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Kumar A. Direct pathway neurons in mouse dorsolateral striatum in
vivo receive stronger synaptic input than indirect pathway neurons. J
Neurophysiol 122: 2294-2303, 2019. First published October 16,
2019; doi:10.1152/jn.00481.2019.—Striatal projection neurons, the
medium spiny neurons (MSNs), play a crucial role in various motor
and cognitive functions. MSNs express either D1- or D2-type dopa-
mine receptors and initiate the direct-pathway (dMSNs) or indirect
pathways (iMSN5s) of the basal ganglia, respectively. dMSNs have been
shown to receive more inhibition than iMSNs from intrastriatal sources.
Based on these findings, computational modeling of the striatal network
has predicted that under healthy conditions dMSNs should receive more
total input than iMSNS. To test this prediction, we analyzed in vivo whole
cell recordings from dMSNs and iMSNs in healthy and dopamine-
depleted (6OOHDA) anaesthetized mice. By comparing their membrane
potential fluctuations, we found that dMSNs exhibited considerably
larger membrane potential fluctuations over a wide frequency range.
Furthermore, by comparing the spike-triggered average membrane
potentials, we found that dMSNs depolarized toward the spike thresh-
old significantly faster than iMSNs did. Together, these findings (in
particular the STA analysis) corroborate the theoretical prediction that
direct-pathway MSNs receive stronger total input than indirect-path-
way neurons. Finally, we found that dopamine-depleted mice exhib-
ited no difference between the membrane potential fluctuations of
dMSNs and iMSNs. These data provide new insights into the question
of how the lack of dopamine may lead to behavioral deficits associ-
ated with Parkinson’s disease.

NEW & NOTEWORTHY The direct and indirect pathways of the
basal ganglia originate from the D1- and D2-type dopamine receptor
expressing medium spiny neurons (AMSNs and iMSNs). Theoretical
results have predicted that dMSNs should receive stronger synaptic
input than iMSNs. Using in vivo intracellular membrane potential
data, we provide evidence that dAMSNs indeed receive stronger input
than iMSNs, as has been predicted by the computational model.
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INTRODUCTION

The striatum is the largest nucleus in the basal ganglia (BG)
and acts as its main input structure. GABAergic medium spiny
neurons (MSNs) are the striatal projection neurons and consti-
tute ~95% of the striatal neuronal population. D1-type dopa-
mine receptor-expressing MSNs (dMSNs) project to the sub-
stantia nigra pars reticulata and globus pallidus interna and
constitute the “direct pathway,” whereas D2-type dopamine
receptor-expressing MSNs (iMSNs) project to the globus pal-
lidus externa and constitute the “indirect pathway.” A balance
in the activity of the two pathways is essential for correct
functioning of the BG and is disrupted in BG-related patholo-
gies such as Parkinson’s disease (PD). To understand how the
direct and indirect pathways shape BG function, we need to
quantify both the upstream excitatory inputs into the striatum
and the recurrent inhibitory connections within and between
dMSNs and iMSNE.

The dMSNs and iMSNss differ in their connectivity: iMSN to
dMSN connectivity (13%) is much higher than dMSN to iMSN
(4.5%), whereas dMSN to dMSN connectivity (7%) is much
lower than iMSN to iMSN (23%) (Planert et al. 2010; Taverna
et al. 2008). Moreover, GABAergic fast-spiking interneurons
(FSIs) connect preferentially to dMSNs compared with iMSN's
(53 vs. 36%) (Gittis et al. 2010). That is, dMSNs receive
overall more inhibition than iMSNs. Despite these differences,
both dMSNs and iMSNs exhibit similar average activity in
awake behaving animals (Cui et al. 2013; Sippy et al. 2015).

Using a computational model, we recently predicted that
dMSNs should receive stronger excitatory input than iMSNs
(either through more synapses, stronger synapses, or stronger
input rates and/or correlations) so that both dMSNs and iMSNs
may have comparable firing rates (Bahuguna et al. 2015).
Recent ex vivo recordings suggest that cortico-striatal synapses
on dMSNs may be stronger than those on iMSNs (Parker et al.
2016) (however, see Deng et al. 2015; Doig et al. 2010; Kress
et al. 2013; and Lei et al. 2004). Although these data support
the theoretical predictions, it is well known that in vivo
synaptic conductances can be very different from ex vivo
measurements (Destexhe et al. 2003).

Although it is hard to estimate the full strength and number
of individual synapses impinging on dMSNs and iMSNs ex-
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perimentally, a relative difference in the total input to the two
neuron types can be estimated by analyzing in vivo intracel-
lular membrane potential fluctuations. In particular, the vari-
ance (or the spectral power) of the membrane potential fluc-
tuations is proportional to the square of the synaptic strength
(Kuhn et al. 2004). That is, by comparing the spectra of
subthreshold membrane potential in vivo, we can test whether
dMSNs indeed received stronger total input than iMSNs, as
was theoretically predicted (Bahuguna et al. 2015).

Therefore, we recorded and analyzed the in vivo membrane
potentials of dMSNs and iMSNs from healthy and dopamine-
depleted anaesthetized mice using whole cell patch clamp
recordings. These neurons exhibited alternating periods of high
and low activity (called up- and down-states, respectively)
characteristic of recordings in animals under ketamine-induced
anesthesia (Wilson and Kawaguchi 1996). We found that
dMSNs exhibited higher spectral power in their up-states than
iMSNs over a wide range of frequencies in healthy mice. In
addition, bilateral whisker stimulation in healthy animals
showed that sensory inputs evoked larger responses in dMSN's
than in iMSNs. Despite these differences, the membrane time
constants of the two MSN types were not significantly differ-
ent. Therefore, we can conclude that the observed stronger
membrane potential fluctuations are indicative of stronger
synaptic inputs and/or higher input correlations. Finally, we
found that dopamine depletion abolished the difference in
spectral power of up-state membrane potential fluctuations
between dMSNs and iMSNs, highlighting the role of dopamine
in maintaining the activity balance between the direct and
indirect pathways.

Thus, our study provides the first experimental in vivo
evidence of stronger synaptic input to the direct pathway of the
mouse dorsolateral striatum and demonstrates that this differ-
ence is attenuated in dopamine-depleted animals.

METHODS
Experimental Methods

Ethics approval. All experiments were performed according to the
guidelines of the Stockholm Municipal Committee for Animal Exper-
iments under an ethics permit to G. Silberberg (N12/15). The D1-Cre
(EY262 line) or D2-Cre (ER44 line, GENSAT) mouse line was
crossed with the Channelrhodopsin (ChR2)-YFP reporter mouse line
(Ai32, Jackson laboratory) to induce expression of ChR2 in either
dMSNs or iMSNs, respectively. Mice of both sexes were housed
under a 12-h light-dark cycle with food and water ad libitum. All
experiments were carried out during the light phase.

60HDA lesioning. Mice (12 males and females 810 wk of age)
were anesthetized with isoflurane and mounted in a stereotaxic frame
(David Kopf Instruments, Tujunga, CA). The mice received one
unilateral injection of 1 uL of 6SOHDA-HCI (3.75 ng/uL dissolved in
0.02% ascorbic acid) into the medial forebrain bundle (MFB) accord-
ing to the following coordinates (Paxinos and Franklin 2004): antero-
posterior —1.2 mm, medio-lateral 1.2 mm, and dorso-ventral —4.8
mm. After surgery, all mice were injected with Temgesic (0.1 mg/kg;
Reckitt Benckiser, Berkshire, UK) and allowed to recover for =2 wk.
Sham and unlesioned mice (n = 21 of both sexes) served as controls,
and their data were pooled after no differences were found between
the groups. Only 60HDA injected mice that showed rotational be-
havior (Santini et al. 2007) were used in our experiments (see Ketzef
et al. 2017 for more details).

In vivo recordings. Experiments were conducted as described
previously (Ketzef et al. 2017; Reig and Silberberg 2014). Briefly, 2-3
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wk post-lesioning, mice were anesthetized by intraperitoneal injection
of ketamine (75 mg/kg) and medetomidine (1 mg/kg) diluted in 0.9%
NaCl. To maintain mice under anesthesia, one-third of the dose of
ketamine was injected intraperitoneally approximately every 2 h or in
case the mouse showed response to pinching or changes in ECoG
patterns. Mice were tracheotomized, placed in a stereotactic frame,
and received oxygen-enriched air throughout the recording session.
Core temperature was monitored with a feedback-controlled heating
pad (FHC) and kept at 36.5 = 0.5°C. Patch clamp recordings were
performed in the dorsolateral striatum since the sensory and motor
areas project topographically onto it (McGeorge and Faull 1989). The
skull was exposed, a craniotomy was drilled (Osada success 40) 3.5-4
mm lateral to the bregma, and the dura was removed. Patch pipettes
were pulled with a Flaming/Brown micropipette puller P-1000 (Sutter
Instruments). Pipettes (7-10 M), borosilicate; Hilgenberg), back-
filled with intracellular solution, were inserted with an ~1,500-mbar
positive pressure to a depth of ~2 mm from the surface, after which
the pressure was reduced to 30—35 mbar. The pipette was advanced in
1-um steps in depth (35° angle) in voltage clamp mode. When a cell
was encountered, the pressure was removed to form a Gigaseal,
followed by application of a ramp of increasing negative pressure
until a cell opening was evident. Recordings were performed in
current clamp mode. Intracellular solution contained (in mM) 130
K-gluconate, 5 KCI, 10 HEPES, 4 Mg-ATP, 0.3 GTP, 10 Na,-
phosphocreatine, and 0.2-0.3% NEUROBIOTIN or biocytin (pH
7.25, osmolarity ~285 mOsm).

The exposed brain was continuously covered by 0.9% NaCl to
prevent drying. Signals were amplified using a MultiClamp 700B
amplifier (Molecular Devices) and digitized at 20 kHz with a CED
acquisition board and Spike 2 software (Cambridge Electronic
Design).

Optogenetic identification of in vivo recorded neurons. To obtain
online identification of whole cell recorded neurons, we used the
optopatcher (Katz et al. 2013) (A-M Systems). Computer-controlled
pulses of blue light (7 mW LED, 470 nm; Mightex Systems) were
delivered through an optic fiber inserted into the patch-pipette while
recording the responses in whole cell configuration (Fig. 14). Light
steps (500 ms) were delivered every 2-5 s with increasing intensity
between 20 to 100% of full LED power (2.1 mW at the tip of the
fiber). Positive cells responded to light stimulation by step-like depo-
larization with or without firing, whereas negative cells did not
show any response (Fig. 1B) (see Ketzef et al. 2017 for full
characterization).

Whisker stimulation. Air puffs were delivered by a picospritzer
(Picospritzer III; Parker Hannifin) through plastic tubes (1 mm in
diameter) positioned up to a centimeter from the mouse’s whiskers.
Air puff stimulations (15 ms) were delivered at 0.2 Hz, and at least 30
responses were acquired for each stimulation condition. The air
pressure was set to 103.4-137.9 kPa (15-20 psi).

Data Analysis

Up- and down-state detection. The detection of up- and down-
states was done offline using an automated algorithm. The data
collection was done independent of the up/down-state detection algo-
rithm and its parameters. For each membrane potential recording, we
used a short time window (20—100 ms, depending on the noise level
in the recording) to identify sudden transitions in the membrane
potential with an amplitude sufficiently large to cross the cell-specific
up-state or down-state thresholds. Upon detection of such a transition,
we classified the following voltage period as an up-state or a down-
state (Fig. 2A). The next sufficiently large membrane potential tran-
sition in the opposite direction marked the ending of that state. State
thresholds were determined by finding the two main peaks of the
bimodal voltage histogram of the entire trace and by empirically
adjusting these thresholds for the best detection rate (see also Fucke et
al. 2011 and Léger et al. 2005). In cells where the overall baseline
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Fig. 1. Medium spiny neuron (MSN) classification using the optopatcher. To
facilitate the classification of MSNs as belonging to either the direct (AIMSN)
or indirect (iMSN) pathway in vivo, we utilized an optogenetic approach. In
either D1-Cre or D2-Cre animals crossed with ChR2 reporter mouse, we
selectively expressed ChR2 in dMSNs or iMSNs, respectively. Using the
optopatcher, we could deliver focal light stimulation to the recorded cell and
classify its identity “online” during whole cell patch clamp recordings. A:
illustration of the experimental approach (left). In anesthetized mice, the
optopatcher is introduced through the craniotomy. The optic fiber is inserted
into the patch pipette, and light application is focal. MSNs of both pathways
are intermingled (right), positive cells (green) express ChR2 and YFP, whereas
negative cells (black) do not. B: whole cell patch recording from positive (left)
and negative (right) cells in a D2-ChR2 mouse. When the blue light is
activated (470 nm, 0.5 s), positive cells depolarize immediately, whereas
negative cells are not affected. Each example shows 10 repetitions (gray)
overlaid by the average trace (green for positive and black for negative cells).

voltage level fluctuated over time, we either used only the most stable
section of the recording or discarded the entire recording. All states
with a duration shorter than 40 ms were discarded from the analysis
(Mukovski et al. 2007).

For the purpose of characterizing the subthreshold membrane
potential dynamics analysis we excluded all up-states during which
spiking occurred (however, see where we considered spikes; Fig. 4).
Moreover, we also excluded a state from further analysis if one or
more of the following criteria was met: /) an up-state was interrupted
by a down-state shorter than 25 ms (both states were discarded), 2) the
mean membrane potential of a down-state exceeded the global aver-
age down-state potential for that cell by >3%, 3) a recording artefact
was present, or 4) a whisker stimulation trigger occurred either during
the state or 200 ms preceding the state.

Finally, for all remaining states, we removed 5% of the data,
from the start of the state and before the end of the state, to
minimize the impact of state transitions on the measured variables.

Power Spectral Density Estimation

The power spectral density (PSD) estimate of an up-state mem-
brane voltage trace was determined by first subtracting the mean
potential from the remainder of the trace and then by applying the
Matlab periodogram function with Bartlett-Hann windowing. The
minimal detectable frequency in individual up-state PSDs was set as
the inverse of the duration of that state. For each cell, all such up-state
PSD estimates were averaged to obtain a single-power spectral den-
sity curve (Fig. 2B, gray traces). When comparing PSDs across cell
groups (AMSNs versus iMSNs), we constructed a grand-average PSD
for each group by averaging over PSDs of individual cells (Fig. 2B,
color traces). Frequencies below 5 Hz were disregarded because
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we observed only few up-states longer than 200 ms. Additionally,
all frequency content between 45 and 55 Hz was removed to avoid
power line contamination. We restricted the higher frequency
range to 150 Hz, adopting this as the upper limit of the high y-band
in our study.

Experimental data suggest that in a variety of behavioral condi-
tions, both ongoing and evoked activity show modulation in specific
frequency bands (Buzsaki 2006). Therefore, we divided PSD esti-
mates obtained in this manner into five standard frequency bands,
sub-a- (5-8 Hz), a- (8—13 Hz), B- (13-30 Hz), low-y- (30-70 Hz),
and high-y-band (70-150 Hz), to determine whether MSNs are
attuned to receive specific frequency inputs from the cortex. We
also analyzed the spectra by splitting it into low- and high-
frequency bands (i.e., 5-13 Hz and 13-150 Hz). To calculate the
total power within any one frequency band for each cell, we
isolated the section of interest of the PSD estimate and integrated
the area under the curve.

Because of very low levels of spectral power during the down-
states, the line noise power precluded any meaningful PSD compar-
ison across the two cell groups.

Effective Membrane Time Constant Estimation

We estimated the effective membrane time constant 7,, from the in
vivo membrane potential fluctuations by the following method. For a
narrow enough voltage range, the membrane of a neuron can be
approximated as a linear low-pass filter. Then, for that narrow voltage
range, 7, is directly proportional to the membrane capacitance and
inversely related to the total membrane conductance. Thus, to mini-
mize nonlinear voltage-dependent effects, to account for the voltage
dependence of 7,, (Kuhn et al. 2004), and to be able to treat the neuron
membrane as a linear low-pass filter, we first binned the average
membrane potentials of all states in 0.5-mV wide bins. Then we
estimated the power spectral density of individual states belonging to
each bin and averaged over the estimates to reduce noise, as explained
in the previous section. Further noise reduction was achieved by
smoothing the averaged PSD estimate with a Gaussian kernel, and the
resulting curve was used to extract the cutoff frequency f., calculated
as the point where the maximal value of the smoothed PSD estimate
fell to one-half (—3-dB point; Fig. 34). The initial effective mem-
brane time constant ﬁ:,’i was then calculated as 1/(27f.). We repeated
this procedure for a series of narrow voltage ranges across different
instances of up- and down-states within a single cell to avoid nonlin-
earities induced by large excursions of the effective membrane con-
ductance.

The smoothing of the average PSD estimate introduces a shift of
the —3-dB point, leading to an erroneous estimation of the effective
membrane time constant. The magnitude and sign of the error depend,
in a nonlinear fashion, on the width of the Gaussian kernel used for
smoothing in the frequency domain and the duration of the original
signal in the time domain. To account for this error, we numerically
determined a correction term 75, which we could then add to the
initially estimated value 7", to obtain the final MSN membrane time
constant estimate T,,. This correction term was calculated as follows.
We constructed multiple surrogate “neuronal” time series by filtering
Gaussian white noise signals of different durations through a set of
low-pass Butterworth filters (third order, zero phase) with predeter-
mined cutoff frequencies. Thus, for each of the surrogate time series,
we knew the actual time constant (7“““’) of the underlying low-pass
filter. We then proceeded to make an initial estimate of the time
constant (7 as described above, using a single, fixed value for the
kernel width of the Gaussian smoothing function (k,, = 12). The error
term was then defined as 7€ = 7% — ¢ Using this approach, we
obtained the correction term 7€ for signals of different durations and
filters with different time constants. Next, we defined 7€ as a function
of 7" and signal duration (Fig. 3B) to obtain the correction term ‘rz for
our estimates of the MSN membrane time constant. Finally, the
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Fig. 2. Direct medium spiny neurons (dMSNs) carry more power than indirect medium spiny neurons (iMSNs) during up-states in control conditions. A, left:
10 s of membrane potential recordings for a dMSN in control (top trace) and 60HDA (bottom trace) conditions exhibiting up- and down-states (green and red,
respectively). Dashed lines represent the 2 cell-specific voltage thresholds used for state classification (see METHODS). A, right: distributions of membrane potential
values for the entire recordings of the 2 neurons shown at left. Note the characteristic bimodality of the up- and down-states. B: grand average power spectral
density (PSD) estimates of up-states for all dMSNs and iMSNs in control (red and blue, respectively; fop) and 60HDA (light red and light blue, respectively;
bottom) conditions. Gray traces represent average up-state PSD estimates of individual neurons. Frequencies between 45 and 55 Hz were removed to avoid power
line contamination (see METHODS). C: comparison of grand average PSD estimates in different frequency bands. dMSNs exhibited higher-power spectral density
than iMSNs in control conditions in 8- (P = 0.0135, ayi = 0.0167), low-y- (P = 0.0095, a;z = 0.01), and high-y-bands (P = 0.0103, ayyz = 0.0125; dMSN
n = 26, iMSN n = 18 for all 3 bands), indicating either stronger or more frequent synaptic input. dMSNs also showed increased PSD in control vs. 6OHDA
for the 8- to 13-Hz band (P = 0.0087, ayz = 0.01). Test statistics were corrected using the Holm-Bonferroni procedure.

effective MSN membrane time constant 7,, was determined by adding
the corresponding Tﬁ to the initial estimate 7’,;“

The main weakness of this method stems from the necessity of
averaging the spectral data over many trials of sufficient duration and
power. That is, for the most precise estimation, the trials (states)
should preferably be =250 ms long, and the input to the neurons
should have rich enough frequency content to uncover the membrane
cutoff frequency (comparable with injecting white noise into the in
vitro recorded neuron).

Because of the underlying approximations and limitations of the
method, the estimated values of the membrane time constants should
not be treated as actual, precise values of those neurons’ 7,,. Never-
theless, our approach does return consistent and comparable results
across different cells when applied to the recorded data. Moreover,
our analysis employing the 7, estimation procedure uncovers

differences in membrane time constant of the down-states similar
to those previously reported in Ketzef et al. (2017) (Fig. 3D).

Spike-Triggered Average Calculations

For every recorded neuron that spiked we extracted 12 ms of the
pre-spike voltage traces. The duration of this particular time window
was chosen because it roughly represents the average membrane
integration window for synaptic input in the up-states, based on the
estimations of the effective membrane time constants across different
cell groups (Fig. 3D). For every cell, spikes were identified in the
voltage trace, and the intervals from 0.25 ms before to 5 ms after the
spike events were removed from the trace. The spiking threshold was
then determined as the largest fluctuation of the first derivative of the
remaining trace. The times when the derivative of the full trace
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Fig. 3. No difference in effective membrane time constant between direct medium spiny neurons (dMSNs) and indirect medium spiny neurons (iMSNs) in
up-states. A: example of the effective membrane time constant estimation in a dMSN for all up-states with the mean membrane potential falling into a single
0.5-mV voltage bin. Power spectral density (PSD) estimates of individual up-states (gray) were averaged and smoothed (black trace), and the initial membrane
time constant 7" was estimated as the point where the maximal power decreased by —3 dB (black dashed line). B: 2-dimensional representation of the matrix
used in the 7,, correction procedure. Depending on the average duration of all up-states within 1 voltage level, the initial 7" was corrected by the appropriate
value to obtain the final 7,, estimate (see METHODS). The black dashed line and the marker represent the data depicted in A. C: up-state vs. down-state 7, for all
neurons regardless of the cell type or physiological condition; the dashed line represents equality. It is clear that 7,, in the up-states is smaller than in the
down-states, indicating a high-conductance regime due to synaptic bombardment similar to that in neocortical neurons (Destexhe and Paré 1999; Léger et al.
2005; Paré et al. 1998). D: there is no significant difference in up-state 7,, between dMSNs and iMSNs in either control or 60HDA conditions. This suggests
that the differences in up-state membrane power are not the result of differences in membrane dynamics between dMSNs and iMSNs. In down-states, G(OHDA

dMSNSs had higher

7,, than the control cells (P = 0.044). Data are shown as means = SE. Control dMSNs and iMSNs are in red and blue, respectively, whereas

60HDA dMSNs and iMSNs are in light red and light blue, respectively. *P < 0.05.

crossed the threshold were taken as spike onset times. For the purpose
of calculating the average of these pre-spike voltage traces [spike-
triggered average (STA)], we did not include any spikes occurring
during state transitions, that were initiated <12 ms after the start of an
up-state, or occurring earlier than 17 ms after the previous spike in the
same up-state. The remaining pool of spikes was divided into those
that were the result of spontaneous neuronal activity and those that
arose as the consequence of whisker stimulation. If, after these
selections, the pool contained at least three spikes, the STA was
calculated.

The STAs were compared using a permutation test. For each group
comparison, we collected all the cell average traces into a single pool,
shuffled their indices, and generated randomized groups by drawing as
many traces from this common shuffled pool as the original groups
had. For each such generated randomized group, we constructed a
grand average STA. We repeated this process 1,000 times. Signifi-
cance lines were determined as 2.5 and 97.5% of the voltage distri-
butions of the random grand average traces for each time point. The
range of voltage distributions differed between groups when the
number of traces belonging to randomized groups for a single com-
parison was different (e.g., for the comparison of spontaneous versus
evoked iMSN STAs, we had 11 spontaneous and 4 evoked cell

average traces). This difference is reflected in the voltage ranges
depicted in the graphs, but it does not affect the validity of the
permutation test.

Statistical Methods

Unless noted otherwise, the data are presented as means = SE and
were tested for normality using the Shapiro-Wilk test. Normally
distributed data were tested by the unpaired, two-sample Student’s
t-test and nonnormally distributed data by the Wilcoxon rank-sum test
(ttest2 and ranksum in Matlab, respectively). The significance
a-level was set to 0.05. In the case of PSD comparison over
different frequency bands (Fig. 2D), the results were corrected for
multiple testing by the Holm-Bonferroni correction (Holm 1979),
and both the corrected a-level (o) and the calculated P value are
reported.

All data analyses were performed using custom scripts written in
Matlab R2016a (Mathworks, Inc.).

RESULTS

To estimate the relative strength of excitatory synaptic
inputs to striatal neurons, we obtained in vivo whole cell patch
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clamp recordings of MSNs from the dorsolateral striatum in
control (AMSN n = 26, iMSN n = 18, total n = 44) and
60HDA lesioned mice (dAMSN n = 16, iMSN n = 12, total
n = 28). We used optogenetic stimulation to classify MSNs
online during the recording session as belonging to either the
direct or indirect pathway using the optopatcher (Katz et al.
2013). Both dMSNs and iMSNs showed slow-wave membrane
potential oscillations (up- and down-states) characteristic of
neurons recorded in animals under ketamine-induced anesthe-
sia (Fig. 2A) (Wilson and Kawaguchi 1996). During the up-
state, MSNs receive barrages of excitatory inputs from the
neocortex and the thalamus. Therefore, we analyzed the vari-
ance and spectrum of the up-state membrane potential traces to
assess the respective synaptic inputs to the two MSN types.

dMSNs Have Higher Spectral Power in the Up-State Than
iMSNs

If a neuron soma is treated as a simple linear integrator, the
mean and variance of the subthreshold membrane potential
fluctuations is primarily determined by the firing rate, the
number of excitatory and inhibitory inputs to a given cell, and
their synaptic strength (Kuhn et al. 2004):

wo= U, + A, [ EPSP(t)dr = A, [ 1PSP(1)di
o? =\, [ EPsP(i)di + [ 1PSP(1)a1, (1)

where ., and 0"2 are the voltage-dependent mean and variance
of the membrane potential, U, is the resting membrane poten-
tial, A, and A; are the rates of excitatory and inhibitory inputs,
respectively, and EPSP(¢) and IPSP(r) describe the temporal
shape of excitatory and inhibitory postsynaptic potentials.

From Egq. I, it is clear that excitatory and inhibitory inputs
have an opposite effect on the mean of the membrane potential
of a cell receiving synaptic input. By contrast, because the
calculation of the variance involves the square of the PSPs
kernel, an increase in either excitatory or inhibitory inputs
always results in an increase in the variance of the membrane
potential (Eg. 1). Against this background, consider two neu-
rons, n, and n,, receiving inputs via stronger and weaker
synapses, respectively. The excitatory and inhibitory inputs to
these two neurons can be tuned such that both n, and n,, have
the same mean membrane potential. However, because of the
stronger synaptic weights and hence, larger postsynaptic po-
tentials, the neuron n, will exhibit a larger membrane potential
variance than the neuron n,,. This example illustrates that the
mean membrane potential is not an adequate measure for the
overall synaptic input, but by comparing the variances it is
possible to determine whether two neurons receive different
amounts of synaptic inputs. This requires that the two neurons
receive uncorrelated synaptic inputs and that their membrane
time constants are similar.

Because the variance in time domain equals the power
spectral density (PSD) in frequency domain (Parseval’s theo-
rem), the PSD gives an estimate of the variance for every
frequency in the signal (Papoulis and Pillai 2002). Therefore,
we measured the PSD of the membrane potential for every
detected up- and down-state of a cell (Fig. 2A; also see
METHODS).

For each MSN type, we constructed a grand average PSD
estimate for both control and 60HDA conditions (Fig. 2B).
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Direct comparison of these grand averages revealed that
dMSNs had consistently higher PSD than iMSNs over all
examined frequency bands under control conditions. In partic-
ular, in three prominent, higher-frequency band [(3: 13-30 Hz,
Z=247, P = 0.0135, ayg = 0.0167; low-y: 30-70 Hz,
tyy = 2.72, P = 0.0095, ayg = 0.01; high-y: 70-150 Hz,
Z =257, P = 0.01, ayyg = 0.0125] dMSNs showed signifi-
cantly higher power than iMSNs (Fig. 2C, top left). Because
the total power spectral density of the membrane potential in a
selected frequency band equals the variance of the membrane
potential in that frequency band (Papoulis and Pillai 2002), the
heightened power of dMSN up-state membrane potentials in
control animals is indicative of stronger voltage fluctuations
compared with iMSNs. Unlike under control conditions, in the
DA-depleted striatum we found no difference in the spectral
power of up-state membrane potential fluctuations of dMSNs
and iMSNs (across all bands P > 0.69; Fig. 2C, top right).
Comparison of the up-state control versus DA-depleted condi-
tions revealed a significant difference in dMSN a-band (813
Hz) power (Z = 2.71, P = 0.0068, ayz = 0.01). DA depletion
did not affect the spectral power of iMSN (control versus
DA-depleted conditions across all bands had P values above
corrected a-levels).

In down-states, there was no significant difference in spec-
tral power of dMSNs or iMSNss in either condition (the calcu-
lated P values were always above corrected a-levels), except in
a single case; dMSNs in control versus DA-depleted conditions
expressed significance in the high-y band (Z = 2.60, P =
0.0092, gy = 0.0125).

Finally, to verify that the effect we observed was not just an
artefact of dividing the power spectrum into an arbitrary
number of bands, we repeated our statistical analysis for the
low (5-13 Hz) and high (13-150 Hz) frequencies separately.
We found that the difference between dMSN and iMSN up-
states in the control condition was preserved in the high
frequencies (Z = 2.66, P = 0.078, ayg = 0.025), whereas it
was nonexistent in the low frequencies (P value above cor-
rected a-level). Similarly, dMSN up-state differences be-
tween control and DA-depleted conditions were still present
only in the low frequencies [ty = 2.44, P = 0.019,
agp = 0.025]. However, in the down-states the differences
between dMSN control and DA-depleted conditions were
now visible in both low (Z = 2.32, P = 0.02, ayg = 0.025)
and high [74, = 2.29, P = 0.027, ayg = 0.05] frequencies,
presumably because of a more forgiving value of Holms-
Bonferroni correction term.

Given that up-states are thought to be primarily synaptically
driven (Stern et al. 1997; Wilson and Kawaguchi 1996), our
results indicate that the increased power of dMSNs, espe-
cially in the higher-frequency bands, compared with iMSNs
in the control case stems from stronger total input to direct
pathway striatal neurons. Furthermore, our results suggest
that in dopamine-depleted conditions the total input to
dMSNs is significantly reduced and/or is more similar to the
input to iMSNGs.

MSN Membrane Time Constant Does Not Underlie the
Differences in High-Frequency Power

The difference in high-frequency power between dMSNs
and iMSNs may be caused by a difference in the time constants
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Table 1. Comparison of the effective time constants of dMSNs
and iMSNs in the up-states versus down-states
No. of
77, ms o ms  Samples  Statistics P Value

Control

dMSN 12703 224=1.0 26 -6.0(2 1.8x107°

iMSN 123 *0.3 228 +0.7 18 —13.1(t5) 7.1x1071
60HDA

dMSN 127 +0.6 261 *15 16 —82(t3) 33%x107°

iMSN 132 +0.7 267 +2.0 12 —6.2(t,) 2.8Xx10°°

dMSN, direct pathway medium spiny neurons; iMSN, indirect pathway
medium spiny neurons. For both MSN types, across both healthy and dop-
amine-depleted conditions, up-states exhibited significantly faster membrane
dynamics than down-states.

of the two neuron types. We estimated the effective time
constant using the spectrum of the membrane potential fluctu-
ations (see METHODS).

We found that the effective time constants for both dMSNs
and iMSNs in the up-states were smaller than in the down-
states (Tablel and Fig. 3C). On average, the ratio of down-state
to up-state effective membrane time constant across all groups
was 1.92 (dMSN control 1.76, iMSN control 1.85, dMSN
60HDA 2.06, iMSN 60HDA 2.01; Fig. 3D). This is similar to
the case of neocortical neurons, which also show a shorter time
constant in up-states (Destexhe and Paré 1999; Léger et al.
2005; Paré et al. 1998). However, in MSNs this ratio is not as
large as has been reported for neocortical neurons (Reig and
Silberberg 2014), presumably because of the closing of potas-
sium inward rectifier (Kir) channels in MSNs happening as the
membrane depolarizes (Nisenbaum and Wilson 1995; Waters
and Helmchen 2006).

Further comparisons showed no significant difference be-
tween the up-state effective time constants of dMSNs and
iMSNs in control or 60OHDA conditions (in all cases P > 0.22;
Fig. 3D). However, in the down-states, the effective 7,, of
dMSNs was slightly larger in the 6OHDA condition than in the
control [7,4p) = —2.08, P = 0.044; control: n = 26; 60HDA.
n = 16], whereas such difference for the iMSNs was just above
the significance level (P = 0.052; Fig. 3D). These results are
partially consistent with previously reported measurements of
input resistance using standard methods in MSN down-states
(Ketzef et al. 2017).

Taken together, these results clearly suggest that the differ-
ences in the power spectra of up-state subthreshold membrane
potential fluctuations between dMSNs and iMSNs (Fig. 2D)
are not the result of different membrane time constants of the
two types of neurons. Moreover, the lower membrane time
constant of MSNs in the up-state suggests that these neurons
also operate in a relatively high-conductance regime.

dMSNs Receive Stronger Input From Mouse Sensory Cortex
Than iMSNs

In the analysis so far, we focused on subthreshold membrane
potential sections in which neurons did not fire action poten-
tials during the up-states. To further test the hypothesis that
dMSNs indeed receive stronger inputs than iMSNs, we inves-
tigated the membrane fluctuations leading to action potential
discharges. To this end, we obtained the spike-triggered aver-
age (STA) of the membrane potential immediately preceding

COMPARISON OF TOTAL INPUT TO STRIATAL MSNS IN VIVO

action potential discharge for each neuron (Fig. 3, A-C). If
dMSNs would indeed receive stronger inputs, we would expect
the corresponding STA traces to approach the spike threshold
with a steeper slope compared with the STA traces of iMSNs.
To better quantify this difference, we subdivided the spikes of
each neuron into those corresponding to spontaneous spiking
activity and those evoked by whisker deflections with brief air
puffs. This STA analysis was performed only for healthy
animals, as in our data MSN’s recorded from DA-depleted mice
elicited only a very small number of spikes, which was not
sufficient for STA analysis.

Comparison of the grand average STAs for the two MSN
types upon bilateral whisker stimulation revealed that dMSNs
indeed depolarized to the spike threshold much faster than
iMSNs. For the spontaneously generated spikes, this applied as
well, although the difference was less prominent. Comparing
the average membrane potential 12 ms before spike time (the
duration of the average up-state integration window shown in
Fig. 3D), we found that dMSN membrane potentials were on
average 1.3 mV more hyperpolarized than those of iMSNs,
resulting in steeper depolarization slopes (k) preceding spike
initiation ( = —12 ms; dMSN, —6.27 = 0.34 mV, k = 0.31
mV/ms; n = 10; iMSN, —4.97 = 0.53 mV, k = 0.28mV/ms,
n = 10; Fig. 4D). This difference was even bigger for whisker
stimulation evoked spikes (t = —12 ms; dMSN, —9.95 = 1.16
mV, k=058 mV/ms, n = 5; iMSN, —6.01 = 0.72 mV,
k = 0.34 mV/ms, n = 4; Fig. 4E).

We further examined the STA differences between dMSNs
and iMSNs by utilizing a permutation test (see METHODS).
When a grand average STA trace would fall above the 97.5%
or below the 2.5% voltage distribution line, we deemed that
result significant. We found that the comparison of spontane-
ous dMSN and iMSN STAs yielded no significant difference.
However, the evoked STA traces between dMSNs and iMSNs
were markedly different (Fig. 4F). Furthermore, the additional
input from the sensory cortex seems to have specifically
targeted dMSNS, as their STA traces varied significantly be-
tween the spontaneous and evoked conditions, whereas no
major change was observable for the same comparison of
iMSNs (Fig. 4G).

Thus, the results of our STA analysis also support the notion
that dMSNs receive stronger synaptic input than iMSNs in
healthy animals.

DISCUSSION

Here, we provided evidence that in vivo dMSNs receive
stronger synaptic input than iMSNs and that this difference is
attenuated in dopamine-depleted animals. These findings were
based on two observations: /) dMSNs showed significantly
higher spectral power than iMSNs in the up-states, especially
in the higher-frequency bands (Fig. 2, B and C); and 2) in both
spontaneous and stimulus-induced spikes, dAMSNs membranes
depolarized faster than iMSNs before reaching spike-threshold,
as revealed by their STAs (Fig. 4). These results provide
support for the theoretical prediction that direct-pathway
MSNs in healthy-state animals receive stronger synaptic input
than iMSNs (Bahuguna et al. 2015). In addition, we showed by
spectral analysis that the effective membrane time constant of
MSNs during up-states is significantly shorter than in down-
states, indicating that synaptic inputs affect the membrane
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conductance to a larger extent than hyperpolarization-activated
conductances mediated by the Kir channels in MSNs.

Paired recordings in slices revealed that iMSNs form more
and stronger synaptic connections onto dMSNs than they
receive from them (Planert et al. 2010; Taverna et al. 2008).
In addition, fast-spiking interneurons also form more con-
nections onto dMSNs than onto iMSNs (Gittis et al. 2010;
Planert et al. 2010). Given these differences in connectivity,
Bahuguna et al. (2015) predicted that dIMSNs must receive
more or stronger excitatory inputs if both dMSNs and
iMSNs were to be coactivated (Cui et al. 2013) or have
comparable activity levels in both ongoing and stimulus-
evoked activity (Sippy et al. 2015), as has been observed
experimentally. Consistent with this prediction, Parker et al.
(2016) showed that, in healthy animals in vitro, dMSNs
receive stronger excitatory input from both thalamo-striatal

time (s)

and cortico-striatal projections. They also showed that,
whereas in 60HDA-lesioned animals corticostriatal projec-
tions remained largely unchanged, the ratio of dMSNs and
iMSN AMPA currents in thalamic input decreased, suggest-
ing that in DA-depleted mice thalamostriatal input to
dMSNs became weaker.

Our findings that dMSNs receive stronger/more inputs is
also consistent with the anatomic observation that dMSNs not
only have larger dendritic area than iMSNs (Gertler et al. 2008)
but also receive higher density of cortical inputs (Huerta-
Ocampo et al. 2014). Therefore, if we combine our results with
those of Gertler et al. (2008) and Huerta-Ocampo et al. (2014),
it is plausible that AMSNs receive more synaptic inputs from
the neocortex than iMSNss.

Here, we show that the disparity between the total inputs
to dMSNs and iMSNs is also maintained in vivo in the
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up-states, which closely resemble the awake state of an
animal (Destexhe et al. 2003; Haider et al. 2013). In our
analysis, we assumed that larger fluctuations in the mem-
brane potential are a reflection of stronger synaptic weights
and/or correlated inputs. Because both thalamus and cortex
are coactivated in the up-states, we cannot distinguish be-
tween thalamo-striatal and cortico-striatal inputs. However,
by selectively silencing thalamic inputs to the striatum
(using optogenetic or chemogenetic approaches), it should
be possible to determine the relative contributions of
thalamo-striatal and cortico-striatal inputs in vivo following
our approach. A limitation of our analysis is that we cannot
separate excitatory from inhibitory inputs. In fact, an in-
crease in either type of synaptic inputs can increase the
membrane potential variance (Kuhn et al. 2004). However,
our comparison of STAs suggests that dMSNs are more
likely to receive stronger excitatory inputs because during
both spontaneous and stimulus-evoked activity, dMSNs de-
polarize faster to the action potential threshold than iMSNs
(Fig. 4).

The size of membrane potential fluctuations is affected by
the mean membrane potential that determines the synaptic
driving force and the membrane time constant (Kuhn et al.
2004). In our data we did not find a significant difference
between the mean up-state membrane potentials of AMSNs and
iMSNs in either control or 60HDA conditions (in all cases,
P > 0.138; data not shown) and no significant difference in
up-state 7,, estimations either (Fig. 3D). The latter is contrary
to previous findings in vitro, where measurements of whole
cell capacitances and input resistances of dMSNs and iMSNs
suggest that their membrane time constants are different
(Fieblinger et al. 2014; Gertler et al. 2008). It should be borne
in mind, however, that under in vivo conditions the membrane
properties are affected by the ongoing synaptic activity (Kuhn
et al. 2004) and that synaptic inputs can easily overcome the
differences in the neuron membrane properties measured in
vitro (Destexhe et al. 2003, 2007).

Furthermore, our data show that in MSNs the effective
membrane time constant in the up-states is on average 46%
smaller than in the down-states (Table 1 and Fig. 3C), indicat-
ing a high-conductance state in striatal neurons in the presence
of synaptic inputs, similar to that of neocortical neurons
(Destexhe et al. 2003, 2007; Léger et al. 2005). That is, in the
up-states, the membrane time constant is strongly influenced
by synaptic inputs.

Finally, our results also provide new insights into how
dopamine affects the total input to the MSNs. We found that in
dopamine-depleted animals the differences in the inputs to the
two MSN types decreased so that both dMSNs and iMSNs
received similar amounts of the total input. Such a decrease
could be a consequence of reduction in excitatory and/or
inhibitory input to the MSNs. Experimental data indicate that
in the absence of dopamine, thalamo-striatal excitatory inputs
to dMSNs are weakened (Parker et al. 2016). However, there is
also evidence that, following DA depletion, striatal fast spiking
interneurons (FSIs; PV-expressing interneurons) undergo mor-
phological changes that alter their target preference towards
iMSNs (Gittis et al. 2010; Mallet et al. 2006). While the
contribution of PV axonal remodeling is hard to assess, it may
be a potential underlying mechanism of the effect that we
observe in lesioned animals. Although we cannot differentiate
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between the contribution of excitatory and inhibitory inputs by
spectral analysis, the STA waveforms suggest that AIMSNs and
iMSNs receive unequal amounts of excitatory inputs. More-
over, these results are consistent with our previous findings that
in healthy animals dMSNs exhibit stronger responses to con-
tralateral sensory stimulation than iMSNs and that these dif-
ferences are diminished in dopamine-depleted mice (Ketzef et
al. 2017; Reig and Silberberg 2014). Thus, our results and
previous findings (Ketzef et al. 2017) suggest that dopamine is
important to maintain the difference in the total input to
dMSNs and iMSNSs.

Although we have provided evidence for stronger total
synaptic input to the dMSNs compared with iMSN, it is still
unclear whether the extra input to the dMSNs is due to stronger
excitatory (cortical and/or thalamic) inputs, more intense inhi-
bition, or a combination thereof. Furthermore, it also not clear
whether the larger membrane potential fluctuations in dMSN's
are due to stronger synapses or to higher input correlations.
More dedicated experiments involving selective correlated
activation of cortical and thalamic neurons will help in resolv-
ing these questions.
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