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SUMMARY

Major depressive disorder (depression) is associated with altered dendritic structure and function of cortical
pyramidal neurons, due to decreased inhibition from somatostatin (SST) interneurons and loss of spines and
associated synapses, as indicated in postmortem human studies. Dendrites mediate signal processing
through synaptic integration and nonlinear properties including backpropagating action potentials and den-
dritic Na* spikes that enhance the neuron’s computational power. However, it is currently unclear how
depression-related dendritic changes impact signal integration. Here, we integrated human neuronal data
of active dendritic properties and spine loss in depression into detailed computational models of human
cortical microcircuits. We show that spine loss dampens signal response, worsening signal detection impair-
ment than due to reduced SST interneuron inhibition alone. Furthermore, altered intrinsic properties due to
spine loss abolished nonlinear dendritic signal integration and impaired recurrent microcircuit activity. Our
study mechanistically links cellular changes in depression to impaired dendritic processing in human cortical

microcircuits.

INTRODUCTION

Major depressive disorder (depression) is associated with an
altered cortical excitation-inhibition balance that disrupts signal
processing.”” Recent studies in humans and in chronically
stressed rodents implicated altered dendritic mechanisms in
cortical pyramidal (Pyr) neurons, due to reduced apical dendritic
inhibition from somatostatin (SST) interneurons’® and loss of
dendritic spines and synapses.*”” We previously used detailed
models of the human cortical microcircuits to link reduced SST
interneuron inhibition in depression to functional impairments
in signal detection.® However, the effects on dendritic input pro-
cessing and the involvement of spine loss remain unclear.
Reduced SST interneuron inhibition in depression is sup-
ported by reduced expression of SST and other Gamma-amino-
butyric acid (GABA) markers of SST interneurons in postmortem
brain tissue from depression patients.>° Similar changes in
expression are also seen in chronic stress in rodents, which
exhibit depressive and cognitive symptoms.’® In support of a
causal link, brain-wide silencing SST interneurons in rodents
produced depression symptoms and cognitive impairments.’
Chronic stress in rodents also induces a loss of spines in the
basal and apical dendrites of Pyr neurons in the prefrontal cor-

tex,® and a loss of synapses on spines in the dorsolateral pre-
frontal cortex was also found postmortem in depression pa-
tients.” Accordingly, application of pharmacology modulating
a5-GABA, receptors that SST interneurons target had antide-
pressant and pro-cognitive effects and also increased spine
density in chronic stress in rodents.®?

Dendrites contribute considerably to the computational power
of neurons and microcircuits, by receiving and transforming sig-
nals through nonlinear properties.'® ' Dendritic spines in excit-
atory Pyr neurons receive the majority of excitatory synaptic
input'” and also a considerable portion of inhibitory synaptic
input.’® The spines increase the surface area of the dendrites
and thus the number of signals that can be integrated; they
also affect the passive conductance and membrane capacitance
and thus the excitability of the neuron.'®?' Dendritic Na* chan-
nels allow for effective back-propagated action potentials (bAP)
from the soma to the distal dendrites, which summate with
incoming synapses to enhance dendritic processing and coinci-
dence detection, as seen in rodents in vitro and in silico®>** and
humans in vitro.'® Dendritic ion channels also mediate local den-
dritic Na* spikes?? that enable local dendritic non-linear compu-
tations, enhancing the neuron’s computational power.24 bAPs
and dendritic Na* spikes can be inhibited by GABAergic inputs
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Figure 1. Human L2/3 cortical microcircuit models with active dendrites

(A) Model of human cortical L2/3 Pyr neuron with active dendrites and bAP. Top: human Pyr neuron morphology and simulated voltage at the soma (blue), 200 um

from soma (black) and 400 um from soma (gray). Bottom: amplitude of bAP with distance from the soma in models with active and passive (Na* and K* channels
blocked) dendrites. Solid black line shows the experimental fit from the literature.

(B) Models of human L2/3 cortical microcircuits included 1,000 neurons of the four key types: 800 Pyr, 50 SST, 70 parvalbumin-expression (PV), and 80 vasoactive
intestinal peptide expression (VIP), distributed in a 500 x 500 x 950 pm® volume according to human dimensions. Bottom: schematic of the microcircuit

connectivity between the different neuron types.

(C) Average peristimulus time histogram of microcircuit activity (n = 100 simulated microcircuits). Vertical dashed line signifies onset of a brief stimulus (~5 ms).
(D) Example raster plot of microcircuit activity at baseline and response. Vertical dashed line signifies the stimulus onset.

(E) PSD of simulated EEG from the microcircuit (n = 10 microcircuits). Dash lines separate different frequency bands. Inset shows the plot in log-log scale. Data

points are shown as mean and shaded areas show 95% confidence intervals.

and therefore may be impacted by reduced inhibition and loss of
synapses in depression.??°
While rodent studies have linked reduced inhibition and spine

loss to cognitive impairments,® a mechanistic link remains to be
established, particularly in the human context. Nonlinear pro-
cessing may differ between rodents and humans, as human den-
drites are more complex and compartmentalized, and have
larger diameters that result in higher thresholds for N-methyl-
D-aspartate (NMDA) spikes.'*?"-?8 In addition, human synapses
are stronger with lower failure rates.?* > As such, the loss of syn-
apses due to spine loss in depression may have larger or
different effects in humans. We previously integrated human

neuronal, synaptic, and connectivity data to generate detailed

biophysical models of human cortical microcircuits in health

and depression, and used them to link reduced SST interneuron

inhibition with effects on cortical microcircuit activity and func-

tion.® Recent studies characterized dendritic bAP in human Pyr

neurons, ' providing important constraints to better simulate

dendritic processing in health and depression.

In this study, we expanded our previous models to include

human dendritic bAP properties, and spine loss in depression.
Using these models, we studied the individual and combined
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effects of reduced SST interneuron inhibition and spine loss
on cortical microcircuit baseline activity, signal response and
signal detection error rates. Furthermore, we studied how
changes in intrinsic properties due to spine loss can impact

bAP-mediated dendritic processing on the cellular and micro-
circuit level.

RESULTS

Human L2/3 cortical microcircuit models with active
dendrites

To investigate the impact of depression mechanisms on den-
dritic processing in human microcircuits, we first expanded our
previous model of human cortical L2/3 Pyr neuron to include
active dendrites with bAP. We uniformly distributed K* and Na*
ion channels (Nar: 0.0097 S/cm?, Kys_1: 0.101 S/cm?) on the api-
cal dendrites, and generated models with bAP amplitudes
similar to those recorded in human dendrites (Figure 1A).
Compared to the passive dendrite, the active dendrites amplified
the bAP amplitude by 194.5% =+ 42.8%. In addition, the refitting
of the Pyr models with active dendrites maintained a similar
performance across all other electrophysiological features
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Figure 2. Spine loss in depression dampens response to stimuli

A) Schematic of depression models for reduced SST inhibition (SST|) and spine loss (spine |).
B) Average baseline and response spike rate of Pyr neurons in healthy and depression microcircuits.

D) Average peristimulus time histogram of microcircuit activity in healthy vs. depression conditions (n = 100 simulated microcircuits per condition).

(
(
(C) Example raster plot of SST | /spine | microcircuit activity at baseline and response. Vertical dashed line signifies the onset of the stimulus.
(
(

E) Distribution of pre-stimulus firing rates in 50-ms windows in example healthy and depression microcircuits (n = 1,950 windows each) and distribution of firing
rates 50 ms post-stimulus across 100 microcircuits (n = 100 windows, bootstrapped 1,000 times). The vertical dotted line denotes the decision threshold of signal

detection.

(F) Summary of false and failed stimulus detection rates in healthy and depression microcircuits (n = 100 microcircuits per condition). Asterisk denotes p < 0.05
and large effect size, which were calculated using two-sample t test and Cohen’s d. Data are represented as mean + SD.

(step response, sag) as our previous model. We then integrated
the new Pyr neuron models into our previous models of
human L2/3 cortical microcircuits, and calibrated connection
probabilities and background Ornstein-Uhlenbeck (OU) conduc-
tance®® (see STAR Methods) to maintain the fit of average base-
line firing rate and response profile in the different neuron types
(Figures 1B—1D). The new models with active dendrites also
maintained the prominent alpha peak in the simulated electroen-
cephalogram (EEG) power spectral density (PSD) and improved
on the previous models by having higher power in low-theta fre-
quencies (4-6 Hz), thus better capturing the 1/f relationship seen
in human resting-state EEG (Figure 1E).

Effects of depression mechanisms on microcircuit
processing

We used the models of human L2/3 cortical microcircuits with
active dendrites to generate depression microcircuit models
that included two key altered mechanisms: 40% reduced SST
interneuron inhibition (SST|), 30% spine loss in Pyr neurons
(spine ), and their combined effects (SST | /spine |, Figure 2A).
Critically, spine loss involved the loss of excitatory and inhibitory

synapses, as well as membrane surface area. Consistent with
our previous findings, reduced SST inhibition in the expanded
models significantly increased baseline activity (healthy: 0.72 +
0.08 Hz; SST|:1.21 £ 0.03 Hz, 68% increase, p < 0.05, Cohen’s
d = 13.9, Figure 2B) but had a negligible effect on the response
(healthy: 2.9 + 0.44 Hz; SST|: 2.82 + 0.39 Hz, 3% decrease,
p = 1.4e-6, Cohen’s d = —0.22, Figure 2B). Spine loss increased
baseline activity as well, but to a lower extent (1.03 + 0.02 Hz,
43% increase, p < 0.05, Cohen’s d = 12.2, compared to healthy).
However, unlike SST interneuron inhibition loss, spine loss
decreased the response rates (2.03 + 0.15 Hz, 30% decrease,
p < 0.05, Cohen’s d = 2.9, compared to healthy, Figures 2B-
2D), primarily by decreasing recurrent activity that followed the
bottom-up activation (~10-30 ms post-stimulus, Figure 2D).
When both mechanisms were combined, the effect on baseline
activity was slightly higher than SST|, indicating a sublinear
summed effect (1.33 £ 0.03 Hz, 85% increase, p < 0.05, Cohen’s
d=23.9, compared to healthy), whereas the response rates were
decreased to an extent similar to the condition with only spine
loss (1.99 + 0.15 Hz, 31% decrease, p < 0.05, Cohen’s d = 2.9,
compared to healthy, Figures 2B-2D).
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Table 1. Summary of the effects of reduced inhibition and spine
loss on signal detection errors

Failed detection False detection

Healthy 0.58 + 0.2% 1.70 £ 0.94%
SST| 2.69 + 0.53% 9.15 + 3.59%
spine 1.18 + 0.31% 5.21 £2.25%
spine|/SST| 4.25+0.71% 17.29 £ 4.31%

To investigate the effects of depression mechanisms on signal
detection error rates, we calculated the failed and false detection
rates from the distribution of Pyr firing rate in 50 ms windows at
baseline and during response (Figure 2E). In the SST | condition,
the distribution of baseline rate was right-shifted, resulting in
increased failed detection of signals (healthy: 0.58 + 0.2%,
SST|:2.69 + 0.53%, p < 0.05, Cohen’s d = 5.0, Figure 2F and
Table 1) and false detection (healthy: 1.70 + 0.94%, SST|:
9.15+ 3.59%, p <0.05, Cohen’s d = 2.8). In the spine | condition,
there was a considerable left shift of the response rate distribu-
tion, and also a narrowing of both baseline and response distri-
butions, which resulted in an overall increase in failed detection
(1.18 £ 0.31%, p < 0.05, Cohen’s d = 2.1, compared to healthy)
and false detection (5.21 + 2.25%, p < 0.05, Cohen’s d = 2.0,
compared to healthy), but to a lesser extent than in the SST|
condition. In the case of SST| and spine | combined, the effects
summated supra-linearly for both failed detection (spine | /SST | :
4.25 + 0.71%, p < 0.05, Cohen’s d = 6.9, compared to healthy;
SST| only + spine| only: 3.87 + 0.61%, p < 0.05, Cohen’s d =
0.57, compared to spine |/SST|) and false detection (spine |/
SST|:17.29 + 4.31%, p < 0.05, Cohen’s d = 5.0, compared to
healthy; SST| only + spine | only: 14.36 + 4.24%, p < 0.05, Co-
hen’s d = 0.68, compared to spine |/SST |) due to a combined
right shift of the baseline rate distribution and left shift of the
response spike rate distribution.

Effects of different depression severities on

microcircuit processing

We next investigated how different levels of reduced SST inter-
neuron inhibition (20%, 40%, and 60%) and spine loss (15%,
22.5%, and 30%) impact cortical microcircuit activity and
signal detection errors (Figure 3). Baseline activity increased
linearly with either reduced SST interneuron inhibition or spine
loss, with a similar slope regardless of the severity level of
either. The effect was significantly above healthy for all levels
above 20% reduced inhibition and 15% spine loss (15%
spine |/40% SST| compared to healthy: p < 0.05, Cohen’s
d = 5.1, 22.5% spine|/20% SST| compared to healthy:
p < 0.05, Cohen’s d = 7.8, Figure 3A). In contrast, all levels of
spine loss had a similar effect on response rates, irrespective
of SST interneuron inhibition that had no effect on response ac-
tivity (Figure 3B). For detection error rates, 15% spine loss had
no effect above healthy levels except for high levels (60%) of
reduced SST interneuron inhibition (failed detection: p < 0.05,
Cohen’s d = 2.8, false detection: p < 0.05, Cohen’s d = 2.6,
compared to healthy, Figures 3C and 3D), whereas for 22.5%
and 30% spine loss the effect was significant even for small
levels (20%) of the reduced SST interneuron inhibition, with a
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sublinear relationship for 30% spine loss (Figures 3C and 3D).
The increase in error rates between 22.5% and 30% spine
loss was greater than the increase between 15% and 22.5%
spine loss, indicating a nonlinear relationship with increasing
spine loss (Figures 3C and 3D).

Spine loss in abolishes nonlinear dendritic integration
After characterizing the effect of the depression mechanisms on
the microcircuit response to bottom-up inputs, we turned to
investigate the effect of spine loss on dendritic integration with
bAP (Figure 4A). The decreased membrane capacitance and
leak conductance due to spine loss in depression resulted in
abnormally large bAP amplitude (44.3 + 10.9 mV; 261.6 =+
108.5% Figure 4B) in 3 of the 6 major paths from midway of
the dendritic tree to the distal end (distance >250-300 pm from
soma), due to decreases in dendrite diameters to <1.2 um. These
abnormally large bAPs also had decreased half-width (-5.4 +
1.6 ms; —72.3 £ 12.1% Figure 4C). To investigate how these
changes in bAP amplitude and half-width impact the integration
of incoming dendritic synaptic inputs, we elicited postsynaptic
potentials (PSPs) of increasing strength at 400 um from the
soma shortly after the peak of the bAP (6 ms after the somatic
stimulation) and calculated the integral of the local dendritic
voltage between 6 and 12 ms post-stimulus (Figure 4D). In the
healthy condition, PSPs integrated nonlinearly with the bAP, ex-
hibiting a sharp increase in dendritic depolarization beyond a
certain magnitude of synaptic input. The non-linearity was abol-
ished in the spine| condition (dendritic voltage integral for
0.0024 uS synaptic conductance relative to no synaptic input:
healthy: 137.0 mV*ms, spine | : 91 mV*ms, 33.6% decrease, Fig-
ure 4E). To investigate whether the nonlinear dendritic integra-
tion impacted the soma, we measured the peak voltage in the
soma following the dendritic stimulation (between 10 and
14 ms post-stimulus). We similarly found a nonlinear increase
in depolarization that was present in the healthy condition but
not in the spine| condition, resulting in greater somatic excita-
tion in the healthy neuron (somatic voltage for 0.0024 uS synaptic
conductance relative to no synaptic input: healthy: 0.83 mV,
spine | : 0.54 mV, 35% decrease, Figure 4F).

We next investigated the effect of spine loss on dendritic input
integration in the microcircuit by stimulating a population of
55 Pyr neurons with a similar protocol as aforementioned, with
a suprathreshold somatic stimulus (t = 0 ms) and synaptic input
at the distal apical dendrite (t = 6 ms) with varying activation
strength (0-100 synapses, Figure 5A). The apical inputs gener-
ated a second peak in the peristimulus time histogram (PSTH)
spiking response at around 10 ms after the somatic stimulation,
and increased recurrent activity from the time of dendritic stim-
ulation (6 ms) to 30 ms post-stimulus (Figures 5B and 5C). Across
all numbers of dendritic synapses that we have simulated,
depression microcircuits had reduced firing rates compared to
healthy microcircuits (for example, 100 synapses: SST | /spine | :
5.81Hz + 0.91 Hz, healthy: 10.7 Hz + 1.95 Hz, p < 0.05, Cohen’s
d = 3.2, Figure 5D). Moreover, the gain of the response rate as a
function of the number of apical synaptic inputs was reduced in
depression (SST|/spine|: 4.15 + 0.38 Hz/100 synapses,
healthy: 8.77 + 1.37 Hz/100 synapses, p < 0.05, Cohen’s d =
4.6, Figure 5D).
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Figure 3. Effects of different levels of SST interneuron inhibition and spine loss on firing and error rates
(A) Pre-stimulus rates for microcircuits with different levels of SST interneuron inhibition and spine loss relative to healthy (horizontal dashed line).
(B-D) Same as (A) but for post-stimulus rates (B), failed detection (C), and false detection (D) of signals. Data points show mean + SD.

DISCUSSION

In this study, we linked altered dendritic mechanisms in depres-
sion with impaired signal integration in human neurons and
cortical microcircuits. To overcome limitations of studying den-
drites and microcircuits in the living human brain, we expanded
our previous detailed computational models to reproduce hu-
man active dendritic properties of bAP and dendritic spine loss
in depression. We demonstrated that spine loss impaired
response firing, in contrast to reduced SST interneuron inhibition
mainly affecting baseline firing. Furthermore, we showed that
spine loss abolishes the non-linear synaptic integration medi-
ated by bAP and thus impairs cortical recurrent activity. Our re-
sults with the expanded models differentiate effects of reduced
SST interneuron inhibition and spine loss on dendritic signal pro-
cessing in depression. These models can be used to refine cor-
responding EEG biomarkers®* and enable more accurate esti-
mation of the effects of recent depression pharmacology™® that
targets the apical dendrites.

Our findings of reduced response due to spine loss in depres-
sion can explain reduced cortical activity in patients during so-
matosensory response®® and in cognitive tasks,®”° which
was correlated with depression severity.*® The decreased recur-
rent activity due to spine loss that we found could play a role in
the reduced sustained neural activity in depression patients
when processing positive emotional stimuli.*® Our results may
extend to diseases such as Alzheimer’s disease”’ and schizo-
phrenia,*? where spine loss and reduced cortical activity during
response*® are also observed and are correlated with cognitive
deficits.”* We modeled spine loss according to rodent data in
mild chronic stress, which is of a similar order of magnitude to
the level of spine synapse loss in postmortem human tissues®”’
although somewhat lower (rodent: 30%, human: 50%). A
possible reason is that mild chronic stress is more similar to an
early or induction stage of depression, with moderate spine
loss.”® Another reason may be that the human study’ involved
older subjects, with potentially fewer spines due to aging.*®
We used the rodent data as it was richer and enabled better con-
straints for spine loss in basal and apical dendrites and did not
have the age confound that the human study had. Our neuron
models were connected with several synaptic contacts accord-
ing to previous studies (e.g., Pyr -> Pyr: 3 synapses, SST -> Pyr:

12 synapses).>°>*” To model spine loss, we decreased the num-
ber of synaptic contacts per connection to Pyr neurons, which
was an independent from the connection probability parameter
in our model. The partial loss of number of contacts thus did
not incur a change in connection probability. While the connec-
tivity changes underlying synapse loss are unclear and can alter-
natively be modeled as decreased connection probability be-
tween neuron types, our choice corresponded more directly to
the available data. The net loss of synapses and change in the
excitation/inhibition should be similar in either case, but future
work can compare the effects of the different implementations.
We modeled spine loss in terms of altered intrinsic properties
of dendrites and did not model spines in detail, since the change
in intrinsic properties sufficed to investigate the effects on overall
dendritic integration, but future studies can use more detailed
models of dendritic spines™® to study how reduced spine density
in depression impacts localized computations within spines.*®
Future studies can also examine the effects of reduced dendrite
length and complexity, which were observed in restraint stress
rodent model studies and suggested by studies of postmortem
tissue of depression patients, which reported reduced microtu-
bule-associated protein 2, a regulator of microtubule dynamics
within cytoskeletons of neuronal dendrites that controls the
length and structure of the dendrites.”*° However, these
changes remain out of the scope of the current study due to
lack of sufficient human data.

The abolishment of non-linear dendritic integration in spine
loss resulted from abnormally large amplitudes of bAP, which
shortened the dendritic bAP half-width and thus the summation
time window with PSPs and also deactivated sodium channels
that mediate nonlinear boosting of PSP.>"** Similar large ampli-
tude bAP has been observed in rodents due to changes in den-
dritic sodium and potassium channels,®® and here we demon-
strate an alternative mechanism of decreased membrane
capacitance and passive conductance due to spine loss. bAP
has also been shown to mediate dendritic release of brain-
derived neurotrophic factor,”* a key transcription factor that is
reduced in depression and plays a role in maintaining dendritic
spines and SST expression.®> ™’ Altered bAP in depression may
therefore have further effects beyond the ones we have simu-
lated. Our models reproduced bAP amplitudes, but the propa-
gation of bAP was slower in our models than measured
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Figure 4. Spine loss in depression impairs nonlinear dendritic integration with bAP
(A) Simulation of a bAP traveling along the apical dendrite in a Pyr neuron in health (black) and depression (spine |, red), showing voltage traces at distal apical

dendrites (400 um from soma, top) and at the soma (bottom).
(B) Amplitude of bAP at different distances from the soma.
(C) Half-width of bAP at different distances from the soma.

(D) Simulation of a bAP traveling along the apical dendrite in a Pyr neuron, coincident with incoming apical synaptic inputs of increasing strength, in health and
depression. Plots show the voltage traces at the location of synaptic stimulation (400 um from soma, top) and at the soma (bottom), with the opacity of the colors
corresponding to the synapse strength. The inset shows the somatic voltage traces at 10-14 ms post-stimulus, analyzed in panel F.

(E) Integral of dendritic voltage over 6-12 ms post-stimulus in response to different synaptic strength, in health and depression.

(F) Peak voltage in the 10-14 ms window post-stimulus at the soma, in health and depression.

experimental values,'® possibly due to the dendrites being more
branched in the morphology we used.”® However, the differ-
ence would mainly shift the relevant temporal delay of bAP
and PSP summation, for which our spine loss results would
hold as well. Future studies can look into using different mor-
phologies to improve the propagation speed. We did not model
bAP in the basal dendrites due to a lack of corresponding hu-
man data. We also did not model dendritic calcium spikes,
which were shown to uniquely enable anti-coincidence detec-
tion of signals in humans,'® because data of the ionic channel
mechanisms by which these calcium spikes arise is not yet
available. Our expanded models with active dendrites can
improve identifying corresponding in-silico EEG biomarkers,*
since bAP and dendritic currents significantly contribute to
EEG signal.®® Our models can also be used to improve the in-sil-
ico testing of recent pharmacology that targets SST interneuron
inhibition pathway,** by estimating the pharmacology effects on
dendritic integration.

Limitations of the study

A large portion of the parameters in our models was constrained
using human data, but for some parameters we used rodent data
where human data are not yet available. These primarily included
the firing rate of different interneuron types at baseline and
response, and the properties of some synaptic connections.
While there may be interspecies differences that could affect
our results and some microcircuit properties such as oscillatory
dynamics,® the activity of Pyr neurons, which make up majority
of our microcircuit models, and the connections involving Pyr
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neurons were well constrained using human data.?®'' Conse-
quently, our models captured key properties of human resting-
state EEG such as the alpha peak and the 1/f decay in the,
providing a good validation and support for the model ability to
capture key microcircuit dynamics. In addition, while our results
provide predictions of the effects of reduced SST interneuron in-
hibition and spine loss in depression on cortical processing,
these predictions remain to be verified by future experiments.
As our ability to probe microcircuits in the living human brain is
limited, an example possible validation could be achieved
through corroborating our predicted changes in signal detection
curves with performance data in patients.

We modeled our SST interneuron population as Martinotti inter-
neurons since it is the most common type of SST interneurons, for
which human data are also most readily available.*>®? However,
there are other subtypes of SST interneurons with distinct proper-
ties and molecular signatures and should be modeled in the future
as data become available.®*®* For example, non-Martinotti SST
population expressing X94 preferentially target fast-spiking inter-
neurons instead of the apical dendrites of Pyr neurons.®® However,
these SST interneurons are primarily located in deeper layers and
are therefore outside of the scope of this study, but future studies
could investigate the effects of reduced inhibition from these SST
interneuron types. Importantly, our models reproduce the disynap-
tic loop involving Martinotti interneurons, which plays a key role in
lateral inhibition, signal-gating and processing,*®°>5° and is thus
also implicated in depression deficits.>'" Future studies should
also characterize the effect of reduced inhibition from SST inter-
neurons in L5, where these interneurons are abundant and have
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Figure 5. Decreased nonlinear integration of signals in depression microcircuits
(A) Schematic showing stimulation protocol of a microcircuit, where 55 Pyr neurons were stimulated at the soma, followed (t = 6 ms) by stimulation at the distal

apical dendrites with varying activation strength (0-120 synapses).

(B) Example raster plots showing baseline and response to 100 apical dendritic synaptic inputs in healthy and depression (black: Pyr, red: SST, green: PV, yellow:
VIP). Black and blue vertical dashed line show the start of somatic and dendritic stimulation, respectively.

(C) PSTH of baseline and response to somatic and distal apical stimulation with 100 synapses.

(D) Top: bootstrapped mean spike rate of Pyr neurons in response to somatic and apical synaptic stimulation, in healthy and depression microcircuits.
Bottom: increase in mean spike rates relative to the case of 20 apical dendritic synapses, in healthy and depression microcircuits. Error bars show standard

deviation.

larger morphologies and higher expression of SST neuropeptides
and thus could have different effects.®®
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Python 3.10 Python Software Foundation https://www.python.org/

BluePyOpt Van Geit et al.®” https://github.com/BlueBrain/BluePyOpt
NEURON 7.7 Carnevale and Hines®® https://neuron.yale.edu/neuron/

LFPy Hagen et al.®® https://Ifpy.readthedocs.io/en/latest/#
Human L2/3 microcircuit models with This paper https://doi.org/10.5281/zenodo.12575278

active Pyr neuron dendrites and simulation code

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
This section does not apply to our study as ho new samples were collected.
METHOD DETAILS

Human L2/3 Pyr neuron models with active dendrites

Following similar methods as in our previous work,® we generated multicompartmental conductance-based single neuron models for
Pyr neurons with active dendrites using BluePyOpt.®” Our models used reconstructed morphologies of human neurons from the
Allen Institute.®® We refitted the firing and passive electrophysiological features as our previous work® together with bAP amplitude
features. To fit the bAP in the Pyr neuron, we injected a 1.0 mA current at the soma for 5 ms to elicit somatic action potentials and
fitted the bAP amplitude along the apical dendrite at distances of 200 um and 400 pm from the soma according to literature values
(200 um: ~60mV, 400 pm: ~1 5mV).13 We distributed Nar and K,3_1 channels uniformly in the apical dendrites. I, channel was distrib-
uted with a sigmoidal function with the absolute distance from the soma:

gH = Gn,Gsoma | 0.5 + 30 ) (Equation 1)

1+exp (XiabSD'fg; 350

Apical dendritic Nat kinetics parameters were the same as the axonal parameters based on past work’®"" (Vshift, = 0, Vshift, = 10,
Slopen, = 9, and Slopey, = 6). We used the same Pyr neuron morphology as our previous models, from the Allen Brain Atlas.®® To run
the model optimization, we used parallel computing clusters on SciNet’? with 280 processors. The optimization used a population
size of 280 over 400 generations for an approximate total runtime of 6 hours.

Human L2/3 microcircuit models

We integrated the new Pyr neuron model into our previous models of human cortical L2/3 microcircuits,® comprised of 1000 neurons
(800 Pyr, 50 SST, 70 PV, and 80 VIP) distributed within a 500x500x950 um?® volume (250 to 1200 um below pia, spanning L2/37%). The
microcircuit models included a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)/NMDA and GABA, synaptic mecha-
nisms,'>"*7> tonic inhibition,”® and were driven by random OU background inputs.** The models were constrained with human data
of neuronal firing and passive properties for each of the neuron types, synaptic properties for most of the connection types, cell pro-
portions, and in vivo baseline firing rate in Pyr neurons, where synaptic and connectivity properties for which human data was not
available were constrained with primate or rodent data (see further detail in Yao et al. 2022).

PV and VIP interneuron models remained unchanged from our previous models. Previously, SST and Pyr models were fitted in a
two-step process to individually fit the passive and active features. In the current work, we refitted the SST and Pyr models in a single
step, fitting both the passive and active properties and using the BluePyOpt tool,®” to maintain consistency with the methodology of
the PV and VIP models. Synaptic connections targeting the new Pyr and SST neuron models were refitted to reproduce similar
average amplitude as our previous models.® Tonic inhibition was re-estimated with the new Pyr neuron model with active dendrites
following the same methods as previously,®’""® resulting in a similar value (previous: 0.938 mS/cm?, current: 0.994 mS/cm?). We
refitted the resulting microcircuits with new Pyr neuron and SST interneuron models to reproduce average in vivo firing rates across
cell types®'""®#° during baseline as in our previous models,® by adjusting the microcircuit connection probability and synaptic
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conductance, and the strengths of OU background inputs (Below Table). To reproduce average spike rates and dynamics during
response to a brief stimulus as in our previous models, we stimulated 70 Pyr neurons with 7 basal dendritic synapses (t: 2 - 3ms,
g: 3 uS), 30 PV interneurons were with 10 dendritic synapses (t: 0 — 3 ms, g: 3 uS) and 45 VIP interneurons were with 10 dendritic
synapses (t: 0 - 6 ms, g: 3 uS). Microcircuit models were simulated using NEURON®® and LFPy.®°

Parameter changes relative to the previous model

PYR SST PV VIP

Synaptic conductance (pS)

PYR 0.0000848 —0.000044 0 0.00002

SST 0.000416 0.00008 0.00012 0

PV 0.00070166 0.00009 0.00012 0.00008

VIP 0 0.00006 0.00011 0.00008
Connection probability (%)

PYR 0 —0.05 4.3 2

SST 0 0 6 12

PV 1.6 -1 -3 0

VIP 0 -10 4 -2
OU conductance (pS) 0.0000023 0.0000117 —0.000078 —0.0000012

For synaptic conductance and connection probability, rows correspond to the presynaptic neuron and columns correspond to the postsynaptic
neuron.

Simulated EEG

Using LFPy, we computed dipole moment from transmembrane currents within each cell in the microcircuit and generated the EEG
timeseries using a four sphere volume conductor model with an EEG electrode placed directly above the circuit.**°° EEG PSD was
calculated using Welch’s method with a Hanning window of 3 seconds.®’

Simulating coincidence of bAP and synaptic input

We stimulated the soma with a step current of 0.7 mA for 2 ms to elicit a somatic action potential, and 6 ms after the somatic
stimulation we followed by stimulation of a synapse on the apical dendrite (400 um from the soma) with varying conductance strength
(0 - 0.0024 uS). As a corresponding protocol of coincident somatic and apical inputs in the microcircuit simulations, we stimulated
55 Pyr neurons with 7 somatic synapses (t: 0 — 1 ms, g: 3 uS) to induce spikes for bAP, and 20 - 120 distal apical dendritic synapses
(t: 6 -7 ms, g: 0.3 uS). We activated less Pyr neurons than in the brief stimulus paradigm (see above) since in the coincidence para-
digm the activation was in the soma rather dendrites, and was sufficient for generating moderate recurrent activity within the micro-
circuit, without under-activating or over-activating the circuit. To balance the microcircuit response, as in the simulations of brief stim-
ulus response, we also stimulated 20 PV neurons with 10 dendritic synapses (t: 0—3 ms, g: 3 uS), and 38 VIP neurons with 10 dendritic
synapses (t: 0 — 5 ms, g: 3 uS).

Reduced SST interneuron inhibition depression microcircuit models

We used our previous models of depression microcircuits,® with 40% decreased SST interneuron synaptic and tonic inhibition, based
on expression studies in post-mortem brain tissue of depression patients.> When decreasing the tonic inhibition, the calculation of
the relative contribution of each interneuron type to the total tonic inhibitory input was now refined to also account for the average
firing rates of each interneuron type.

Spine loss depression microcircuit models

We modelled 30% spine density loss in the apical and basal dendrites of Pyr neurons, according to studies in rodents under chronic
stress and in post-mortem human tissue,®’ by reducing the membrane capacitance and passive conductance due to spines in the
apical and basal dendrites by 30% (equivalent to 15% of the total dendritic membrane capacitance and passive conductance,
assuming a doubling of the surface area. i.e. an additional 1 uf/cm?, for spine membrane area compensation®). To account for the
loss of synapses due to spine loss, we reduced the number of synaptic contact points in connections that target Pyr neurons: as
80% of excitatory synapses and 30% of inhibitory synapses target spines,'”'® we reduced contact points in Pyr— Pyr connections
by ~24% (from 3 to 2, due to the number of contacts being a discrete number, we rounded the experimental average to the closest
number of contacts lost), and inhibitory synapses onto pyr by ~9% (SST — Pyr connections from 12 to 10, and PV — Pyr connections
from 17 to 15). In addition, the tonic inhibition of the Pyr neuron dendrites was reduced by 9%, and the conductance of excitatory OU
processes on the Pyr neuron dendrites was reduced by 24%.
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False/failed signal detection rates

We calculated the error rates in stimulus detection by calculating the distribution of baseline firing rates of all Pyr neurons per circuit
(sliding windows of 50 ms in 1 ms steps over 2 seconds pre-stimulus, for a total of 1950 windows), and the distribution of post-stim-
ulus spike rates of all Pyr neurons in the 5 — 55 ms window post-stimulus across 100 randomized microcircuits (bootstrapped across
all circuits, n = 1000 samples). The intersection point between the two distributions was set as the stimulus detection threshold. The
probability of false detection was calculated by the integral of the pre-stimulus distribution above the detection threshold divided by
the integral of the entire pre-stimulus distribution, and the probability of failed detection by the integral of the post-stimulus distribu-
tion below the detection threshold divided by the integral of the entire post-stimulus distribution.

QUANTIFICATION AND STATISTICAL ANALYSIS
For all figures, we calculated statistical significance using two-sample t-test (p < 0.05), and effect size using Cohen’s d (the difference
in means divided by the pooled standard deviation). Asterisk in figures denotes p < 0.05 and large effect size. For EEG simulations in

Figure 1E, data points are shown as mean and shaded areas show 95% confidence intervals, n = 10 randomized microcircuits. For all
other figures, n = 100 randomized microcircuits were used, and all data points are shown as mean + standard deviation.
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