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Histamine-containing neurons of the tuberomammilary nucleus project to the hippocampal
formation to innervate H; and H, receptors on both principal and inhibitory interneurons. Here we
show that H, receptor activation negatively modulates outward currents through Kv3.2-containing
potassium channels by a mechanism involving PKA phosphorylation in inhibitory interneurons. PKA
phosphorylation of Kv3.2 lowered the maximum firing frequency of inhibitory neurons, which in
turn negatively modulated high-frequency population oscillations recorded in principal cell layers.
All these effects were absent in a Kv3.2 knockout mouse. These data reveal a novel pathway for hist-
amine-dependent regulation of high-frequency oscillations within the hippocampal formation.

Histamine-containing neurons of the posterior hypothalamic
tuberomammilary nucleus make a widespread projection
throughout the mammalian central nervous system, which
includes all fields of the hippocampus!-6. Activation of this hist-
aminergic system is crucial in the sleep—waking cycle and atten-
tiveness, and is implicated in various behavioral states, including
learning and memory’8. Histamine released from axonal vari-
cosities act on two postsynaptic receptors, H, and H,, which are
coupled positively to phospholipase C and adenylyl cyclase path-
ways respectively. In contrast, H; receptors are autoreceptors reg-
ulating histamine release or heteroreceptors located on axon
presynaptic terminals regulating release of other transmitters*.
In rodent hippocampus, both H; and H, receptors are distrib-
uted throughout all subfields®. In hippocampal principal cells,
activation of H, receptors depolarizes pyramidal cells by reducing
currents through a calcium-activated potassium current!-14, and
induces mossy fiber- and perforant path-evoked burst firing!>16,
in part by reducing inhibitory neurotransmission¢-18, The mol-
ecular targets downstream of histamine receptor activation and
how they modulate inhibitory neuron function are unexplored.

The ability to fire short-duration action potentials at high fre-
quencies is a hallmark property of several subpopulations of local
circuit inhibitory interneuronst®. This firing pattern is deter-
mined by the biophysical properties of intrinsic voltage-depen-
dent conductances. However, the molecular identity of these
conductances and how they are modulated is only beginning to
be understood. In recombinant systems, the potassium channel
subunits Kv3.1b and Kv3.2 express currents that activate at very
depolarized potentials, show little inactivation and deactivate
rapidly compared to other K* channel subunits?20-22, Conse-
quently, Kv3.1b and Kv3.2 keep action potentials brief, permit-
ting high-frequency firing?>-28. Within the hippocampus, both
Kv3.1b and Kv3.2 are expressed predominantly in inhibitory
interneurons?$242529.30-32 Although they have similar biophysi-
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cal properties, Kv3.2 differs from Kv3.1b by the presence of a
putative protein kinase A (PKA) phosphorylation site?:31.33 that
can be phosphorylated in situ by intrinsic PKA, Current through
recombinant Kv3.2 (but not Kv3.1) channels is inhibited by PKA
phosphorylation33. Whether native Kv3.2 channels are similarly
a target for PKA modulation and whether this is physiologically
relevant remains unknown.

Here we tested the hypothesis that Kv3.2-containing channels
on hippocampal interneurons are a target for histamine recep-
tor-dependent PKA modulation. Specifically, we wished to deter-
mine whether H, receptor-dependent modulation of Kv3.2
channel function influenced fast-spiking properties of interneu-
rons in wild-type and Kv3.2 knockout mice.

REsuLTS

Kv3.2 is expressed in inhibitory interneurons

In the hippocampus, Kv3.2 mRNA is expressed primarily in
inhibitory interneurons?2?, put its distribution in specific sub-
populations has not been described. Using a Kv3.2-selective anti-
body?8, we determined Kv3.2 protein expression throughout
hippocampal interneuron subpopulations. At the light micro-
scopic level, Kv3.2 protein expression was restricted to the soma-
ta, proximal dendrites and axons of interneurons (Fig. 1a and b)
located in both CA1/CA3 stratum oriens-alveus and stratum
pyramidale and in cells within the hilus and subgranular layer
of the dentate gyrus (DG). Double labeling with Kv3.2 and mon-
oclonal antibodies against somatostatin and the Ca?*-binding
proteins parvalbumin, calbindin and calretinin identified the
expression of Kv3.2 within particular populations of inhibitory
interneurons. All parvalbumin-containing inhibitory neurons
(100 £ 0%, n = 3 independent experiments) and 32.8 + 2.3%
(n = 3) of somatostatin-positive cells were Kv3.2 positive. In con-
trast, Kv3.2 was not present in cells labeled with either calbindin
or calretinin. This expression pattern is similar but not identical
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Fig. 1. Kv3.2 is expressed in parvalbumin- and a subpopulation of
somatostatin-containing hippocampal interneurons. (a) Kv3.2 light
immunohistochemistry. Kv3.2 protein is expressed in the somata, prox-
imal dendrites and axons of local inhibitory interneurons distributed
throughout all hippocampal subfields. Scale bar, 330 um. Bottom, high-
power magnification of Kv3.2 expression in CA1 (left) and DG/hilus
(right). Scale bars, 150 um. (b) Double immunofluorescence showing
that Kv3.2 (red) is expressed in both parvalbumin (PV)- and somato-
statin (SS)-containing interneurons (green, arrows) in the DG. Scale bar,
120 pm. (c). Two representative cells recorded physiologically, labeled
with biocytin and drawn by camera lucida. Both cells were located
within the dentate gyrus/hilar region and had axons that ramified either
within the hilus and the inner molecular layer or throughout the granule
cell body layer. Axons are shown in blue, dendrites in red. Scale bar,
200 um. Both cells showed modulation of Kv3.2 outward currents.

to that of the related subunit Kv3.1b, which is expressed exclu-
sively in parvalbumin interneurons?3034 (Fig. 4d).

CcAMP modulates Kv3.2 currents in interneurons
Channels formed by Kv3 subfamily members are thought to
carry a major component of the sustained outward current in
many hippocampal interneurons?+2., However, 4-aminopyri-
dine (4-AP) and tetraethylammonium (TEA) block currents
through both recombinant Kv3.1b and Kv3.2 with equal affin-
ity??, making characterization of Kv3.2-containing channels
problematic. The presence of a putative PKA phosphorylation
site within Kv3.2 (but not Kv3.1b), however, suggests that ele-
vation of CAMP may inhibit current through native Kv3.2-con-
taining channels, as it does currents through recombinant Kv3.2
(ref. 33). Sustained outward currents were recorded from
interneurons located at the subgranular region of the DG or
within the hilus, both known populations of parvalbumin- and
somatostatin-containing interneurons'® (Fig. 1c). Outward cur-
rents were activated at test potentials positive to -40 mV
(Vhoig = =70 mV, 200 ms duration) and were essentially non-
inactivating (Figs. 2 and 3)7.243, Sustained currents were
blocked by TEA (1-2 mM; mean current, 56 + 5% of control,
n = 16; Fig. 2a and d). Application of dibutyryl cAMP (or
8-Br-cAMP, 2 mM) together with IBMX (100 uM) also reduced
outward currents in 12 of 18 cells (Fig. 2b and €); the mean cur-
rent was 74 + 2% of control (n = 12, p = 0.004).

Innervation of the DG by axons of tuberomammillary nucle-
us neurons®, and the dense H, receptor distribution within this
region!®, prompted us to determine whether H, receptor activa-
tion modulated Kv3.2 currents by a mechanism involving adenylyl
cylase pathways. Application of histamine (10 uM) alone reduced
outward currents to 60 + 4% of control (n = 13, p = 0.0003). The
action of histamine was mimicked by the selective H, receptor ago-
nist dimaprit (10 uM; 72 £ 5% of control, n = 10, p = 0.0013;
Fig. 2c and f) but not by the selective H, receptor agonist
6-[2-(4-imidazolyl)ethylamino]-N-(4-trifluoromethylphenyl)hep-
tanecarboxamide (HTMT, 100 pm; 89 + 16%, n = 8, not signifi-
cant; data not shown). Reduction of the outward current by either
histamine or dimaprit was blocked by the H,-selective antagonist
cimetidine (10 uM; 91 + 9% of control, n = 7; 110 + 6%,
n = 5, respectively, not significant; Fig. 3c).

The difference currents obtained by subtraction of the cur-
rent families activated in the presence of TEA, dimaprit or PKA
activators from their control possessed similar voltage depen-
dence, activated at very depolarized potentials and were essen-
tially non-inactivating (Fig. 2d—f). The activation voltage for the
PKA-sensitive current was often 10-20 mV more negative than
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the current component blocked by TEA or dimaprit, suggesting
the presence of a second PKA-sensitive current component in these
cells (Fig. 2e). However, at 0 mV, this current contributed only 6%
of the total outward current. The TEA- or dimaprit-sensitive cur-
rent components possessed similar half-activation properties
(V1,=16.0+12mV,k=16.0+1;187+1.6 mV,k=16.1+14,
respectively).

Because TEA, H, receptor activation or PKA activators failed
to completely block outward currents, we next confirmed that
these agents acted on the same current component. In cells where
TEA (2 mM) reduced the outward current (mean reduction
50 + 8% of control, n = 16, p = 0.00013), addition of either
dimaprit or PKA activators in the continued presence of TEA
had no further effect (54 + 7% of original control, n = 8;
49 + 2%, n = 8, respectively, Fig. 3a and b). This suggests that
TEA removed all the current modulated both by H, receptor acti-
vation and by direct activation of PKA, presumably by blocking
current through Kv3.2-containing channels.

Prior application of the H, receptor antagonist cimetidine
(100 uM) blocked the action of both dimaprit (91 + 2%, n =7,
Fig. 3c) and histamine (110 £ 6%, n = 5), confirming that the
reduction of K* currents by both agents occurred through H,
receptor activation. In contrast, in cells where cimetidine suc-
cessfully blocked the action of histamine, PKA activators still
reduced outward currents (77 £ 7%, n = 5, p = 0.041), con-
firming that PKA activators act downstream from H, receptor
activation.

Preincubation of slices with the PKA inhibitor rp-cAMPs
(0.1 uM) prevented the action of dimaprit (103 + 5% of con-
trol, n = 10), confirming that H, receptor activation modulated
Kv3.2-containing channels by a mechanism involving PKA
phosphorylation (Fig. 3d). Furthermore, following reduction
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Fig. 2. Sustained outward K* currents a
resembling Kv3.2 currents are modulated by
H, receptor activation and db-cAMP in
interneurons. (a—c) Whole-cell sustained
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outward potassium currents in interneurons
were activated by a 300-ms test pulse
between -50 mV and +70 mV (10-mV incre-
ments, Vigq = =70 mV; inset in a). The sus-
tained current activated rapidly and was
essentially non-inactivating over the duration
of the pulse. Outward currents were reduced
by TEA (ImM; a), PKA activators (2 mM
db cAMP or 100 uM IBMX; b) or the selec-
tive H, receptor agonist dimaprit (10 uM; c).
(d-f) Top, averaged normalized |-V relation-
ships of outward currents measured in con-
trol or in the presence of TEA (d; n = 7),
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To unequivocally confirm that H, receptor activation reduced
outward currents by acting on Kv3.2-containing channels, we
made recordings from the same population of cells in mice lack-
ing the Kv3.2 gene. [Lau, D. H. P. et al., Somat. Motor Res. 16, 182
(1999).] Dimaprit (mean current 104 + 6 % of control, n = 9),
histamine (mean current 103 = 3 % of control, n = 7) or PKA
activators (mean current 104 + 5 % of control, n = 9) failed to
reduce the sustained outward current (Fig. 4a—c). Current-volt-
age relationships generated in the presence and absence of
dimaprit or PKA activators revealed no effect of either agent at
any test potentials. However, in 9 of 11 cells, application of TEA
blocked a fraction of current similar to that observed in wild-
type neurons (mean current, 63.0 £ 7% of control, P = 0.008;
Fig. 4b and c). Although these data demonstrate a lack of H,
receptor- or cAMP-modifiable current in DG interneurons of
Kv3.2 mutants, the block of outward currents by TEA suggested
that channels containing Kv3.1b may be formed in the absence

Fig. 3. TEA, H2 agonists and PKA activation modulate the same out-
ward current. In all traces, dot plots show representative experiments
taken from the mean data set shown on the right. Sustained outward
currents were activated by test pulses to +40 mV (duration 300 ms,
0.125 Hz, Vpoq =70 mV). (a, b) Left, following a control period (10 test
pulses), the sustained outward current was reduced by TEA (1 mM).
Subsequent addition of either dimaprit (a) or db-cAMP/IBMX (b) had no
further effect on the outward current amplitude. Traces shown above
dot plots are averaged from 10 records at time points indicated by num-
bers. Histograms (right) show averaged data from 8 cells for both (a)
and (b). (c) The action of dimaprit on the outward current was selec-
tively blocked by prior exposure to the selective H, receptor antagonist
cimetidine (100 puM). Right, averaged data from 7 cells. (d) Similarly, the
block of outward currents by dimaprit required activation of adenylyl
cyclase. Preincubation of slices for up to 1 hour in the PKA inhibitor rp-
cAMP (0.1 mM) prevented the effects of dimaprit (n = 10).
(e) Reduction of outward currents by dimaprit occluded the reduction
of currents by db-cAMP (n = 4). The above data demonstrate that H,
receptor activation acts via PKA phosphorylation to reduce outward
currents in dentate gyrus/hilar interneurons.

793



#2 © 2000 Nature America Inc. ¢ http://neurosci.nature.com

#2 © 2000 Nature America Inc. * http://neurosci.nature.com

articles

Fig. 4. H, agonist and PKA modulation of outward currents are absent
in interneurons from Kv3.2 mutant hippocampus, but block by TEA is
normal. (a) Average |-V relationships show no effect of PKA activators
(open symbols) at any test potentials compared to control (n = 9).
Traces above |-V plots show averaged currents (Vies = +40 mV). (b) In
contrast, sustained outward currents in the Kv3.2 mutant interneurons
(control, closed symbols) were reduced by TEA (1 mM, open symbols;
n = 9). Average |-V relationships show that, despite the absence of
Kv3.2 subunits, TEA blocked a current component similar to that
observed in wild type. (c) Mean reduction of outward currents in wild-
type (WT) interneurons by TEA (n = 16), db-cAMP (n = 12), histamine
(n = 13) or dimaprit (n = 10). Interneurons in the Kv3.2 knockout (KO)
mouse showed no effect of db-cAMP (n = 9), histamine (n = 7) or dimaprit
(n=9), but did respond to TEA (n = 7). (d) Immunchistochemistry show-
ing that Kv3.1b protein expression persisted (top left) despite the absence
of Kv3.2 protein (top right) in the Kv3.2 mutant mouse. Bottom, high-
magnification images of Kv3.1 in CA1 (left) and dentate gyrus (right).

of Kv3.2 protein. This was confirmed by Kv3.1b immunohisto-
chemistry (Fig. 4d). Consistent with a functional role for Kv3.1-
containing channels in the absence of Kv3.2, no significant
reduction in current amplitude (recorded at +50 mV) was
observed in Kv3.2 mutant cells (2.2 £+ 0.2 nA,
n = 26) compared to wild type (2.5 £ 0.2 nA, n =106, p = 0.41).

Kv3.2 channels set the upper limit of firing frequency
To investigate the physiological role of Kv3.2-containing chan-
nels and how H, receptor-dependent PKA phosphorylation of
Kv3.2 affects action potential properties in hippocampal
interneurons, we made recordings under current clamp. First,
to determine the upper limit of interneuron firing frequency,
we delivered trains (500 ms) of suprathreshold, brief-duration
current pulses at increasing frequencies. The pulse-train fre-
quency that failed to elicit a spike on each pulse (Fig. 5a) was
termed the cutoff frequency (f.). In a typical experiment from
a DG interneuron, action potential firing was faithfully fol-
lowed up to 167 Hz (Fig. 5a—c). The mean f; for all interneuron
experiments was 134 + 13 Hz (n = 21). For comparison, simi-
lar data from CA3 pyramidal neurons demonstrated the lower
frequency range sustained by principal cells (mean f,
60 + 3 Hz, n = 23; Fig. 5d).

To determine the role of Kv3.2-containing channels in set-
ting the upper frequency of interneuronal firing, we monitored
the effects of both the H, receptor agonist dimaprit and direct
activation of PKA on the f, of individual neurons in both wild-
type and Kv3.2 mutant animals (Fig. 6). In wild-type interneu-
rons, both dimaprit and db-cAMP shifted f, to a lower
frequency; mean f. was reduced by 26 + 3% (n =5, p = 0.004)
and 32 + 11% of the control (n =7, p = 0.004), respectively
(Fig. 6a and b).

H, agonists and PKA activators had no effect on the amplitude
and 50% duration of the first spike but significantly prolonged the
tenth spike (Fig. 6e). The mean amplitudes of the first and tenth
action potentials in control conditions were 85.0 = 6.9 mV and
78.8 £ 8.0 mV (n =10). Following application of PKA activators,
the amplitudes of the first and tenth spikes were 78.8 £ 6.7 mV
and 68.0 £+ 8.9 mV, respectively. In control conditions, the 50%
durations of the first and tenth spikes were 1.4 + 0.08 and
1.7 £ 0.2 ms, respectively. In the presence of PKA activators, the
mean durations of the first and tenth spikes were 1.5 + 0.1 and
2.5+ 0.3 ms, respectively (p < 0.01). H, agonists or PKA activators
did not significantly alter mean input resistance or resting mem-
brane potential of any cell tested.
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In the Kv3.2 mutant, interneurons sustained action potential
firing frequencies similar to wild type (mean f,, 115 + 10 Hz,
n =24 versus 134 + 13 Hz, n = 21, respectively), although a ten-
dency towards lower values is evident in KO interneurons. How-
ever, H, receptor activation or PKA activators now failed to
modulate firing frequency (96 + 2%, n = 10; 96 + 3% of control,
n =11, respectively), and they did not increase the 50% duration
of the tenth action potential (102 + 6%, n = 11 and 106 + 9% of
control, n = 7) in the train as observed in wild type (Fig. 6e).
These results suggest that H,-receptor-dependent PKA phos-
phorylation selectively modulated the Kv3.2 conductance. The
ability of interneurons to fire high frequencies without Kv3.2 pro-
tein is presumably due to the presence of Kv3.1b-containing chan-
nels, consistent with the immunohistochemical data (Fig. 4d).

Identical data was obtained when action potential firing was
induced by single suprathreshold electrotonic pulses (300 ms
duration). In these experiments, action potential firing frequency
was reduced from 46.3 + 3.4 Hz in control to 28.7 + 4.9 Hz by
db-cAMP (n =10, p = 0.017). Similarly PKA modulation of the
steady-state firing frequency was absent in recordings from
Kv3.2 knockout mice (mean reduction 4 = 2% of control,
n = 10).

Kv3.2-containing interneurons modulate oscillations

In hippocampus, oscillations in which neuronal ensembles fire in a
repeated and synchronous manner are present at theta (4-10 Hz),
gamma (20-80 Hz) and high (200 Hz) frequencies'®. GABAer-
gic interneurons participate in the generation and synchroniza-
tion of these oscillations!®363744-47_Spontaneous high-frequency
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Fig. 5. Dentate gyrus interneurons but not CA3 pyramidal neurons sus-
tain high action-potential firing frequencies. (a) Representative record-
ing from a DG interneuron demonstrates that single cells can faithfully
sustain action potential firing on every suprathreshold pulse (1 nA,
1.0 ms duration) up to a frequency of 167 Hz (triangle) (b) Initial 200ms
of the trains of action potentials indicated by boxes in (a). (c) Plot of
stimulation-train frequency against probability of successful spikes from
the data in (a) allows the extraction of the f.. At frequencies greater
than 167 Hz, the percentage of spikes elicited on each suprathreshold
stimuli fell hyperbolically. (d) Summary data from 21 DG interneurons and
23 CA3 pyramidal cells. With few exceptions, interneurons can success-
fully support frequencies of action potential firing (mean f, =158 + 23 Hz)
twofold higher than those of pyramidal neurons (mean f, = 60 + 3 Hz).

oscillations, occurring as a brief series of repetitive population
spikes, occur within the pyramidal cell layer of the hippocampus
in vitro3.

Because Kv3.2-containing interneurons support high-fre-
quency firing, we determined whether PKA phosphorylation of
Kv3.2 modulated spontaneously occurring high-frequency oscil-
lations in the principal cell layers. Extracellular recordings were
made from the CA3 pyramidal cell layer of both wild-type and
Kv3.2 mutant animals (n = 12, 14, respectively). Conventional
glutamatergic synaptic transmission was blocked by inclusion of
AMPA and NMDA receptor channel blockers (DNQX and APV,
10 and 25 uM respectively). Under these conditions, spontaneous
high-frequency population events® were observed (Fig. 7). Analy-
sis of the interevent distribution, autocorrelation function and
power spectrum showed oscillation frequencies in the range
[070-300 Hz (Fig. 7a and b). In wild-type animals, application of
either the H, agonist dimaprit or PKA activators decreased high-
frequency oscillations (> 70 Hz), whereas population events
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occurring at frequencies below 70 Hz were largely unaffected.
Analysis of the ratio of the integrals of probability for events over
70 Hz to those under 70 Hz (R) revealed a change in the fre-
quency distribution for both dimaprit (R = 0.38 + 0.04% in con-
trol; 0.26 + 0.05% after dimaprit, n =8, p = 0.007) and PKA

Fig. 6. H, receptor- and PKA-modulation of interneuron firing frequency is absent in the Kv3.2 knockout mouse. (a, b) In wild-type (WT) interneu-
rons, both dimaprit (10 pM) and PKA activators reduced the fc. (a) A representative interneuron showing that under control conditions a train of
stimuli delivered at 100 Hz can be followed for the entire 500 ms duration. Following application of dimaprit, action potential firing was observed on
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(c, d) In contrast, in Kv3.2 mutant
interneurons, both H, agonists and
PKA activators had no effect on the
maximum sustainable firing frequency.
(e) Alignment of the first and tenth
spikes in the train in wild-type control
and in the presence of PKA activators
showed prolonged spike duration and
reduced peak amplitude in the tenth
spike but not in the first. In Kv3.2 knock-
out (KO) animals, the first and tenth
spikes were unaffected by PKA activa-
tors. (f) Summary plot from both wild-
type (triangles) and Kv3.2 mutant
(circles) interneurons. Regression lines 1
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Fig. 7. PKA phosphorylation of Kv3.2 reduces the incidence of high-fre-
quency oscillations in CA3. (a, b) Representative extracellular record-
ings within the CA3 pyramidal cell layer of wild-type (WT) animals
revealed high-frequency population activity in the presence of gluta-
matergic receptor blockers. Bottom, the prevalence of high frequency
bursts was reduced by either dimaprit (a) or PKA activators (b). Right,
histogram plots of interspike frequency versus probability reveal a
reduction of the high-frequency component (> 70 Hz) by dimaprit
(n = 8) or PKA activators (n = 12). (c) In contrast, PKA activators failed
to modulate the occurrence of high-frequency oscillations in the Kv3.2
knockout hippocampus (n = 12). Note that the event probability in
mutant animals is significantly lower than that of wild-type animals, indi-
cating a lower occurrence of high-frequency events (> 70 Hz) in mutant
mice. (d) The modulation of high-frequency oscillations required intact
GABAergic inhibitory transmission. Experiments identical to those in
(a) and (b) were repeated in the presence of the GABA receptor antag-
onist picrotoxinin in wild-type mice. In the presence of picrotoxinin,
application of PKA activators had no effect on the high-frequency com-
ponent of the interevent distribution. Scale bars, 50 pV, 50 ms.

activators (R = 0.35 + 0.04 in control; 0.17 £+ 0.02 in db-cAMP,
n =12, p=0.002).

Oscillations at frequencies similar to wild type were detected
in the Kv3.2 mutant (Fig. 7c). However, the integral of the
interevent distribution, which is proportional to the number of
oscillatory events per unit time, revealed a lower occurrence of
high-frequency events (> 70 Hz; 3.9 + 0.9 events/s in wild type,
n =12, p=0.025; 1.7 + 0.4 events/s in knockout, n = 14) but not
oscillations under 70 Hz. In Kv3.2 mutants, population events
occurring at all frequencies were now unaffected by PKA activa-
tors (R =0.29 = 0.04 versus 0.34 + 0.03, n = 14; Fig 7c).

To confirm that PKA activation modulated spontaneous oscil-
lations by affecting GABAergic transmission, we repeated the
experiments in the presence of the GABA receptor antagonists
picrotoxinin (50 puM) or bicuculline (10 uM). In wild-type ani-
mals, both picrotoxinin and bicuculline reduced the occurrence
of high-frequency oscillations (> 70 Hz) compared to control
(Fig. 7d). The integral of the interevent distribution was
3.9 £ 0.9 events/second in control (n = 12), 1.7 + 0.6 events/sec-
ond with picrotoxinin (n = 9) and 2.1 + 1.7 events/second with
bicuculline (n = 5). In the presence of picrotoxinin, application of
db-cAMP did not affect the high-frequency component of the
interevent distribution (R = 0.17 = 0.04 in control; 0.2 £ 0.04 in
db-cAMP). Identical data were obtained using bicuculline. These
data suggest that GABAergic transmission modulates high-fre-
quency oscillations within the principal cell layer.

DiscussioN

The axons of histaminergic neurons originating within the pos-
terior hypothalamic tuberomammillary nucleus ramify exten-
sively throughout the hippocampal formation. Ultrastructural
studies show that histaminergic varicosities form few synaptic
contacts, implying that most neuronal histamine is released by
non-synaptic mechanisms with a widespread locus of activity.
Thus activation of a small number of tuberomammillary neu-
rons act to simultaneously excite target cells distributed through-
out many CNS areas. Consequently, histamine receptor activation
participates in a variety of brain functions, including locomotor
and exploratory behavior, arousal and the sleep—wake cycle. With-
in the hippocampus, histamine modulates neuronal function via
both H, and H, receptor activation, the latter most commonly
linked to a reduction in Ca?*-activated K+ conductance in prin-
cipal neurons, the molecular identity of which is presently
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unknown. A role for histamine receptor (either H, or H,) mod-
ulation of inhibitory interneuron function has never been
demonstrated, although a previous study?® indirectly demon-
strated that H, receptor enhancement of synaptic excitability
seems to arise in part from a reduction of inhibitory neuro-
transmission. The present demonstration that H, receptor func-
tion is linked to Kv3.2 function, and that phosphorylation of this
K* channel alters a fundamental property of inhibitory interneu-
rons, provides a major insight into histamine receptor regulation
of hippocampal function.

Kv3.2 protein was expressed in all parvalbumin-containing
interneurons®, a population of cells that also express Kv3.1b
(ref. 21), suggesting that, similar to cortical neurons?, native
channels within some hippocampus interneurons may be formed
by combination of these two subunits. The expression of Kv3
subunits in inhibitory interneurons and their absence in princi-
pal cells has identified these subunits as important determinants
of the fast-spiking phenotype?-2"%, In the hippocampus, par-
valbumin-immunoreactive interneurons and somatostatin-con-
taining cells in the stratum oriens—alveus and hilus have long
been recognized as being fast spiking®®. Our observation that
Kv3.2 was expressed in fast-spiking hippocampal interneurons
and that H, receptor modulation of Kv3.2 influenced the upper
limit for fast spiking supports and furthers these initial observa-
tions. Although we unequivocally demonstrate a role for Kv3.2
in determining fast spiking, we cannot rule out a role for other
potassium currents, including Ca?*-dependent potassium con-
ductances*. However, in the present experiments, this conduc-
tance would seem to have only a minor role in fast spiking, as
high-frequency action potential firing was observed when
5-10 mM BAPTA was included in the recording pipette?’.

The reduction in the upper limit of firing frequency by H,
receptor-dependent PKA phosphorylation of Kv3.2 was associ-
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ated with prolonged action potential duration and decreased
maximal spike amplitude, which was most obvious in spikes
occurring late in the train. This is consistent with the suggestion
that Kv3-containing channels enable sustained high-frequency
firing by facilitating the recovery of Na* channels (and possibly
transient I, channels) from inactivation, and by minimizing the
duration of the afterhyperpolarization?’. PKA modulation of the
action potential waveform was absent in interneurons from mice
lacking Kv3.2, suggesting that in wild-type animals this occurred
as a direct consequence of the reduction of Kv3.2 currents and
not by modulation of Na* channels*2.

The high degree of divergence of hippocampal interneurons
makes them suitable candidates for controlling the activity of large
populations of principal neurons®”43, Interneuron activity is phase-
locked to sharp waves in both CA1 and CA3 subfields*. Conse-
quently they are thought to be involved in maintenance of
high-frequency oscillations as constituents of a network in which
they are synaptically connected with principal cells!®3844+-47, Here
we showed that PKA activators reduced, but did not abolish, pop-
ulation events in the frequency range 70-300 Hz, an effect absent
in Kv3.2 mutant mice. PKA modulation was blocked in wild-type
animals by antagonists of GABA, receptors, confirming a role for
GABAergic transmission in the modulation of spontaneous oscil-
lations. Although spontaneous high-frequency oscillation events
were reduced in the Kv3.2 mutant mouse, activity in the frequen-
cy range 70-300 Hz was still observed. These results are compat-
ible with a model in which high-frequency oscillations are
generated independently and propagated by an ensemble of elec-
trically coupled principal cells®, but are modulated by Kv3.2-con-
taining interneurons. Such an ensemble would activate a
pyramidal cell-interneuron network that would, in turn, enhance
the amplitude or frequency of oscillations and increase the size of
the coherent field of synchronously firing pyramidal cells involved
in the oscillations, consistent with a proposed model“e.

In conclusion, these data demonstrate that Kv3.2 expressed
in fast-spiking interneurons is a target for H, receptor-depen-
dent PKA modulation. This mechanism for histamine receptor
activation would act to trigger PKA phosphorylation of Kv3.2 to
tune the firing frequency within specific populations of interneu-
rons, which in turn would directly influence the ability of the
hippocampal network to generate coherent high-frequency oscil-
lations.

METHODS

Hippocampal slices. Wild-type and Kv3.2 mutant [Lau, D. H. P. et al.,
Somat. Motor Res. 16, 182 (1999)] C57/BL6 mice (20-60 days old) were
anesthetized by isoflurane volatile inhalation and decapitated accord-
ing to NIH guidelines. Coronal hippocampal slices (250-300 pum) were
prepared in a solution of 130 mM NacCl, 3.5 mM KClI, 24 mM
NaHCOj,, 1.25 mM NaH,PO,, 0.5 mM CaCl,, 3.0 mM MgCl, and 10
mM glucose (95% O,, 5%CO0O,). Slices were superfused with a solu-
tion of the same composition, with the addition of 1.5 mM CaCl, and
1.5 mM MgCl,. When outward potassium currents were studied, all
solutions contained the Na*-channel blocker tetrodotoxin (TTX, 0.3
HUM). Glass pipettes of 2-3 MQ were pulled from thin-walled borosil-
icate glass (TW150F, WPI, Sarasota, Florida) and filled with 130 mM
KGlu, 10 mM HEPES, 5-10 mM BAPTA, 0.2 mM ATP.Na, 0.3 mM
GTP.Na, 1.0 mM MgCl, and 0.5% biocytin. Recordings were made
from cells located in the subgranular layer or hilus and subsequently
identified based on anatomy as inhibitory interneurons.

The membrane-permeable cAMP-analogs 8-Br-cAMP or db-cAMP
and the phosphodiesterase inhibitor iso-butyl-methyl-xanthine
(IBMX; termed PKA activators throughout the text) were dissolved
immediately before bath application at a concentration of 2 mM and
100 uM, respectively.

nature neuroscience ¢ volume 3 no 8 ¢ august 2000

articles

Electrophysiology. Patch-clamp and extracellular recordings were made
at room temperature using an Axopatch-1D amplifier with the pClamp
acquisition software (Axon Instruments, Foster City, California). To ana-
lyze spike frequency, we delivered a 500-ms train of fixed-current-ampli-
tude pulses to the cell. The amplitude and duration of the pulse was
adjusted (in the ranges of 0.5-2 nA, 0.4-1.0 ms) to determine the small-
est pulse required to reliably evoked action potentials on every pulse at a
starting frequency of 10 Hz. Pulse trains of increasing frequency were
then delivered at 0.1 Hz. The pulse train frequency that failed to elicit a
spike on every pulse was termed the cut-off frequency.

Mean values * s.e.m. are reported throughout the manuscript. The
paired Student’s t test was used to assess statistical significance.

For voltage-clamp experiments, cells were voltage clamped at —70 mV,
and outward currents were activated by test potentials up to +60 mV
(10-20 mV increments, 100-500 ms duration). To inactivate transient
currents, test pulses were preceded by a 50-ms pulse to =50 mV. Record-
ing pipettes contained the calcium chelator BAPTA (5-10 mM) to min-
imize the contribution of Ca2*-activated outward currents. Series
resistances (in the range of 10-25 MQ) were monitored continuously.
Currents were measured at test potentials of +60 mV unless stated oth-
erwise in the text.

For extracellular recordings, electrodes were filled with oxygenated bath
solution and positioned within the CA3 stratum pyramidale. All recordings
were made in the presence of 6-7dinitroquinoxaline-2,3(1H)-dione
(DNQX, 10 uM) and D-2-amino-5-phosphonovaleric acid (D-APV,
25 uM) to block AMPA and NMDA receptor-mediated excitatory synaptic
transmission, respectively. Extracellular population spike data were extract-
ed using the Mini Analysis program (Jaejin Software, Leonia, New Jersey).

Immunohistochemistry. Sagittal sections (30 um, postnatal day 51) were
incubated in rabbit anti-Kv3.2 (1:100)%. Biotinylated goat anti-rabbit sec-
ondary antibody (1:200, Vector Labs, Burlingame, California) was incu-
bated overnight. Cells were visualized using an Elite-ABC kit (Vector
Labs). Double immunofluorescence was done using a TSA signal ampli-
fication kit (NEN Life Sciences, Boston, Massachusetts). Sections were
incubated with polyclonal rabbit anti-Kv3.2 (1:200) and one of four mon-
oclonal antibodies: mouse anti-calbindin (1:200, Sigma, St Louis, Mis-
souri), mouse anti-calretinin (1:50, Chemicon, Temicula, California),
mouse anti-parvalbumin (1:1000, Sigma) or mouse anti-somatostatin
(1:10, Biomeda, Foster City, California). Secondary antibodies (goat anti-
rabbit, biotin conjugated and goat anti-mouse, FITC-conjugated) were
diluted 1:200 in blocking buffer and incubated simultaneously overnight.

ACKNOWLEDGEMENTS

The authors thank V. Gallo and J. Lawrence for constructive criticism of the
manuscript and K. Toth for advice throughout the study. B.R. was supported by
NIH NS30989 and NS35215.

ReceIVED 8 MAy; AccepTeD 12 JUNE 2000

1. Garbarg, M., Barbin, G., Bischoff, S., Pollard, H. & Schwartz, J. C. Dual local-
ization of histamine in an ascending neuronal pathway and in non-neuronal
cells evidenced by lesions in the lateral hypothalamic area. Brain Res. 106,
333-348 (1976).

2. Sastry, B. S. & Phillis, J. W. Depression of rat cerebral cortical neurones by H1
and H2 histamine receptor agonists. Eur. J. Pharmacol. 38, 269-273 (1976).

3. Barbin, G., Garbarg, M., Schwartz, J. C. & Storm-Mathisen, J. Histamine
synthesizing afferents to the hippocampal region. J. Neurochem. 26, 259-263
(1976).

4. Schwartz,J. C., Arrang, J. M., Garbarg, M., Pollard, H. & Ruat, M. Histaminergic
transmission in the mammalian brain. Physiol. Rev. 71, 1-51 (1991).

5. Inagaki, N. et al. Organization of histaminergic fibers in the rat brain.
J. Comp. Neurol. 273, 283-300 (1988).

6. Panula, P, Pirvola, U, Auvinen, S. & Airaksinen, M. S. Histamine-
immunoreactive nerve fibers in the rat brain. Neuroscience 28, 585-610 (1989).

7. Vorobjev, V. S., Sharonova, I. N., Walsh, I. B. & Haas, H. L. Histamine
potentiates N-methyl-D-aspartate responses in acutely isolated hippocampal
neurons. Neuron 11, 837-844 (1993).

8. Wada, H., Inagaki. N., Yamatodani, A. & Watanabe, T. Is the histaminergic
neuron system a regulatory center for whole-brain activity? Trends Neurosci.
14, 415-418 (1991).

797



#2 © 2000 Nature America Inc. ¢ http://neurosci.nature.com

#2 © 2000 Nature America Inc. ¢ http://neurosci.nature.com

articles

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Brown, R. E. & Reymann, K. G. Histamine H3 receptor-mediated depression
of synaptic transmission in the dentate gyrus of the rat in vitro. J. Physiol.
(Lond.) 496, 175-184 (1996).

Vizuete, M. L. et al. Detailed mapping of the histamine H2 receptor and its
gene transcripts in guinea-pig brain. Neuroscience 80, 321-343 (1997).

Haas, H. L. & Konnerth, A. Histamine and noradrenaline decrease calcium-
activated potassium conductance in hippocampal pyramidal cells. Nature
302, 432-434 (1983).

Haas, H. L. & Greene, R. W. Effects of histamine on hippocampal pyramidal
cells of the rat in vitro. Exp. Brain Res. 62, 123-130 (1986).

Greene, R. W. & Haas, H. L. Effects of histamine on dentate granule cells in
vitro. Neuroscience 34, 299-303 (1990).

Pellmar, T. C. Histamine decreases calcium-mediated potassium current in
guinea pig hippocampal CAl pyramidal cells. J. Neurophysiol. 55, 727-738
(1986).

Segal, M. Histamine modulates reactivity of hippocampal CA3 neurons to
afferent stimulation in vitro. Brain Res. 213, 443-448 (1981).

Yanovsky, Y. & Haas, H. L. Histamine increases the bursting activity of
pyramidal cells in the CA3 region of mouse hippocampus. Neurosci. Lett. 240,
110-112 (1998).

Geller, H. M., Springfield, S. A. & Tiberio, A. R. Electrophysiological actions
of histamine. Can. J. Physiol. Pharmacol. 62, 715-719 (1984).

Springfield, S. A. & Geller, H. M. Histamine modulates local inhibition in the
rat hippocampal slice. Cell. Mol. Neurobiol. 8, 431-445 (1988).

Freund,T. F. & Buzsaki, G. Interneurons in the hippocampus. Hippocampus 6,
345-470 (1996).

Grissmer S. et al. Pharmacological characterization of five cloned voltage-
gated K* channels, types Kv1.1, 1.2, 1.3, 1.5 and 3.1, stably expressed in
mammalian cell lines. Mol. Pharmacol. 45, 1227-1234 (1994).

Rudy B. et al. Contributions of Kv3 channels to neuronal excitability. Ann. NY
Acad. Sci. 868, 304-343 (1999).

.Hernandez-Pineda, R. et al. Kv3.1-Kv3.2 heteromultimeric channels underlie
a high voltage-activating component of the delayed rectifier K* current in
projecting neurons from the Globus Pallidus. J. Neurophysiol. 82, 1512-1528
(1999).

Wang, L. Y., Gan, L., Forsythe, I. D. & Kaczmarek, L. K. Contribution of the
Kv3.1 potassium channels to high-frequency firing in mouse auditory
neurones. J. Physiol. (Lond.) 509,183-194 (1998).

Du, J.,, Zhang, L., Weiser, M., Rudy, B. & McBain, C. J. Developmental
expression and functional characterization of the potassium-channel subunit
Kv3.1 in parvalbumin-containing interneuron of the rat hippocampus.
J. Neurosci. 16, 506-518 (1996).

Martina, M., Schultz, J. H., Ehmke, H., Monyer, H. & Jonas, P. Functional and
molecular differences between voltage-gated K* channels of fast spiking
interneurons and pyramidal neurons of rat hippocampus. J. Neurosci. 18,
8111-8125 (1998).

Massengill, J. L., Smith, M. A,, Son, D. I. & O’'Dowd, D. K. Differential
expression of K, ap currents and Kv3.1 potassium channel transcripts in
cortical neurons that develop distinct firing phenotypes. J. Neurosci. 17,
3136-3147 (1997).

Erisir, A., Lau, D., Rudy, B. & Leonard, C. S. The function of specific K*
channels in sustained high frequency firing of fast spiking neocortical
interneurons J. Neurophysiol. 82, 2476-2489 (1999).

Chow, A. et al. K* channel expression distinguishes subpopulations of
parvalbumin- and somatostatin-containing neocortical interneurons.
J. Neurosci. 19, 9332-9345 (1999).

798

29.
30.

3L
32.

33.

34.
35.

36.

37.

38.

39.

40.

41

42.

43.

44,

45,

46.

47.

48.

Weiser, M. et al. Differential expression of Shaw-related K* channels in the rat
central nervous system. J. Neurosci. 14, 949-972 (1994).

Weiser, M. et al. The potassium channel subunit Kv3.1b is localized to
somatic and axonal membranes of specific populations of CNS neurons.
J. Neurosci. 15, 4298-4314 (1995).

Vega-Saenz de Miera, E. et al. in Handbook of Membrane Channels 41-78
(Academic, San Diego, California, 1994).

Perney, T. M., Marshall, J., Martin, K. A., Hockfield, S. & Kaczmarek, L. K.
Expression of the mRNAs for the Kv3.1 potassium channel gene in the adult
and developing rat brain. J. Neurophysiol. 68, 756—776 (1992).

Moreno, H. et al. Thalamocortical projections have a K*-channel that is
phosphorylated and modulated by cAMP-dependent protein kinase.
J. Neurosci. 15, 5486-5501 (1995).

Sekirnjak, C. et al. Subcellular localization of the K* channel subunit Kv3.1b
in selected rat CNS neurons. Brain Res. 766, 173-187 (1997).

Zhang, L. & McBain, C. J. Voltage-gated potassium currents in stratum
oriens-alveus inhibitory neurones of the rat CA1 hippocampus. J. Physiol.
(Lond.) 488, 647-660 (1995).

Whittington, M. A., Traub, R. D. & Jefferys, J. G. Synchronized oscillations in
interneuron networks driven by metabotropic glutamate receptor activation.
Nature 373, 612-615 (1995).

Cobb, S. R, Buhl, E. H., Halasy, K., Paulsen, O. & Somogyi, P.
Synchronization of neuronal activity in hippocampus by individual
GABAergic interneurons. Nature 378, 75-79 (1995).

Csicsvari, J., Hirase, H., Czurko, A., Mamiya, A. & Buzsaki, G. Oscillatory
coupling of hippocampal pyramidal cells and interneurons in the behaving
rat. J. Neurosci. 19, 274-287 (1999).

Draghun, A., Traub, R. D., Schmitz, D. & Jeffereys, J. G. R. Electrical
coupling underlies high-frequency oscillations in vitro. Nature 394,
189-191 (1998).

Hough, L. B. in Basic Neurochemistry Vol 6 (eds. Siegel, G. J., Agranoff, B. W.,
Albers, R. W,, Fisher, S. K. & Uhler, M. D.) 293- 314 (Lippincott Raven,
Philadelphia, Pennsylvania, 1998).

Aoki, T. & Baraban, S. C. Properties of a calcium-activated K* current on
interneurons in the developing rat hippocampus J. Neurophysiol. 83,
3453-3461 (2000).

Catterall, W. A. Modulation of sodium and calcium channels by protein
phosphorylation and G proteins. Adv. Second Messenger Phosphoprotein Res.
31, 159-181 (1997).

Chrobak, J. J. & Buzsaki, G. High frequency oscillations in the output
networks of the hippocampal-enthorinal axis of the freely behaving rat.
J. Neurosci. 16, 3056—3066 (1996).

Buzsaki, G., Horvath, Z., Urioste, R., Hetke, J. & Wise, K. High-
frequency network oscillations in the hippocampus. Science 256,
1025-1027 (1992).

Ylinen, A. et al. Sharp wave-associated high-frequency oscillation (200 Hz) in
the intact hippocampus: network and intracellular mechanisms. J. Neurosci.
15, 30-46 (1995).

Buzsaki, G. The hippocampo-neocortical dialogue. Cereb. Cortex 6, 81-92
(1996).

Csicsvari, J., Hirase, H., Czurko, A., Mamiya, A. & Buzsaki, G. Fast network
oscillations in the hippocampal CA1 region of the behaving rat. J. Neurosci.
19, RC20 (1999).

Traub, R. D. & Bibbig, A. A model of high-frequency ripples in the
hippocampus based on synaptic coupling plus axon-axon gap junctions
between pyramidal neurons. J. Neurosci. 20, 2086—2093 (2000).

nature neuroscience ¢ volume 3 no 8 ¢ august 2000



