Brain Research 953 (2002) 272-275

Short communication

NMDA receptor-mediated mechanism of ketamine-induced facilitation
of glutamatergic excitatory synaptic transmission
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Abstract

The effect of ketamine on CAl-field EPSPs (fEPSPs) in rat hippocampal slices was investigated. KetamipiM]lfa@ilitated
fEPSPs at 0.05 Hz. The fEPSP facilitation was suppressed completely by AP-5 and partially by propranolol, and also by an increase in
stimulation frequency. These results indicate that ketamine facilitates excitatory synaptic transmission by activating NMDA receptors via
B-adrenoceptors under conditions in which NMDA receptor channel block is slight.
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Ketamine, a dissociative intravenous anesthetic, inacti-
vates the thalamo-neocortical projection system and the
medial medullary reticular formation but activates the
limbic system simultaneously while inducing an anesthetic
state [5,18]. Since activation of the limbic system may
contribute to the disadvantageous excitation and hallucina-
tion characteristics of ketamine anesthesia, the mechanisms
by which this activation is induced should be investigated
in order to establish a method for more favorable anes-
thetic and sedative management using ketamine.

In the hippocampus, a main constituent of the limbic
system, it was found that ketamine facilitates orthodromic
stimulation-induced excitatory responses of pyramidal cells
without enhancement of their excitability in the CAl
region [24]. This finding suggests that ketamine may
facilitate the excitatory synaptic transmission on CAl-
pyramidal cells that seems to support the activation of the
limbic system.

The aim of this study was to elucidate the effect of
ketamine on excitatory synaptic transmission. We investi-

postsynaptic potentials (fEPSPs) in hippocampal slices,
which exclusively reflect glutamatergic excitatory synaptic
transmission and are independent of GABAergic transmis-
sion at low stimulation frequency [8,14,17,25].
All of the protocols were approved by the Animal Use
Committee of Sapporo Medical University. From brains
removed from isoflurane-anesthetized male Wistar rats (5-
7 weeks old), transverse hippocampal slicegn(400
thick) were prepared with a vibratome in oxygenated and
cooled artificial cerebrospinal fluid (ACSF). Each slice was
placed in a submerged recording chamber (2 ml vol)
constantly superfused (3 ml/min) with oxygenated ACSF
at 26%D.6oH 7.40+0.05). The fEPSPs, elicited by

orthodromic inflamaximal electrical stimulation on CA1-

Schaffer collateral at 0.05, 0.2, or 0.5 Hz with a tungsten
bipolar microelectrode, were recorded from the CAl-
stratum radiatum using an extracellular tungsten microelec-

trode (1.0+0.1 M. The stimulation intensity eliciting
fEPSP for each slice was set at about 20—-30% of that of

threshold eliciting population spikes (range: 0.21-0.96

gated the effect of ketamine on CAl-field excitatory mV). As an index of synaptic strength, the fEPSP am-
plitudes, which were averaged in groups of three, were
analyzed using an on-line computer program. Drug effects
were investigated following stabilization of the fEPSP

amplitude. All of the drugs were continuously applied to
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the slices through the superfusing ACSF. The fEPSP uM ketamine =6; Fig. 1B). The increases in amplitude

amplitude is expressed as mean*=Sm=§—13) and as a with concentrations of 10 and B0 ketamine at 0.05 Hz

% of the control value, defined as ‘mean field EPSP were not significantly different. A subsequent washout
amplitude (averaged for 3 min) immediately before the with normal ACSF decreased the amplitude increased by
application of ketamine’. Statistical analysis was per- ketamine almost to the control level within 60 min.
formed using paired Studenttstest and one- or two-way The 100-uM ketamine-induced increase in fEPSP am-
repeated measures ANOVA. Data were considered to be plitude was counteracted coniptefedi (by ANOVA,
statistically significant whe<0.05. each) by pretreatment with 50M AP-5 (an NMDA-type

Ketamine (100wM) increased the fEPSP amplitude at glutamate receptor antagonist) at 0.05 and 0.2 Hz
0.05 and 0.2 Hz but not at 0.5 Hz (155.0+28.8, (107.1%+19.0 and 103.0*=18.1% of the control at 30 min,
118.6+21.5, and 99.6+12.2% of the control at 30 min, n=13 and 7, respectively; Fig. 2A) and partially<0.01
n=9, 11 and 8, respectively). With an increase in stimula- by ANOVA) by pretreatment withM Qropranolol (a
tion frequency, the ketamine-induced fEPSP facilitation B-adrenergic receptor antagonist, 113.1+14.5% of the
was depressed0.01 by ANOVA,; Fig. 1A). At 0.05 Hz, control at 30 mim=12) at 0.05 Hz (Fig. 2B). However,
the fEPSP amplitude was increased by d® ketamine
(147.1+30.1% of the control at 30 min=6) but not by 1
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Time (min) Fig. 2. Time-courses of the effects of ketamine on field excitatory

postsynaptic potential (EPSP) amplitude in slices pretreated with AP-5
Fig. 1. Time-courses of the effects of ketamine on field excitatory  =)-@-amino-5-phosphonopentanoic acid, an NMDA receptor antagonist)
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postsynaptic potential (EPSP) amplitude in slices superfused with normal or propranolol hydrochl@idelr@nergic receptor antagonist). After
artificial cerebrospinal fluid (ACSF). (A) 100M ketamine in normal the pretreatment for 30 min, ketamine was concomitantly applied. (A) 100
ACSF at 0.05, 0.2 and 0.5 Hrn£9, 11 and 8, respectively). (B) 10and 1  wM ketamine with 50uM AP-5 at 0.05, 0.2, or 0.5 HmE&13, 7 and 7,

wM ketamine in normal ACSF at 0.05 Hn<6, each). Mean field EPSP respectively). (B) 0@ ketamine with 10n.M propranolol at 0.05 Hz
amplitude (averaged for 3 min) immediately before the application of n=1@). Mean field EPSP amplitude (averaged for 3 min) immediately
ketamine is defined as the control value (100%). Me&rD¥:, * P<0.05 before the application of ketamine is defined as the control value (100%).
and ** P<0.01 vs. control. The open square with error bars at the far M&ah., * P<0.05 and **P<0.01 vs. control. The open square with
right of graph B indicates the effect of 1QOM ketamine in normal ACSF error bars at the far right of each graph indicates the effect gtM00

at 30 min for comparison. ketamine in normal ACSF at 30 min for comparison.
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pretreatment with 5QuM phentolamine (arx-adrenergic
receptor antagonish=6), 1 wM methysergide (a serotonin
5-HT,/5-HT, receptor antagonisbh=7), 5 wM atropine

(a muscarinic acetylcholine receptor antagonist6), 10
wM naloxon (an opiate receptor antagonist6), or 10
M bicuculline (a GABA, receptor antagonist=7) did
not significantly influence the 100-uM ketamine-induced
fEPSP facilitation at 0.05 Hz (Fig. 3).
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receptor block, including channel block [6,13,19], can not
theoretically explain the fEPSP facilitation.

The ketamine-induced fEPSP facilitation was also re-
duced by an increase in stimulation frequency, strongly
suggesting that the ketamine-induced channel block on
NMDA receptors, which acts in a use-dependent manner
[13], attenuates the ketamine-induced facilitation of ex-
citatory synaptic transmission through NMDA receptors.

When 100pM ketamine-induced fEPSP facilitation was ~Thus, ketamine has both facilitative and depressive effects
suppressed by relatively high stimulation frequency (0.2 or o0 NMDA  receptor-mediated transmission, and the
0.5 Hz) or pre-application of AP-5 or propranolol, a facilitative effect is elicited only under the condition in
transient decrease in fEPSP amplitude (to about 85% of Which there is almost no or only a weak channel-blocking

the control) also appeared at 5-10 min, a period immedi-
ately before the fEPSP facilitation should begin.

Ketamine at 100uM facilitated fEPSP at 0.05 Hz,
indicating that this dose of ketamine, which is within the
anesthetic range for rats [15], facilitates glutamatergic
excitatory synaptic transmission at a low stimulation
frequency. At 0.05 Hz, 1uM ketamine did not affect
fEPSP, but 1Q.M ketamine enhanced fEPSP as intensely
as 100nM ketamine did, indicating that 10QM ketamine
is sufficient to elicitE,,,,.

At 0.05 and 0.2 Hz, pre-application of AP-5 completely
suppressed the 100M ketamine-induced fEPSP facilita-
tion, indicating that ketamine facilitates excitatory synaptic
transmission through NMDA receptors, but not through
non-NMDA receptors. However, ketamine-induced NMDA

S

=200+

8

2

=150

(o]

&

5100

2

Té-

Dﬂ_s 50+ —a— Atr  —e— Phe

g_) —o— Nal —o— Met

U_; 0 Ketamine (100 uM)

2 Contol 5 10 15 20 25 30
Time (min)

Fig. 3. Time-courses of the effects of 100M ketamine on field

effect of ketamine on NMDA receptors.

It is possible that ketamine indirectly modulates the
NMDA receptor functions through adrenergic [10,21,22],
serotonergic [1,16], opioid [3,23] and muscarinic acetyl-
choline [2,7] receptors. The ketamine-induced fEPSP
facilitation was partially suppressed by pre-application of
propranolol but was not influenced by pre-application of
phentolamine, methysergide, atropine or naloxon. These
results indicate that the ketamine-induced facilitation of
excitatory synaptic transmission is at least partially me-
diated by thep-adrenergic mechanism [10] from norad-
renaline [11] but not significantly by the-adrenergic [20],
serotonergic, muscarine-cholinergic and opioid mecha-
nisms.

Pre-application of bicuculline did not change the
ketamine-induced fEPSP facilitation, indicating that the
GABAergic effect of ketamine [9,12] does not signifi-
cantly contribute to the fEPSP facilitation. Mechanisms
other than the3-adrenergic mechanism by which ketamine
facilitates excitatory synaptic transmission through NMDA
receptors have not been revealed.

Transient fEPSP depression appeared even when NMDA
receptors were antagonized by HM AP-5, which is
usually recognized to be sufficient to competitively block
all NMDA receptors. Since the effect of a combination of
ketamine and AP-5 appears to be greater than the addition
of their effects alone [4], it is possible that M AP-5
may almost, but not completely, block NMDA receptors
and that the ketamine-induced block of the remaining
NMDA receptors enhanced by AP-5 may be the origin of
the small fEPSP depression. The recovery part of the
depression may be due to the development of remnants of

excitatory postsynaptic potential (EPSP) amplitude in slices pretreated g facilitatory effect of ketamine. The fEPSP depression

with 50 wM phentolamine methylate (Phe, amadrenergic receptor
antagonistn=6), 1 uM methysergide maleate (Met, a serotonin 5;HT /
5-HT,. receptor antagonistn=7), 5 wM atropine sulfate (Atr, a
muscarinic acetylcholine receptor antagonist6), 10 wM naloxon
hydrochloride (Nal, an opiate receptor antagonist6), or 30 uM
bicuculline methiodide (Bic, a GABA receptor antagonist7) at 0.05

Hz. After the pretreatment for 30 min, ketamine was concomitantly
applied. Mean field EPSP amplitude (averaged for 3 min) immediately
before the application of ketamine is defined as the control value (100%).
MeantS.D.; ** P<0.01 vs. control in all experimental groups and
* P<0.05 vs. control in groups pretreated with bicuculline and naloxon
and P<<0.01 vs. control in the other groups. The open square with error
bars at the far right of the graph indicates the effect of @00 ketamine

in normal ACSF at 30 min for comparison.

disappeared when ketamine-induced fEPSP facilitation was
not suppressed. As the mechanism, it is thought that the
depressive and the facilitative effects of ketamine on
fEPSP offset each other.

References

[1] T. Blank, R. Zwart, I. Nijholt, J. Spiess, Serotonin 5-HT receptor

activation potentiatedN-methylp-aspartate receptor-mediated ion

currents by a protein kinase C-dependent mechanism, J. Neurosci.
Res. 45 (1996) 153-160.



E. Narimatsu et al. / Brain Research 953 (2002) 272-275 275

[2] P. Calabresi, D. Centonze, P. Gubellini, A. Pisani, G. Bernardi,
Acetylcholine-mediated modulation of striatal function, Trends.
Neurosci. 23 (2000) 120-126.

[3] L. Chen, LY. Huang, Sustained potentiation of NMDA receptor-
mediated glutamate responses through activation of protein kinase C
by a mu opioid, Neuron 7 (1991) 319-326.

[4] G.L. Collingridge, R.A. Lester, Excitatory amino acid receptors in
the vertebrate central nervous system, Pharmacol. Rev. 41 (1989)
143-210.

[5] G. Corssen, M. Miyasaka, E.F. Domino, Changing concepts in pain
control during surgery: dissociative anesthesia with CI-581. A
progress report, Anesth. Analg. 47 (1968) 746—759.

[6] S.N. Davies, S.T. Alford, E.J. Coan, R.A. Lester, G.L. Collingridge,
Ketamine blocks an NMDA receptor-mediated component of synap-
tic transmission in rat hippocampus in a voltage-dependent manner,
Neurosci. Lett. 92 (1988) 213-217.

[7] M.E. Durieux, Inhibition by ketamine of muscarinic acetylcholine
receptor function, Anesth. Analg. 81 (1995) 57—-62.

[8] T.F. Freund, M. Antal, GABA-containing neurons in the septum
control inhibitory interneurons in the hippocampus, Nature 336
(1988) 170-173.

[9] PW. Gage, B. Robertson, Prolongation of inhibitory postsynaptic
currents by pentobarbitone, halothane and ketamine in CA1 pyrami-
dal cells in rat hippocampus, Br. J. Pharmacol. 85 (1985) 675—-681.

[10] C.C. Huang, C.H. Lin, PW. Gean, Potentiation Nfmethylp-
aspartate currents by isoproterenol in the acutely dissociated rat
amygdalar neurons, Neurosci. Lett. 253 (1998) 9-12.

[11] J.C. Lacaille, CW. Harley, The action of norepinephrine in the
dentate gyrus: beta-mediated facilitation of evoked potentials in
vitro, Brain Res. 358 (1985) 210-220.

[12] H.J. Little, H.D. Atkinson, Ketamine potentiates the responses of the
rat superior cervical ganglion to GABA, Eur. J. Pharmacol. 98
(1984) 53-59.

[13] J.F. MacDonald, Z. Miljkovic, P. Pennefather, Use-dependent block
of excitatory amino acid currents in cultured neurons by ketamine, J.
Neurophysiol. 58 (1987) 251-266.

[14] M.B. Maclver, A.A. Mikulec, S.M. Amagasu, F.A. Monroe, Volatile
anesthetics depress glutamate transmission via presynaptic actions,
Anesthesiology 85 (1996) 823-834.
[15] M.P. Marietta, W.L. Way, N. Castagnoli Jr., A.J. Trevor, On the
pharmacology of the ketamine enantiomorphs in the rat, J. Phar-
macol. Exp. Ther. 202 (1977) 157-165.
[16] L.L. Martin, R.L. Bouchal, D.J. Smith, Ketamine inhibits serotonin
uptake in vivo, Neuropharmacology 21 (1982) 113-118.

[17] E. Narimatsu, M. Aoki, Transient depression of excitatory synaptic

transmission induced by adenosine uptake inhibition in rat hip-
pocampal slices, Brain Res. 862 (2000) 284-287.
[18] M. Ohtani, H. Kikuchi, L.M. Kitahata, A. Taub, H. Toyooka, K.
Hanaoka, S. Dohi, Effects of ketamine on nociceptive cells in the
medial medullary reticular formation of the cat, Anesthesiology 51
(1979) 414-417.

[19] B.A. Orser, P.S. Pennefather, J.F. MacDonald, Multiple mechanisms

of ketamine blockadeNahethylo-aspartate receptors, Anes-
thesiology 86 (1997) 903-917.
[20] T.C. Rainbow, A. Biegon, Quantitative autoradiography of
[*H]prazosin binding sites in rat forebrain, Neurosci. Lett. 40 (1983)
221-226.
[21] M. Segal, H. Markram, G. Richter-Levin, Actions of norepinephrine
in the rat hippocampus, Prog. Brain Res. 88 (1991) 323-330.
[22] D.J. Smith, A.J. Azzaro, H. Turndorf, S.B. Abbott, The effect of
ketamine HCI on the in vitro metabolism of norepinephrine in rat
cerebral cortex tissue, Neuropharmacology 14 (1975) 473-481.

[23] D.J. Smith, G.M. Pekoe, L.L. Martin, B. Coalgate, The interaction

of ketamine with the opiate receptor, Life Sci. 26 (1980) 789—795.
[24] A.P. Southan, K.T. Wann, In vitro actions of ketamine and
methohexitone in the rat hippocampus, Br. J. Anaesth. 63 (1989)
574-580.

[25] Y. Tohdoh, E. Narimatsu, M. Kawamata, A. Namiki, The in-
volvement of adenosine neuromodulation in pentobarbital-induced
field excitatory postsynaptic potentials depression in rat hippocam-
pal slices, Anesth. Analg. 91 (2000) 1537-1541.



