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Neuroscience

Key points

e How the brain extracellular fluid influences the activity of GABAergic interneurons in vivo is
not known.

e This issue is examined in the hippocampal brain slice by comparing GABAergic interneuron
activity in human versus artificial cerebrospinal fluid.

e Human cerebrospinal fluid (hCSF) substantially increases the excitability of fast-spiking and
non-fast-spiking CA1 interneurons.

® CAl pyramidal cells are even more strongly excited by hCSE.

® The tonic excitation of pyramidal cells, in combination with an increased responsiveness of
interneurons to excitatory input, is likely to promote the generation of synchronized network
activity in the hippocampus.

Abstract GABAergic interneurons intricately regulate the activity of hippocampal and
neocortical networks. Their function in vivois likely to be tuned by neuromodulatory substances in
the brain extracellular fluid. However, in vitro investigations of GABAergic interneuron function
do not account for such effects, as neurons are kept in artificial extracellular fluid. To examine
the neuromodulatory influence of brain extracellular fluid on GABAergic activity, we recorded
from fast-spiking and non-fast-spiking CAl interneurons, as well as from pyramidal cells, in
the presence of human cerebrospinal fluid (hCSF), using a matched artificial cerebrospinal fluid
(aCSF) as control. We found that hCSF increased the frequency of spontaneous firing more than
twofold in the two groups of interneurons, and more than fourfold in CA1 pyramidal cells. hCSF
did not affect the resting membrane potential of CA1 interneurons but caused depolarization in
pyramidal cells. The increased excitability of interneurons and pyramidal cells was accompanied
by reductions in after-hyperpolarization amplitudes and a left-shift in the frequency—current
relationships. Our results suggest that ambient concentrations of neuromodulators in the brain
extracellular fluid powerfully influence the excitability of neuronal networks.
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sEPSP, spontaneous excitatory postsynaptic potential; t,,, membrane time constant; Vp,,, membrane potential; Ve,
resting membrane potential.
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Introduction

The hippocampus and neocortex host a diverse
population of GABAergic interneurons that together
regulate the activity of principal neurons. Within this
population, a subgroup of interneurons with fast-spiking
(FS) phenotype form powerful perisomatic-targeting
inhibitory synapses on principal neurons and are
thought to contribute significantly to the generation of
oscillatory network activity (Buzsaki et al. 1983; Cobb
et al. 1995; Mann et al. 2005). FS interneurons are
known to frequently express the calcium-binding protein
parvalbumin and display a number of distinct electro-
physiological properties, including low input resistance
(R;n), short membrane time constants (7., ), narrow action
potentials (APs) and high maximum firing frequency
(>150 Hz) in response to depolarizing current pulses
(Gonzalez-Burgos et al. 2004; Doischer et al. 2008).
These, and yet other, functional properties allow FS
interneurons to rapidly convert excitatory input into a
strong inhibitory output capable of potently regulating
AP firing in principal cells (Hu et al. 2014). Among
other subgroups of GABAergic interneurons found in
the hippocampus and neocortex are those expressing
cholecystokinin, somatostatin and vasointestinal peptide
(Freund & Buzsaki, 1996; Markram et al. 2004; Tricoire
etal. 2011). These interneurons typically produce broader
APs at lower frequency than FS interneurons, and
commonly display a higher Rj,. Although functional
differences exist between these interneuron subtypes, they
can be classified as non-fast-spiking (NFS) (Kawaguchi &
Kondo, 2002; Petilla Interneuron Nomenclature Group
et al. 2008; Andersson et al. 2012). The rich diversity
and non-random distribution of functional properties
among cortical interneurons suggest that distinct cell
types perform specialized sets of computations in neural
networks (Buzsaki et al. 2004; Klausberger & Somogyi,
2008).

A critical component determining how GABAergic
interneurons operate in a neural network is neuro-
modulation. Many different neuromodulators are known
to alter intrinsic and/or synaptic properties of neurons,
frequently achieving their effect through activation of
G-protein coupled receptors on the target cell (Hille,
1992; Gainetdinov et al. 2004; LeBeau et al. 2005). Neuro-
modulators constitute a diverse group of neuroactive sub-
stances ranging from the classical transmitters dopamine,
noradrenaline, serotonin, histamine and acetylcholine, to
different neuropeptides, hormones, gliotransmitters and
cytokines. Although some of these substances typically
modulate the state of neuronal circuits with temporal and
spatial specificity, many of them seem to also be pre-
sent in low ambient concentrations in the extracellular
fluid (Jackson, 1980; Post et al. 1988). Some of these
neuromodulators may potentially be released directly into
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ventricular cerebrospinal fluid (CSF) via CSF-contacting
neurons (Vigh et al. 2004; Veening & Barendregt,
2010). While effects of individual neuromodulators on
various cell types have been studied extensively, it is
not well established how neuromodulators in real brain
extracellular fluid collectively impact neuronal function
in vivo. When recording from neurons in in vifro brain
slices, switching from a matched artificial cerebrospinal
fluid (aCSF) to human cerebrospinal fluid (hCSF) offers
the opportunity to study the collective contribution
of neuromodulators in shaping functional properties
of neurons. We recently showed that hCSF strongly
increases the excitability of hippocampal and neocortical
pyramidal neurons via G-protein dependent mechanisms
(Bjorefeldt et al. 2015). Like pyramidal cells, GABAergic
interneurons are influenced by a wide range of neuro-
modulators that together determine the operational state
of the cell (Bacci et al. 2005). It is assumed that the
neuromodulation taking place in vivo operates, at least
in part, through non-synaptic (volume) transmission
via the interstitial and cerebrospinal fluid (Agnati et al.
1995; Sykova & Vargova, 2008; Veening & Barendregt,
2010). However, whether ambient neuromodulators are
in fact present at sufficient concentration to significantly
modulate GABAergic interneuron activity has not been
shown.

Here we examined the neuromodulatory influence of
hCSF on functional properties of FS and NFS GABAergic
interneurons in rat hippocampal brain slices. A number of
CA1 pyramidal cells were included and used as reference
material in this study.

Methods
Artificial and human cerebrospinal fluid

All hCSF samples were collected via lumbar puncture
performed by neurologists at the Sahlgrenska University
Hospital in Gothenburg, Sweden. The majority of hCSF
came from patients diagnosed with normal pressure
hydrocephalus, while a lesser amount was contributed by
healthy volunteers and used as control. Data obtained
with hCSF from patients and healthy volunteers were
pooled since they similarly increased spontaneous firing
and excitability in both interneurons and pyramidal cells.
Samples from each source were combined to create two
poolsof 550 and 150 ml hCSF, respectively. Patient samples
(n = 10, age and sex unknown) were acquired from the
clinical routine at the Department of Clinical Neuro-
science, Sahlgrenska University Hospital. Healthy hCSF
was obtained from male and female volunteers (n = 10,
mean age 26 years, range 20-30 years) after written
informed consent, and with permission from the local
ethical committee at the University of Gothenburg. All
clinical procedures were carried out in accordance with

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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the principles of the Declaration of Helsinki. All hCSF
samples were rapidly stored at —80°C after acquisition and
each sample was thawed to room temperature once for
pooling, then a second time on the experimental day. The
total concentration of electrolytes and glucose, as well as
pH and osmolality, was measured in both hCSF pools
(Table 2) according to methodology previously described
in Bjorefeldt etal. 2015. A matched aCSF was then designed
based on the measurements obtained from each hCSF pool
(Table 2). Both hCSF pools displayed normal electrolyte
and glucose content, pH, osmolality and colouring. The
ionized fraction of Ca’* and Mg** in hCSF was estimated
to account for 90% of the measured total concentration
(Joborn et al. 1991). It should be noted that HCO3 ™ is not
included in the measurements presented in Table 2. Prior
to experimentation, frozen hCSF was thawed to room
temperature in a bowl of warm (37°C) water. During,
and prior to, electrophysiological recordings, aCSF and
hCSF were bubbled with a gas mixture of 95% O, and 5%
CO,. The amount of hCSF used in a single experiment
was 12 ml.

Slice preparation

Experiments were performed in the CA1 region of acute
hippocampal brain slices from 20- to 30-day-old (P20-30)
Wistar rats, conducted in accordance with regulations of
the Swedish Animal Welfare law and approved by the local
ethical committee for animal research at the University
of Gothenburg, Sweden. Male and female rats were
anaesthetized via inhalation of isoflurane (Abbott) and
then decapitated. The brain was quickly removed and put
in ice-cold (0-3°C) slicing solution containing (in mm):
220 glycerol, 2.5 KCl, 1.2 CaCl,, 7 MgCl,, 26 NaHCO3, 1.2
NaH,PO, and 11 D-glucose. Sagittal slices (300—400 pm)
were prepared from dorsal hippocampi using a vibratome
(HM650V, Microm, Walldorf, Germany). Brain slices
were stored in aCSF containing (in mm): 129 NaCl, 3
KCl, 2 CaCl,, 4 MgCl,, 26 NaHCOs3, 1.25 NaH,PO,, 10
D-glucose. Slicing and storage solutions were continuously
bubbled with a mixture of 95% O, and 5% CO,. After
1-5 h of storage at room temperature (22-25°C), a
hippocampal slice was transferred to a recording chamber
perfused with aCSF (32-34°C) at a rate of 3 ml min~!.

Electrophysiology

Whole-cell current clamp recordings were made from
CA1 interneurons with their somata located in stratum
pyramidale or extending <50 pum into stratum oriens.
We chose this region because our primary aim was to
find fast-spiking interneurons, and the majority of these
interneurons have their somata in the stratum pyramidale
and in the border region between stratum pyramidale and
stratum oriens (Pawelzik ef al. 2002). Cells were visually

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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identified using differential interference contrast micro-
scopy (E600FN, Nikon, Tokyo, Japan) together with a
CCD camera (XC-73CE, Sony). Recordings were made
using borosilicate glass micropipettes (1.5 mm/0.86 mm)
with resistances of 3—6 M. The pipette capacitance was
cancelled in cell-attached mode. The intracellular solution
contained (in mM): 127 potassium gluconate, 8 KCl,
10 Hepes, 15 phosphocreatine, 4 Mg-ATP, 0.3 Na-GTP and
0.3% biocytin (pH 7.3, 295 mosmol kg !). After obtaining
whole-cell configuration, no current or voltage was
applied to the cell for the first few minutes. Series resistance
(525 M) was not allowed to fluctuate more than
20% throughout recordings. The liquid junction potential
was measured to -9 mV, according to methodology pre-
viously described by Neher (Neher, 1992), and was not
corrected for.

Histology

Interneurons filled with biocytin (Sigma-Aldrich, St.
Louis, MO, USA) were fixed overnight (4°C) in phosphate-
buffered saline (0.9% NaCl) containing paraformaldehyde
(4%), pH 7.3. Slices were washed in phosphate buffer
(0.1 M, pH 7.3) then incubated in 0.25% Triton X-100
together with 5% normal goat serum (NGS, Invitrogen)
overnight at room temperature. They were then washed
a second time and incubated in streptavidin-CY5 (1:300,
Invitrogen), 0.25% Triton X-100 and 5% NGS for 2 h at
room temperature. After a final wash, slices were mounted
on slides and coverslipped with ProLong Gold (Molecular
Probes). Streptavidin-CY5-labelled cells were examined
and imaged on a Zeiss confocal microscope (LSM 510)
using x20 and x 63 oil immersion objectives.

Data acquisition and analysis

Data were acquired at a sampling frequency of 10 kHz and
filtered at 3 kHz usingan EPC-9 amplifier together with the
PatchMaster software (HEKA Elektronik). Data analysis
was performed in IGOR Pro (version 6, WaveMetrics, Lake
Oswego, OR, USA). R;, was extracted from the slope of
the voltage—current relationship in response to 10 pA step
hyperpolarizing current injections (—100 to 0 pA, 300 ms)
from =70 mV. 1, was calculated by fitting an exponential
function to the voltage response produced from hyper-
polarizing current injection (—100 pA, 300 ms). Sag ratio
was calculated by dividing the steady-state amplitude
during a hyperpolarizing current injection (=100 pA,
300 ms) with the maximum amplitude. Action potential
half width (APHW) was measured at half maximal
AP amplitude, as measured from AP threshold. Resting
membrane potential (Vi) was recorded at zero current
injection (I = 0). Spontaneous AP properties (Fig. 3)
were extracted from plotting the first derivative of voltage
(dV/dt) against membrane potential (Vi,; phase-plane
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plot) for 10 consecutive APs recorded in aCSF and hCSE.
AP threshold was defined as the V,, at which dV/dt
exceeded 20 mV ms™'. AP amplitude was measured as
the voltage difference between AP threshold and peak
of overshoot. Fast and medium after-hyperpolarizations
(AHPs) were measured after 5 and 50 ms, respectively
(Storm, 1987). In frequency—current (f~I) plots, firing
frequency (Hz) was calculated from the total number of
APs produced during step depolarizing current injections
(800 ms, 50 pA increments) ranging from —50 to 650 pA.
Rheobase and slope were extracted from f~I plots in each
experiment. 1st AP threshold in f~I'plots was defined as the
V., at which dV/dt exceeded 20 mV ms™' and measured
at minimal depolarizing current step where one or more
APs were generated in both aCSF and hCSF. Sinusoidal
current injection (100 pA) was delivered over a period of
3 s at frequencies of 5 and 40 Hz. sEPSP frequency was
averaged from three 1 s long sweeps (=70 mV) in aCSF
and hCSE.

Statistics

Statistical significance was determined using Student’s
paired ¢ test and the software SPSS statistics (version
22, IBM). Significance levels are given as ***P < 0.001;
P < 0.01; *P < 0.05. All data are presented as
means £ SEM.

Results
Functional characterization of CA1 interneurons

Interneurons with their somata located in CAl stratum
pyramidale, or extending <50 pum into stratum oriens,
were functionally characterized using a series of electro-
physiological protocols (Markram et al. 2004; Andersson
et al. 2012), and their morphology was determined post
hoc (Fig. 1). Interneurons were initially divided into FS or
NFS groups according to their maximum firing frequency
in response to depolarizing current injection (cells firing at
>150 Hz were considered FS). After further examination of
interneuron properties in the two groups, we confirmed
the existence of two functionally distinct classes of CAl
interneurons (Table 1). The FS group of interneurons
displayed low Ri, with weak or non-existent voltage sag
in response to hyperpolarizing current pulses compared
to interneurons in the NFS group (Fig. 1C). FS inter-
neurons also showed a much steeper response to increased
depolarization, with higher maximum firing frequency
and narrower APs than NFS interneurons (Fig. 1D-F).
Also, we included a number of CAl pyramidal cells as a
reference group for comparison of FS and NFES properties
(Table 1, Fig. 7), and for reassessment of previously
described effects of hCSF on hippocampal pyramidal cells
(Bjorefeldt et al. 2015).
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hCSF increases spontaneous firing in FS and NFS
interneurons

We first evaluated the effect of hCSF on spontaneous
firing in FS and NFS interneurons. Interneurons showing
a minimum frequency of 0.5 Hz at Vi (I = 0) were
included in the assessment of hCSF effects on spontaneous
firing. All of the FS interneurons examined fulfilled this
criteria whereas approximately 50% of NFS interneurons
were either silent or fired at less than 0.5 Hz. The average
spontaneous firing frequency at Vi in FS and NFS
interneurons was 20.8 & 11.2 Hz and 4.7 &+ 1.3 Hz at
baseline (aCSF), respectively. hCSF had no significant
effect on Vi itself in either FS (=55.1 £ 2.4 mV ws.
-56.1 &+ 3.1 mV, n = 8, P = 0.36, Student’s paired # test,
Fig. 2A and B) or NFS (-60.9 + 1.3 mV vs. —-62.0 £+
1.4mV, n=_8, P=0.16, Student’s paired t test, Fig. 2D and
E) interneurons. However, hCSF substantially increased
spontaneous firing in both FS (to 273.3 & 60.6%, n = 8,
P = 0.008, Student’s paired t test, Fig. 2A and C) and
NFS (to 232.6 4 49.2%, n = 8, P = 0.02, Student’s paired
ttest, Fig. 2D and F) cells. In a subset of these experiments
(4 out of 8 FS and 4 out of 8 NFS) hCSF was also washed
out. These washout experiments indicated that the effect of
hCSF on spontaneous firing was reversible (255.2 & 61.2%
reduced to 140.5 & 21.5% after 10 min of washout, n =8,
P = 0.04, Student’s paired ¢ test). We also tested whether
there was any difference between the hCSF obtained from
healthy volunteers and normal pressure hydrocephalus
patients. However, both sources of hCSF caused an
increase in spontaneous firing of comparable magnitude
(healthy volunteers: 243.4 + 36.4%, n = 2 FS + 2 NFS,
normal pressure hydrocephalus patients: 256.2 &+ 50.1%,
n =6 FS 4+ 6 NFS, P = 0.9, Student’s unpaired paired
t test).

hCSF reduces after-hyperpolarizing potentials
of spontaneous APs in FS and NFS interneurons

To examine the mechanisms behind the increased
spontaneous firing of FS and NFS interneurons, we
analysed the effects of hCSF on several properties of
spontaneous APs (Fig. 3). In the FS group, we found no
significant effect of hCSF on either threshold (—47 + 2
mV v5-49.0 £ 3.1 mV, n = 8, P = 0.14, Student’s paired
t test, Fig. 3B and C) or half width (0.46 £ 0.04 ms vs.
0.48 + 0.04 ms, n = 8, P = 0.19, Student’s paired f test,
Fig. 3A and E). AP amplitude was, however, reduced from
54.6 2.9 mV to 50.8 2.3 mV in hCSF (n =28, P=0.01,
Student’s paired ¢ test, Fig. 3A and D). We observed a
significant reduction of the fast after-hyperpolarization
(fAHP) amplitude of spontaneous APs in hCSF (from
124+ 1.1 mVto 10.2 +£ 1 mV, n= 8, P=0.009, Student’s
paired ¢ test, Fig. 3A and F), expected to contribute to the
increased spontaneous firing of FS interneurons.

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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Figure 1. Functional characteristics of FS and NFS interneurons in CA1 stratum pyramidale

A and B, examples of interneuron morphology in the FS (A) and NFS (B) group. C, typical voltage response to
hyperpolarizing and subthreshold depolarizing current in FS (red) and NFS (green) interneurons. D, current ramp
protocol response in FS and NFS groups. Note the steeper firing response to increased depolarization in FS cells.
E, response of FS and NFS interneurons to a step-in-step protocol. Note the differential increase in firing produced
by the step-in-step current pulse. F, examples of typical spontaneous AP waveform in FS and NFS interneurons at
Viest. 5.0., stratum oriens; s.p., stratum pyramidale. Scale bars, 20 um.

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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Table 1. Intrinsic membrane properties quantified in CA1 interneurons and pyramidal cells
Rin (M) Sag ratio Tm (ms) APHW (ms) IFime ((AF2)
FS 105.1 + 6.4 0.95 + 0.02 7.1 £ 0.7 0.46 + 0.04 221.8 + 21.2
NFS 179.2 + 17.2 0.87 + 0.03 145 + 1.3 0.76 + 0.09 80.7 £ 3.9
PC 74.7 + 43 0.78 + 0.01 14.2 + 0.8 0.88 + 0.02 49.5 + 3.0
FS, fast-spiking CA1 interneurons; NFS, non-fast-spiking CA1 interneurons; PC, CA1 pyramidal cells.
Table 2. Composition of artificial and human cerebrospinal fluids
Osmolality

pH (mosmol kg=") Na*t K+ cl= Ca%t Mg?* Glucose
hCSF! 7.35 293 149 2.8 124.9 1.17 1.12 3.72
aCSF! 7.42 + 0.03 288 + 1 147.8 £ 0.4 279 + 0.02 123.4 £+ 0.8 1.15 £ 0.02 1.13 &+ 0.01 3.7 + 0.02
hCSF? 7.35 287 146.1 2.89 122.9 1.13 1.14 3.31
aCSF? 7.41 + 0.02 284 + 1 1446 + 0.3 291 + 0.01 1228 +£ 0.21 1.11 £ 0.01 1.11 £ 0.02 3.37 + 0.04

Concentrations of electrolytes and glucose are in mm. hCSF': CSF pool from normal pressure hydrocephalus (NPH) patients (n = 10
individuals). aCSF': aCSF designed to match the NPH pool. Measurements were taken from aCSF solutions prepared on experimental
day (n = 5). hCSF2: CSF pool from healthy volunteers (n = 10 individuals). aCSF2: aCSF designed to match the healthy CSF pool.

Measurements were taken from aCSF solutions prepared on experimental day (n = 3).

As for NFS interneurons, we found that hCSF
lowered the AP threshold at V. (=51.8 &= 1.6 mV ws.
=552 £ 1.5 mV, n = 8, P = 0.009, Student’s paired
t test, Fig. 3H and I) and increased the AP half width
(0.76 £ 0.09 ms vs. 0.89 &+ 0.09 ms, n = 8, P = 0.01,
Student’s paired ftest, Fig. 3G and K). hCSF also decreased
AP amplitude in NFS interneurons from 73.2 + 1.4 mV
to 69 £ 1.5 mV (n = 8, P = 0.005, Student’s paired
t test, Fig. 3G and J). We found no effect of hCSF on
fAHP amplitude in NFS interneurons (8.6 + 0.8 mV to
7.6 £0.6 mV, n=38, P=0.1, Student’s paired ttest, Fig. 3G
and L), but the lower firing frequency of NFS compared to
FS interneurons allowed for quantification of a medium
AHP (mAHP). We found that hCSF reduced the mAHP
amplitude from 7.4 £+ 0.8 mV to 3.8 = 1.1 mV (n = 8,
P =0.009, Student’s paired t test, Fig. 3G and M).

These results show that hCSF reduces AHP amplitudes
in both FS and NEFS interneurons. This effect is likely to
contribute to the increased spontaneous firing observed
in both groups of interneurons, as it will allow the V;,
of these cells to reach threshold more rapidly. In NFS
interneurons, an additional contribution may consist of a
slightly lowered AP threshold.

Increased excitatory synaptic input onto FS and NFS
interneurons in hCSF

We next examined whether hCSF had any effect on
the frequency of spontaneous excitatory postsynaptic
potentials (SEPSPs) onto FS and NES interneurons, which
could also contribute to their increased spontaneous
firing in hCSE We found that hCSF increased the

sEPSP frequency in FS interneurons to 176.7 £ 18.6%
(46.4 £9.1 Hzin aCSE, n= 8, P=0.001, Student’s paired
t test, Fig. 4A and B). In NFS interneurons, we found that
hCSF caused a more modest increase in SEPSP frequency
(to127.5+7.1%,21.3 £ 7.4 Hzin aCSF, n=8, P=0.037,
Student’s paired ¢ test, Fig. 4C and D). Thus, an increased
frequency of excitatory synaptic input onto these neurons,
particularly in the case of FS interneurons, may, together
with reduction of fast and medium AHP amplitudes, lead
to the increased spontaneous firing observed in hCSF.

hCSF alters the transfer function of FS and NFS
interneurons

To examine whether hCSF affects the input—output
function of FS and NFS interneurons, f~I curves were
constructed from a series of depolarizing current pulses
at 50 pA increments. In FS interneurons, hCSF reduced
the rheobase to 65.2 &+ 6.6% (n = 8, P = 0.0002,
Student’s paired f test, Fig. 5A—C) and decreased the
slope (gain) to 89.8 + 4.4% (n = 8, P = 0.04, Student’s
paired ¢ test, Fig. 5B and C). hCSF also reduced the
amount of injected current required to reach half of
maximum firing frequency (I Fy,x/2) to 84 +5.9% (n =38,
P =0.017, Student’s paired f test, Fig. 5B and C) without
significantly altering the maximum firing frequency
(Finax) (85.9 £ 11.6%, n = 8, P = 0.26, Student’s paired
t test, Fig. 5B and C). We again measured AP threshold,
this time at the minimum, but equal, amount of injected
current required to evoke at least one AP in aCSF
and hCSF (1st AP threshold). Here, hCSF significantly
hyperpolarized the threshold from —47.9 + 1.8 mV to

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society



J Physiol 594.4

-54.4 + 2.9 mV, n = 8, P = 0.016, Student’s paired ¢
test, Fig. 5D. No significant effect of hCSF on the Ri,
of FS interneurons was observed (105.1 £ 6.4 M vs.
112 £ 18.5 M2, n= 8, P = 0.7, Student’s paired ¢ test).
In NFS interneurons, hCSF also reduced rheobase
(75 £ 9.4%, n = 8, P = 0.03, Student’s paired ¢ test,
Fig. 5E-G) but did not significantly affect the slope
(92.7 £ 4.2%, n = 8, P = 0.16, Student’s paired f test,
Fig. 5Fand G). I F,.x/> was reduced to 80.9 £5.7% (n=38,
P = 0.02, Student’s paired t test, Fig. 5F and G) while
Frax remained unaltered (97.1 £+ 1.7%, n =8, P = 0.13,
Student’s paired f test, Fig. 5F and G). As in FS inter-
neurons, hCSF caused a hyperpolarizing shift in the first
AP threshold from -50.5 &= 1.4 to —-57.8 £ 1.4 mV (n=38,
P =0.001, Student’s paired t test, Fig. 5H). There was no
significant effect of hCSF on the R;, of NFS interneurons

aCSF

—55 mV i

-60 mV

hCSF

1s
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(179.2 £ 17.2 MQ2 vs. 188.4 4+ 26.5 M2, n=8, P = 0.58,
Student’s paired ¢ test).

In summary, hCSF caused a left-shift of the
input—output function of both FS and NFS interneurons,
with an additional decrease in slope seen in FS inter-
neurons. The left-shift seen in f~I curves can probably be
largely attributed to the effect of hCSF on AP threshold.

hCSF increases responsiveness of FS and NFS
interneurons to theta and gamma frequency
sinusoidal current stimulus

Given the inherent sensitivity of hippocampal neurons
to synaptic input in the theta (4-10 Hz) and gamma
(30-80 Hz) range, we next examined how hCSF affected
the responsiveness of FS and NFS interneurons to
sinusoidal current delivered at these frequencies. We found
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Figure 2. hCSF increases spontaneous firing in FS and NFS interneurons

A, example traces of spontaneous firing in aCSF and hCSF (after 10 min), at Viest, in FS interneurons. APs expanded
in time from highlighted area (black rectangle) are shown to the right. B, summary bar graph showing effect of
hCSF on Viest in FS interneurons. C, summary bar graph showing normalized effect of hCSF on spontaneous firing
frequency at Viest in FS interneurons. D, example traces of spontaneous firing in aCSF and hCSF (after 10 min),
at Viest, in NFS interneurons. APs expanded in time from highlighted area (black rectangle) are shown to the
right. E, summary bar graph showing effect of hCSF on Vjest in NFS interneurons. £, summary bar graph showing
normalized effect of hCSF on spontaneous firing frequency at Viest in NFS interneurons. Error bars represent SEM.

*P < 0.05; **P < 0.01.
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Figure 3. hCSF reduces after-hyperpolarizing potentials of spontaneous APs in FS and NFS interneurons
A, example of spontaneous AP waveform of FS interneurons recorded in aCSF (red) and hCSF (blue). Arrow indicates
point of fAHP amplitude measurement. B, representative phase-plane plot constructed from spontaneous APs
recorded over 60 s in aCSF (red) and hCSF (blue), in FS interneurons. Dashed line indicates a dV/dt of 20 mV ms—".
C—F, summary graphs showing effect of hCSF on spontaneous AP threshold (C), amplitude (D), half width (E)
and fAHP amplitude (F). G, example of spontaneous AP waveform of NFS interneurons recorded in aCSF (green)
and hCSF (blue). Arrows indicate point of fAHP (left arrow) and mAHP (right arrow) amplitude measurement. H,
representative phase-plane plot constructed from spontaneous APs recorded over 60 s in aCSF (green) and hCSF
(blue), in NFS interneurons. Dashed line indicates a dV/dt of 20 mV ms~'. /<M, summary graphs showing effect
of hCSF on spontaneous AP threshold (/), amplitude (J), half width (K), fAHP amplitude (L) and mAHP amplitude
(M). Error bars represent SEM. *P < 0.05; **P < 0.01.
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that FS interneurons in hCSF fired twice as many APs
during each theta cycle at 5 Hz (194.4 £ 35%, n = 6,
P = 0.005, Student’s paired t test, Fig. 6A and B). For
gamma frequency stimulus (40 Hz) at equal amplitude,
1 out of 6 FS interneurons examined produced firing in
aCSFE, whereas 4 out of 6 cells fired during the gamma
stimulus episode (3 s) in hCSF (n = 6, Fig. 6Cand D).
NES interneurons also showed increased firing during
each theta cycle in hCSF (197 + 44.1%, n = 6, P = 0.008,
Student’s paired ¢ test, Fig. 6E and F). Similar to FS inter-
neurons, none of the NFS cells examined reached supra-
threshold depolarization at 40 Hz stimulation. In hCSF, 2
out of 6 NFS cells fired at 40 Hz (n = 6, Fig. 6G and H).

Effects of hCSF on CA1 pyramidal cells

To allow for closer comparison of hCSF effects on FS, NFS
and pyramidal cells we re-examined the effects on CAl
pyramidal cells at the same recording temperature as used
for interneurons in this study (32-34°C). We found that, in
contrast to interneurons, but consistent with our previous
study on pyramidal cells (Bjorefeldt et al. 2015), hCSF
depolarized Vi (-60.5 & 1.1 mV vs. =57.2 £ 1.4 mV,
n = 7, P = 0.026, Student’s paired ¢ test, Fig. 7A and
B). hCSF also powerfully increased spontaneous firing in
CA1 pyramidal cells (to 450 £ 81.5% from a frequency
of 0.85 £ 0.13 Hz in aCSE, n = 7, P = 0.007, Student’s
paired ¢ test, Fig. 7A and C). Analysis of spontaneous
AP properties at Vi showed no effect of hCSF on AP
threshold (-54.6 £ 1.7 mV vs. =53.8 £ 1.2 mV, n = 7,
P = 0.42, Student’s paired ¢ test, Fig. 7E and F) or half
width (0.88 £ 0.02 ms vs. 0.91 & 0.03 ms, n =7, P=0.32,
Student’s paired ¢ test, Fig. 7D and H), but caused a
decreasein AP amplitude (88.7 2.9 mV v5.80.6 =2.5mV,

Figure 4. Increased frequency of spontaneous
excitatory synaptic input onto FS and NFS C
interneurons in hCSF

A, example traces of SEPSPs from three different FS
interneurons recorded at =70 mV in aCSF and hCSF.
B, summary bar graph showing normalized sEPSP
frequency in aCSF and hCSF, for FS interneurons.

C, example traces of SEPSPs from three different NFS
interneurons recorded at =70 mV in aCSF and hCSF.
D, summary bar graph showing normalized sEPSP
frequency in aCSF and hCSF, for NFS interneurons.
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n =7, P = 0.03, Student’s paired t test, Fig. 7D and G).
As in NFS interneurons, hCSF significantly reduced the
mAHP amplitude in CA1 pyramidal cells (5.6 & 0.7 mV
vs.3.2+ 0.6 mV, n=7, P=0.019, Student’s paired ¢ test,
Fig. 7D and I). f~I curves showed that hCSF produced
a clear left-shift of the input—output function in CAl
pyramidal cells, with a decreased rheobase (52.1 £ 4.1%,
n=7, P=0.003, Student’s paired ttest, Fig. 7J-L), I Fiax/2
(60.5 £ 5.6%, n = 7, P = 0.004, Student’s paired  test,
Fig. 7K and L) and Fyx (83.1 + 6.0%, n =7, P = 0.03,
Student’s paired ttest, Fig. 7Kand L), but without affecting
the slope (97.4 & 3.3%, n =7, P = 0.36, Student’s paired
t test, Fig. 7K and L). hCSF caused a hyperpolarized
shift in threshold of the first AP (from —-54.9 & 1.5
mV to -60.1 & 1.6 mV, n = 7, P = 0.0002, Student’s
paired t test, Fig. 7M), which probably contributed to
the reduced rheobase. All these effects of hCSF on
pyramidal cells at 32-34°C are consistent with our pre-
vious results at room temperature (Bjorefeldt e al. 2015).
To ascertain that the increased excitability caused by the
hCSF was unrelated to the whole-cell configuration we
also measured, at room temperature, spontaneous firing
in the cell-attached configuration before and after hCSF.
In CAl pyramidal cells hCSF increased the frequency
of spontaneous action currents to 276 + 72% (n = 6,
P = 0.015, Student’s paired t test) indicating that the
hCSF-induced increased excitability is present also when
the intracellular environment is unperturbed. This is also
consistent with our previous results showing that hCSF
causes a pronounced increase of the fEPSP magnitude,
and of spontaneous action potential-dependent EPSCs
(Bjorefeldt et al. 2015). We did, however, note one
divergent result in the present study as compared to our
previous findings at room temperature. That is, we did
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Figure 5. hCSF alters the input—output function of FS and NFS interneurons

A, example traces of FS interneuron firing in response to depolarizing current at indicated magnitude in aCSF
(red) and hCSF (blue). B, summary graph of frequency—current relationship in FS interneurons in aCSF (red) and
hCSF (blue). Inset shows average slope (gain) in aCSF and hCSF. C, summary bar graph showing normalized
effect of hCSF on rheobase, slope, / Fmayz and Fmax in FS interneurons. D, summary bar graph showing threshold
of first AP recorded in response to depolarizing current from =70 mV in aCSF and hCSF. E, example traces of
NFS interneuron firing in response to depolarizing current at indicated magnitude in aCSF (green) and hCSF
(blue). F, summary graph of frequency—current relationship in NFS interneurons in aCSF (green) and hCSF (blue).
G, summary bar graph showing normalized effect of hCSF on rheobase, slope, / Fmaxz and Fmax in NFS interneurons.
H, summary bar graph showing threshold of first AP recorded in response to depolarizing current from =70 mV in
aCSF and hCSF. Error bars represent SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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not observe a significant effect of hCSF on the R;, of
CA1 pyramidal cells (74.7 £ 4.3 MQ vs. 72 & 5.6 M€,
n = 7, P = 0.41, Student’s paired ¢ test). Baseline
Ri, values were, however, lower (approximately 25%)
than those observed previously in recordings at room
temperature (cf. Bjorefeldt et al. 2015). Finally, in three
experiments sinusoidal current was injected at theta and
gamma frequencies (as in Fig. 6). hCSF increased CAl
pyramidal cell firing per theta cycle (to 374 £+ 155%,
n = 3) and elicited firing in 2 out of 3 cells in response
to gamma frequency stimulus (0 out of 3 cells fired in
aCSF).
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Discussion

By comparing hCSF with a matched aCSF we show that
neuromodulatory factors specific for hCSF increase the
excitability of FS and NFS hippocampal CA1 interneurons,
two broad groups of GABAergic interneurons. We also
verify previous results (Bjorefeldt et al. 2015) showing that
hCSF strongly increases the excitability of CA1 pyramidal
cells. hCSF increased the frequency of spontaneous firing
more than twofold among the interneurons and more
than fourfold among the pyramidal cells, suggesting that
ambient concentrations of neuromodulators in the brain
extracellular fluid powerfully control the excitability of
neuronal networks.
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Figure 6. Increased responsiveness of FS and NFS interneurons to sinusoidal current stimulation at theta

and gamma frequency in hCSF

A, example traces of FS interneuron firing in response to 5 Hz sinusoidal current stimulation at =70 mV in aCSF
(red) and hCSF (blue). B, summary bar graph showing normalized AP firing in response to each theta cycle in aCSF
and hCSF. C, example traces of FS interneuron responses to 40 Hz sinusoidal current stimulation at =70 mV in
aCSF (red) and hCSF (blue). D, graph showing number of APs fired by individual FS neurons during a 3 s gamma
stimulus episode in aCSF and hCSF. E, example traces of NFS interneuron firing in response to 5 Hz sinusoidal
current stimulation at =70 mV in aCSF (green) and hCSF (blue). £, summary bar graph showing normalized AP
firing in response to each theta cycle in aCSF and hCSF. G, example traces of NFS interneuron responses to 40 Hz
sinusoidal current stimulation at =70 mV in aCSF (green) and hCSF (blue). H, graph showing number of APs fired
by individual NFS neurons during a 3 s gamma stimulus episode in aCSF and hCSF. Error bars represent SEM.

P < 0.01.
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Figure 7. Effects of hCSF on CA1 pyramidal cells
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The increase in spontaneous firing frequency was,
in all three groups of neurons, accompanied by
a reduction of AHP amplitude and a left-shift in
the input-output relationship. There were, however,
some notable differences between the groups. Whereas
pyramidal cells were depolarized, the Vi of FS and
NES interneurons was not significantly affected by the
hCSE. One candidate neuromodulator in the hCSEF, acetyl-
choline, is known to reliably depolarize hippocampal CA1
pyramidal cells through muscarinic acetylcholine receptor
activation (Cole & Nicoll, 1984; Colino & Halliwell, 1993).
On the other hand, effects of acetylcholine on CA1l inter-
neurons are more heterogeneous, varying also between
interneurons of the same morphological subtype (Widmer
et al. 2006; McQuiston, 2014; Bell et al. 2015).

The reduction of AHP amplitudes in FS, NFS and
pyramidal cells by hCSF probably contributed to increase
the spontaneous firing frequency. Some of the main
ionic currents known to regulate mAHPs in hippocampal
neurons are carried by hyperpolarization-activated cyclic
nucleotide (HCN) channels (h-current, L), Ca’*-activa-
ted potassium (SK) channels (Iypgp), K,7 channels
(m-current, I,) and non-inactivating (persistent) sodium
channels (In,p) (Storm, 1989; Savic et al. 2001; Gu et al.
2005; Vervaeke et al. 2006). Several neuromodulators are
known to act on these channels to modify neuronal firing
behaviour. In pyramidal cells and NFS interneurons, the
reduced mAHP amplitude is consistent with a reduction
of Iygyp and/or I;. Ingp is known to be negatively
modulated by a number of neuromodulators, including
serotonin, histamine, noradrenaline and acetylcholine
(Haas & Konnerth, 1983; McCormick & Williamson,
1989). On the other hand, negative modulation of I, is
mostly attributed to cholinergic activation of muscarinic
receptors (Brown & Adams, 1980). In addition, a reduced
mAHP might result from enhancement of an inward
current such as I,. Positive modulation of I, has been
described as a cholinergic effect (Colino & Halliwell,
1993; Fisahn et al. 2002). However, cholinergic effects
also include enhancement of Iy,p (Yamada-Hanff &
Bean, 2013), which can be expected to increase mAHP
amplitude (Vervaeke et al. 2006). In the case of FS
interneurons, the high spontaneous firing frequency may
only allow partial activation of above-mentioned currents,

Neuromodulation of CA1 hippocampal interneurons by CSF 949

and modulation of other channels may thus contribute to
the reduction in fAHP amplitude seen in hCSE

We also found that hCSF lowered the AP threshold
in both interneurons and pyramidal cells in experiments
where depolarizing current was injected from —70 mV.
However, during spontaneous firing at Vi, hCSF only
lowered the AP threshold in NFS interneurons. One
scenario consistent with this result is that hCSF increases
an inward voltage-dependent current more strongly
activated at potentials negative to Vies (possibly L), to
contribute to a hyperpolarizing shift of the AP threshold.
The fact that hCSF additionally lowered AP threshold
in NFS interneurons during spontaneous firing could
potentially be explained by the more hyperpolarized
Viest of these cells, which may have allowed for stronger
activation of this inward current. It is possible that a
reduction of I, by hCSF could also explain the reduced
firing threshold from hyperpolarized potentials. However,
such a mechanism may have been expected to affect the
AP threshold also at V. (Shah et al. 2008).

The more potent excitatory effect of hCSF on pyramidal
cells compared to that on interneurons suggests that
recordings in conventional aCSF underestimate the
excitation/inhibition relationship in the network. Indeed,
in CAl pyramidal cells, we previously found that
hCSF markedly increased the frequency of spontaneous
excitatory synaptic currents without significantly affecting
the spontaneous inhibitory synaptic currents (Bjorefeldt
et al. 2015). This result does not seem consistent with
the present finding of an increased spontaneous firing
frequency of FS and NFS interneurons in hCSE. This issue
could be explored more closely, for example, by examining
the effect of hCSF on evoked IPSCs. It is possible
that hCSF contains neuromodulators that decrease the
probability of AP-dependent GABAergic release, thus
counteracting an increased frequency of action potentials.
Since GABAergic connections onto pyramidal cells are
multi-release site connections (Groc et al. 2003) such
reduction of GABAergic release probability is expected to
decrease the average amplitude of the sIPSCs. Consistent
with this expectation we also observed in our previous
study (Bjorefeldt et al. 2015) a significant depression of
the sIPSC amplitude in the hCSF by about 20%. It is
also important to note that spontaneous GABAergic input

A, example traces of spontaneous firing in aCSF and hCSF (after 10 min), at Viest, in CA1 pyramidal cells. B,
summary bar graph showing effect of hCSF on Vjest. C, summary bar graph showing normalized effect of hCSF on
spontaneous firing frequency at Viest. D, example of spontaneous AP waveform of CA1 pyramidal cells recorded
in aCSF (black) and hCSF (blue). Arrow indicates point of mAHP amplitude measurement. E, representative
phase-plane plot constructed from spontaneous APs recorded over 60 s in aCSF (black) and hCSF (blue). F,
summary graphs showing effect of hCSF on spontaneous AP threshold (F), amplitude (G), half width (H) and
mAHP amplitude (/). J, example traces of CA1 pyramidal cell firing in response to depolarizing current at indicated
magnitude in aCSF (black) and hCSF (blue). K, summary graph of frequency—current relationship in aCSF (black)
and hCSF (blue). L, summary bar graph showing normalized effect of hCSF on rheobase, slope, / Fraxz and Fnax.
M, summary bar graph showing threshold of first AP recorded in response to depolarizing current from —70 mV
in aCSF and hCSF. Error bars represent SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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onto CAl pyramidal cells may be dominated by action
potential-independent, miniature, IPSCs (Cossart et al.
2000), substantially masking effects on action-potential
dependent IPSCs. Finally, since we in the present study
recorded from FS and NFS interneurons in the pyramidal
cell layer, it is possible that other GABAergic interneurons,
also contributing to spontaneous IPSC frequency in CAl
pyramidal cells, decrease their firing in hCSE.

Our re-examination of hCSF effects on CA1 pyramidal
cells at higher temperature (32-34°C) in this study showed
good overall reproducibility of previous findings at room
temperature (cf. Bjorefeldt et al. 2015). However, at room
temperature there was a clear reduction in R;, among
CAl pyramidal cells, an effect that we did not observe
at higher temperatures in the present study. We also
noted that the average Ry, in pyramidal cells was sub-
stantially lower at the higher temperature. This finding is
consistent with previous results showing that Ry, decreases
with increasing temperatures in a voltage-independent
manner (Thompson et al. 1985). One possibility is that
the reduction in R;, caused by hCSF at room temperature
was due to positive modulation of temperature-sensitive
leak channels, and a reduced basal activity of these
channels at higher temperatures may have masked an effect
on R;,.

An obvious limitation of this study is the fact that the
identity of the active neuromodulators and their precise
target receptors remain to be identified. Our previous
characterization of the effect of hCSF on pyramidal cells
(Bjorefeldt et al. 2015) indicated that the majority of
active neuromodulators were small (<8 kDa) and acted
via G-protein coupled receptors to increase excitability.
One interesting possibility is that the effects of hCSF on
hippocampal neurons were caused by neuromodulators
involved in the regulation of wakefulness. During active
waking periods, the activity of neuromodulatory neurons
in subcortical monoaminergic- and cholinergic nuclei
result in widespread release of histamine, noradrenaline,
serotonin, dopamine and acetylcholine in many brain
areas (Saper ef al. 2001). Their actions have been found
to increase neuronal responsiveness to excitatory input
(Metherate et al. 1988; Servan-Schreiber et al. 1990; Brown
et al. 2001), promote plasticity (Gu, 2002; Carcea &
Froembke, 2013) and support network oscillations at theta
and/or gamma frequencies (Fisahn et al. 1998; Hajos et al.
2008; Walling et al. 2011). These effects appear to be in
line with either observed or predicted effects of hCSF.
Since CSF was sampled from human subjects during a
state of wakefulness (in absence of anaesthesia), the neuro-
modulatory composition of the samples could have been
largely influenced by prior, and ongoing, activity in neuro-
modulatory neurons regulating wakefulness. The effects of
hCSF on hippocampal neurons could thus be indicative
of how neuromodulation in vivo directs neurons into
an ‘on-line’ information processing state. However, other
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types of neuromodulators, such as small neuropeptides,
could potentially also be involved in the effects of hCSE.

The current findings of how hCSF modulates the
activity of hippocampal interneurons and pyramidal cells
have important implications at the network level. In the
hippocampus, as well as other brain areas, FS interneurons
are believed to play a prominent role in rhythmogenesis
(Freund, 2003; Whittington & Traub, 2003). These cells
are highly interconnected through chemical and electrical
synapses, and also strongly innervate themselves via
GABAergic autapses (Tamas et al. 1997; Bacci et al. 2003).
Consequently, FS interneurons have a special ability to
self-synchronize their inhibitory output, creating distinct
temporal windows during which pyramidal cells can fire
as they recover from synaptic inhibition. The powerful
excitation of pyramidal cells by hCSF can be expected
to greatly improve the recruitment of FS interneurons.
In this way, hCSF is likely to promote the generation
of synchronized neuronal activity in the hippocampal
network. Consistent with this prediction, we found that
the hCSF-induced increase in excitability of both inter-
neurons and pyramidal cells was also significant during
rhythmic stimuli at theta and gamma frequency range.

In conclusion, our results highlight the importance
of ambient neuromodulation in shaping the neuro-
nal activity observed in vivo. They further support the
concept of volume transmission as a significant means of
information transfer in the brain. Future efforts should
aim to more closely examine likely candidates of this
modulation, as well as further investigate the impact of
hCSF on synchronized oscillatory network activity.
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