic of whole-cell
recordings of CA1 pyramidal cells where APs were elicited with a depolarizing current step (1) and an electrical stimulation of CA3 synapses (2). (Scale bars:
20 mV and 100 ms.) (Inset) Representative traces in baseline (black) and Ro 25-6981 (red) from cell 5 in a raster plot demonstrating enhanced inhibition in the
EPSP-IPSP sequence (black arrow). (Scale bars: 2 mV and 50 ms.) (F) Raster plot and summary plots displaying no significant change in synaptic AP probability
in the presence of Ro 25-6981 (n = 10). (G). No change in the measured intrinsic proprieties (AP number generated via direct current injection, AP threshold,
and input resistance) is observed (n = 10). (Scale bars: 20 mV and 100 ms, 2 mV and 100 ms.) All values are mean + SEM.
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Fig. 4. Scopolamine reduces sIPSC frequency and amplitude, increases sEPSC amplitude, and disinhibits CA1 pyramidal cells. (A) Representative traces showing
scopolamine decreases sIPSC frequency and peak amplitude compared with baseline. (Scale bars: 100 pA and 5 s; Inset, 100 pA and 500 ms.) (B) Cumulative
probability showing a significant increase in the sIPSC IEI in the presence of scopolamine (P < 0.05, n = 7, 2,700 baseline events, 2,500 scopolamine events) and a
decrease in sIPSC peak amplitude (P < 0.0001, n = 7, 2,700 baseline events, 2,500 scopolamine events). (C) Representative traces from baseline conditions and in
the presence of scopolamine. (Scale bars: 20 pA and 3 s; Inset, 20 pA and 500 ms.) (D) Cumulative probability showing no change in sEPSC IEI (P = 0.29, n =5,
1,300 baseline events, 1,300 scopolamine events) and increased peak amplitude with bath application of scopolamine (P < 0.0001, n = 5, 1,300 baseline events,
1,300 scopolamine events). (E) Schematic of whole-cell recordings of CA1 pyramidal cells showing the effects of scopolamine on intrinsically (1) and synaptically (2)
driven APs. (Scale bars: 20 mV and 100 ms.) (Inset) Representative subthreshold EPSP-IPSP traces from cell 12 in the raster plot; compared with the baseline trace
(black), scopolamine decreases the IPSP magnitude (red trace, black arrow). (Scale bars: 2 mV and 50 ms.) (F) Raster plot and summary plots showing a significant
increase in synaptic AP probability in the presence of scopolamine (*P < 0.05, n = 13). (G) No change in the measured intrinsic properties (Direct AP number, AP
threshold, and input resistance) is observed (n = 13). (Scale bars: 20 mV and 100 ms, 4 mV and 100 ms.) All values are mean + SEM.

disinhibit pyramidal neurons (Fig. 7B), potentially explaining the Given the numerous publications proposing the disinhibition
poor antidepressant efficacy of these subtype-selective NMDAR  hypothesis of ketamine’s action (3-6), it is striking that a systematic
inhibitors (32-34). test of whether ketamine elicits disinhibition at low dose is lacking
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Fig. 5. Summary of the effects of rapid antidepressants on synaptically
driven APs. Ketamine, GLYX-13, and scopolamine significantly increase the
synaptic AP probability compared with baseline (ketamine and GLYX-13, P <
0.001 and scopolamine, P < 0.05), indicating pyramidal cells are disinhibited.
Conversely, the GIuN2B subunit-selective NMDAR antagonist Ro 25-
6981 does not alter synaptically driven pyramidal cell excitability. Replotted
from Figs. 1-4. Asterisks indicate a significant difference from baseline and
drug for each inhibitor. All values are mean + SEM.

from the literature. A majority of in vitro studies used concentra-
tions much higher (e.g., 20 pM) (16, 18, 39) than what is believed to
occur in human brain (30), and electrophysiological measurements
were made at time frames too late to capture the most immediate
effects on neuronal excitability and synaptic circuits. Thus, this
current study has filled this gap. Importantly, we employed 1 pM
ketamine, a concentration on the low range of what is estimated in
human brain, and made continuous measurements of neuronal and
synaptic activity before, during, and after ketamine application in
vitro, which revealed the shift in I/E balance and increased syn-
aptically driven excitability. At higher concentrations, ketamine
decreases excitatory transmission (40) and has no antidepressant-
like effects in rodent models (7), so the concentration used is
critical. Likewise, the concentrations of GLYX-13 and Ro 25-
6981 used are also critical, as they likely will elicit variable effects
on the synaptic network depending upon the magnitude of
NMDAR inhibition achieved. The GLYX-13 dose is particularly
complicated by its partial antagonist properties, whereby it can
potentiate NMDAR currents at very low concentrations (31).
Unfortunately, information regarding clinically relevant brain con-
centrations that elicit antidepressant responses in patients is lacking,
limiting our ability to use the most appropriate drug concentra-
tions in preclinical studies. Future studies are needed to de-
termine the dose-response effects of both GLYX-13 and GluN2B
subunit-selective NMDAR antagonists, such as Ro 25-6981, on
synaptic circuits.

Although ketamine, GLYX-13, and scopolamine, significantly
decreased sIPSC frequency, further investigation is necessary to
determine if PV BCs are specifically targeted or if other inter-
neurons are involved (3-6). Notably, ketamine’s antidepressant
response is preserved in mice with NMDARSs genetically re-
moved from PV cells, suggesting other interneurons besides PV
cells are potential targets (14). Interneurons expressing M1 and
M2 muscarinic receptors have been implicated in the rapid an-
tidepressant response of scopolamine (28), and particularly in
somatostatin interneurons that express M1 receptors (26). Re-
gardless of the precise interneuron subtypes targeted by ketamine,
GLYX-13, and scopolamine, our results collectively suggest that
disinhibition may be the most immediate trigger for the antide-
pressant response. However, other mechanisms, such as blocking
NMDARS on pyramidal cells (13, 15, 16), are also likely involved,
since once pyramidal cells are disinhibited, postsynaptic NMDARs
will be available for blockade by ketamine and other NMDAR
antagonists. This chain of events would lead to the desuppression of
eEF2 kinase and increased protein translation (15, 16). In support
of the concept that all of these mechanisms are required for the
rapid antidepressant effects, memantine, a low-affinity NMDAR
antagonist, only reliably causes disinhibition at a concentration
(10 pM) above the therapeutic range (0.5-1 pM) (41, 42) and
does not deactivate eEF2 kinase or elicit an antidepressant-like
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response in preclinical rodent models (43). Additionally,
memantine has a longer half-life (42, 44) than ketamine, po-
tentially leading to prolonged NMDAR antagonism and circuit
effects, possibly explaining its lack of antidepressant efficacy in
rodent models (43) and patients (45, 46). While our studies
suggest disinhibition may be the initial trigger, deuterated
ketamine, a nonhydrolyzable form that cannot be metabolized
into HNK, failed to produce antidepressant-like effects in mice
(19), indicating that additional mechanisms are clearly impor-
tant for the antidepressant effect. Another component of the
antidepressant effect may involve changes in other brain re-
gions. We investigated the effects of rapid antidepressants on
hippocampal synaptic circuits because morphological and func-
tional deficits are observed in hippocampus in humans with MDD
(47) and in preclinical models characterized by decreased den-
dritic complexity, spine density, neuronal excitability, and long-
term potentiation (LTP) (48-51). PFC is also implicated in the
pathophysiology of MDD (52, 53). Therefore, determining
whether disinhibition also occurs in prefrontal cortical circuits
will provide a better understanding of how these antagonists
work throughout brain.

Our finding that the GluN2B subunit-selective antagonist Ro
25-6981 enhances the strength of inhibition through increasing
sIPSC frequency likely provides a mechanistic explanation for
the poor performance of this drug class in mediating rapid
antidepressant effects in clinical studies and the shorter term
effects in rodents (17, 32-34). Only a subset of interneurons
has a large proportion of GluN2B-containing NMDARs at
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Fig. 6. Ketamine and scopolamine, but not GLYX-13 or Ro 25-6981, increase
excitability in a neural population. In extracellular recordings, bath appli-
cation of ketamine (A; *P < 0.05, n = 6) and scopolamine (B; *P < 0.05, n =
10) significantly increases pyramidal cell excitability, while there is no effect
with GLYX-13 (C, n = 12) or Ro 25-6981 (D, n = 7). n.s., not significant. In
control experiments, switching between two containers of aCSF had no ef-
fect on excitability (E, n = 37). (Scale bars: 1 mV and 10 ms.) All values are
mean + SEM.
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Fig. 7. Graphical representation of the disinhibition elicited by NMDAR
and muscarinic receptor antagonists. (A) Ketamine, GLYX-13, and sco-
polamine reduce inhibitory input onto pyramidal cells (black arrow
heads). This leads to a decrease in the IPSP (arrow, green trace) in the
EPSP-IPSP sequence, which shifts the I/E balance toward excitation,
leading to a greater probability for synaptic excitatory input to elicit APs.
(B) Ro 25-6981 increases inhibitory input onto pyramidal cells, leading to
an enhanced IPSP (arrow, green trace) in the EPSP-IPSP sequence and a
shift in the I/E balance away from excitation. This is possibly due to only a
subset of interneurons in hippocampus having a large number of GIuN2B-
containing NMDARs. Therefore, Ro 25-6981 may decrease output of a subset
of interneurons (black arrow heads), which likely results in disinhibition of
other interneurons and more inhibitory drive onto pyramidal cells (green
arrowhead).

glutamatergic synapses in hippocampus and cortex (54), and
certain subclasses provide synaptic inhibition onto other inter-
neurons (55). Ro 25-6981 is likely targeting only those inter-
neurons with GluN2B-containing NMDARs (i.e., those derived
from the medial ganglionic eminence), which disinhibits other
interneurons that lack this NMDAR subtype (i.e., those derived
from the caudal ganglionic eminence), leading to the enhanced
inhibitory tone onto pyramidal cells that we observe. This sug-
gests that a more global, non—subunit-selective inhibition of
NMDARSs is necessary to shift the I/E balance toward excitation,
which could contribute to the greater therapeutic benefit of
ketamine if disinhibition is a key mechanism.

As previously mentioned, the ketamine metabolite HNK can elicit
an antidepressant response, which may act through both NMDARs
and AMPARs (19, 20). While there are conflicting reports on
HNK’s ability to block NMDARs, it seems to enhance gluta-
matergic transmission mediated by AMPARs, which is required
for the antidepressant-like effects in mice (19, 20, 43). Addition-
ally, a new negative allosteric modulator of GABAARSs, which
reduces inhibition and shifts the I/E balance toward excitation,
has a rapid antidepressant-like effect in rodent models (56, 57).

Widman and McMahon

Our findings indicate ketamine and GLYX-13 also enhance
glutamatergic transmission via CA1l pyramidal cells firing more
APs. This mechanism is also shared by scopolamine, but not by
the GIuN2B subunit-selective NMDAR antagonist Ro 25-6981.
Thus, decreasing the I/E balance could potentially be shared
by all rapid antidepressants and serve as a biomarker for the
efficacy of rapid antidepressant therapy, and prospective ther-
apeutics should be examined for their ability to disinhibit py-
ramidal cells.

Methods

All experimental procedures were approved by the University of Alabama at
Birmingham'’s Institutional Animal Care and Use Committee and were per-
formed in accordance with NIH experimental guidelines.

Hippocampal Slice Preparation and Recordings. Coronal slices (400 pm) were
cut from dorsal hippocampus of young adult Sprague-Dawley rats (2-4 mo
of age), and whole-cell recordings from pyramidal cells were attained as
previously published (58, 59). In all whole-cell experiments, one cell was
recorded per slice to avoid possible effects of residual drug. It was necessary
to record sEPSCs near the IPSC reversal potential (Vh = =50 mV) and, in the
absence of GABALR antagonists, to keep the inhibitory and excitatory cir-
cuits intact. Note that at =50 mV, the voltage-dependent Mg>* block will
likely be removed from a majority of postsynaptic NMDARs, potentially
preventing isolation of ketamine’s action solely on fast-spiking interneurons.
sIPSCs were recorded (Vh = 0 mV, 10 uM nifedipine) in 10 pM 2,3-dioxo-6-
nitro-1,2,3,4-tetrahydrobenzo[flquinoxaline-7-sulfonamide disodium salt
(NBQX), an AMPAR antagonist, to enrich for sIPSCs from spontaneously
active interneurons rather than from interneurons driven by excitatory
transmission.

In current-clamp recordings (K-gluconate pipette solution), APs were
synaptically evoked via electrical stimulation of Schaffer collaterals (platinum
bipolar electrode; FHC) in CA1 stratum radiatum. Stimulus strength was set to
elicit a subthreshold EPSP-IPSP sequence in the majority (>60%) of trials, and
a possible increase in the probability that subthreshold EPSPs will be con-
verted into synaptically driven APs was calculated before and during drug
application. A sequence of depolarizing and hyperpolarizing somatic current
injections (300-ms duration) was repeated throughout the recording and
occurred 900 ms before electrical stimulation to evoke synaptic responses.
First in the sequence, a direct somatic depolarizing current injection was
used to assess potential changes in intrinsic excitability. Then, three hyper-
polarizing somatic current injections were used to measure input resistance
and the integrity of the recording over time.

In extracellular recordings, standard aCSF was used. Schaffer collaterals
were stimulated in stratum radiatum, and a glass recording electrode measured
the somatic EPSP and PS in CA1 stratum pyramidale. The CBI, which measures
the length of the waveform, was used to analyze changes in excitability (60, 61).
Baseline stimulus strength was set to 20-40% maximum of PS amplitude to
facilitate observing an increase in excitability and to avoid a possible ceiling
effect. Drugs were bath-applied following a 20-min stable baseline, and PSs
were recorded for an additional 20 min in the continued presence of drug.

Statistics. Data were acquired using Clampex 10.3 (pClamp; Molecular
Devices) and analyzed offline in Clampfit 10.3 (Molecular Devices). For
sEPSCs and sIPSCs, the nonparametric KS test was used to test for signifi-
cance (62). For PS and synaptically driven AP experiments, a two-tailed
paired t test was performed to compare changes in excitability between
10 min of baseline and the last 5 min of drug application. In whole-cell
recordings, the n number represents a single cell and at least three animals
were used per experiment. For extracellular recordings, the n number
represents the number of animals; when more than one slice was used in
experiments from a single animal, the data were averaged to represent
that animal. In all datasets, significance was set to P < 0.05, and statistical
analysis was performed using Prism 7 (GraphPad). All graphs were created
in Prism 7. Additional details are provided in Supporting Information.
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