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ABSTRACT

Gamma oscillations (30—80 Hz) are fast network activity patterns frequently linked to
cognition. They are commonly studied in hippocampal brain slices in vitro, where
they can be evoked via pharmacological activation of various receptor families. One
limitation of this approach is that neuronal activity is studied in a highly artificial
extracellular fluid environment, as provided by artificial cerebrospinal fluid (aCSF).
Here we examine the influence of human cerebrospinal fluid (hCSF) on kainate-
evoked and spontaneous gamma oscillations in mouse hippocampus. We show that
hCSF, as compared to aCSF of matched electrolyte and glucose composition,
increases the power of kainate-evoked gamma oscillations and induces spontaneous
gamma activity that is reversed by washout. Bath application of atropine entirely

abolished hCSF-induced gamma oscillations, indicating critical contribution from
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muscarinic acetylcholine receptor-mediated signaling. In separate whole-cell patch
clamp recordings from rat hippocampus, hCSF increased theta resonance frequency
and strength in pyramidal cells along with enhancement of h-current (In) amplitude.
Fast-spiking interneurons did not show intrinsic gamma frequency resonance at
baseline (aCSF), and this was not altered by hCSF. However, hCSF increased the
excitability of these interneurons, which, together with an enhancement of In in
pyramidal cells, is likely to contribute to hCSF-induced spontaneous gamma
oscillations. Our findings show that hCSF promotes gamma rhythmicity in the
hippocampus and suggest that neuromodulators distributed in CSF could

significantly influence neuronal network activity in vivo.

INTRODUCTION

Mammalian brains produce multiple types of synchronized network oscillations at
frequencies spanning 0-400 Hz (Buzsaki, 2006; Buzsaki and Draguhn, 2004).
Network oscillations in the gamma frequency-band (30-80 Hz), also known as
gamma oscillations, have received significant attention over the last two decades as
they (1) positively correlate with, and can predict, cognitive performance in humans
and animals (Beshel et al., 2007; Sederberg et al.,, 2007; Taylor et al., 2005;
Yamamoto et al., 2014), and (2) provide a putative mechanism for information coding
and transfer in the brain (Fries, 2015; Lisman and Jensen, 2013; Singer, 1999).
Whether gamma oscillations are critically involved in information processing, or
merely constitute inevitable by-products of activated neuronal networks, is of much

current interest (Cardin, 2016; Sohal, 2016).
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It is well established that gamma oscillations arise from temporally precise
coordination of excitatory and inhibitory synaptic potentials in neuronal networks
consisting of principal cells and GABAergic interneurons, leading to rhythmic
membrane potential fluctuations in the population. At the cellular level, fast-spiking
(FS) parvalbumin-positive interneurons are thought to have a specialized role in
orchestrating these oscillations (Buzsaki and Wang, 2012; Sohal et al., 2009).
Optogenetic activation or silencing of these neurons in vivo promotes and inhibits
cortical gamma oscillations, respectively (Cardin et al., 2009; Sohal et al., 2009). A
number of structural and functional properties of FS interneurons are thought to
underlie their ability to facilitate gamma rhythms. Notably, these cells are heavily
interconnected both through electrical gap junctions and reciprocal inhibitory
synapses, and further innervate themselves via inhibitory autapses (Bacci et al.,
2003; Tamas et al., 1997). Moreover, they form powerful perisomatic-targeting
GABAergic synapses onto principal cells, enabling high temporal precision control of
their firing. Some of the unique functional properties of FS interneurons include short
membrane time constants, low input resistance, high (= 150 Hz) maximal firing
frequencies and intrinsic gamma frequency resonance (Pike et al., 2000). Although
an interconnected network of FS interneurons can be sufficient to produce gamma
oscillations (Traub et al., 1996; Whittington et al., 1995), phasic excitation provided
by principal cells is likely essential to their generation in vivo (Fisahn et al., 1998;
Fuchs et al., 2007; Mann et al., 2005). By regulating the strength and synchronicity
of their action potential output, principal cells may control the recruitment of local FS

interneurons and thereby the strength of the network oscillation.
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Gamma oscillations are frequently studied in rodent hippocampal brain slices in vitro,
where they can be chemically evoked via pharmacological activation of various
receptor families such as kainate receptors (Flint and Connors, 1996), muscarinic
receptors (Fisahn et al., 1998) or metabotropic glutamate receptors (Boddeke et al.,
1997; Palhalmi et al., 2004). The hippocampal circuitry mechanisms responsible for
the generation of gamma oscillations are conserved across the commonly used
rodent species — mouse and rat (Fisahn et al., 2004; Fisahn et al., 1998; Fisahn et

al., 2002).

While experiments in brain slices have helped reveal invaluable insights into cellular
and synaptic mechanisms of these oscillations, a limitation of these studies is that
neuronal activity is routinely recorded in an artificial extracellular environment, as
provided by artificial cerebrospinal fluid (aCSF). We recently found that human
cerebrospinal fluid (hCSF) contains organic neuromodulators that markedly increase
the excitability of both hippocampal CA1 pyramidal cells (Bjorefeldt et al., 2015) and
interneurons (Bjorefeldt et al., 2016), raising the possibility that hCSF may promote
synchronized network activity in the hippocampus. Here we address this question by
examining the influence of hCSF, as compared to electrolyte and glucose-matched
aCSF, on gamma oscillatory network activity in the in vitro rat hippocampal brain

slice preparation.

MATERIALS AND METHODS

Local field potential recordings
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Animals

Experiments were carried out in accordance with the ethical permit granted by Norra
Stockholms Djurforsoksetiska Namnd to AF (N45/13). C57BL/6 mice of either sex
(postnatal day 14-23, supplied from Charles River, Germany) were used in all
experiments. The animals were deeply anaesthetized with isoflurane before being

sacrificed by decapitation.

Tissue preparation

The brain was dissected out and placed in ice-cold aCSF modified for dissection.
This solution contained (in mM): 80 NaCl, 24 NaHCOs, 25 Glucose, 1.25 NaH2PO4, 1
Ascorbic acid, 3 NaPyruvate, 2.5 KCI, 4 MgCl2, 0.5 CaCl: and 75 Sucrose.
Horizontal sections (350 pm thick) from both hemispheres were prepared with a
Leica VT1200S vibratome (Microsystems, Stockholm, Sweden). Immediately after
slicing, sections were transferred to a submerged incubation chamber containing
standard aCSF (in mM): 124 NaCl, 30 NaHCOs, 10 Glucose, 1.25 NaH2PO4, 3.5
KCI, 1.5 MgCl2 and 1.5 CaCl.. The chamber was held at 34 °C for at least 20
minutes after dissection. It was subsequently allowed to cool to ambient room
temperature for a minimum of 40 minutes. While in the chamber, the slices were

continuously supplied with carbogen gas (5% CO2, 95% O3).

Electrophysiology

Recordings were carried out in hippocampal area CA3 with borosilicate glass
microelectrodes pulled to a resistance of 3-5MQ. Local field potentials (LFP) were
recorded in an interface-type chamber (perfusion rate 4.5 ml/min) at 34 °C using

microelectrodes filled with aCSF placed in stratum pyramidale. The slices were
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allowed to stabilize in hCSF for 30 minutes before any recordings were made. LFP
gamma oscillations were either observed to occur spontaneously in hCSF or elicited
by applying 25 nM kainate (KA) to the extracellular bath. In the latter case they were
allowed to stabilize for 25 minutes prior to recordings. KA concentration was
increased in 10 nM steps to reach a concentration of 45 nM, with a 25 min
stabilization period following each application. The interface chamber recording
solution contained aCSF or hCSF of varying composition (see section ‘Human and

artificial cerebrospinal fluid’ below).

Interface chamber LFP recordings were performed with a 4-channel amplifier / signal
conditioner M102 amplifier (Electronics lab, Faculty of Mathematics and Natural
Sciences, University of Cologne, Cologne, Germany). The signals were sampled at
10 kHz, conditioned using a Hum Bug 50 Hz noise eliminator (LFP signals only;
Quest Scientific, North Vancouver, BC, Canada), software low-pass filtered at 1 kHz,
digitized and stored using a Digidata 1322A and Clampex 9.6 software (Molecular

Devices, CA, USA).

Data analysis

Power spectral density plots obtained from 60-s long LFP recordings were calculated
in averaged Fourier-segments of 8192 points, which reduces 1/f noise (Axograph X,
Kagi, Berkeley, CA, USA). Oscillatory power was calculated by integrating the power
spectral density between 20 and 80 Hz. The low cut-off frequency of 20 Hz was
chosen because the recording temperature (34 °C) is lower than mouse body

temperature and gamma oscillation frequency decreases by approximately 3.5 Hz
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for each 1 °C temperature decrease (Andersson et al., 2010; Dickinson et al., 2003;

Kurudenkandy et al., 2014).

Drugs and chemicals
Drugs were bath-applied at indicated concentrations. KA was obtained from Tocris.
Atropine as well as chemicals and salts used in extracellular solutions and

micropipettes were obtained from Sigma-Aldrich.

Whole-cell patch clamp recordings

Animals

Experiments were performed in hippocampal brain slices prepared from 15-30 day-
old (P15—-30) Wistar rats with permission from the local ethical committee for animal
research at the University of Gothenburg, Sweden (29/2014). Male and female rats

were deeply anaesthetized via inhalation of isoflurane (Abbott) and then decapitated.

Tissue preparation

Brains were quickly isolated and submerged in ice-cold (0—-3 °C) slicing solution
containing (in mM): 220 Glycerol, 2.5 KCI, 1.2 CaClz, 7 MgClz2, 26 NaHCOs3, 1.2
NaH2POs4 and 11 Glucose. Horizontal hippocampal slices (300-400 pm) were
prepared from both hemispheres using a vibratome (Microm, HM650V). Brain slices
were then stored in a holding chamber containing (in mM): 129 NaCl, 3 KCI, 2 CaClz,
4 MgClz2, 26 NaHCOs, 1.25 NaH2PO4 and 10 Glucose. Both slicing and storage

solutions were continuously bubbled with carbogen gas (95% Oz, 5% COz2). Slices
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were stored for a period of 1-5 hours at room temperature (22-25 °C) before

transferred to a recording chamber perfused with aCSF at a rate of 3 ml/min.

Electrophysiology

Whole-cell recordings were made from CA1l pyramidal cells and FS interneurons
under visual guidance using differential interference contrast microscopy (Nikon
E600FN) together with a CCD camera (Sony XC-73CE). Borosilicate glass
micropipettes with resistances of 3-5 MQ were prepared using a P-97 horizontal
micropipette puller (Sutter instruments). The intracellular solution used in whole-cell
voltage and current clamp recordings contained (in mM): 127 K*-gluconate, 8 KClI,
10 HEPES, 15 Phosphocreatine, 4 Mg-ATP, 0.3 Na-GTP (pH 7.35, 300 mOsm/Kg).
Pipette capacitance was cancelled in cell-attached mode. After entering whole-cell
configuration, no current or voltage was applied to the cell during the first two
minutes. Series resistances ranged from 5-20 MQ and were not compensated.
Recordings in which the series resistance changed more than 20% were discarded.
Membrane potentials were corrected for a measured liquid junction potential of -9
mV. Data was acquired at a sampling frequency of 10 kHz and filtered at 3 kHz using
an EPC-9 amplifier combined with the PatchMaster software (HEKA Elektronik). All

experiments were performed at a recording temperature of 32—-34 °C.

Theta resonance in CA1l pyramidal cells was examined at -85 mV by injecting a
sinusoidal current of constant amplitude and linearly increasing frequency (ZAP
current) in current-clamp mode for 30 s (0-15 Hz, 40 pA). CA1 pyramidal cells were
also tested for a gamma resonance peak at 35-40 Hz using a second ZAP current

protocol (20-60 Hz, 40 pA, 30 s). The hyperpolarization-activated cation current, In,

10
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was recorded using a two-step voltage-clamp protocol where hyperpolarizing voltage
commands (-80 to 0 mV, 10 mV decrements, 3 s) were given from a holding
potential of —40 mV (Maccaferri and McBain, 1996). After each voltage step Ih was
then fully activated by a second step to —120 mV, producing slowly relaxing tail
currents. The amplitude of In in response to the first voltage step was normalized to
the tail current amplitude at full activation. In FS CAL interneurons, sinusoidal current
waveforms of constant frequency were delivered at 5, 40 and 100 Hz (20 pA, 5 s)
from —60 mV, in 10 pA increments. ZAP currents (0—100 Hz, 20 pA, 20 s) were also

injected at near-threshold membrane potential (—45 to =50 mV).

Data analysis

All data analysis was performed in IGOR Pro (version 6, WaveMetrics). Electrical
resonance was characterized using the impedance (Z) amplitude profile (ZAP)
method (Hu et al., 2002; Puil et al., 1986). Impedance magnitude was plotted as a
function of frequency by dividing the fast Fourier transform (FFT) of the voltage

response with the FFT of the driving current:

Z = FFT(V)IFFT(l)

The electrical resonance frequency was measured at the peak impedance of the
voltage response to ZAP current injection. Resonance strength (Q-value) was
guantified as the ratio between the impedance at resonance frequency and the
impedance at 0.5 Hz. Absence of electrical resonance manifests as a Q-value of 1,
where the peak impedance of the voltage response occurs at the lowest input

frequency (0.5 Hz).
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Ih-amplitude was quantified as the difference between the instantaneous current and
the current measured at steady-state. Experiments were performed in absence of
intrinsic channel blockers to allow possible effects of hCSF on this conductance to
be correlated to effects on resonance. The maximal evoked firing frequency, input
resistance and sag ratio of FS interneurons was calculated from voltage responses
to hyperpolarizing and depolarizing square current pulses (800 ms, 50 pA
increments) delivered from —70 mV. Sag ratio was calculated by dividing the steady
state amplitude during a hyperpolarizing current injection (=100 pA) with the
maximum amplitude. In FS interneuron recordings where sinusoidal current
waveforms of constant frequency were injected, the sweep closest to threshold was

used for impedance magnitude analysis.

Drugs and chemicals

D-(-)-2-Amino-5-phosphonopentanoic acid (D-AP5) and 6-cyano-7-nitroquinoxaline-
2,3-dione (CNQX) and picrotoxin (PTX) were added to all recording aCSF and hCSF
solutions to block fast glutamatergic, and GABAergic, synaptic transmission. In
recordings from CAl pyramidal cells, the aCSF and hCSF were further
supplemented with tetrodotoxin (TTX) to block voltage-gated sodium channels.
Drugs were purchased from Sigma-Aldrich and bath-applied at the following
concentrations: 50 uyM D-AP5, 15 yM CNQX, 50 pM PTX and 0.5 pM TTX.
Additional chemicals and salts used in intra- and extracellular solutions were

purchased from Sigma-Aldrich.

Human and artificial cerebrospinal fluid

12
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hCSF samples were acquired from patients diagnosed with normal pressure
hydrocephalus (NPH) and healthy control subjects through a lumbar puncture
procedure performed by neurologists at the Sahlgrenska University Hospital in
Gothenburg, Sweden. Healthy hCSF was obtained from male and female volunteers
after written informed consent, and with permission from the local ethical committee
at the University of Gothenburg (no. 942-12). Separate pools of patient and healthy
control hCSF were created from 5-10 individual samples, the volume of each ranging
from 15-50 ml. hCSF from 4 pools, each between 150-500 ml, were used (3 NPH
pools, 1 healthy control pool). As both patient and healthy hCSF had similar effects
on gamma power, data from these two sources was combined. No direct comparison
of effect strength of patient and healthy hCSF was made as this was not the focus of
the present study. Newly acquired hCSF samples were centrifuged (2000 r.p.m., 10
min) and quickly transferred to a —80 °C freezer and stored until a sufficient volume
had been collected. Collected samples were then thawed, pooled and aliquoted into
50 ml falcon tubes that were shipped on dry ice to Karolinska Institutet in Stockholm.
Part of the pooled hCSF was refrozen at a —80 °C and kept at the Sahlgrenska
Academy in Gothenburg to be used in whole-cell patch clamp recordings. Electrolyte
and glucose concentrations, as well as pH and osmolality, were measured according
to methodology described in Bjorefeldt et al. (2015). A matched aCSF was then
prepared based on measured hCSF values, and used as control. All hCSF pools
used showed normal electrolyte and glucose content, pH, osmolality and coloring.
The ionized fractions of Ca?* and Mg?* in hCSF were estimated to account for 90%
of the measured total concentrations (Joborn et al., 1991). On experimental day

hCSF was thawed to room temperature in a bowl of warm (37 °C) water. Both aCSF
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and hCSF were bubbled with carbogen gas (95% O2, 5% CO2) in
electrophysiological recordings, and for a minimum of 5 min prior to pH
measurements on pooled hCSF. The volume of hCSF used in a single experiment

ranged from 12—-25 ml in this study.

Statistics

A paired samples design was used throughout the study. In local field potential
recordings, 3—4 brain slices were recorded in parallel in different channels (6—8
slices per animal, n = number of slices). In patch clamp experiments, recordings
were attempted from 1-5 neurons per brain slice (6—8 slices per animal, n = number
of cells). The paired Student’s t-test was used for evaluating statistical significance in
all experiments using SPSS (Version 22, IBM). Significance levels are given as *** p
< 0.001; * p < 0.01; * p < 0.05. Data is reported as mean + standard error of the

mean.

RESULTS

hCSF increases the power of kainate-induced gamma oscillations

We first examined the effect of hCSF on KA-induced gamma oscillations in CA3

stratum pyramidale, a well-established method for studying these oscillations in vitro

(Fisahn, 2005). Previous work has shown that hCSF increases the excitability of both

hippocampal pyramidal cells (Bjorefeldt et al., 2015) and interneurons (Bjorefeldt et

al., 2016), raising the possibility that synchronized neuronal activity might be
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promoted. Step application of 25, 35 and 45 nM KA to aCSF (of matched
composition with regard to hCSF, see Methods) successively evoked gamma
oscillations of increasing power (from 1.33 £ 0.11 x 10%° V2 t0 4.13 + 0.11 x 109 V?
(n = 9, Figure 1). Following a 25 min stabilization period at 45 nM KA, gamma
oscillations were completely stable over a 5 min recording period before hCSF was
introduced. Wash-in of hCSF supplemented with 45 nM KA substantially
strengthened gamma oscillations from 4.13 + 0.11 x 10°° V2 to 7.25 + 0.11 x 100 Vv?
(n =9, P <0.001, Student’s paired t-test, Figure 1), suggesting the possibility of a

synchronization-promoting effect of hCSF.

hCSF promotes spontaneous gamma oscillations

Given that hCSF potently increased the power of KA-induced gamma oscillations we
next tested whether hCSF alone was able to elicit oscillatory activity in stratum
pyramidale of the major hippocampal subfields CA3 and CA1l. Slices were first
allowed to rest for 30 min in matched aCSF before any recordings were made. No
spontaneous gamma oscillations were observed in aCSF and power spectral
analysis showed absence of gamma frequency peaks. After switching from aCSF (of
matched electrolyte/glucose composition) to hCSF, spontaneous gamma oscillations
started to appear within 5 min (no KA or other drugs were added). Recordings
commenced after a 20 min wash-in period of hCSF and revealed in area CA3
gamma oscillation power of 1.67 + 0.13 x 10%° V2, compared to 0.63 + 0.38 x 109
V2in aCSF (n = 11, P < 0.001, Student’s paired t-test, Figure 2a-c). The increase in
gamma power was entirely reversed after 25 min of washout with aCSF (0.67 + 0.38

x 109 V2 n =11, P <0.001, Student’s paired t-test, Figure 2a-c).
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The corresponding values for the gamma oscillation recordings in area CA1 were
gamma oscillation power of 0.64 + 0.1 x 10°° V2, compared to 0.18 + 0.02 x 10°° V?
in aCSF (n = 6, P = 0.005, Student’s paired t-test, Figure 2d-f). The increase in
gamma power was entirely reversed after 25 min of washout with aCSF (0.22 + 0.3 x
10%° V2, n = 6, P = 0.05, Student’s paired t-test, Figure 2d-f). The lesser strength of
spontaneous gamma oscillations recorded in area CA1l vs area CA3 is consistent
with earlier results obtained with chemically-induced gamma oscillations and the

location of the major gamma generator in area CA3 (Fisahn et al., 1998).

The average strength of the hCSF-induced gamma oscillations was comparable to
that seen in aCSF supplemented with 25 nM KA (cf. Figure 1). There was, however,
considerable variability in the strength of these oscillations between slices. In
approximately 30% of examined slices, hCSF-induced gamma oscillations were
especially prominent with distinct power spectrum peaks in the 35-40 Hz range. In
the other examined slices, the increase in gamma power caused by hCSF was of
low to moderate size. Nonetheless, we found that presence of hCSF consistently

resulted in the emergence of spontaneous gamma oscillations in all recordings.

Gamma oscillations induced by hCSF are abolished by atropine

Previous work has shown that hippocampal network oscillations are closely

associated with the neuromodulator acetylcholine (ACh) both in vivo (Vandecasteele

et al., 2014) and in vitro (Fisahn et al., 1998). Given the recognized contribution of

ACh to hippocampal network patterns in vivo, we next examined the cholinergic
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dependence of the hCSF-induced gamma oscillations. In these experiments,
hippocampal slices were directly transferred to a recording chamber perfused with
hCSF. Following a 30 min stabilization period, spontaneous gamma oscillations of
varying strength could be observed (Figure 3a). After recording stable activity over 5
min, atropine (5 uM) was applied to the hCSF perfusate. Over 5-10 min, atropine
strongly reduced gamma power from 1.1 + 0.1 x 10°° V210 0.39 + 0.5 x 10%° V? (n =

9, P =0.0007, Student’s paired t-test, Figure 3a-c).

hCSF enhances theta resonance and increases Inh-amplitude in hippocampal

pyramidal cells

To examine a cellular mechanism that could help explain the appearance of gamma
oscillations in hCSF, we tested the effect of hCSF on electrical resonance properties
in hippocampal CA1 pyramidal cells. Cells were current-clamped at -85 mV and
injected with sinusoidal current waveforms of linearly increasing frequency (ZAP
currents). Two different protocols were used to characterize the effect of hCSF on
the ZAP response at both theta and gamma frequencies. ZAP current injection at
theta frequency range (0-15 Hz, 30 s) confirmed presence of electrical theta
resonance in CA1 pyramidal cells (Figure 4a-d), as has been previously described
(Hu et al., 2002; Pape, 1996). We found that hCSF caused a small yet significant
increase in theta resonance frequency (from 5.1 + 0.5 Hzt0 5.9+ 0.6 Hz, n =8, P =
0.016, Student’s paired t-test, Figure 4c), and decreased the impedance magnitude
(2) at resonance frequency (84.9 + 7.9 MQ vs 63.4 £ 9.8 MQ, n = 8, P = 0.014,
Student’s paired t-test, Figure 4b). The effect of hCSF on Z was frequency-

dependent and was not significant at 15 Hz (58.2 £ 5.2 MQ vs 52.2 £ 4.6 MQ, n = 8,
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P = 0.08, Student’s paired t-test, Figure 4b). We also found a small increase in theta
resonance strength (Q-value) of CA1 pyramidal cells in hCSF (from 1.21 = 0.02 to
1.24 + 0.03, n = 8, P = 0.026, Student’s paired t-test, Figure 4d). ZAP current
injection at gamma frequency range (20-60 Hz, 30 s) showed no evidence of
gamma resonance in CAl pyramidal cells in either aCSF or hCSF (Figure 4e-f).
However, a frequency-dependent effect of hCSF on Z was observed also in the 20—
60 Hz range (A5.7 + 0.7 MQ at 20 Hz; A1.9 £ 0.7 MQ at 60 Hz, n = 8, P = 0.004,

Student’s paired t-test, Figure 4f).

The frequency-dependent effect of hCSF on Z, together with the increased
resonance strength observed at theta frequency, indicated that hCSF might
positively modulate In. To test for a potential effect of hCSF on In, hyperpolarizing
voltage steps were elicited from a holding potential of —40 mV in voltage-clamp mode
(Figure 4g). Because these experiments were performed in absence of
hyperpolarization-activated cyclic nucleotide—gated (HCN) channel blocker (to
correlate effects of hCSF on resonance with effects on In in matched recordings), we
restricted our analysis to more hyperpolarized potentials to minimize possible
contamination by other voltage-dependent conductances. Activation of In produced a
slow inward relaxation that reached steady-state amplitude over three seconds
(Figure 3g). Activation curves showed that hCSF did not alter the voltage-
dependence of In between —80 and —120 mV (Figure 4h), but significantly increased
the maximum current amplitude (+19.2 £ 7% at -120 mV, n =8, P =0.018, and +14.9

+ 4% at -100 mV, n =8, P = 0.02, Student’s paired t-tests, Figure 4i).

hCSF enhances excitability in hippocampal fast-spiking interneurons in
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absence of intrinsic gamma resonance

We next tested a potential interneuronal mechanism that could help explain how
hCSF promotes gamma oscillations in the hippocampal network. FS CAl
interneurons have previously been shown to display voltage-gated sodium channel-
dependent gamma frequency resonance in horizontal hippocampal slices from rat
(Pike et al., 2000), and we reasoned that augmentation of this intrinsic property by
hCSF may contribute to generating network gamma activity. Cells with somata in
CALl stratum pyramidale, and bordering stratum oriens, were visually targeted for
whole-cell patch clamp experiments (Figure 5a). Those displaying FS phenotype
(weak or non-existent sag response to square current hyperpolarization, = 150 Hz
firing frequency in response to square current depolarization, Figure 5b) were
examined in hCSF. Recorded cells (n = 6, P18-30 rats) had an average input
resistance of 126.8 + 11.8 MQ, sag ratio of 0.93 + 0.02 and a maximum evoked
firing frequency of 200 + 25 Hz, measured with protocol shown in 5b. These results
are similar to properties reported for FS CA1 interneurons during intact synaptic

transmission (Bjorefeldt et al., 2016).

We searched for intrinsic gamma resonance using two different stimulus protocols
delivered at near-threshold membrane potential as done previously (Pike et al.,
2000). In the first protocol, sinusoidal current waveforms were injected at frequencies
of 5, 40 and 100 Hz, for 5 s, in increments of 10 pA starting from -60 mV (Figure 5c).
If the FS CAL interneurons were selectively resonant at gamma frequency range, we
expected their subthreshold voltage response to 40 Hz sinusoidal current stimulus to

generate the highest impedance magnitude profile in these experiments. As seen in
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Figure 4d, the impedance amplitude profile of examined cells showed no evidence of
gamma frequency input preference, and this was not altered by hCSF. Impedance
magnitudes in aCSF and hCSF were 94.8 £+ 6.6 vs 81.6 49 MQat5Hz (n=6,P =
0.072, Student’s paired t-test), 33.3 £ 1.6 vs 345+ 2 MQ at 40 Hz (n = 6, P = 0.48,
Student’s paired t-test) and 19.9 £ 1.3 vs 21.2 + 1.6 MQ at 100 Hz (n = 6, P = 0.13,

Student’s paired t-test).

However, since the gamma frequency range spans approximately 30-80 Hz, it is
possible that none of the examined interneurons had resonance frequencies
precisely around 40 Hz. We thus used a second protocol where a ZAP current
waveform encompassing 0-100 Hz (20 s, 20 pA) was injected at near-threshold
potential. Cells were current-clamped 1-2 mV negative of the membrane potential at
which the protocol evoked one or more action potentials. As shown in Figure 5e-f,
this protocol confirmed the lack of intrinsic gamma frequency resonance in these
cells in aCSF, and hCSF did not alter this. In fact, in none of the examined FS cells
did the impedance magnitude in the 30-80 Hz range exceed 50% of the magnitude

recorded at 0.5 Hz.

To exclude the possibility that the FS cells would, despite absence of subthreshold
gamma resonance, still display firing preference to gamma frequency input, we
delivered the same ZAP current protocol at suprathreshold membrane potentials
(Figure 5g-h). However, as expected, firing preferentially occurred in response to low
frequency (0-5 Hz) input where voltage deflections were of greatest amplitude. None
of the cells firing action potentials did so selectively in the 30—-80 Hz range. Although

hCSF did not induce a gamma frequency input-driven firing preference in FS
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interneurons, we found a significant increase in the total number of spikes per ZAP
stimulus (1.5+0.3vs 7.5+ 1.7, n =6, P =0.02, Student’s paired t-test, Figure 5h).
To confirm that the increased excitability of FS interneurons was specific to hCSF
treatment, we monitored the frequency—current relationship in a mixed group of CA1
stratum pyramidale interneurons (average maximum firing frequency: 95.5 + 22.2
Hz, range: 56-180 Hz, n = 4, P17-25 rats, protocol as in Figure 5b) over time in
aCSF. All interneurons examined showed a decreased intrinsic excitability over the
same time period that hCSF was applied (10-15 minutes), as indicated by fewer
action potentials in response to rheobase current (minimum current injection required
to evoke one or more action potentials) and lowered half-maximum and maximum
firing frequencies (data not shown). Accordingly, frequency—current curves were
right-shifted over time in whole-cell recordings, as shown to occur previously in CAl
pyramidal cells (Bjorefeldt et al., 2015).

This indicates that hCSF causes an increase in intrinsic excitability of FS CAl
interneurons, consistent with previous findings in rat hippocampal brain slices
(Bjorefeldt et al., 2016). While we were not able to confirm the existence of intrinsic
gamma frequency resonance in FS CA1 interneurons, the hCSF-mediated increase
in excitability of these cells could help explain the emergence of spontaneous

gamma oscillations.

DISCUSSION

Here we show that application of hCSF to hippocampal brain slices in vitro promotes

spontaneous network gamma oscillations in CA3 stratum pyramidale. We initially

observed that hCSF strongly increased the power of KA-induced gamma oscillations,
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as compared to an aCSF of matched electrolyte and glucose composition. In
subsequent experiments we found that hCSF alone, without any added
supplements, generated spontaneous gamma oscillations that were readily reversed
by washout. hCSF-induced gamma oscillations were entirely abolished by atropine
application, suggesting involvement of muscarinic acetylcholine receptor (mMAChR)-
mediated signaling. In search of a potential cellular mechanism of these effects we
tested hippocampal pyramidal cells and FS interneurons for intrinsic gamma
frequency resonance but were unable to confirm such properties at baseline (in
aCSF), and hCSF did not alter this. However, we found evidence that hCSF
positively modulates In in pyramidal cells and increases the excitability of FS
interneurons, revealing two plausible mechanisms that could contribute to the
generation of hCSF-induced gamma oscillations. First, modulation of In by muscarine
has been shown to be a contributing factor to the generation of hippocampal gamma
oscillations through activation of mACh receptors (Fisahn et al., 2002). Second,
optogenetic activation of FS interneurons in vivo has been shown to promote the

generation of cortical gamma oscillations (Cardin et al., 2009; Sohal et al., 2009).

We initially observed that hCSF increased the strength of KA-induced gamma
oscillations in CA3 stratum pyramidale. Such increase in gamma power can have
several mechanistic explanations. For example, an increased number of participating
neurons, increased synchronization of action potential firing or a change in the
balance between excitatory and inhibitory synaptic activity could all produce an
increased power of the gamma oscillation (Bartos et al., 2007; Fisahn et al., 1998;
Leao et al., 2009). The previously described excitability-increasing effect of hCSF on

hippocampal pyramidal cells (Bjorefeldt et al., 2015) and FS interneurons (Bjorefeldt
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et al., 2016) is likely to entrain more neurons into the gamma oscillation and thus
increase power. KA-induced gamma oscillations are highly dependent on inhibitory
transmission via GABAa receptors, but do not require intact AMPA receptor-
mediated transmission as sufficient excitation is achieved through the activation of
KA receptors (Fisahn et al., 2004). Because hCSF appears to excite pyramidal cells
more strongly than interneurons (Bjorefeldt et al., 2016), a net increase in excitatory
transmission is expected when introducing hCSF to KA-induced gamma oscillations,

which may beneficially influence rhythmogenesis in the network.

The strength of the hCSF-induced gamma oscillations reported in this study was on
average low compared to that normally observed after typical (100 nM) KA
application to aCSF (Andersson et al., 2010; Fisahn et al., 2004; Kurudenkandy et
al.,, 2014). While KA application at this concentration likely produces stronger
excitation of hippocampal neurons compared to hCSF, other factors may contribute
to the difference in gamma oscillation strength. Notably, the physiological
concentration of glucose, as measured in hCSF (~3-4 mM, see Table 1), is
substantially lower than what is typically used in aCSF in hippocampal brain slice
studies (= 10 mM). Gamma oscillations are known to be associated with high
metabolic demand (Galow et al., 2014; Kann, 2011) and their strength and
probability of occurrence in vitro is known to be glucose-dependent (Galow et al.,
2014). However, we chose to study the effect of hCSF on network gamma
oscillations without any manipulation of its composition. It is therefore conceivable
that the physiological (lower) glucose levels in hCSF partly accounted for the
difference in power of hCSF-induced (spontaneous), as compared to typical KA-

evoked, gamma oscillations.
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Our finding that hCSF-induced gamma oscillations are entirely abolished by atropine
application implies significant contribution of mMAChR activation in these oscillations.
Indeed, the mAChR agonists carbachol and muscarine readily evoke gamma
oscillations when applied to hippocampal brain slices (Fisahn et al., 1998; Palhalmi
et al., 2004). Furthermore, positive modulation of In, as observed here in CAl
pyramidal cells in hCSF, has been shown to result from mAChR activation (Colino
and Halliwell, 1993; Fisahn et al., 2002). While mAChRs appear to be necessary for
the maintenance of hCSF-induced gamma oscillations, it is not yet clear whether
they are sufficient for their induction. We also note that we cannot exclude that
constitutively active mAChRs contribute and that atropine may act as an inverse
agonist. Previous observations support a role of non-cholinergic neuromodulators in
hCSF effects on CA1 pyramidal cells and interneurons. For example, hCSF has
been shown to strongly increase evoked excitatory synaptic transmission at CA3-
CAl synapses through an apparent increase in presynaptic release probability
(Bjorefeldt et al., 2015), whereas mAChR agonists are known to supress glutamate

release at these synapses (Fernandez de Sevilla and Buno, 2003).

In whole-cell recordings from CA1l pyramidal cells the enhanced theta resonance
strength and somewhat increased resonance frequency observed in hCSF likely
resulted from enhancement of In. This conclusion is consistent with findings in other
studies where resonance frequency and strength increase with stronger activation of
this conductance (Hu et al.,, 2002; Narayanan and Johnston, 2008). We found no
evidence of gamma resonance in CA1l pyramidal cells in either aCSF or hCSF,

which is in agreement with previous studies (Pike et al., 2000; Zemankovics et al.,
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2010). However, our results in CA1 pyramidal cells suggest hCSF may also promote
the induction of spontaneous theta network oscillations in the hippocampus, which
should be addressed in future studies. However, in horizontally sectioned
hippocampal slices the preserved microcircuitry is believed to favour the induction of
gamma, rather than theta, oscillations (Boehlen et al., 2009; Gloveli et al., 2005).
While CSF neuromodulators could ultimately serve to promote both gamma and
theta network oscillations in the hippocampus in vivo, the differentially preserved
connectivity in the in vitro slice preparation could explain why gamma and not theta

network activity was observed in hCSF in this study.

In addition to effects on theta resonance, potentiation of In could also serve to
increase the coherence of action potential firing among CA1, and presumably CA3,
pyramidal cells. As the pyramidal cells recover from synaptic inhibition during the
gamma oscillation cycle, an increased In conductance may promote synchronization
of rebound firing (Gastrein et al., 2011). Further supporting a role of In in gamma
rhythmogenesis is the finding that application of ZD7288 (a selective In-blocker)
causes a profound decrease in the power of hippocampal gamma oscillations in vitro
(Boehlen et al., 2009; Leao et al., 2009). In is also present, to varying degree, in
hippocampal interneurons (Aponte et al., 2006; Cooper et al., 2001; Rotstein et al.,
2005), where similar modulation by hCSF could further promote synchronization of

action potential firing.

In the present study, we could not find evidence of intrinsic gamma frequency

resonance in FS CA1 interneurons, as was previously described in vitro (Pike et al.,

2000). In fact, at near threshold membrane potential all examined FS interneurons
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were non-resonant over the entire 0—100 Hz frequency span. Notable discrepancies
between our study and that of Pike et al. (2000) are the higher recording temperature
(32—34 °C), physiological (lower) glucose concentration and presence of synaptic
blockers (AP-5, CNQX and picrotoxin) in the present study. Although FS
interneurons are associated with high metabolic demand (Kann et al., 2014), the
lower extracellular glucose concentration used in our recordings is unlikely to explain
lack of gamma resonance since cells were also supplemented with ATP through the
recording pipette. Neither should the use of synaptic blockers mask an intrinsic
resonance previously shown to depend on voltage-gated sodium channels (Pike et
al., 2000). It is possible, however, that a subset of FS interneurons could display
intrinsic gamma resonance, and that we did not sample that subpopulation in our

experiments.

While often assumed to contribute in the generation and/or maintenance of network
gamma oscillations, the significance and precise function of intrinsic gamma
resonance, if present in FS interneurons in vivo, is not well established. In fact, other
cellular mechanisms may better explain how these cells assist gamma
rhythmogenesis in neural networks. Because FS interneurons are known to form
strong inhibitory autapses (Bacci et al., 2003; Deleuze et al., 2014; Tamas et al.,
1997), each firing event is expected to impose swift self-inhibition lasting for a time
period corresponding to the decay time of the GABAa-ergic inhibitory postsynaptic
potential (20—-30 milliseconds). Assuming a sufficient persistent level of excitatory
synaptic input, this provides a mechanism to explain how FS interneurons could fire
at gamma frequency in vivo and in vitro in absence of gamma resonance. If not

essential in gamma rhythmogenesis, an alternative function of gamma resonance in
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FS interneurons might be to stabilize ongoing gamma oscillations from perturbation
by unsynchronized activity (noise), as was recently suggested (Tikidji-Hamburyan et
al., 2015). Thus, assuming complete absence of intrinsic gamma resonance across
the entire hippocampal FS cell population, hCSF could induce spontaneous gamma
oscillations by sufficiently increasing the excitability of hippocampal pyramidal cells
and interneurons (LeBeau et al., 2002), as is indicated in the present study and

extensively described in Bjorefeldt et al. (2015, 2016).

We conclude that application of hCSF to hippocampal brain slices induces network
gamma oscillations in vitro. This finding opens up the possibility of studying these
oscillations under more in vivo—like conditions in both health and disease. In future
work, the specific cellular and molecular requirements of hCSF-induced gamma
oscillations should be examined in greater detail, as well as the effect of hCSF on
other hippocampal network activity patterns such as theta and sharp-wave ripple

oscillations.
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818 TABLES
819
820 Table 1. Measured variables in hCSF and aCSF. Electrolyte and glucose

821 concentrations in mmol/L.

pH Osmolality Na* K* Cl Ca2* Mg?* Glucose
(mOsm/Kg)
hCSF 734 +|293+1 1487 +|2.86 +| 1258 +|1.13 +£|1.09 +|395+0.12
<0.01 1 0.04 1.7 0.03 0.03
hCSF! 7.35 290 145.9 2.8 121.5 1.07 1.04 3.8
aCSF? 7.4+ 286 + 146.7+ |2.88+ | 1247+ |1.10% 1.02 3.87 %
0.01 0.3 0.3 <0.01 | 0.2 <0.01 <0.01 0.01

822

823 hCSF: Values (mean + sem) from all hCSF pools used in the study (n = 4 pools).

824 hCSF!: Values obtained from one of the hCSF pools constructed from NPH patient
825 samples.

826 aCSF': Values (mean + sem) from aCSF solutions (n = 10), prepared on separate
827 experimental days, designed to match the electrolyte and glucose composition of

828 hCSF?,

829
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FIGURE LEGENDS

Figure 1. hCSF strengthens kainate-evoked gamma oscillations in the
hippocampal network. (a) Example traces of gamma oscillations evoked by
application of 45 nM kainate (KA) in aCSF (red), and after introducing hCSF
supplemented with the same concentration of KA (blue). (b) Power spectrum
computed from recordings shown in a. (c) Summary bar graph of average gamma
oscillation power recorded in aCSF during step application of KA at 25 nM (dark
grey), 35 nM (bright grey), 45 nM (red) and in hCSF + 45 nM KA (blue). *** P <

0.001. Data presented as mean + sem.

Figure 2. hCSF promotes spontaneous gamma oscillations in the hippocampal
network. (a) Example traces of spontaneous activity recorded in aCSF (black), 20
min after wash-in of hCSF (blue) and following 30 min of washout (grey) in
hippocampal area CA3. (b) Power spectra obtained from recordings shown in a. (c)
Summary bar graph showing average gamma oscillation power recorded in aCSF, in
hCSF and following washout. (d) Example traces of spontaneous activity recorded in
aCSF (black), 20 min after wash-in of hCSF (blue) and following 30 min of washout
(grey) in hippocampal area CAL. (e) Power spectra obtained from recordings shown
in d. (f) Summary bar graph showing average gamma oscillation power recorded in

aCSF, in hCSF and following washout.

Figure 3. Spontaneous gamma oscillations induced by hCSF are abolished by

atropine. (a) Example traces of spontaneous LFP activity recorded after exposing

hippocampal slices to hCSF for 30 min (blue), and following 5 min of atropine
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application (green). (b) Power spectrum obtained from recordings in a. (c) Summary
bar graph showing average gamma power in hCSF, and after atropine application.

*** P < (0.001. Data presented as mean + sem.

Figure 4. hCSF enhances theta resonance and increases Inh-amplitude in
hippocampal pyramidal cells. (a) Example traces showing the voltage response of
a CA1 pyramidal cell to ZAP current injection at theta frequency range (0-15 Hz) in
aCSF (red) and hCSF (blue). (b) Impedance magnitude profile constructed from
traces in a. Dotted vertical lines indicate the resonance frequency of the cell in aCSF
(red) and hCSF (blue). (c) Summary bar graph of the effect of hCSF on resonance
frequency. (d) Summary graph showing the effect of hCSF on resonance strength
(Q-value). (e) Example traces showing the voltage response of a CA1 pyramidal cell
to ZAP current injection at gamma frequency range (20-60 Hz) in aCSF (red) and
hCSF (blue). (f) Impedance magnitude profile constructed from traces shown in e.
Note the absence of resonance. (g) Example traces showing h-current activation
elicited by hyperpolarizing voltage commands in aCSF (red) and hCSF (blue), using
voltage-clamp protocol in black. (h) Activation curve constructed from the voltage-
clamp protocol in g, showing no effect of hCSF (blue) on the voltage-dependence of
h-current activation in the range of -80 to -120 mV. (i) Summary bar graph showing
normalized effect of hCSF on h-current amplitude. * P < 0.05. Data presented as

mean * sem.

Figure 5. hCSF does not alter lack of intrinsic gamma frequency resonance but

increases the excitability of hippocampal fast-spiking interneurons. (a)

Schematic drawing indicating the position of cell somata (black), with respect to the
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pyramidal cell layer (grey), in whole-cell recordings from fast-spiking CAl
interneurons. Str. ori: stratum oriens, str. pyr: stratum pyramidale, str. rad: stratum
radiatum (b) Typical electrophysiological response of an interneuron classified as
fast-spiking to hyperpolarizing and depolarizing step current injection. (c) Oscillatory
input current protocols (in black, 20 pA, 5 seconds, truncated for clarity) and
subsequent voltage responses in aCSF (red) and hCSF (blue). (d) Summary graph
showing the average impedance magnitude recorded at 5, 40, and 100 Hz in aCSF
(red) and hCSF (blue). (e) Example traces showing the voltage response of a CAl
fast-spiking interneuron to ZAP current injection (0-100 Hz, 20 pA, 20 seconds) at
near-threshold membrane potential in aCSF (red) and hCSF (blue). (f) Impedance
magnitude profiles constructed from the ZAP current protocol in e. Average
impedance magnitude of fast-spiking interneurons (n = 6) in aCSF (dark red) and
hCSF (dark blue). Insets show average impedance magnitude at 20-60 Hz in in
aCSF (dark red) and hCSF (dark blue). Note absence of gamma resonance in both
aCSF and hCSF. (g) Example traces showing suprathreshold response of fast-
spiking interneurons to same ZAP current stimulus as in e, in aCSF (red) and hCSF
(blue). Note absence of firing preference in gamma range (30-80 Hz, grey bar at
bottom) (h) Scatter dot plot showing number of spikes elicited by each cell in aCSF
and hCSF from the ZAP current stimulus. * P < 0.05. Data presented as mean +

sem.
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Figure 2
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907 Figure 3
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Figure 4
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Figure 5
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