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Intrinsic Mechanisms of Frequency Selectivity in the
Proximal Dendrites of CA1 Pyramidal Neurons

Crescent L. Combe,! ““Carmen C. Canavier,? and ““Sonia Gasparini'>
"Neuroscience Center, Louisiana State University Health Sciences Center, New Orleans, Louisiana 70112 and 2Department of Cell Biology and Anatomy,
Louisiana State University Health Sciences Center, New Orleans, Louisiana 70112

Gamma oscillations are thought to play a role in learning and memory. Two distinct bands, slow (25-50 Hz) and fast (65-100 Hz) gamma,
have been identified in area CA1 of the rodent hippocampus. Slow gamma is phase locked to activity in area CA3 and presumably driven
by the Schaffer collaterals (SCs). We used a combination of computational modeling and in vitro electrophysiology in hippocampal slices
of male rats to test whether CA1 neurons responded to SC stimulation selectively at slow gamma frequencies and to identify the mecha-
nisms involved. Both approaches demonstrated that, in response to temporally precise input at SCs, CA1 pyramidal neurons fire prefer-
entially in the slow gamma range regardless of whether the input is at fast or slow gamma frequencies, suggesting frequency selectivity in
CAl output with respect to CA3 input. In addition, phase locking, assessed by the vector strength, was more precise for slow gamma than
fast gamma input. This frequency selectivity was greatly attenuated when the slow Ca”*-dependent K ™ (SK) current was removed from
the model or blocked in vitro with apamin. Perfusion of slices with BaCl, to block A-type K " channels tightened this frequency selectivity.
Both the broad-spectrum cholinergic agonist carbachol and the muscarinic agonist oxotremorine-M greatly attenuated the selectivity.
The more precise firing at slower frequencies persisted throughout all of the pharmacological manipulations conducted. We propose that
these intrinsic mechanisms provide a means by which CA1 phase locks to CA3 at different gamma frequencies preferentially in vivo as
physiological conditions change with behavioral demands.
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Gamma frequency activity, one of multiple bands of synchronous activity, has been suggested to underlie various aspects of
hippocampal function. Multisite recordings within the rat hippocampal formation indicate that different behavioral tasks are
associated with synchronized activity between areas CA3 and CAl at two different gamma bands: slow and fast gamma. In this
study, we examine the intrinsic mechanisms that may allow CAL1 to selectively “listen” to CA3 at slow compared with fast gamma
and suggest mechanisms that gate this selectivity. Identifying the intrinsic mechanisms underlying differential gamma preference
may help to explain the distinct types of CA3-CA1 synchronization observed in vivo under different behavioral conditions.
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different frequencies (Diizel et al., 2010; Jutras and Buffalo,
2010). Within the hippocampal formation, there are multiple
sources of gamma frequency activity that transiently link subre-
gions (Colgin et al., 2009; Schomburg et al., 2014). Alternating
synchrony between subregions may be instrumental in routing of
information within the formation or in shifting between memory
encoding and memory retrieval (Colgin and Moser, 2010). There
is evidence that CA1 and CA3 preferentially synchronize at slow
gamma (25-50 Hz) during exploration of a familiar environment
(Colgin et al., 2009) and at fast gamma (65-100 Hz) during
investigation of novel object—place pairs (Zheng et al., 2016a),
suggesting that there may be distinct mechanisms that support
band-specific CA3—CA1l coupling during different behavioral
states. The tendency of the CA1 region to phase lock with either
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CA3 or the medial entorhinal cortex at distinct frequencies, but
not both simultaneously, suggests that CA1 has selectivity fea-
tures for different bands of gamma frequency input that can be
differentially engaged (Colgin et al., 2009; Kemere et al., 2013).
Here, we investigate the possibility that the CA1 region can tran-
sition between states that selectively facilitate its participation in
synchronous activity at Schaffer collateral (SC) inputs in the slow
or fast gamma range as circumstances require.

SC input from CA3 impinges on the proximal portion of the
apical dendrites of CA1 pyramidal neurons, where signal integra-
tion is shaped by various potassium conductances. For example,
the Ca**-activated small conductance K current Igy links cal-
cium dynamics in spines and dendrites to the afterhyperpolariza-
tion, thereby influencing the firing rate (Stocker et al., 1999;
Pedarzani et al., 2005), whereas the A-type transient outward K
current I, has been shown to enhance compartmentalization of
apical branches (Cash and Yuste, 1999). These channels are sub-
ject to cholinergic neuromodulation (Hoffman and Johnston,
1999; Buchanan et al., 2010; Giessel and Sabatini, 2010), which
has previously been described as transiently reshaping neural cir-
cuitry (Hasselmo and Sarter, 2011; Atherton et al., 2015; Prado et
al., 2017). Therefore, cholinergic activity may be an important
determinant of signal integration in the hippocampal network,
particularly when acetylcholine levels in the hippocampus are
elevated, as is thought to occur in response to novelty (Acquas et
al., 1996; Aloisi et al., 1997) or training on a new behavioral task
(Teles-Grilo Ruivo et al., 2017).

We used a combination of computational modeling and in
vitro slice electrophysiology to test the hypothesis that the intrin-
sic properties of CA1 pyramidal neurons prime them to “listen”
to different bands of gamma frequency input from CA3 depend-
ing on physiological conditions. We applied trains of temporally
precise gamma frequency inputs to CA1 pyramidal cells to inves-
tigate intrinsic mechanisms of frequency selectivity. We justify
this form of stimulation with two pieces of evidence. First, during
slow gamma oscillations (40—50 Hz) in anesthetized rats (Fernandez-
Ruiz et al., 2012), CA3 provides a regular, periodic drive to CA1 in
vivo consisting of a “regular succession of pulse-like excitatory
packages initiated by spontaneous clustered firing of CA3 pyra-
midal cells.” Second, temporally precise input from CA3 to CAl
at slow gamma frequencies (~30 Hz) was observed in carbachol-
induced oscillations in vitro (Zemankovics et al., 2013).

We found that the proximal dendrites of CA1 neurons act as a
kind of low-pass filter on the firing rate, restricting somatic firing
preferentially to slow gamma frequencies in response to SC input;
this tendency was reduced by apamin, carbachol, or oxotremorine-M
(ox0-M), enhanced by 100 um BaCl,, and appears to be specific
to SC inputs because it did not occur in response to somatic
current injection. Mechanisms that allow neurons in CA1 to pref-
erentially follow specific gamma bands may play a role in the
routing or processing of information within the hippocampal
formation.

Materials and Methods

Computational modeling. The multicompartmental model CA1 neuron
of Bianchietal. (2012), implemented in NEURON (RRID:SCR_005393),
was used as a starting point. This model in turn was based on the Poirazi
etal. (2003) model, with channel distributions and kinetics adjusted as in
Shah et al. (2008). The multicompartmental model used in this study
includes a leak current, two fast Hodgkin-Huxley-type Na ™ currents
(somato-dendritic and axonal), a delayed rectifier, two A-type K™ cur-
rents (proximal and distal), an M-type K * current, a mixed conductance
hyperpolarization-activated h-current, a T-type Ca®" current, an R-type
Ca?* current, two L-type Ca®" currents (somatic and dendritic), a slow
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Ca?*-dependent K* (SK) current and a Ca?*- and voltage-dependent
K™ (BK) current. The currents are distributed nonuniformly in the cases
where experimental evidence supports it (Magee, 2016). In the Poirazi et
al. (2003) model, the density of the Ca®"-dependent, voltage-
independent K™ current that we attribute to the SK channels as well as
the density of the Ca®"-dependent, voltage-dependent BK current is
greatly elevated in the apical dendrites between 50 and 200 wm from the
soma, the density of the L-type Ca?* channels is elevated at distances
>50 wm from the soma, and the T-type Ca®" channel density is only
nonzero at distances >100 wm from the soma. These features, which
emphasize the effect of dendritic Ca*" entry, were retained.

Here, we summarize the major modifications we made to the model of
Bianchi et al. (2012). The model parameters were applied to a different
cell morphology (cell pc2b; Megias et al. (2001)), which has 144 com-
partments (see Fig. 1A). Distance was calculated to reflect the actual path
along the dendrite and the passive leak reversal was fixed at =70 mV
throughout the neuron. To better capture the dynamics of the SK con-
ductance, the time constant for the decay of calcium to its basal value was
decreased and the steady-state half-activation of [Ca**] for the SK chan-
nel was decreased as well. The kinetics of the delayed rectifier were sped
up at hyperpolarized potentials to limit the contribution of this current
to the medium afterhyperpolarization. To more faithfully replicate the
delay between an EPSP in the proximal dendrites and an action potential
(AP) in the soma, the conductance density for I;, was reduced by a factor
of 10. Also, the gradient for I}, was implemented as piecewise linear rather
than sigmoidal and a gradient in the half-activation was also implemented
(Magee, 1998). To reproduce the decrement in back-propagating spike am-
plitude with distance from the soma, the fast sodium conductance density
was reduced from 0.042 S/cm? in the soma to 0.015 in the dendrites (Gas-
parini and Migliore, 2015). Conductance densities were also adjusted for the
delayed rectifier, the A-type, SK and BKK * currents, and the T-type, L-type,
and R-type Ca** currents. The specific capacitance was increased to 1.5
wF/cm? in the soma and apical dendrite. Axial and membrane resistivity
were held constant in the apical dendrites.

Synaptic stimulation was modeled as activation of glutamatergic syn-
apses at 20 locations along the apical trunk between 200 and 300 uwm
from the soma and oblique dendrites that were attached to this portion of
the apical trunk (see Fig. 1A). The AMPA synapses were modeled as
biexponential conductances with rise time constants of 0.5 and 1 ms. A
two-state kinetic scheme Destexhe et al. (1995) was used for NMDA
receptor dynamics, with the rate constants for binding and unbinding set
t0 0.35 ms ' and 0.035 ms !, respectively, and the voltage dependence
of Mg?" block from Jahr and Stevens (1990). The ratio of the AMPA and
NMDA currents was set at 2 per McDermott et al. (2006).

Slice preparation. All experiments followed protocols approved by the
Louisiana State University Health Sciences Center Institutional Animal
Care and Use Committee and were in accordance with National Insti-
tutes of Health’s guidelines on the use of laboratory animals in research.
Seven- to 10-week-old male Sprague Dawley rats were deeply anesthe-
tized via intraperitoneal injection of ketamine and xylazine (90 and 10
mg/kg, respectively). Once the toe pinch reflex ceased, rats were transcar-
dially perfused with ice-cold oxygenated perfusion/cutting solution con-
taining the following (in mm): NaHCO,; 28, KCI 2.5, NaH,PO, 1.25,
MgCl, 7, CaCl, 0.5, dextrose 7, sucrose 234, L-ascorbic acid 1, and so-
dium pyruvate 3 and decapitated. Brains were rapidly removed and 400-
uM-thick transverse hippocampal slices were cut with a vibratome. Slices
were transferred to an oxygenated external solution containing the fol-
lowing (in mm): NaCl 125, NaHCOj; 25, KCl 2.5, NaH,PO, 1.25, MgCl,
1, CaCl, 2, dextrose 25, ascorbate 1, and sodium pyruvate 3 and allowed
to recover for 1 h at 36°C, followed by an additional recovery period at
room temperature lasting at least 1 h.

Patch-clamp electrophysiology. Slices were transferred to a recording
chamber and superfused with external solution identical to that in the
recovery chamber. All experiments were performed at 34-36°C. CAl
pyramidal cells were identified via differential interference contrast-
infrared video. Whole-cell current-clamp recordings were made with a
Dagan BVC 700A amplifier in the active “bridge” mode. Recording pi-
pettes had a resistance of 1-4 M) when filled with internal solution
containing the following (in mm): potassium methanesulphonate 125,
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KCI 20, HEPES 10, NaCl 4, Mg,ATP 4, Tris,GTP 0.3, and phosphocre-
atine 14. Series resistance was monitored throughout the recordings and
was usually <20 M(). Cells with resting membrane potentials depolar-
ized beyond —60 mV were discarded.

Gabazine (12.5 um) and CGP55845 (1 um) were applied in the exter-
nal solution in all experiments to block GABAergic neurotransmission;
apamin (100 nm), BaCl, (20 or 100 uMm), carbachol (2 um) or oxo-M (0.2
uM) were added as needed. In two sets of experiments, N-(2,6-
dimethylphenylcarbamoylmethyl)triethylammonium (QX-314, 3 mwm)
or apamin (100 nM) was added to the internal solution in the patch
pipette rather than the external solution to block channels in the post-
synaptic cell exclusively. In another set of experiments,1,2-Bis(2-
aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid (BAPTA, 5 mm), or
1,2-Bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid tetrapotas-
sium salt (BAPTA-tetrapotassium salt, 5 mm) were added to the pipette
solution to chelate intracellular Ca?". When BAPTA-tetrapotassium salt
was used, the concentration of potassium methanesulfonate was reduced
to 110 mM™ to adjust osmolarity. Gabazine and CGP55845 were purchased
from Abcam; apamin from Alomone Labs; QX-314, BaCl,, and BAPTA-
tetrapotassium salt from Sigma-Aldrich; carbachol and oxo-M from
Tocris Bioscience; and BAPTA from Cayman Chemical.

Electrical stimulation. Electrical stimulation of SCs was achieved via
current pulses delivered through a bipolar tungsten electrode (A-M Sys-
tems) placed in stratum radiatum ~200-250 um from the pyramidal cell
layer. The stimulation intensity was set so that the cell fired reliably to a
train of 10 current pulses at 25 ms intervals (40 Hz) in every experimental
condition. The stimulation intensity was therefore adjusted between
control conditions and pharmacological treatment in Figures 5, 6, 7, and
8. In the case of carbachol (see Fig. 8), this experimental design allowed us
to focus on the intrinsic postsynaptic effects of acetylcholine rather than
the effects on NMDA receptors (Markram and Segal, 1990) and presyn-
aptic glutamate release at CA3—CAl synapses (Hasselmo and Schnell,
1994). In one set of experiments, somatic current injection was used
instead of electrical stimulation of the afferent fibers. In this case, 2 ms
pulses were delivered to the soma through the recording pipette with a
current amplitude (between 0.5 and 2 nA) that elicited a single AP reli-
ably 3 times in a row.

Experimental design and statistical analyses. Experimental data were
recorded and analyzed with IGOR Pro software (WaveMetrics, RRID:
SCR_000325) and are presented as means = SEM. The number of cells
recorded in each experiment is indicated in the Results section. A typical
patch-clamp electrophysiology experiment with a difference in means of
1.3-2X and a SD of 0.2—0.3 requires n = 6—12 for p = 0.05 and a power
0f 0.9 (Cohen, 1977); each experimental group in this study is made up of
n =7 recording sessions. In most cases, recordings were from one cell per
animal. The notable exceptions were 10 cells recorded from four animals
in the “subthreshold stimulation” group and nine cells recorded from
three animals with QX-314 in the recording pipette (see Figure 4B and D,
respectively.

The ability of a cell to follow a given input frequency was evaluated as
the number of times it fired in response to 10 pulse trains. For these data,
statistical analyses were performed in SPSS (IBM, RRID:SCR_002865)
using the tutorials and software guide from Laerd Statistics (2015, Statis-
tical tutorials and software guides; https://statistics.laerd.com/). Para-
metric analyses (repeated-measures ANOVA and paired-samples ¢ test)
were used when data were normally distributed as determined by the
Shapiro-Wilk test for normality. The corresponding nonparametric
analyses (Friedman test, Wilcoxon signed-rank test, and sign test) were
used when data were not normally distributed and/or contained outliers
as assessed by boxplots in SPSS. The sign test was used when data were
not symmetrically distributed, which is a critical requirement for the
Wilcoxon signed-rank test. Where possible, comparisons were made in
the same cell before and after pharmacological treatment using the above
tests as appropriate for paired data. Otherwise, the Mann—Whitney U test
for unpaired data was used to make comparisons between different
groups of cells. Significant differences revealed by repeated-measures
ANOVA or the Friedman test were followed up by post hoc analyses using
Bonferroni-corrected pairwise comparisons.
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The interspike intervals (ISIs) were used to quantify firing at slow or
fast gamma in response to different frequency inputs. For these data,
differences between the distributions of ISIs were compared via the two-
sample Kolmogorov—Smirnov test, which was used to obtain maximum
difference (D) values and corresponding p-values.

Phase locking for three sample frequencies (40, 70, and 100 Hz) was
quantified by calculating the vector strength (r) as follows: the latency
(calculated as the interval between stimulation and the membrane po-
tential crossing —40 mV) was normalized to the interstimulation period
and converted to a phase (angle), specifying a point on the unit circle,
where the unit circle represents a single cycle of the stimulation fre-
quency. The phase for each spike (6;) was then used to calculate the vector
strength for each of the analyzed frequencies according to the following
equation:

2 2

Zcos(@,-) +% Esin(e,-)

i=1

,}
|
|

For circular statistics, the data from all neurons in a group were pooled at
each stimulation frequency. The circular statistics package in R (CRAN,
RRID:SCR_003005) was used to implement the Rayleigh test for the null
hypothesis of uniformity (Watson and Williams, 1956). The Wallraff test
for differences in vector strength, which is a measure of concentration, is
described in Pewsey et al. (2013) and applies the nonparametric ANOVA
Kruskal-Wallis rank-sum test to the set of absolute values of the differ-
ence of each phase from the mean value at each frequency, with the null
hypothesis that the median of the distributions from which the datasets
were drawn is the same. The confidence intervals were estimated using
the large sample distribution estimate of the mean vector strength of a
circular distribution (Pewsey, 2004). Polar plots were generated using
rose.diag in R and the area of each of the 16 sectors is proportional to the
number of phases that fell in each bin.

Differences were considered to be statistically significant when p <
0.05. When the p-value is reported as “exact,” it is based on the binomial
distribution rather than an approximation of the binomial distribution,
50 no other test statistic is reported.

Results

Input location and potassium conductance in
multicompartmental model of CA1 pyramidal neuron confer
frequency selectivity

We simulated temporally precise CA3 excitatory input to the
morphologically realistic model CA1 pyramidal neuron (Fig. 1A)
by simultaneously activating 20 excitatory synapses (red dots) on
the apical trunk and obliques at different gamma frequencies. For
comparison, somatic stimulation was modeled by simulating
trains of 2 ms current injection steps at the soma. In response to
synaptic activation in the proximal apical dendrite, the model
neuron fired at 40 Hz when the input was at 40 Hz (Fig. 1BI). This
response frequency dropped off dramatically when the input was
applied at 100 Hz such that the output frequency was essentially
at 50 Hz. Therefore, in response to input at the apical dendritic
compartment, the model CA1 neuron fired at slow gamma fre-
quencies regardless of whether the input frequency was at slow or
fast gamma. Conversely, when somatic stimulation was applied
(Fig. 1C), the output matched the input in a 1:1 relationship at
both slow gamma and fast gamma.

In a number of cell types, the small conductance (SK) calcium
activated potassium current influences the firing pattern via the
afterhyperpolarizing potential (Bond et al., 2005; Higgs and
Spain, 2009). In CA1 pyramidal neurons, in particular, SK chan-
nel activation by the transient influx of calcium associated with
depolarization contributes to the medium afterhyperpolariza-
tion, restricting a cell’s ability to fire again immediately after an
AP (Stocker et al., 1999; Pedarzani et al., 2005). At slow gamma
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Themodel CA1 pyramidal neuron responds preferentially to lower frequencies in response to proximal stimulation, but is not selective in response to somatic stimulation. A, Morphology

of pc2B (Megias et al., 2001) with approximate positions of simulated input at either the proximal apical dendrite (20 locations in the trunk and oblique branches) to simulate SCinput (red dots) or

at the somatic compartment of the model neuron to simulate somatic current injection (linj). B1,

Model output in response to repetitive activation of proximal synapses at 40 and 100 Hz. Stimulus

inputs are indicated below voltage traces with tick marks. The model output is 40 Hz in response to 40 Hz proximal input, as can be seen by 1:1 correspondence between tick marks and APs. In

response to 100 Hz proximal input, the model output is 50 Hz, as can be seen by 2:1 correspond
receiving synapticactivation for both 40 Hz (blue trace) and 100 Hz (green trace). The vertical dash
horizontal line represents 0 nm. B3, Values of the activation gating variable for the SK current at th
correspond to higher SK activation (above the threshold represented by the upper horizontal d
therefore, although this “threshold” is helpful to understanding the mechanism, it is only approx

ence between tick marks and APs. B2, Free [Ca* "], in the most proximal dendritic compartment
ed lines represent the timing of the synaptic activation at the respective frequencies and the dashed
e point of stimulation in the same compartment as B2. Asterisks represent the missed spikes, which
ashed line). The ninth stimulus at 100 Hz falls above the threshold, yet there is no missed spike;
imate because a single state variable in a single compartment does not capture the full state of the

model. ¢, Model output in response to repetitive stimulation of the somatic compartment at 40 and 100 Hz. The model fires with 1:1 correspondence whether the input is at slow (40 Hz) or fast (100
Hz) gamma. D, Removal of SK conductance from model abolishes selectivity for low frequencies of synaptic stimulation. Model demonstrates 1:1input:output relationship without this conductance

whether the input is at slow or fast gamma.

frequencies, stimulus-associated [Ca®*]; (Fig. 1B2, blue trace)
always decays to levels that do not sufficiently activate SK chan-
nels (Fig. 1B3, blue trace) to suppress spiking; the blue vertical
dashed lines indicating the stimulation times occur at the troughs
of these waveforms. Conversely, when activating synapses to sim-
ulate the SC input to the model neuron at 100 Hz, higher levels of
[Ca**]; and SK current activation (Fig. 1B2,B3, green traces) are

achieved in the proximal dendrites. Stimuli that are delivered
above a certain threshold of SK activation (dashed horizontal line
in Fig. 1B3) do not evoke an AP (indicated by asterisks). Indeed,
when we set the SK conductance to zero and stimulated the prox-
imal glutamatergic synapses in the model neuron, the afterhyper-
polarization between spikes was decreased and the input:output
relationship relaxed to 1:1 for both slow and fast gamma stimu-
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Figure2.

CA1 pyramidal cells fire at slow gamma in response to fast gamma SCinput, but lack frequency selectivity in response to somatic current injection. 4, Schematic indicating experimental

configuration for SC stimulation. B, Representative traces of a neuron firing in response to SC stimulation at different gamma frequencies. The timing of the stimulus inputs is indicated below the
voltage traces with tick marks. The cell reliably followed the 10 pulse input train at slow (40 Hz), but not fast (70 and 100 Hz) gamma. C, Schematic indicating experimental configuration for somatic
current injection. D, Representative traces of a neuron firing in response to somatic current injection at different gamma frequencies. Somatic current injection is indicated by current traces below
voltage traces. The cell fired in response to every input at slow (40 Hz) and fast (70 and 100 Hz) gamma.

lation frequencies (Fig. 1D). Therefore, for skipped spikes, the
activation of the SK channels in the proximal dendrite attenuates
the EPSP below the threshold for AP initiation (see horizontal
dashed line in Fig. 1BI, right). In contrast, depolarizing current
pulses applied at the soma adjacent to the axonal site of AP initi-
ation are not substantially attenuated by activation of dendritic
SK channels by back-propagating APs (Fig. 1B2,B3, black traces).

Therefore, the model predicts that CA1 neurons are better
able to follow SC stimulation in the slow gamma range compared
with fast gamma frequencies. According to the simulations, this
feature is specific to the SC input and depends to some degree on
a potassium conductance associated with SK channels. These re-
sults suggest the interesting scenario that amplification or reduc-
tion of this current could be a means by which the firing
frequency of CA1 pyramidal neurons in response to CA3 input is
modulated.

In vitro, CA1 pyramidal neurons reliably follow slow, but not
fast, gamma input at SCs

The model predicted that SC input to CA1 pyramidal neurons
preferentially elicits slow gamma frequency spiking. To test this
we performed in vitro experiments in hippocampal slices, deliv-
ering trains of stimulation to the stratum radiatum at discrete
frequencies across the range of gamma and recording the re-
sponses at the somata of CAl pyramidal neurons. In parallel
experiments, we delivered stimulation as trains of current pulses
injected at the soma via the recording electrode; schematic
illustrations of the two experimental stimulation protocols are
shown in Figure 2, A and C. For this study, all in vitro control
conditions include superfusion of GABA, and GABAj block-

ers (gabazine, 12.5 uM and CGP55845, 1 uM, respectively) in
the external solution.

Qualitatively, the response to different frequency input (40,
70, and 100 Hz) for SC stimulation can be seen in the voltage
traces in Figure 2B. The stimulation intensity was initially cali-
brated so that, at 40 Hz, the cell reliably fired in response to each
input after the first one in a 10 pulse train. At 70 and 100 Hz, the
cell only fired in response to every other input, effectively firing at
half the input frequency. In response to 40 Hz stimulation, cells
fired an average of 8.8 = 0.1 spikes, 6.2 = 0.2 spikes in response to
70 Hz stimulation, and 5.3 * 0.1 spikes at 100 Hz stimulation. We
performed repeated-measures ANOVA on the number of APs
elicited by the 10-pulse trains and found that it differed signifi-
cantly for the three input frequencies (F(; 470.25.0s3 = 252.321,
p <0.0005, n = 16). Bonferroni-corrected pairwise comparisons
indicated that this difference was significant between all three
frequencies (40 versus 70 Hz, p < 0.0005; 40 vs 100 Hz, p <
0.0005; 70 vs 100 Hz, p < 0.0005). Therefore, the CA3 input that
faithfully elicits slow gamma frequency output in CA1 neurons
does not generate fast gamma firing.

In contrast to synaptic input at the SCs, the example in Figure
2D shows that, when current pulses were injected to the soma via
the recording electrode at 40, 70, and 100 Hz, the cell fired at
every input both at slow and fast gamma frequencies (9.9 = 0.1
spikes at 40 Hz, 9.8 = 0.2 at 70 Hz, and 9.2 = 0.3 at 100 Hz). The
Friedman test (used because the data were not normally distrib-
uted) indicated a significant difference in the numbers of APs
fired (X(zz) =9.500, p = 0.009, n = 10), but this was not detected
by post hoc analysis (40 vs 70 Hz, p = 1.000; 40 vs 100 Hz, p =
0.221; 70 vs 100 Hz, p = 0.353).
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To illustrate the input:output relationships across gamma fre-
quencies, we constructed heat maps of the output frequency as a
function of the input frequency for the pooled data for all of the
neurons firing in response to SC stimulation (Fig. 3A, n = 16) or
somatic current injection (Fig. 3B, n = 10). Dashed lines indicate
where the data would fall if the input:output relationship were
locked 1:1 or 2:1. When cells were stimulated via SC inputs, the
relationship was close to 1:1 for frequencies up to 50 Hz, drop-
ping to 2:1 at input frequencies above 60 Hz (Fig. 3A). These data
indicate that the breakdown of the neurons’ ability to fire at the
input frequency arises at the border between slow gamma (25-50
Hz) and fast gamma (65-100 Hz), which is an interesting finding
considering the tendency of CA1 to synchronize with CA3 at slow
gamma in certain circumstances in vivo (Colgin et al., 2009; Ke-
mere et al., 2013). In addition, that the cells are able to reliably
follow slow but not fast gamma input supports the model predic-
tions. As in the model, this restriction on the output frequency
appears to be selectively triggered by activation of the SC input
because we found that brief (2 ms) current injection at the soma
generated a 1:1 input:output relationship throughout the range
of gamma (Fig. 3B).

To quantify the tendency to fire at slow gamma in response to
repetitive SC stimulation, we measured the ISIs and plotted their
distribution at 40, 70, and 100 Hz for all of the neurons examined.
For SC stimulation (Fig. 3C), the ISI distribution for 40 Hz was
clustered around 25 ms. When the stimulation frequency was at
70 Hz, the ISI distribution developed two peaks, one around 15
ms and the other around 28 ms. In response to 100 Hz stimula-
tion, a similar phenomenon occurred: two peaks developed, one
reflecting the cells firing at the input frequency and the other
corresponding to half of the input frequency. In contrast, when
stimulation was delivered as current pulses injected at the soma
(Fig. 3D), the ISI distribution was narrow for all input frequen-
cies and the vast majority of ISIs were restricted to single bins
corresponding to the input frequency. The cumulative distribu-
tions of ISIs are shown (Fig. 3D, insets) for cells stimulated at SCs
(Fig. 3D, black lines) and via somatic current injection (Fig. 3D,
gray lines) above the corresponding somatic current injection
histograms. SC stimulation and somatic current injection gener-
ated significantly different distributions, as compared by the
Kolmogorov—Smirnov test, for 40, 70, and 100 Hz stimulation
(D = 0.524, 0.886, and 0.901, respectively; associated p-values
<0.0005 in each comparison).

To quantify the precision of phase locking at the various fre-
quencies, we calculated the vector strength r (see Materials and
Methods), a number between 0 and 1 that correlates with the
degree of synchronization between input and output (0 for no
synchronization, 1 for perfect synchronization). The distribution
of the phases and the vector strength for the various frequencies
are represented as polar plots in insets in Figure 3C for synaptic
stimulation and in Figure 3D for somatic current injection. We
used the Rayleigh test to estimate the level of uniformity of the
phases of the spikes at each frequency. The p-value for the Ray-
leigh test using the phases of spikes within the cycle of the stim-
ulation frequency was effectively zero (p << 0.000001) at all three
frequencies, so the null hypothesis of uniform distribution
around a circle can be rejected; there was significant phase lock-
ing at all stimulus frequencies. The vector strengths, r (repre-
sented by the red line in the polar plots), from the cumulative
data across all neurons stimulated at SC were 0.925 (0.916—
0.934) at 40 Hz, 0.782 (0.756—0.808) at 70 Hz, and 0.622 (0.585—
0.660) at 100 Hz. The 95% confidence intervals (95% ClIs) are
given in parentheses after the vector strength at the three frequen-
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cies. Note that the 95% CIs do not overlap, indicating that the
differences are significant. Moreover, the Wallraff test also re-
jected the null hypothesis of equal vector strength at 40, 70, and
100 Hz with p < 0.000005. These results suggest that, although
there is significant phase locking at all of the frequencies exam-
ined, CAl pyramidal neurons are better able to phase lock to
temporally precise SC input at slow, rather than fast, gamma
frequencies. Conversely, for somatic stimulation, the vector
strengths, r, from the cumulative data across all neurons were
0.997 (0.997-0.998) at 40 Hz, 0.897 (0.857—0.938) at 70 Hz, and
0.964 (0.959-0.969) at 100 Hz.

The above data demonstrate that, in response to SC stimula-
tion at frequencies across the range of gamma, CA1 pyramidal
neurons tend to fire more reliably at slow gamma regardless of the
input frequency. Conversely, in response to somatic current in-
jection, CA1 pyramidal neurons fire at every input without selec-
tivity for any frequency range. This provides evidence that
sodium channel inactivation in the postsynaptic neuron does not
underlie the frequency restriction and suggests instead that it is
specific to the SC input.

To test whether these differences were specific to the intensity
of synaptic stimulation chosen, we performed the same analysis
after increasing the intensity of stimulation; results are summa-
rized in Table 1. When the stimulation intensity was increased,
cells fired more APs than they did at baseline, but the relationship
between frequencies persisted. Repeated-measures ANOVA
confirmed significant differences in the numbers of APs due to
input frequency (Table 1, n = 12) whether examined at baseline
(F2.22) = 389.906, p < 0.0005), at 20% increase in stimulation
intensity (F(; 16.13.381) = 96.180, p < 0.0005), or at 30% increase
in stimulation intensity (F(; 363,14.978) = 93.216, p < 0.0005). The
vector strength did improve somewhat for stronger stimulations,
but it was only significantly different for increases of 20% at 40
and 70 Hz and did not increase significantly as the stimulation
intensity was increased from 20% to 30%. Moreover, phase lock-
ing remained better for slow gamma frequency input than for fast
gamma frequency input (Table 1). When we increased the inten-
sity of stimulation by 40% or more, most neurons started firing
more than one AP per stimulation, confounding our measures of
spike responses to precise periodic inputs.

Synaptic depression does not play a role in frequency
selectivity at SC inputs

To determine whether the inability to fire at fast gamma frequen-
cies is dependent on a presynaptic mechanism (i.e., short-term
synaptic depression) at higher frequencies, we recorded the
membrane potential profile in the absence of postsynaptic APs
across trains of 40, 70, and 100 Hz SC input (see example traces in
Fig. 4A,C). The responses were measured as the difference be-
tween baseline and the maximum amplitude of each EPSP fol-
lowing the synaptic input. The plots in Figure 4 are averaged
membrane potential responses to 10-pulse trains of synaptic
stimulation that were either subthreshold (Fig. 4B, n = 10) or
delivered in the presence of QX-314 (3 mMm), a membrane-
impermeable, voltage-sensitive Na ™ channel blocker (Fig. 4D,
n =9). QX-314 was applied intracellularly to prevent spikes to
evoke larger responses comparable to those evoked by the stim-
ulation intensities in the experiments in Figure 2. In both condi-
tions, there was a consistent increase in EPSP amplitude as the
stimulus train progressed, particularly at fast gamma input. From
the shape of the waveforms, dominated as they are by summa-
tion, there is no evidence that the synaptic response dips during
the stimulus train in a manner that would account for the cells
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Input:output relationships demonstrate frequency selectivity at SC but not somatic inputs. A, B, Heat map representations of output frequency as a function of input frequency for the

pooled data of all the cells stimulated at SC (n = 16; A) or through somatic current injection (n = 10; B). Dashed lines correspond to 1:1 and 2:1 input:output relationships. In response to SC
stimulation, the hottest output frequencies are at 60 Hzand below regardless of the input frequency. Forinput frequencies >60 Hz, the input:output relationship drops from 1:1t0 2:1, as highlighted
by the yellow ellipse. When current pulses are injected to the soma, the input:output relationship remains 1:1 at all gamma frequencies. C, ISl distributions in response to SC stimulation at different
gamma frequencies. At 40 Hz stimulation, ISI distribution is grouped around the interval that corresponds to the stimulation frequency, but at fast gamma frequencies (70 and 100 Hz), the ISI
distribution shows two peaks; the smaller peak corresponds to the fast gamma frequency at which the cells were stimulated and the larger peak corresponds to half that frequency. Polar plots (insets)
show the distribution of firing phase at the various frequencies. The vector strength (r) is represented as a red line. Note that, with increasing frequency stimulation, the firing phase is more broadly
distributed and the vector strength is smaller. D, ISI distributions in response to somatic current injection across the range of gamma frequencies. 151 distribution shows one narrow peak in response
toallinput frequencies. The upper insets show the polar plots as in C; the lower insets show the cumulative distributions of ISIs for synaptic activation at SC (black lines) and somatic current injection
(gray lines) at the respective frequencies. x-axes, ISI (in ms); y-axes, cumulative fraction of ISIs. Asterisks indicate significant differences in the cumulative distributions.
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Table 1. Frequency selectivity of SC stimulation
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Increase

Baseline 20% 30%
Stimulation frequency (Hz) No. of APs rvalue (95% Cl) No. of APs rvalue (95% Cl) No. of APs rvalue (95% Cl)
40 8.9 = 0.04 0.925 (0.915-0.935) 9.6 £0.1 0.965 (0.961-0.968) 9.7 0.1 0.958 (0.952—-0.964)
70 7.0 £ 0.2%%* 0.679 (0.650-0.708) 8.7 £ 0.3** 0.740 (0.715-0.765) 9.1+ 0.2% 0.776 (0.752-0.801)
100 5.5 % 0.1%** 0.515 (0.473-0.557) 7.0 &= 0.2%%* 0.548 (0.511-0.585) 7.2 £ 0.3%** 0.585 (0.550-0.621)

Number of action potentials (APs) and vector strength r (with 95% Cl) for experiments with increasing stimulation intensity are given for trains of 10 stimuli applied at three different frequencies. Significance levels refer to difference with
respect to 40 Hz stimulation. *p = 0.038, **p = 0.016, ***p << 0.0005. For the difference between 70 Hz and 100 Hz, p was always <<0.0005.

skipping every other input at 70 or 100 Hz. This result suggests
that we can rule out a presynaptic release mechanism for the
firing rate frequency restriction at SC inputs. Model simulations
reproduced the trend of the experimental data when the Na™
conductance was set to zero, replicating the effect of QX-314 (see
red traces in Fig. 4D).

SK and A-type potassium conductances have opposing effects

on CAl pyramidal neurons’ ability to follow fast gamma

The apical dendrites of CAl pyramidal neurons are endowed
with various conductances that confer active properties, such as
compartmentalization of signal integration and varying integra-
tive and output modes (Johnston et al., 1996; Golding et al., 1999;
Gasparini and Magee, 2006). Having found that the tendency to
fire at slow but not fast gamma is engaged at SC but not somatic
inputs, we next investigated possible dendritic mechanisms that
could underlie this apparent compartment-dependent frequency
selectivity.

Work with the model during calibration had suggested in-
volvement of the SK current in setting up the observed preference
for slow gamma firing (Fig. 1D). In adult rat CAl pyramidal
neurons, this current is carried by SK2 channels, the expression of
which, primarily in spines, increases along apical dendrites with
distance from the soma (Ballesteros-Merino et al., 2012). SK
channels are activated by intracellular calcium elevation via
voltage-gated calcium channels or NMDA receptors (Ngo-Anh et
al., 2005; Bloodgood and Sabatini, 2007; Wang et al., 2014). Dur-
ing depolarization, this current serves to deepen the medium
afterhyperpolarization, limiting repetitive firing (Stocker et al.,
1999; Pedarzani et al., 2005). We measured AP output in re-
sponse to trains of 10 stimuli at SCs at different gamma frequen-
cies before and after the addition of 100 nM apamin, a selective
blocker of SK channels (Blatz and Magleby, 1986). An example
experiment is shown in Figure 5. A cell in control conditions fires
reliably at 40 Hz, misses some inputs at 70 Hz, and misses every
other input at 100 Hz (Fig. 5A). In the presence of apamin, that
same cell follows 70 and 100 Hz stimulation more accurately (Fig.
5B). At stimulus intensities that generated 8.8 = 0.1 APs at 40 Hz
in controland 9.1 # 0.1 in apamin (exact p = 0.125, sign test, n =
10), we saw significant increases at 70 and 100 Hz in apamin
compared with control. The number of APs generated by 70 Hz
input significantly increased from 6.8 * 0.2 under control con-
ditions to 8.0 = 0.3 in the presence of external apamin (exact p =
0.002). Likewise, the number of APs generated by 100 Hz input
significantly increased from 5.5 = 0.2 in control to 6.7 * 0.3 in
apamin (exact p = 0.002).

Because apamin-sensitive SK channels have been identified in
axon terminals of cultured hippocampal neurons (Obermair et
al., 2003) and could therefore mediate an apamin-sensitive effect
at the presynaptic level, we repeated these experiments while se-
lectively blocking SK channels on the postsynaptic neurons. This
was done by applying 100 nM apamin in the patch pipette instead

of the external solution (Bock and Stuart, 2014). Because the drug
dialyzed rather quickly into the cells, it was not possible to obtain
full control datasets before and after intracellular apamin. Un-
paired comparisons were therefore made to the bath-applied
apamin group from the previous experiment discussed above to
determine whether there was a significant difference between the
application methods using the Mann—Whitney test. Apamin ap-
plied via the patch pipette (n = 8) had effects similar to externally
applied apamin, as example traces show in Figure 5C. There were
no significant differences in the number of APs between intracel-
lularly applied apamin (9.0 = 0.1 spikes at 40 Hz, p = 1.00, U =
40.0; 8.4 = 0.3 spikes at 70 Hz, p = 0.408, U = 49.5; 6.5 = 0.3
spikes at 100 Hz, p = 0.633, U = 34.5; using an exact sampling
distribution for U) and bath applied apamin (see previous para-
graph), indicating that the effect seen was due to SK channel
block on the postsynaptic cells. However, neither externally or
internally applied apamin reversed the increased precision at
lower frequency stimulation; vector strengths for extracellular
apamin are shown in Table 2.

ISIs were measured for cells before and after external apamin
(Fig. 5D) or in neurons dialyzed intracellularly with apamin (Fig.
5E). When cells treated with apamin were stimulated at fast
gamma, the peaks in the ISI distribution were less clearly sepa-
rated than under control conditions. For both apamin-treated
groups, 70 Hz stimulation generated one prominent peak near 15
ms, with only residual ISIs corresponding to slow gamma output
near 30 ms. In response to 100 Hz stimulation, apamin appeared
to shift the ISI distribution toward smaller values, although the
peaks corresponding to slow gamma firing (20 ms ISI) were not
abolished outright. Insets above ISI histograms in Figure 5D
show the cumulative distributions of ISIs generated in control
(black lines) and bath-applied apamin (gray lines). The cumula-
tive distributions at 70 and 100 Hz are significantly different from
control in the presence of bath-applied apamin (D = 0.216 and
0.307, respectively; corresponding p-values <0.0005 for each
comparison), whereas the distributions at 40 Hz do not differ
significantly between control and bath-applied apamin (D =
0.094, p = 0.131). The apamin-associated shift at 70 and 100 Hz
is toward smaller ISI values, corresponding to higher frequency
firing than in control. Insets above ISI histograms in Figure 5E
show the cumulative distributions of ISIs for the two different
apamin application methods: via the patch pipette (black dotted
lines) overlaid on the cumulative distributions in the presence of
bath-applied apamin from Figure 5D (gray lines). There were no
significant differences in distributions at the different gamma
frequencies between the two apamin application methods (D =
0.053, p = 0.752; D = 0.096, p = 0.076; D = 0.097, p = 0.139; for
40, 70, and 100 Hz stimulation, respectively), indicating that
apamin’s effect, shifting ISI distributions to smaller values, is a
result of SK channel block in the postsynaptic cell.

Heat maps of pooled data for all neurons examined (Fig.
5F-H) demonstrate that apamin, whether applied externally or
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No evidence of synaptic depression during the train in response to gamma frequency stimulation at SCs. A, Example traces showing EPSPs in response to subthreshold trains of SC

stimulation in control conditions. The amplitude of the voltage deflection increases across the train whether the input is at slow gamma (40 Hz) or fast gamma (70 Hz or 100 Hz). B, Plots of the
membrane peak responses for n = 10 neurons measured from baseline as a function of input number show a similar pattern of increasing voltage deflection across the stimulus train, in response
040,70, 0r 100 Hzinput. ¢, Example traces showing EPSPsin response to SC stimulation in the presence of QX-314 (3 wm) in the recording electrode to block sodium spikes. D, Plots of the membrane
responses as a function of input number for 40, 70, or 100 Hz input for n = 9 neurons. The amplitude of the voltage deflection is larger than in B and the same pattern of increased summation over
the train of 10 inputs is observed, indicating a lack of synaptic depression in response to gamma frequency stimulation. The red traces represent the model output when Na ™ conductance was set
to zero to simulate the effect of QX-314. In B and D, filled black circles represent group-averaged data and open gray circles indicate data from individual cells.

intracellularly, was associated with a 1:1 input:output relation-
ship across more of the range of gamma than control, suggesting
that SK block relaxes the constraint on high-frequency firing
rates, allowing cells to fire at higher gamma frequencies. These
results suggest that SK channels on CA1 pyramidal neurons or-
dinarily restrict output to the slow gamma range in response to
SC input, but that blocking these channels removes that con-
straint, extending the range of frequencies to which these cells can
respond.

The apical dendrites of CAl hippocampal neurons express
high levels of A-type (Kv4.2) potassium channels in a gradient
that increases with distance from the soma (Hoffman et al., 1997;
Chen et al., 2006). I, activates rapidly in response to even small
depolarizations in membrane potential, dampening excitability
in a highly localized manner (Hoffman et al., 1997; Frick et al.,
2004), and could therefore contribute to the restriction on fol-
lowing high-frequency trains of SC inputs. We performed our
stimulations in the presence of 100 uMm BaCl, to reduce I,. At this
concentration, BaCl, has been shown to affect only I, and inward

rectifier K* channels (Gasparini et al., 2007). An example exper-
iment is shown in Figure 6, A and B. Stimulus intensities that
generated 8.9 = 0.2 APs at 40 Hz in control and 8.4 = 0.2 APs in
100 um BaCl, (p = 0.014, t;) = —3.275, paired samples ¢ test,
n = 8) led the cells to fire significantly less at 70 and 100 Hz in the
presence of BaCl, than in the control (at 70 Hz, 6.5 * 0.2 de-
creased to 5.6 = 0.2 in BaCly; p = 0.001, ¢, = —5.240; and at 100
Hz, 5.3 = 0.1 control decreased to 4.5 = 0.1 in BaCl,; p < 0.0005,
t;y = —6.533), indicating that blocking I, further restricted the
output in response to fast gamma input. This was confirmed by
plotting the ISIs from spike trains before and after 100 um BaCl,
(Fig. 6C). In control conditions, as before, stimulation at 100 Hz
or 70 Hz generated two peaks (Fig. 6C, solid black bars). In BaCl,
(Fig. 6C, open gray bars), the ISIs corresponding to fast gamma
firing were greatly diminished. Cumulative distributions of ISIs
are shown above histograms (Fig. 6C, insets). Though very sim-
ilar to control, the distribution in response to 40 Hz stimulation
in BaCl, is shifted to the left enough to give a significant differ-
ence in the distributions (D = 0.123, p = 0.009), likely due to a
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Figure5.  SKcurrentblock allows CAT pyramidal neurons to fire at fast gamma in response to SC stimulation. 4, Representative traces in response to 40, 70, or 100 Hz SCstimulation in control ()
and 100 nm apamin either externally applied (B) or applied intracellularly in the recording pipette (C). Stimulus inputs are indicated below voltage traces with tick marks. In the presence of apamin,
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Table 2. Selective precision of SC stimulation persists across pharmacological
manipulations

rvalue (95% Cl)

Stimulation
frequency (Hz) ~ Apamin Carbachol BAPTA
40 0.934(0.921-0.948)  0.967 (0.962—0.972)  0.894 (0.871-0.916)
70 0.757 (0.722-0.793) ~ 0.843(0.815-0.870)  0.658 (0.619—0.696)
100 0.570 (0.517-0.622)  0.666 (0.623—0.709)  0.342 (0.205-0.312)

Vector strength r (with 95% C) for experiments with different drugs for trains of 10 stimuli applied at three different
frequencies.

few slower ISIs in the control distribution, resulting in a gap
between the two curves as the cumulative distribution ap-
proaches 1. When the stimulation frequency was at 70 or 100 Hz,
BaCl, shifted the ISIs to larger values (D = 0.319 and 0.266, p <
0.0005 for each), corresponding to slow gamma firing. Heat maps
of pooled data for all neurons show that the 2:1 input:output
relationship that arises in control conditions around 50 to 60 Hz
(Fig. 6D) has a sharper separation in 100 um BaCl, (Fig. 6E).

To determine whether the effect that we saw above was due to
blockade of the inward rectifying potassium current, which is
affected by lower concentrations of BaCl, (Schram et al., 2003;
Chatelain et al., 2005), rather than to the reduction of I,, we
repeated these experiments in the presence of 20 um BaCl, (Gas-
parini, 2011). When the stimulation was such that 40 Hz input
generated 8.9 0.2 in control and 8.8 * 0.2 in 20 um BaCl, (p =
0.344, z = —0.946, Wilcoxon signed-rank test, n = 7), there was
no difference between these two conditions at either 70 Hz (6.9
0.1vs6.9 £0.2,p =0.917,z = —0.105) or 100 Hz (5.5 = 0.1 vs
54 %+ 0.1,p = 0.091, z = —1.690).

Our results suggest that reduction of I, in this context tightens
the restriction on the output of CA1 pyramidal neurons engaged
by SC input. Therefore, the availability of I, which has a voltage-
dependent component (Hoffman et al., 1997) as well as respon-
siveness to neuromodulators (Hoffman and Johnston, 1999),
may be a means by which subtle adjustments are made to firing
frequency in response to temporally precise SC input.

The effect of blocking I, is counterintuitive because the block-
ade of an outward current resulted on average in longer, not
shorter, ISIs and therefore in a generalized decrease in excitabil-
ity. In the presence of 100 um BaCl,, the APs are markedly wider
than in control (compare Fig. 6A and B). Broadening the APs
likely increases calcium influx and facilitates SK activation, ulti-
mately producing a net increase rather than decrease in outward
current during the ISI. This interaction among I,, calcium, and
Ik has been demonstrated in serotonergic neurons of the dorsal

<«

(Figure legend continued.)  (solid black bars, n = 10) and external apamin (open gray bars).
Inboth conditions, 40 Hz stimulation generates asingle ISl peak around 25 ms, corresponding to
40 Hz firing. In the presence of apamin, the peak ISIs shift toward smaller values when stimu-
lation is at 70 and 100 Hz. Insets, Cumulative distributions of ISIs for control (black lines) and
external apamin (gray lines) at the respective frequencies. x-axes, ISI; y-axes, cumulative frac-
tion. Asterisks indicate significant differences in the cumulative distributions before and after
externally applied apamin. E, ISI distributions for 40, 70, and 100 Hz SC stimulation when
apamin was applied intracellularly. Results are similar to the effect of bath-applied apaminin D.
Insets, Cumulative distributions of ISIs for intracellular apamin (black dotted lines, n = 8),
overlaid on the cumulative distributions for bath-applied apamin from D (gray lines). There are
no significant differences in the distributions between the two apamin application methods.
F-H, Heat map representations of input:output relationships for the pooled data of all the
neurons control (F), external apamin (G), and intracellular apamin (H). The 1:1 relationship in
control cells gives way to 2:1 above 60 Hz (highlighted by the yellow ellipses), whereas in both
apamin groups, it remains dominated by 1:1 at higher frequencies.
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raphe nucleus (Ishibashi et al., 2016). The next set of experiments
was conducted to test this possibility.

SK block occludes the effects of I, block

Given that SK and I, have seemingly opposing effects on fast
gamma firing in response to SC input, we investigated what in-
teraction occurred if we blocked both simultaneously. We estab-
lished our control baseline, verified the firing behavior in
apamin, and continued with apamin plus 100 um BaCl,, as
shown in Figure 7, A—C. The example cell in Figure 7A shows the
usual pattern of firing in control at 40, 70, and 100 Hz, followed
by increased efficacy in firing at fast gamma in the presence of
apamin (Fig. 7B). When we added 100 um BaCl, to the external
solution, the cell still followed fast gamma frequency input as it
had in apamin; in many cases, firing continued with a few APs
after the end of the stimulus train (Fig. 7C), likely because the
simultaneous blockade of Igx and I, removes two of the main
hyperpolarizing currents that would ordinarily limit the duration
of the summated EPSPs.

The Friedman test indicated that the number of APs fired in
response to 40 Hz input was significantly different between treat-
ment groups (X, = 6.118, p = 0.047), but post hoc analysis did
not reflect this difference. For n = 8 neurons, the cells fired 9.1 =
0.1 APs in control conditions, 9.3 * 0.2 in apamin, and 9.3 = 0.2
in apamin/100 um BaCl, (control vs apamin, p = 0.634; control
vs apamin/BaCl,, p = 0.240; apamin vs apamin/BaCl,, p =
1.000). At 70 Hz, the cells fired 7.7 = 0.1 APs in control condi-
tions, 8.4 * 0.3 in apamin, and 9.1 £ 0.2 in apamin/100 um
BaCl,, with the Friedman test x{,, = 10.129, p = 0.006. There was
a trend toward more APs in apamin versus control that did not
reach significance by post hoc analysis (p = 0.114). The difference
between control and apamin/100 um BaCl, is significant, how-
ever (p = 0.005). In response to 100 Hz input, cells fired 6.2 + 0.2
APs in control conditions, 6.8 = 0.3 in apamin, and 7.1 = 0.3 in
apamin/BaCl,, which was significant by the Friedman test (x{,, =
9.867, p = 0.007). Post hoc analysis gave significant increases over
control for apamin and apamin/BaCl, (p = 0.037,and p = 0.018,
respectively). The distributions of ISIs for those spikes during the
stimulus train are shown in Figure 7D for the cells in apamin
before and after BaCl,. The ISI distributions in apamin (solid
gray bars) were similar to those shown in Figure 5. The addition
of 100 uMm BaCl, on top of apamin (open black bars) did not
noticeably shift the ISI distributions compared with apamin
alone at 40 or 100 Hz, but there was a leftward shift in the ISI
distributions at 70 Hz.

The insets in Figure 7D show cumulative distributions of ISIs
in apamin (gray lines) and with the addition of 100 um BaCl,
(black dotted lines). When the stimulation was at 40 or 100 Hz,
the distributions are quite similar, with small maximum differ-
ences (D = 0.090, p = 0.097 and D = 0.068, p = 0.168 for 40 and
100 Hz, respectively). However, in response to 70 Hz stimulation,
the leftward shift in ISI distribution is evident (maximum
difference D = 0.333, p < 0.005). These data suggest that
blocking I, when SK is already compromised does not reverse
the effect of apamin, possibly because one effect of I, is to
increase the Ca®"-activation of the SK channel. However, the
removal of both hyperpolarizing potassium currents may have
an additive generalized effect on excitability.

BAPTA has an effect similar to apamin

We further explored the role of intracellular Ca*" in frequency
selectivity by using the fast Ca>* chelator BAPTA in the patch
pipette. The acid and the tetrapotassium forms of BAPTA gave
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SK block has a dominant influence over /, block. A—C, Representative traces in response to 40, 70, or 100 Hz input in control (4), apamin (B), and apamin with 100 wum BaCl, added (C). D, ISI

distributions for the three frequencies tested in apamin (olid gray bars, n = 8) and apamin/BaCl, (open black bars). The addition of 100 rumBaCl, on top of apamin does not prevent firing at fast gammanor shift
the ISIs back toward control distributions, suggesting that the overriding factor under these conditions s the block of SK channels. In fact, at 70 Hz, the combined block of /, and SKis associated with a shift toward
smaller ISIs farther from control distributions and in the opposite direction of /, block alone. Insets, Cumulative distributions of ISIs for apamin (gray lines) and apamin + 100 wum BaCl, (dotted lines). x-axes, ISI;
y-axes, cumulative fraction. Asterisk in 70 Hz panel indicates a significant leftward shift in the cumulative distribution upon addition of 100 v BaCl, on top of apamin.
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(Figure legend continued.)  in control (solid black bars) and BaCl, (open gray bars). Insets,
Cumulative distributions of ISIs for control (black lines) and BaCl, (gray lines) at the respective
frequencies. x-axes, 1S1; y-axes, cumulative fraction. Asterisks indicate significant differences in
the cumulative distributions before and after BaCl,. D, E, Heat map representations of input:
output relationships for control (D) and 100 um BaCl, () from the pooled data of all the neurons
examined (n = 8). When /, is reduced with BaCl,, thereisno 1:1firing beyond input frequencies
>60 Hz, but rather 2:1firing, as highlighted by the yellow ellipses.

similar results in terms of number of APs evoked; therefore,
the results were grouped together. We found that BAPTA re-
laxes the frequency selectivity in a manner similar to apamin.
When cells dialyzed with BAPTA fired 9.0 = 0.03 at 40 Hz,
they fired an average of 8.4 = 0.2 at 70 Hz and 6.9 = 0.3 at 100
Hz. Using the Mann—Whitney U test to evaluate differences
between independent samples, we compared these results to
the firing behavior of cells superfused with apamin (Fig. 5) and
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Acetylcholine receptor activation turns off the frequency selectivity for SCinput. A, B, Representative traces at 40, 70, and 100 Hzin control conditions (4) and after the addition of 2 um

carbachol (CCh; B) to activate ACh receptors. In control, the cell skips several inputs at 70 Hz stimulation and every other input at 100 Hz stimulation, but after the addition of carbachol, the cell is able
to accurately follow the 70 and 100 Hz stimulus trains. C, D, Heat map representations of the input:output relationship as measured in control (€) and CCh (D) from the pooled data of all the neurons
examined (n = 7). The yellow ellipses highlight the region of 2:1input:output relationship for fast gamma input frequencies. E, IS distributions at 40, 70, and 100 Hz in control (solid black bars) and
after the addition of 2 v CCh (open gray bars). Insets, Cumulative distributions of ISIs for control (black lines) and CCh (gray lines) at the respective frequencies. x-axes, ISI; y-axes, cumulative
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found no significant differences in the number of APs fired
(p=0.720, U = 49.5; p = 0.211, U = 61.0; p = 0.661, U =
51.0, BAPTA vs apamin at 40, 70, and 100 Hz, respectively,
using an exact sampling distribution for U), suggesting that
cells are better able to follow fast gamma input when intracel-
lular calcium is chelated. Because BAPTA decreases the ampli-
tude of the Ca®* transient, it likely exerts its effects at least
partially via a decrease in the activation of SK channels. Like
apamin, BAPTA did not reverse the increased precision at
lower frequency stimulation (Table 2).

Cholinergic activity relaxes the frequency selectivity to

SC input

We next investigated how frequency selectivity might be modi-
fied in a physiologically relevant manner. Neuromodulators such
as acetylcholine are thought to promote activity in a circuit-
specific manner, transiently linking cell assemblies according to
behavioral demands (Hasselmo, 2006; Marder, 2012). Using the
broad-spectrum cholinergic agonist carbachol, we investigated

the effects of cholinergic activation on the frequency preference
at SCinputs to CA1. Figure 8 shows example traces in response to
different gamma frequency stimulation before (Fig. 8A) and after
(Fig. 8B) bath application of 2 um carbachol. According to the
sign test, cells in control and carbachol fired similar numbers of
APs at 40 Hz (9.0 = 0.1 and 8.8 = 0.2, respectively; exact p =
0.219, n = 7). At 70 Hz, cells fired significantly more APs in
carbachol (8.2 = 0.2) than control (6.3 * 0.2; exact p = 0.016).
This was true at 100 Hz as well (control, 5.3 * 0.1; carbachol
6.4 * 0.2; exact p = 0.016). Like apamin and BAPTA, carbachol
did not reverse the increased precision at lower frequency stim-
ulation (Table 2).

When we measured the ISIs and plotted their distribution, we
found that, as before, in control conditions, the ISI distribution
for 100 Hz stimulation was dominated by intervals around 20 ms
with a smaller peak near 10 ms (Fig. 8E, solid black bars). This
relationship was reversed by carbachol (Fig. 8E, open gray bars),
where the majority of ISIs now correspond to fast gamma firing.
Shown above the histograms for carbachol are the cumulative
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distribution plots of ISIs in control (black lines) and with carba-
chol (gray lines). When the stimulation was at 40 Hz, the distri-
butions appear quite similar, although the maximum difference
D = 0.166 is significant (p < 0.0005), likely due to a small cluster
of ISIs near 50 ms in control. In response to 70 and 100 Hz
stimulation, the distinction is much more obvious, with carba-
chol shifting the ISIs toward smaller values with significant dif-
ferences (D = 0.497 and 0.530, respectively; corresponding
p-values <0.0005). When we constructed heat maps of pooled
data for all neurons for the two conditions, we saw that, in the
presence of carbachol, cells more closely matched the 1:1 input:
output relationship indicated by the white dotted line (Fig. 8D)
than did control cells (Fig. 8C). Interestingly, we observed a re-
semblance between the above results and those that we collected
in the presence of apamin to block SK channels (compare Figs. 5
and 8). Cholinergic activation affects multiple potassium con-
ductances, including that of SK channels (Buchanan et al., 2010;
Giessel and Sabatini, 2010). Acetylcholine, acting at muscarinic
receptors and decreasing SK current, could ease the restriction on
the frequency that CAl pyramidal neurons are able to follow,
allowing CA1 output to match fast gamma in response to fast
gamma stimulation of SCs. To establish whether muscarinic or
nicotinic receptors were responsible for the cholinergic modula-
tion, we used a broad-spectrum muscarinic agonist, oxo-M (0.2
uM). We found that oxo-M had an effect very similar to that of
carbachol. As attested by the Wilcoxon signed-rank test for n = 9
neurons, cells in control and oxo-M fired similar numbers of APs
at 40 Hz (8.9 = 0.02 and 9.0 = 0.1, respectively; p = 0.917,z =
0.105). At 70 Hz, cells fired significantly more APs in oxo-M
(8.5 = 0.2) than control (7.3 = 0.2; p = 0.008, z = 2.666). This
was true at 100 Hz as well (control, 5.80 = 0.11; 0x0-M, 7.2 = 0.3;
p = 0.008, 2.666). In addition, the number of spikes in the pres-
ence of oxo-M was not significantly different from that in the
presence of the broad-spectrum agonist carbachol (p = 0.408,
U=40.0for40Hz;p = 0.299, U =41.5for70Hz; p = 0.114, U =
47.0 for 100 Hz, Mann—Whitney U test using an exact sampling
distribution for U). For these reasons, we conclude that cholin-
ergic modulation of frequency selectivity in our experiments oc-
curs through muscarinic receptors.

To test the hypothesis that cholinergic signaling influences
firing frequency by decreasing SK channel activity, we performed
occlusion experiments by analyzing the effect of carbachol (2 um)
when perfused on neurons dialyzed with an intracellular solution
containing apamin (100 nM). We found that the number of APs
at each of the examined frequencies was not significantly differ-
ent in the two conditions. For n = 8, the paired ¢ test indicated
that cells fired similar numbers of APs at 40 Hz (9.1 = 0.1 in
control (intracellular apamin) and 8.9 = 0.1 upon perfusion of
carbachol; ¢,y = —1.867, p = 0.104), 70 Hz (8.4 = 0.2 and 8.7 =
0.3 in control and in the presence of apamin, respectively; ¢, =
1.399, p = 0.205) and 100 Hz (6.9 = 0.3 and 7.4 = 0.3 in control
and in the presence of apamin, respectively; ;) = 1.818, p =
0.112). Although we cannot exclude other effects of carbachol, for
example, through the nonspecific cation current I, (Knauer et
al., 2013; Lin et al., 2017), we conclude that the relaxation of
frequency selectivity by cholinergic modulation occurs mostly
through the modulation of SK channels. Fluctuations in acetyl-
choline levels may therefore serve as a means by which multiple
potassium conductances could be orchestrated, allowing CA1 to
switch between slow or fast gamma firing as needed in response
to SC input.

Combe et al. ® Frequency Selectivity in CAT Hippocampal Neurons

Discussion

We investigated the response of CA1 pyramidal neurons to trains
of input from CA3 at different gamma frequencies. Our modeling
and experimental results show the following: (1) in response to
temporally precise SC input, intrinsic properties of CA1 pyrami-
dal neurons limit their firing frequency to slow gamma and the
evoked spikes lock more precisely to inputs in the slow versus fast
gamma range; (2) this selectivity is due, at least in part, to activa-
tion of SK channels and is enhanced by I, inactivation; and (3)
the selectivity can be turned off by cholinergic modulation, al-
lowing CA1 neurons to fire at fast gamma frequencies in response
to fast gamma stimulation. These results suggest that the fre-
quency selectivity is mediated by potassium conductances and
subject to neuromodulation. However, the more precise firing at
slower frequencies persisted throughout all pharmacological ma-
nipulations presented in this study; the mechanism for this more
precise locking is unknown and requires further investigation.

Role of SK

In adult rats, SK channels are expressed in the soma and apical
dendrites (Chen et al., 2014) in a nonuniform distribution that
increases in the apical dendrite with distance from the soma
(Ballesteros-Merino et al., 2012). Ca>" that activates SK channels
in pyramidal neurons may enter via NMDARs and R-type
voltage-gated Ca** channels (VGCCs) in the dendrites (Ngo-
Anh et al., 2005; Bloodgood and Sabatini, 2007; Wang et al.,
2014) and via multiple types of VGCCs in the soma (Jones and
Stuart, 2013). In the model, [Ca®" ], in a thin shell beneath the cell
membrane had contributions from all VGCCs, some of which
were preferentially located on the dendrites, and activated SK
channels, which were also preferentially located on the dendrites.
Dendritic Ca** entry during synaptic stimulation provides a
negative feedback mechanism that impaired the ability of the
model neuron to follow 100 Hz trains of stimulation in the prox-
imal dendrites, but not trains applied at the soma. The model
provides an explanation for the apparently weaker effect of
SK channels during somatic versus synaptic stimulation in our
experiments.

Role of I,

In our experiments, under control conditions, the frequency se-
lectivity was engaged after the first two spikes at 100 Hz; in con-
trast, blocking I, allowed the frequency restriction to manifest
immediately (compare Fig. 6A,B). The putative mechanism is
that I,, limits the width of the AP, which also limits Ca** influx
and SK channel activation; therefore, blocking I, increases Ca*"
influx and SK channel activation. I, inactivation is responsible
for progressive AP broadening during high-frequency spike
trains in CA1l pyramidal neurons (Kim et al., 2005). In vivo, I,
block may not be necessary to engage the frequency restriction
because I, in these neurons inactivates at depolarized membrane
potentials (Hoffman et al., 1997). Therefore, the depolarizing
ramp of synaptic input observed in these cells as a rodent moves
through the place field of a CA1 neuron (Harvey et al., 2009;
Bittner et al., 2017) could inactivate I, and promote slow gamma
firing and CA3—-CA1 synchrony at slow gamma (Colgin et al.,
2009) by tightening the restriction on following fast frequency
input trains from CA3.

Cholinergic modulation

Cholinergic signaling at muscarinic receptors reduces SK current
(Buchanan et al., 2010; Giessel and Sabatini, 2010). We found
that carbachol and apamin both relax the limit on firing fre-
quency, suggesting a possible link among cholinergic activity,
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diminished SK current, and possibly a more permissive environ-
ment for CA1’s participation in fast gamma activity with CA3. In
CA1 pyramidal neurons, carbachol also suppresses I, (Hoffman
and Johnston, 1998, 1999). Figure 7 suggests that the effect of I,
block is due to increased calcium influx and subsequent activa-
tion of SK channels and is likely masked in the presence of ace-
tylcholine receptor activation, which has been shown to reduce
SK sensitivity to calcium (Giessel and Sabatini, 2010). Increased
levels of acetylcholine in the hippocampal formation are associ-
ated with successful encoding, whereas disruption of the cholin-
ergic system impairs encoding (Barry et al., 2012). The cellular
effects of acetylcholine on CA1 pyramidal neurons may facilitate
encoding by decreasing selectivity for slow gamma frequency.
Moreover, in the hippocampus and other parts of the CNS, SK
channels are also modulated by adrenergic (Stocker et al., 1999;
Faber et al., 2008; Maingret et al., 2008), dopaminergic (Han et
al., 2007), and serotonergic (Andrade and Chaput, 1991; Perrier
et al., 2013) signaling pathways, which may also affect frequency
selectivity.

Acetylcholine and novelty

Microdialysis studies show that levels of acetylcholine in the hip-
pocampus increase in novel environments (Acquas et al., 1996),
whereas cholinergic lesions in rats diminish their exploration of
novel objects (Winters and Bussey, 2005) and impair novel asso-
ciations of locations and context (Easton et al., 2011). During
exploration of familiar environments, slow gamma synchroniza-
tion arises between CA1 and CA3 and fast gamma occurs in CA3
without necessarily entraining CA1 (Colgin et al., 2009). How-
ever, during exploration of a novel object in a previously empty
location, fast gamma in CA3 entrained CA1 (Zheng et al., 2016a,
but see Kemere et al. (2013) for differing results concerning nov-
elty and CA3—CALl coherence). Zheng et al. (2016a) suggest that
the increase in fast gamma synchrony between CA1 and CA3 may
be related to increased cholinergic activity associated with nov-
elty. It has been suggested that higher cholinergic tone makes
CA1 more excitable (Yamada-Hanff and Bean, 2013), which may
promote fast gamma synchrony. Our observation that cholin-
ergic agonists enable CA1 pyramidal neurons to follow trains of
stimuli in the range of fast gamma could be among the mecha-
nisms engaged by novelty to promote fast gamma synchrony and
thereby efficient encoding.

Selective attention to slow versus fast gamma in CAl

proximal dendrites

In this study, we propose two ways that area CA1 could selectively
“listen” for slow gamma from CA3. The first way is by limiting the
output frequency of CA1 neurons in response to SC input due to
properties specific to their proximal dendrites. This limitation is
relevant because, in vivo, some neurons fire on multiple (two to
four) gamma cycles within a theta cycle (see Fig. 3 in Zhenget al.,
2016b). Our data show that CAl neurons tend to fire at slow
gamma even when they receive fast gamma input frequencies,
which might contribute to the high ratio of CA3 to CAIl slow
gamma power compared with the ratio of CA3 to CAl fast
gamma power (See Fig. 2 B in Colgin et al., 2009). For increased
synaptic stimulation intensities, the selectivity was somewhat at-
tenuated because CA1 neurons fired more APs in response to fast
gamma input than at baseline; however, significant differences in
the numbers of APs due to input frequency were still observed
(Table 1). Second, we show that the phase locking of individual
neurons to input trains in the slow gamma regime is significantly
tighter than to those in the fast gamma regime, partially account-
ing for the greater proportion of CA1 neurons that lock to slow
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gamma in CA3 compared with fast gamma in CA3 (53% vs 33%,
respectively; Colgin et al., 2009). However, none of our pharma-
cological manipulations reversed or abolished the tighter locking
to slow frequencies, so the underlying mechanism and its possible
modulation are unknown.

Our approach postulates that a subset of CA3 neurons pro-
vides highly synchronized packets of input during gamma in
CA3, so we measured the response to pulsatile trains of input.
However, the gamma oscillations in the local field potential ob-
served in CA1 could also contribute to phase locking at gamma
frequencies via complementary mechanisms. To investigate this
possibility, Broicher et al. (2012) applied noisy sinusoidal stimuli
to the soma using the dynamic clamp in vitro under simulated
high and low conductance states with a mean bias current that
resulted in a background firing rate of either 2 or 8 Hz. The
tightest phase locking occurred in the theta band, except that a
plateau in vector strength was observed between 8 and 100 Hz for
higher firing rates in the high conductance state. Therefore, their
study found no selectivity within the gamma band; however, we
show here that input at the soma does not engage dendritic selec-
tivity mechanisms.

Another study directly investigated dendritic mechanisms by
which the envelope of high-frequency synchronous inputs in the
LEP could preferentially phase lock somatic APs despite the low-
pass filtering properties of the dendrite. Kalmbach et al. (2017)
injected white noise into the dendrites of cortical pyramidal neu-
rons and reverse engineered the dendritic filter that could pro-
duce the observed dendritic membrane potential as the output
with the injected white noise as the input. This filter had a non-
linear component with a preferred stimulus rise time of ~4 ms.
For a sinusoidal oscillation in the LFP, a 4 ms rise time accompa-
nied by at least a 4 ms fall time would equate to a preferred
frequency of 125 Hz, somewhat above the fast gamma frequency
range. This nonlinear dendritic filter is a third approach to selec-
tive receptivity to slow versus fast gamma that may complement
our two approaches described above if nonlinear filters selective
for these bands are instantiated in the dendrites of CA1 neurons.

In summary, our results suggest that the intrinsic properties of
the proximal dendrites of CA1 pyramidal neurons may play an
essential role in the recruitment of these neurons into gamma
phase locking and coherence with the upstream CA3 region un-
der different behavioral conditions.
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