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Abstract

Sensorimotor performance declines during advanced age, in part due to deficits in somatosensory
acuity. Cortical receptive field expansion is thought to contribute to somatosensory deficits and

is suggestive of increased excitability or decreased inhibitory inputs in pyramidal neurons of

the primary somatosensory cortex (S1). To ascertain changes in excitability and inhibition, we
measured both properties in neurons from vibrissal S1 in brain slices from young and aged mice.
Because adapting and non-adapting neurons — the principal pyramidal types in layer 5 (L5) — differ
in intrinsic properties and inhibitory inputs, we determined age-dependent changes according to
neuron type. We found an age-dependent increase in intrinsic excitability in adapting neurons,
caused by a decrease in action potential (AP) threshold. Surprisingly, in non-adapting neurons

we found both an increase in excitability caused by increased input resistance, and a decrease
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in synaptic inhibition. Spike frequency adaptation, already small in non-adapting neurons, was
further reduced by aging, whereas sag, a manifestation of 4, was increased. Therefore, aging
caused both a decrease in inhibition and an increase in intrinsic excitability in the murine L5, but
these effects were specific to pyramidal neuron type.

Keywords

aging; inhibition; GABA,; intrinsic excitability; hyperexcitability; action potential threshold; input
resistance; spike frequency adaptation; sag; critical frequency; somatosensory cortex; layer 5;
barrel cortex

1. Introduction

A neuron’s susceptibilities to aging are biased by its transcriptome, connectivity, and activity
patterns. Understanding the aging of the brain, designing prophylaxis and treatment of
deteriorating functionality, and in turn understanding the effect of interventions will depend
on pinpointing and characterizing age-related changes. For instance, why does advanced age
introduce a blunting of sensorimotor function (Bedard et al., 2002; Hermans et al., 2018;
Hermans et al., 2019; Heuninckx et al., 2004; Seidler et al., 2010; Serrien et al., 2000;
Swinnen, 1998; Wu and Hallett, 2005)? Contributing to sensorimotor changes is the impact
of age on the somatosensory system. Sensory acuity declines in primates and rodents (Altun
etal., 2007; David-Jurgens et al., 2008; Franco et al., 2015; Kalisch et al., 2009; Porciatti

et al., 1999; Shimokata and Kuzuya, 1995; Yoder et al., 2017), and cortical receptive fields
expand (David-Jurgens et al., 2008; Fu et al., 2013; Godde et al., 2002; Kalisch et al.,

2009; Spengler et al., 1995). Although advanced age introduces both increases (e.g., Simkin
et al., 2015) and decreases (e.g., Disterhoft and Oh, 2007) in neuronal excitability, the
expansion of cortical receptive fields is most directly explained by increased activation of
cortical pyramidal neurons. This is also suggested by the observations that receptive fields
are expanded when synaptic inhibition is blocked (Chowdhury and Rasmusson, 2002; Hicks
et al., 1986), whereas they are contracted when synaptic inhibition is enhanced (Oka et al.,
1986). However, the enlargement of cortical receptive fields in the aged nervous system
could also be achieved by increased intrinsic excitability, as suggested by the fact that
subthreshold receptive fields are broader than suprathreshold receptive fields (Brecht et al.,
2003) and that suprathreshold receptive fields can emerge during postsynaptic depolarization
(Lee et al., 2012).

Therefore, we tested for age-related changes in intrinsic excitability and inhibitory synaptic
currents in L5 pyramidal neurons of the mouse primary somatosensory cortex barrel

field (S1BF) — one of the best understood sensory systems. An important consideration

for detecting such changes is that, in both rodents and primates, electrophysiological
characteristics are expressed differentially in the two main L5 pyramidal neuron types
(Baker et al., 2018; Popescu et al., 2017; for review see Shepherd, 2013). For example,

in the S1BF L5 and in the primary motor cortex (M1) L5 of mature young mice
spontaneous and miniature inhibitory postsynaptic current (sIPSC and mIPSC) frequencies
are significantly lower in adapting pyramidal neurons (also known as thin-tufted or

Neurobiol Aging. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Popescu et al.

Page 3

intratelencephalic) compared to non-adapting pyramidal neurons (also known as thick-
tufted or pyramidal tract-type) (Popescu et al., 2017; Ye et al., 2015). Intrinsic properties
also differ, i.e., adapting neurons display larger spike frequency adaptation, larger slow
afterhyperpolarization (SAHP), longer AP duration, and smaller sag. Conversely, non-
adapting neurons display smaller spike frequency adaptation, smaller SAHP, shorter AP
duration, and larger sag (Dembrow et al., 2010; Guan et al., 2015; Guan et al., 2018; Hattox
and Nelson, 2007; Joshi et al., 2015; Le Be et al., 2007; Oswald et al., 2013; Rock and
Apicella, 2015). Therefore, these neuron types may age differently or may undergo similar
aging from different baseline values.

We whole cell patch-clamped S1BF L5 pyramidal neurons in brain slices from young

and aged mice, and recorded from each neuron intrinsic properties and pharmacologically
isolated inhibitory synaptic inputs. We then assigned the neurons to an “adapting” group
and a “non-adapting” group using unsupervised clustering methods. Synaptic inhibition
and intrinsic properties in adapting and non-adapting neurons were subsequently compared
between young and aged mice.

2. Methods

2.1. Animals

We used C57BL/6 (WT) mice provided by NIH-NIA and Tg(Thy-1-EGFP)MJrs/J (GFP-M;
Feng et al., 2000) mice bred in-house on the same background (C57BL/6). Data from

the two types of mice were pooled. GFP-M mice present with sparse GFP labeling of

L5 pyramidal neurons under the thy-1 promoter. Sparsity of GFP expression combined

with scarcity of animals over 18 months old rendered data collection from GFP+ neurons
inefficient. To overcome this, we obtained C57BL/6 mice from aging-studies colonies
maintained by NIH-NIA. Mice were aged 2—6 months (“young”, 30 GFP-M mice) or 18-29
months (“aged”, 11 WT mice and 11 GFP-M mice) at the time of sacrifice. To test for
differences between the two strains we compared several age-insensitive parameters (please
see Results) - the SAHP, the resting potential (Vm) and the sIPSC amplitude. The SAHP
(GFP-M: -1.38 £ 0.11 mV, WT: -1.33 £ 0.13 mV, p> 0.5, n= 65, 18 cells from 41, 11
mice), Vm (GFP-M: -67.2 £ 0.45 mV, WT: —-67.4 £ 0.91 mV, p> 0.5, n= 65, 18 cells from
41, 11 mice) and sIPSC amplitude (GFP-M: 18.3 £ 1.6 pA, WT: 159+ 1.2 pA, p> 0.1, n=
51, 15 cells from 37, 11 mice) were not found to be different between the two mouse strains
(not shown). We also compared these parameters between the GFP-M aged and WT aged
animals. In this case also, the SAHP (GFP-M: -1.24 + 0.16 mV, WT: -1.33 £ 0.13 mV, p>
0.5, n=20, 18 cells from 11, 11 mice), Vm (GFP-M: -65.7 + 0.72 mV, WT: —-67.4 + 0.91
mV, p> 0.1, n= 20, 18 from 11, 11 mice) and sIPSC amplitude (GFP-M: 18.0 £ 4.1 pA,
WT: 15.9 + 1.2 pA, p> 0.5, n=13, 15 cells from 10, 11 mice) were not found to be different
between the two strains (not shown).

Mice were group housed under a 12 h light, 12 h dark cycle, and had access to nesting
material as well as food and water ad /ibitum. Experiments were performed during the
light hours of the cycle. All the procedures described in this study were approved by the
Institutional Animal Care and Use Committee of Tulane University, and were performed
in accordance with the NIH Office of Laboratory Animal Welfare’s Public Health Service
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Policy on Humane Care and Use of Laboratory Animals and Guide for the Care and Use of
Laboratory Animals.

2.2. Brain slice preparation.

Mice received general anesthesia by isoflurane inhalation, after which they were decapitated
and the brain was quickly removed and submerged in an iced sucrose solution containing (in
mM): 234 sucrose, 2.5 KCI, 25 NaHCO3, 1.25 NaH,POy4, 7 MgCls, 0.5 CaCl,, 7 glucose,
pH 7.3-7.4, bubbled with 95% O,, 5% CO,. After 1-2 min, the brain was blocked in the
coronal plane anterior and posterior to the somatosensory cortex. The brain was attached
with cyanoacrylate-based glue to a detachable stage, and then sliced in 350 um increments
in the coronal plane on a vibratome (VT 1000 S, Leica Biosystems, Buffalo Grove, NY)
while submerged in iced sucrose solution. These coronal brain slices were then incubated
15-30 min at 33 °C in aCSF (in mM): 125 NaCl, 2.5 KCI, 25 NaHCO3, 1.25 NaH,POy, 1
MgCl,, 2 CaCly, 25 glucose, pH 7.3-7.4, bubbled with 95% O, 5% CO,. Afterwards, slices
were maintained for at least one hour at RT in aCSF before being moved to the recording
chamber. Slices were allowed to equilibrate for at least 15 min in the recording chamber
prior to recording.

2.3 Electrophysiology.

The recording chamber was perfused continuously at a rate of 2 ml/min with aCSF bubbled
with 95% O, 5% CO,, and warmed to 29-30 °C. 20 uM 6,7-Dinitroquinoxaline-2,3-dione
(DNQX) was included in the aCSF during all recordings. Patch pipettes were pulled in
three stages on a horizontal puller (Sutter Instruments, Novato, CA, USA) from borosilicate
glass capillaries with ID of 1.2 mm and OD of 1.65 mm (KG-33, King Precision Glass,
Claremont, CA, USA). When filled with patch solution (in mM: 70 K-gluconate, 70 KCI, 2
NaCl, 2 MgCl,, 10 HEPES, 1 EGTA, 2 MgATP, 0.3 Na,GTP, 290 mOsm, pH 7.3 adjusted
with KOH) the pipettes had a resistance of 2.5-4.5 MQ. Pyramidal cells were identified

by their distinctive triangular shape and the presence of a clearly visualized apical dendrite
extending towards and perpendicular to layer 1. Cells were patch-clamped while visualized
with a 40X immersion objective and Dodt gradient contrast in a SliceScope microscope
(Scientifica, Uckfield, UK). Recordings were made using a Multiclamp 700B amplifier and
a Digidata 1550 digitizer controlled with the Multiclamp Commander program and the
pClamp 10 program (Molecular Devices, Sunnyvale, CA, USA). The acquisition frequency
was 10 kHz. Voltage clamp traces were Bessel filtered at 2 kHz during acquisition.

The bridge was balanced prior to attempting seal formation. Fast capacitance transients
were compensated automatically in Commander after seal formation. Recordings were
commenced 2-3 min after break-in and were terminated if the access resistance monitored in
the Clampex Membrane Test was = 30 MQ. Cells with resting membrane potential positive
to —60 mV or AP amplitude < 55 mV were excluded from analysis. The input resistance was
calculated from 20 pA hyperpolarizing steps. The membrane potential was not adjusted for
the liquid junction potential (calculated junction potential = 8.2 mV).

To compute the spike frequency adaptation index (Al), we elicited spikes with a series of
2 s current pulses of amplitude increasing in 5 to 20 pA increments. The index was taken
from steps containing 14-16 APs (7-8 Hz). The sAHP was generated with a 70 Hz, 500
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ms train of APs, each AP elicited by injecting current via the patch pipette for 5 ms. To
study the sag, we delivered a series of 2 s hyperpolarizing pulses from resting potential. The
pulse amplitude was increased in 20-40 pA increments and % sag was calculated from steps
in which the maximal hyperpolarization was =80 mV to =90 mV. IPSCs were recorded as
inward currents at —=70 mV. AMPA receptors were blocked throughout our recordings. Thus,
intrinsic properties and pharmacologically isolated sIPSCs were recorded from each cell,
and excitatory postsynaptic currents (EPSCs) were not recorded in this study.

2.4 Electrophysiology data analysis.

To determine the spike frequency Al, we measured interstimulus intervals (1Sls), excluding
the first two. Each 1SI was then normalized to the third ISI and plotted as a function

of the sequential I1SI number. The slope of the linear regression was multiplied by 100

to obtain the Al (Groh et al., 2010; Guan et al., 2015; Popescu et al., 2017). Cells with
irregular, stuttering spiking were excluded. Repetitive burst firing was encountered in 11%
of cells recorded, and those cells were excluded from further analysis. To determine the
sAHP, five consecutive sweeps were averaged and the SAHP was measured at 500 ms after
the last AP, relative to the resting membrane potential just before stimulation (Guan et

al., 2015). Sag was quantified using the following formula: % sag = 100*(peak change -
steady-state change)/(peak change) (Guan et al., 2015). Peak change and steady-state change
were measured from the membrane potential just prior to current injection. AP threshold
was measured during low frequency spiking generated by 2 s current steps, the first two
spikes being excluded, unless otherwise mentioned. The threshold was measured at the

time point when the first derivative of the membrane potential (dVm/dt) reached 10 mV/ms
(Platkiewicz and Brette, 2010). AP amplitude was measured from threshold to peak. AP
duration was measured at half amplitude. Rheobase was the current required to fire at least

3 APs during 2 s sequential depolarizing steps increasing by 10-20 pA. Principal component
analysis (PCA) and hierarchical clustering were computed using MATLAB (MathWorks,
Natick, MA, USA). Values for SAHP and AP duration at half amplitude from each recording
(sample) were scaled (zero mean and unit variance) and centered (subtracting off the mean)
before both PCA and pairwise distance between pairs of values were calculated. Singular
value decomposition (SVD) algorithm was used to perform PCA. Unsupervised hierarchical
clustering was computed using correlation as the distance metric and average method for
linkage of samples. The results from the cluster analysis were further validated using the
c/Valid package on R Statistical Software (The R Foundation for Statistical Computing,
Vienna, Austria; Version 3.4.1). sIPSCs were detected and measured with MiniAnalysis
(Synaptosoft, Fort Lee, NJ, USA), using a detection threshold of 5 pA. The reported IPSC
decay time is the time from peak amplitude to 37% of peak amplitude.

2.5 Statistics

Data are provided in text and figures as mean * SE. Statistical differences between groups
were determined using the Student’s £test for normally distributed data, and otherwise

the Mann-Whitney test. Unpaired two-sample #tests assuming equal variances or assuming
unequal variances were used accordingly after applying the A~test two-sample for variances
in each case. Mixed design two-way repeated measures ANOVA with Bonferroni post hoc
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test was used in all comparisons of the AP frequency of young and aged neurons. Statistical
significance was set at p < 0.05. All pvalues given are two tailed.

3. Results

3.1. Overall effects of age on L5 pyramidal neurons in S1BF

We initially analyzed the pooled data from all the L5 pyramidal neurons, regardless of their
type, to identify age-related differences (Luebke and Chang, 2007; Wong et al., 2000, 2006).
The resting membrane potential and AP amplitude were not affected by age (Fig. 1B,C).
Thus, there was no apparent age-dependent decline in the viability of recorded neurons. On
the other hand, we found that rheobase was significantly lower in the aged group (young:
89.6 + 4.1 pA, aged: 70.5 £ 4.1 pA, p<0.01, n= 45, 38, Fig. 1D) causing neurons from
aged mice to fire significantly more APs than those from young mice during near-rheobase
current steps (80 pA-young: 3.1 + 0.6 Hz, aged: 6.9 + 1.0 Hz, p< 0.01; 100 pA-young:

5.9 £0.7 Hz, aged: 10.6 + 1.0 Hz, p< 0.001, = 45, 38; not shown). We hypothesized
that, since the resting potential was not significantly different, a lower AP threshold or a
higher input resistance in the aged neurons were the most likely mechanisms responsible
for rheobase reduction. However, neither of these parameters differed by age (Fig. 1E,F),
and the cause of rheobase reduction remained to be clarified by further investigation of the
different pyramidal neuron types.

We also found that sag, a manifestation of 4, was increased in aged neurons (young: 18.8
+ 1.0 %, aged: 22.7 £ 1.0 %, p< 0.01, n= 45, 38, Fig. 1G). On the other hand the

sAHP, which plays a role in spike frequency adaptation (Brown and Griffith, 1983; Madison
and Nicoll, 1984), was unaffected by age (Fig. 1H,1). Interestingly, this is similar to a
report on S1 layer 3 pyramidal neurons (Hickmott and Dinse, 2013), but in contrast with
findings in the hippocampus, where it has been shown to be increased in aged pyramidal
neurons in CA1 (Gant et al., 2015; Matthews et al., 2009; Tombaugh et al., 2005), but

not in CA3 (Oh et al., 2016; Simkin et al., 2015). AP duration also was not affected by

age in our recordings (Fig. 1J,K). AP duration and SAHP are active membrane properties
known to be differentially expressed in different L5 pyramidal neuron types, and therefore
this preliminary analysis signaled them as potential candidates for neuronal classification
by cluster analysis (Dembrow et al., 2010; Guan et al., 2015; Guan et al., 2018; Hattox
and Nelson, 2007; Joshi et al., 2015; Le Be et al., 2007; Oswald et al., 2013; Popescu et
al., 2017; Rock and Apicella, 2015). Finally, AP frequency adaptation was reduced in aged
neurons (young: 3.6 £ 1.0, aged: 1.1 £ 0.4, p<0.05, n= 45, 38, Fig. 1L).

To further assess age-related changes in excitability we compared the 7-/relationship in

the 160 pA — 280 pA range (starting at ~2 x rheobase). The higher frequency spiking in
response to these currents is subject to increased activity-dependent modulation, such as
frequency adaptation caused by Ca2*-dependent K* currents. The 7-/relationship showed an
age-related increase in excitability (Fig. 1M,N). However, the slope of the linear range of the
f-Irelationship (160 pA — 240 pA) was not different between the age groups, indicating that
the increased excitability was not caused by increased gain (Fig 10).
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High frequency (= 100 Hz) spikes (HFS) back-propagate efficiently into the apical dendrite
in S1 L5 pyramidal neurons from rats and mice /n7 vivo (Larkum et al., 1999) and /n vitro (de
Kock and Sakmann, 2008), triggering Ca2* spikes and modulating synaptic integration and
plasticity (Beaulieu-Laroche et al., 2019; Nakahata and Yasuda, 2018; Spratt et al., 2019).
For this reason, 100 Hz has been named a “critical frequency” in this system. Moreover,
modeling work predicts that aging facilitates the ability of HFS to trigger dendritic Ca*
spikes (Coskren et al., 2015). HFS occurring at the onset of depolarization are facilitated

by T-type Ca?* currents (Bender et al., 2010; Dumenieu et al., 2018; White et al., 1989),
which have been shown to be upregulated in cortical neurons from aged rats (Murchison
and Griffith, 1995), possibly due to decreased dopaminergic suppression of T-type Ca2*
channel activation (Bender et al., 2010; Jin et al., 2019). We compared the prevalence of
HFS-producing neurons from young and aged mice by quantifying HFS during the largest
amplitude depolarizing step used (280 pA). We found 1Sls < 10 ms only during the first 60
ms (Fig. 1P). Seven out of 45 (15.6%) neurons from young mice exhibited HFS, whereas
14 out of 37 (37.8%) neurons from aged mice did so (p < 0.05, chi-square test; Fig. 1Q).
Two to three sequential HFS occurred in young cells and two to four in aged cells. Neurons
from young mice fired 0.35 + 0.13 HFS/cell and aged neurons fired 1.1 + 0.27 HFS/cell
during the 2 s step (p> 0.05, n= 45, 37; not shown). Therefore, there is a higher prevalence
of HFS-firing in aged neurons, possibly favoring the generation of Ca?* spikes, which are
known to invade dendritic spines (Kwon et al. 2017), potentially contributing to the elevated
dendritic spine turnover rates which we have previously reported (Davidson et al., 2020;
Mostany et al., 2013; Voglewede et al., 2019).

Finally, we also measured the effect of age on the inhibitory inputs to these pyramidal
neurons. The mean frequency of sIPSCs was decreased in aged neurons (young: 14.1 £ 1.5
Hz, aged: 9.6 = 1.7 Hz, p< 0.01, n= 38, 28, Fig. 1R). sIPSC amplitude and duration were
not different between young and aged neurons (young: 18.4 £ 1.6 pA, 5.2 £ 0.2 ms; aged:
16.9 £ 2.0 pA, 4.9+ 0.3 ms, p>0.05, n= 38, 28; not shown).

3.2. L5 pyramidal neuron classification: adapting vs. non-adapting

We focused our analysis further by assessing the effects of aging on different types

of pyramidal neurons. L5 pyramidal neurons’ electrophysiological properties co-vary
consistently, resulting in two cell groups with contrasting phenotypes of adaptation,

sag, SAHP, AP duration, resting potential, and IPSC frequency (Fig. 2). Unsupervised
hierarchical cluster analysis on the two active membrane properties unaffected by age, i.e.,
sAHP and AP duration, yielded two cell groups with profiles conforming closely to those
established in the literature and in our previous work (Dembrow et al., 2010; Guan et al.,
2015; Guan et al., 2018; Hattox and Nelson, 2007; Joshi et al., 2015; Le Be et al., 2007;
Oswald et al., 2013; Popescu et al., 2017; Rock and Apicella, 2015). Thus, cells in the
adapting group had larger mean adaptation index, SAHP, AP duration, resting potential,
and smaller sag compared to cells in the non-adapting group (Al-adapting: 5.6 = 1.3,
Al-non-adapting: 0.7 £ 0.2, p< 0.01; sag-adapting: 15.9 + 1.1 %, sag-non-adapting: 23.2
+ 0.7 %, p<0.001; sAHP-adapting: —2.2 + 0.1 mV, sAHP-non-adapting: —0.9 + 0.04
mV, p< 0.001; AP-adapting: 1.0 = 0.03 ms, AP-non-adapting: 0.8 + 0.02 ms, p < 0.001;
Vm-adapting: —69.5 + 0.6 mV, Vm-non-adapting: —66.0 £ 0.4 mV, p<0.001, n=30
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adapting, 53 non-adapting for all metrics, Fig. 2A-F). The prevalence of neurons firing HFS
was not different in the two neuron types (9 out of 29 adapting neurons (31%), 10 out of

53 non-adapting neurons (19%), p > 0.05, chi-square test; not shown). The mean frequency
of sIPSCs was higher in the non-adapting cells (adapting: 7.3 + 0.9 Hz, non-adapting: 15.2
+ 1.6 Hz, p<0.001, n= 25, 41), whereas amplitude and decay time were not different, as
found previously (Fig. 2G,H) (Popescu et al., 2017; Ye et al., 2015).

3.3. Effects of aging on adapting neurons

In adapting neurons the resting potential and AP amplitude were not affected by age (Fig.
3A,B). However, rheobase was significantly decreased in aged neurons (young: 86.9 + 7.3
pA, aged: 61.7 + 9.9 pA, p<0.05, n=18, 12, Fig. 3C). We asked whether this was caused
by an increase in input resistance, but this was not the case (Fig. 3D). Next, we hypothesized
that AP threshold was lower in adapting neurons from aged mice. Indeed, the threshold
measured during 2 s rheobase pulses (excluding the first two APs) was significantly more
negative in neurons from the aged group (young: —41.6 + 1.0 mV, aged: -46.4 £ 1.4 mV, p<
0.01, n=18, 12, Fig. 3E,F). We tested whether the effect of age on threshold was dependent
on the duration of the depolarizing step. However, this was not the case, as threshold

was also more negative in aged neurons in single spikes elicited with 5 ms intracellular
current steps (young: —41.0 £ 0.9 mV; aged: -46.9 £ 1.4 mV, p< 0.01, n= 18, 12; not
shown). These changes suggest an increase in excitability, and are in agreement with the
higher frequency of firing measured in aged neurons during near-rheobase current steps (80
pA-young: 3.6 £ 1.1 Hz, aged: 8.8 £ 1.9 Hz, p> 0.05; 100 pA-young: 6.3 + 1.3 Hz, aged:
12.7 £ 2.3 Hz, p<0.05, n= 18 young, 12 aged, Fig. 1G).

Sag, SAHP, and AP duration — the latter two used to cluster the adapting and non-adapting
groups — were not affected by age in adapting neurons (Fig. 3H-J). However, in aged
neurons, we found a trend towards reduced spike frequency adaptation (Al-young: 7.4 +
2, Al-aged: 2.9 £ 1.0, p=0.101, n= 18, 12, Fig. 3K). The F/relationship suggested
qualitatively an age-related increase in AP generation that was not statistically significant
(Fig. 3L,M). Finally, we found no differences in IPSC frequency, amplitude, or duration
between adapting neurons from young and aged mice (Fig. 3N-P).

3.4. Effect of aging on non-adapting neurons

In non-adapting neurons, as in adapting neurons, the membrane resting potential and AP
amplitude were not affected by age (Fig. 4A,B). On the other hand, we found an age-
dependent reduction in rheobase, as had also been the case for adapting neurons (young:
91.3+4.9pA, aged: 74.6 £5.5 pA, p<0.05, n= 27, 26, Fig. 4C). In keeping with this,
near-rheobase AP frequency was increased in the neurons from aged mice (80 pA-young:
2.9+0.7 Hz, aged: 6.1 £ 1.1 Hz, p< 0.05; 100 pA-young: 5.7 + 0.8, aged: 9.7 + 1.1

Hz, p<0.01, n=27 young, 26 aged, Fig. 4D). We asked whether the change in rheobase
and in near-rheobase spiking was due to a difference in spike threshold between the two
age groups, but this was not the case in non-adapting neurons (Fig. 4E). Another important
mechanism determining rheobase and excitability is the input resistance. Therefore, we
compared the input resistance of non-adapting neurons, and found that it was higher in the
aged group (young: 115.6 + 6.0 MQ, aged: 144.6 £ 11.8 pA, p<0.05, n= 27, 26, Fig. 4F).
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As in adapting neurons, SAHP and AP duration at half-amplitude were not different in the
two age groups (Fig. 4G,H). We also measured sag, a consequence of 4, which endows the
neuronal membrane with electrical resonance (Dembrow et al., 2010; Luthi et al., 1998) and
narrows the time window of postsynaptic potential summation in dendrites (Harnett et al.,
2015; Magee, 1999). We found a robust age-linked increase in % sag (young: 21.3 = 1.0 %,
aged: 25.2 + 0.9 %, p<0.01, n= 27, 26, Fig. 41,J). The mean Al, already small in young
neurons of this subtype, was further decreased in aged neurons (young: 1.1 + 0.3, aged: 0.3
+0.2, p<0.05, n=27, 26, Fig. 4K,L). We hypothesized that blunting of spiking-dependent
threshold increase could account for the lowered Al (Higgs and Spain, 2011). However, the
increase in threshold from AP1 to AP35 in a 70 Hz, 500 ms train did not differ with age
(young: 2.5 + 0.3 mV, aged: 2.4 £ 0.3 mV, p> 0.05, n= 27, 26; not shown).

When we examined the 7~/ relationships of non-adapting neurons we found an age-related
increase in frequency (Fig. 4M,N). However, gain was not affected by age (young, 0.1 +
0.005 Hz/pA; aged, 0.1 + 0.006 Hz/pA, p> 0.05, n= 27, 26; not shown). We also asked
whether the age-related increase in the 7~/ function was entirely due to the decrease in
rheobase. Therefore, we replotted the 7~/ function after we subtracted the rheobase from the
X-values (Fig. 40). The fact that the resulting curves are not superimposed suggests that the
difference in rheobase is not solely responsible for the leftward shift of the /~/function in
the neurons from aged animals. Finally, in non-adapting neurons the increased excitability
was accompanied by reduced inhibition — the sIPSC frequency was significantly lower in
aged neurons (young: 18.5 + 2 Hz, aged: 11.0 £ 2.4 Hz, p< 0.001, n= 23, 18), while sIPSC
amplitude and decay time were not affected (Fig. 4P,Q).

4. Discussion

L5 generates the primary output stream of the neocortical column, and the two pyramidal
types in L5 display a well-characterized dichotomy for an array of electrophysiological
characteristics. Recent work suggests that sensory stimulus selectivity, behavioral function,
and contribution to pathology may also be differentially distributed (Kim et al., 2015; Lur
et al., 2016; Shepherd, 2013; Tang and Higley, 2020). For example, non-adapting neurons
in primary visual cortex L5 are thought to be more likely to provide output that informs
movement control (Kim et al., 2015), and, unlike adapting neurons, they contribute to
eyeblink conditioning (Tang and Higley, 2020). Adapting neurons, on the other hand, are
thought to provide a more prominent contribution to visual perception (Kim et al., 2015).
Therefore, we wanted to record from the two L5 pyramidal neuron types in the mouse

in order obtain an index of age-related changes in the neurons’ physiology, and to better
understand how aging affects cortical sensory function.

We distinguished pyramidal types by their active properties. Among the active properties
documented to co-vary within and differ between the two types only SAHP and AP duration
were unaffected by age in our analysis of pooled L5 neurons. Therefore, types were
assigned according to PCA/cluster analysis of SAHP and AP duration. The resulting clusters,
dubbed “adapting” and “non-adapting,” conformed well to the established profile of intrinsic
properties and IPSC frequency, and also confirmed the age-independent nature of the SAHP
amplitude and the AP duration in S1BF L5 pyramidal neurons (Dembrow et al., 2010; Guan
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et al., 2015; Guan et al., 2018; Joshi et al., 2015; Le Be et al., 2007; Oswald et al., 2013;
Popescu et al., 2017; Rock and Apicella, 2015). HFS-exhibiting neurons were not differently
distributed in the two neuron types, as has also been found in S1BF L5 /n vivo recordings
(de Kock et al., 2007). The age-related changes seen in pooled L5 pyramidal neurons
included higher excitability (Fig. 1D,M,N), a larger preponderance of cells displaying HFS
(Fig. 1P,Q), lower AP frequency adaptation (Fig. 1L), higher sag (Fig. 1G), and lower IPSC
frequency (Fig. 1R). However, when adapting and non-adapting neurons were considered
separately, a picture of differential aging emerged.

In adapting neurons, we found a decrease in rheabase, resulting in increased spiking during
near-rheobase current steps. Low frequency activity is relevant since /n vivo spontaneous
and whisker-evoked spiking in adapting neurons is also low frequency (de Kock et al.,
2007). The mechanism likely underlying the decreased rheobase was the lowered AP
threshold. Threshold is determined largely by voltage-gated channels and by the morphology
of the axon initial segment (Ding et al., 2018). An increase in the Nay1.6 to Nay/1.2 ratio
occurring during development in the axon initial segment lowers the AP threshold (Bender
et al., 2010; Kole and Stuart, 2012). It would be of interest to determine whether a further
change in this ratio occurs in advanced age. Alterations in neuromodulation could also
affect the AP threshold — for example decreased dopamine D2-family receptor binding
causing increased activation of low-voltage-activated Ca2* channels, thereby lowering the
AP threshold (Bender et al., 2010; Jin et al., 2019; Kole and Stuart, 2012). Interestingly,
decreased dopaminergic function may also underlie altered decision making in aged animals
(Burwell et al., 1995; Simon et al., 2010). We also found a trend (p = 0.101) towards
decreased spike frequency adaptation, potentially caused by the lower AP threshold (Higgs
and Spain, 2011). The 7~/ function was not significantly affected by age, in spite of the
lowered rheobase. This probably stems from the high variance of firing frequencies in
adapting neurons (Fig. 3L,M). We posit that these neurons have a wide range of spike
frequency adaptation and of SAHP, which would affect the AP frequency but not the
rheobase.

In non-adapting neurons, we also found a reduction in rheobase, but the underlying
mechanism was an increase in input resistance instead of a decrease in AP threshold.
Modeling work predicts that decreased dendritic arborization may contribute to increased
input resistance in aged neurons (Kabaso et al., 2009). Decreased GABAAR opening

is also a potential mechanism of increased input resistance in the non-adapting neurons
from aged mice. /nn vivo spontaneous and whisker-evoked spiking is largely low frequency
in this neuronal type also, suggesting that the increase in near-rheobase excitability is
physiologically relevant (de Kock et al., 2007; de Kock and Sakmann, 2008).

Non-adapting (i.e., minimally-adapting) neurons displayed a further reduction in adaptation
during aging, similar to rat lumbar motoneurons (Kalmar et al., 2009), but unlike rat
hippocampal CA1 pyramidal neurons, in which adaptation increased (Disterhoft and Oh,
2007). The decrease here was not caused by a decrease of the SAHP or a blunting of spike-
dependent threshold adaptation. Spike frequency adaptation is an ubiquitous phenomenon
supported by a variety of mechanism. Other contributors to adaptation that could be affected
by aging include the non-inactivating potassium current /4 (Benda and Herz, 2003; Brown
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and Adams, 1980) and the slow delayed rectifier-generated potassium current /Kg) (Dubois,
1981; Schwarz et al., 2006). The most direct implications of diminished adaptation are

a decrease in high-pass filtering ability (Higgs and Spain, 2011) and in the precision of
temporal coding (Benda et al., 2005). It is also a potential contributor to the leftward-shift in
the 7/ function of neurons from aged mice.

Aging entailed an increase in sag, as also found in cochlear neurons (Shen et al., 2018)
and M1 L5 pyramidal neurons (Buskila et al., 2019). Sag is a manifestation of 4,

whose influence on excitability is equivocal (Gasparini and DiFrancesco, 1997; Ko et al.,
2016; Shen et al., 2018; Sun et al., 2003). However, the importance of 4, in sharpening
postsynaptic potential coincidence detection means that it will be of particular interest to
determine if aging also increases 4, in dendrites (Harnett et al., 2015; Magee, 1999).

IPSC frequency was lower in neurons from aged mice. We have found that S1BF L5
pyramidal neuron IPSC frequency is activity-independent in brain slices (Popescu et al.,
2017). Therefore, the reduction in IPSC frequency reflects minis and was due to decreased
spontaneous release or a reduction in synapse humber. Decreased probability of GABA
release has been found at synapses on S1BF layer 2/3 pyramidal neurons in aged rats
(Hickmott and Dinse, 2013), and declines in the number of inhibitory synapses have

also been reported (Luebke et al., 2015; Majdi et al., 2007; Peters et al., 2008). Sensory
processing in S1BF utilizes a sparse coding strategy dependent on short latency IPSCs in
L5 pyramidal neurons (Petersen, 2019). Sparse coding would be undermined directly by

a decrease in sensory stimulus-timed synaptic inhibition, and indirectly by the reduction

in GABAR-generated shunting and the resulting increase in excitability. When synaptic
inhibition is weakened, HFS backpropagation into the apical dendrites is also more likely
to trigger Ca?* spikes (de Kock and Sakmann, 2008) altering sensory processing and

actin dynamics in dendritic spines (Nakahata and Yasuda, 2018). The decline in inhibitory
function has been documented in the hippocampus also (Haberman et al., 2011; Potier et al.,
2006; Patier et al., 1992; Spiegel et al., 2013), although in contrast to the prefrontal cortex
(Banuelos et al., 2013; Bories et al., 2013; Luebke et al., 2004), and may contribute to the
reduction in gamma band activity reported in aged mice (Cardin et al., 2009; Jessen et al.,
2017).

Finally, our results suggest the hypothesis that homeostatic control is deficient in aged L5
pyramidal neurons (Radulescu et al., 2019; Turrigiano, 2017). Homeostatic mechanisms
would be expected to counter increased intrinsic excitability with increased synaptic
inhibition (Peng et al., 2010) or, conversely, to counter decreased synaptic inhibition with
decreased intrinsic excitability (Turrigiano et al., 1998). Therefore, the co-occurrence of
increased excitability and decreased inhibition in the aged mice is suggestive of dysregulated
homeostatic regulation and a potential direction of future research.

5. Conclusion

In this study we found evidence supporting the hypothesis of heightened excitability and
lowered inhibition in the primary somatosensory cortex during advanced age. However,
these changes, and some of their underlying mechanisms, were not uniformly exhibited
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in the two types of L5 principal neurons. As mentioned in the introduction, we view the
pinpointing of age-related changes in neuronal physiology as a step towards designing
treatments and interpreting their effects. It is currently still challenging to target specific
neuronal types with anti-aging interventions. However, increasing the resolution of our
elucidation of aging to the level of specific neuron types could enable us to better interpret
the effects of currently attempted interventions. As an example, the testing of modafinil as
a cognitive enhancer in the elderly (Battleday and Brem, 2015; Punzi et al., 2017) can now
be considered in the context of dopamine-induced increase of AP threshold (Bender et al.,
2010; Jin et al., 2019). We would not have been able to propose this mechanism had we
limited our analysis to pooled neurons, which did not reveal the age-related decrease in AP
threshold that we found to be specific to adapting neurons.
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Highlights

. Aging increases excitability of principal neurons in mouse somatosensory
cortex.

. Aging also decreases the synaptic inhibition of these neurons.

. Increased excitability & decreased synaptic inhibition suggests deficient
homeostasis.

. Two pyramidal neuron types in layer 5 have different hyperexcitability
mechanisms.

. By knowing the type-specific aging mechanisms we can understand effects of
treatments.

Neurobiol Aging. Author manuscript; available in PMC 2022 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Popescu et al.

B 60 o o, Cc 100
@ g 90 : &
5 B EESED s 2 -
= E L]
S 5o E g0+
iaE T %3 4
E o0 o8 ® 70— ooog0s0
& o o & &
54 © < b
R 60 g
2 =
D 200+ E -30 F 600
* %
5
- s
%7 . £ °§ ag: £ 400
-~ g T T 828 oo ]
e oo oo 3 = &= ] o
© 100 0000 obo = 9 s o
2 oo » 388 Sogge =
2 T H 5B z 53 R
2 Ho £ 504 G =2 E 004 §
o
=T & &
o ;i .
0- -60 0
G., . H L,
o o c°°oo o
CT .- | A e Eﬁ’g :
@ ogfgs _| £ % ate
= & 8 o
§ 20- L | : g 3
< BR I 3] o
2 o $ o R
10+ a
2 . « . 41 e
: N
0- -5
J K ., . L, .
s
@
_ - 3 « 20
[} @ °
. E & = b o .
E 5 1.0 2 L .‘_‘1 104
° o
z_ Y = & 2
- N Y
s ® o ;
05 10
M N Ouo,
18]
- o018
g o
= L0164 ¥
oo z ook
540 £ o014 ¢ o
2 : : s
22 012 o B
0-— T T ) 0 0.10
160 200 240 280 160 200 240 280
Current (pA) Current (pA)
P Q 40 * R 60 *%
35 .
= Fol |
K = 4vT °
71 mv 35 z
O 20 £ o5
7 Py i
£1s Gl T
10 g
72 mv 5 - ﬁ?ﬁ
B oo e
fYoung  —fa-Aged

Fig. 1.

Page 19

Effects of age on L5 pyramidal neurons of S1BF. (A) Representative bright field photograph
of S1BF L5 in an aged mouse brain slice used for patch clamp recordings in this study.
(B,C) Two indicators of cellular health, resting membrane potential (B), and AP amplitude
(C), were not different in young and aged neurons. (D) Rheobase was significantly reduced
in aged neurons. (E,F) AP threshold and input resistance were not different in young and
aged neurons. (G) Sag was increased in aged neurons. (H) The sAHP (two-headed black
arrow, middle trace) is the difference between Vm immediately before and 500 ms after a
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70 Hz, 500 ms train of intracellular current injections (lower trace), each injection eliciting
an AP (top trace). The middle trace is the top trace shown at expanded vertical scale. (1)
The sAHP was not different in young and aged neurons. (J) Quantification of APs (red
trace, Vm): AP duration was measured at half-amplitude (line 2 to line 4). Amplitude

(line 1 to line 3) was measured from threshold to peak. Threshold was measured at

the time point when the first derivative of the membrane potential (dVVm/dt, black trace)
reached 10 mV/ms. (K) AP duration was not different in young and aged neurons. (L)
Aged neurons displayed reduced spike frequency adaptation. Negative Al indicates spike
frequency acceleration (Guan et al., 2018; Popescu et al., 2017). (M,N) The 7-/relationship
indicates increased excitability in aged neurons in response to current steps. (O) The slope
(gain) of the linear segment of the 7~/relationship (160 pA to 240 pA) was not affected

by age. (P) Representative HFS occurring in the initial 60 ms of 280 pA step injection in
an aged neuron (green, lower trace). First interspike interval = 6.3 ms. The first interspike
interval in the equivalent recording from a young neuron (gray, top trace) is 27 ms. (Q) The
prevalence of cells engaged in HFS was higher in aged neurons. (R) Aged neurons show a
reduced sIPSC frequency. A-N, =45 cells from 30 young mice, 38 cells from 22 aged
mice. O-Q, n= 45 cells from 30 young mice, 37 cells from 22 aged mice. R, n= 38 cells
from 27 young mice, 28 cells from 19 aged mice. Horizontal lines with error bars in scatter
plots indicate the mean and SE. * p< 0.05, ** p< 0.01. Scale bars. A: 20 um. H: top 60 mV,
middle 2 mV, 100 ms, bottom 350 pA. J: 80 mV, 0.4 ms. P: 50 mV, 50 ms.
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Fig. 2.

Tr?e two populations of L5 pyramidal neurons determined by cluster analysis, adapting
and non-adapting, have contrasting intrinsic properties and different IPSC frequencies.
Representative examples of spike frequency adaptation (A), sag, indicated by green bar
(B), sAHP, average of 5 traces, indicated by green bar (C), and spike duration, average of 3
traces, scaled for amplitude (D), all from one neuron in the adapting group (left, blue) and
all from one neuron in the non-adapting group (right, black). Respective summary graphs
are found between traces. (E) Plot of AP duration at half-amplitude as a function of SAHP
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illustrating the clustering of neurons into a group with longer duration APs and larger SAHP
(blue triangles) and a group with shorter duration APs and smaller sSAHP (black circles). (F)
Summary graph of resting membrane potential for neurons in the adapting and non-adapting
groups. (G) Top, representative traces illustrating the sIPSC frequency and amplitude in

the neuron from the adapting group (left, blue) and the neuron from the non-adapting

group (right, black). Below, averaged traces of 50 consecutive, non-summating sIPSCs from
each of the two cells above. Below, middle, the flanking traces were amplitude-scaled

and superimposed in order to compare kinetics. (H) Respective summary graphs of sIPSC
frequency, amplitude, and decay time (tau). A-F, n= 30 adapting cells from 25 mice (left),
53 non-adapting cells from 40 mice (right). H, 7= 25 adapting cells from 20 mice (left),

41 non-adapting cells from 36 mice (right). Of ten GFP+ neurons recorded, one belonged to
the adapting category, nine to the non-adapting category. Horizontal lines with error bars in
scatter plots indicate the mean and SE. ** p< 0.01, *** p< 0.001. Scale bars. A: 40 mV,
500 ms. B: 10 mV, 1 s. C: 10 mV, 250 ms. D: 1 ms. G: top 50 pA, 100 ms, bottom, 20 pA, 2
ms.
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Effects of age on adapting pyramidal neurons. Resting potential (A), and AP amplitude (B)
were not different in young and aged neurons. (C) Rheobase was lower in aged neurons.

(D) Input resistance was not affected by age. (E) Plot of first derivative of the AP voltage
(Y-axis) and the AP voltage (X-axis) from each neuron in the adapting group, illustrating the
higher prevalence of more negative thresholds in the aged neurons (green). (F) AP threshold
was reduced in aged neurons. (G) Representative recordings illustrating an aged neuron

that fired more APs (lower trace, green) than a young neuron (top, gray) in response to
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near-rheobase current steps (data summary in Results). (H-J) Sag, SAHP, and AP duration
were not different in the two age groups. (K) Aged neurons displayed a trend towards
reduced spike frequency adaptation. (L,M) The 7~/ relationship did not reveal a significant
change in excitability between the age groups. (N-P) IPSC frequency, amplitude, and decay
time were not affected by age. A-M, 7= 18 neurons from 16 young mice, 12 neurons from

9 aged mice. N-P, n= 15 neurons from 13 young mice, 10 neurons from 7 aged mice.
Horizontal lines with error bars indicate the mean and SE. * p< 0.05, ** p< 0.01. Scale bar:
G, 50 mV.
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Fig. 4.
Effects of age on non-adapting pyramidal neurons. (A,B) Resting potential (A) and AP

amplitude (B) were not different in young and aged neurons. (C) Rheobase was lower

in aged neurons. (D) Representative recordings illustrating higher AP frequency in an

aged neuron (lower trace, green) than in a young neuron (top, gray) in responsetoa?2 s
near-rheobase current step (data summary in Results). (E) AP threshold was not affected by
age. (F) Input resistance was higher in aged neurons. (G,H) sAHP and AP duration were not
different in the two age groups. (1,J) Sag, indicated by blue arrows, was increased in aged
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neurons. (K) Representative traces illustrating subtle, higher spike frequency adaptation in

a young neuron (gray, upper) compared to an aged neuron (green, lower), at 7 Hz firing in
response to 2 s current injection. (L) Spike frequency adaptation was significantly reduced in
aged neurons. (M,N) The F-/relationship indicated increased excitability in aged neurons in
response to current steps. (O) Subtracting the mean rheobase from the X-values in the linear
range of the 7~/function does not result in superimposed plots (solid gray — young, solid
green — aged, dashed gray — young after rheobase subtraction, dashed green — aged after
rheobase subtraction). (P) Mean sIPSC frequency was significantly lower in neurons from
aged mice, but amplitude and decay time were not different in the two age groups. (Q) Left,
gray: representative trace from a non-adapting neuron from a young mouse, showing IPSCs
as inward currents at a holding potential of =70 mV. The detail lower trace is from the blue
bar-indicated period, expanded. Right, green: same but from an aged mouse, illustrating the
lower IPSC frequency. Insert, gray (top): average trace of 50 consecutive, non-summating
sIPSCs from the young neuron. Insert, green (middle): same as top, from the aged neuron.
Insert (bottom): the average traces from the young neuron and the aged neuron were height
normalized and superimposed to compare Kinetics. A-O, 7= 27 neurons from 22 young
mice, 26 neurons from 18 aged mice. P,Q, 7= 23 neurons from 20 young mice, 18 neurons
from 16 aged mice. Horizontal lines with error bars indicate the mean and SE. * p< 0.05, **
p<0.01, *** p< 0.001. Scale bars: (D) 40 mV, (1) 10 mV, 500 ms, (K) 40 mV, (Q) 20 pA,
500 ms, 60 ms, inset 10 pA, 4 ms.
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