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(2R,6 R)-hydroxynorketamine rapidly potentiates hippocampal
glutamatergic transmission through a synapse-specific
presynaptic mechanism

Lace M. Riggs(®"?, Yasco Aracava®, Panos Zanos?, Jonathan Fischell®, Edson X. Albuquerque®®, Edna F. R. Pereira®?,
Scott M. Thompson®* and Todd D. Gould**®”

Preclinical studies indicate that (2R,6R)-hydroxynorketamine (HNK) retains the rapid and sustained antidepressant-like actions of
ketamine, but is spared its dissociative-like properties and abuse potential. While (2R,6R)-HNK is thought to exert its antidepressant-
like effects by potentiating a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR)-mediated synaptic
transmission, it is unknown how it exerts this effect. The acute synaptic effects of (2R,6R)-HNK were examined by recording field
excitatory postsynaptic potentials (fEPSPs) and miniature excitatory postsynaptic currents (mEPSCs) in rat hippocampal slices.
(2R,6R)-HNK bath application caused a rapid and persistent potentiation of AMPAR-mediated Schaffer collateral (SC)-CA1 fEPSPs in
slices derived from male and female rats. The (2R,6R)-HNK-induced potentiation occurred independent of N-methyl-D-aspartate
receptor (NMDAR) activity, was accompanied by a concentration-dependent decrease in paired pulse ratios, and was occluded by
raising glutamate release probability. In additon, in the presence of tetrodotoxin, (2R,6R)-HNK increased the frequency, but not
amplitude, of mEPSC events, confirming a presynaptic site of action that is independent of glutamatergic network disinhibition. A
dual extracellular recording configuration revealed that the presynaptic effects of (2R,6R)-HNK were synapse-selective, occurring in
CA1-projecting SC terminals, but not in CA1-projecting temporoammonic terminals. Overall, we found that (2R 6R)-HNK enhances
excitatory synaptic transmission in the hippocampus through a concentration-dependent, NMDAR-independent, and synapse-
selective increase in glutamate release probability with no direct actions on AMPAR function. These findings provide novel insight
regarding (2R,6R)-HNK's acute mechanism of action, and may inform novel antidepressant drug mechanisms that could yield
superior efficacy, safety, and tolerability.

Neuropsychopharmacology (2020) 45:426-436; https://doi.org/10.1038/541386-019-0443-3

INTRODUCTION

Depression claims the highest burden of disease among neuropsy-
chiatric disorders and is one of the leading causes of disability
worldwide [1]. Monoamine-based antidepressant treatments have
prevailed for almost 70 years, despite their slow therapeutic onset
and failure to provide complete or permanent remission to most
patients [2]. An important advancement for the treatment of
depression was the discovery that (R,S)-ketamine (ketamine) could
rapidly alleviate symptoms of depression within hours of a single
subanesthetic dose administration [3, 4]. In addition to its rapid
antidepressant properties, ketamine is reported to rapidly mitigate
symptoms of post-traumatic stress disorder [5], suicidality [6-8],
obsessive compulsive disorder [9, 10], and anhedonia [11, 12]. The
rapid onset with which ketamine exerts these broad therapeutic
effects makes its discovery one of the most significant advances in
psychiatry in recent decades. However, the use of ketamine to treat
psychiatric indications is limited by the dissociative properties

[13, 14] and abuse potential [15] that are conferred, at least in part,
by its actions as an N-methyl-D-aspartate receptor (NMDAR)
antagonist [16].

Ketamine is thought to exert its antidepressant effects though a
rapid change in neuronal function, which then gives rise to
persistent changes that last from days-to-weeks after ketamine
has been eliminated from the body. Considerable effort has been
made to understand the nature of these changes [17, 18].
Dominant hypotheses focus on acute NMDAR inhibition by
ketamine, either at NMDARs localized to y-aminobutyric acid
(GABA)-ergic inhibitory interneurons [19-21], extrasynaptic
GluN2B-containing NMDARs [22], or synaptic NMDARs at rest
[23, 24]. However, despite these theoretical advancements in
understanding the synaptic effects of NMDAR inhibition vis-a-vis
ketamine, alternative NMDAR antagonists have largely failed to
exert the full spectrum of ketamine’s antidepressant effects in
clinical trials [25].
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Existing literature suggests that alternative mechanisms can be
engaged by compounds that have rapid antidepressant potential,
which act to restore the balance between excitation and inhibition
throughout the mesocorticolimbic system, known to be disrupted
in depression [18, 26-28]. Similar to both ketamine [29] and non-
NMDAR-antagonists with rapid antidepressant potential [18], a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
(AMPAR) activation is required for the rapid antidepressant-like
effects of the ketamine metabolite, (2R,6R)-hydroxynorketamine
(HNK). (2R,6R)-HNK has shown rapid and sustained antidepressant-
relevant behavioral and cellular actions [30-39], but is spared
many of ketamine’s adverse effects [30, 39] given its low potency
to inhibit NMDAR function relative to ketamine [30, 40-42]. While
(2R,6R)-HNK acutely potentiates AMPAR-mediated synaptic trans-
mission in the hippocampus [30], it is unknown how it exerts these
effects. In the current study, we show that (2R 6R)-HNK selectively
enhances excitatory synaptic transmission in the hippocampus
through a concentration-dependent increase in glutamate release
probability. Notably, our results indicate that (2R,6R)-HNK leads to
a presynaptic potentiation that does not require NMDAR
activation, is not occluded by NMDAR inhibition, and that persists
in the presence of tetrodotoxin (TTX), thus excluding GABAergic
network disinhibition as being necessary for these effects. These
findings provide a foundation for future studies to identify the
specific mechanism by which (2R,6R)-HNK exerts its effects, and
will promote the development of novel antidepressant com-
pounds that may possess superior efficacy, safety, and tolerability
than those currently available.

MATERIALS AND METHODS
See Supplemental Materials and Methods for complete details.

Animals

For extracellular slice electrophysiology, male and female Sprague
Dawley rats (postnatal day [PD] 28 on arrival; Charles River, MA)
were acclimated to the vivarium (University of Maryland,
Baltimore, MD) for at least 1 week prior to experiments. For
whole-cell slice electrophysiology, male Sprague Dawley rats (PD8
on arrival; Charles River, MA) were acclimated to the vivarium with
a nursing dam until weaning (PD21), and experiments occurred at
PD25-35. All rats were housed three per cage under
standard conditions (12-h light-dark cycle) with food and water
available ad libitum. All experimental procedures were approved
by the University of Maryland Baltimore Animal Care and Use
Committee and were conducted in full accordance with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Extracellular slice electrophysiology

Standard methods were used to prepare transverse hippocampal
slices (400-um thickness). Dissecting and recording artificial
cerebrospinal fluid (ACSF) contained (in mM): 120 NaCl, 3 KCl, 1
NaH,PO,, 25 NaHCOs, 1.5 MgS0,-7H,0, 2.5 CaCl,, and 20 glucose,
and was carbogenated with 95% 0,/5% CO,. Nominally free Mg+
recording ACSF contained (in mM): 120 NaCl, 3 KCl, 1 NaH,PO,, 25
NaHCOs;, 2.5 CaCl,, and 20 glucose, and was carbogenated with
95% 0,/5% CO,.

Whole-cell slice electrophysiology

The whole-cell patch-clamp technique was used to record
miniature excitatory postsynaptic currents (mEPSCs) from the
soma of CA1 pyramidal neurons voltage clamped at —60 mV in
the presence of bath applied TTX. Standard procedures were used
to prepare transverse hippocampal slices (300-um thickness).
Dissecting ACSF contained (in mM): 125 NaCl, 2.5 KCl, 1.25
NaH,PO,4, 26 NaHCOs, 1 MgCl,, 2 CaCl,, and 25 glucose, and was
carbogenated with 95% 0O,/5% CO,.
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Chemicals

(2R,6R)-HNK was synthesized at the National Center for Advancing
Translational Sciences (Bethesda, MD), and absolute and relative
stereochemistry were confirmed by small molecule x-ray crystal-
lography [30, 43]. All compounds were diluted to their final
concentration in ACSF.

Experimental design and statistical analysis

All experiments were performed in a randomized fashion and
conducted and analyzed by experimenters blind to the treatment.
Data were analyzed with GraphPad Prism Software 7.04, with
statistical significance defined as p < 0.05.

RESULTS

(2R,6R)-HNK causes an NMDAR-independent enhancement of
AMPAR-mediated synaptic transmission in hippocampal slices
from male and female rats

Hippocampal slices from male and female rats were superfused
with (2R,6R)-HNK (10 uM) for 1 h. In hippocampal slices from male
rats (Fig. 1a), (2R6R)-HNK significantly increased the slope of
Schaffer collateral (SC)-CA1 field excitatory postsynaptic potentials
(fEPSPs) to 162+ 14% of baseline (Fig. 1b, ¢; ts=4.424, p=
0.0069, n=6), without changing fiber volley (FV) amplitude
(Fig. 1b). The effect of (2R6R)-HNK did not reverse following a
30-min washout with (2R,6R)-HNK-free ACSF (158 £ 12%; Fig. 1b).
We observed similar results with the use of hippocampal slices
from females (Fig. 1d), in which (2R,6R)-HNK led to a 157 £ 14%
potentiation of SC-CA1 fEPSPs (Fig. 1e, f; t5)=4.018, p=0.0101,
n=6); this effect also persisted during washout (166 + 19%). In
both cases, fEPSPs were blocked by superfusion of the slices with
6,7-dinitroquinoxaline-2,3(1H,4H)-dione (DNQX, 50 uM)-containing
ACSF (Fig. 1b, e), indicating that the synaptic potentials were
mediated by AMPARs under these recording conditions. There
was no significant difference between results obtained from male-
and female-derived slices at the (2R,6R)-HNK concentration tested
(tq1)=0.1511, p = 0.8826), suggesting that intrinsic organizational
sex differences do not modulate the potentiation induced by
(2R,6R)-HNK. We note that rats were of prepubertal age and
therefore activational effects of fluctuating hormones are not
implicated in our findings. Thus, all subsequent experiments were
conducted in hippocampal slices derived from male rats.

To determine whether NMDAR activity modulated the poten-
tiating effects of (2R,6R)-HNK, experiments were performed
in hippocampal slices continuously superfused with ACSF
containing the competitive NMDAR antagonist, 2-amino-5-
phosphonopentanoic acid (AP5, 80 uM; Fig. 1g). (2R6R)-HNK
potentiated SC-CA1 fEPSPs to 153+13% of baseline in the
presence of AP5 (Fig. 1h, i; te=3.928, p=0.0077, n=7),
indicating that the acute enhancement in AMPAR-mediated
synaptic transmission is NMDAR-activity-independent.

(2R,6R)-HNK exerts its acute synaptic effects through a
concentration-dependent increase in the probability of glutamate
release

Slices were bathed with various concentrations of (2R,6R)-HNK
(0.3, 1, 3, 10, 30 uM; Fig. 2a) revealing that the (2R,6R)-HNK-
induced potentiation of SC-CA1 fEPSPs was concentration-
dependent (Fig. 2b). (2R,6R)-HNK had no effect on FV amplitude,
regardless of concentration (Fig. 2c). When comparing each
concentration to its baseline (Fig. 2e), (2R,6R)-HNK induced a
significant potentiation at 3 uM (t) = 3.465, p =0.0134,n=7), 10
MM (te) =5.981, p=0.0010, n=7), and 30 pM (t(s) =3.985, p =
0.0072, n=7). Such potentiation was not observed in slices
superfused with vehicle (VEH; tz =1.565, p=0.2155 n=4)
or (2R,6R)-HNK at 0.3 uM (ts = 0.2314, p=0.8284, n=5) or 1 uM
(t7y=1.237, p=0.2561, n=8). Between-group comparisons
revealed a significant main effect of (2R,6R)-HNK on the change

SPRINGER NATURE

427



(2R,6R)-hydroxynorketamine rapidly potentiates hippocampal...

LM Riggs et al.
428 A D
Baseline (2R 6R)-HNK (10 uM)  DNQX (50 uM) Merge Baseline (2R,6R)}-HNK (10 uM)  DNQX (50 uM) Merge
"1/’\/‘ -nr\ " *\V *\ // -+v -r‘\
\/ \/ J‘“"‘V \/ _Jo1mv
5ms 5ms
B (2R,6R)-HNK (10 M) DNQX (50 uM) c o E (2R,6R)-HNK (10 M) DNQX (50 uM) F "
250 — 52507 FE 250 — 52507
2 £
2 200 { g 20 2 200 g 200
3 150 W....w..».mwﬂﬂ||}HM*HH*WWW***+**MWW T 3 150 WﬂHh,*HJH|h,H|lH+H+W#H+WWWWW HH} £
£ 100 desgont B acrsnsnet i ttntrmnshettmt s s - W 8 1004 . g 100,w,,.,,.,‘.qi;;?mz-.rr::t..m',.‘-:.':‘-.:'.‘:s:‘!v.‘ﬁf-..::'m:m‘.ww.’et*:’.»!zw»:'...f*.‘.A 1:’.0 g
© : 7 e a
P o P o
& 50 d' - {EPSP Slope | @ S0 & 50 Q - fEPSP Slope {’ 2
ol '- FIVAmIpllludle . . | . . % o 0 ol l- FIVAmIpllludle i . | . . _t o
40 0 10 20 30 40 50 60 70 80 90 & & 40 0 10 20 30 40 50 60 70 80 90
Time (min) Qq;? %@*‘ Time (min)
&
G H APS5 (80 uM)
(2R, 6R)-HNK (10 uM) "
Baseline (2R,6R)-HNK (10 uM) Merge 2501 B 250
- 2 2001 8 200
2 & 150
© &
@ 150 i S
F . “..m.mw++++I*HWIMWH it £ 100l / AAAAA
f{> 100 qgs0erPatetgs :t?:zzr:n:.vw.gm.u,o.h‘.':h:uic.'.'t.:!ufto.vnuni- 2
_Joamv - fEPSP Slope & 50
5ms 50 - FV Amplitude ] 0
0 0 10 20 30 40 50 60 & &
Time (min) RS
& &
&
Fig. 1 (2R,6R)-HNK causes an NMDAR-independent enhancement of AMPAR-mediated synaptic transmission in hippocampal slices from male and

female rats. Representative traces of Schaffer collateral (SC)-CA1 field excitatory postsynaptic potentials (fEPSPs) recorded from a male and
d female Sprague Dawley rats. Individual sweeps across the procedure (light gray) are overlaid with terminal averages during baseline (gray),
(2R,6R)-hydroxynorketamine (HNK) superfusion (blue), and 6,7-dinitroquinoxaline-2,3(1H,4H)-dione (DNQX) superfusion (black). b Bath
application of (2R,6R)-HNK (10 uM) to male (n = 6) and e female (n = 6) hippocampal slices enhanced the slope of SC-CA1 fEPSPs, which were
mediated by a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPARs), given that they were blocked by DNQX (50 uM). The
(2R,6R)-HNK-induced potentiation of fEPSPs persisted in (2R,6R)-HNK-free artificial cerebrospinal fluid (ACSF), and did not influence presynaptic
fiber volley (FV) amplitude. fEPSP slope was significantly higher during the last 10 min of (2R,6R)-HNK superfusion of ¢ male and f female slices
when compared to baseline. g Representative traces of SC-CA1 fEPSPs recorded from male Sprague Dawley rats in the presence of 2-amino-5-
phosphonopentanoic acid (AP5, 80 pM). Individual sweeps across the procedure (light gray) are overlaid with terminal averages during
baseline (gray) and after (2R,6R)-HNK superfusion (blue). h (2R,6R)-HNK superfusion enhanced the slope of SC-CA1 fEPSPs in the presence
of AP5 (n=7). i fEPSP slope was significantly higher during the last 10 min of (2R,6R)-HNK superfusion when compared to baseline. *p < 0.05,
**p < 0.01. Points and error bars represent mean and standard error of the mean, respectively

in SC-CA1 fEPSPs (Fig. 2f; Fs 32 = 8.299, p < 0.0001), with the fEPSP
slopes being significantly larger in the presence of 10 uM than
VEH (p =0.0075) or (2R,6R)-HNK at 0.3 uM (p = 0.0024) and 1 uM
(p =0.0029). Likewise, fEPSP slopes were larger in the presence of
30 uM (2R,6R)-HNK than VEH (p = 0.0065) or (2R,6R)-HNK at 0.3 uM
(p =0.0020) and 1 uM (p = 0.0024). Analysis of the concentration-
response relationship generated by plotting the change in fEPSP
slope as a function of (2R,6R)-HNK concentration revealed an ECsq
of 3.3 uM (Fig. 2g).

We next asked whether changes in presynaptic release
probability could account for this potentiation by measuring
paired pulse ratios (PPRs) before and after (2R,6R)-HNK super-
fusion. (2R,6R)-HNK-induced increases in fEPSP slope significantly
correlated with changes in PPR (Fig. 2d; R*=0.2784, p = 0.0007),
indicating that the degree of change in glutamate release
probability significantly predicts the magnitude of the potentia-
tion induced by (2R,6R)-HNK. When compared to baseline (Fig. 2h),
(2R,6R)-HNK led to a significant reduction in PPR at 3 uM (t¢ =
357, p=00118), 10uM (t=2.994, p=0.242), and 30uM
(te) =6.677, p=0.0005), but not under VEH (t5=0.69, p=
0.5398), 0.3 UM (ts = 1.101, p = 0.3328), or 1 uM (t7) = 2.063, p =
0.0780) conditions. When comparing among concentrations, there
was a significant main effect of (2R6R)-HNK on the PPR change
(Fig. 2i; Fs32=4.007, p=0.0062), with the change observed
in slices superfused with (2R,6R)-HNK at 10 uM (p = 0.0094) and
30uM (p=0.0093) being significantly larger than that seen in
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VEH-superfused slices. The ICsq for (2R,6R)-HNK to reduce PPR from
baseline was 3.8 uM (Fig. 2j).

Next, we sought to test the persistence of the presynaptic
potentiation following a period of bath application that roughly
approximates the preclinical pharmacokinetic profile of (2R,6R)-
HNK (Fig. 2k) [16]. A 15min bath application of (2R,6R)-HNK
increased the slope of the fEPSP (Fig. 2m, n; F4 28 =8.129, p =
0.0002, n =8), which was significantly higher than baseline (p =
0.0039), and remained elevated in (2R,6R)-HNK-free ACSF at 45 min
(p <0.0001), 75min (p=0.0059), and 105 min (p=0.0929). In
addition, (2R,6R)-HNK led to a significant reduction in PPR (Fig. 20;
Fia28) = 4.283, p=0.0079), which was significantly lower than at
baseline (p =0.0265), and that persisted for at least 45 min in
(2R,6R)-HNK-free ACSF (p = 0.0048). Changes in fEPSP slope across
the procedure were significantly correlated with changes in PPR
(Fig. 2I; R =0.4932, p < 0.0001). Overall, these data suggest that
(2R,6R)-HNK enhances AMPAR-mediated synaptic transmission, at
least in part, by increasing glutamate release probability.

Enhancing release probability occludes the presynaptic effects of
(2R,6R)-HNK

Removal of extracellular Mg?"™ augments AMPAR-mediated
responses in CA1 through an NMDAR-independent enhancement
in glutamate release probability [44]. If (2R,6R)-HNK increases the
probability of glutamate release, then it should also potentiate
NMDAR-mediated fEPSPs. However, we previously found that
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Fig. 2 (2R,6R)-HNK exerts its acute synaptic effects through a concentration-dependent increase in the probability of glutamate release.
a Representative paired pulse ratio (PPR) traces generated before (t = 0; gray) and after (t = 60; blue/black) (2R,6R)-hydroxynorketamine (HNK)
superfusion. b (2R,6R)-HNK enhanced field excitatory postsynaptic potentials (fEPSPs) in a concentration-dependent fashion. ¢ (2R,6R)-HNK did
not influence presynaptic fiber volley (FV) amplitude. d The fEPSP slope increase induced by (2R,6R)-HNK correlated with changes in PPR.
Dotted line indicates 95% confidence interval. @ When compared to baseline (open circles), fEPSP slope increased in the presence of (2R,6R)-
HNK at 3uM (n=7), 10 uM (n =7), and 30 uM (n = 7) concentrations, but not in the presence of VEH (n = 4) or (2R,6R)-HNK at 0.3 uM (n =5) or
1uM (n=8). f Ten and 30 uM (2R,6R)-HNK increased fEPSP relative to VEH and (2R,6R)-HNK at 0.3 or 1 uM conditions. g The (2R,6R)-HNK-
mediated increase in fEPSP ECso = 3.3 uM. h When compared to baseline, changes in PPR were decreased by (2R,6R)-HNK at 3, 10, and 30 uM,
but not by VEH or (2R,6R)-HNK at 0.3 or 1 pM. i Ten and 30 pM (2R,6R)-HNK decreased PPR relative to VEH. j The (2R,6R)-HNK-mediated decrease
in PPR IC5o = 3.8 uM. k Representative traces of SC-CA1 fEPSPs. Individual sweeps across the procedure (light gray) are overlaid with terminal
averages during baseline (gray), after (2R,6R)-HNK superfusion (blue), and during washout with (2R,6R)-HNK-free artificial cerebrospinal fluid
(t =45, black; t =75, dark gray; t = 105, gray). m Superfusion of (2R,6R)-HNK for 15 min enhanced the slope of SC-CA1 fEPSPs (n = 8), n which
persisted up to 1 h in (2R,6R)-HNK-free ACSF, but that was not significantly different from baseline by 1.5 h of washout. The changes in PPR (o)

were significantly correlated with the magnitude of the fEPSP change induced by (2R,6R)-HNK across the procedure (l). Dotted line indicates

95% confidence interval. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Points/bars and error bars represent mean and standard error of the
mean, respectively
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Fig. 3 Enhancing release probab/llty occludes the 2presynaptlc effects of (2R,6R)-HNK. a Representative traces generated during baseline (t=0;
gray), after nominally free magnesium (0 mM Mg*") artificial cerebrospinal fluid (ACSF) superfusion (t = 30; black), (2R,6R)- hydroxynorketamme
(HNK) superfusion (t =90; blue), and phenyl-1,4- bIS -alkylsulfonamide (CMPDA) superfu5|on (1 pM, t=120; red). Merged and scaled paired
pulse ratio (PPR) traces generated during baseline (t=0; gray), after 0mM Mg>" ACSF superfusion (t = 30; black), and after (2R,6R)-HNK
superfusion (t = 90; blue). PPR values were not reported for CMPDA conditions because the late epileptogenic effects of CMPDA prevented
accurate measurement of the second fEPSP sIope Recordings were made in the presence of 2-amino-5-phosphonopentanoic acid (AP5,
80 uM). b Lowering the concentration of Mg®™ acutely potentiated Schaffer collateral (SC)- CA1 field excitatory postsynaptic potentials (fFEPSPs,
n=8), which occluded further potentiation induced by (2R6R)-HNK under normal Mg** conditions (n = 12), whereas the potentiation
induced by the a-amino-3- hydroxy—S methyl-4-isoxazolepropionic acid receptor (AMPAR) positive allosteric modulator, CMPDA, remalned
intact. ¢ Nominally free Mg>" led to a significant potentiation above baseline, as did the CMPDA-induced potentiation. d Nominally free Mg?*
significantly reduced PPR from baseline. e Under standard Mg>" conditions (1.5 mM), (2R,6R)-HNK led to significant potentiation of fEPSPs
above baseline, and f significantly reduced PPR. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Points/bars and error bars represent mean
and standard error of the mean, respectively

(2R,6R)-HNK failed to potentiate NMDAR-mediated currents under
Mg*-free conditions [42]. This apparent discrepancy could be
reconciled if the (2R6R)-HNK-induced potentiation of NMDAR-
mediated responses was occluded by the enhanced release
probability produced by removal of Mg?>". We tested this
prediction by recording AMPAR-mediated responses from slices
superfused with either Mg®"-containing ACSF (n = 8) or nominally
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Mg”—free ACSF (n=12) prior to their superfusion with (2R,6R)-
HNK. We tested whether postsynaptically evoked responses are
maintained under these conditions by following the (2R,6R)-HNK
superfusion with application of the AMPAR positive allosteric
modulator, phenyl-1,4-bis-alkylsulfonamide [CMPDA, 1 uM; [45]].
As expected, application of Mg®"-free ACSF potentiated
AMPAR-mediated fEPSPs and decreased PPR (Fig. 3a, b). There
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was a significant main effect of Mg®"-free conditions on the
fEPSP slope (Fig. 3¢; F333 = 11.83, p <0.0001), with removal of
Mg?" increasing SC-CA1 fEPSP slopes to 170 +9% of baseline
(p =0.0060). Under these conditions, (2R,6R)-HNK failed to
potentiate responses further (175 +9% of baseline), whereas
CMPDA significantly enhanced SC-CA1 fEPSPs to 239+ 37% of
baseline (p=0.0001), consistent with its direct postsynaptic
actions at AMPARs [45]. There was a significant main effect of
nominally free Mg®" on the change in PPR (Fig. 3d; F 22 =
9.658, p=0.0001), which significantly decreased PPR values
from baseline (p = 0.0017). Under these conditions, (2R,6R)-HNK
failed to decrease PPRs further, suggesting that its presynaptic
effects were occluded by the change in release probability that
were induced by lowering the concentration of Mg>*. On the
other hand, there was a main effect of (2R,6R)-HNK on the
change in the fEPSP slope under normal Mg?*" conditions
(Fig. 3e; F321)=39.54, p <0.0001), with (2R,6R)-HNK potentiat-
ing SC-CA1 fEPSPs to 151 = 11% of baseline (p = 0.0007). Similar
to nominally free Mg®™ conditions, CMPDA potentiated SC-CA1
fEPSPs to 217 +16% of baseline (p<0.0001). There was a
significant main effect (Fig. 3f; F514)=7.277, p=0.0068) for
the change in PPR induced by (2R,6R)-HNK (p = 0.0062). Thus, we
conclude that the nominal absence of Mg®>" occluded the
presynaptic plasticity induced by (2R,6R)-HNK, and likely
accounts for the failure to observe the (2R,6R)-HNK-induced
potentiation of NMDAR-mediated fEPSPs reported previously
[42]. The finding that (2R,6R)-HNK-induced potentiation was
occluded by disinhibiting glutamate release probability supports
that (2R,6R)-HNK is acting presynaptically to exert its effects on
AMPAR-mediated synaptic transmission. However, given that
PPR can be additionally influenced by postsynaptic events, and
also does not independently rule out whether an additional
postsynaptic mechanism is involved, we next examined the
effects of (2R,6R)-HNK on miniature synaptic transmission.

(2R,6R)-HNK increases the frequency, but not amplitude, of
mEPSCs

There are shared mechanisms mediating evoked and sponta-
neous release of glutamate [46, 47]. If (2R,6R)-HNK acts at the
presynaptic terminal to enhance glutamatergic release prob-
ability, then it should also produce an increase in the frequency
of mEPSCs recorded in the presence of TTX (0.3 uM; Fig. 4a). If
(2R6R)-HNK acts postsynaptically to enhance glutamatergic
transmission, then it should increase mEPSC amplitude. Con-
sistent with a presynaptic mechanism of action, there were
significant main effects of (2R 6R)-HNK (F(114=6.345, p=
0.0246) and time (F,84) =4.197, p=0.0010), as well as a
significant interaction between the two factors (F, g4) = 3.069,
p =0.0092) on mEPSC frequency (Fig. 4b). When compared to
baseline, (2R,6R)-HNK significantly increased the frequency of
mEPSCs by the 15-20 min (p=0.0042) and 20-25min (p=
0.0007) time-bins (Fig. 4b), wherein mEPSC frequency was
significantly higher in the presence of (2R,6R)-HNK than in the
presence of VEH (p=0.0081 and p=0.0020, respectively).
Consistent with this, (2R,6R)-HNK perfusion was associated with
a significant leftward shift in the cumulative distribution of
interevent intervals when compared to baseline (Fig. 4d;
Kolmogorov-Smirnov [KS]=0.1560, p =0.0046), whereas no
differences were observed in VEH-treated conditions (Fig. 4c;
KS = 0.0880, p = 0.2877). The mEPSCs recorded here were solely
mediated by AMPARs as they were abolished by superfusion of
slices with ACSF containing the AMPAR antagonist, 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX, 10 puM; Fig. 4a). While by
15-20 min superfusion, (2R,6R)-HNK significantly increased
mEPSC frequency when compared to VEH control (Fig. 4b;
tn7) = 2.385, p = 0.0290, right panel) and baseline (Fig. 4d; tg =
4.094, p =0.0035, right panel), it had no significant effect on
mEPSC amplitude when compared to VEH (Fig. 4e; t;7) = 0.7892,
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p =0.4409, right panel) or baseline (Fig. 4g; ts =1.149, p=
0.3026, right panel). Consistent with this, no differences were
observed from baseline in the cumulative distribution of mEPSC
amplitudes in VEH- (Fig. 4f; KS = 0.0600, p = 0.7591) or (2R,6R)-
HNK-exposed slices (Fig. 4g; KS=0.0920, p =0.2406). These
results support the conclusion that (2R,6R)-HNK potentiates
excitatory synaptic transmission by increasing glutamate release
probability.

The presynaptic effects of (2R,6R)-HNK occur at Schaffer collateral
synapses, but not at temporoammonic synapses

The processes that regulate vesicular release are diverse among
excitatory synapses [48, 49], even within the CAT field of the
hippocampus [50, 51]. Thus, if the synaptic effects of (2R 6R)-HNK
are mediated by a selective enhancement in glutamate release,
then its effects may vary as a function of the presynaptic afferent
being stimulated. To test this prediction, a dual stimulation
protocol was used to apply alternating stimulation to SC and
temporoammonic (TA) afferents, respectively, which converge
onto the same population of CA1 neurons (Fig. 5a). TA-CA1
synapses are formed in the stratum lacunosum-moleculare region
of CA1, and project from layer Il of the entorhinal cortex. In the SC-
CA1 pathway (Fig. 5b), (2R,6R)-HNK potentiated fEPSPs to 165 + 9%
of baseline (Fig. 5¢, d; tg =7.046, p=0.0001, n=10) and
significantly reduced PPR (Fig. 5e; t = 5.39, p = 0.0004), whereas
no change in either fEPSP (t4) = 0.3932, p=0.7142, n=5) or PPR
(tay= 1409, p=0.2317, data not shown) were observed in the
VEH-treated condition. By contrast, in the TA-CA1 pathway (Fig. 5f),
(2R,6R)-HNK failed to potentiate fEPSPs (Fig. 5g, h; to) = 0.9968,
p =0.3573) or suppress PPR (Fig. 5i; tg) = 0.3894, p =0.7061); no
change in either fEPSP (t4)=1.552, p=0.1956) or PPR (t4) =
0.5895, p =0.5872) were observed in the VEH-treated condition
(data not shown). There were significant main effects of treatment
(F(1.13y=16.05, p = 0.0015) and synapse (F,13) = 23.17, p = 0.0003)
on the fEPSP slope, and a treatment x synapse interaction (F(;,13y =
25.94, p = 0.0002; Fig. 5j). Specifically, there was a significant fEPSP
increase in (2R,6R)-HNK-exposed SC-CA1 synapses relative to VEH-
exposed SC-CAT synapses (p <0.0001) and (2R,6R)-HNK-exposed
TA-CA1 synapses (p < 0.0001). The treatment X synapse interaction
for the effect of (2R,6R)-HNK on the change in PPR did not reach
statistical significance (Fig. 5k; F1,13) = 1.224, p = 0.2887); however,
planned comparisons revealed significant differences between VEH
and (2R,6R)-HNK-treated slices in the SC-CA1 pathway (p = 0.0384),
and between the SC-CA1 and TA-CA1 pathways for (2R,6R)-HNK-
treated slices (p = 0.0296).

DISCUSSION

Rapid-acting antidepressants are proposed to exert their effects by
restoring the balance of synaptic excitation to inhibition through-
out mesocorticolimbic circuits [18, 26-28]. Preclinical studies have
shown that, similar to ketamine [24, 29, 52], (2R,6R)-HNK causes
enduring alterations in synaptic function throughout the brain
and in behavioral tests that are used to predict antidepressant
efficacy [30-34, 36, 38, 39]. Despite this, the mechanisms
underlying the synaptic effects of (2R 6R)-HNK remain largely
unknown. The results presented here demonstrate for the first
time that (2R6R)-HNK acts presynaptically at SC terminals to
acutely enhance glutamatergic transmission in the CA1 field of the
hippocampus. In addition, this potentiation is distinct from
canonical forms of NMDAR-dependent long-term potentiation at
SC synapses [53], as the acute plasticity induced by (2R,6R)-HNK
was expressed presynaptically and occurred in the presence of
NMDAR blockade.

A previous study from our laboratory suggests that (2R,6R)-HNK
contributes to the antidepressant-like effects of ketamine [30],
with ketamine’s in vivo effects being more potently expressed in
female rodents when compared to males [30, 54]. However, here
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Fig. 4 (2R,6R)-HNK increases the frequency, but not amplitude, of mEPSCs. a Representative sample recordings of miniature excitatory
postsynaptic currents (mEPSCs) recorded for 5 min before and 20 min after the beginning of superfusion of hippocampal slices with vehicle
(VEH)- or (2R,6R)-hydroxynorketamine (HNK)-containing artificial cerebrospinal fluid (ACSF) that contained tetrodotoxin (TTX, 0.3 uM). Traces in
the compressed time scale provide a representation of the frequency of events before and after (2R,6R)-HNK bath application, whereas the
traces in the expanded scale provide a representation of the overall kinetics of events. b Frequency of monosynaptically generated mEPSCs
recorded in the presence of (2R,6R)-HNK (10 uM) increased significantly with time, and the effect became significant at 15-20 min after the
beginning of the superfusion (n = 6, left panel). Frequency of mEPSCs recorded at 15-20 min after beginning of superfusion of 10 slices with
(2R,6R)-HNK-containing ACSF was significantly larger than that recorded from VEH-superfused slices (right panel). ¢ Cumulative distribution of
interevent intervals were unchanged from baseline in VEH conditions, whereas d there was a significant leftward shift after (2R 6R)-HNK
exposure relative to baseline. e mEPSC amplitude was unaltered in either f VEH or g (2R 6R)-HNK-exposed slices. Only cells from which mEPSCs
were continuously recorded for 25 min were included in panels b and e. *p < 0.05, **p < 0.01. Points/bars and error bars represent mean and
standard error of the mean, respectively

SPRINGER NATURE Neuropsychopharmacology (2020) 45:426 - 436



(2R,6R)-hydroxynorketamine rapidly potentiates hippocampal...

LM Riggs et al.
433
A B
PRV EVAS) ll/lerge Baseline Scale
(2R.6R)-HNK P\//z——‘%
5ms
C E
,gzso- —= X
P (2R 6R)-HNK (10 uM) o
SC-CA1 g 200 " " % 15
=
2 1601 * +M+++++++++++ fttfttptt g =3
S i °
TA-CA1 7 Lot 2 1.0
% 100‘M*‘O”'p"“'8"6°"°°6q’Mb%%mme%%?ko?ﬂ%w”b;&%°m° Qii
0
= 50— 05
0 0 10 20 30 40 50 60 e & ¢ &
20 S @
Time (min X X o B
F ) & & & &
Merge  Baseling Scale & &
ﬁm /"\\ - P e
\_(2R,6R)-HNK \/ v //’
0.1 mV
5ms
G H | J K
,2\250- —ven g250 2.0 §250 207 = VzEHe e
£ £ £ B (2R6R)-HNK ©
% 200 * (2R6RIHNK (10 uM) % 200 o % 200 2 o] ™ @R
@ a ¢ 15 @ 04 %0 oo
S R 150 8 = 150 $ 0 —
o 150 o 2 H o &
i3 8 100+ @ussreiegenene 3 10 8100 2-10
an ¥ $ [ £ 1 2 =
5 100-°os?%§°é$swi-5%afsof%3&%Qﬁﬁﬁ%&?@gﬁ%-w%mw - s & 5 5 2
= s0l— 0 05 0 -30 o
10 0 10 20 30 40 50 60 @ é& <@ %\l- SC-CA1 TA-CA1 SC-CA1 TA-CA1
Time (min) & R & R
& & & &
& &

Fig. 5 The presynaptic effects of (2R,6R)-HNK occur at Schaffer collateral synapses, but not at temporoammonic synapses. a Schematic of the dual
extracellular recording arrangement [pyramidal cell outline adapted from [57]]. Both SC and TA afferents were stimulated in an alternating
fashion, and recording pipettes were placed in stratum radiatum and stratum lacunosum-moleculare of CA1, respectively. b Representative
paired pulse ratio (PPR) traces generated before (t = 0; gray) and after (t = 60; blue) (2R,6R)-hydroxynorketamine (HNK) superfusion in SC-CA1.
¢ (2R,6R)-HNK (10 uM, n=10) enhanced SC-CA1 field excitatory postsynaptic potentials (fEPSPs) when compared to vehicle (VEH)-treated
control slices (n=5). d The (2R,6R)-HNK-induced potentiation of SC-CA1 fEPSPs was significant when compared to baseline, whereas no
changes in VEH-exposed slices were observed (data not shown). e (2R,6R)-HNK significantly reduced PPR in SC-CA1; no changes in VEH-
exposed slices were observed (data not shown). f Representative PPR traces generated before (t = 0; gray) and after (t = 60; green) (2R,6R)-HNK
superfusion in the TA-CA1 pathway. g (2R,6R)-HNK had no effect on TA-CA1 fEPSPs. h The effect of (2R,6R)-HNK on fEPSP slope at TA-CA1
synapses was not significantly different from baseline. i (2R,6R)-HNK did not influence PPR at TA-CA1 synapses. j The (2R,6R)-HNK-induced
potentiation of SC-CA1 fEPSPs was significantly higher than at VEH-exposed SC-CA1 synapses and (2R,6R)-HNK-exposed TA-CA1 synapses.
k The (2R,6R)-HNK-induced decrease in PPR at SC-CA1 synapses was lower than at VEH-exposed SC-CA1 synapses and (2R,6R)-HNK-exposed
TA-CA1 synapses. ***p < 0.001, ****p < 0.0001. Points/bars and error bars represent mean and standard error of the mean, respectively

we report that (2R,6R)-HNK similarly enhanced glutamatergic mice treated with 10 mg/kg of (2R,6R)-HNK display ketamine-like
transmission in male and female hippocampal slices at 10 uM—a antidepressant responses in the forced swim, learned helplessness,
concentration approximating peak extracellular hippocampal and novelty suppressed feeding tests, as well as sucrose and
levels following antidepressant dosing of (2R,6R)-HNK (10 mg/kg) female urine preference tests following chronic corticosterone
in male mice [42]. Consequently, the current finding that administration [30, 38, 39, 42]. At a 10 mg/kg dose, extracellular
potentiation of SC-CA1 synaptic transmission by (2R,6R)-HNK is hippocampal concentrations peak at ~8 uM [42], which are
sex-independent suggests that the direct actions of (2R 6R)-HNK compatible with concentrations of (2R6R)-HNK that potentiate
on excitatory transmission do not explain these sex-dependent fEPSPs in the current study (ECs, of 3.3 uM; Fig. 2g). We also note
behavioral effects of ketamine. In addition, we conclude that that this ECsq is consistent with the maximal estimated unbound
organizational sex differences are not present, considering the brain (2R,6R)-HNK concentrations (0.92-4.84 uM) calculated from
prepubertal age of the female rats used, although, we cannot fully effective doses of ketamine in rodents, but above its projected
exclude that activational effects of female gonadal hormones maximal human levels (<37.8 + 14.3 nM) following administration
could play a role. Conducting a similar study in older, cycling of ketamine at antidepressant doses [55]. In addition, potentiation
females would be needed to address whether the estrous cycle of glutamatergic transmission by (2R,6R)-HNK was observed in the
modulates the potentiation induced by (2R,6R)-HNK. presence of the NMDAR inhibitor, AP5, and therefore did not

The potentiation induced by (2R,6R)-HNK at SC-CA1 synapses require NMDAR activity. This is consistent with earlier studies
was concentration-dependent (3-30 uM), with a concentration of reporting that (2R,6R)-HNK only blocks NMDARs at concentrations
10 uM (2R,6R)-HNK yielding a similar magnitude of potentiation in higher than those reported here to potentiate AMPAR-mediated
dorsal (155%; Fig. 2) and ventral (165%; Fig. 5) hippocampus. fEPSPs [30, 40, 43]. In fact, under experimental conditions similar to
Notably, these effective concentrations of (2R,6R)-HNK are relevant the current study, (2R,6R)-HNK inhibited NMDAR-mediated fEPSPs
to its antidepressant-like actions in preclinical studies. For example, at SC-CA1 synapses with an ICsq of 212 uM [42].
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The potentiation of AMPAR-mediated fEPSPs by (2R,6R)-HNK
was accompanied by a decrease in PPR, suggesting that (2R,6R)-
HNK increases glutamate release probability. We tested the
persistence of the potentiation following a period of bath
application that roughly approximates the pharmacokinetic profile
of (2R,6R)-HNK following an effective 10 mg/kg dose administered
to mice [30, 42]. Specifically, we have recently shown that
maximum extracellular hippocampal concentrations reach ~8 uM
at 10 and 20 min following intraperitoneal administration of an
antidepressant-relevant dose of 10mg/kg [42]. The rate of
clearance of (2R,6R)-HNK from the hippocampus is rapid, with
~3 uM remaining by 30 min post injection and ~0.3 uM by 60 min.
Here, we report that 15 min bath application of (2R,6R)-HNK led to
a potentiation that remained an hour in (2R 6R)-HNK-free ACSF.
We note that at 90 min following washout there was no significant
difference from baseline (p =0.09). Given that the pharmacoki-
netic profile of (2R,6R)-HNK shows that it has a rapid half-life and
no brain-selective accumulation following systemic administration
in vivo [42], it is likely that (2R 6R)-HNK is rapidly cleared when
slices are superfused with (2R,6R)-HNK-free ACSF. However, it is
also possible that high-affinity target binding contributes to the
persistent effect we observe.

We also found that (2R,6R)-HNK enhanced the frequency, but
not amplitude, of mEPSCs recorded from CA1 pyramidal neurons,
further supporting a presynaptic site of action. One hypothesis for
how ketamine is proposed to exert its antidepressant effects is to
disinhibit excitatory synaptic transmission by selectively inhibiting
NMDARs localized on GABAergic inhibitory interneurons [19-21].
However, our effects of (2R,6R)-HNK on mEPSCs were observed in
the presence of the sodium channel blocker, TTX, which prevents
action potential generation, indicating that GABAergic disinhibi-
tion of glutamatergic transmission is not required for the (2R,6R)-
HNK-induced increases in AMPAR-mediated mEPSC frequency. In
addition, similar to a recent conclusion by Shaffer et al. [55], our
data indicate that (2R 6R)-HNK does not directly activate AMPARs,
given that the amplitude of miniature events was unchanged.
Interestingly, an extracellular dual stimulation protocol revealed
that the (2R,6R)-HNK-induced presynaptic potentiation of fEPSPs
was synapse-specific, as it was observed at SC-CA1, but not TA-
CA1 synapses. While our whole-cell experiments do not definitely
test through which synaptic input (2R,6R)-HNK is exerting its
effects on mEPSC frequency, it is likely that the mEPSCs recorded
from the soma of CA1 pyramidal neurons are mediated primarily
by glutamate released from SC rather than TA terminals. This is
because TA-CA1 synapses are electrotonically remote from the
soma of those neurons, and are largely outnumbered by SC-CA1
synapses [56-59]. While the exact mechanism by which (2R 6R)-
HNK exerts its synapse-specific effects remains to be determined,
our results suggest that (2R6R)-HNK selectively targets a
presynaptic mechanism that specifically regulates glutamate
release in SC-CA1 synapses but not in TA-CA1 synapses under
these recording conditions. Importantly, there are topographically
distinct TA-CA1 projections with marked differences in presynaptic
protein expression and function [56], and TA synapses have been
shown to express a form of long-term potentiation that involves
the recruitment of presynaptic N-type calcium channels [51]. It is
possible that differences in the molecular mechanisms that
regulate vesicular release between these SC-CA1 and TA-CA1
synapses endow (2R,6R)-HNK with a selective effect on SC-CA1
synapses, for instance, through differential expression of pre-
synaptic calcium channel subtypes [51].

Enduring alterations in AMPAR-dependent synaptic transmis-
sion are thought to underlie the antidepressant-relevant beha-
vioral effects of (2R 6R)-HNK [30-38]. It is important to note that
the mechanisms underlying the acute presynaptic effects of
(2R,6R)-HNK in hippocampal slices may be distinct from the
sustained adaptations in synaptic efficacy that yield persistent
antidepressant-like behavioral responses in vivo. For instance,
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while both the rapid and sustained antidepressant-like behavioral
effects of (2R,6R)-HNK require AMPAR activation, hippocampal
synaptic AMPAR protein levels are upregulated 24 h, but not 1 h,
after systemic administration [30]. This is consistent with the
delayed expression of AMPAR-dependent structural plasticity
following submicromolar (2R,6R)-HNK exposure in vitro [35], and
resembles enduring forms of synaptic plasticity that rely on de
novo protein synthesis [60]. Given the apparent reversal of (2R,6R)-
HNK's acute presynaptic effects in the current study, our data
suggest that an acute presynaptically-mediated change in fast
excitation could induce a secondary, delayed postsynaptic
increase in AMPAR expression, thereby accounting for the
persistent behavioral actions of (2R,6R)-HNK.

There is mounting evidence that the in vivo effects of (2R,6R)-
HNK could be mediated by diverse actions throughout the brain.
For instance, while (2R,6R)-HNK's acute effects appear to be
mediated presynaptically in the hippocampus, bath application
of (2R,6R)-HNK (10 uM), and systemic (2R,6R)-HNK administration
(10 mg/kg, i.p.), induces rapid pre- and postsynaptic adaptations
within the ventrolateral periaqueductal gray (vIPAG), which are
also AMPAR-dependent [34]. Like the hippocampus, the VIPAG is
subject to stress-induced impairments in glutamatergic transmis-
sion that are thought to contribute to the emergence of
depressive-like behaviors in rodents [61], and that are responsive
to the effects of (2R,6R)-HNK in vivo and ex vivo [34]. Similarly,
within-medial prefrontal cortex (2R,6R)-HNK infusion produces
brain-derived neurotrophic factor-tropomyosin receptor kinase B-
dependent antidepressant-relevant actions comparable to sys-
temically administered (2R 6R)-HNK [38], possibly through a
sustained enhancement in extracellular glutamate levels [31]. In
contrast, both ketamine and (2R,6R)-HNK reduce synaptic poten-
tiation and AMPAR function in the ventral tegmental area-nucleus
accumbens circuit [32]. Additional circuit-level investigations
conducted in vivo will help to unify the diverse actions of
(2R,6R)-HNK throughout the mesocorticolimbic system.

There remains some debate regarding the role of ketamine
metabolites in the therapeutic antidepressant actions of ketamine
[62]. Nevertheless, (2R,6R)-HNK has been shown to exert actions
similar to ketamine in preclinical models of antidepressant efficacy
and depressive-like behavior [30, 31, 34, 38, 39]. In addition,
(2R,6R)-HNK displays less evidence of adverse effects in compar-
ison to ketamine in preclinical studies [30, 39]. The current results
provide critical insights regarding (2R6R)-HNK's mechanism of
action, implicating immediate, synapse-selective, presynaptically
mediated changes in synaptic strength. These findings advance a
mechanistic framework for the development of improved
therapeutic options for depression.
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